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Abstract: Induction motors consume a great portion of the generated electrical energy. Moreover,
most of them work at underloaded conditions, so they have low efficiencies and waste a lot of
energy. Because of this, the efficiency estimation of in-service induction motors is a matter of great
importance. This efficiency estimation is usually performed through indirect methods, which do not
require invasive measurements of torque or speed. One of these methods is the modified Air-Gap
Torque (AGT) method, which only requires voltage and current data, the stator resistance value,
and the mechanical losses. This paper approaches the computation of a modified stator resistance
including the mechanical losses effect to be applied in the AGT method for torque and efficiency
estimation of induction motors. Some improvements are proposed in the computation of this
resistance by using a direct method, as well as the possibility to estimate this parameter directly from
the nameplate data of the induction motor. The proposed methodology only relies on line voltages,
currents, and nameplate data and is not intrusive. The proposed methodology is analyzed through
simulation and validated through experimental results with three-phase induction motors. Also, a
comparison of methods for in-service induction motors efficiency estimation is presented for the
tested motors.

Keywords: condition monitoring; efficiency estimation; air-gap torque; induction motors;
stator resistance

1. Introduction

Induction motors (IMs) are widely used in industries because of their advantages and the recent
advances in control techniques. In industries, about 70% to 80% of the consumed electrical energy
is transformed in mechanical energy by the electrical motors. Thus, if an average efficiency of 80%
is considered in this process, then about 15% of the total consumed electrical energy turns to losses
in the motors. These energy losses directly affect financial losses and indirectly affect power system
planning. Thus, the efficiency evaluation of in-service IMs has become an important issue as well as
the condition monitoring of these machines [1-4].

The efficiency of an electrical motor is computed as the ratio of the shaft power to the electrical
power [5]. The electrical power is the input power related to the electrical motor supply. This power
can be easily calculated from the voltage and current data. In the process of converting electrical to
mechanical power, there are different types of losses. Thus, the shaft power is the output power, which
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is the mechanical power available on the motor shaft. The shaft power depends on the shaft torque
and the rotor speed measurements. However, a robust and reliable torque meter is expensive, and
its installation may not be possible for some in-service machines. Besides, these devices can require
appropriate calibration and maintenance [2,6].

Therefore, indirect methods for induction motor efficiency estimation are preferred, as they do
not require direct measurements of torque or speed and so they are non-invasive for the industrial
process [7]. Nowadays, condition monitoring systems have becoming increasingly present in industries.
Moreover, the energy consumption and rotor speed estimation functions require similar data to be
implemented, which are normally available in the condition monitoring systems. Therefore, the current
trend is to integrate these functions as features of these systems [4,8-11]. Because of the previously
mentioned facts, several efficiency estimation methods for in-service induction motors have been
proposed. For instance, there are methods based on induction motor slip [7,12], current [13], equivalent
circuit [14,15], and air-gap torque [1,16-19]. Some of these methods are approached in this work and
are explained in the following paragraphs.

The slip method is recommended when there are available measurements of IM rotor speed.
This method is based on a linearization on the torque/speed curve of the IM considering the
synchronous speed, rated speed, and current operation speed. As the torque values associated
to the rated speed and synchronous speed are known from the torque/speed curve, the current
operation torque is obtained by a relation based on triangle similarity using the mentioned known
torque and speed parameters. In [7], some improvements have been proposed for the slip method,
including a correction on the rated speed value, which allows the method to provide a more accurate
torque estimation.

The no-load current method is similar to the slip method but is based on current measurements
instead of speed measurements. The method adopts a proportion between the output power and the
operating current of the motor. The relation between the current and the rated shaft power is given by

the following expression [13]:

pmted Iruted - IO

where P,y is the rated shaft power; Pg,p is the current operation shaft power, I, is the measured
current; [, is the rated current, and Ij is the no-load current.

The Air-Gap Torque (AGT) method for induction motor efficiency estimation is based on the
computation of the air-gap torque equations and requires the following data to be measured: line
voltages, line currents, stator resistance, and mechanical losses [16]. The main advantages of this
method over the others are its accuracy and ease of implementation [17]. Regarding the required data,
the line voltages and line currents are easily collected from the condition monitoring system. However,
as regards disadvantages, the stator resistance and the mechanical losses are parameters generally
obtained through experimental tests, and they are significant to the performance of this method [18].

In a previous paper [1], a new concept of stator resistance including the mechanical losses
effect to be used in the AGT method has been proposed. This resistance was estimated by using a
Particle Swarm Optimization (PSO)-based algorithm aiming to minimize the torque error at the rated
operation point. The proposed methodology reached good results for torque and efficiency estimation
in comparison with other conventional methods. The present work proposes a new methodology for
computing this modified stator resistance by using a direct method instead of a PSO algorithm, which
allows the estimation to be simpler and more robust than that proposed in [1]. Also, it proposed a
variant method for estimating this resistance when the monitored IM does not operate close to the
rated operation point. The motivation is that the IMs under monitoring may not operate close enough
to the rated point during the lifetime, and this was a requirement for the methodology presented in [1].
Thus, with this new proposal, it is not necessary to operate close to the rated operation point to estimate
the modified stator resistance. The methodology proposed in the current paper is validated through
simulation and preliminary experimental tests performed for a 0.5-HP two-pole three-phase induction
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motor. Moreover, a comparison among low-intrusive efficiency estimation methods is presented for
the tested motors. The main advantages of the proposed methodology are the ease of implementation
and its low intrusiveness, as it only relies on line currents, line voltages, and nameplate data.

2. Methods for Induction Motor Efficiency Estimation

This section presents a review of the methods for IM efficiency estimation approached in the
paper. Focus is given for the AGT method since the proposed methodology is based on it.

2.1. Air-Gap Torque Method

The AGT method relies on the computation of the air-gap torque by considering the stator flux
equations, obtained by integrating the stator voltages. The voltage equations of a three-phase IM are
given by [20,21]:

Vg = dd# + Rgi,
vy = % + Rsip, 2)
U = 5 T+ Rsic
where v,, vp, and v, are the phase voltages; i,, i, and i, are the phase currents; ,, i, and ¢ are the
flux linkages of windings a, b, and ¢, respectively; and R; is the phase stator resistance.

