
Received September 9, 2021, accepted September 29, 2021, date of publication October 11, 2021,
date of current version November 8, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3117375

Dependancy of Three Phase Induction Motor
Derating Aspects on Complex Voltage
Unbalance Factor: A Calorimetric and
Finite Element Simulation Study
PATHUM SUDASINGHE 1, (Member, IEEE), UPULI JAYATUNGA1, (Senior Member, IEEE),
PHILIP COMMINS2, (Member, IEEE), JEFF MOSCROP3, (Member, IEEE),
AND SARATH PERERA 3, (Senior Member, IEEE)
1Department of Electrical Engineering, University of Moratuwa, Katubedda, Moratuwa 10400, Sri Lanka
2School of Mechanical, Materials, Mechatronics and Biomedical Engineering, University of Wollongong, Wollongong, NSW 2522, Australia
3School of Electrical Computer and Telecommunications Engineering, University of Wollongong, Wollongong, NSW 2522, Australia

Corresponding author: Pathum Sudasinghe (spms677@uowmail.edu.au)

ABSTRACT It is well known that three-phase induction motors have to be derated in the presence of supply
voltage unbalance (negative sequence) exceeding a stipulated limit of 1% based on several widely used
standards. Generally, voltage unbalance limits are decided based on the magnitude of negative sequence
voltage unbalance factor which is quantified as the ratio of negative sequence voltage to positive sequence
voltage. However, a specified voltage unbalance magnitude can arise as a result of numerous possibilities
of the three phase supply voltages. Therefore, it is hypothesised that the current derating curve, which
defines a derating factor that is dependent on the magnitude of the voltage unbalance, is not optimal and
may not be economical and/or safe for some voltage unbalance conditions. To examine the validity of
this hypothesis, modelling and experimental validation need to be carried out considering motor losses and
temperature rise which are the main factors that help determine the derating factor of an induction motor.
Realising these requirements, the emphasis of this study is to examine the dependency of losses, temperature
rise and torque oscillations of a three-phase induction motor on the complex nature of voltage unbalance
through calorimetric and finite element simulation-based studies. The outcomes are expected to assist in the
development of suitable derating factors.

INDEX TERMS Complex voltage unbalance factor, double chamber calorimeter, finite element simulations,
temperature rise, three-phase induction motor derating, torque ripple, voltage unbalance.

I. INTRODUCTION
Voltage Unbalance (VU) is a common and unavoidable con-
dition in power systems which arises for many reasons that
are well documented [1].Mains connected three-phase induc-
tion motors (IMs) are considered as the main work horse in
industrial applications and are adversely affected by supply
VU. The main adverse effect of supply VU on three-phase
IMs is the excessive temperature rise caused by the increased
and unevenly distributed losses, leading to the degradation of
motor insulation life [2]. Not only the loss of life, but also
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the increased noise and vibration levels, reduced efficiency,
and reduced output torque are other consequences of VU.
The increased noise and vibration levels are attributed to the
double frequency harmonic in electromagnetic torque which
is proportional to the magnitudes of the positive and negative
sequence voltages [3].

The adverse effects of VU on IMs have been investigated
since the 1950s, which has resulted in the development of
derating factors such that the temperature rise at hotspots does
not exceed the limiting values for the safe operation of motors
in the presense of supply source unbalance [1], [2], [4]. The
NEMA standard [5] recommends derating three-phase IMs
with the help of a derating curve which is based on the
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Percent Voltage Unbalance (PVU), as defined in (1). A simi-
lar guideline was introduced by IEC in [3] which provides the
derating factors based on the magnitude of Complex Voltage
Unbalance Factor (CVUF) as defined in (2).

PVU =

Maximum line voltage deviation
from average line voltage magnitude

Average line voltage magnitude
(1)

CVUF =
Negative sequence voltage
Positive sequence voltage

= VUF 6 θ (2)

There are an unlimited number of combinations of phase
voltages which can give rise to the same PVU or CVUF mag-
nitude. Each set of combinations can lead to different motor
performances in relation to losses, vibration, and temperature
rise [2], [4]. Thus, the positive sequence voltage magnitude is
another critical quantity that influences the losses and temper-
ature rise of IMs, and hence has an influence on the derating
that should be applied for safe and economical operation of
IMs running under VU conditions.

