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Abstract—Recent studies have proposed the use of artificial
neural networks to establish a correlation between the cooling
capacity of refrigeration compressors and the results of quick
production quality tests. However, the temperature measurement
method used in the tests reflects a high uncertainty in the
estimated performance parameters, primarily because the mea-
surement is performed on the compressor shell, which has large
thermal inertia and does not accurately reflect the temperature
changes observed during the tests. This study proposes a set of
modules that allow the application of the method of temperature
rise by resistance to estimate the winding temperature of the
single-phase induction motor of the compressor in quick quality
tests. The winding temperature is a better estimate of the
temperature at which the refrigerant fluid enters the compression
cylinder and its use solves many of the problems associated with
the traditional method. Validation tests show that the proposed
solution is capable of automating the measurement in a safe,
agile, and metrologically more reliable manner than the method
currently used in quick quality tests in the industry.

Index Terms—Compressors, cooling capacity, electrical resis-
tance measurement, single-phase induction motors, temperature
measurement, temperature rise by resistance.

I. INTRODUCTION

ne of the most important parameters to characterize the
O performance of a refrigeration compressor is its cooling
capacity (CC) [1], which is a measure of the capacity of a
compressor to generate mass flow of the refrigerant fluid under
specified operating or test conditions [2]. CC measurements
are used for both quality control and research and development
activities [3]. The equipment required to obtain CC in a single
compressor requires specialized instrumentation, which results
in a high cost for each test position. Furthermore, the time
required for tests to obtain such a parameter using traditional
test rigs is long, typically over three hours. Consequently, a
small number of samples of compressors are tested, which
introduces a delay of hours between the occurrence of a
performance problem and its detection [4].
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As a result of efforts to reduce testing time, literature lists
approaches that consider correlated quantities obtained from
other tests with short duration to infer CC, such as the artificial
neural network (ANN) ensemble proposed in [3] and improved
in [5] by modifying the test rig to measure certain quantities,
to avoid the need for information about the design parameters
of the compressor under test. This approach enables the
determination of the CC of all compressors produced using the
information obtained from quick quality tests performed in the
production line, called pressure rise tests (PRTs), after being
processed by an ANN, in approximately 0.05% of the time
required by traditional methods. The input parameters used
by the ANN are the pressure rise rate (PRR), the electrical
power consumed (consumption), and the compressor shell
temperature. In addition, a formalization of the method for
evaluating the uncertainty of the inference is proposed in
[6] and it shows that the temperature uncertainty plays an
important role in the overall test result uncertainty, which is
about £6% of the inference value, while in traditional tests
this value is about +3% of the reading.

In addition to the uncertainty associated with the temper-
ature measurements themselves, the point at which the tem-
perature is measured affects the overall inference uncertainty.
The ideal method would be to measure the compressor motor
winding temperature instead of the shell temperature, since the
former better represents the temperature at which refrigerant
enters the compression cylinder [7]. Due to the production line
layout and the short test length, there is not enough time for the
homogenization between the shell and internal temperatures,
so the shell temperature does not correspond to the temperature
of interest. Also, since the compressors tested are hermetic, the
direct measurement of the motor winding temperature is quite
challenging. Given this limitation, a promising approach is the
indirect measurement of the temperature of the single-phase
induction motor (SPIM) of the compressor.