Considering the instantaneous phase voltages and phase currents, the instantaneous input power,

Pinput, Of a three-phase IM is given by:

Pinput = Valq + Uplp + Uele (3)

Thus, by substituting (2) in (3),

. (d , . (d . (d ,
Pinput = ta <;l7tu +Rsla> +1p <;Ptb +Rslb) +1c<dl/]tc +Rslc) 4)
From (2), the flux linkages can be given as:

o = [(va — Rsig)dt
Py = [ (vp — Rsip)dt ®)
e = [(ve — Rsic)dt

The general equation of the air-gap torque, T, is given by [22]:

T. = ;g[iu(lpc_lpb)+ib(lpu—¢C)+ic(¢b_¢”)] ©)

where NP is the number of poles.
By performing some mathematical manipulations and considering the line data, which are more
usual to be measured in practice, the air-gap torque is given by:

NP
2V3

where the upper-case suffix in the electrical quantities denotes the line data.

In the case of a Y-connected motor without a neutral connection or a delta-connected motor,
ip = —(is +ic). Thus, Equation (7) can be rewritten to use only two-line voltages and two-line
currents, reducing the number of required input data to calculate the air-gap torque.

T {(iA—iB)'/[UCA—Rs(ic—iA)]dl’—(ic—iA)-/[?)AB—RS(iA—iB)]dt} (7)

T, = 5\2{(2‘1}4 +ic) - / [vca — Rs(ic —ia)ldt — (ic —ia) - / [vap — Rs(2-ia +iC)}dt} ®)
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After the computation of the air-gap torque, the motor efficiency is calculated by [8]:

Th W Te - wy —Wey — Wi
= shaf r_ ¢ r fw r )

Pinput Pinput

where T4 is the IM shaft torque, wy is the rotor rotation speed, Pjy,; is the electrical real power
(input power), W, is the friction and windage loss, and Wy, is the rotor stray load loss. The input of
active power is obtained by computing the average of the input power pj,,; given by (2).

The conventional AGT method for evaluating efficiency requires the mechanical losses value,
which should be obtained from experimental tests. Nevertheless, the execution of experimental tests
can be complicated or impracticable for in-service motors. The modified stator resistance approached
in this current paper already includes the mechanical losses effect. Thus, these losses do not need to be
considered apart from the AGT method.

2.2. Slip Method

The slip method is based on a linearization in the torque/speed curve, considering the points
of IM synchronous speed, rated speed, and current operation speed. Figure 1 illustrates the
mentioned linearization.

T4
Y
1".L
Tra15-::
Tm__-—____ /
Miated M ﬁ!

Figure 1. Torque versus speed curve linearization.

Thus, the operation torque can be estimated by [7,8]:

ng —n
T = Trated - (ns_nr:ld> (10)
$ rate

where T}, is the current operation torque, n;, is the synchronous speed, n,, is the current operation
speed, and 11,44, is the rated speed. An observation is that, in this paper, n is the IM rotor rotation
speed in (rpm) and w is the rotor speed in (rad/s). Both will be referred as “rotor speed.”

The torque can also be computed directly by using the slip.

Sm
T = Thated - —— (11)
Srated

where s, is the current operation slip and s, is the rated slip.

Finally, the IM efficiency can be computed by:

- T - wm

(12)
Pinput

where wy; is the current operation rotor speed.
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This method may have poor accuracy because the standards NEMA MGI1 and IEC 34-2-1 allow a
deviation of maximum 20% in the nameplate rated speed about the true value. This could lead to a
significant error on the estimation technique [7]. Thus, in [7], a correction for the rated speedhas been
proposed, which is given by:

2.7 Tmted) . ("2-(nsyn2 —1p) — n1.(Msyn1 — Tl1)> (13)

1’1* = Nsyn60 —
rated o 60 AP x Nrated

where 1,44 is the corrected rated speed; Msyne0, Nsyn1, and nsy,2 are synchronous speeds at rated
frequency and at two different operation points, respectively (in this last case, it is considered the
possibility of the IM fed by a frequency inverter); T, is the rated torque; 11 and 1, are rotation speeds
at two different operation points; AP is the electrical power variation between the two operation points;
and #4404 is the rated efficiency.

Thus, it is possible to obtain a corrected rated slip, by using the corrected rated speed instead of
the rated speed. Thus, the output torque estimated in this modified slip method is given by:

S
T = Tmted : *7111 (14)

rated

where 5”4 is the corrected rated slip.

2.3. No Load Current Method

The no-load current method is based on current measurements and the no-load current
information. In this method, the shaft power is computed by:

I — I
Pshaft = Prated - (ITd_OIO> (15)
rate

where P,y is the rated shaft power, Py is the current operation shaft power, I, is the measured
current, [, is the rated current, and Iy is the no-load current.
Thus, the shaft torque (T};) can be obtained by:

Pshaft
Wi

Ty = (16)

The efficiency can be obtained by using (12).

3. Proposed Methodology for the Modified Stator Resistance Estimation

The methodology proposed in this paper for the modified stator resistance estimation is an
improvement of the method proposed in [1], considering a direct method to compute the resistance
instead of a PSO based algorithm. The principle consists in estimating a stator resistance when the
motor operates close to the rated operation point, minimizing the error of the calculated air-gap
torque with relation to the rated (shaft) torque. Thus, as the unique estimated parameter is the stator
resistance, this is a mathematical artifice that includes the physical stator resistance and an additional
value equivalent to the mechanical losses effect. Although it is estimated close to the rated operation
point, it can be used for the other operating conditions of the IM as well. Thus, the resulting torque
calculated by using the AGT equations with this stator resistance is a good estimate for the shaft torque.

