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ABSTRACT

Algorithms for In-situ Efficiency Determination of Induction Machines

Mahmud Ghasemi Bijan, Ph.D.

Concordia University, 2019

Robust structure, high reliability and low maintenance costs allow induction motors to be
widely-used in various industrial applications. In recent decades, due to the increased concerns on
global warming, and the effort to enhance the efficiency of tools, equipment, and systems,
efficiency of induction machines (IMs) has received a lot of attention. The rated efficiency of an
IM can be found on the nameplate. However, it is affected by aging, ambient temperature, load,
supplied voltage and other technical reasons. Furthermore, based on NEMA MG 1 standard, the
actual efficiency of an IM may vary from the nameplate value. As a result, efficiency estimation

of IMs is essential to evaluate the efficiency of the whole system and energy cost.

Applying available international standards to in-situ machines needs load decoupling and in
some cases, the no-load/locked-rotor test is required. This is not allowed with in-situ machines.
Therefore, having a non-intrusive method which is capable of estimating the efficiency of the
machine by using only available data such as the input voltages, currents, active power and

nameplate data is necessary.

This thesis investigates in-situ methods to determine the efficiency of IMs and three related
subjects are addressed. First, an optimization based algorithm is proposed to determine the
efficiency of the IM at different loads. This algorithm is proven to have minimum intrusiveness
and only uses the data of one operating point of the machine. Assumptions and techniques to
increase the accuracy of the algorithm are addressed. The proposed algorithm is then applied to
two conditions. In the first condition, the required input data are recorded when the machine
reaches its thermal stability and final temperature rise of the machine is used as an input. In the

second condition, the required input data are recorded 30 minutes after start of the machine and



then the machine final temperature rise is predicted. Two approaches are proposed to predict final
temperature rise and are based on machine insulation class and temperature rise of the machine in

the first 30 minutes of operation of the machine after start.

Moreover, a method is proposed to determine the range of IM equivalent circuit parameters
and improve the probability of converging to the correct answer. The method is based on the
nameplate data of the machine and empirical results provided by Hydro-Québec. The method is
also improved by using the operating data of the machine. The proposed range determination is

very helpful for in-situ applications where the output power of the machine is not available.

Second, two dimensional finite element analysis (FEA) is used to predict the efficiency of
the IMs at different loads. Two methodologies are adopted. In the first methodology, the losses are
calculated directly using FEA while in the second one, the equivalent circuit parameters are first
estimated using FEA and then the efficiency at different loads are estimated using the equivalent
circuit parameters. To improve the results, a simple formula based on the rated power of the
machine is proposed to evaluate the friction and windage losses also known as the mechanical loss
of the machine. The proposed formula is applicable for 4-pole 60 Hz IMs and was achieved after
study of more than 100 IMs of this type.

Third, the effects of the adjustable-speed drives on the losses and efficiency of the IMs are
addressed. The direct torque control and scalar control schemes implemented by an industrial drive
are employed to control two types of IMs. Two IMs designed for direct-fed application and two
other IMs designed for PWM applications are studied while method B of IEEE Std-112 is applied
to segregate the losses. Variations of different losses at drive-fed and direct-fed conditions are

compared and results are discussed.
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Chapter 1: Induction Motor Efficiency

1.1 Introduction

By the incidence of the energy crisis in the 1970s and the rising cost of energy, energy and
energy consumption issues are of prominent importance. Because of the continuous rise of the
energy cost and demand due to development of the industry, increasing the efficiency of the

energy-consuming systems and equipment are becoming crucial and necessary.

Nowadays, electric machines have a very prominent role in the progress and advances of the
industry. They consume around two-thirds of the total generated electricity [1]. Induction
machines (IMs) are the most widely-used type of electric machines in industry due to robustness,
simple structure, high reliability and low maintenance costs. The efficiency of these machines is
of a great importance in terms of energy consumption and cost. Replacing lower efficient IMs with
high efficiency machines is one of the most effective solutions in this field. The cost of the new

machines is paid back by the amount of energy saved in the long run.

To make the right decision and to estimate the amount of future savings, the first step is to
measure or estimate the efficiency of the IMs. Several methods have been proposed in this regard
and two international standards are developed. To apply these standards, the IM should be
decoupled from the load to install new equipment such as torque transducer on the machine’s shaft
or transfer to workshops for performing the required tests. However, in in-situ applications where
the IM is working, decoupling the machine from load results in an interruption of the whole system

performance which is not desirable.

This chapter will discuss the available standards and methods to measure or estimate the
efficiency of IMs. Their advantages and drawbacks will be discussed and their ability to apply to
in-situ applications will be considered. At the end, the objectives of this thesis and thesis outline

and contributions will be provided.



1.2 International Standards

A significant amount of research works has resulted in development of international
standards. The main two standards are the IEEE Std-112 [2] and IEC 60034-2-1 [3]. In this section,

a brief review of these standards is presented.

1.2.1 IEEE Std-112

IEEE Std-112 is developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE-SA) Standards Board [2]. This standard in
association with IEEE Std-43 [4], IEEE Std-118 [5], IEEE Std-119 [6] and IEEE Std-120 [7],

provides five methods to measure or estimate IMs efficiency (i.e. methods A, B, C, E and F) [2].

Method A: Efficiency of an IM is generally considered as a ratio of the output power to the
input power. Method A is a direct method and proposes to measure the input and output powers
directly. The input power can be measured by using input voltages and stator currents and their
phase angles. This can be done easily by using a power meter based on the IEEE Std-120 guides.
The output power can be measured by using a torque transducer and a speed sensor such as a
tachometer. Method A is the most accurate method to measure the efficiency of an IM and can be
considered as a reference whereby the accuracy of other methods can be determined. This method
requires decoupling of the torque transducer. As a result, using this method in in-situ is not
possible. The requirement for a torque transducer, which is an expensive tool, is another

disadvantage of Method A.

Method B: This method is based on loss segregation of the IM. In this method, the core loss
(Pfe) and friction and windage losses (Prw) are measured by performing a no-load test. The stator
copper loss (Pse) 1s calculated using the measured cold stator resistance and its corresponding
temperature, as well as the current and temperature at the operating point. Rotor copper loss (Prcr)

is based on both the slip (s) and airgap power (Pqqp) measurement at the operating point.
Pro :SRgap (1-1)

Stray load loss (Pszz) is measured by subtracting the sum of stator and rotor resistive loss,
core loss and friction and windage loss from the total losses which is the difference between the

output and input powers. Because of requirements to decouple the machine and perform several



tests which need a variable voltage and frequency supply, Method B is considered to be too

intrusive and expensive and cannot be applied to the working (in-situ) IMs.

Method C: This method is used when two identical machines are available and coupled
together using two independent power sources and each machine operates as a generator and motor

alternatively. Therefore, Method C also cannot be considered as a suitable solution for a working

IM.

Methods E and E1: Method E is similar to Method B, but the output power measurement is
not required and the stray load loss is measured by performing the removed-rotor test and the
reverse rotation test. This method is also too intrusive. On the other hand, method E1 uses
empirical results for stray load loss which decreases the intrusiveness of Method E, but yet, it is

intrusive.

Methods F and FI: These method are based on the IM equivalent circuit calculations.
Equivalent circuit parameters are estimated by performing the no-load and impedance tests. Pry
is measured using the no-load test and Ps;; 1s measured using the removed-rotor and reverse
rotation tests. Method F1 uses empirical results to decrease the intrusiveness of the method.

However, it is not applicable for in-situ testing.

1.2.2 IEC 60034-2-1

[EC 60034-2-1 which is a part of IEC 60034 is intended to develop methods of determining
the efficiency and losses from the described tests. This standard applies to DC machines, AC

synchronous and induction machines of all sizes within the scope of IEC 60034-2-1 [3].

The old version of the [EC 60034-2 which was published in 1972 was in use in Europe until
2007 due to its simplicity and required less information in determining the winding temperature
and stray load loss. A new version of this standard was published in November 2007 to overcome
its high measurement uncertainties and low accuracy specifically in stray load loss determination.
Although rotor copper loss and friction and windage loss determination are similar in both
standards, there are some differences in determination of the stator copper loss, core loss, and stray
load loss. The IEC 60034-2-1 provides more accurate estimation of the core loss values by

considering the effects of the load variation and resistive voltage drop in the stator. In terms of the



accuracy of stray load loss, several studies debate the accuracy of the IEC 60034-2-1 compared to
the IEEE Std-112 [8, 9].

Since the measured losses by the methods described in these standards are almost similar,
the measured efficiency values by utilizing IEEE and IEC standards are approximately the same.
In terms of temperature measurement, the IEEE Std-112 needs some sensors to obtain the winding
temperature which is intrusive while the IEC 60034-2-1 uses a method which removes the

requirement of the sensors but an accurate winding temperature is not guaranteed [10].

1.3 Other Methods

Due to the difficulty of employing the standards and their requirements of performing some
intrusive tests, other methods are proposed by researchers which can be categorized in five main

groups and are discussed in the followings subsections.

1.3.1 Current Method

This method is based on the input current measurement, rated current and power rating data
shown on the nameplate. In the simplest version of this method, a linear relationship between the
load power and input current is assumed. It uses the rated power (P2 areq), rated current (17, r4req) and

measured current (/7 meas) to calculate the output power (P>) as follows:

Il,meas
PZ =

- I Pz,rated (1'2)
1,rated

and the estimated efficiency is given as follows:

Py

n= (1-3)

I in,meas

The method is simple, but it suffers from the low accuracy and other drawbacks. First, the
no-load current is not zero, therefore, the method will show some incorrect values of efficiency.
As a result, this method suffers from inaccurate results at lower loads. Second, assuming a linear
relationship between the output power and input current always overestimates the load and

consequently efficiency [11, 12].

In two modified versions of the current method, the accuracy is improved by adding the no-

load current (/p) value to (1-3) as follows [11, 13]:



n= Pz,rated (Il,meas - IO) (1_4)

Pin,meas Il,rated - 10
n= PZ,rated (211,meas - IO) (1'5)
Pin,meas 211,rated - IO

This reduces the effect of the linear relationship assumption, but causes intrusiveness due to
the requirement of the no-load current measurement. Regardless of the assumed relationship
between the output power and the input current, the accuracy of the method is still low due to using

nameplate data which might have up to 20% deviation from the real values [11, 13].
1.3.2 Slip method

Theoretically, the efficiency of an IM is given by [14]:

(-9
= (1+5)

(1-6)

where s is the slip. This equation is based on the assumption that there is no loss in the machine
except rotor resistive loss. Therefore, this method always overestimates the efficiency and has very

large error.
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25 =
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1.5
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Fig. 1-1: Torque vs slip of the IMs [15].

Fig. 1-1 shows the torque-speed curves of different design classes of IMs. It is clear that the

speed changes almost linearly from the no-load to the full load point. Therefore, it can be assumed



that the output power of the machine varies linearly with the load and as a result, the efficiency

can be estimated as follows:

Pz,rated x Smeas

n= (1-7)

Pin,meas Srated

Despite the non-intrusiveness of this method, it suffers from the low accuracy due to the
following reasons. First, in reality, slip does not change linearly with the load. Second, using the
nameplate data which may have up to 20% of deviation based on the NEMA standard, introduces
inaccurate results [11], [13]. Third, the ambient temperature affects the slip [16].

Using the voltage terms in the equation is an option to improve the accuracy to some extent

which is presented in [16] and [17]. However, the accuracy is still considered low.

2
_ Pz,rated (5meas) <V1,meas> (1-8)
Pin,meas Srated Vl,rated
2 2 1-
n = P2,rated <5meas ~ Smeas ) (Vl,meas> ( 9)
- 2
Pinmeas \Srated = Sratea) \Viratea

where V7 meas and Vi raeq are the stator measured and rated voltage.

1.3.3 Equivalent Circuit Method

The IEEE Std-112 method F/F1 is the standard equivalent circuit method. The no-load test
at variable voltage and locked rotor test at different frequencies are the requirements of this
method. Furthermore, the removed-rotor and reverse-rotation tests are required to measure the
stray load loss (Pszz) [2]. Although this method is very accurate, it is too intrusive and cannot be

applied to working machines.

Ontario Hydro modified method F (OHMF) eliminates the need for a variable voltage test,
but no-load and full load tests at rated voltage are required [18]. Therefore, decoupling the IM
from the load is still necessary. The stator voltage and current, input power and stator resistance

as well as the rotor speed are the required measured data.

Locked-rotor method and standstill frequency response method are based on an equivalent
circuit with two rotor loops. The first method requires two locked-rotor impedance tests or a

locked-rotor test plus one no-load test which is highly intrusive [19]. The second method requires
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a variable frequency source in the range of 0.01 to 500 Hz to measure the impedance of the motor

with its rotor stationary over this range [20].

ORMELDY6 is another equivalent circuit method which uses the nameplate data to keep the
method non-intrusive [21], [12]. Although this method is non-intrusive, its accuracy is low because
it relies completely on the nameplate data in which this data may have up to 20% inaccuracies
according to NEMA MG 1 [22]. Even with typical nameplate data, its average accuracy is low

(within 4% error).

The rockwell motor-efficiency wizard (RMEW) method uses data from two different load
operating points to find the IM equivalent circuit parameters [23]. The stator resistance, speed and
temperature of the machine must also be recorded. However, it is not mentioned how the authors

solved the nonlinear equations used to calculate the input impedance.

In [24], a method is proposed to estimate the equivalent circuit parameters from the no-load
acceleration—deceleration tests. In addition to the requirement of performing the no-load test and
recording 5 samples of data in each second, the proposed method can only be applied to medium
and large machines which have longer acceleration periods. The necessity of instruments which
are required to record the transient values of current, voltage or speed is the main problems of

these techniques that require the transient start-up data [25, 26].

1.3.4 Air-Gap Torque Method

The air-gap torque is a result of interaction of the flux linkages and currents in both the stator

and rotor. It can be calculated using the following formula [27, 28]:

P
Tac = ﬁ{(ZiA + iC)-f[vCA — Ry (i¢ — ix)]dt
(1-10)

— (ic — iA)-f[_UBA —Ry(2ig + ic)]dt}

where P is the number of poles and R; is the stator resistance. According to (1-10), to calculate the
air-gap torque, only two line-to-line voltages (vc4 and vg4) and two line currents (i4 and ic) should
be measured as well as the stator resistance. This method requires data logging devices to record
the instantaneous values of the voltages and currents for at least 5 cycles instead of the RMS values

[28]. The effect of unbalanced voltages on the air-gap torque is taken into account.
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The efficiency of the machine can be estimated as follows:

1 T 27_[ Nr,meas
AG* * 60

n= — Ppyy — Psy, (I-11)

P in,meas

where N meas and Pipmeas are the measured rotor speed and input power. To maintain a high
accuracy, Prw and Psy; values are necessary. This requires to decouple the machine and perform
tests such as no load test, reversed rotation and removed rotor tests. This makes the method to be
highly intrusive. In the modified version of the air-gap method, empirical values are used which
decrease the level of intrusiveness but also lessen the accuracy [29]. The main drawback of the air-
gap method is its inability to provide information about other operating points of the machine. This
means that to evaluate the efficiency at each load, the machine should be run under that particular
load before the measurements can be taken which is another undesirable requirement in the in-situ

applications.

1.3.5 Optimization Based Methods

Optimization-based methods are mostly based on the extraction of the equivalent circuit
parameters of the IM using the input and the nameplate data. These method can consequently help

to estimate the efficiency at different conditions by solving the equivalent circuit.

Bacterial foraging algorithm [25], simulated annealing method, particle swarm optimization
(PSO) [26] and genetic algorithm (GA) [27] are examples of the optimization algorithms which
have been employed in the field of efficiency estimation. These methods will be discussed and
criticized in the next chapter in detail. Although, the optimization-based techniques are proven to

have the least intrusiveness, their accuracy and repeatability are still to be improved.

1.4 Objectives

The main objective of this work is to develop efficiency estimation techniques which can be
applied to different operating conditions and various types of IMs with different number of poles,
rated powers and voltages, NEMA designs and etc. The proposed method has the capability to be
applied to working machines (in-situ applications) with minimum intrusiveness and high accuracy.

For this purpose, two cases are going to be considered.



In the first case, it is assumed that the machine design data are not available and only the
nameplate data plus the input data for only one operating point such as the stator voltage, current
and input power are available. Therefore, an optimization based method will be used and all

challenges and difficulties of this method will be described.

In the second case, it is assumed that the machine design data are available. In this case, the
finite element analysis is used and the points and tips are provided to overcome the challenges of

this method and improve the results.

The use of adjustable speed drives (ASDs) to control the speed of electrical machine has
been increased in the last decades. Although the ASDs provide some advantages, they affect the
performance of IMs. As a sub objective of this thesis, the effect of the ASDs on the efficiency of
IMs will be investigated.

In the following sections, the outline of this thesis will be provided and the achievements of

each chapter will be examined separately.

1.5 Thesis Outline

This thesis is organized as follows:

Chapter 2

This chapter focuses on the optimization-based algorithms to estimate the efficiency of a
working IM. The previous works in this area are discussed and criticized in detail. The parameters
of the equivalent circuit which are considered as a variables in this method, are discussed. The
techniques and assumptions are presented to decrease the number of the variables as much as
possible while the method remains non-intrusive. For the remaining parameters which are defined
as variables (unknowns) of the problem, a technique is introduced to determine their range before
using the optimization-based method. The proposed technique relies on the machine nameplate
data and benefits from a database provided by Hydro-Quebec. The proposed technique helps
narrow the search space and increase the possibility of convergence of the method to the correct
answer. Then, an efficiency estimation algorithm utilizing the genetic algorithm (GA) as a search
tool will be proposed. The assumptions and flowchart of the efficiency estimation algorithm are

discussed in detail. The proposed parameter range determination technique is utilized in the



algorithm. Finally, the proposed algorithm is applied to four IMs and the accuracy of the results is
investigated. Three cases are investigated. In the first case, the stator current, input power, and
phase angle between the stator voltage and current as well as output power are used in the objective
function but the range of parameters is chosen to be wide. In the second case, the motor rated
power is removed from the objective function and the proposed range determination is applied in
the algorithm. In the last case, both the range determination method and the rated power are utilized
in the algorithm. The results of the three cases are compared with each other and also with the

measured values.