There are several methods for indirectly estimating the
temperature of induction motors in literature, and most of
them are designed to obtain the estimates while the motor
is in operation. Those methods are more susceptible to noise
and interference than a direct measurement approach, so it is
natural that their estimates have a relatively large uncertainty
value for some applications [8]. Indirect measurement methods
can be categorized into three broad types: thermal model,
machine parameter, and the combination of both [9]. Thermal
models have been widely used in thermal protection, but the
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expected estimation error for this type of method is in the
order of 2°C [10]. A recent method described in [11] was
able to obtain estimation errors significantly smaller than 2 °C,
but the characterization of machine parameters are infeasible
in a production line. Thermal models can also be combined
with electrical models, so that an electrical resistance value
is estimated based on measured machine parameters and then
translated into a temperature estimate. This method tends to
be more robust to changes in operating conditions, but the ex-
pected error is equivalent to that presented by thermal model-
based methods [12]. The machine parameter approach relies on
resistance estimation to calculate temperature, being divided
into model-based estimation and signal-injection estimation,
with the latter being the preferred method in the literature [9].
Again, the estimation errors reported in the literature have
an order of magnitude of some degrees Celsius, both for
the alternate current [13] and direct current [14] methods. In
addition, model-based methods require prior characterization
of motor parameters, which is not feasible in a production line.

An approach to obtain the temperature of interest with an
acceptable uncertainty value is the method of temperature rise
by resistance (TRR), as described in [15]. To use this method,
the measurement procedure should be started immediately
after the test has ended [16]. However, because the time for the
initial measurement may vary due to safe working practices,
terminal reaching, and operator variations, the resistance at
the time instant when the motor is turned off is usually not
obtained, and extrapolation backward must be used to obtain
this value [17]. A switching device was proposed in [18§]
to compare different extrapolation methods, showing that the
measuring error is inversely proportional to the length of the
time window for the first resistance measurement. The best
test scenario reported in [18] shows a standard uncertainty
of 0.4°C, which corresponds to an expanded uncertainty of
0.8°C. This uncertainty is almost one order of magnitude
smaller than that of other indirect estimation methods from
literature and was defined as the target for this study. The
proposed method achieved an expanded uncertainty of 0.4 °C,
even smaller than that obtained in [18].

The method proposed in [5] admits the temperature mea-
surement at the end of PRT after the compressor is shut down.
However, lack of synchronization between measurement and
the test may affect the resistance measurement or damage
the measuring instrument (e.g., ohmmeter or an association
of voltmeter and ammeter). This study proposes a solution to
ensure that the measurement process is automatic, occurs as
soon as possible, and guarantees the safety of the operator,
compressor under test and the measuring instrument, which
in this work is an ohmmeter. Additionally, an uncertainty
evaluation was performed to compare the uncertainty of the
proposed method with that of the former measurement method
for the PRT.

This paper is divided into five sections. The temperature
measurement in the PRT is described in Section II. Section III
presents the proposed set of modules, with their functionalities
and particularities. The validation and evaluation of the module
functions are presented in Section IV. In Section V the main
conclusions of this study are presented.

II. TEMPERATURE MEASUREMENT IN PRT

The PRT is a common way of assessing hermetic compres-
sor quality in companies with high production flow. Because
of its quick assessment, typically performed in less than 7s,
the test can be used to evaluate the functionality of each
compressor produced. In the typical test configuration, the
suction terminal of the compressor under evaluation is open
to the environment and the discharge terminal is coupled to a
pressure vessel of known volume. The compressor increases
the pressure in the vessel by itself for a short time, which is
used to measure the PRR [5]. In addition, the consumption of
the compressor and the shell temperature are measured.

The PRT is usually performed as the last stage of a compres-
sor assembly line. In some situations, the measurement is done
right after the drying of the shell paint in a stove, resulting in
a large temperature variability caused by the stove operation
in batches and the different times for each compressor to
reach the test station. However, both PRR and consumption
are strongly affected by the compressor temperature. The PRR
decreases as the temperature is increased, as a direct effect
of the decrease in the density of the vapor at the inlet of
the compression cylinder, thus resulting in a smaller amount
of vapor being pressurized at each compression cycle [19].
The effects of temperature change in the consumption are also
significant, since the temperature changes the resistivity of the
conductors in the motor of the compressor. Due to the hermetic
characteristic of the compressors, the internal temperatures
cannot measured directly, so the shell temperature is measured
and used to compensate for part of those changes, as discussed
in [5].