Furthermore, a small change in VU can cause a significant
current unbalance resulting in disproportionate unbalanced
currents to flow in the three phases. Thus, the Complex
Current Unbalance Factor (CCUF), which is the ratio of the
negative sequence current to the positive sequence current,
can also be used to describe the severity of the impact of VU
on IMs. In particular, CCUF angle was found to be a critical
parameter. When the positive and negative sequence currents
corresponding to a particular phase winding are in phase
(i.e. the angle of CCUF = 0◦), the relative phase current in
that particular phase winding results in a large localised loss
density. Conversely, for 180◦ out-of-phase sequence currents
(angle of CCUF = 180◦), the effects of VU are less severe
than those of the former case [6].

Therefore, it is essential to study the impact of the magni-
tude of VU, angle of CCUF, and positive sequence voltage
on the variation of losses, temperature rise, and vibration
level of three-phase IM operating under supply VU. Thus,
an informed understanding can be developed on the required
derating instead of using a single generalised derating curve.
While theoretical studies can be carried out to supplement
the above differences [2], the aim of the work presented in
this paper is to analyse the impact of such influential factors
on motor derating while examining their variability on motor
terminal conditions. The investigations cover experimental
procedures using an advanced calorimetric platform as well
as detailed finite element (FE) simulations in Altair Flux 2D
platform.

Experimental investigations are essential for analysing the
effects of VU on three-phase IM derating owing to the com-
plex nature of its electromagnetic and thermal behaviour
under supply VU. Calorimetry is the most accurate mea-
surement method which can be used to measure electrical
machine losses [7]. However, comprehensive experimental
studies on three phase induction motor testing for losses and
torqure-speed oscillations under unbalanced supply source
conditions are hardly found in the literature. Further, due

to the time and resource requirements of the experimental
measurements, it is not practically possible to carry out exper-
imental investigations on all possible different voltage unbal-
ance scenarios. Therefore, a numericalmodel whose accuracy
was verified against the experimental results is vital in this
study. FE numerical modelling platforms offer the capability
to model the electromagnetic and thermal behaviour of elec-
trical machines with a higher accuracy compared to the con-
ventional electromagnetic and thermal models [8]. However,
owing to the complexities associated with both magnetic and
thermal models of electrical machines, they are modelled in
two different independent FE platforms. To improve the accu-
racy of the losses, temperature and torque simulated with FE
models, the interaction between electromagnetic and thermal
properties can be incorporated in the simulation with electro-
thermal co-simulations by performing several iterations of
simulation with shared outputs between electromagnetic and
thermal platforms. However, these co-simulation techniques
have not been widely used in the literature because of their
complexity and higher computer resource requirements.

This paper presents a comprehensive sensitivity analysis
of the factors influencing the derating of three-phase induc-
tion motors using both experimental and numerical mod-
elling platforms. Experimental investigations were carried
out using an improved version of an advanced air-cooled
double-chamber calorimeter (DCC) developed with a higher
measurement accuracy and reduced measuring time com-
pared to the calorimeters detailed in the literature [9]. This
calorimeter platform was then improved into an electrical
machine testing platform which can be used to examine their
losses, temperature variations, and torque and speed oscilla-
tions under different network conditions. Not only the elec-
tromagnetic behaviour, but also the thermal behaviour of the
test motor, including the interaction between magnetic and
thermal domains, have been modelled in the FE platform to
verify and extend the experimental results. Furthermore, this
study presents a sensitivity analysis of CVUF and positive
sequence voltage on the steady-state torque ripple of three-
phase induction motors which has not been studied in detail
in the literature.

The remainder of the paper is organised as follows.
Section II describes the detailed design of the experimental
platform and the FE simulation model. Section III describes
the experimental methodology for the use of the calorimetric
test platform to evaluate the performance of a three-phase
IM operating under VU conditions. The results of the study
are presented in Section IV, followed by the conclusions in
Section V.