Chapter 3

This chapter proposes a particle swarm optimization (PSO) based algorithm to determine the
efficiency of IMs under different loads. In addition to using PSO instead of GA, there are some
other differences in the proposed method compared with previous method. First, the rapid test data
rather than thermally stable condition data are used as inputs for the proposed method. In the
previous method, it was necessary to record the input data of the machine at thermally stable
condition. This procedure normally requires several running hours to make sure that the machine’s
temperature is at steady state condition. The input data of the machine at 30 minutes after start are
recorded and two techniques are proposed to predict the temperature of the machine at a thermally
stable condition. The first technique is based on the machine insulation class, while the second
technique is based on the temperature rise of the machine at the first 30 minutes of machine
operation after start. Furthermore, to force PSO to converge to the correct answer, the range
determination method proposed in the second chapter is improved by using the operating data of

the machine. Three IMs are tested and all results are validated by the experimental results.

Chapter 4

This chapter deals with the challenges and difficulties of using the finite element analysis
(FEA) to predict and estimate the efficiency of an induction machine. Two methodologies are
adopted to determine the efficiency. In the first one, the FEA results are used to directly estimate
the losses of the machine, and then the efficiency is calculated. All the losses are estimated at
different loads. In the second methodology, the equivalent circuit parameters are estimated using
the FEA and then method F1 of IEEE Std-112 is applied to the parameters of the machine to

calculate the efficiency. The parameters are estimated by implementing the no-load and locked
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rotor tests by FEA. Difficulties and challenges are discussed in this chapter to improve the results.
Furthermore, since the mechanical loss is not included in FEA, more than 100 IMs with four poles
are investigated. A new formula is proposed to estimate the mechanical loss based on the rated
power of the machine. The experimental results are utilized to validate the proposed formula and

approaches.

Chapter 5

In this chapter, the effects of using adjustable speed drives (ASDs) on the efficiency of IMs
are studied. The efficiency of the IM is discussed and compared in this chapter for both the direct-
fed and drive-fed machine operation conditions. In other words, this chapter tries to answer the
question whether it is possible to predict the efficiency of an IM in a drive-fed condition using the
efficiency results of the machine at a direct-fed condition. For this purpose, an industrial drive is
used to implement the direct torque control (DTC) and scalar control schemes as the two common
types of control schemes in industry. Moreover, the efficiency variation of the two types of squirrel
cage IMs are studied. First, the machines which are designed for direct-fed applications and
second, the machines designed for drive-fed applications. The no-load and load tests are conducted
on four different IMs with and without ASDs. Method B of IEEE Std-112 is used for loss

segregation and the variation of each losses are studied.

Chapter 6

The conclusion of this research work are presented in this chapter. Other topics are provided

as possible future research works.

1.6 Thesis Contributions

The contributions that achieved in this Ph.D. work are as follows:

In chapter 2, a GA based efficiency estimation algorithm is presented which benefits from
the proposed parameter range determination method. The proposed parameter range determination
method is based on the nameplate data and empirical results for no-load current of the machine. It
is proven that the proposed efficiency estimation algorithm is very effective for in-situ application
where there is no access to output power of the machine. The proposed efficiency estimation

algorithm and parameter range determination method were presented in International Electric
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Machines & Drive Conference 2017 (IEMDC) in Miami, Florida, USA. The extended version of

paper was also published in IEEE Transactions on Industry Applications.

M. Ghasemi Bijan, M. Al-Badri, P. Pillay and P. Angers, "Induction machine parameter range constraints in
genetic algorithm based efficiency estimation techniques," 2017 IEEE International Electric Machines and Drives

Conference (IEMDC), Miami, FL, USA, 2017, pp. 1-6.

M. Ghasemi Bijan, M. Al-Badri, P. Pillay and P. Angers, "Induction Machine Parameter Range Constraints
in Genetic Algorithm Based Efficiency Estimation Techniques," in IEEE Transactions on Industry Applications, vol.

54, no. 5, pp. 4186-4197, Sept.-Oct. 2018.

In chapter 3, a PSO based efficiency estimation algorithm is proposed to estimate the
efficiency of induction machines using the rapid test data. Two techniques are proposed to predict
the temperature of the machine at thermally stable condition. The first technique is based on the
insulation class of the machine and the second techniques uses the temperature rise of the machine
during the first 30 min running of the machine after start. Moreover, the previous parameter range
determination method is improved by using the operating data of the machine. This research work

was accepted and published in IEEE Transaction on industrial Electronics.

M. Ghasemi Bijan and P. Pillay, "Efficiency Estimation of the Induction Machine by Particle Swarm
Optimization Using Rapid Test Data With Range Constraints," /EEE Transactions on Industrial Electronics, vol. 66,
no. 8, pp. 5883-5894, Aug. 2019.

In chapter 4, efficiency of induction machine is evaluated using FEA as an acceptable
method for performance analysis of the electrical machines. Two methodologies are adopted. The
first methodology is based on the direct calculation of the losses using FEA and the second one is
based on the estimated equivalent circuit parameters of an IM from FEA. Moreover, a simple and
novel formula is proposed to estimate the mechanical loss of 4-pole 60 Hz IMs. The research work
was accepted in the International Electric Machines & Drive Conference 2019 (IEMDC) in San
Diego, California, USA and will be presented in May 2019.

M. Ghasemi Bijan and P. Pillay, "Induction Machine Efficiency Evaluation Using the Finite Element Analysis
Software and a New Mechanical Loss Formula", IEEE International Electric Machines and Drives Conference

(IEMDC), San Diego, CA, USA, 2019.

In chapter 5, the effects of an industrial drive on efficiency of squirrel cage IMs designed for

drive-fed and direct-fed applications are studied through the experiment. The industrial drive can
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work with direct torque control and scalar control. Method B of IEEE Std-112 is utilized for loss
segregation. The research work has been submitted to the 11" annual IEEE Energy Conversion

Congress and Exposition (ECCE 2019) and is waiting for the reviewers’ decision.

M. Ghasemi Bijan and P. Pillay, “Prediction of Drive-Fed Induction Machine Efficiency Using The Direct-
Fed Efficiency Results " accepted to IEEE Energy Conversion Conference & Congress (ECCE), Baltimore, Maryland,
USA, 20109.
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Chapter 2: Induction Machine Parameter Range
Constraints in Genetic Algorithm (GA) Based
Efficiency Estimation Techniques

2.1 Introduction

Evolutionary algorithms are employed in many different fields. They are used as
optimization tools and search algorithms. The general procedure of these techniques are shown in

Fig. 2-1.

Determine the Range for Variables

'

Generate initial population

v

Evaluate population using objective
function

Update population

!

Are stop criteria
satisfied?

No

Choose the Best solution

Fig. 2-1: Typical optimization algorithm procedure
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When a problem is defined and variables are determined, a range for each variable is to be
selected. Then, an initial population is generated. The initial population is evaluated by an
objective function which is defined based on the problem. According to the rules of the applied
evolutionary algorithm and the evaluation results, the initial population is updated towards the best
answer and again the new generation is evaluated. This process iterates until results converge to
the desired values. Sometimes, two or three layers of evolutionary algorithm are used to improve
the results. In case of efficiency estimation, evolutionary algorithms can be used to estimate the
equivalent circuit parameters, and then the efficiency is determined by applying Form F2 Method
F1 of IEEE Std-112 [2]. This method is known in the literature as the optimization based efficiency

estimation method.

In this chapter, an in-situ induction machine (IM) efficiency estimation algorithm is
presented and all challenges and difficulties are discussed. The Genetic Algorithm (GA) is utilized
as a search tool in the algorithm. One of the difficulties of using evolutionary algorithms for
efficiency estimation is the determination of variable (parameter) constraints (ranges). A technique
based on the nameplate information and a large database of tested IMs provided by the testing
laboratory of Hydro-Québec are proposed to determine reasonable induction motor parameter
ranges. The proposed range determination technique is utilized in a GA based efficiency estimation
method and this method is applied to three different cases. In the first case, the stator current, input
power and phase angle between the stator voltage and current as well as output power are used in
an objective function but the range of parameters is chosen to be wide. In the second case, the
motor rated power is removed from the objective function and the proposed range determination
is applied in the algorithm. In the last case, both the range determination method and rated power
are utilized in the algorithm. The results of the three cases are compared with each other and also

with the measured values.

2.2 Optimization Based Method

The optimization based method is one of the promising method for in-situ efficiency
estimation which is based on equivalent circuit parameter estimation. When this method is used in
the field of IMs efficiency analysis, the variables of the problem are the equivalent circuit
parameters. To estimate efficiency of an IM at any loading point, there are seven unknowns related

to the equivalent circuit and two additional unknowns to be estimated or calculated (see section
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2.3). Before applying the optimization method, the number of unknowns, which are discussed in
detail in the following sections, should be minimized. Then, random values are assigned to those
variables in the initial population. Each set of these variables is considered as a solution. Error
functions are designed to compare the calculated and the measured values. The error functions
establish the objective function and are generally built based on the input current or impedance,
input power and input power factor or corresponding phase angle. These solutions are updated
according to the governing rules of the optimization method and are again targeted by the objective
function in the evaluation process. Finally, after meeting a stopping criteria, the best solution is

selected as the final answer. The answer is a set of parameters of the IM equivalent circuit.

The genetic algorithm application in efficiency estimation of IM is studied in [30] and some
conditions are investigated. The results showed that using data of two loading points can improve
the accuracy of the results. Also, using more constraints in the objective function results in better
solutions. The input power, current, and power factor are the general terms used in the objective
function. It is shown that using the nameplate power in the objective function can be useful to

reduce the errors if the output power dose not vary too much from the nameplate power.

In [31, 32, 33], the GA is used to estimate the efficiency under unbalanced supply condition.
The input power and stator current as well as the full load temperature of the machine establish
the objective function terms. To improve the accuracy, data of several loading points (three or five
points) are used as inputs. The number of the required loading point data and determination of the
full load temperature based on the insulation class of the machine are the main drawbacks of the

proposed algorithm which reduce the accuracy.

In [34] and [35], three layers of the GA are applied to improve the accuracy. The full load
operating data are used as inputs and a large database is used to determine the friction and windage
losses, the stray load loss (Pszz), and the full load temperature. In addition to the input power, the
stator current, the phase angle between the stator current and voltage, and the output power are
used in the objective function. Although the results show good accuracy, using the output power
in the objective function is a drawback, because for most in-situ applications, there is no
information about the output power. Moreover, it is mentioned in [30] that the error in the

measured value of the output power can result in a large error in the estimated efficiency.
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In [36, 37], three methods are used to estimate the machine parameters: the Newton-Raphson
method, simulated annealing method, and particle swarm optimization (PSO) method. Apart from
the Newton-Raphson method, two methods are optimization algorithms. The real and imaginary
parts of input impedance were used to define the objective function. The inputs of algorithm are
the phasor data of the input voltage and current at two operating points. The two points must be
chosen carefully because too close conditions result in ill-conditioned equations, while too spread
conditions result in additional errors caused by the parameter variations due to temperature change,
flux saturation, etc. Considering the Psz. by adding an equivalent resistor in series with the rotor
circuit is one of the drawbacks of the model which reduces the accuracy. The error within the
results is 2-3% for different loads indicating low accuracy. Disregarding the impact of the load

variation on the rotor resistance is another disadvantage of this approach.

Bacterial foraging based algorithm for the efficiency estimation is used in [38, 39]. Besides
the stator voltage, stator current, and input power, the stator resistance and operation speed of the
rotor are also inputs of the algorithm. A modified equivalent circuit is used to include the Ps;; by
using a series resistor in the rotor circuit based on IEEE Std. 112. This algorithm is applied to two
cases; the first case uses only the full load condition data as inputs and the second case uses data
of 25, 50, 75, and 100% load. The objective function includes the input power and current. The
results of the second case are better than the first one. However, the error of the results with some
loads, especially at low loads, are more than 3%. The same algorithm is used to estimate the
efficiency with unbalanced voltages in [40]. The positive and negative sequence equivalent circuits
are employed and it is assumed that the magnetizing reactance X, and core loss resistance Ry are
connected in series. In addition, it is assumed that R;, X7, X, and Ry are of the same values in the

positive and negative sequence equivalent circuits, as well as R, and X> have different values.

So far, the literature work focuses only on the objective function and inputs as the two main
parts of the optimization algorithm. None of them have studied the impact of the parameters range
(constraints). The determination of the parameter range has a significant effect on the convergence
of the optimization algorithm. Since the parameters of a machine depend on the machine rated
power, number of poles, insulation class and so on, choosing a fixed parameter range for all
machines is not reasonable. Also, choosing a wide range for parameters can cause the optimization

algorithm to converge to different answers in each run.
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Techniques to estimate five parameters non-intrusively are explained in detail in the next
sections. For the remaining four parameters, simple and straightforward methods and relationships

are presented to determine the range which can be employed to help improve the accuracy.

2.3 Equivalent Circuit Parameters

Fig. 2-2 shows the conventional per phase equivalent circuit of an IM. R; and X; are the
stator resistance and leakage reactance, R> and X> are the rotor resistance and leakage reactance,
Xn 1s the magnetizing reactance, R is the core loss resistance; s is the slip, P, and P> are the input

and output power, Ps;; is the stray load loss, and Prw is the friction and windage losses.

R, X. y, R Xs -
—AA— Y Y ——AAM— Y Y —
Psi
. g R Xu Rz(l-s)/sg P,

Fig. 2-2: An IM equivalent circuit [33]

According to Fig. 2-2, to estimate the efficiency at any loading point, there are seven
unknowns (R;, X1, Xm, Rpe, R2, X2, and s). The additional unknowns are Ps;; and Prw. In the
following sections, techniques are described to decrease the number of unknowns to four (i.e. X,

Xm, Rfe, and R2).
2.3.1 Stator Resistance (R;) and Temperature

The stator copper loss is proportional to the amount of current passing through the stator
windings. The losses include the heat loss due to current flow through the winding as well as the
skin effect due to the frequency of current [41, 42]. The stator copper loss accounts for 25-40% of
the total losses in the machine and are considered load dependent [42]. Therefore, a precise

estimation of R; is of great importance in determining a precise efficiency of the machine.

R; affects the shape of the torque-speed curve, and the speed at which the pull-out torque
occurs [43]. A common way to measure R; is to perform a DC test. Loading the motor heats the

IM and increases the value of R;. Therefore, in-situ temperature measurement is necessary to
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determine the R; at different loading conditions. Based on the IEEE Std-112, R; can be calculated
at different loads as follows [2]:

— Rl,cold (Thot + K)
Tcold +K

1 2-1)

where Tjo 1s operating point temperature of the machine and 7¢.. is cold temperature measured
when the machine is cold at standstill which can also be considered as ambient temperature. R;, cod
is the stator resistance at Tcow. K is 234.5 for 100% IACS conductivity copper and 225 for
aluminum. By having the stator resistance at Tco. as a reference, Tho can be estimated instead of
measuring R; directly. 7o can also be used to correct the rotor resistance. It is possible to find a
relationship between the machine temperature and machine load, and this relationship can be used

to estimate the temperature at different loading conditions.

Determination of the full load temperature according to the machine insulation class is also
a solution to decrease the number of unknown variables in the optimization algorithm [32]. The
temperature can be assumed as per Table 2-1. The analysis conducted in [34] showed that this
assumption causes significant error in the estimated efficiency. This is because the stator resistive
loss (Psc) and rotor resistive loss (Prc) are significant portions of the total machine losses. An
incorrect temperature estimation would result in a large error in the estimated copper losses and

consequently the efficiency.

Table 2-1: Rated temperature for efficiency calculations

Class of insulation system  Tg (°C) including 25 °C reference ambient

A 75
B 95
F 115
H 130

Although the aim is to reduce the number of unknowns, it is recommended to measure the
stator resistance or the temperature (7o) using a non-intrusive tool. The intermittently injection
of a low level DC current into the stator winding is a cost effective technique which is

commercially available to determine the temperature of the machine online [44]. It does not cause
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unacceptable torque pulsations in the machine. Moreover, the estimated 77, is also used to correct
R>.
2.3.2 Stator and Rotor Leakage Reactance (X7 and X?)

X; and X> are not temperature-dependent and considered constant at all loads. Based on
NEMA design, it is possible to determine the ratio X;/X> as shown in Table 2-2 [22]. This also

reduces the number of the unknowns.

Table 2-2: Ratio of X1/X5[22]

Design Class Xv/X>

A, D and wound rotor 1.00
B 0.67

C 0.43

2.3.3 Rotor Speed or Slip

The slip or the rotor speed can be estimated or measured non-intrusively. A contactless speed
sensor can be used to measure the rotor speed. Moreover, various methods are proposed for
sensorless estimation of the speed [45]. The results in [34] show that using the technique proposed
in [46] led to higher accuracy in the speed estimation (maximum error of 1 rpm). This technique

is based on the harmonic spectrum analysis of the stator current. The slip can be determined as

1-s
fon =i (1 £—~) 22)
where f; is the input frequency, fs is desired harmonic in the spectrum, and P is the number of pole
pairs.