Under normal conditions, the variations in motor winding
resistance before the test occur mainly due to drying process
in the stove and changes in the ambient temperature. During
the test, the winding experiences the effects of the starting
transient, in which the electric current is higher than that
observed in steady state. Consequently, the dissipated electrical
power increases with the square of the current, heating the
winding resistance [20]. Currently, even if the temperature
measurement was carried out immediately after the test, the
effects of the motor operation would not reflect in the com-
pressor shell temperature, due to the limited amount of time.

The authors in [5] identified good correlation levels between
the PRT data and CC values, which are measured in laboratory.
Based on this finding, the authors proposed a tool which makes
use of PRT results and an ANN to make inferences of both the
CC and its corresponding measurement uncertainty. The ANN-
based tool uses as inputs the measured PRR, consumption,
and shell temperature. In this case, in particular, using the
motor winding temperature should be much more effective
from the point of view of the desired modeling. Similarly, if
the measurement uncertainty is reduced, the resulting inference
uncertainty is reduced too.

The seminal work of Summers [21] shows that the TRR
method provides accurate and consistent results of the average
winding temperature of a motor, which is less prone to be
affected by hot spots than temperature transducers. With this
method, the main winding temperature of the stator of a SPIM
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can be estimated by observing its electrical resistance variation
between the measurement time and a known temperature
condition [10]. This ratio can be described as [15]:

T =1To+ (R— Ro)/(aRo), (D

where T is the stator main winding temperature; 7y is the
reference temperature; R is the stator main winding resistance;
Ry is the resistance at Tj; and « is the temperature coefficient,
which is a thermal property of the conductive material used
in the main winding. The known temperature condition, char-
acterized by Ry and 7j, can be obtained either from tests in
the stator manufacturing line or from resistance measurements
of the compressor after a period of thermal equalization.
The main winding is bigger and more distributed inside the
stator, so it exchanges more heat with the inner part of the
compressor. Also, since different models of compressors use
different types of starting systems, it is difficult to standardize
the measurements in the auxiliary winding. As a consequence,
the better choice is to measure the main winding resistance.

The measurement of the main winding electrical resistance,
R, must be made immediately after the compressor motor is
switched off, so the temperature of interest takes into account
the heating that happens in the motor operation during the
test. However, the measurement of R must be done after the
main winding current is reduced to a safe value, since a large
current can affect the measurement result and also damage the
measurement system. It is also necessary to guarantee that the
changes introduced by the measurement system, such as the
lead wires, do not affect the proper operation of the motor
nor the measured value for R, which can be done by using
a four-wire configuration. Finally, the measurement system
must eliminate the influence of the electrical devices typically
associated with the compressor.

III. PROPOSED SOLUTION

The proposed solution for obtaining the main winding tem-
perature of the compressor is based on the indirect measure-
ment of the temperature with low uncertainty by measuring R
of the SPIM of the compressor. A set of modules was devel-
oped to be used between the compressor electrical connection
and the ohmmeter, which is used in a four-wire configuration,
removing the wires influence from the measurement. The set
of modules is controlled using the same computer and software
that runs the PRT, ensuring synchronization between test
execution and measurement, providing safety and automation
to the process.

The three modules of the proposed solution are described
individually in Sections III-A, III-B, and III-C, and were
combined on an electronic board. Section III-A presents the
Decoupling primary circuit, responsible for the automatic con-
trol of the operation states during motor testing. Section III-B
presents the Relay logic safety circuit, which is responsible for
adding an extra safety layer to the Decoupling primary circuit.
Section III-C presents the Unloading check circuit, which is
responsible for ensuring that the ohmmeter is enabled only
after the motor main winding is at a safe voltage level.

