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Abstract: This paper shows the results obtained from the study on the variables that have the greatest
influence on the decision to replace three-phase induction motors, without a defined efficiency class
and installed in industrial applications, with IE3 efficiency class induction motors. The work has
been carried out on motors with a nominal power of 1.5 kW due to the availability of laboratory
tests that have allowed us to accurately quantify the selected study variables. According to IEC
60034-30, between 0.75 kW and 4 kW is the greatest potential for energy savings in electric motors
installed within the industrial sector. The tests carried out have made it possible to assess different
operating conditions of the motor: direct power supply from the grid, electronic power supply using
scalar control, and electronic power supply using direct torque control. The study has focused on
three aspects: energy evaluation, assessing the savings potential; economic evaluation, based on
indicators such as Payback Period and Net Present Value; environmental assessment, quantifying the
impact indicators proposed by the Methodology for Ecodesign of Energy-related Products (MEExP).
A sensitivity analysis has been carried out to quantify, through ratios, different operating points from
those directly analyzed in the article.

Keywords: induction motor; efficiency; load index; payback; environmental impact

1. Introduction

Three-phase induction motors still are the most usual electromechanical converters used
in industrial applications, mainly in pumps, fans, compressors, manufacturing, and processing
of materials, as well as refrigeration equipment [1]. According to IEC 60034-30-1 [2], motors
operating the range of 0.75 kW to 375 kW make up most installed units (around 99%).
Motors with power from 0.75 kW to 4 kW are identified as the interval with the most
significant potential for energy savings (approximately one-third of the total potential).
For these reasons, the performance influence of these motors is of great importance in
the efficient use of electrical energy, being one more vector to consider in ecodesign and
sustainable development policies associated with the consumption of electrical energy [3,4].

In multiple industrial installations, induction motors without a defined efficiency class
are still in use because they were selected when the current efficiency classification (IE)
was non-existent. The long and useful life of three-phase asynchronous motors and their
excellent behavior has meant that their replacement has not been considered.

However, since the establishment of the efficiency classes, manufacturers have im-
proved motor design considerably. Significant efforts focused on increasing motor efficiency,
since motors have been seen having a competitive advantage as commercial products [5-7].

This paper deals with the dilemma of replacing an installed induction motor, which
is working correctly, with another motor with a high-efficiency class and better perfor-
mance [8].
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The decision is not easy and depends on various factors, mainly whether the power is
supplied directly from the grid or an electronic converter (in this case, with what type of
control) and the operating conditions required of the motor (load index, speed, operating
hours, energy price, ... ).

To answer the above dilemma, objective and quantifiable data are necessary. For this
reason, exhaustive laboratory tests are made with several 1.5 kW motors. Obviously, results
cannot be directly extrapolated to any other power. However, it could be of great interest
to use these results as an initial reference, especially in cases where the machines or the
possibility of carrying out the necessary tests are not a priori available.

This paper proposes a study that contemplates energy saving, as well as economic
and environmental impact criteria, to aid the decision to replace an IEQ class motor with
an IE3 class motor in industrial applications. Since the operating conditions can be very
diverse, different operating possibilities as different source types or control techniques
were evaluated based on an exhaustive set of laboratory tests. A sensitivity analysis makes
it possible to adapt, through the ratios provided, variants that may arise concerning the
results directly shown in the article.

The study is organized in the following sections. Section 2 presents the nominal data
of the motors and the equipment selected for the study. Section 3 explains the tests carried
out and shows the obtained measurements. Section 4 defines the energy, economic, and
environmental criteria chosen for the analysis, as well as the hypotheses adopted. Section 5
presents the procedure outputs. In Section 6, a sensitivity analysis was made to quantify
different operating points. Section 7 highlights the most relevant aspects of the study and,
finally, Section 8 presents the main conclusions derived from the work performed.

2. Laboratory Setup

The behavior of actual squirrel-cage induction motors was measured in the laboratory.
The laboratory setup included the two induction motors subject to analysis, an ac three-
phase voltage source, an adjustable speed drive (ASD), as well as measurement equipment.

Regarding the two induction motors used in the experimental setup, the former is man-
ufactured before establishing the efficiency classes and, therefore, it is not classified (labeled
IEO). Additionally, the latter is an induction motor with a higher efficiency class (labeled
IE3). The nominal parameters of the motors IEQ and IE3 are shown in Table 1. Both are
three-phase squirrel-cage motors with rated power of 1.5 kW, 50 Hz, and delta connection.