II. EXPERIMENTAL AND SIMULATION PLATFORMS
A. ADVANCED CALORIMETRIC PLATFORM
Calorimeters are widely used to measure the losses of electri-
cal machines owing to the higher measurement uncertainties
associated with conventional efficiency measurement tech-
niques. Different calorimeter configurations were introduced
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in the literature [7] to address the limitations associated with
the calorimeter technology, such as the complexity and time-
consuming nature of the measurements.

An air-cooled double-chamber calorimeter was designed
to facilitate the testing of motors with a rated output power
of up to 3 kW, as shown in FIGURE 1. Details of the design
are presented in Appendix A. The motor (device under test)
is located in one chamber (chamber 1), and the reference
heater (the known heat source) is located in the other chamber
(chamber 2). Air flowwasmaintained through both chambers
using an inlet fan, and the temperature rise through each
chamber was measured separately. Heat is transferred from
both the motor and the heater through conduction, convec-
tion, and radiation. Although the calorimeter is designed to
experience negligible radiation heat leakage, it is not possible
to eliminate conduction heat leakage which is calculated for
each chamber, as described in Appendix B. These results are
used to calculate the heat generated by the motor, as given
in (3) [9], where qcond is the conduction heat leakage, Cp is
the specific heat capacity of air, and 1T is the temperature
rise, while subscripts 1 and 2 refer to the respective chambers
relevant to each parameter.

Pmotor = (Pheater − qcond2)×
(
Cp11T1
Cp21T2

)
+ qcond1 (3)

FIGURE 1. Double chamber calorimeter test platform.

To improve the accuracy of the loss measurement, the
humidity of air in each chamber was measured to determine
Cp1 and Cp2 as the specific heat capacity of air depends on
both humidity and temperature which has not been addressed
in previous studies [9]. As heating within the calorimeter is

a ‘sensible heating’ process, the dew point of the air remains
unchanged throughout. Therefore, the average humidity val-
ues of each chamber can be determined by measuring the dew
point of the inlet air using a dry and wet bulb hygrometer and
a psychometric chart. With the known humidity and temper-
ature, Cp1 and Cp2 can be determined using the specific heat
capacity curves given in [10].

Owing to the complex nature of the wall design, the ther-
mal conductivity of the walls of the finished calorimeter is
not equal to the thermal conductivity of the EPS. Hence,
to improve the accuracy of the measurements, a series of tests
were conducted to estimate the average thermal conductivity
of the walls as detailed in Appendix B. The results confirmed
that the conduction heat leakage of the chambers can be
estimated with a maximum discrepancy of 2% using this
method.

Calibration tests were carried out to establish a suitable
air flow rate and a reference heater power level to improve
the accuracy of the measurements. The calibration tests also
determined the limits and the associated errors in the mea-
surements of the experimental setup. It was found that the
errors were relatively large for lower airflow rates, as a
result of poor air mixing and highly uneven temperature
distribution within the chambers. The measurement errors for
flow rates of 40 L/s and 50 L/s were found to be 1.2% and
2.5%, respectively, with 95% of confidence. In addition, the
experimental results indicated that the reference heater power
should be close to the measured loss in order to achieve better
accuracy. The variation in the measurement error for different
power levels of the calibration heater with an air flow rate of
40 L/s is shown in FIGURE 2 using box and whisker plots.
TABLE 1 summarises the performance of loss measurement
using the calorimeter platform.

FIGURE 2. Calibration test results for reference heater power of 300 W at
40 L/s air flow rate.

Another requirement of the test setup was to measure the
electromagnetic torque produced by the motor, including its
ripple components, especially that is caused by the supply
voltage unbalance. This requires a constant torque load that
is independent of speed. If the load is speed dependent,
then the mechanical behaviour of the system would be much
more complicated and would be difficult to study the torque
oscillation owing to the supply voltage unbalance. Therefore,
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TABLE 1. Characteristics of the loss measurements in the advanced
calorimeter measurement platform.

a magnetic powder brake was used as the load, where the
torque depends only on its DC excitation current, irrespective
of the speed of the shaft [11]. The selected powder brake can
produce up to 100Nm of load torque is rated at 3 kW. The
key details of the sensors and measuring instruments used in
the test platform are summarised in TABLE 4 in Appendix A.