2.3.4 Stray Load Loss (Ps.z)

According to the IEEE Std-112, “the stray load loss is that portion of the total loss in the
electrical machine not accounted for by the sum of the Pry, the stator copper loss, the rotor copper

loss, and the core loss” [2]. Psiz is considered as a load dependent loss and consists of:

e Losses introduced by the load in active iron and other metal parts other than the conductors.
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e Eddy-current losses in the primary or secondary winding conductors caused by the current

dependent flux pulsations [47].

Ps11 can be measured either directly or indirectly. In the indirect method, Ps;:. can be found

using:
Pspy, :AP_(PSCZ+Pfe+Prcl+PFW) (2-3)

where AP is the total loss which can be calculated by subtracting the P;, from the P». It should be
noticed that all the components in (2-3) can be measured directly using the methods presented in

section 5 in [2].

In the direct measurement, the fundamental and high frequency components of the Ps;; are
determined by the removed-rotor and reverse rotation tests and the total Pg;; is the sum of these

two components (section 5.7.2 of IEEE Std-112 [2]).

Using a double layer winding with low space harmonic contributions reduces the high
frequency flux variations in the motor teeth and insulating the rotor bars to limit the interbar
leakage currents are some possible solutions which can be useful to decrease Pszz [48]. These small

reductions in Pszz can be significant for efficiency improvements.

Due to the difficulty of Ps;;, measurement either directly or indirectly, the IEEE Std-112 [2]
and IEC 60034-2 [3] standards assume the Ps;; based on empirical results. [IEEE Std-112 standard

determines the Ps;; based on the nameplate power of the IM as shown in Table 2-3.

Table 2-3: Assumed values for Pspt [2].

Machine Rating (kW) Psii Percent of Rated Load
1-90 1.8%
91-375 1.5%
376-1850 1.2%
1851 and greater 0.9%

IEC 60034-2 introduces a formula that can estimate the Psz. based on the full load input
power. In the old version of this standard [49], it is recommended to consider Ps;; as 0.5% of the

full load input power (Pin ).

21



Several studies are conducted to compare the accuracy of the two standards in terms of Ps;.
determination. In [47], 817 IMs in the range of 1-500 hp rated for 50 and 60 Hz have been studied.
Based on the results, the accuracy of IEC 60034-2 (old version [49]) is less than IEEE Std-112.
Moreover, it is shown that by increasing the rated power, the accuracy of IEC 60034-2 increases.
Another study compares the estimated efficiency by IEEE Std-112 [4] , [EC 60034-2 [49] and JEC
37 (Japanese Standard). The comparison shows that the accuracy of the IEEE Std-112 is better

than other two standards which is mostly due to better estimation of Ps;.

In the new version of IEC 60034-2 [3], the Ps;. is determined using

P
Poy, = Pin st |0.025 — 0.005 logy, (ﬁ)] (2-4)

In [8], around 1000 IMs are studied and it recommends that when testing facilities are not
available to measure Pszz, assuming 1.2% of P;, for Pszz is a better approximation for IMs rated

between 1-200 hp. This can keep the efficiency estimation error in the range of =1%.

It has been stated in [50] and [34] that using IEEE Std-112 [2] for motors rated less than 40
hp and IEC 60034-2 [3] for motors rated above 40 hp would result in higher accuracy in the
efficiency estimation algorithms. This threshold has been determined after a thorough analysis
conducted on a large test data provided by Hydro-Québec and BC hydro. Since Ps; . is considered

as a load dependent loss, the following formulas are proposed for partial loads in [34]:

PSLL,75 = Pg;,/1.8 (2-5)
PSLL,SO = Pg1./4 (2-6)
PSLL,ZS = Pg;;,/16 (2-7)

where Psy1,75 , Psir,50 and Psyz, 25 are the stray load loss at 75%, 50% and 25% load, respectively.

2.3.5 Friction and windage losses (Prw)

Prw consists of two different types of losses. The friction loss is due to the friction in the
bearing of the machine. The windage loss which is because of the air flow produced by the cooling
fan of machine. These losses can account for 5-15% of the total losses of the machine and are
considered to be load independent [42]. According to [51], Prw varies with the square of the speed

of the machine.
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Prw can be determined by performing a no-load test. However, this technique is too intrusive
and unacceptable for in-situ applications. Prw is usually considered constant and as a percentage
of the rated output power or full load input power. In [34], the Prw is determined by using the
database of 182 motors. If the tested motor has no similarity in the database, the Pry can be

assumed based on the number of poles as

Pry = 2.5% X Pip gy for 2 —pole (2-8)
PFW =1.2% % Pin,fl fOT' 4 — pOle (2-9)
Pry = 1.0% X Py sy for 6 —pole (2-10)

The above equations are used in the algorithms proposed in Chapters 2 and 3.

2.3.6 Other Parameters

In the previous sections, the non-intrusive techniques to determine the five parameters (R;,
X2, s, Prw, and Psrr) are explained. Other four parameters (X7, X», R, and R>) can be estimated
using an optimization algorithm. However, it is possible to determine the range for these

parameters which is useful in the convergence and repeatability of the optimization algorithm.

2.4 Parameter Range

Since the optimization algorithm is used as a search tool, it must be designed to explore a
reasonable limited region of the variable space [52]. Sometimes the region is determined by the
problem itself, for example, when one is trying to find the maximum point of a specific area. In
some problems, the search region is not determined by the problem. In this case, there are two

options.

First, choosing a wide range of variables as an initial search region which ensures that the
desired answer is in this region and then focusing on the most promising parts of the region. This
solution is ineffective when there are several answers which can satisfy the objective function. For
the IMs efficiency estimation using only one loading point data is difficult because there are
several answers which can satisfy the objective function. This is due to a lower number of inputs

compared to the number of unknowns (variables).
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The second option is to limit the search region by using some rules, equations and even
standards which are related to the problem. When the search space is smaller, it is more likely to
reach the correct answer. In the following subsections, a simple and straightforward solution for
determining the range of variables is provided by utilizing some equations, assumptions and
NEMA MG 1 standard. This method employs only the nameplate data and a database provided by
Hydro-Québec.

2.4.1 Rotor Resistance (R2):

Rotor resistance has a significant role in the behavior of an IM. The IM characteristics in the
normal operating range is affected by rotor resistance [41]. The electromagnetic or airgap power

(Pgap) of the IM is related to R as
R
Pyap =313 (2-11)

where /> is rotor current and s is the slip. /> can be calculated as follows [2]:

L, = /112 — 12 (2-12)

where /; and Iy are the input current and no-load current respectively. For a specific condition, for
instance, the rated condition provided by the nameplate, s and /; are known. At the rated condition,

Pgyp can be estimated as
Pgap = Pour + Ppw + Psy, + Prg (2-13)

Prw and Psy; are determined based on the machine rated power and number of pole [34] .

Pous 1s the machine rated power. The rotor copper loss (Pr) is related to Pgyp as follows:
Pre = SRgap (2-14)
Finally, P4y can be estimated at full-load as

_ Pout + Prw + Py,

Prap - (2-15)

At the full-load condition, /; is the rated current which is known from the nameplate. The

no-load current (/) is affected by the flux density, number of poles and the rated power of the
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machine. By utilizing the database of 129 IMs in the range of 1-500 hp provided by Hydro-Québec,

several useful relationships shown in Table 2-4 are extracted.

Table 2-4: Typical expected no-load current for motors with different rated power.

Rated power (hp) Ratio of no-load current to full-load current (%)
1-75 35-80
10 -50 20 -45
60 — 500 15-45

For example, for IMs in the range of 1 to 7.5-hp, by considering the minimum and maximum

values of /y from Table 2-4, and using (2-11) and (2-12), R, range can be determined as follows:

I =035x1 R = SFyap 2-16
omin — Y- X 1 - 2min — 3 X (0.936711)2 ( B )
SPyap (2-17)

lomax =08 X1 = Rypmax = 3% (0.61)2

Using this range not only narrows the R> range but also guarantees that the desired R> is
within this range. The range helps the optimization algorithm to search in a narrow range of R>

which increases the possibility of convergence to the correct answer.

The minimum and maximum values of R> should be corrected as per the machine
temperature prior to using them as constraints. If the full-load temperature is known, it can be used
for R; correction, otherwise, the full-load temperature can be determined based on the machine
insulation class [2]. When the rated temperature is determined, (2-1) can be used to find the final
range of R». It is accepted to use the rated temperature based on insulation class instead of the
actual full-load temperature since the purpose is to define a range and not to determine the rotor

resistance value.

The only reason for using the rated condition data is that they are known and there is no need
to perform any additional test to extract them. In addition, using a loading point other than the full
load is acceptable. However, the Pryw and Ps; are required at that load. Moreover, the speed and

temperature at that load should be known.
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2.4.2 Core Loss Resistance (Ry.)

The core losses (Pr) comprise of the hysteresis and eddy current losses in the iron
laminations of the machine as a result of the energy required to magnetize the core [41, 42]. The
core losses account for 15% of total losses of an IM and are considered to be load independent

[42]. The core loss can be calculated as follows:
Pfe = AP — (Ppw + Psp, + Prey + Pscr) (2-18)
where AP is the total loss.

At rated condition, AP can be calculated based on the nameplate data as
I-m
AP = Py = Poue = (L= 1DPis = () Poue (2-19)

where 7 is the rated efficiency and P, is the rated power of the machine.

As previously mentioned, for the rated condition, Ps;; and Prw are determined based on the
machine rated power and number of poles respectively [34]. P, can be calculated using (2-14).

P 1s calculated as follows:
Psep = 3Ry 17 (2-20)

where /; is the rated current of machine and R; is the stator resistance which should be determined
by the DC test. Measured R; shall be corrected for rated temperature as per (2-1). The rated
temperature is the same as that considered for R correction. Ry can be estimated as follows:

3V2
Rfe =
Pre

(2-21)

where V> is the magnitude of voltage across the parallel branch of the equivalent circuit and can
be calculated as follows:

Vo = Vi — (R +jX1) (U1 < 9)| (2-22)

By neglecting the second term on the right side of the equation, V> = J; and (2-21) can be

rewritten as:
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317
Pre

Ry (2-23)

An approximated Ry is employed to determine a reasonable range for Ry.. The following

range can be considered for R in the optimization algorithm.
Rfemin = 0.6 0r 0.7 X Rg, (2-24)
Rfemax = 1.1 X Rge (2-25)

The assumption of V> = V7 causes an increase in the amount of approximated Rr.. Therefore

maximum value of Ry is considered 110% of the approximated Ry..

A recent study conducted on 182 motors of different power ratings, speed, insulation class,
and NEMA design has shown that the maximum core loss of an IM is 6% of input power at the
rated condition [9]. This criteria can also be useful to narrow the R range. It can be helpful to
determine the minimum value of R in the range. For this purpose, by calculating the input power
at the rated condition, the maximum Py, is calculated by considering as 6% of the rated input power.

Then Ry min can be achieved by using (2-25).

2.4.3 Stator Leakage Reactance (X7)

Reactance has two significant effects on the size and performance of IMs. The first one is
the limitation on the possible power output for a given speed and frame size, and the other effect

is the determination of a specific performance characteristics for a given design [43, 53].

The equation for the maximum torque of an IM is:

33,

Tmax = (2—26)
200 | R+ /RE, + (Ken + X207
Where

v ViXm
P = 2-27
‘ \/Ri,?h + (X1 + Xn)? ( )
JXm(Ry +jX1) (2-28)

Ry + X4 =
th TSR = R (X + X
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X z (2-29)
(s + X > BE = R~ (55 B
X > Xy = Xen ~ Xy (2-30)

By neglecting the X, and Ry from the equivalent circuit, (2-26) can be rewritten as follows:

37
205 [Ry +[RF + (X1 + X2

Tomax = (2-31)

In (2-31), V1, ws and R; are known, and 7. and (X;+X>) are unknown. Based on the NEMA
MG 1 Standard, tme for each motor should not be less than the presented values in Table 2-5 and
Table 2-6 which are expressed in percent of the full-load torque [22]. Hence, by considering the
values presented in those tables for 7., (X;+X2) can be estimated. Finally, by using X;/X> ratio
from NEMA MG 1 standard (Table 2-2), X; can be calculated.

Since tmax 1s the minimum required value, therefore, the calculated X; is the maximum value
which can be considered as an upper limit of the X; range in the optimization algorithm. The

minimum value of X; can be considered as half of the upper limit.

Table 2-5: Minimum 7T, as a percentage of full-load torque for IM Design A and B [22].

Number of Poles

hp 2 4 6 8 10 12 14
23 . . . 200 200 200 200
Ya . . 275 200 200 200 200
1 ... 300 265 200 200 200 200
1-% 250 280 250 200 200 200 200
2 240 270 240 200 200 200 200
3 230 250 230 200 200 200 200
5 215 225 215 200 200 200 200
- 200 215 205 200 200 200 200
10-125 200 200 200 200 200 200 200
150 200 200 200 200 200 200

200 200 200 200 200 200

250 175 175 175 175

300-350 175 175 175

400-500 175 175
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Table 2-6: Minimum 7., as a percentage of full-load torque for IM Design C [22].

Number of Poles

hp 4 6 8

1 200 225 200
1-% 200 225 200
2 200 225 200
3 200 225 200
5 200 200 200
7-% - 10 200 190 190
25-200 inclusive 190 190 190

The assumption used in (2-31) may cause some arguments. To further explore the effect of

these assumptions, (2-26) is rewritten as

Xen + X3)? = (AVS, — Ryp)? — R, (2-32)
where
A= 3 (2-33)
ZwsTmax

By substituting (2-25) and (2-27) in (2-30), (2-34) is derived which is rearranged in (2-35)

X, \? X, \2 O\ X, \*
(X, + X,)? = (A <_m> V2 _ <_m) R ) _ (_m> R2 (2-34)
th T 22 Xm+X,) P \X,+Xx,/) ! Xm+X,) 1t
Xm \*
(Ken + X2 = (725 (CAVE +R0)? = R (2-33)
m
It is clear that X:L" < 1. As a result by neglecting X, (X,,, = ©0), Xlim XX:‘ =1, it can
m 1 m—0 Am 1

be seen that the parallel branch of the equivalent circuit and using Vi = V7 and Ry = R; results in
a higher estimation for X;. This overestimation can ensure that the desired X; value will be within

the range. The effect of the assumption in (2-30) can be neglected due to overestimation.
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2.4.4 Magnetizing Reactance (Xu)

The magnetizing reactance of a machine is an important parameter and corresponds to the
main magnetic flux that links the machine’s stator and rotor, passing two times over the air-gap.
This reactance is present within the equivalent circuit and can be determined experimentally by

the no-load test [43].

The magnetizing reactance has a significant effect on the no-load current and no-load power
factor [43]. At no-load, the rotor speed is very close to the synchronous speed and slip is almost
zero. As a result, it can be assumed that the no-load current passes through the parallel branch of
the equivalent circuit and hence, the rotor part of the equivalent circuit can be neglected. Also, by
neglecting R; and X7, the following equation can be written

R
tan(py) = T (2-36)
m

where ¢ is the angle of the no-load power factor. By assuming cos (¢o) = 0.5 as a maximum
possible no-load power factor, the maximum value for X, can be achieved by using the maximum

estimated value of Ry.

_ Rf e,max

Xm,max - \/§

(2-37)

For a minimum value of X, the previous assumption about the no-load current can be useful.
If the maximum no-load current is considered as 80% of the rated current (for IMs in the range of

1 to 7.5-hp), and by neglecting R;, X; and Ry, the Xu,min can be calculated as follows:

Vi

Xm,min = m (2'38)

Neglecting R; and X; causes overestimation and neglecting Rr causes underestimation.
These two effects oppose each other. Hence, the estimated X, ..» can be acceptable.

2.4.5 Parameter Range Determination Results

The proposed technique is applied to four different machines: 3, 5, 7.5 and 250 hp IMs. The

specifications of those motors are shown in Table 2-7.
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Table 2-7: IM’s specification

Power (hp) 3 5 7.5 250
ViL (V) 208 220 460 460
IL (A) 10 16 8.85 284
f(Hz) 60 60 60 60
connection Y D D D
Rated rpm 1740 1730 1755 1785
NEMA Design B B B B
Poles 4 4 4 4

The estimated parameter range for these IMs are shown in Table 2-8. According to Table 2-8,
the range of X; for each motor is different. This means that the determined range helps to avoid
searching the areas where the desired value of the variable does not exist. This proves the
effectiveness of the proposed method in narrowing the range as much as possible to increase the

possibility of convergence to the correct answer.

The technique is very effective to determine the R, range which is mostly limited to less than
one unit. For example, the range is between 0.24 Q and 0.59 Q for 3 hp IM and for 250 hp IM it
is between 0.0187 Q and 0.0456 €. The worst case is for 7.5 hp IM and the range is between 1.845

Q and 4.497 Q. This range can be considered as an acceptable range.

Table 2-8: Parameter range

Power (hp) 3 5 7.5 250
X1min (€2) 0.606 1.4406 4.6299 0.19
Ximax () 1.2133  2.8812 9.2598 0.38
Xonmin (Q) 14.695 29.6 113.4 3.5085
KXonmax () 168.4856 1787.7 5721.9 184.6664
Rpemin () 22749  516.1 1651.8 53.3086
Riomax () 291.825 30964 9910.7 319.8516
R min () 0.2421  0.5935 1.8451 0.0187
R2max () 0.5901 1.4466 4.4974  0.0456
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The determined ranges of X, and Ry are not as narrow as the R> and X; ranges. However, it
is useful to confine the search space for the evolutionary algorithm. Despite the large determined
range for X, and Ry, a limited range of R> and X; can be useful after the first few iterations of the

evolutionary algorithm to lead the initial answers into a correct answer.