Table 1. Nominal values of induction motors.

Voltage Current Speed Power Weight
V) (A) (rpm) Factor (kg)
IEO 220 6.6 1420 0.75 16.7
IE3 230 5.6 1439 0.78 22

The ASDs used to test the motor under control were the drive ACS 550 (230 V; 7.5 A;
1.5 kW; scalar control), labeled as V/f, as well as the ACS 880 (230 V; 7.5 A; 3 kVA; direct
torque control), labeled as DTC.

Finally, the measurements were made by a Zimmer LMG-450 power meter: it was
constituted of four channels (600 V and 16 A per channel) [9] and a brake and a torque
meter (Kistler 450B100N1B2) (100 Nm; 3350 rpm) [10].

Appendix B shows the laboratory setup used in more detail.

3. Experimental Measurements

To obtain experimental efficiency values, induction motors were tested under variable
loads and different power sources. In this case, the power sources were the AC grid, with
direct connection and adjustable speed drive with scalar and DTC control. Variable loads
are obtained through a hysteresis brake [11,12].
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In all the test points determined by different loads, input power, shaft torque, and
angular speed were measured.

The presence of harmonics can cause the main difficulty in measurements, using an
electronic converter. The electronic converter manufacturer reports that harmonic analysis
shows that the systems comply with the IEC 519-2014 [13]. The Total Demand Distortion
(TDD) is lower than 5%.

The power meter used incorporates harmonic analysis. It has been verified that
the harmonic content is less than 5% in all the measurements. Under these conditions,
according to the power meter manufacturer, the accuracy of the input power measurements
is not affected.

The input-output method is selected to have a uniform procedure, with power from
the grid and the electronic converter. In this way, as the harmonic content introduced by
the electronic converter does not exceed 5%, the procedure for efficiency calculation is the
same in all cases.

This method does not allow the separation of losses (both the different types of motor
losses and the losses of the electronic converter). As the objective of the study proposed in
the article is to quantify the global effect of the set of losses, regardless of their type, the
authors have not considered it necessary to apply the method 1B (Summation of losses)
proposed in the IEC 60034-2-1 [14].

If it is required to obtain the separation of losses in the motor and the losses of the
electronic converter, and the IEC 60034-2-3 [15] must be applied. Various studies analyze
this procedure in depth [16-18].

3.1. Direct Power Supply from the ac Grid

In this test, induction motors were connected to the AC grid (230 V /50 Hz) (laboratory
AC grid) and tested, as mentioned above. From the experimental data, efficiency was
calculated and presented in Figure 1. Note that efficiency was calculated according to
standard 60034-2-1 (input—-output method). The load index was defined as the ratio between
the output and the nominal power (P/Py).
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Figure 1. Efficiency (direct power supply from the industrial grid).
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3.2. Scalar Control (V/f)

Another set of measurements was made with an adjustable speed drive with scalar
control, setting the V/f value. In these cases, the input power was measured at the input of
the ASD. The measurements were organized as follows:

e  Five-speed references are defined as a % in relation to the motor-rated synchronous

speed (20%, 40%, 60%, 80%, and 100%).

e  The load index has been defined as the ratio between the torque and the nominal
torque (M/Mn).

Figure 2 presents the calculated efficiency, where solid lines correspond to the IE3
motor, and dashed lines correspond to the IE0 motor.
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Figure 2. Efficiency at different speeds, references, and loads (%), with scalar control.

3.3. Direct Torque Control (DTC)

Finally, another set of measurements was obtained with the ASD under open-loop
DTC control. The measurements were organized as follows:
o  Five-speed references are defined as a % in relation to the motor-rated synchronous
speed (20%, 40%, 60%, 80%, and 100%).
e The load index has been defined as the ratio between the torque and the nominal
torque (M/Mn).
Figure 3 presents the calculated efficiency, where solid lines correspond to the IE3
motor, and dashed lines correspond to the IE0 motor.
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Figure 3. Efficiency at different speeds, references, and loads (%), with DTC.

4. Energy Saving, Economic and Environmental Criteria

In this section, mathematical modeling for energy saving, as well as economic and
environmental criteria, are presented.

4.1. Energy Saving

Equation (1) shows the procedure to calculate the annual energy savings that can be
obtained by replacing the IE0 motor with the IE3 motor:

ES= ) Pn-h-LI~(1—l> 1)

workcycles ME0  MIE3

where:

- ES = annual energy savings (kWh/year).