3.1. Modified Stator Resistance Estimation—"Method 1”

The modified stator resistance is estimated online when the motor operates close enough to
the rated operation point, defined as OP(#1,4t04, Tyateq). The principle of the proposed method is to
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“force” the rated and the estimated air-gap torque to be equal to each other, which means that the error
between them is equal zero. The torque error is given by (17):

error = |Truted - TE| (17)

Thus, if error = 0, it is obtained that:
T = Trated (18)

Let us consider the air-gap torque expression (7) only for estimating the modified stator resistance.
By substituting (7) in (18), it comes to:

NP
23

where RS* is the modified stator resistance to be estimated.
By isolating the stator resistance in (19), it comes to:

{(iA —1ip) - / [vca — Rs(ic —ia)]dt — (ic —ia) - / [VaB — R§(ia — iB)]dt} = Tratea  (19)

[(ia —ig) [ (ic —ia)dt — (ic —ia) [(ia — ip)dt]RE = (ia — ip) [ Vcadt — (ic —ia) [ Vapdt — WE Tratea  (20)
Thus, consider that:

Ky = (ig— ZB)f (ic —ig)dt — (ic — iA)f(iA —ig)dt

S . (21)
Kp = (ia —ig) [ vcadt — (ic —ia) [ vapdt — 33 Trasea
The modified stator resistance is given by:
Kp
Rf = 2 22

As the only parameter being estimated is the stator resistance and it is estimated by forcing the
air-gap torque to be equal the shaft torque, it includes the mechanical losses effect (as these losses are
the only “difference” between the air-gap torque and the shaft torque). Because of this characteristic,
this resistance is to be used in the air-gap torque equation to provide an estimation for the shaft torque.
Thus, in a given application, firstly the modified stator resistance is estimated by using (21) and (22),
and only after that, the shaft torque is estimated by using (7) with the modified stator resistance.

In terms of practical implementation, the voltages and currents are periodically acquired, and
the integrals are computed for each data sample. The dc components in the current and voltage data
must be ignored to perform the integrals. They can be calculated numerically by using the trapezoidal
method or other methods using Simpson’s rule or Gauss'’s rule [20]. Thus, the terms K4 and Kj are
simple numbers, allowing the calculation given by (22). The term K4 must be different from zero.
Finally, it is recommended to compute R;" by (22) by using the averages of the terms K4 and K.

The proposed direct method algorithm, shown in Figure 2, can be compared with another
published algorithm, proposed in [1], which is a modified stator resistance computing by using PSO
algorithm. In both cases, the procedure is executed for each signals sample in the computational
environment, and only when the rotor speed is close to the rated speed. The PSO algorithm is
an iterative procedure, consists of some steps, and includes random values; whereas the direct
method consists only of few sequential steps, is a deterministic method, and then is faster than the
iterative procedure.
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K, and Kj are calculated by (21).

v

K, and Kpare sent as outputs and pass through a

simulation blocks to compute the mean values mK, and

mKp.

v

R’ is computed by (22), considering mK, ' and mKz "'

(mean values of K, and Ky from the last sample).

Figure 2. Modified stator resistance estimation—proposed direct method.

As a remark, it is important to note that the IM efficiency is also affected by the rotor resistance.
However, this effect would be directly approached in the “equivalent circuit method” for IM efficiency
estimation, which was not in the scope of this paper. The proposed methodology is based on the AGT
method, and its mathematical model depends on the stator resistance but not on the rotor resistance.
Moreover, the mathematical equations of the other approached methods (slip method, modified slip
method, and no load current method) are not dependent on the rotor resistance. Therefore, the focus is
on the stator resistance estimation and not on the rotor resistance.

Finally, it is important to emphasize that the “physical” stator resistance is dependent on the
thermal effect. However, the proposed modified stator resistance is not simply the physical stator
resistance; it is a mathematical artifice or a “fictitious” stator resistance that comprises the mechanical
losses effect. As it is only a mathematical artifice, the thermal effect is not considered. This, indeed, can
be considered as an advantage of the proposed method.

3.2. Modified Stator Resistance Alternative Estimation Method from the IM Nameplate Data—"Method 2”

A requirement for estimating the modified stator resistance including the mechanical losses effect
is that the motor must operate at any moment close to the rated operation point. However, not all IMs
will operate in this condition during their lifetime. Thus, this paper proposes an alternative way to
estimate the modified stator resistance when the IM does not operate close to the rated operation point.

This alternative method consists in estimating the modified stator resistance directly from the
nameplate data of the IM. The required nameplate data to perform this process are the rated voltage
Vyated, rated current I,;,4, rated supply frequency f,.4, and rated power factor PF,;,;. First, fictitious
signals of voltage and current at the rated operation point are generated from the nameplate data.
The signals are considered to be balanced and symmetrical, and the phase shift between the fictitious
rated current and voltage signals are computed from the rated power factor. The fictitious rated
voltages are given by

UAB_rated = \/Evrated sin(wt)
UBC_rated = \/ivrated Sin(Wt - 27T/3) (23)
UCA_rated = \/Evmted Sin(Wt + 27-[/3)

where w is the angular speed at the rated supply frequency.
The fictitious rated currents are given by

iA_rated = \/Elmted Sin(‘”t —¢— 77:/6)
iB_mted = \ﬁlmted Sin(c‘)t —¢— /6 — 271'/3) (24)
iC_mted = \ﬁlrated Sin(“}t -9 - /6 + 27T/3)

where ¢ is given by
Q= Cosil(PFrated) (25)
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Then, the modified stator resistance estimation is performed offline applying (21) and (22) using
these current and voltage data in (23) and (24).

Of course, the calculation proposed by using these fictitious rated voltages and currents is an
approximation and includes some errors. This is because of the considerations of balance and symmetry
and the intrinsic error of the nameplate data, which cannot correspond to the actual rated operation
point of the IM, because of the aging and losses. Thus, this approach must be adopted only in the case
that the motor does not operate close to the rated operation point as an alternative for the modified
stator resistance estimation.

3.3. Induction Motor Efficiency Evaluation

Considering a typical condition monitoring system for IMs, and the efficiency estimation as one
of its features, the main steps of the proposed methodology are described in the following.