B. FINITE ELEMENT SIMULATIONS
The main objective of the FE simulations is to build an accu-
rate numerical model to predict the losses and temperature
rise of the motor windings for a given voltage unbalance at
the motor terminals, as it is not possible to experimentally
evaluate them for each voltage unbalance condition. The test
motor was modelled on the Altair Flux 2D FE simulation
platform, as it was not possible to evaluate the losses and
temperature rise of the test motor for each voltage unbalance
condition owing to the longer time required for one test.
Losses of the motor were evaluated with 2D electromagnetic
transient application as it provides better results compared to
2D steady state simulations for unbalanced systems.

The thermal behaviour of the motor is modelled in the a 2D
steady-state thermal application and used to evaluate the tem-
perature rise of the windings with the losses calculated from
electromagnetic application as inputs. Owing to the interde-
pendency of the winding temperature, magnetic losses, and
the material properties of the motor, a co-simulation between
electromagnetic and thermal platforms was used to obtain the
final result. The use of the co-simulation technique improves
the accuracy of the results but considerably increases the
simulation time. It is vital to model the correct geometry of
the motor for the FE simulations to achieve a better accuracy.
However, because the motor internal geometry data are not
readily available, a sacrificial motor of the same type was cut
in half and used tomeasure the geometric details and establish
material properties as described in [2]. The stator and rotor
cores were modelled as laminated magnetic non-conducting
regions of M-36 electrical grade steel. The 2D geometry with
the mesh used for the simulations is shown in FIGURE 3
where quarter symmetry is employed. To simulate the skin
effect, rotor bars were modelled as solid conductor regions
of die-cast aluminium with a resistivity of 4.9× 10−8�m.
Losses of the motor for different VU conditions under test
were established through transient simulations on Altair Flux
2D and the Bertotti loss model with the model coefficients as
given in given in Table 2 was used to estimate the core loss
of the motor. Considering the simulation time and resources

required, the rotor skewwas notmodelled for electromagnetic
simulations for loss estimation. Friction and windage losses
were included in the total lossmeasurement obtained from the
DCC. However, friction and windage losses are proportional
to the speed and the average speed remains nearly constant for
a given load condition irrespective of the voltage unbalance
condition at the motor terminal. Therefore, the friction and
windage losses were modelled as a constant of 35.5 W in
FE simulations and the value was experimentally calculated
according to [12].

FIGURE 3. 2D geometry of FE model with the mesh.

TABLE 2. Coefficients of Bertotti model for M-36 electrical grade steel.

Limitations of the simulation model arise from estimation
of the electromagnetic and thermal properties of materials
and other general material properties, which could differ from
the actual values due to the anormalies associated with the
manufacturing process.

Experimental results are compared with the FE simulation
results in Section IV.

III. STUDY ON LOSS, TEMPERATURE RISE AND
TORQUE/SPEED HARMONICS
The aforementioned test platform and FE simulations were
used to measure and analyse the losses, speed, and torque
pulsations of the test motor operating under different VU
conditions (|CVUF|= 1% to 5%). The name plate data of the
2.2 kW, 400V squirrel cage three-phase IM used are given in
TABLE 3. A three phase IM with a die cast aluminium rotor
was used as it is the most commonly available and the widely
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used rotor type in the industry owing tomany advantages such
as cost effectiveness. The test motor was energised in a star
configuration in order to measure the correct phase voltage
of each winding. However, the star point is kept ungrounded
to minimise the zero sequence currents, as the main focus of
the study is on negative sequence voltage unbalance.

Normally, the temperature rise of the windings is the most
critical factor that governs the life of a motor. Premature
motor failures occur due to the increased temperature rise of
windings caused by unevenly distributed losses in the three
phases. Therefore, Type T thermocouples were placed in the
middle slot of each stator phase winding pole of the test
motor tomeasure themaximum steady-state temperature rise.
A thermal paste with a thermal conductivity of 3.8W/mK
was used to increase the thermal bond between the winding
and the thermocouple.

Tests were carried out under various VU conditions falling
under two main categories as given below, to examine the
effect of the magnitude of VU, the magnitude of the positive
sequence voltage Vpos and the angle of CCUF.