- Pn=rated power of the motor (kW).

- h=operating time per year (hours/year).

- LI=load index.

- mipo = IEO motor efficiency, at load index established.
- mip3 = IE3 motor efficiency, at load index established.

In many applications, the load index is not constant, so motors run out of their rated
conditions. Therefore, the work cycles that can be found are very different and varied.
For this reason, the calculation was made by setting a fixed load index and modifying the
number of operating hours. In this way, energy saving can be calculated for each work
cycle as a sum of the different operating conditions each cycle contains [19].

The option to apply typical fixed and variable speed general-purpose drive duty
cycles, as has been conducted in many previous studies [20,21], is also very interesting. Still,
we have decided to leave it open since the existing possibilities at the level of industrial
applications are very diverse.
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4.2. Economic Criteria

To calculate the annual economic savings, the cost of electrical energy [22] has been
applied directly to the result of Equation (1):

ECS =ES-c @)

where:

- ECS = Annual economic savings (€/year).
- ¢ =electricity cost (€/kWh).
To assess whether the necessary economic investment is profitable [23,24], the Payback

Period (PP) and the Net Present Value (NPV) have been used, considering an annual
increase in the cost of electrical energy to calculate the NPV of 2%:

I
PP(years) = ECS (3)

NPV(E) = YT < (ffiS)T) oy 4)

where:

- I=investment (€ EUR).
- i=rate of return.
- T =number of time periods.

4.3. Environmental Criteria

Assessment of improvements in environmental impact derived from the energy sav-
ings was made using the Methodology for Ecodesign of Energy-related Products (MEErP).
This methodology is based on the regulation formulated by the European Union (EU)
through the use of a spreadsheet that performs a Life Cycle Assessment (LCA) in a sim-
plified way [25]. Although the MEErP allows one to assess the environmental impact
throughout the life cycle (from production, to use, transportation, and final recycling) by
means of different impact ratios, in this study, for quantity comparison, only the phase
usage is considered because it is where energy savings have an influence [26,27]. The
indicators selected for the study are listed below:

- Total Energy (GER)

- Water (process)

- Waste, non-hazardous/landfill
- Greenhouse gases in GWP100
- Acidification, emissions

- Heavy metals

- Particulate matter (PM, dust)

- Eutrophication

In this analysis, a relative value of the reduction in environmental impact was consid-
ered more important than the absolute amounts achieved in each indicator. For this reason,
in the results shown below, the Relative Environmental Indicator (REI) has been calculated
for each indicator based on:

_ TEI(i)IE3

REI() = TEI(i)IEO

©)

where:

- TEI (i) IE3 = Total Environmental Impact (for the indicator i) using the IE3 motor.
- TEI (i) IEO = Total Environmental Impact (for the indicator i) using the IE0 motor.
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Additionally, based on the REI for each selected indicator, the Environmental Impact
Global Ratio (EIGR) was calculated as:

EIGR = (6)

I, REI(i)
n
5. Methodology Outputs

In this section, results obtained by application of the methodology presented above
are presented.

5.1. Energy Saving Results

Figures 46 present the energy savings calculated using Equation (1) under different
operating conditions. Figure 4 corresponds to the analysis with the motors connected
directly to the AC grid. Figures 5 and 6 present the analysis of the motors with scalar
control and DTC, respectively.
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Figure 4. Energy savings at different load index (direct connection to the AC grid).
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Figure 5. Energy savings at different load indexes and different speed references (scalar control).
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Figure 6. Energy savings at different load indexes and different speed references (DTC).

In all tests, three different load indexes (LI) were selected, 1 or full load, 0.75 (3/4 load),
and 0.5 or half load. Furthermore, in the case of feeding through ASD (Figures 5 and 6), the
performance at synchronous and half-synchronous speeds is presented.

From these figures, it could be highlighted that:

e  According to Figure 4, it can be seen how the energy savings grow proportional to the
load index if motors are directly fed from the grid.

e Inthe case of V/f control, Figure 5 shows the energy savings are greater at high speeds
if the load index is greater than 0.75. However, for low index loads (below 0.5), greater
energy saving is obtained with the lowest speeds.

e  Finally, in Figure 6, with DTC, energy savings are greater at low speeds with indepen-
dence of load index.