3.3.1. Rotor Speed Estimation

The induction motor rotor speed is estimated from current data samples packets applying a
motor current signature analysis approach. The method is based on the detection of the low-frequency
eccentricity components which modulates the fundamental frequency of the IM [1,2]. The rotor speed
estimation is preferred over its measurement due to its low-intrusiveness (appropriate for in-service
IM efficiency estimation) [8,17,23].

3.3.2. Rated Speed Correction

It is necessary that the motor operate close to the IM-rated operation point to perform the modified
stator resistance estimation. However, as already mentioned, the nameplate rated speed can include a
considerable error. Thus, the indicated rated speed may be, in practice, associated to another torque
value and not the indicated rated torque. Thus, a rated speed correction is performed offline before the
stator resistance estimation, as proposed by [7], performed by (13).

3.3.3. Estimation of the Modified Stator Resistance

In the case of using Method 1, the modified stator resistance estimation is performed by an
algorithm based on the process described in the Section 3.1. The algorithm considers the IM rated
operation point adopting the corrected rated speed—OP (11" ateq, Trated)—and is only performed when
the IM operates close to this point. As the mechanical torque is the unknown parameter (the variable
desired to be estimated), the IM rotor rotation speed is the monitored parameter used to measure the
proximity of the IM operation point to the rated one. Thus, the algorithm verifies the IM rotor rotation
speed periodically, and the computation of (22) is carried out only when this parameter is close enough
to the corrected rated speed. If this condition is not fulfilled and the algorithm did not estimate a stator
resistance previously, a reference value of stator resistance is used to calculate the AGT. This value can
be the “physical” resistance measurement or an estimative value for a motor of that power rating.

In the case of using Method 2, the modified stator resistance estimation is performed offline by
the process described in Section 3.2.

3.3.4. Torque Calculation and Determination of the Efficiency Coefficient

After the estimation of the modified stator resistance, this value is applied to calculate the torque
for any load condition of the induction motor. The AGT torque calculated using this resistance is a
good approximation for the shaft torque, as mentioned before. Henceforward, the calculated AGT
torque using R’s will be denominated as shaft torque, Ty.p. The computation is performed online for
each data sample by using (7).

The IM efficiency evaluation is performed by using (9) and considering the estimated shaft torque.
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4. Methodology for Computing Induction Motor Torque and Efficiency Considering the
Selected Methods

This paper focuses on the proposed IM efficiency estimation method based on AGT using a
modified stator resistance estimated with a direct method. This method is analyzed through simulation
and experimental tests and compared with other methods for in-service IM efficiency estimation.
The methods approached in this paper are (a) the proposed method (AGT with modified stator
resistance), (b) the slip method, (c) the modified slip method (with rated speed correction); (d) the
(“conventional”) AGT method, and (e) the no-load current method. Thus, this section presents the
methodology for computing IM efficiency considering the different approached methods.

Both simulation and experimental results have been obtained by using similar computational
simulations. The main difference between the two cases is that, in the former, the input signals for the
methods come from an IM model (with the parameters of the tested IM), and in the latter, the input
signals are measurements (signal acquisition samples) from the real IM used in the tests.

4.1. Tested Induction Motor

The simulation tests have been performed with a 0.5-HP 2-pole IM. The rated values and
parameters for the IM are presented in Table 1 [24]. The IM was simulated as a dynamic model
based on the state-space equations, with inserted mechanical losses [1].

Table 1. Rated data of the induction motor (IM) used in the simulation tests.

Viated 220 (V) Rs 2.1(Q)
Liated 1.18 (A) R, 0.8663 (Q)
frated 60 (Hz) Ly 1.00130 (H)
Nrated 3500 (rpm) L, 1.02938 (H)
PFy4teq 0.954 L, 0.9834 (H)

The experimental tests have also been performed with a 0.5-HP 2-pole IM. The rated values and
parameters for the IM are presented in Table 2, where R; is the measured stator resistance.

Table 2. Rated data of the IM used in the experimental tests.

Viated 220 (V) Nrated 3450 (rpm)
Liated 2.1 (A) PF, 4404 0.697
frated 60 (Hz) Rs 3.144 (Q)

Figure 3 presents the schematic diagram of the laboratory setup used for the experimental tests.

£91;

Power Supply i Induction Electromagnetic

== Motor Brake System with

j i Load Cell
‘&7 Acibc | ™~
‘e | Converter| /"

v.®
18 Torquemeter

Hall Effect

m Display

Data Acquisition Computer
System

Transducers
NI USB-6215

Figure 3. Schematic diagram of the laboratory setup for experimental tests. The Hall Effect transducers
are represented only for one phase for purpose of simplifying the diagram, but in practice, there are
three sets of transducers.



Energies 2018, 11, 691 10 of 21

Figure 4 presents a photo of the laboratory setup used for the experimental tests, whose items
are (1) the voltage and current Hall effect transducers boxes, (2) the box for electrical connections,
(3) the induction motor, (4) the electromagnetic brake system with a load cell, (5) the display for torque
indication, (6) the AC/DC converter to supply the brake system, and (7) the data acquisition system.

The load/torque variations in the IM are emulated by using an electromagnetic brake system.
It was custom-made and compatible with a 0.5-HP two-pole IM. DC voltage (supplied by the AC/DC
converter) was used to control the brake, and the shaft torque was measured with a load cell.
The display for the torque indication was a digital indicator Contemp ID02-B.

Figure 4. Photo of the laboratory setup for experimental tests.

The Hall effect transducers were three current transducers LEM LA 55-P to measure the
IM line currents and three voltage transducers LEM LV 25-P to measure the IM phase-to-phase
voltages. The current transducers data are primary nominal current (RMS) = 50 (A); primary current,
measurement range = 0 = 70 (A); secondary nominal current = 50 (mA); conversion ratio = 1:1000;
supply voltage (£5%) = 0 & 12.15 (V); and accuracy (at primary nominal current and 25 °C) = £0.90%
at £12.15 (V) (£5%) supply voltage. The voltage transducers data are primary nominal current (RMS)
=10 (mA); primary current, measurement range =+15 (mA); secondary nominal current = 25 (mA);
conversion ratio = 2500:1000; supply voltage (£5%) = 0 &= 12.15 (V); and accuracy (at primary nominal
current and 25 °C) = £0.90% at £12.15 (V) (£5%) supply voltage.