A. Decoupling Primary Circuit

The measurement of R must occur at the end of the
PRT, and to avoid that any energy accumulated in the motor
affects the resistance measurement or eventually damages the
ohmmeter, it can only be used when the main winding is
discharged. For this reason, a discharge resistor is provided
in the system. Another requirement for proper measurement
is that neither the auxiliary elements (such as the thermal
protector, starting system, and auxiliary winding circuit) nor
the proposed circuit affect the measurement, so the auxiliary
elements must be decoupled when needed. As an extra safety
measure, the ohmmeter must be inserted into the circuit only
when necessary.

The decoupling primary circuit, presented in Fig. 1, was
designed to meet the requirements listed above. Its operation
is based on the activation of relays, which act to switch parts
of the circuit. The activation of these relays is performed using
transistors. All the circuits with transistors have pull-down
resistors to ensure the correct state when the base is left open.
The elements for the activation of relays are not shown in the
diagrams for the sake of simplicity.

The relay named Comutator (supplied by V; and activated
by Vp,) switches the compressor motor connection between
the power supply and the discharge resistor. This module
was designed so that in case of errors regarding the relays
activation, the main winding is connected to the discharge
resistor and not to the power supply. The Decoupler relay
(supplied by V5 and activated by Vj,) ensures that auxiliary
elements are disconnected during the measurement, and the
Sectionalizer relay (also supplied by V» and activated by V;,)
ensures that the element connected to the Comutator relay
(power supply or discharge resistor) is disconnected during
the measurement. Both the Decoupler and Sectionalizer relays
are normally open for safety reasons, and it is necessary
to activate them to start the compressor. The measurement
of R is performed with deactivation of the Decoupler and
Sectionalizer relays, and the activation of the Measuring relays
(supplied by V3 and activated by Vj,), which connect R to the
ohmmeter through a four-wire connection.

Thermal
protector

Starting
system

Fig. 1. Decoupling primary circuit, responsible for connecting the
motor to the ohmmeter and removing unwanted elements during
measurement.

Table I shows all the measuring system states (MSS)
obtained by combining the states of the decoupling primary
circuit relays. The states of interest are highlighted in bold
and the other states can be considered as commutation errors
that must be avoided. The Errors 1, 3, and 4 may cause either
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a wrong measurement or an overvoltage condition, which has
strong potential to damage the ohmmeter. Error 2 characterizes
a non problematic state, because the measuring relays are not
activated.

TABLE 1
MSS ASSOCIATED WITH THE PRIMARY CIRCUIT.

MSS
Motor disabled
Motor ready to measure

Motor unloading

Error 1

Error 2

Error 3

Motor on
Error 4

=
N
9

'—"—"—'—‘00005
'—"—‘OO'—"—OO§
'—‘O'—O'—‘O'—'O§

B. Relay Logic Safety Circuit

The relay logic safety module was developed to prevent
unwanted states from occurring, which would characterize the
errors shown in Table 1. This module serves as an extra layer
of hardware protection which prevents improper triggering of
the relays to produce error states, so even if the command
signals are given, the relays will not be activated. The proposed
solution consists in switching between supplying or not V3, V5,
and V3, which are responsible for supplying the Comutator,
Sectionalizer, Decoupler, and Measuring relays.

The circuit is detailed in Fig. 2. The arrangement of the
relays in the safety circuit excludes the states which satisfy
the Boolean expression Vp,.(Vo, + Vo, ), i.e. Error 1, Error 3,
and Error 4. The state Error 2 is not excluded since it is not a
state that may cause damage to the ohmmeter or the motor. In
this case, V1, V5, and V3 become outputs, which are functions
of the states defined by Vj,, Vo,, and Vo,.

hoTg Vo o
oAl vl Wl T

Fig. 2. Relay logic safety circuit, responsible for removing unwanted
combinations of relays.