5.2. Economic Results

In this section, the economic results are computed from the same operating conditions
defined in Section 5.1 and using Equations (2)—(4).
The economic data used as a basis are [28,29]:

e  An electricity cost of 0.242 € EUR/kWh. This value corresponds to the average cost
among the 27 countries of the European Union during the first half of 2022. An annual
increase in this cost of 2% has been considered.

Investment in the purchase of the IE3 motor: 480 € EUR.
Investment in the purchase of the ACS 550 electronic converter with scalar control:
770 € EUR.

e Investment in the purchase of the electronic converter with direct torque control ACS

880: 1400 € EUR.
Rate of return: 3%.
Number of time periods: 12.

Note that, as the objective of this study is the complete replacement of the installed
equipment, the total cost of the equipment has been considered as an investment. Therefore,
in the cases of the IE3 motor with electronic control, the cost of the motor and the electronic
converter has been added.

Figures 7-9 present the Payback Period and the Net Present Value analysis. Figure 7
corresponds to the analysis with the motors connected directly to the AC grid. Figures 8
and 9 present the analysis of the motors with scalar control and DTC, respectively.
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Figure 7. Payback Period and Net Present Value at different load index (direct connection to the AC
grid): (a) Payback Period; (b) Net Present Value.
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Figure 8. Payback Period and Net Present Value at different load indexes and different speed
references (scalar control): (a) Payback Period; (b) Net Present Value.
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Figure 9. Payback Period and Net Present Value at different load indexes and different speed
references (DTC): (a) Payback Period; (b) Net Present Value.
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From these figures, it could be highlighted that:

e In the case of direct connection to the grid (Figure 7), the Payback Period is roughly
half of the number of time periods established (six years) for full-load performance
and 2000 h/year, 0.75 load and 3000 h/year, and half-load and 4000 h/year. The NPV
is positive at 1000 h/year at full load, 1500 h/year at 0.75 load, and 2000 h/year and
half load.

e  With scalar control (Figure 8), the Payback Period is roughly half of the number of
time periods established (six years) for the two analyzed speeds. The motor has a 0.75
load at rated speed for 5000 h/year. For load index below 0.75 and half speed, it is not
possible to go below the six-year period. The NPV is positive at 1000 h/year at full
load, 1500 h/year at 0.75 load, and 2000 h/year and half load. The NPV is positive
from 2000 h/year at full load and rated speed or 2500 h/year at half speed, even more
for a 0.75 load index at half-rated speed. In contrast, the value of hours/year must
grow to 4500 or even to 6000 for half-load and half-rated speed.

e  When the DTC is applied the Payback Period, it is not below the established period
in any of the analyzed cases. The NPV take positive values from 4000 h/year to 6500
h/year in case of full-load and half-rated speed and 0.75 load index and rated speed,
respectively. It must be noted that, for half-load and rated speed, the NPV is always
negative in all the hours/year range.

5.3. Environmental Impact Results

In this section, the environmental impact is calculated from Equations (5) and (6)
considering the same operating conditions as the other tests. The Environmental Impact
Global Ratio (EIGR) for the use phase is calculated as a difference in values with respect
to the operation of the IE0 motor, and results are plotted in Figures 10-12. Figure 10
corresponds to the analysis with the motors connected directly to the AC grid. Figures 11
and 12 present the analysis of the motors with scalar control and DTC, respectively.

ENVIRONMENTAL IMPACT GLOBAL RATIO (USE PHASE)

IE3 LI=0.5

IE3 LI=0.75

Figure 10. Environmental Impact Global Ratio at the use phase (direct connection to the AC grid).
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ENVIRONMENTAL IMPACT GLOBAL RATIO (USE PHASE)

IE3 V/f Sp=50% LI=0.5

IE3 V/f Sp=50% LI=0.75

IE3 V/f Sp=50% LI=1

IE3 V/f Sp=100% LI=0.5

IE3 V/f Sp=100% LI=0.75

IE3 V/f Sp=100% LI=1

IEO

Figure 11. Environmental Impact Global Ratio at the use phase (scalar control).

ENVIRONMENTAL IMPACT GLOBAL RATIO (USE PHASE)

IE3 DTC Sp=50% LI=0.5

IE3 DTC Sp=50% LI=0.75

IE3 DTC Sp=30% LI=1

IE3 DTC Sp=100% LI=0.5

IE3 DTC Sp=100% LI=0.75

IE3 DTC Sp=100% LI=1

1IEO

Figure 12. Environmental Impact Global Ratio at the use phase (DTC).