These methods and techniques will be applied in the proposed GA based algorithm presented
in the following sections and the results will be discussed. Before that, a brief introduction to GA

is presented in the next section.

2.5 Genetic Algorithm (GA)

The GA is a metaheuristic technique inspired by the process of natural selection. GAs are
commonly used to generate high-quality solutions for optimization and search problems. For this

purpose, GAs employ some bio-inspired operators such as mutation, crossover and selection [52].

A GA starts with an initial number of population which consist of several variables. These
initial values are generated randomly within a certain range of variables and each set of variables
makes up a chromosome which is considered as a solution for the problem. Then, the solutions are
evaluated by a fitness function which is defined according to the problem. The highest ranked
solutions are selected for the next iteration and others are removed from the initial population. The
selected solutions are mutated to generate a new generation which includes the old and new
solutions. Once again, the new generation is evaluated by the fitness function and the best solutions
are selected to create a new generation. This process iterates until a stop criteria is satisfied. Fig. 2-3

shows an overview of the GA used in this chapter.

The first step in the process is to define an objective function and a chromosome as an array
of variables. In the conventional equivalent circuit of an IM, there are 9 parameters, out of which
five parameters (R;, X2, s, Prw and Pszz) can be determined or measured non-intrusively which
were described in the previous sections. The remaining four parameters are unknown and are

defined as a chromosome as
Chromosome = [Xl X Rfe,Rz] (2-39)
where X; and X, are the stator leakage and magnetizing reactance, and Rz and R: are the core loss

and the rotor resistances.
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Fig. 2-3: Genetic algorithm flowchart [34].

2.6 Proposed GA Based Efficiency Estimation Algorithm

The proposed algorithm is illustrated as a flowchart in Fig. 2-4. The algorithm starts with
the predetermined values of the stator winding cold resistance R;.cola and cold temperature 7cold.
The measured input currents, voltages and active power as well as the nameplate data are used as

the input of the algorithm. The values of Ps.. and Prw are also predetermined.
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Fig. 2-4: Proposed algorithm flowchart.

Psir is determined using (2-40) [34]

1.8%P,,; P,y < 40 hp
Py, = P 2-40
S P £ [0.025 —0.005 logs, (ﬁ)] Py > 40 hp (2-40)

where P, is the rated output power and P; is the full load input power.
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To improve the accuracy at partial loads and by considering the variation in Pszz, (2-5) to
(2-7) are utilized to estimate the Psz; at different loads. Prw is determined using (2-8) to (2-10)
according to the number of poles. The assumed values of Ps;z and Prw as well as the nameplate
data are used to determine the parameter range as discussed in the section 2.4. Prior to running the
first GA, the rotor speed and temperature are measured or estimated. The first GA is then run for

30 times. At this stage, there are four variables: X;, Xu, Rr, and R>.

In the IM equivalent circuit, only R>/s changes due to load variations. The value of R> is
calibrated according to IEEE Std-112 described in section 6.9 of the standard. This can be done by
increasing the Ry/s in proper steps until the calculated values of the input power and input current
match with the measured values with an error of less than 1%. After R, calibration, the second GA
is run for 10 times with only three variables, X;, X, and Rr.. The best solution is chosen for the
final step which is used to estimate the full- and partial-load efficiencies of the machine using the

IEEE Form F2-Method F1 [2].

The objective of the evolutionary algorithm is to minimize the difference between the
measured and estimated value of the input power, stator current and phase shift between the stator
current and voltage. For this purpose, each of the chromosomes generated in GA and includes the
values for X;, Xu, Rr, and R>, are used in the equivalent circuit. Then, the measured voltage is
applied to each equivalent circuit and hence, the input power and current are estimated using the

following formulas:

R

Z, = ?2 +jX, (2-41)

1 1 1
Ym=o+—+— (2-42)

ZZ Rfe ]Xm

1
Zy =R+ X + Y_ (2-43)

m

|4
lest == — (2-44)
t

Pin,est = real (3Vmeaslf,est) (2-45)
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where I7 ., is the complex conjugate of the input current. Note that the stator and rotor resistances
should be updated by the machine operating temperature. Moreover, the output power is used in

the objective function which is estimated using the equivalent circuit as follows:

V2 = Vineas — (Rl +jX1)11,est (2-46)
I, = V2 2-47)
2 - ZZ ( -
R
Pyap = 3?2122 (2-48)
Poyr = (1 = S)Pgap — Ps1;, — Pryy (2-49)

The single-objective optimization is easier than multi-objective one and therefore the

objective function of the proposed algorithm is defined as follows:

1
ff=—7<—= (2-50)
1+ 3% fi
where
real(Iy meas) — real(ly est)
L= (2-51)
real(Iy meas)
_ imag(ll,meas) - imag(ll,est) (2'52)
2 = .
lmag (Il,meas)
_ Pin,meas B Pin,est (2-53)
f3 - P'
in,meas
_ P1,meas — P1.est (2-54)
f4 =
¢1,meas
_ Pz,meas - Pout (2-55)
f5 - P—
2,meas

where ¢; is the phase difference between the input current and voltage, while P, is the rated

output power. The indexes meas and est refer to the measured and estimated values, respectively.
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In other words, the proposed algorithm tries to maximize ff rather than minimizing the five

functions presented in (2-51) to (2-55).

Moreover, the parameters used to define the objective function may have the values with
different order. For example, while the phase angle is in the range of 0 to n/2 rad, the current can
be in the order of a few tens of amperes and power in order of thousands of watts. Therefore, to
avoid the complicated determination of the weight of the functions as well as using the weighted

sum, f7 to f5 are normalized by the measured values.

The algorithm is used to investigate three cases. In the first case, f5 is included in the
objective function without including the proposed parameter range determination. In the second
case, fs5 is not considered in the objective function, however the parameter range determination
method is applied. In the third case, f5 is included in the objective function and the parameter range

proposed method is also used.

2.7 Results

The proposed algorithm is applied to four different IMs: 3, 5, 7.5 and 250 hp. The
specifications of the motors are listed in Table 2-7. To validate the estimated results, an
experimental setup is prepared to run the efficiency estimation test based on IEEE Std-112 Method
A which are used to determine the accuracy of other methods results. In this method, the output
and input power are directly measured. For this purpose, a programmable power supply is
connected to the IMs and a digital powermeter is employed to measure the input current, voltage
and power at the input terminals of the IM. A 13 kW DC dynamometer is coupled to the IM with
a resistor bank as the load. The dynamometer field control is used to control the load. A torque
transducer, a multichannel signal conditioner, and a high resolution digital DC voltmeter are
employed to measure the shaft torque. The high resolution digital DC voltmeter is used to display
the DC analog output of the multichannel signal conditioner that corresponds to the value of the
applied torque. The speed is also measured by using a tachometer. Furthermore, the no-load and
locked-rotor tests are conducted (except for 250-hp IM) to determine the equivalent circuit
parameters and efficiency using method F1 of the IEEE Std-112. Fig. 2-5 shows the experimental
set-up for 3, 5 and 7.5 hp IMs. The 250 hp IM is tested at Hydro-Quebec laboratory.
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Fig. 2-5: Experimental set-up

Table 2-9 represents the measured efficiencies using methods A and F1 of the IEEE Std-
112. Method A of IEEE Std-112 is the result of direct measurement of the output and input power,
and method F1 is the result of applying the no-load and locked rotor tests and estimating the
parameters of the machine and then using form F2 of IEEE Std-112 to estimate the efficiency.

Table 2-9: Measured efficiency from method A and F1 of IEEE Std-112.

hp 3 5 7.5 250
Load (%) A F1 A F1 A F1 A F1

100 81.79 81.35 88.94 8932 91.15 9147 9501 -
75 81.76  80.79 90.46 89.82 9221 9213 95.02 -
50 80.67 79.045 91.33 90.20 9245 9240 9452 -
25 69.1 6840 8835 86.84 9046 90.264 9096 -

The comparison between the results of method A and method F1 shows some differences.
This is due to the intrinsic error of the equivalent circuit. These errors originated from several
sources. Using the empirical results to determine the Psz. and approximating the temperature of
the machine at different loads are parts of the error sources. Another source is the way the core
loss is estimated. By increasing the load, the core loss increases slightly. However, when the
equivalent circuit is used, the core loss resistance is considered constant for all loads. The voltage
drop across R; and X; is increased as the load increases. Therefore, the voltage across Ry is

decreased and the core loss is decreased. This is one of the main reasons that makes the estimated
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efficiencies from the equivalent circuit at lower loads to be lower than the measured values by

method A.

In the rest of the chapter, the measured efficiency values of method A are considered as
reference values and other estimated values are compared to them. Table 2-10 shows the results of
applying the proposed algorithm for each case described in previous section. Fig. 2-6 illustrates

the maximum error for 10 runs of the proposed algorithm to prove its repeatability.

According to the results, using the output power in the objective function improves the
accuracy especially for higher loads (case 1 and case 2). On the other hand, applying the parameter
range determination method to the algorithm improves the accuracy of the results, especially at
lower loads (case 3). By comparing case 1 and case 3, it can be seen that a significant improvement
is achieved at lower loads due to applying the proposed method. Case 3 shows an accuracy with

an error of less than 1%.

Table 2-10: Efficiency estimation results for the proposed algorithm.

Cases

hp  Load (%)
#1 Error #2 Error #3 Error Meas.

100 8191 0.12 8l.61 -0.18 8l.64 -0.15 &1.79
75 81.90 0.14 8&1.72 -0.04 81.72 -0.04 &1.76

. 50 81.70 1.03 79.23 -1.44 79.19 -1.48 80.67
25 71.12  2.02 6940 03 6929 0.19 69.1
100 88.37 -0.57 88.68 -0.26 88.66 -0.28 88.94
75 89.83 -0.63 91.17 0.71 90.23 -0.23 90.46
: 50 90.11 -122 9188 0.55 90.59 -0.74 91.33
25 86.50 -1.85 89.30 095 87.59 -0.76 88.35
100 90.12 -1.03 91.13 -0.02 9096 -0.19 91.15
75 90.95 -1.26 9258 037 92.08 -0.13 9221
7 50 90.74 -1.71 93.09 0.64 9223 -022 9245
25 87.31 -3.15 9146 1 90.28 -0.18 90.46
100 9441 -0.6 9542 041 9494 -0.07 95.01
250 75 9429 -0.73 9576 0.74 95.01 -0.01 95.02

50 93.63 -0.89 95.62 1.1 94.61 0.09 9452
25 90.99 0.03 93.64 268 9258 1.62 90.96
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Fig. 2-6: Maximum error of the estimated efficiency for 10 runs.

In case 2, the results are still acceptable. This refers to an important point which is mentioned
earlier and stated in [30] that the inclusion of the output power in the objective function is useful
if the rated power is known. For in-situ applications, the output power is generally unknown, and
also there is no criterion to prove that the machine is working at full load. As a result, despite case

2 is having a lower accuracy compared to case 1 and case 3, it is however more convenient for in-

situ applications.

Fig. 2-7 shows the deviation of the estimated parameters for 10 runs for each case. It can be
seen from Fig. 2-7 that applying the proposed method to determine the range results in less
deviation in the parameters for case 2 and case 3 as compared to case 1. Incorporating the proposed

method and the output power in the objective function can reduce the deviation of the parameters

significantly (case 3) and maintain the deviation within 1% range.
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Fig. 2-7: Deviation of the estimated parameters for 10 runs for each case.

Table 2-11 shows the estimated parameters for the three cases and the values extracted from
the no-load and locked rotor tests. The interesting part is the difference between case 1 and the
other two cases. Cases 2 and 3 which benefit from the proposed range determination method have
almost the same results which are close to those extracted by the no-load/locked rotor tests,
however, in case 1, the results are quite different. This is one of the difficulties of using just one
loading point for parameters and efficiency estimation. It can be seen from Table 2-11 that in case
1, despite the estimated efficiency is within an acceptable error range, the estimated parameters
diverge from the data of the no-load/locked rotor tests. Therefore, there are many answers that can

satisfy the objective function but only one solution is considered correct.

This comparison demonstrates the functionality of the proposed method which requires only
one loading point data. This proves the importance of range determination of the parameters (case
2 and 3). Fig. 2-8 demonstrates the comparison of the estimated parameters for different cases with

those extracted by the no-load/locked rotor tests.
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Table 2-11: Parameter Estimation Results.

Parameters

hp case
X1 Xm Ry R,

#1 3.0384 183.6136 225438  0.24443
#2 0.99715 20.8312 264.85 0.36613

. #3 1.004843 20.8698 265.82 0.36563
NL/LC 0.953 20.39 238 0.381
#1 5.5899 310.4266 3209.42 0.8159
#2 2.4993 71.3283 2551.196  0.99315
: #3 2.4875 73.3245 3468.328  0.9899
NL/LC 2.56 78.2 2017 1.09
#1 10.9751 343.734 8332.715  1.6835
#2 5.8119 225.556  4855.465  1.8400
7 #3 5.3069 219.888 7989.99  1.83438
NL/LC 5.921 241.94 6452 1.936
#1 0.53947 142.9226 533.370 0.015646
250 #2 0.23706 8.6120 183.5425  0.18775

#3 0.21638 8.2343 293.1575 0.018775
NL/LC - - - -

By referring to Fig. 2-6 it can be seen that case 1 and case 2 show large errors for the partial
loads compared to the full load. One of the reasons is the values assumed for Prw for each motor.
Prw 1s considered constant at all loads. Since all the motors tested here have four poles, based on
(2-9), Prw is assumed 1.2% of full load input power. For 25% load, this value becomes
approximately 4.8% of the input power. So, if Pry is overestimated, this adds an additional error
at 25% loads. Table 2-12 shows the assumed and experimental values of Pry for the motors. It can
be seen that using the constant values of Prw for the machines with the same number of poles can

cause considerable error especially at low loads.
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Fig. 2-8: Parameters for different cases compared with the no-load/locked rotor test values.

Table 2-12: Estimated and experimental value of Prw.

hp 3 5 75 250

Assumed Prw (W) 33.15 52.04 732 2353
Experimental Prw (W) 30.055 34.25 1524 1062

To show the effect of this error, the experimental values for Pry are used in the proposed
algorithm. Table 2-12 shows the measured values of Pry and Table 2-13 shows the estimated
values and corresponding errors. Table 2-13 shows a good accuracy for case 3 where errors are
less than 0.5% for all loads. Case 2 provides better results for low loads compared to case 1. Also,

case 3 shows higher accuracy which proves the effectiveness of the proposed method.
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Table 2-13: Efficiency estimation results for the proposed algorithm with measured values of Prw.

Cases
hp  Load (%)

Error #2 Error #3 Error Meas.

100 81.67 -0.12 81.64 -0.15 8l.64 -0.15 &81.79
75 83.50 1.74 81.72 -0.04 81.72 -0.04 81.76

: 50 80.69 0.02 79.20 -147 79.20 -1.47 80.67
25 72.05 295 6936 026 6937 027 69.1
100 88.68 -0.26 88.49 -045 88.68 -0.26 88.94
75 91.08 0.62 8997 -0.49 90.23 -0.23 90.46
: 50 91.69 036 90.18 -1.15 90.59 -0.74 91.33
25 88.94 059 86.88 -1.47 87.63 -0.72 8835
100 91.13 -0.02 90.48 -0.67 91.06 -0.09 91.15
75 9259 038 9143 -0.78 9223 0.02 9221
7 50 93.16 0.71 91.44 -1.01 9247 0.02 9245
25 91.54 1.08 88.58 -1.88 89.90 -0.56 90.46
100 9547 046 94.60 -0.41 95  -0.01 95.01
250 75 9578 0.76 9454 -0.48 95.08 0.06 95.02

50 95.61 1.09 9398 -0.54 9472 02 9452
25 93.61 2.65 89.28 -1.68 90.79 -0.17 90.96

2.7.1 Modified Equivalent Circuit

Since determination of Prw and Psi. by performing the tests described in IEEE Std-112 is
intrusive, an alternative solution is to include these losses in the IM equivalent circuit. Pry and
core loss are constant at different loads and the Ps;. varies with load. For this purpose, the
following strategy is pursued: Ry is replaced with a resistance (R.;) which represents the core loss

and Prw, and a resistance (Rsz.) is added to the rotor circuit to represent Ps;z as shown in Fig. 2-9.

R, X1 vy, Rsu R; X;

Ry(1-s)/s

P,

Fig. 2-9: Modified equivalent circuit of an IM.
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This strategy increases the number of the unknowns to five: Rsiz, R2, Req, X7 and X, The
flowchart shown in Fig. 2-4 can be used considering the new strategy and the results are shown in
Table 2-14. The comparison between the errors in Table 2-14 with errors in Table 2-10 for case 3
shows that a slight improvement can be achieved by using the modified version of the equivalent
circuit and five variables. In this case, the proposed parameter range determination method is
applied and the output power term is used in the objective function. As shown in Table 2-10, the
proposed algorithm with conventional equivalent circuit provides acceptable results when the
output power is removed from the objective function (case 2) which makes the method more

convenient for in-situ applications.

Table 2-14: Efficiency estimation results for modified equivalent circuit.

Cases
hp  Load (%)

Error #3 Error Meas.

100 8331 1.52 82.05 026 81.79
75 83.52 1.76 82.11 035 81.76

: 50 81.21 0.54 7951 -1.16 80.67
25 71.54 244 7073 1.63 69.1
100 89.53 0.59 88.68 -0.26 88.94
75 91.39 093 9031 -0.15 90.46
> 50 92.13 0.8 90.74 -0.59 91.33
25 90.32 197 8792 -0.43 88.35
100 90.47 -0.68 91.14 -0.01 O9I1.15
75 91.18 -1.03 91.79 -0.42 9221
7 50 90.57 -1.88 9147 -098 9245
25 86.55 -391 88.11 -2.35 90.46
100 95.6 059 9493 -0.08 95.01
75 959 088 94.67 -035 95.02
250

50 9544 092 93.62 -09 9452
25 93.64 2.68 90.64 -0.32 90.96

As seen in Table 2-14 for case 2, removing the output power from the objective function can

results in higher errors. By removing the output power from the objective function, the number of
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the known equations is reduced while a new variable (Rs..) is added to the algorithm. Therefore,

adding a new variable requires the output power to converge to an acceptable result.