C. Unloading check Circuit for Safe Voltage

The proper use of the modules presented in Sections III-A
and III-B is sufficient to ensure the measurement of resistance
with additional safety. However, the user could still command
the start of the measurement without unloading the motor
main winding. Therefore, a third circuit was designed to
ensure that the measurement system is only enabled when
the motor main winding is already at a safe voltage level.
This third layer of protection was designed to prevent any
external voltage that may affect the resistance measurement

|
V3 _O\II\O' V+

e

Fig. 3. Unloading check circuit, responsible for enabling the mea-
surement at a safe voltage.

or damage the measuring instrument. The unloading check
circuit is presented in Fig. 3.

The activation of this unloading check circuit is based on the
comparison between the voltage over the Comutator terminals
and a selected reference value. In this way, the voltage on the
motor main winding is constantly monitored to know when the
measurement is safe to happen. The unloading check circuit
consists of a transformer, a rectifier bridge, and a comparator
circuit. The isolation transformer is used to ensure that the
monitored voltage is isolated from the reference voltage. A
precision rectifier bridge was selected for its low voltage drop
compared to a conventional rectifier bridge, and, together with
a low-pass filter, is used to rectify the waveform for the
comparator circuit. The comparator circuit has hysteresis to
avoid unwanted switching caused by measurement noise, and
its output activates a relay, interrupting V3 or allowing it to
supply the Measurement relays.

IV. RESULTS AND DISCUSSION

The test rig shown in Fig. 4 was built to evaluate and
validate the proposed solution. It contains an NI USB-6210
data acquisition board (DAQ) to control the relay states, an
Agilent 34972A LXI data acquisition system with a 34901A
multiplexer module used as ohmmeter to measure both the
winding and Pt100 resistances, a Tektronix TDS 1002B os-
cilloscope to measure the dynamic signals, and a Heraeus
B5050 F oven to simulate the drying oven from the assembly
line. The automated test routine was developed in LabVIEW.
Section IV-A describes the validation tests with regard to
safety aspects. In Section IV-B, resistance measurements are
evaluated with and without the proposed solution to show
that it does not affect the result of the electrical resistance
measurements. Furthermore, the conversion of the obtained
resistance values in terms of the temperature values with their
associated uncertainties is presented. Section IV-C describes
the tests performed to evaluate the steady-state error between
the TRR method and the winding temperature measurements.

Fig. 4. Test rig assembled to evaluate the proposed modules.
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A. Validation Tests of the Proposed Modules

First, it was checked that the set of modules respects
the Boolean expression Vp,.(Vo, + Vb, ). Then, tests were
performed to check the unloading check circuit, to ensure that
the motor main winding is at a safe voltage level during the
measurement of its resistance. Those tests were performed
using several compressors of different supply voltages and
nominal main winding electrical resistances.

Fig. 5 presents the system behavior immediately after the
compressor is shut down. The curve in blue represents the
voltage signal measured at the comparator input, and as soon
as it falls below the reference voltage the relay which enables
the Measuring relays is turned on, as designed. Finally, tests
were carried out to check if the protection circuit blocks the
measurement if the compressor motor is energized again. In all
cases, the relay that controls the supply of the Measurement
relays is deactivated just when the main motor winding is
energized, as soon as the motor voltage is above the reference
voltage, thus proving that the entire protection circuit works
as designed.

Comparator input
————— Comparator reference
— — — Relay state

Voltage [V]
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3
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|

|
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|

|

|
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|

|

|
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. . Off
0 0.2 0.4 0.6 0.8

Time [s]

Fig. 5. Test to check the state of the relay that enables the Measuring
relays.

B. Evaluation of Resistance Measurement with and without
the Proposed Electronic Board

Tests were performed with three different compressors to
evaluate the effect of the proposed protection circuit on the
measurement of R. For this purpose, the compressors remained
for 12 hours in an environment with a temperature controlled
at (23.0£0.3) °C for temperature equalization. Then the value
of R for each compressor was measured with and without the
proposed electronic board. The first measurement was done
with the ohmmeter connected directly to the motor terminal,
and the second one considered all the elements of the proposed
electronic board in addition to the ohmmeter. Both humidity
and temperature were controlled in the room, so their effects
on the measurement uncertainty were neglected.