From these figures, it can be established that the environmental impact is always lower
than case base if the motor is connected directly to the grid (Figure 10). Moreover, with
the scalar control (Figure 11), the impact is reduced between, 20% to 35% in all cases, and,
finally, with the DTC (Figure 12), the impact reduction climbs to 35% for low speeds and
non-full loads.

6. Sensitivity Analysis

A sensitivity study of the most influential variables was conducted to obtain more
information before the replacement decision [30,31]. In all the cases, the variables to analyze
the sensitivity are the running hours, considered in the range between 1000 and 8000 h/year,
as well as the energy difference for different values between 2 and 12 percent.

In all cases, the reference operating point was set to annual operating hours at
4000 h/year and a 0.08 pu difference in performance between motors (reference value = 1).



Machines 2023, 11, 567

12 0of 19

The results of the sensitivity analysis shown in this section are presented using colored
graphs to easily observe the variation trends. The exact relative values at each point in the
matrix are given in Appendix A (reference value = 1 = white color).

6.1. Energy Saving Analysis

Looking at Equation (1), it is clear that the variables that most significantly impact
energy savings are the annual operation number of hours and the efficiency difference
between motors. This fact is also visible in Figure 13, where the strong red color is found

for the high values of motor running and also when there is the biggest efficiency difference
between motors.

Efficiency Diff.

1000 2000 3000 4000 5000 6000 7000 8000
Hours

Figure 13. Sensitivity analysis in the energy savings.
6.2. Economic Analysis

The economic analysis was made from Equations (2)—(4).
Firstly, the Payback Period was analyzed, and it can be seen in Figure 14. The Payback

Period was extremely influenced by the initial investment, the operating time per year, and
the electricity cost.

012 |

01 r

Efficiency Diff.
o
o
(e8]

o
=)
>

0.04 |-

12
0.02 .

1000 2000 3000 4000 5000 6000 7000 8000
Hours

Figure 14. Sensitivity analysis in the Payback Period.

Secondly, the Net Present Value (NPV) is influenced by the energy cost, the initial
investment required, and the rate of return. For this reason, to reflect the influence of the
three variables separately, Figures 15-17 are showed. Figure 15 presents the NPV sensitivity
analysis for variations in the cost of energy, with increases of 25% and 50%. Figure 16

shows the analysis results for variations in the initial investment of 50% and 100%. Finally,
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Figure 17 includes the analysis when variations in the rate of return are set to 50% and 100%.

In all cases, the economic reference values adopted are electricity cost equal to 0.242 € /kWh,
a 480 € EUR initial investment, and a 3% of rate of return.
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)
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& 1
w 0.04
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0.02 0
2 4 6 8 2 4 6 8 2 4 6 8
Hours x 1000 Hours x 1000 Hours x 1000
(a) (b) (c)

Figure 15. Sensitivity analysis of the Net Present Value with electricity cost variations. (a) Case base.
(b) Electricity cost variations of 25%. (c) Electricity cost variations of 50%.
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Figure 16. Sensitivity analysis of the Net Present Value with investment cost variations. (a) Case base.
(b) Investment cost variations of 50%. (c) Investment cost variations of 100%.
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Figure 17. Sensitivity analysis in the Net Present Value with Rate of return variations variations.
(a) Case base. (b) Rate of return variations of 50%. (c) Rate of return variations of 100%.

In Figures 15-17, part (a) represents the trend, corresponding to the base case adopted
as reference. Parts (b) and (c) of these Figures represent the NPV variation trend with
respect to the value adopted as a base in part (a), in order to have a visual trend of how they
affect the variations in the cost of electricity, in the investment made, and the rate of return,
respectively. This was performed with respect to the base values (the exact numerical
quantities can be found, in all cases, in the tables shown in Appendix A).
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6.3. Environmental Analysis

The sensitivity analysis was carried out using Equations (5) and (6). In this case,
as the adopted indicator already shows a relative value (EIGR, Environmental Impact
Global Ratio) between the same operating points for the two motors, there is no base
reference value.

The different EIGRs obtained are shown in Table 2. As the calculated ratios do not
change with the number of annual operating hours, they are shown based exclusively on
the two motors performance difference. The corresponding values for the use phase and
for full load operation are displayed (load index = 1).

Table 2. Sensitivity analysis: Environmental Impact Global Ratio (EIGR) values.