At the end, it can be concluded that modifying the equivalent circuit and defining new
variables can improve the results if the output power is available. Otherwise, removing the output

power from the objective function can increase error since a new variable is added.

2.8 Summary

In this chapter, the optimization-based efficiency estimation method was discussed and a
literature review was presented. The main goal of the chapter is to estimate the parameters of the
in-situ IM equivalent circuit by using the input data such as stator voltages and currents as well as
input active power. It was shown that for efficiency estimation, there are nine unknowns which
should be determined. Seven unknowns correspond to seven equivalent circuit parameters and two
unknowns are related to the machine’s losses (Prw and Psz.). Some techniques and assumptions
were proposed to determine the five unknowns (R;, X2, s, Prw and Ps;z). The remaining four
parameters (X7, Xm, Rr and R;) were determined using the proposed GA based efficiency

estimation.

Constraints applied on GA variables are decided randomly, which require many iterations
and adjustments to obtain reasonable results. In induction machine GA-based efficiency estimation
applications, a prior determination of the range of IM parameters reduces the running time and
enhances the accuracy of the results. In this chapter, a technique to determine the range of
parameters was proposed. Based on the nameplate information and Hydro-Québec database,
several useful relationships were generated to determine the range of the four variables (X7, Xy,
Rf. and R>) which comprise one chromosome of the GA. Four different motors were used to
investigate three different cases. The results showed that using the output power can give better
accuracy, but it results in higher deviation in the estimated parameters. Applying the proposed
range determination method without utilizing the output power in the objective function leads to
better parameters estimation with the cost of less accuracy. This was useful for in-situ applications
where the output power was generally unknown. Using the output power in the objective function
plus the proposed range determination shows results with higher accuracy. Also, it was shown that
when the friction and windage losses were accurately measured, the proposed technique accuracy

could be improved. Furthermore, it was shown that modifying the equivalent circuit to include the
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Prw and Psii could slightly improve the results when the output power was available, otherwise
for in-situ applications where the output power was not available it could cause higher error due

to the increase in the number of variables.
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Chapter 3: Particle Swarm Optimization (PSQO) Based
Efficiency Estimation Using Rapid Test Data

3.1 General

Temperature rise in an induction machine increases its losses and lowers the efficiency. The
temperature rise depends on the machine design. It takes several hours after starting a machine, to
reach thermal stability. In most of the in-situ efficiency estimation methods, it is required to obtain
the data of the machine at a thermally stable condition which requires the machine to operate for
a long time. In this chapter, a method based on Particle Swarm Optimization (PSO) is proposed to
estimate the machine efficiency at different loads with thermal stability. The machine operation
data at the first 30 minutes after start rather than data at thermal stability condition are used in the
method. The proposed algorithm utilizes two approaches to predict the full-load winding
temperature at a thermally stable condition. The first approach is based on the insulation class of
the machine and uses the equivalent circuit. The second approach is based on the trend of the
winding temperature rise in the first 30 minutes of running the machine after start. Furthermore, a
method is proposed to narrow the parameters range which helps the PSO to converge to the right

answer. All results are validated by the experimental results.

3.2 Introduction

In general, the input voltage, and input power at one or more operating conditions of the
machine are used as input data for the most of the efficiency estimation methods, and in particular
for the optimization based efficiency estimation method [54], [55]. At the same load power,
variation of the machine temperature can change these input data [56]. Therefore, it is necessary
for an IM to reach its thermal stability before recording operating data. Increasing the temperature

decreases the rotor speed which is another required data point for predicting machine performance.

For efficiency estimation purpose, the temperatures of the stator windings and rotor bars are
required. This is due to the dependency of their resistances on the temperature. Since the

measurement of the rotor bar temperature is quite difficult for squirrel-cage rotor, therefore, it is
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assumed that the rotor bar temperature is equal to the stator winding temperature. Moreover, the
effect of the machine temperature does not significantly affect the losses other than the resistive
losses, therefore only the stator winding temperature is important for efficiency estimation
purpose. As a result, in this chapter, the temperature of the machine’s stator windings is

measured/estimated and referred as the machine’s temperature.

Temperature measurement can be done either directly by using temperature sensors or
indirectly by measuring the stator resistance [2]. The temperature affects the IM performance due
to change in the stator and rotor resistances. Hence, before recording the operating data, it is
necessary to wait until an IM reaches thermal stability. The machine temperature rise is a very
complex phenomenon which depends on several factors related to machine design such as external
shape, thermal conductivity of materials, cooling system, and the amount of the losses and so on
[57], [58]. Developing a thermal model of a machine requires all detailed data of the machine or
performing tests which are impossible for most of the in-situ applications. Therefore, predicting
the temperature of a machine is difficult. Also after start, it may takes several hours for an IM to
reach its thermal stability [59], [60]. The long time requirement for thermal stability is used in
several places. In IEEE Std-112, page 21, section 5.8.4.2, it is mentioned that “On continuously-
rated machines, when a long time is required to attain steady temperature, reasonable (25% to
50%) overloads during the preliminary heating period are permissible in order to shorten the time
of test.” This phrase clearly shows that it requires a long time to attain the steady temperature.
Thus, even IEEE Std-112 has provided a solution to shorten this process. As a result, having the

proper data for the optimization based methods requires a long time.

In this chapter, a PSO based algorithm is proposed to estimate the equivalent circuit
parameters of the IM by using the full load operation data, which are obtained only 30 minutes
after start. The proposed algorithm is applied to all the IMs working continuously with the rated
load or close to the rated load without controlled electric drive. Moreover, the proposed method
cannot be applied to applications such as electric blades or cranes which are not working
continuously and also have severe transients during their operations. To estimate the efficiency of
the IM by solving the equivalent circuit, two approaches are proposed to predict the full load
temperature of the IM at the thermally stable condition. The first approach uses the insulation class

of the IM and the estimated equivalent circuit parameters. The second approach uses the trend of
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the temperature rise in the first 30 minutes after the machine start. The estimated temperature is
used to predict the rotor speed and the efficiency of the IM. In addition to the two approaches for
full load temperature prediction, two additional techniques are proposed to improve the results.
First, before running the PSO, a technique is proposed to narrow the parameter range. This can
help the PSO to search in a smaller search space and increase the possibility to converge to the
right answer. The second technique is applied to improve the partial load efficiency results. For
this purpose, a simple approximation is used to estimate the temperature at partial load which helps
to estimate the partial load efficiency. Results are validated by experimental results showing the

effectiveness of the proposed approaches and algorithm.

3.3 Thermal Behavior of Induction Machine

The non-idealities in design and materials result in losses during the operation of IMs. These
losses convert to heat and increase the temperature of the IM [43]. The increased temperature
affects the stator and rotor resistances of the IM, which increases the losses and consequently
decreases the rotor speed and efficiency. This is because the machine draws more current and
power from the source to compensate the losses at constant power load. The relationship between

the resistance and the temperature is described by (3-1) [2] as follows:

R — Rcold (Thot + K)
hot (Tcold + K)

-1

where Ry and Rcoia are the resistances corresponding to temperature Tho: and Teola, respectively. K
1s 234.5 for 100% IACS conductivity copper, or 225 for aluminum, based on a volume conductivity

of 62% [2]. This formula can be applied to both stator and rotor resistances with proper K.

Fig. 3-1 shows the output power of a 7.5 hp IM at different speeds and temperatures, which
are estimated from the equivalent circuit. Specifications of a 7.5 hp IM are listed in Table 2-7. To
achieve this curve, the equivalent circuit is solved at a certain temperature and the output power
of the machine is then calculated at different speed values by using the equations described in
section 2-6. By changing the temperature, different curves can be achieved. In the equivalent
circuit given in Fig. 2-2, there is no limitation on the output power. Thus, by changing the speed
and temperature, it is possible to achieve any output power. However it does not mean that this

can happen in the actual performance of the machine. Therefore, different power-speed curves can
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be achieved at different temperatures. This is due to the increase of the losses of the machine. It

means that by increasing the machine’s temperature, the efficiency of the machine decreases as

shown in Fig. 3-2.
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Fig. 3-1: Output power of a 7.5-hp IM vs rotor speed at different temperature.
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Fig. 3-2: Efficiency of a 7.5-hp IM vs rotor speed at different temperature.
When an IM is started at a certain load, by assuming that it has not been used for an
acceptable time, its temperature would be equal to the ambient temperature. After starting, the

machine temperature increases gradually until it reaches to a certain point where the heat generated
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by the machine losses and the heat removed by the cooling system is equal. This condition is a
thermal equilibrium which is also called the point of thermal stability of the machine [57], [58]. In
other words, the thermally stable condition refers to a condition that at a constant load and ambient
temperature, the temperature of the machine does not vary significantly in time. Fig. 3-3 shows

the temperature rise of the 7.5-hp IM during first 60 min after start.

In Fig. 3-3, the temperature rise of the machine is shown regardless of the ambient

temperature. It means that machine temperature is the temperature rise of the machine plus the

ambient temperature.
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Fig. 3-3: 7.5-hp IM temperature rise at full load.

During the temperature rise of the machine after the start, efficiency decreases as shown in
Fig. 3-4. Increasing the temperature of the machine due to the losses increases the stator winding
and rotor bar resistances, therefore to maintain the load, the machine draws more power from the
source which means the efficiency will decrease. Fig. 3-4 shows that reaching thermal stability is

necessary for efficiency estimation which requires several hours running of the machine.

In the next section, two approaches are proposed to predict the full load temperature at a
thermally stable condition. These approaches help to avoid the long running time of the machine
to achieve the full load temperature at a thermally stable condition. The first approach which is
uses the equivalent circuit is based on the insulation class of the machine. The second one is based

on the temperature rise of the machine during the first 30 minutes running the machine.
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Fig. 3-4: Experimental efficiency variation at different temperatures during temperature rise for 7.5-hp at full
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3.4 The proposed Approaches to Estimate Temperature at Full Load

In this section two approaches are proposed to predict full-load temperature of the IM at the

thermally stable condition.

3.4.1 Approach 1

One way to analyze and predict the performance of an IM is to use the equivalent circuit
(Fig. 2-2). The main advantage of using the equivalent circuit method is the capability to predict
the performance of the machine at different loads and operating conditions. However, the variation
of R;, R> and s with the load and temperature are the main issues of this method. Hence, for the
given output power (load), it is necessary to determine both the temperature (for correcting R; and

R>) and speed (to calculate s).

Also, for a certain load, it can be seen in Fig. 3-5 that by changing the temperature, the speed
changes. Fig. 3-5 (dotted orange line) is extracted by solving the equivalent circuit at a constant
load. For this purpose, the output power of the machine is considered equal to full load. Then by
applying different temperatures to the equivalent circuit (to correct R; and R»), the speed is
calculated by solving the equivalent circuit. This figure is similar to Fig. 3-5 (solid blue line) which
has been extracted experimentally. When an IM is started at full load, its temperature is equal to

the ambient temperature and the rotor speed at this condition is higher than the final full load speed
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and motor draws less power form the source. By heating up the machine due to losses, the rotor

speed decreases and drawn power from the source increases.
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Fig. 3-5: Rotor speed at different temperatures during temperature rise after start for a 7.5 hp IM at full-load
extracted from equivalent circuit and experiment.

This is also proved by the experimental results in [56]. Therefore, the effects of the speed and
temperature on the output power are obvious due to the relationships between the electromagnetic

power, R; and s.

Predicting the operating temperature of the machine needs to have some information about
the machine structure, materials, cooling system and so on. Here, an approach is presented which
uses the nameplate data to estimate the IM’s temperature and speed at full load and also at a

thermally stable condition. The method is described as follows:

Assuming that R; coid, R2cota, X1, X2, Xpr and Rf are known which in this case are obtained
from PSO based algorithm described in the following sections. Prw and Psz. values are determined
using empirical data. The maximum temperature rise of the machine is determined based on the

insulation class (Table 3-1) using the following formula:

ATm = Maximum allowed temperature - 25 (3-2)
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where AT, is the maximum allowed temperature rise by considering the 25 °C ambient

temperature. Now, the full load hot temperature is calculated as follows:
Tr = ATy, + Tamp (3-3)

where Tump 1s the ambient temperature. If T, is greater than 25 °C, then 7y would be considered
as the value presented in Table 3-1. Then R; and R; are corrected to the new values corresponding
to 7Ty by using (3-1). For the speed interval between Nyareq — 20 and Nyaea + 20, the output power of
the machine is calculated using the estimated equivalent circuit parameters. N4z is the rated speed
of the machine and is obtained from the nameplate data. Since there is no limitation on the output
power in the equivalent circuit, it is possible to achieve the curve around the rated power and also

beyond the rated power by changing the speed.

Table 3-1: Maximum allowed temperature of the machines [2].

Class of insulation system Ta (°C) including 25 °C reference ambient
A 75
B 95
F 115
H 130

The load power of the machine is assumed to be the rated power and intersection of the load
line with output power of the machine at 7yis determined as shown in Fig. 3-6. The speed value at

this point is rounded to the higher integer.
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Fig. 3-6: IM output power curve at Trand load power intersection.
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An iterative approach is used to calculate the full load temperature which is described as

follows:

1) Assume the speed is equal to the value from previous calculations.

2) Assume the temperature is equal to the ambient temperature

3) Calculate the output power using the equivalent circuit.

4) Compare the calculated output power with the rated power of machine.

5) If the difference between the calculated and the rated power is not less than 1%,
increase the temperature by 0.5 °C and go to step 3.

6) Ifthe difference between the calculated and the rated power is less than 1%, compare
the calculated input current with the rated current.

7) If the calculated input current exceeds the rated current, increase the speed by 1 rpm

and go to step 2.

The estimated speed and temperature can be used to evaluate the machine’s performance at
full load. The proposed method is used to estimate the efficiency of the machine at partial- and

full-loads. This method is described in the next sections.

3.4.2 Approach 2

According to Fig. 3-3, the machine temperature rise (47) curve can be approximated as an
exponential curve which reaches its final value after five thermal time-constants (z). This curve

can be formulated as follow:

AT = AT;(1 —exp(—=t/7)) (3-4)

where t and 7 are expressed in minutes, 47r1s the temperature rise at the thermally stable condition.
It is possible to estimate 47y and 7 by using the temperature of the machine at some points. More
data points would result in better and more accurate fitted curve. The objective of this chapter is

to estimate the efficiency of the IM using a rapid test data.

For this purpose, the IM is run at full load. The ambient temperature is considered as the
starting temperature of the machine. The machine is run for 30 minutes and the temperature of the
machine is recorded every 10 minutes. This can be done either by using temperature sensors or by

measuring the stator resistance. In this chapter, indirect measurement of winding temperature using
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stator resistance measurement based on IEEE Std-112 section 5.8.4.3 is used. For efficiency
estimation purposes, the effect of the machine temperature on the winding resistances is the main

concern. Therefore, the temperature distribution and hot spots are not necessary for this work.

In an IM, there are four types of losses. The effect of the temperature on the core loss, friction
and windage losses and stray load loss is negligible. However, the temperature mainly affects the
stator and rotor Joule losses. In terms of the equivalent circuit parameters, the temperature affects
the stator winding and rotor bar resistances. Therefore, the resistance variation is of more concern.
As a result, measuring the resistance at the operating condition is more desirable than the
temperature. This also avoids all the issues related to placing the sensors, thermal distribution of
the machine, and hot spots. In other words, the total resistance’s change due to temperature

variation can be achieved by the indirect method.

Considering the ambient temperature as a starting temperature, there would be four recorded
temperatures corresponding to times 0, 10, 20 and 30 minutes. Before using the recorded data, the
machine temperature should be transformed into the machine temperature rise. The recorded data
is then subtracted from the ambient temperature. Therefore, the starting temperature rise will be

Z€10.

Defining a range for the variables (47 and 7) helps to get better results of curve fitting. The
maximum value for 47y can be determined using Table 3-1 and equation (3-2). The recorded
temperature rise for = 30 min can be considered as the minimum value for 47 The minimum

and maximum values for 7 are considered equal to 10 and 95 minutes.

3.5 Range Determination for Induction Machine Parameters

In the previous chapter, it is proven that defining a small range for parameters can definitely
improve the estimated efficiency and parameters by confining the optimization algorithm to search

in a smaller space. The presented approach is based on the nameplate data and empirical results.

Despite the ability of the proposed approach to confine the range for X; and R», the
determined range for the R and X, seems to be large. Another approach is introduced which can
confine the parameter range even further than the previous approach. Narrowing the range may
not improve the accuracy of the estimated efficiency results, but it definitely improves the

convergence of the evolutionary algorithm and avoids possible divergence.
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The approach relies on the available data of the machine at a certain load. Since, one loading
point data is going to be used to determine the parameters, the same data can be used for the

parameter range. According to the equivalent circuit shown in Fig. 2-2, V> can be calculated as:

Vo = /(V; — Ry cosg + X I;5ing)? + (—R,I;sing — X;I;cosg)? (3-5)

where, phase angle ¢ is:

P.
= — -1 L -
@ cos ( 3, 11) (3-6)

Also, V> can be written in terms of the rotor parameters as follows:

V, =1, x /(Rz/s)2 + X2 (3-7)

where, I, is the rotor current.