CAT I - |CVUF| ranging between 1% - 5% having Vpos = 230V

CAT II - Vpos ranging between 220V - 240V having |CVUF| of 4%

For each CAT I and CAT II, VU conditions correspond-
ing to the two angles of CCUF equal to 0◦ and 180◦ were
considered where the initial results demonstrated that the
difference between the angle of CCUF and the angle of CVUF
is nearly the same for a given loading level. Therefore, the
VU conditions were set to obtain the corresponding angles
of CVUF equal to 15◦ and −165◦ were considered to cor-
respond to CCUF angles of 0◦ and 180◦ respectively, under
the loading level used in the tests. A California Instruments
MX45 programmable power source was used to generate the
unbalanced supply voltage conditions for the experiments.
Voltage unbalance conditions with simultaneous unbalance
in both voltage magnitude and phase were considered in this
study.

Each test was carried out with the motor loaded to 85%
of the full load in order to safeguard the motor from prema-
ture failure which can jeopardise the remaining experimental
work (However, a similar methodology can be applied to test
the motor in other loading levels as well). The torque, speed,
power loss, winding temperatures, and resistance of the wind-
ings were recorded once the system had reached the ther-
mal steady state, where the variation of temperatures within
a 20 minute period was observed to be below 0.1 ◦C [10]. The
typical duration of a single test was approximately 5 hours,
which can be reduced to 3 hours by externally heating the inlet
air at the beginning of the experiments until the temperature
reached the required level.

IV. RESULTS
A. VARIATION OF LOSSES
Loss Increase Rate (LIR) as defined in (4) is used to
analyse the nature of variation of losses of the motor

TABLE 3. 2.2 kW, 4-pole, 400 V, 50 Hz motor data.

under different VU conditions.

LIR =
Losses under unbalanced condition
Losses under balanced condition

(4)

FIGURE 4a compares the variation of LIR obtained from
experimental measurements and simulations with the mag-
nitude of CVUF for the VU conditions corresponding to the
two cases: CCUF= 0◦ and 180◦, where the positive sequence
voltage is kept constant at 230V. This shows that the LIR
sharply increases with the magnitude of CVUF (i.e. LIR
sharply increases with the negative sequence voltage), and
it can be different between the two cases even though the
|CVUF| level is identical. FIGURE 4b shows the variation
of LIR with the positive sequence voltage for the VU condi-
tions corresponding to the two cases mentioned above, where
the magnitude of the CVUF is 4%. It can be observed in
general that LIR is higher, corresponding to the case where
θCCUF = 0◦ in comparison to the same when θCCUF = 180◦.
The variation of LIR with positive sequence voltage
(220V – 240V) shows aminimum at around the rated voltage
of 230 V. This behaviour can be explained by considering
the manner in which core losses and the copper losses of the
motor vary with the positive sequence voltage [2]. The core
losses are dominated by those on the stator andwill be propor-
tional to the positive sequence voltage, whereas the rotor core
losses can be disregarded considering the very low frequency
of the rotor flux. The rotor and stator copper losses will
exhibit an opposite behaviour compared to that of core losses,
where they will be higher at lower positive sequence voltages
compared to those at higher positive sequence voltages. Thus,
the two contrasting variations associatedwith core and copper
losses lead to a local minimum observed at around the rated
voltage of the motor. Furthermore, both experimental and
simulation results demonstrate a similar variation in the LIR
indicating close alignment.

B. TEMPERATURE RISE
Unevenly distributed losses lead to hotspots in stator wind-
ings and is the main factor governing the effect of VU
on the insulation life. The maximum percentage tem-
perature rise (PTR) was calculated using (5), from the
recorded temperature data of all thermocouples in the stator
slots.

PTR =
Tmax,VU
Tbal

(5)
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FIGURE 4. Variation of LIR of the motor operating at 85% full load.

where,

Tmax,VU - Maximum temperature rise of any winding under
VU

Tbal - Temperature rise of the same spot under balanced
supply and at 85% mechanical loading