The transducers secondary sides have been connected to the data acquisition hardware at
the Single Ended configuration. The data acquisition system used was the NI USB-6215 module,
which has 16-bit, 250 (kS/s) single-channel sampling rate. It is provided with 16 analog inputs,
two analog outputs, four digital input lines, four digital output lines, four programmable input
ranges (£0.2 to £10 V) per channel, digital triggering, and two counter/times. The analog inputs
data are maximum voltage = 10 (V); maximum voltage range = —10 (V), 10 (V); accuracy at maximum
voltage range = 2.69 (mV); minimum voltage range = —200 (mV), 200 (mV); and accuracy at minimum
voltage range = 0.088 (mV).The signals were acquired with 8000 (Hz) sampling frequency, which
corresponds to a 1.25 x 10~* (s) sampling time. Each data acquisition consisted in the three-line
currents and three phase-to-phase voltages of the machine at a given load condition. Each data
acquisition length was 30 (s), but only 5 (s) of each one was used for the analysis presented in this
paper. The signals were transmitted from the data acquisition module to a personal computer via USB
cable. A script was used to acquire and process the data from the module and make them compatible
with the computational simulations, which will be described in the next items.

4.2. Induction Motor Initialization Parameters

In both cases, the first step is to load a file with the IM parameters. The parameters include T;
(sampling rate), f1 (supply frequency), P, (rated power), NP (number of poles), Rs (measured stator
resistance), 11,4,y (rated speed), #4104 (rated efficiency), V4 (rated voltage), I 4404 (rated current), Iy
(no load current), PF,,;.y (power factor), and 7”4 (corrected rated speed).
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In the case of the IM model (related to the simulation results), there are other parameters needed
to be loaded in the beginning of the procedure: R, (rotor resistance), L, (rotor inductance), Ls (stator
inductance), L,; (mutual inductance), | (moment of inertia), and Ky (factor for calculating and inserting
losses in the model). These parameters are used for the dynamic simulation of the induction motor,
considering the state-space equations.

4.3. Induction Motor Input and Output Signals

In the case of the simulation with the IM model (used for the simulation tests), the motor inputs
are the three phase voltages and reference torque (load torque). These signals go to the IM dynamic
model, consisting of the IM state-space equations, and this model provides as outputs the three-phase
currents and the rotor rotation speed. Thus, these parameters (three-phase voltages and currents and
rotor rotation speed) are taken as inputs for the method to compute the induction motor torque and
efficiency. The load torque is used only for the purpose of comparison (it is the reference torque).
Figure 5 illustrates the induction motor model.

Vo Vi Ve —P) - > i iy
@ b Te Induction motor @ b I

T »| state—spaceequations |,
re

Figure 5. Induction motor dynamic model of the simulation tests.

In the case of experimental tests, a real IM was used. In this case, the inputs are also the
three-phase voltages to supply the motor and the load torque (imposed by using the electromagnetic
brake). The outputs of the motor are the three phase currents and the rotor rotation speed. The voltage
and current signals are measured by using Hall effect transducers, and the signals are acquired by using
proper hardware as presented in Figure 3. The torque is measured by using a torque meter, and the
rotor speed is measured with a laser tachometer (in the case of an in-service IM efficiency estimation,
the rotor speed can be estimated from current signature analysis [1]). Thus, these parameters (three
phase voltages and currents and rotor rotation speed) are inputs for the method to compute the
induction motor torque and efficiency. The load torque is used only for the purpose of comparison (it
is the reference torque). Figure 6 illustrates the parameters of the IM used in the experimental tests.

Vg Vi Ve > > g iy i
Induction motor
T, > > o,
> > Vo Vb Ve
| Transducersand | ; j i
> acquisitiar system [» @,
—» Tref

Figure 6. Parameters of the IM used in the experimental tests.

Once the required data are available (three-phase voltages and currents and rotor rotation speed),
they are used to compute the induction motor torque and efficiency, depending on the method, as
explained in the following. An observation is that the phase-to-phase voltages were later obtained
from the phase-to-neutral voltages.
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4.4. Induction Motor Shaft Torque Estimation by the Selected Methods

The next items present the computation of the induction motor torque and efficiency for each
selected method.

4.4.1. Slip Method and Modified Slip Method

The slip method procedure is illustrated in the Figure 7, where there is indication of the required
inputs, the equations, and the output torque. The procedure is executed for each data sample, providing
the dynamic shaft torque.

nr_m ) n:_m =60 x f_m /(NP/Z)
rated ns_ruted =60 x f _rated /( NP/ 2)
Som —>
s_m _
- Sm - (ns_m - nr_m )/ n:_m —> Tshaﬁ
fs_rated
NP ) Srated = (n:_rated = Mtted )/ n:_rated
Tr ated —> I:vhaﬁ = ]:'ated XS / Srated

Figure 7. Slip method procedure.

In Figure 7, n, , is the “measured” rotor rotation speed; 1, is the rated speed; f; , is the
“measured” synchronous frequency; f; 14 is the rated synchronous frequency; NP is the number
of poles; Ty is the rated torque; ns  is the measured synchronous speed; 15 ;4104 is the rated
synchronous speed; sy, is the measured slip; s,y is the rated slip; Ty is the shaft torque.

In the case of the modified slip method, the same procedure is used. The only difference is that
instead of using the rated speed, it is used the corrected rated speed, calculated with (13).