In the case being evaluated in this paper the proposed elec-
tronic board is considered in association with the ohmmeter
as the measurement chain. The measurement uncertainty for
resistance measurements, O, With the ohmmeter considered
in this study (type B uncertainty) in the range of 100 (2 is given
as [22]:

Omax = 0.0001R; + 0.004, 2)

where R; is the reading, in ohms. The smallest range was used
in all cases (100 £2). Besides the instrumentation uncertainty,
the repeatability of measurements was considered (type A

standard uncertainty), represented by the standard deviation
of the measurements under the same conditions (o). For
the determination of the measurement uncertainty of R, the
distribution of the instrumental uncertainty was assumed to
be rectangular to minimize the chance of underestimating the
actual uncertainty, and the standard deviation was assumed
to be normal, since more than fifty consecutive measurements
were performed and showed to have a normal-like distribution.

The quantification of the uncertainty of the measurements
was done based on the Monte Carlo method (MCM) proposed
in [23], which uses the concept of propagation of probability
distributions of input quantities, a generalization of the law of
propagation of uncertainties [24]. For the specific case of this
work, the distribution function of R:

Gr(n) = /_noo

is approximated by using the MCM, where GRr(n) is the
cumulative distribution function of R up to 7 and gr(z) is the
probability density function (PDF) of R. In this approach, each
measured value, R, is obtained as a functional relationship,
f(-), of the input quantities:

gr(z)dz, 3)

R =f(X), @)

where X is a vector of the NV input quantities [X1, ..., Xn]|T.
Each input quantity X; is a random variable with expectation
x; and possible values &;. The PDF for the input is denoted
as gx (&), where € = [¢1,...,&n]T is a vector of variables
that describe the possible values of X. Since in this study all
the input variables are independent, a PDF can be assigned to
each input X; as ¢,,(§;), fori =1,..., N. MCM is then used
to obtain M model values, R, for i = 1,..., M, by sampling
at random the PDFs for X; and evaluating f for those values.
In this case, the two input PDFs were defined according to the
results of type A and type B evaluations of uncertainty. The M
resistance values obtained from the M Monte Carlo trials are
then ordered into a strictly increasing order to obtain a discrete
representation G of the distribution function G (7) in (3). The
estimate of the output quantity, R, is usually obtained from the
average of the values in G as:

- 1 M
R:MZR;. (5)

i=1

The standard uncertainty is obtained as:

. 1 M N2
— /

u(R) = M—1;(Ri R) . ©6)
Alternatively, it is possible to obtain a coverage interval for
a given coverage probability p through the shortest 100p%
coverage interval in G. In this study, a coverage probability
p = 95.45% and a number of Monte Carlo trials M = 106
were considered. Table II presents the estimate of the output,
the standard deviation of the measurements, and the resulting
uncertainty obtained with the MCM for the coverage probabil-
ity of 95.45% (Up) for each resistance value measured, both

for the cases with and without the proposed set of modules.
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TABLE II
MEASUREMENT RESULTS WITH AND WITHOUT THE
PROPOSED SET OF MODULES.

Compressor  Set of modules R[Q] or[Q] Ul
1 Without 1.277 0.002 0.005
1 With 1.275 0.001 0.005
2 Without 5.419 0.003 0.008
2 With 5.425 0.003 0.008
3 Without 36.024 0.022 0.044
3 With 35.999 0.025 0.050

With the results presented in Table II, it is safe to assume the
values obtained both using and not using the set of modules
can be considered equivalent from the metrological point of
view. Therefore, both the measured value and its measurement
uncertainty depend only on the ohmmeter used.