By determining the ratio a = X;/X> which is based on the NEMA design of the machine, X>

can be replaced by X;/a [22]. I also can be written in terms of Pou, as

SPmec
b= J5a-om o

Bnec = Pour + Prw + Psy, (3-9)
By using (3-7) through (3-9), the following equation can be derived:

(Vi — RiI,cosp + X,I;sin@)? + (—R,1;sing — X,I,cos¢)?

_ SPpec (Rz)z N <X1>2 (3-10)
T 3(1—=5)R,[\s a
Given the available full load data and R; from the DC test, X; and R are the unknowns in
(3-10). Having one of those two parameters determined, the other one can be calculated by solving

a quadratic equation. As this is a real system, there would be two answers, only one of them is

true.
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In [61], a method based on the nameplate data is presented to determine the X; range. This
method uses the NEMA design class of the machine to determine the maximum torque (7nax) of

the machine and then determine the maximum value of X; using

205 [Ry +RT + (X1 + X2

Thax =

(3-11)

In (3-11), V7 and ws are determined using the nameplate data. Ty and the ratio of Xi/X> are
obtained based on NEMA design [22], R; is measured using the DC test. At the end, X; can be
determined using (3-11). Since Ty is the minimum required value based on [22], the calculated
X; value is at its maximum value. A minimum value of X; can be considered as half of the

maximum value [61].

Given the minimum and maximum values of X7, the minimum and maximum values of R;
can be estimated using (3-10). Note that, using the minimum value of X; results in the maximum

values of R, and vice versa.

In the next step, with the given X; and R», it is possible to determine Ry and X,.. Ry is obtained

using
3V}
o vy oy G
The stator and rotor copper losses (Pscr. and Prcy) are:
PreL = 3RzIz2 (3-13)
P, = 3R I2 (3-14)

V> and I> can be calculated using (3-7) and (3-8), respectively.

Also, by writing the reactive power flow equation in the machine, X;» can be estimated as

VE
X, = (3-15)
™ (Qin/3) — Xy 1E — X, 12
where
Qin = |Pin tan(pl (3-16)
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In order to use (3-16), Qi» must be positive. Given the minimum and maximum values of X7,
the minimum and maximum values of R>, Rs. and X,, can be determined. Using the minimum value
of X; results in the maximum values of R> and Ry, as well as the minimum value of X, and vice

versa.

Applying the proposed technique limits the parameters to the ranges shown in Table 3-2.
The results show that the new proposed technique narrows the parameter range more than the
method described in previous chapter and [61]. By a simple review of the values presented in

Table 3-2, it is clear that choosing a fixed range of variables for different motors is unreasonable.

Table 3-2: Estimated IM’s Parameters range using method described in the previous chapter and the new

proposed method.

hp 3 5 75

Method Pre. New Pre. New Pre. New

X1,min 0.6201  0.6201 1.4425 1.4425 5.04 5.04

X1, max 1.2402 1.2402 2.885 2.885 10.08 10.08
Xim,min 14.695  18.98 29.6 60.22 1134 216.62
Xin,max 168.48 21.58 1787.7 85.15 57219 316.81
Ree,min 227.49 219.73 516.1 19428 1651.8 67849
Reemax  291.825 257.81 3096.4 2275.8 9910.7 7107.5
R2,min 0.2421 0.3634 0.5935 0.9708 1.8451 1.716
R2,max 0.5901 0.3947 1.4466 1.0397 4.4974 2.041

Moreover, according to those values, the effectiveness of the proposed technique is proved.
This technique helps narrow the range significantly. Especially, in the case of R> which has
important effects on the machine performance and output power calculation. The variation of the
maximum and minimum values of R: around the average value is about 9%. The maximum

variation for Ry is around 8% of the of the min and max average values.

3.6 Particle swarm optimization

Particle swarm optimization (PSO) is an evolutionary technique which works based on the
behavior of the population. The main idea of the technique was introduced by R. C. Eberhart and
J. Kennedy in 1995 [62]. The technique is inspired by a group of fish or birds looking for food. In
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a group of birds or fish which do not know where the food is, it is better to use other group

members’ experience to get to the food as fast as possible.

Unlike other optimization methods, PSO implementation in a computer is simple and needs
a small program [63, 64]. The PSO algorithm has a continuous nature and has shown its
effectiveness in various applications. In PSO, each solution of the problem is like a bird in a group
and is called a particle. The particles are evaluated by an objective function. Particles with high
scores from the objective function, are more qualified to be a correct answer to the problem. PSO
starts by generating a number of random answers (N, which are called particles) and continues by
updating the position of particles looking for the correct answer. Each particle is defined by two
vectors; a position vector (X;) and a velocity vector (7;). The length of the vector is defined by the
number of variables (unknowns) in the problem. Considering each variable as a dimension of the

problem, each particle has a position (Xis) and a corresponding velocity (Vis) in that dimension.

At every step, the position and the velocity of the particle is updated by using its own best
experience (Pbest) and best experience of all the particles (Gbest) which are determined by the
objective function. Pbest and Gbest are called particle best, and global best, respectively.
Sometimes, updating is done by local best (Lbest). In this version of PSO, particles have
information only of their own and their nearest array neighbors’ bests (Lbests), rather than that of
the entire group [63]. In this chapter, the local best model is used. This model has better exploration
abilities and its susceptibility to being trapped in local minima is diminished and does not suffer
from premature convergence as is the case with the global best [65]. Updating the position is done
by [63]:

Xia(t +1) = Xiq(6) + Vig(t + 1)
(3-17)
i=12,..N d=1,2,..,D
where D is the number of dimensions and Xi4(#+1) and Vig(t+1) are the new position and velocity

of the particle in dimension d respectively. Vig(t+1) is [63]:
Vig(t +1) = w x Vi (t) + ¢y X ry(Pbest;;(t) — X;q(t)) + c; X ry(Lbest;4(t) — X;4(t)) (3-18)

where w is the inertia coefficient and is [0,1]. ¢; and c> are accelerating coefficients and are [0, 2].
r7 and r> are random numbers between 0 and 1. To avoid divergence of the algorithm, the velocity

of the particles are limited by —Vuax and Vinax. Vimax 18 considered as 10% of Xid max — Xid min.
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Choosing a large value for w causes the algorithm to search for new areas far from the current
position to find the answer. This is good at the start of the (the first iteration of) program which
helps to search the whole area. Choosing a small value for w forces the algorithm to look for the
right answer near to the current position. This is good for the final iterations of the program when
the solution is converging to a position which is most likely the right answer. To benefit from both

cases, w is usually defined as a variable in terms of the number of iterations as follows [63]:

Winax — Wmin .
W= Wpax ——————— Xlter (3_19)
lteryax

where Wiax and wpin are the initial and final values of w and iter is the number of current iteration
and itermax 1s the maximum selected number of iterations for the PSO. The result of the study on
the parameter selection shows that the following parameters are appropriate for PSO and are not
affected by the problems [66, 67]: Wyax = 0.9, Wnin = 0.4, ¢; , c2 = 2.0 . The values have been
applied to power system problems and their appropriateness have been proved [68, 69]. The
general flowchart of PSO shown in Fig. 3-7 can be described as follows:

Step 1: Generate initial positions and velocities for particles randomly within the allowable
range. The current position of a particle is considered as Pbest for that particle. Lbest is determined

after evaluation of the particles by an objective function.
Step 2: Modify the position and the velocity using (3-17)-(3-19).

Step 3: Evaluate the particles by the objective function. If the evaluated value is better than
the current Pbest of the particle, the current Pbest value is replaced by the evaluated value. The
best value among the Pbests of three neighbored particles are compared to Lbest and if it is better

than Lbest, Lbest is replaced by the position of the best Pbest.

Step 4: check the stop criteria. The current iteration number is itermax then, the iteration is
finished and Gbest (best experienced among all particles) considered as an answer to the problem.

Otherwise go to the step 2.

62



Generate Initial
populations

L

Evaluation by using
objective function

U

Determine Pbest Update X4 by using

(3-17)
L

Determine Lbest

Update V4 by using
(3-18)

s Stop Creteria
satisfied?

Best solution = Gbest

Fig. 3-7: PSO flowchart.

3.7 Proposed PSO based Efficiency Estimation Algorithm

An optimization based algorithm is proposed to estimate the equivalent circuit parameters
and to determine the efficiency of the IM at different load conditions. The proposed algorithm of
efficiency estimation employs PSO to estimate the parameters and efficiency of the IM. The

proposed algorithm helps to avoid the no-load and locked rotor tests.

The proposed algorithm is applied to all IMs working continuously at rated load or close to
the rated load without a controlled electric drive. The proposed method cannot be applied to
applications such as electric blade and cranes which are not working continuously and have severe
transients during their operations. The machines can be connected to the load either by direct or

belt coupling.

To estimate the efficiency of an IM using the equivalent circuit, parameters of equivalent
circuit and temperature should be known. Two methods described in section 3.3 were proposed to

determine the full load temperature. In the equivalent circuit, there are 9 unknown parameters: R;,
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X1, Rfey Xm, R2, X2, s, Prw and Pszr. The parameters, R; and s are measured directly and non-
intrusively. Prw and Ps;; are determined by empirical results, and X> is determined by the ratio
Xi1/X> from the NEMA design of the machine. The remaining four parameters (X7, Rfe, X and R>)
are determined using PSO by utilizing the full load data of the machine in the first 30 minutes after
the start. In order to force PSO to converge to the right answer, the range of these four parameters
should be narrowed as much as possible. The proposed approach in section 3.4 is applied to narrow

the range of parameters and consequently search space for PSO.

The flowchart of the proposed algorithm is shown in Fig. 3-8. The machine cold temperature
(Ttotq) and the corresponding stator resistance (R.cois) should be predetermined before starting the
algorithm. These data in addition to nameplate data are used as a part of inputs for the algorithm.
These data are also used to determine the parameter range for PSOs in the future steps according
to the method described in section 3.4. In addition, X;/X> ratio is determined based on the machine

design class which helps to decrease the number of unknowns [22].

To obtain all the required input data for the proposed algorithm, the stator voltage, stator
current, input active power, machine temperature (730,mi) and rotor speed (N:30,min) at full load, 30

minutes after start of the machine must be recorded and entered to the algorithm.

Having all required input data, the first PSO is run 30 times with 4 variables (X7, X, Rfe, R>).
The best solutions which satisfy the following objective function at the full load are selected for

future steps.

1
ff=r—7T<—F (3-20)
1+ X0 fi
where
_real(lymeqs) — real(lyes)

1= (3-21)

real(Iy meas)
_ imag (Il,meas) - imag (Il,est) (3'22)

2 — .

tmag (Il,meas)

_ Pin,meas - Pin,est (3-23)
f; = e
in,meas
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_ Hl,meas B Hl,est (3-24)

f =
* el,meas
_ PZ - Pout,est (3-25)
fs=—5,
2

0; is the phase difference between the input current (/;) and voltage, P> is the rated power
and P is the output power. Indexes meas and est refer to the measured and estimated values,

respectively. This objective function is the same as the one used in previous the chapter.

Predetermined Ry g
and Ty

v

/ Nameplate data, V;,, I,

and P, at full-load

Tiﬂmin and Nr,SOmin
Measurement
Y

Prw and Ps,
Determination

v

Parameters Range
Determination
Y

Run PSO1 30 times,
Variables: X;, Ryey Xy Rz

Y

Calibrate R; according to the
procedure 6.9 of IEEE Std. 112, 2004.

!

Run PSO2 30 times,
Variables: Xy, Rre, Xm

T, from the approaches Described in
Section 3.4

'

Partial Load Temperature Estimation

!

|EEE Form F2, Method F1 Display
Full-load and Partial Load Efficiency

Fig. 3-8: The proposed algorithm flowchart.
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The selected solution is used in the next step to calibrate R, based on the procedure described
in section 6.9 of IEEE Std-112 [2]. After the calibration of R», the second PSO is run 30 times with
3 variables (X7, Xu, Rr) and the best solution is chosen for the next step. Using the estimated
parameters and previous data of Rjcow, Tcoid, T30,min, Nr3omin as well as Xi/X>, it is possible to
estimate the efficiency at full load after 30 minutes running. However, for estimating the efficiency

at full load with thermal stability, more information is necessary.

At this point, the approaches described in section 3.3 are employed to determine the speed
and temperature of the machine at full load with thermal stability. At the final step, all these data
are applied to estimate efficiency at the partial and full load using form F2, method F1 of IEEE
Std-112 [2]. The variation of the inductances due to saturation occurs with severe transients such
as starting the machine where the machine draws currents more than the rated current. Therefore
inductances do not change significantly at different loads and IEEE Std-112 considers all the
inductances constant at all loads. Furthermore, additional core loss due to loading is considered as
a part of Pszz, therefore core loss resistance is considered constant at all the loads based on IEEE
Std-112. For efficiency estimation purpose, the stator and rotor resistances are variable parameters

by load due to machine temperature variation by load.

IEEE Std-112 does not explain the method to estimate the temperature for partial loads. To
consider the effect of the load on the temperature and to estimate the partial load efficiency, a
simple and straightforward approximation is used here. Since the source of the heating of machine

is the losses, a direct relationship between the temperature and losses is assumed as follows:

TFL _ PLoss,FL

(3-26)

TN L P Loss,NL

where Tz and Tr; are the no-load and full-load temperatures, respectively, Prossv. and Progs F1 are
the machine total losses at no-load and full-load conditions. 7r; is determined using approaches
described in section 3.3. Ppross r1 1s estimated using 7r; and corresponding rotor speed. To calculate
Prossne , 1t 1s assumed that the temperature is equal to Teois Ot Tumpiens and the rotor speed is equal
to Ny — 1. At no-load, Ps;. is neglected. Now 7wz can be estimated using (3-26). The temperature

at each load is estimated using (3-27).
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(TrL — Thi) (3-27)

T(x) = 100 x+ Ty

where x is the load percentage and 7(x) is the corresponding temperature. Although (3-26) and
(3-27) only provide an approximation, the obtained temperature is more acceptable than

considering 77 at all loads.

The last points about the algorithm are about Prw and Psi.. These losses were discussed in
the previous chapter and the same methods are used here to determine them. In [70], it is claimed
that Pszz is mainly due to the harmonics generated by the winding, slots and airgap. It tends to
increase the core loss and high frequency loss in the rotor bars at loaded condition compared to
no-load condition. Additional losses due to the skin effect and eddy current in the rotor bars are
considered in Psz; which considered as a function of the square of rotor current as mentioned in

IEEE Std-112 [2].

3.8 Results

The proposed algorithm and approaches are applied to the motors listed in Table 2-7. Based
on [47], more than 75% of the IMs in industry are 4-pole machines, therefore, the proposed method
can be applied to a large number of the IMs. Furthermore, the thermal behavior of an IM depends
on the machine structure, thermal properties of the materials and cooling system. However, it does
not depend on number of poles. The number of poles affects the speed of the cooling fan mounted
on the shaft. It can change the effectivity of the cooling fan which has been considered during the

machine design. Therefore, the proposed method can be applied to the IMs with different poles.

To validate the estimated results, the experimental setup is prepared to run the rapid test and
standard efficiency estimation tests. Both tests have been performed in the laboratory. The
laboratory temperature is maintained between 21 and 24 °C by the central air conditioning system
and the pressure is around 101.5 kPa. This means that the air density is around 0.1179 kg/m*. A
programmable power supply is connected to the IMs. A high precision digital power meter is used
to measure the input current, voltage and power at the input terminals of the IM. A 13 kW
dynamometer is directly coupled to the IM by S-flex coupling and with a resistor bank as the load.
Field control is used to control the output load of the dynamometer. Load power is constant during
the test and is equal to full load. A torque transducer, a multichannel signal conditioner, and a high

resolution digital dc voltmeter are employed to measure the shaft torque. The high resolution
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digital dc voltmeter is used to display the dc analog output of the multichannel signal conditioner
that corresponds to the value of the applied torque. The speed is also measured by using a
tachometer. Fig. 3-9 shows the described experimental setup.

1

J|.
|

Fig. 3-9: Experimental setup.

Before starting the IM, the stator resistance and ambient temperature are measured. The
machine starts at full load and every 10 minutes (t=0, 10, 20, 30 min), the temperature of the
machine is recorded. In this chapter, indirect measurement of the temperature using stator
resistance based on IEEE Std-112 section 5.8.4.3 is used. At t = 30 min, in addition to the
temperature, input current, voltage, active power and rotor speed are measured and recorded. These

data plus the nameplate data are the required data for running the proposed algorithm.

For comparison purposes, a torque transducer is installed on the rotor shaft. Then the
machine is run at full load for sufficient time to reach thermal stability. For the tested machines, 3
to 5 hours is required to reach this condition. Based on IEEE Std-112, when the machine input
power and current do not change for half an hour interval, it can be concluded that machine is in
thermally stable condition. Then the shaft torque and speed are measured to obtain the output
power. A power analyzer is utilized to record the input power. Based on method A of IEEE Std-
112, the ratio of output power to input power can be considered as measured efficiency.
Furthermore, the no-load and locked rotor tests are conducted based on IEEE Std-112 to extract

the equivalent circuit parameters.
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By using the data of the IM in the first 30 minutes of test and applying the proposed
algorithm, the equivalent circuit parameters are estimated as listed in Table 3-3. The estimated

data are compared with the values extracted from the no-load and locked rotor tests.