4.4.2. AGT Method and Proposed AGT-Based Method

The AGT method is illustrated in the Figure 8, where there is indication of the required inputs,
the equations, and the output torque. The procedure is executed for each data sample, providing the
dynamic shaft torque.

iy iy i, —» int_I:J.vm—RSx(J.ic—'[ia)
Sig Jiy i, —» term 1= (ia —i,)xint 1
Foun fope — int 2= I"ab - R, xqia —Iib) > Tshaﬁ
term 2 =(i,—i,)xint_2

R, —»

NP —» Ly = % x(term _1—term _2)

Figure 8. Air-Gap Torque (AGT) method procedure.
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In Figure 8, i, iy, ic are the phase currents; [, [, [ic are the integral of the phase currents; [v,,
J vy are the integral of the phase-to-phase voltages; and R; is the stator resistance. The integrals are
computed by numerical integral blocks using the trapezoidal method.

In the case of the conventional AGT method, the measured stator resistance is used. In the case of
the proposed AGT based method, the only difference is that instead of the measured stator resistance,
it is used the estimated modified stator resistance.

The modified stator resistance is computed by using a direct method, as presented in Section 3.

4.4.3. No-Load Current Method

The no-load current method is illustrated in the Figure 9, where there is indication of the required
inputs, the equations, and the output torque. The procedure is executed for each data sample, providing
the dynamic shaft torque.

Ia (rms) >
—_ ]
s I =(,+1,+1)/3
b (rms) )
I ¢ (rms) >
P =P x ]m _10 » Tshafr
®,, —Pp out rated ] ]
rated ~— *0
P rated ’
L, —» _ :
rated ];Ilaﬁ - le / @,
10

Figure 9. No load current method procedure.

In Figure 9, 1; (rms), Ip (rms)» L (rms) are the phase currents RMS values (obtained by using specific
blocks for this purpose), wy, is the “measured” rotor speed, P, is the rated power, I,44 is the rated
current, and I is the no-load current.

4.5. Efficiency Evaluation

As long as the shaft torque is computed, using one of the methods presented before, the efficiency
is computed by using the procedure illustrated in the Figure 10. The acquired signals of is, v, ip, and
Uy are mathematically manipulated, and the arithmetic means are obtained and summed in order to
compute the electrical power. The multiplication of T,z and w; result in the shaft power. Finally, the
efficiency, , is obtained by the division of the shaft power by the electrical power (input power).

Tpan —w
X

W, —p

) X | mean 1 P
ca X
[: + —»n
+ Pinpu!
iy ———]
X | mean

Vpe ———W

Figure 10. Efficiency computation.
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In the case of the efficiency computation results that will be presented in the next sections, different
load torque conditions have been imposed to the induction motor, to produce the results that will
be explained.

5. Induction Motor Shaft Torque and Modified Stator Resistance Results

5.1. Simulation Results

This section presents the simulation results for the proposed methodology. The first step was
the rated speed correction procedure, which resulted in a value of 1",y = 3564.06 (rpm) for the IM
modeled with mechanical losses. Then, the simulation was implemented.

5.1.1. Case 1: Conventional Estimation of the Modified Stator Resistance (“Method 1”)

In the case of simulation tests, the modified stator resistance estimation was performed when
the motor worked at the rated load condition, i.e., when the IM operated with the corrected rated
speed. Figure 11a presents the IM dynamic torque estimation during the computational simulation.
Figure 11b presents the corresponding stator resistance estimation by using the conventional method
(“Method 17).

From time t = 0 (s) to t = 1.5 (s), the estimator is off, and the torque is estimated considering the
theoretical resistance value, Rs; = 2.1 (2). During this period, there is a difference between the two
torque curves in Figure 11a. Att = 1.5 (s), the estimator starts. Within some data samples, the resistance
reaches 9.453 (1), which can be noticed in Figure 11b. From this instant, the torque is calculated
considering this estimated resistance. After this instant, the difference between the two torque curves
decreases and the torque curves coincide, as can be observed in Figure 11a.

13 Induction Motor Torque Stator Resistance
3r T T T T T 2 T T T T
- - -Reference Torque 12 - - -Theoretical Stator Resistance
19h —Estimated Mechanical Torque| | —Estimated Stator Resistance
. 10t
£ s
Z 11 _\ o 8
I . 2
g o1 g6
5 17}
= é sl
09r
N
08! . . . . . . . . . . .
1 15 2 25 3 35 4 45 5 0 1 2 3 4 5
Time [s] Time [s]
(a) (b)

Figure 11. Conventional method to estimate the modified stator resistance (“Method 1”)—simulation
results for (a) IM torque estimation and (b) IM modified stator resistance estimation.

Thus, the estimated value for the modified stator resistance was R’ = 9.453 (Q). This value
is larger than the theoretical value, which evidences the additional term related to the IM losses.
The modified stator resistance is estimated close to the rated operation point, but this value is then
used to estimate the mechanical torque for the other operating conditions of the IM.

5.1.2. Case 2: Alternative Estimation of the Modified Stator Resistance from the Nameplate Data
(“Method 2”)

In the case, the IM does not operate close to the rated operation point, and the modified
stator resistance is obtained by using the alternative method proposed in Section 3.2 (“Method 2”).
The fictitious values for voltages and currents are obtained and used in the computational simulation.
Then, the modified stator resistance is estimated by using (21) and (22).

Figure 12a,b presents the estimation of the IM torque and the corresponding stator resistance
considering the fictitious values of rated voltages and currents. The estimation of the stator resistance
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starts at f = 1.5 (s), and, after this instant, it can be noticed in Figure 12a that the estimated torque
becomes practically equal the reference torque. The estimated value for the modified stator resistance
was R's = 9.479 (QQ), which was very close to the value obtained by using the conventional method.

13 Induction Motor Torque Stator Resistance
. - - -Reference Torque 12+ - - - Theoretical Stator Resistance |
12F — Estimated Mechanical Torque| | — Estimated Stator Resistance
: 10 1
= -
€ [S)
z 117 9 8
[ R, c
=} k
g 2 °
73
= & af
091
)
0.8 . . . . . . . . . .
1 1.5 2 25 3 35 4 45 5 0 1 2 3 4 5
Time [s] Time [s]
(a) (b)

Figure 12. Alternative method to estimate the modified stator resistance (“Method 2”)—simulation
results for (a) IM torque estimation and (b) IM modified stator resistance estimation.