FIGURE 5a shows the variation in the maximum PTRwith
the magnitude of CVUF for the VU conditions corresponding
to the two cases: CCUF = 0◦ and 180◦, where the positive
sequence voltage is kept constant at 230V. Further, it can
be observed that the maximum PTR sharply increases with
the magnitude of CVUF and is different for the two cases for
identical |CVUF| levels. Furthermore, it can be observed that
a relatively higher temperature rise of the winding occurs for
the case where θCCUF = 0◦ compared to the same where
θCCUF = 180◦.
FIGURE 5b shows the variation of the maximum PTR

with the positive sequence voltage for VU conditions corre-
sponding to the two cases of θCCUF where the magnitude of
CVUF is maintained at 4%. It can be clearly observed that the
maximum PTR is greater when θCCUF = 0◦ in comparison
to the case where θCCUF = 180◦ for the chosen |CVUF|
of 4%. When θCCUF = 0◦, a larger unbalanced current is
confined to one phase (Phase A), and the temperature of
that phase has increased considerably owing to the higher
density of the increased loss. However, the VU condition
corresponding to θCCUF = 180◦ caused an increase in current
in two phases (Phases B and C), where the I2R loss increases
in both phases, but the density of the increased loss is much
smaller compared to the case corresponding to θCCUF = 0◦.

Therefore, it is not the total loss, but the temperature rise is
the most relevant factor that determines the derating levels for
safe motor operation.

Furthermore, it can be observed from both FIGURE 5a
and FIGURE 5b that the simulated maximum PTR is slightly
lower than the experimental values. This is due to the use
of only one iteration of electromagnetic and thermal FE
co-simulations.

Derating factors for each case can be measured experimen-
tally by loading the motor under each VU condition until the
maximum PTR reached 100%. However, FIGURE 5b shows
that the required derating factor for |CVUF| of 4% for this
motor is higher than 0.85 as the maximum PTR for all cases
is less than 100%. However, NEMA recommended derating
factor is 0.825. Therefore, it seems uneconomical to derate
the motor to the NEMA derating level for different motor
terminal VU conditions which leads to |CVUF| of 4%.
Slight deviations can be observed in the simulation results

compared to the experimental results in both FIGURE 5a and
FIGURE 5b. This could be attributed to the limitations of
the FEA model detailed in Section II-B. However, a similar
trend can be observed in the variation of LIR and PTR in both
simulation and experimental results which is the main focus
of this study.

FIGURE 5. Variation of the percentage temperature rise (PTR) of the
motor operating at 85% full load.

C. TORQUE AND SPEED OSCILLATIONS
FIGURE 6a shows the time and frequency domain
torque/speed signals observed during the motor operation
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FIGURE 6. Torque, speed signals and their harmonics of the motor
operating at 85% full load under balanced and unbalanced supply
conditions.

under balanced supply conditions at 85% of the loading
level. Relatively small torque and speed harmonics can be
observed during the balanced operation of the motor, which
can be attributed to the space harmonics and mechanical
characteristics of the coupled motor-load system.

FIGURE 6b shows the time domain and frequency domain
torque/speed signals observed during the motor operation
under 5% |CVUF| at 85% of the loading level. A significant
increase in the double frequency torque and speed harmonic
components was observed when the motor is operating with
unbalanced voltages.

FIGURE 7a shows the variation in the magnitude of the
double frequency torque and speed harmonics as a percentage
of the same under balanced supply conditions with |CVUF|,
while the motor is operating with a positive sequence voltage
of 230V and loaded at 85%. This shows that there is a linear
relationship between the |CVUF| and the magnitude of the
double frequency torque and speed harmonics. This variation
was observed to be independent of whether θCCUF = 0◦ or
θCCUF = 180◦.
FIGURE 7b shows the variation in the magnitude of

the double frequency torque and speed harmonics with the
positive sequence voltage for the motor operating with 4%

FIGURE 7. Variation of the double frequency torque and speed
component of the motor operating under 85% of full load (experimental
results).

VUF, and loaded at 85%. It can be observed that the magni-
tude of the double frequency torque and speed harmonics also
has a linear relationship with the positive sequence voltage.

V. CONCLUSION
This paper presents a comprehensive study on the factors
influencing the derating of three-phase induction motors
using both experimental and numerical modelling platforms.
The relevant IEC and NEMA standards that are currently
in use, decide the level of IM derating based only on the
magnitude of the VUF or PUV. However, the study outcomes
reveal that the motor losses and temperature rise, thus motor
derating is dependent on the complex nature of voltage unbal-
ance. Thus, the angle of CVUF or CCUF and the positive
sequence voltage should also be taken into account in deter-
mining effective derating levels for an IM. For a given VUF,
the maximum temperature rise of the windings occurs when
CCUF = 0◦ and for higher positive sequence voltages.The
study outcomes indicate the requirement for more precise
derating levels leading to economical benefits.