Efficiency Difference EIGR
0.02 0.65
0.04 0.64
0.06 0.62
0.08 0.61
0.1 0.59
0.12 0.58

Note: Use phase, load index = 1.

7. Discussion

Based on the results obtained, the most important aspects to consider are related to
energy saving, economic aspects, and environmental impact, which are highlighted below.

Regarding energy savings, obviously, any of the proposed substitutions, regardless of
the point of operation, generate savings. Performance with the motor directly connected to
the grid and high load index obtains the greatest savings potential. Similarly, if the scalar
electronic control is considered, greater savings are obtained at the highest speeds, except
for operations with a load index equal to or less than 0.5 and speed equal to or less than
50% of the nominal synchronous speed. To the contrary, with direct torque control, it is
remarkable that the greatest savings potential is achieved for the lowest speeds.

The approach that the authors have wanted to give to the proposed article impacts
the use of commercial equipment that incorporates scalar control and direct torque con-
trol techniques. The in-depth study and analysis of the optimization of these control
techniques [32-34] goes beyond the objective proposed in the article, which is essentially
intended to be an aid in deciding whether or not it is convenient to make the economic
investment in the acquisition of more efficient motors or industrial speed regulation equip-
ment already available on the market.

In the economic analysis, a criterion for a good investment—a Payback Period equal
to or less than half of the estimated operating life, and with a positive Net Present Value,
was established. In the direct feeding of the grid, the criterion is accomplished from 2000
h per year with full load operation, from 3000 h per year with a load index of 0.75, and,
at half load, we approach 4000 h per year of operation. In the case of scalar control, the
conditions are met after 4000 annual hours of operation at full load always and at load
index 0.75 for high speeds. However, the running annual hours must be greater than 8000
to be economically profitable if the operation is at half or % full load and speeds around
50% of the nominal synchronous speed. In the case of direct torque control, no analyzed
operating point meets the pre-established profitability criteria. The margin of the Payback
Period must be extended to a value close to the initial estimated life and operation after
7000 h/year to be consistent with the criterion of profitability if the load index is greater
than 0.5. Worst cases are for lower index loads, where the hours of operation should be
extended to 8000 per year.
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From the point of view of environmental impact, all the investments and operating
points analyzed are favorable. The most significant impact reductions are achieved for
the operation of the motor connected to the grid, at any load index. With scalar electronic
control, the best impact rates are achieved for the higher speeds, while direct torque control
achieves high impact improvements for the lower speeds.

The sensitivity analysis allows easy adaptation and calculations to make different
scenarios for a given application with a variable operating point. As an example, from this
analysis and from the coefficients determined, profitability maps can be obtained according
to the criteria adopted, such as the one shown in Figure 18. This Figure was made with
the case studied in the article, establishing as profitability criteria and obtaining a Payback
Period less than half of the estimated life time (PP < T/2) and a positive Net Present Value
(NPV > 0).

‘ | Profitability criterion: PP<T/2 ; NPV=0 ‘
0.12 - ------ - - -

0. .1 0 ! [ | ;_ | ! |

0.08 - - - -

0.06 - + -

0.04 + -

EFFICIENCY DIFFERENCE

0.02 PR

0.00

0 1000 2000 3000 4000 5000 6000 7000 8000
HOURS/YEAR

Figure 18. Economic profitability map (1.5 kW motor; IE0 replaced for IE3, load index = 1). Values:
electricity cost = 0.242 € /kWh, investment = 480 € EUR, rate of return = 3%.

8. Conclusions

Replacing appliances, devices, or equipment that still work correctly with others that
present technological improvements is a choice that can lead to some advantages. Despite
that, the decision should be based on objective data and rigorous analysis.

In this article, the element to be replaced is an induction motor of the unclassified
efficiency category with another induction motor with an efficiency class established
according to the standard IEC 60034-30-1.

The decision is not unique and direct, since the operating conditions of the motor in
an industrial application can be very diverse. Various modes of operation were proposed,
with the motor fed directly from the industrial grid or using an electronic converter with
different types of control. It was also necessary to analyze different load index and different
speeds in the case of the electronic control.

To help decision-making, criteria for energy saving, economic profitability, and en-
vironmental impact were defined. From the point of view of energy saving and environ-
mental impact, practically all the operating conditions analyzed show favorable results for
replacement.