Table 3-3: Estimated parameters. (NL: no-load, LC: locked rotor)

Parameters
hp case
X Xon Rfe R>
3 #1 0.9809 20.0979 247.07 0.3682
NL/LC 0.953 20.39 238 0.381
#1 2.8005 74.636 22639 0.996
5
NL/LC  2.56 78.2 2017 1.09
#1 6.563 23471 678427 1.8727
7.5

NL/LC 5921 24194 6452 1.936

Estimating the equivalent circuit parameters with only one operating point is very difficult
because the number of unknowns is greater than the number of known variables. There are many
answers which can satisfy the objective function with one operating point data. Comparing the
results in Table 3-3 proves that the proposed algorithm estimates the results with an acceptable
accuracy. This is mainly because the parameter range determination method proposed in section
3.4 can effectively narrow the range of parameters and force the PSO to find the correct answer in

a smaller search space.

The predicted temperature at full load for a thermally stable condition by applying the two
proposed approaches are compared with experimental results in Fig. 3-10 and Fig. 3-11. The
predicted partial load temperature using the described approximation in section 3.6 are also shown

in these figures.

The Figures show that the first approach overestimates the temperatures while the second
approach provides better approximation of the temperature. Since the partial load temperature
estimation is related to the full load temperature estimation, the second approach provides better
overall accuracy. Using the predicted temperatures, the estimated partial and full load efficiencies
are listed in Table 3-4. The comparison between the estimated efficiencies and the measurements

shows the acceptable accuracy of the proposed algorithm and approaches. The second approach
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for temperature prediction leads to a lower error in efficiency estimation. The error is less than

0.5% for 75% and 100% of the rated load and less than 1% for other loads.
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Fig. 3-10: The predicted temperature: Approach 1.
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Fig. 3-11: The predicted temperature: Approach 2.

The main error at low loads arises from the error at estimation of Pry. Based on the provided
equation for Pry and since all three IMs are 4-pole machines, Prw is considered equal to 1.2% of
full load input power. Pry is considered constant at different loads. So at 25% load when the input
power reduces to almost 25% of the full load input power, the assumed Prw is around 4.8% of

input power. Therefore, the error of Prw estimation has a more significant effect at low loads which

was proved in the previous chapter.
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Table 3-4: Efficiency estimation results: Approach 1 & 2.

Approaches
hp Load (%)
#1 Error  #2  Error Meas.
100 rapid 81.41 -0.03 81.41 -0.03 81.44
100 hot 81.07 -0.16 81.29 0.06 81.23
3 75 80.87 -0.25 81.14 0.02 81.12
50 7824 -0.24 78.08 -0.40 78.48
25 67.9 -1.07 6831 -0.66 68.97
100 rapid 89.21 -0.08 89.21 -0.08 89.29
100 hot 88.14 -0.8 89.13 0.19 88.94
5 75 89.94 -0.52 90.54 0.08 90.46
50 90.51 -0.82 90.84 -0.49 91.33
25 87.89 -0.46 88.09 -0.26 88.35
100 rapid 91.25 -0.24 91.25 -0.24 91.49
100 hot 90.39 -0.38 91.16 0.39 90.77
7.5 75 91.72 -0.04 9220 0.44 91.76
50 92.00 0.17 9241 0.58 91.83
25 89.80 -0.39 89.66 -0.53 90.19

Another source of error originates from the core loss estimation by the equivalent circuit.
The proposed PSO based algorithm uses the full load data to extract parameters of the equivalent
circuit including the core loss resistance. Core loss is considered constant at all loads, however,
when the equivalent circuit is solved to estimate efficiency at lower loads, the estimated core loss
increases by reducing the load. Because at lower loads, the current passing through stator (R; and
X1) decreases and voltage across the core loss resistance increases and consequently the estimated

core loss increases. This results in an intrinsic error in the equivalent circuit which results in errors

compared to Method A of IEEE Std-112.

Finally, to prove the repeatability of the proposed algorithm, the maximum errors of 10 times
running of the proposed algorithm for each IM are shown in Fig. 3-12. The figure shows the

repeatability of the results since errors always remain in an acceptable range. The second approach

provides better accuracy when compared to the first approach.

71



1.2 1

1 E 0.8 §
=08 & & N
£ 2o N o6 N
5 0.6 E \Q § =3hp 5 E § =3hp
Foa £} 0§ N N wshe Fos £ X o
HOR N N N HEN H
0.2 E Q = % i % Q N7.5hp 0.2 E & % 2 7.5 hp
o EaN EEN EEY BN o HEN Eie EB. wb
25 50 75 100 25 50 75 100
Load (%) Load (%)
(a) (b)

Fig. 3-12: Maximum error of the estimated efficiency for 10 times running the proposed algorithm: (a) Approach
1 and (a) Approach 2.

3.9 Summary

In this chapter, a PSO based algorithm for parameter and efficiency estimation of IMs was
proposed. The proposed algorithm used the nameplate data as well as operating data of the
machines in the first 30 minutes after start. To estimate the efficiency by using estimated
parameters, two approaches were presented to predict the temperature of the machine at full load
with thermal stability. The first approach was based on the insulation class of the IM and the second
approach was based on the trend of the temperature rise in the first 30 minutes running the machine
and using curve fitting. Furthermore, a technique was introduced to determine the parameter range
and to narrow the search space for the PSO which helped to improve the convergence of the
algorithm. Also, a very simple and straightforward approximation was used to evaluate the
temperature of the machine at partial loads by assuming a direct linear relationship between the
machine losses and the temperature. Results of the estimated efficiencies at different loads in
comparison to experimental results presented acceptable accuracy of the proposed algorithm and
approaches. The second approach showed a higher accuracy when compared to the first approach.
It is proved that better prediction of the temperature results in better estimation of the rotor speed

and efficiency.
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Chapter 4: FEA Based Efficiency Estimation and New

Mechanical Loss Formula

4.1 Introduction

The ability to consider saturation of the core magnetic materials, skewed rotor bars, stator
winding distribution and leakage fluxes has led to the widespread use of finite element analysis
(FEA) in analyzing the performance of different machines. In addition, the ability to analyze new
designs has made FEA one of the critical steps in the design process of electrical machines. Despite
all of this, due to the inability to consider mechanical losses, stray load loss and core loss in the
power flow of the machine, FEA results are not reliable for efficiency estimation. This chapter
provides some useful points to evaluate the efficiency of the machine at different loads. For this
purpose, two approaches are utilized. In the first approach, losses of the machine are directly
calculated using the FEA results and empirical formulas. In the second approach, the method F1
of the IEEE Std-112 is applied to parameters of the equivalent circuit estimated from FEA.
Furthermore, by studying more than 100 induction machines (IMs) with 4 poles at different rated
power, a new formula based on the rated power of the machine is proposed to estimate the
mechanical losses of the IMs. The new formula is used to improve the estimated efficiencies. The

experimental results are utilized to validate the proposed formula and approaches.

4.2 FEA Based Efficiency Estimation

Over the decades, several models have been developed for IM analysis. The range of these
models varies from the simple models such as the equivalent circuit [71] to more complicated
models such as the magnetic equivalent circuit model [72] and the finite element model (FEM)
[73]. The application of a particular model for a particular goal depends on the required level of
accuracy, the computational time and the complexity of the physical and electrical phenomena

should be studied.

FEA is a numerical method based on the geometry and material properties. This method

provides accurate information about the effects of the nonlinearities such as saturation of magnetic
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materials [74]. In FEA, fine meshes are defined for each element. Then, the field values are
calculated by solving the Maxwell equations inside these meshes. A higher number of meshes
means finer meshes which results in a better accuracy of results. However, the required time for
calculation of the field distribution is directly proportional to the number of defined meshes for
each element. Therefore, there has to be a trade-off between defining the finer meshes to obtain

the high precision and required processing resources to obtain an acceptable simulation time [75].

Estimating the efficiency of an IM before manufacturing is an essential step. During the
design process of the machine, FEA tools can be helpful for this purpose. The IM losses can be
classified as follows [42]:

e Stator resistive losses

e Rotor resistive losses

e Core loss

e Mechanical losses (also called friction and windage losses)

e Stray load loss

Stator and rotor resistive losses which are also called Joule losses are due to the resistances
of the stator windings, rotor bars and end rings. They are about 25-45% of the IM total losses. Core
loss which includes the hysteresis and eddy current losses is up to 15% of the total losses. The
mechanical loss originates from the bearing friction and ventilation loss. It comprises up to 15%
of the total loss. Stray load loss cannot be categorized under any of the previous losses [42]. FEA
is not able to include the mechanical and stray load losses in the power flow of the machine,
therefore its results for efficiency estimation cannot be reliable. The FEA solution can be utilized

to evaluate the resistive loss and core loss.

This chapter addresses the efficiency estimation of an IM using FEA using two approaches.
In the first approach, the FEA solution at different loads and empirical formulas are utilized for
direct estimation of the losses and efficiency. The second approach relies on the estimated
parameters of the equivalent circuit of the machine using FEA. For this purpose, DC, no-load and
locked rotor tests are performed using FEA to extract equivalent circuit parameters. Then the
method F1 of IEEE Std-112 is applied to extract the machine’s parameters to evaluate the

efficiency at different loads. The results of both methods are compared to experimental results to
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evaluate their accuracy. To improve the results, a new empirical formula is presented to determine
the mechanical loss of the IMs. This formula is a result of studying more than 100 4-pole, the

Totally Enclosed, Fan-Cooled (TEFC) IMs operating at 60 Hz.
4.3 Mechanical Loss

IEEE Std-112 [2] and IEC 60034-2 [76] are the two commonly accepted international
standards to determine the mechanical loss in rotating machines which is based on performing the
no-load test. To perform the no-load test, IEEE Std-112 requires running the machine at the rated
voltage and frequency for enough time until the machine’s bearing loss is stabilized. This can be
monitored by observing the input power change at half-hour intervals. Then, machine input power
and stator currents are recorded at proper steps of voltages starting from 125% of the rated voltage
down to the voltage that current starts to increase. The rated voltage should be included in the
steps. For the 3 or more last points, input power is subtracted from the loss in stator resistance, and
then a curve is developed to show these values versus the stator phase voltage. The intercept of the
developed curve with the zero voltage axis using the linear extrapolation is the friction and
windage loss (Prw) which is known as mechanical loss. Using the squared stator phase voltage
rather than the stator phase voltage can result in more accurate value of mechanical loss. This is
probably because of the fact that the core loss is proportional with square of the voltage. Fig. 4-1
shows the results of the no-load test for a 5 hp IM.
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Fig. 4-1: No load loss curve for Prw determination.
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Mechanical loss can vary with the speed of the rotor, shape of the machine structure, cooling
system, bearing types, lubricant, etc. Fig. 4-2 shows the mechanical loss of the 108 IMs with four
poles and TEFC ventilation system. This is the commonly used type of the IM in the industry [77].

Fig. 4-2 shows that even for IMs with the same number of poles and almost the same speed,
the mechanical loss varies between 0.21% and 3.25% of the rated power. The variation is reduced
by increasing the rated power. In addition, there are only 2 IMs out of 108 IMs which have the

mechanical loss greater than 2.5% of the rated power and only 7 IMs with mechanical loss greater
than 2%.
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Fig. 4-2: Mechanical loss distribution of IMs.
In the next section, a formula based on these data will be introduced to determine the
mechanical loss.

4.3.1 New Formula for Mechanical Loss

During the design process of an IM or for in-situ application where the machine is working
and cannot be decoupled from the load, determination of the mechanical loss using the no-load

test is not possible. Therefore, formulas and equations should be used to determine the mechanical

loss.

The mechanical loss sometimes called as friction and windage losses is usually referred to

the sum of the frictional loss in bearings and loss due to friction between cooling air and rotary
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parts. In addition, the power consumed for ventilation called ventilator loss is considered as a part
of the mechanical loss. This power can be consumed by the fan mounted on the shaft or another

motor which drives the fan [78].

Bearing losses depend on the bearing type, shaft speed, lubricant properties and the bearing
load [79]. Furthermore, the ventilation method (with or without fan), the cooling medium (air,
hydrogen or other gases), and the pressure and velocity of the cooling medium flow can affect the
ventilation loss [80]. Due to the number of parameters affecting the mechanical loss, the exact
determination of this loss is complicated. Therefore, simple empirical formulas are presented to

determine the mechanical loss.
For IMs with a radial ventilation system, the following formula is presented in [80]:

nT
1000

2
P = (11+1) (=) (10D;)? (4-1)

where i is the number of radial core ducts (machine with no radial duct i = 0), Dy is the inner stator

diameter and 7, is the rotor rotational speed in rpm.

In [78], an experimental equation is presented for the sum of windage and ventilation losses

which is valid for normal speed IMs:
By =k,Dp (L + 0.67,,)v¢ (4-2)

where £k, is an experimental factor which is determined by Table 4-1, D, and /. are the rotor
diameter and length respectively, 1, is the pole pitch in m which can be calculated using number

of poles (P) as follows:

T,= (4-3)

v, 1s the surface speed of the rotor in m/s and can be calculated as follows:

n,nD,
=60

(4-4)

where n; is the rotor rotational speed in rpm.

These two formulas require the design data of the machine which are suitable during the

design process but they cannot be applied for in-situ applications.

77



Table 4-1: Experimental factors for mechanical loss [78]

Cooling method Kp (W s"2/m"4)
TEFC motors, small and medium-sized machines 15
Open-circuit cooling, small and medium-sized machines 10
Large machines 8
Air-cooled turbogenerators 5

In [81], the mechanical loss is determined as a percentage of the full load input power based

on the number of the poles as follows:

Pry = 2.5% X Pip sy for 2 —pole (4-5)
Pryw = 1.2% X Pip s for 4 —pole (4-6)
Pryw = 1.0% X Py sy for 6 —pole (4-7)

Despite presenting a simple formula to determine the mechanical loss, this work does not

provide any analysis to show the accuracy of the presented formulas.

Fig. 4-3 presents the mechanical loss of 108 IMs. This data were collected by Hydro Québec
by performing the no-load test. All the tested IMs are three-phase, 4-pole with rated frequency of
60 Hz. Their cooling method is TEFC and they vary from 1-hp to 500-hp. These IMs can be easily

found in the industry due to their wide range of applications [77].

Using a linear regression, a trend line is fitted to the data and is shown on the figure. Because
of the higher number of the small tested motors, the results for motors less than 50 hp (37.3 kW)
are shown in the Fig. 4-3(b). Assuming zero mechanical loss for zero hp IM, the trend lines is
defined to pass from the zero center. The trend line shown in the figure can be formulated as

follows:
Peyy = 0.0093% P,,,+ (4-8)

where P, is the rated power in W.
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Fig. 4-3: Mechanical loss formula.

To study the accuracy of the proposed formula, it has been applied to estimate the
mechanical loss of the IMs. To show the effect of the formula on the estimated efficiencies, the
error of the estimated values are expressed in the percentage of the rated power. Fig. 4-4 shows
the number of the motors with their errors in a specific range. For example, the number of IMs
where their estimated errors are less than 0.1% is 13. By considering the total number of the IMs
which is 108, it means that the proposed formula presents a high accuracy for around 12% of the

IMs. For 22 IMs (or around 20%), the error is between 0.3% and 0.4%.
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Fig. 4-4: Accuracy of the proposed formula.

The most important point of the Fig. 4-4 is that for 76 IMs or more than 70% of the IMs, the
error is less than 0.5% which is considered an acceptable error in efficiency estimation
calculations. For the remaining 32 IMs, the errors of 17 IMs are in the range of 0.5% to 0.7% and

only for 15 IMs or around 14% of the IMs the error is larger than 0.7%.

The error shown in Fig. 4-4 is in terms of the output power while for efficiency estimation,
input power is used in the denominator of the efficiency equation. It means that if the errors are
evaluated in terms of the input power, it will show higher accuracy for the proposed formula and

a larger number of the IMs will be in an acceptable range.

Equation (4-6) which is proposed in [81] considers the mechanical loss as 1.2% of the input
power, this reveals that for only 51 IMs or around 46% of the IMs, the error remains less than

0.5%. Therefore, the new proposed formula provides a better accuracy for 4-pole, 60 Hz IMs.

4.4 Loss Calculation Using FEA

Efficiency is defined as the ratio of the output power to the input power. IEEE Std-112
method A [2] proposes that the efficiency is calculated by the loading test and measuring the input
and output powers. Although, this can be virtually done in FEA software, the results are not
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reliable. The challenges to include the core loss and mechanical loss in the power flow calculation
of the FEA is the main reason that makes the FEA estimated efficiency results unreliable.
However, FEA is helpful to estimate the resistive and core losses. These losses in addition to the
mechanical and stray load losses can be used for efficiency estimation of an IM. In this section,

the methods and formulas for this purpose are discussed in detail.

Although using 3D FEA can result in more accurate estimation than the 2D model, the
required simulation time is very long and computers with high performance are necessary.

Therefore, the 2D model is employed to remedy this concern.

4.4.1 Stator Resistive Loss

Using a time variation of each stator phase current from FEA solution, the stator resistive

loss of an IM can be calculated as follows:

1 (7o
P=7 | (O Relzn)de 49)
T 0 m=1

where m is the number of the phase, R; is the stator phase resistance and Iy is the phase current.
The stator and rotor resistive losses are considered the largest part of the machine losses especially
for small machines. An accurate estimation of R, plays an important role for accurate loss results.
In 2D FEM, the end winding resistance which is a significant part of the total resistance is ignored,
therefore the end winding resistance is added to the model as an external resistance. For a coil with
ap number of parallel paths, total conductor length of /. and cross-sectional area of the conductor

A., the resistance can be calculated as follows [78].

le
R = -
s acapAC (4-10)

where o i1s the conductivity of the conductor material. An accurate estimation of the winding
length in an electrical machine is very difficult. This is more difficult in case of machines with
distributed windings such as IMs. Based on the empirical equations for low-voltage machines with
round enameled wires, the average length /,, of a coil turn in meters can be calculated as follows

[78]:

l, = 20 + 2.4W + 0.1 (4-11)
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where / is the stator stack length and W is the average coil span, both in meters. For larger machines
where the prefabricated windings are utilized, the following formulas can be used based on their

rated voltage:
low =21+ 2.8W + 0.4 (4-12)
lop =21+ 29W + 0.3 when Uygreq =6...11kV (4-13)

In (4-11) to (4-13), it can be assumed that the second and third terms of the equations provide
the end winding length.