As a final step, the measured values of resistance were
converted to temperature. For this purpose, the values of Ry
[15], for the three compressors, were obtained in a controlled
environment at (20.0 &+ 0.3) °C using the same ohmmeter
described in this section, and their corresponding uncertainties
were obtained with the MCM. The results are shown in
Table III, which presents the estimate of the main winding
temperature, T, and the resulting uncertainty obtained with the
MCM for the coverage probability of 95.45% (Uj). Further-
more, Fig. 6 presents a comparison between the uncertainties
of the proposed method and works from the literature based on
indirect measurements to highlight the improvements obtained.

TABLE III
ESTIMATES OF THE WINDING TEMPERATURES OF THREE
COMPRESSOR MODELS USING THE PROPOSED SET OF

MODULES.
Compressor T [°C] Uz [°C]
1 23.1 0.4
2 22.9 0.3
3 23.0 0.3

He etal. [14]
Huang et al. [10]
Beges [18]
Proposed method ]
0.0 0.5 1.0 1.5 2.0 2.5

Uz[°C)

Fig. 6. Comparison between the uncertainties of indirect measurement
methods and the proposed method.

C. Validation of Temperature Estimates against Temperature
Measurements

To validate the TRR method against winding temperature
measurements, tests were performed using an instrumented
compressor. The winding was instrumented in three points, us-
ing calibrated Pt100 sensors. The temperature errors in steady
state with respect to the mean value of the Pt100 measurements
are provided in Fig. 7. For all the four temperature values,
the proposed method provides estimates within £0.15°C of
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the average values of the Pt100 sensors. It is also relevant to
mention that the temperature errors have the same order of
magnitude of the ones observed in the Pt100 measurements.

+  Estimated
Pt100 1

X Pt1002

O  Ptl003
-

@ ol

(@)

<
o

e

@)

\
o

Temperature error [°C]
(=]

32.0 36.1 39.4 435

Mean of Pt100 measurements [°C]

Fig. 7. Temperature error between the Pt100 measurements and the
estimated temperature, related to the mean of Pt100 measurements.

V. CONCLUSION

This paper presents a solution to enable the measurement
of the main winding temperature of compressors in quick
performance tests automatically and with small uncertainty.
The solution is based on the indirect measurement of the tem-
perature by measuring the main winding electrical resistance
of the SPIM associated with the refrigeration compressor. A
set of modules was designed to automate the measurements
and ensure safe operation of the ohmmeter, which must be
used right after the motor is switched off and with all auxiliary
devices disconnected.

The validation tests showed that the proposed set of modules
is capable of automating the measurement of the electrical
resistance of the SPIM main winding in a safe way by ensuring
that the ohmmeter is connected to the motor only after the
voltage over the motor winding is at a safe level. In addition,
there are safety layers which ensure that even in the event of
a disconnection from the system that controls the activation
of the set of modules, there is no risk to the ohmmeter nor
to the compressor. Furthermore, the use of the proposed set
of modules does not change the measured resistance value,
as the observed deviations are smaller than the measurement
uncertainty of the ohmmeter used in the tests and are also
non-systematic. Thus, the final measurement uncertainty is
primarily defined by the uncertainty of the ohmmeter used to
measure the resistance of the compressor motor main winding.

The results obtained in this work contribute to the im-
provement of a method for measuring cooling capacity of
refrigeration compressors in a more agile, robust, and metro-
logically reliable way. As next step, the proposed solution will
be evaluated in a pilot project to generate a dataset which
allows the assessment of the performance of the inference tools
described in [5] with the proposed temperature measurement
method. The values of electrical resistance of the main winding
of the SPIM may also be used directly as an input in the
ANN model, since temperature and resistance are correlated
quantities. Furthermore, the solution proposed in this work
can be used in other contexts for the measurement of winding
resistance or temperature in cases where the measurement
must be done with low uncertainty immediately after the motor
is turned off, such as fault diagnosis after a forced shutdown.
Thus, besides the direct contribution to the performance tests
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of refrigeration compressors, this work presents a safe and
automatic alternative for the indirect measurement of SPIM
winding temperature with low uncertainty.
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