From the economic aspect, the greatest variability of results appears. It is necessary to
establish the criterion of economic profitability clearly. In the presented study, the criterion
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regarded two economic indicators: the Payback Period and the Net Present Value. Based
on the results obtained and in a simplified way, for a load index equal to or greater than
0.75, it can be concluded that, when the motor works directly from the grid after 2000 h
per year, or with scalar electronic control after 4000 h of annual operation, the results are
favorable. In operation with direct torque control, the necessary economic investment in
the electronic equipment reduces the economic profitability to several annual operating
hours greater than 7000.

The ratios calculated in the sensitivity analysis make it possible to correct, in a relatively
simple and direct way, possible changing scenarios that the multiple operating possibilities
may offer.
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Appendix A

Tables A1-A5 presented in this appendix show the exact relative values corresponding
to the sensitivity analysis carried out in Section 6. The reference operating point established
is 4000 h per year, and the difference between efficiencies is 0.08. For this operating point,
the relative reference value assigned is 1. All the other values included in these tables are
referred with respect to this operating point (in relative value).

Table A1l. Sensitivity analysis of the energy savings.

Hours/Year
Efficiency
. 1000 2000 3000 4000 5000 6000 7000 8000
Difference
0.02 0.07 0.13 0.20 0.27 0.34 0.40 0.47 0.54
0.04 0.13 0.26 0.39 0.52 0.66 0.79 0.92 1.05
0.06 0.19 0.38 0.58 0.77 0.96 1.15 1.34 1.54
0.08 0.25 0.50 0.75 1 1.25 1.50 1.75 2.00
0.1 0.31 0.61 0.92 1.22 1.53 1.83 2.14 2.44
0.12 0.36 0.72 1.07 1.43 1.79 2.15 2.51 2.86
Note: Reference operating point: 4000 h/years, difference between efficiencies = 0.08.
Table A2. Sensitivity analysis in the Payback Period.
Hours/Year
Efficiency
. 1000 2000 3000 4000 5000 6000 7000 8000
Difference
0.02 14.87 7.43 4.96 3.72 2.97 2.48 2.12 1.86
0.04 7.62 3.81 2.54 1.91 1.52 1.27 1.09 0.95
0.06 5.21 2.60 1.74 1.30 1.04 0.87 0.74 0.65
0.08 4.00 2.00 1.33 1 0.80 0.67 0.57 0.50
0.1 3.28 1.64 1.09 0.82 0.66 0.55 0.47 0.41
0.12 2.79 1.40 0.93 0.70 0.56 0.47 0.40 0.35

Note: Reference operating point: 4000 h/years, difference between efficiencies = 0.08.
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Table A3. Sensitivity analysis in the Net Present Value with electricity cost variations (25%; 50%).