5.2. Experimental Results

This section presents preliminary experimental results for the proposed methodology.

It is important to say that there are some peculiarities when performing the efficiency estimation
using the acquired voltage and currents. First, the supply voltage was distorted with harmonics, which
could produce large oscillations on the estimated torque. In order to fix this issue, an IIR (Infinite
Impulse Response) low pass filter was included in the simulation to the acquired voltages and currents.
Second, as in the AGT method, the fluxes are calculated from an integration of voltages and currents, a
DC offset could cause the fluxes to grow as a ramp. Thus, high-pass filtering has been used on the
voltages and currents just before the integration, eliminating any possible DC offset.

The first step was the procedure of rated speed correction, in which the speed 71,0y = 3505.33
(rpm) was obtained for the induction motor. Then, the simulation was executed.

5.2.1. Case 1: Conventional Estimation of the Modified Stator Resistance (“Method 1”)

The modified stator resistance estimation was performed for the tested load condition closest to the
rated one. Figure 13a presents the IM dynamic torque estimation during the computational simulation.
Figure 13b presents the corresponding stator resistance estimation by using the conventional method
(“Method 17).

From time t = 0 (s) to t = 1 (s), the estimator is off, and the torque is estimated considering
the theoretical resistance value, R; = 3.144 (QQ), which was the measured resistance for the motor
at standstill. During this period, it can be noticed a difference between the two torque curves in
Figure 13a. Att =1 (s), the estimator starts. Within some data samples, the resistance converges to
12.91 (Q2), which can be noticed in Figure 13b. From this instant, the torque is calculated considering
this estimated resistance. After this instant, the difference between the two torque curves decreases
and is kept very small, as can be observed in Figure 13a.
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Figure 13. Conventional method to estimate the modified stator resistance (“Method 1”)—experimental
results for (a) IM torque estimation and (b) IM modified stator resistance estimation.

Thus, the estimated value for the modified stator resistance was R's = 12.91 (Q). This value is
larger than the theoretical value, which evidences the additional term related to the IM losses. As
mentioned before, the modified stator resistance is estimated close to the rated operation point, but
this value is then used to estimate the mechanical torque for the other operating conditions of the IM.

5.2.2. Case 2: Alternative Estimation of the Modified Stator Resistance from the Nameplate Data
(“Method 2”)

In case the IM does not operate close to the rated operation point, the modified stator resistance is
obtained by using the alternative method proposed in Section 3.2 (“Method 2”). The fictitious values
for voltages and currents are obtained from nameplate data and used in the simulation. Then, the
modified stator resistance is estimated by using (21) and (22).

Figure 14a,b presents the estimation of the IM torque and the corresponding stator resistance
considering the fictitious values of rated voltages and currents. The estimation of the stator resistance
starts at t = 1 (s), and, after this instant, it can be noticed in Figure 14a that the estimated torque becomes
practically equal the reference torque. The estimated value for the modified stator resistance was

*s = 12.74 (Q)), which was close to the value obtained by using the conventional method (“Method 1”).

16 Induction Motor Torque Stator Resistance
--- Reference Torque ) 150 - - -Measured Stator Resistance| |
141 —Estimated Mechanical Torque| | —— Estimated Stator Resistance
_ £
£ 1.2 §
Z ler
= 8101
(4] f=
= 5]
g 1F @
g g
14
08f 5
06 . . . . . . . . . .
0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 1 2 3 4 5
Time [s] Time [s]
(a) (b)

Figure 14. Alternative method to estimate the modified stator resistance (“Method 2”)—experimental
results for (a) IM torque estimation and (b) IM modified stator resistance estimation.
6. Induction Motor Efficiency Results

This section presents the induction motor efficiency for simulation and experimental tests,
considering the proposed methodology and the other selected methods.

6.1. Proposed Methodology

After the stator resistance estimation, considering the Method 1 and Method 2, different load
conditions were imposed to the IM, and the respective efficiency coefficients were calculated. Figure 15
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presents the efficiency plot, where the x-axis are the load conditions related to the rated condition.
The measured efficiency was obtained by using (9). In the case of simulation tests, Ty, is the reference
mechanical torque and w; is the rotation speed provided by the IM model. In the case of experimental
tests, Tpqp is the measured torque and w; is the measured rotor speed. The proposed methodology
efficiency was obtained by using (9) and considering Ty, as the torque estimated by using AGT
with the estimated modified stator resistance (AGT with Estimated R;—Method 1 and Method 2).
In the case of simulation tests, wy is the rotation speed provided by the IM model, and in the case of
experimental tests, it is the measured rotor speed.

Induction Motor Efficiency

Induction Motor Efficiency
100 T T T T
A_ I P

B R S S

80 -7 sor
— L —_ EEEEEE & -
S / g T
> 60 ,/ > 60 e
c B c
19} ' 9]
S 40 S 401
= ’ =
w / w

) - m-Measured Efficiency - W -Measured Efficiency
207 ) -®-AGT with Estimated Rs - Method 1 201 -@-AGT with Estimated Rs - Method 1
K -A-AGT with Estimated Rs - Method 2 -A-AGT with Estimated Rs - Method 2
0 . . . . . \ 0 . . . I I \ I
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Load Condition [%] Load Condition [%]

@) (b)

Figure 15. IM efficiency estimation using the proposed methodology—(a) simulation and
(b) experimental results.

The efficiency values computed by using AGT with estimated stator resistance with Method 1
and Method 2 were practically the same. In the case of simulation results, the efficiency estimation
error (considering the proposed methodology in comparison with the theoretical values) was small
from load condition of 50% and so on. It can be noticed that, as the load condition is closer to the
rated condition, the error decreases. Also, for load conditions between 75% and 150%, the error is
smaller than 5%. In the case of experimental tests, the efficiency estimation error was small for the
load conditions near 80% and 100%, being about 8% and 2% for these conditions, respectively. Also,
the error for the biggest load condition (near 168%) was about 16%. Thus, the results for the proposed
methodology are promising.