Advanced double-chamber calorimetric method presented
in this study can be used to determine precise derating under
different VU conditions and the variation of limits required
for derating factors. Furthermore, the multi-physics finite
element model presented, simulates the true to life perfor-
mance of IM operation under unbalanced conditions with
reasonable accuracy as validated through the experimental
platform. Thus, the study provides a pathway for a generic
IM derating mechanism through the finite element model
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that scales the derating outcomes without carrying out time
consuming and expensive experimental work.

APPENDIX A
DESIGN AND CONSTRUCTION
The air-cooled DCC was designed to facilitate the testing of
motors with a rated output power of up to 3 kW, as shown in
FIGURE 1. The calorimeter walls were made with 100mm
thick SL grade expanded polystyrene (EPS) panels with a
thermal conductivity of 0.04W/mK at 20 ◦C.
A DC axial fan maintains the airflow through both cham-

bers. The baffles are placed as shown in FIGURE 1 to prevent
the radiation heat leakage and to improve the efficiency of
convection heat transfer by mixing air inside the chambers.
The motor shaft is connected to the load located outside the
calorimeter through a carbon-fiber tube to limit the conduc-
tion heat leakage. Carbon-fiber was selected for the shaft
owing to its higher strength at elevated temperatures. The
gap between the shaft and the wall of the calorimeter was
filled with glass wool batts having a thermal conductivity of
0.052W/mK. However, based on measurements, these batts
led to an additional frictional loss of around 10W.

Inlet, mid-wall and outlet air temperature measurements
are the most important and sensitive measurements to estab-
lish the accuracy of a calorimeter test setup. In addition,
the accuracy of the power measurement of the reference
heater has a significant impact on the accuracy of the results
obtained using (3).

The key details of the sensors and measuring instruments
used in the test platform are summarised in TABLE 4.

TABLE 4. Measuring equipments and accuracies.

APPENDIX B
MODELLING THE CONDUCTION HEAT LEAKAGE
Heat leakage through the calorimeter walls can be calculated
as the sum of heat leakage through the plane slab sections,
edge and corner sections using the mathematical models
given in TABLE 5, where k is the thermal conductivity, A is
the area of the slab section, L is the length of the edge,
t is the thickness of the wall and 1T is the temperature
difference [13].

In order to improve the accuracy of the results, series
of tests were conducted to estimate the average thermal

TABLE 5. Mathematical models used to establish conduction heat
leakage through walls.

FIGURE 8. Test set ups used to determine calorimeter conduction heat
leakage (a) through outside walls only; (b) when operated as two
chambers.

conductivity of the calorimeter walls. The middle wall sepa-
rating the two chambers was removed and the calorimeter was
made airtight by sealing the inlet and outlet with an expand-
ing polyurethane foam. Two heaters were placed inside the
calorimeter with DC fans, as shown in FIGURE 8a. By apply-
ing a known amount of power with the heaters, the wall
temperatures were measured in the steady-state using RTDs
placed on the internal and external walls. According to IEC
34-2 [10], the test system can be assumed to have reached the
thermal steady state when the temperature difference between
measurements was less than 0.1 ◦C during a period of 20-30
minutes. The variation in the average thermal conductivity of
the walls is shown in FIGURE 9, where Tavg is the average
temperature of the wall.

FIGURE 9. Average thermal conductivity of calorimeter walls.

A secondary test was performed to verify the accuracy of
the conduction heat leakage calculations when the calorime-
ter was operated as two chambers at different temperatures.
The middle wall was reinstalled in place with a heater in
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each chamber, as shown in FIGURE 8b. Known power levels
were dissipated in the heaters, and the wall temperatures were
measured. The conduction heat leakage of the two chambers
was calculated separately using the models given in TABLE 5
and compared with the measured power of each heater. The
results confirmed that the described models can be used to
calculate the conduction heat leakage of the chambers with a
maximum discrepancy of 2%.
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