Hours/Year
Efficiency 1000 2000 3000 4000 5000 6000 7000 8000
Difference
0.02 —-0.27 —0.18 —0.09 0.00 0.10 0.19 0.28 0.37
(-0.18; —0.13)  (—0.1; —0.05) (70.01,- 0.03) (0.07;0.11)  (0.16;0.19)  (0.24;0.28)  (0.33; 0.36) (0.41 ;0.44)
0.04 —0.18 0.00 0.1 0.35 0.53 0.71 0.89 1.07
(—0.1; —0.06) (0.06; 0.1) (0.23; 0 26) (0.4; 0.42) (0.56;0.58)  (0.73;0.74) (0.9;0.9) (1. 06 1.06)
0.06 0 10 0.16 0.42 0.68 0.95 1.21 147 73
(—0.03; 0.02) (0.22; 0.25) (0.46; 0 48) 0.71;0.72) (0. 95 095)  (1.19;1.18)  (144;142) (L 68 1.65)
0.08 —0.02 0. 3 0.6 1 1.34 1.68 2.02 2.36
(0.05; 0.09) (0.37; 0.39) (0.68; 0 7) 11 (1.32;1.3)  (1.63;1.61)  (1.95191)  (2.27;2.22)
0.1 0. 05 047 0.89 1.30 1.72 2.13 2.55 2.96
(0.12; 0.16) (0.51; 0.53) (0.89; 0.9) (1.28;1.27)  (1.67;1.64)  (2.06;2.01)  (2.44;2.38)  (2.83;2.75)
0.12 0.13 0.61 1.10 1.59 2.08 2.56 3.05 3.54
(0.18;0.22) (0.64; 0.66) (1.09;1.09)  (1.55:1.53) (2;1.96) (246;24)  (291;2.83) (337,327
Note: Reference operating point: 4000 h/years, difference between efficiencies = 0.08.
Table A4. Sensitivity analysis of the Net Present Value with investment variations (50%; 100%).
Hours/Year
Sf?f?f;% 1000 2000 3000 4000 5000 6000 7000 8000
0.02 —0.27 —0.18 —0.09 0.00 0.10 0.19 0.28 0.37
(—0.55; —0.99) (—0.44; —0.85) (—0.33; —0.7) (—0.21; —0.56) (0.1, —0.42) (0.01; —0.27) (0.12; —0.13) (0.23;0.01)
0.04 —0.18 0.00 0.17 0.35 0.53 0.71 0.89 1.07
(—0.44; —0.85)  (—0.23; —0.57) (:09'2(’91)? (0.21; —0.01) (0.43;0.27) (065,055  (0.86;0.83)  (1.08;1.11)
0.06 —0.10 0.16 0.42 0.68 0.95 1.21 147 1.73
(-034; —0.72)  (—0.02; —0.31) (03 0.1) (0.61; 0.51) (. 93 0.91) (1. 25 1.32) (1.57;1.73) (1.89; 2.14)
0.08 —0.02 0.32 0.66 1 1.34 1.68 2.02 2.36
(—0.25; —0.6) (0.17; —0 07) (0.58; 0.47) (1,' 1) (1.42; 1 53) (1. 83 2.07) (1.25; 2.6) (2.66; 3.13)
0.1 0.05 0.4 0.89 1.30 1.7 13 2.55 2.96
(—0.15; —0.48) (0.35; 0 17) (0. 86 0.82) (1. 37 1.47) (1.88; 2 12) (2. 38 2.77) (2.89; 3.43) (3.4;4.08)
0.12 0.13 0.61 10 1.59 2.08 2.56 3.05 3.54
(—0.07; —0.37) (0.53; 0.39) (L. 12 1.16) (1.72:1.92) (2.31;2.69) (2.91; 3.45) (3.5;4.21) (4.1;4.98)
Note: Reference operating point: 4000 h/years, difference between efficiencies = 0.08.
Table A5. Sensitivity analysis of the Net Present Value with rate of return variations (50%;100%).
Hours/Year
Efficiency 1000 2000 3000 4000 5000 6000 7000 8000
Difference
0.02 —0.27 —0.18 —0.09 0.00 0.10 0.19 0.28 0.37
(=0.31; —0.36)  (=0.22; —0.26) (=0.12; —0.17)  (—0.03; —0.07)  (0.07;0.03)  (0.16;0.13)  (0.25;0.23)  (0.35; 0.33)
0.04 —0.18 0.00 0.17 0.35 0.53 0.71 0.89 1.07
(—0.22; —027)  (—0.04; —0.08) (0.15; 0.11) (0.33;0.31) (0.52; 0.5) (0.7; 0.69) (0.88;0.88)  (1.07;1.07)
0.06 —0.10 0.16 0.42 0.68 0.95 1.21 147 1.73
(—0.14; —0.18) (0.13;0.1) (0.4; 0.38) (0.67; 0.66) (. 94 094)  (1.21;1.22) (1.48; 1.5) (1. 76 1.78)
0.08 —0.02 0.32 0.66 1 1.34 1.68 2.02 2.36
(—0.06; —0.1) (0.3;0.27) (0.65; 0.63) (1;1) (1. 35 1 37) (1.7;1.73) (2.06;2.1)  (241;2.46)
0.1 0.05 0.47 0.89 1.30 2.13 2.55 2. 9
. 02 70 01) (0.45; 0.43) . 88 0 88) (1.31; 1.32) (1.74 1.77) (217,222)  (26;2.66) (3. 03 3 11)
0.12 0.61 1.59 2.08 2.56 3.05
(. 1 0 06) (0.6; 0.59) (1. 1 1 11) (1.61:1.63) (2.11;2.15)  (2.62;2.68) (3.12;3.2) (3. 63 3 72)

Note: Reference operating point: 4000 h/years, difference between efficiency = 0.08.

Appendix B
Figures Al and A2 shows the laboratory setup used.
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Figure Al. Diagram of the test setup.
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ELECTRONIC
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Figure A2. Photographs of the material used in the tests: (a) measuring equipment; (b) motors and
electronic converter.
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