6.2. Comparison among Induction Motor Efficiency Evaluation Methods

The IM efficiency calculated by using the proposed methodology was compared with the efficiency
coefficients calculated by using other methods indicated for in-service IMs. As already mentioned, the
methods considered for comparison were the standard slip method [8], the modified slip method with
rated speed correction [7], the standard air-gap torque method [8], and the no-load current method [13].
Figure 16 presents the efficiency estimation percentage errors for all the considered methods for
the simulation and experimental results. The errors were calculated as the difference between the
efficiency coefficient obtained with the method under analysis and the theoretical efficiency. They
are presented in percentage with relation to the theoretical efficiency. It is important to say that the
theoretical efficiency (expected efficiency) is that calculated with the real torque and speed values at
each load condition.
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Figure 16. IM efficiency estimation error—(a) simulation and (b) experimental results.

In the case of simulation results (Figure 16a), the proposed methodology (AGT with Estimated
Rs—Method 1 and Method 2) and AGT method presented the smallest errors. The errors obtained
by these methods were less than 8% for load conditions above 75%. In addition, the proposed
methodology conducted to the smallest error for load conditions between 75% and 110%. The errors
obtained by using the proposed methodology were small for the different load conditions from 50%
and so on. The no-load current method presented small errors from load conditions above 75%.
The modified slip method and mainly the slip method presented the biggest errors. In the case of
experimental results (Figure 16b), the proposed methodology (AGT with Estimated Rs—Method 1 and
Method 2) and modified slip method presented the smallest errors. The errors obtained by these two
methods were less than 10% for load conditions between 80% and 140%. In addition, the proposed
methodology presented the smallest error for load conditions near 100%. The errors obtained by using
the proposed methodology were small for the load conditions near 80% and 100%. The results show
the effectiveness of the proposed methodology for in-service IMs efficiency estimation.

A final remark is made for the slip method. As already explained, this method is quite sensitive
to the rated speed, because the method is a linearization of the IM speed versus torque curve.
By comparing the rated speed and corrected speed values for simulation and experimental tests,
it can be noticed that the difference of the rated speed and corrected rated speed values is larger for the
simulation tests (about 64 rpm) than for the experimental tests (about 55 rpm). This may have caused
the larger error for the slip method in the case of the simulation results than the experimental results.
Another aspect may be related to the IM parameters, taken from [24], which mean a representation for
the IM modeling. They may be less representative (which impacts on the speed computation by the
IM model) than the effectively measured values of the IM in the case of experimental results.

7. Conclusions

This paper approached the estimation of a modified stator resistance including the mechanical
losses effect to be used in the AGT method for IM efficiency estimation. The paper proposed some
improvements in the estimation of this modified stator resistance by using a direct method. Moreover,
it proposed an alternative method to estimate this resistance directly from the nameplate data and
using voltage and current fictitious signals. This last approach is an alternative to estimate the modified
stator resistance when the induction motor does not operate close enough to the rated operation point.
The main advantages of the proposed methodology are its ease of implementation and that it only
relies on line currents, line voltages, and nameplate data, being appropriate to estimate the efficiency
for in-service induction motors.

The proposed methodology was studied and validated through simulation and preliminary
experimental tests performed for a 0.5-HP three-phase induction motor. Moreover, a comparison
among low-intrusive efficiency estimation methods, including the proposed one, has been presented
for the tested motors. In the case of the simulation results, the estimated stator resistance used in
the AGT method produced a small error in the torque curve of the induction motor and also in
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the efficiency estimation, considering the different load conditions. In the case of the experimental
results, the proposed methodology conduced to small error of efficiency estimation mainly for the
load conditions close to 80% and 100%. Regarding the alternative method to estimate the modified
stator resistance directly from the nameplate data (Method 2), it is important to say that the presented
experimental results are preliminary, and the method should be tested on the field in the future in
order to have its effectiveness really proved. Finally, it is expectedto get better results for efficiency
evaluation of larger motors, which can be studied in future works.
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Nomenclature

Parameters

t Time parameter

Piated Rated shaft power

Iy No load (RMS) current

Loated Rated (RMS) current

Rs Stator resistance

NP Number of poles

1s Synchronous speed

Nyated Rated speed

Syated Rated slip

Nsyn60 Synchronous speed at rated frequency
Vsated Rated phase-to-phase (RMS) voltage
w Angular speed at rated supply frequency
PF,ted Rated power factor

) Phase angle between voltage and current
R, Rotor resistance

L Magnetizing inductance

Lg Stator inductance

L, Rotor inductance

Ts Sampling rate

f1 Supply frequency

Nrated Rated efficiency

J Moment of inertia

Ko Factor for calculating and inserting losses in the induction motor model
fs_rated Rated synchronous frequency

s rated Rated synchronous speed

Variables

Pepyaft Current operation shaft power

Iy Measured RMS current

Up Phase-to-neutral voltage (p = a, b or ¢)
Py Flux linkage of winding p (p = a, b or c)
ip Phase current (p =4, b or c)

Pinput Instantaneous input power
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T, Air-gap torque

Upp Phase-to-phase voltage (pp = ab, bc or ca)

Tspapt Shat torque

wy Rotor rotation speed

Pinput Electrical real power (input power)

Wry Friction and windage loss

Wy Rotor stray load loss

T Current operation torque

M Current operation speed

Sm Current operation slip

1 vated Corrected rated speed

Tsyn1 Synchronous speed at an operation point “#1”

Msyn2 Synchronous speed at an operation point “#2”

S vated Corrected rated slip

RS Modified stator resistance

Ky Auxiliary term for the modified stator resistance calculation

Kg Auxiliary term for the modified stator resistance calculation

Vpp_rated Rated phase-to-phase voltage (pp = ab, bc or ca)

Tre Reference torque

Ny m “Measured” rotor rotation speed

fom “Measured” synchronous frequency

fs_m “Measured” synchronous speed
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