4.4.2 Rotor Resistive Loss

Rotor resistive loss can be calculated in the same manner as the stator. Since the frequency
of the rotor current is smaller than the supply frequency, enough rotor bar current cycles should be
considered. Hence, the FEA simulation file should be run for a longer time to get acceptable
results. Furthermore, at low loads this problem gets worse. To avoid this concern, using the airgap
power calculation is the simplest way to calculate the rotor resistive loss. Since the mechanical
and stray load loss are not included in the FEA model, the output power of the machine can be
considered as converted power (Pconv). The airgap calculated power and consequently the rotor

resistive loss can be calculated as follows:

P
Py = 2222 (4-14)
PRCL =S Pag (4-15)

where s is the slip. In the same manner of the stator resistance, the end ring resistance should be

added to the model.

4.4.3 Core Loss (Pr)

The core loss of an IM comprises hysteresis loss and eddy current losses. Hysteresis loss is
due to the residual flux in magnetic materials. It depends on the hysteresis loop area and frequency
of the machine. The currents which are induced by variable flux of the machine inside the core
material is called eddy currents and the corresponding loss which turns into heat is called eddy

current loss [71]. Due to the lamination technique used to increase the electrical resistivity of the
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core materials, the eddy current loss is usually less than the hysteresis in particular for normal

frequency (50 and 60 Hz) machines. The total core loss can be estimated by [82]:
Pre = KnfB™ + K f*B? (4-16)

Where Kj, and K. are the hysteresis and eddy current losses coefficients extracted from
experimental data, n is a Steinmetz constant normally equal to 1.6, f'is the frequency and B is the
flux density. From FEA, the core loss can be calculated. However, the calculated loss is always
less than the measured value. The mechanical stress during the manufacturing process of the
machine can change the magnetic properties of the machine core and increase the core loss. Cutting
and punching the core steel sheets are the main mechanical stress which are applied to the

machines.

Punching can reduce the permeability of the materials especially at lower flux density [83],
[84] and increase the core loss up to 10% as stated in [84, 85] and up to 20% as stated in [86].
Among cutting methods, a core loss increase of 10% in [85], 30% in [87, 88], and 50% in [89] are
reported for Guillotine shear as a mechanical cutting method. Laser cutting is commonly used in
electrical machines. For COz lasers, higher losses compared to mechanical cutting are reported in
[86, 89, 90], while for high flux density, losses in mechanical cut are higher than the ones in laser
cut [91]. Nd:YAG Laser also increases the loss [84]. In [92], it is shown that an increase of the
core loss is decreased by increasing the strip width. Therefore for small machines, the increase of

the loss is expected to be greater than in larger machines.

As a conclusion, a 20-30% increase in the core loss seems to be a reasonable value to
consider the cutting and punching effects. Hence it is applied to the core loss calculated using FEA

results.

4.4.4 Stray Load Loss

According to the IEEE Std. 112-2004, “the stray load loss is that portion of the total loss in
the electrical machine not accounted for by the sum of the resistive loss, core loss and mechanical
loss” [2]. Since the origin of the Psz; is very complicated, defining the specific methodology or

formula to estimate the Psz. using FEA is difficult.
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In [93], stray load loss of induction motor is estimated using 2D and 3D FEA and the total
stray load loss is defined as a summation of the copper stray loss and iron stray loss. The difference
between the total copper loss and the loss caused by the fundamental current waveform is
considered as copper stray loss. The iron stray loss is defined as the difference between total iron

loss and the loss caused by the fundamental waveform of the magnetic field.

In [70] it is claimed that these losses are mainly due to the harmonics generated by the
windings, slots and airgap and leads to an increase in the core loss and high frequency loss in the
rotor bars at loaded condition compared to no-load condition. In [94], this is used to estimate the
stray load loss using the FEA and results are validated for a 10-hp IM. The results show that the
calculated value is less than the measured one. Therefore, there is no accepted methodology to
determine the Ps;; using FEA. In this chapter, similar to the rest of the thesis, empirical results are

used to determine Ps;; which are presented in section 2.3.4.

4.4.5 Mechanical Loss

This is discussed in section 4.3.

4.5 Equivalent Circuit Using FEA

IEEE Std-112 Method F/F1 proposes to use the equivalent circuit to estimate the efficiency
of an IM. A conventional equivalent circuit of an IM is shown earlier in Fig. 2-2. In this figure, R;
and X; are the stator resistance and the leakage reactance, R> and X> are the rotor resistance and
the leakage reactance. X, 1s the magnetizing reactance and Ry is the representative of the core

losses. s is the slip. Pi» and Poy are the input and the output powers.

A common way to determine these parameters is to perform DC, no-load and locked rotor
tests. These tests can be implemented in the FEA. However, before implementing the tests, there

are some problems which should be taken into account.

As mentioned in section 4.4, 2D FEA is used in this chapter. Therefore, the resistance and
leakage reactance of end winding of stator and rotor end rings should be added to the model. In
particular, the resistance of the stator end winding and rotor end rings contribute to the copper loss
of the machine and directly affect the efficiency of the machine. In this chapter,
MotorSolve/Infolytica FEA software is used to determine the end winding and ring parameters

and are added to the model as external resistance and inductance to the rotor and stator electrical

84



circuits. Fig. 4-5 shows the end winding resistance and leakage inductance added to the stator

winding as an external circuit. It should be noticed that the stator windings are connected in delta.
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Fig. 4-5: Stator end winding resistance and leakage inductance added as external circuit to FEA.

The total stator resistance can be estimated by implementing the DC test in FEA.

4.5.1 Locked Rotor Test

By implementing the locked-rotor test in the FEA software, the rotor equivalent resistance
and rotor and stator inductances can be estimated. The locked rotor test should be performed at the
rated current and maximum 25% of rated frequency. This is mainly to reduce the skin effect in
rotor bars which normally work at a slip frequency (up to 5% of the rated frequency). However, to
improve the results, it is recommended to perform the locked rotor test at three different
frequencies all at rated current: one at the rated frequency, one approximately around 50% of the
rated frequency and the last one at the maximum 25% of the rated frequency. Then, the values of
rotor resistance and total leakage reactance are calculated at each frequency and the developed
curves of the values versus the frequency are used to determine the rotor resistance and leakage

reactance of the rotor at any reduced desired frequency.

To run the FEA at rated current, there are two options. First, supply the circuit by voltage

source and achieve the required voltage by trial and error to generate the rated current. Second,
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supply the circuit by a current source and apply a current equals to rated current as shown in [95].

The locked rotor test is simulated in FEA by letting the machine speed equals to zero.

The total reactance which is the summation of the stator and rotor leakage reactances can be

calculated as follows:

_ Qin,L
317,

Xeq (4-17)

Iiv is the locked rotor phase current which should be equal to the rated current, Q;, 1 is the

input reactive power which can be calculated as follows:

Qin,L = \/3112LV12L - PiZn,L (4-18)

QOin,. and V', are the input power and the phase voltage at locked rotor condition.

To separate the stator and rotor reactances, NEMA design can be used to determine the ratio
X1/X2 [22]. It is shown that in the transient condition such as start-up transient, these ratios are not
valid anymore. Because in this situation, leakage reactances vary due to saturation of the core and
in particular stator and rotor teeth [96]. Since the variation of the stator and rotor leakage reactances
is not identical, this ratio is not valid for all currents [95]. But for the objective of this thesis which
is the efficiency estimation of the machine at different loads, only the values of reactances at rated
conditions are estimated and assumed to be constant at other loads. The rotor resistance can be
estimated from the locked rotor test and pervious information about the stator resistance obtained

from the DC test.

P.
R+ R, = 3‘1—"; (4-19)
1L

4.5.2 No load test

Based on the both IEEE Std-112 and IEC60034-2-1, the no load test is used to determine the
mechanical loss (friction and windage losses) and core loss of an IM. As mentioned in section 4.3,
this test is performed at different voltages to distinguish between the core loss and mechanical loss.

Then, the core loss and total input reactive power at rated load are used to determine Rr and X,.
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However, the mechanical loss is not included in FEA. Therefore, machine model in FEA is only

run at no load condition with rated voltage.
The voltage across Ry and X, at no load is calculated as follows:
VZ = V1 - (Rl + le)Il,O < 01‘0 (4-20)

where /0 and 6,9 are the no load current amplitude and angle. X, can be estimated using the total

reactive power at no load.

31
Qin,O - 3Xlllz,o

Xm (4-21)

Since the core loss is not included in the power flow of FEA, the input power cannot be used
to estimate Rr.. Therefore, the method described in the section 4.4.3 is used to determine the core
loss as follows.

. 3V
fe Pfe

(4-22)

4.6 Results
To study both methods, a 5-hp IM is investigated with specifications in Table 4-2.

Table 4-2: IM’s specifications.

Output Rated Rated Rated . Insulation =~ NEMA
Poles Efficiency .

Power Voltage Current Speed Class Design
5 220 16 1730 4 86 B C

To analyze the machine, MagNet/Infolytica FEA software [97] is used to implement the 2D
FEA model. To increase the accuracy of the model, the end winding and end ring resistances and
inductances are determined by the MotorSolve/Infolytica FEA software [98] and are coupled to
the model as an external circuit. The three-phase voltage source is connected to the external circuit

to drive the machine.
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The model is run under the loaded, no-load and locked rotor conditions. Although the stator
resistance can be calculated from FEA, a DC test is also conducted to determine the stator

resistance and verify the software results. Fig. 4-6 shows a flux distribution of the IM.
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Fig. 4-6: Flux distribution of the machine.

An experimental set-up is implemented to verify the results. The set-up is shown in Fig. 4-7
which includes a dynamometer coupled to the IM. Efficiency of the machine at different loads is
measured based on method A (direct measurement) of the IEEE Std-112. For this purpose, a torque
transducer is mounted on the shaft to measure the shaft torque and consequently the output power
is calculated using rotor speed. A high resolution power analyzer is utilized to measure the input
power supplied by the source to the motor. A variable resistive load is connected to the

dynamometer for estimating the efficiency at different loads.

In addition to the loading test, the no-load and locked rotor tests are conducted to extract the
equivalent circuit parameters and determine the core loss and mechanical loss based on the
procedures described in IEEE Std-112. Then method F of IEEE Std-112 is applied to the estimated
parameters to evaluate the efficiency of the machine at different loads. Finally, Method B of IEEE

Std-112 is used to determine the stray load loss of the machine.
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Fig. 4-7: Experimental setup.

4.6.1 Loss Calculation Results
Table 4-3 shows the estimated efficiency from FEA.

Table 4-3: Estimated efficiency using FEA.

Load (%) Measured FEA  Error

100 88.39 87.96 -0.43
75 89.44 88.74  -0.7
50 89.01 87.85 -1.16
25 84.39 82.55 -1.84

The results show that the estimated values from FEA are less than the measured values. To
investigate the sources of error, loss components are studied individually. Performing the no-load
test, core loss and Prw are determined as 31.35 W and 99.24 W respectively. The estimated Pry
using (4-8) is 34.69 which again proves the accuracy of the new proposed formula for Prw
estimation. However, the estimated core loss considering an increase of 25% due to the cutting
and punching effects is 85.82 W which is less than the measured value. The measured Ps;. from
method B of IEEE Std-112 is 51.06 W and the assumed value is 45.62 according to [99]. So, there

are small errors in these losses. As a result, it can be expected that the error in the estimated
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efficiency is mainly originated from the resistive loss calculation. Table 4-4 shows the estimated

and measured values of the resistive loss at different loads.

Table 4-4: Estimated and measured resistive losses.

PscL (W) Prer (W)
Load (%)  Exp. FEA Exp. FEA

100 196.99 22738 111.14 114.89
75 126.82 151.16 56.81  60.47
50 84.16 103.31 23 25.76
25 59.73 7437 5.66 6.42

Referring to Table 4-4, although the estimated rotor resistive loss at different loads are close
to the measured ones, the estimated stator resistive losses are larger than the measured ones. The
reason for this error arise from the current inaccuracy. As an example, the measured stator line
current at the full load is 14.08 A while the obtained line current from FEA is 15.08 A which
increases the estimated stator loss by the factor of the stator resistance values. Note that neither

the measured value nor FEA value of the stator current are not same as the rated current.

4.6.2 Equivalent Circuit Results

To apply method F1 of IEEE Std-112 for efficiency estimation, the equivalent circuit
parameters are extracted using FEA. The estimated equivalent circuit parameters from FEA are

compared with the measured one and the results are listed in Table 4-5.

Table 4-5: Equivalent circuit parameters.

Load (%) FEA  Measurement

R (Q) 0.884 0.882
X1 (Q) 2.254 2.046
R (Q) 1553.6 1346.1
Xm (Q) 49 51.32
R (Q) 0.822 0.838
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These results are achieved by implementing the DC, no-load and locked rotor tests in FEA
software. There are other proposed methods for accurate estimation of the parameters and in

particular leakage reactance of the machine which is not in the scope of this chapter.

Applying method F1 of IEEE Std-112 to the values in Table 4-5 results in the efficiency
values shown in Table 4-6. These results are compared to the results of Method A of IEEE Std-

112 (direct measurement).

Table 4-6: Efficiency estimation using equivalent circuit.

Load (%) Method A FEA  Error

100 88.39 88.01 -0.38
75 89.44 89.27 -0.17
50 89.01 88.69 -0.32
25 84.39 83.58 -0.81

As expected, due to the errors in FEA estimated parameters shown in Table 4-6, the
estimated efficiency has errors and these errors are increased by load reduction. However, this
error is less than all errors shown in Table 4-3 for direct loss calculations. This improvement in
the estimated efficiency is because the estimated stator current has less error compared to the FEA
result. In this case the full load current is 14.8 A which is lower than 15.08 A that is estimated
from FEA.

4.6.3 Discussion on the Results and Model

Several points on building the model and results are valuable to be mentioned.

Estimating the stator winding resistance either using the software or empirical equations
does not result in an accurate outcome. For the tested IM, the estimated R; using the
MotorSolve/Infolytica and empirical equations are 1.2  and 1.05 Q respectively, while the actual
R;1s 0.882 Q. This is due to the unconventional stator windings distribution. It is well known that
higher R; leads in a lower estimated efficiency. Therefore, R; is set equal to the actual value to
study the model accuracy. This problem is not serious for R> due to the structure of the rotor bars

and end rings.
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Using approaches presented in sections 4.4 and 4.5 requires some knowledge about the
temperature of the IM under load. Prediction of the temperature of the machine at loading
conditions is a complicated and difficult problem due to the several factors affecting the thermal
behavior of the machine. The cooling system, thermal properties of the material, shape of structure
and amount of the losses are some of these factors [57, 58]. However this subject is not in the
scope of the chapter. Therefore, using the insulation class of the machine or some database can be

helpful to determine the temperature.

Applying the load in FEA is different from method F1 of IEEE std-112. In method F1, the
output power is defined as a load. It means that for the tested IM, the output power is set to be 5
hp and then input power at this condition is calculated based on the equivalent circuit equations in
an iterative manner. However, the load in FEA is defined as a torque value and the output power
is calculated using the load torque and the estimated speed using the solution. Therefore, by trial
and error, the required load torque is determined to obtain the desired output power. Furthermore,
running the machine with a current source is not acceptable because the rated current of the
machine is 16 A while the estimated current from FEA and measured values at full load are 15.08

and 14.08 respectively.

Based on the FEA results, the core loss increases with load. Fig. 4-8 shows the estimated
core loss using FEA vs. the load. The increase of the core loss is considered part of stray load loss.
Therefore, the estimated core loss at no load condition is used for both efficiency estimation using

the loss calculation and for core loss resistance determination.
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Fig. 4-8: The estimated core loss at different loads.
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Among the estimated parameters, X, has a significant effect on the efficiency in particular
at low loads. Although X,, may not directly contribute to losses, it affects the efficiency especially
at low loads. X, values are normally much smaller than Ry (see Table 4-5) and in some of
applications of the equivalent circuit of the machine such as designing a control system, Ry is
neglected. Therefore, X, is the dominant part of the equivalent circuit at low loads. It determines
the no-load current of the machine. The no-load current passes through the stator resistance no
matter how much the load is and its value can directly affect the stator resistive loss. As a result,
the precise estimation of X, is crucial for efficiency results. The study of parameters also showed
that the accuracy of the estimated X; and X> affects mainly the full load efficiency and accuracy of

low loads efficiency does not depend on their accuracy.

4.7 Summary

This chapter addressed the efficiency estimation of IM using FEA. for this purpose, two
approaches were studied and some points were provided to improve the accuracy of the results.
The first approach was based on the loss calculation using FEA solutions and empirical formulas.
In the second method, method F1 of IEEE Std-112 was applied to the parameters of the equivalent
circuit parameters extracted from FEA. It was shown that, although the magnetizing reactance did
not directly contribute to the losses, it affected the other losses in particular at low loads.
Furthermore, a new and simple formula based on the machine rated power was proposed to
estimate the mechanical loss of IMs with 4 pole and totally enclosed, fan cooled (TEFC) system
operating at 60 Hz. This formula was obtained after testing more than 100 IMs in the power range

of 1-500 hp.
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Chapter 5: Drive-Fed Induction Machine Efficiency

5.1 Introduction

Nowadays, adjustable-speed drives (ASDs) are used extensively in the industry. Despite
their prominent capabilities and features in controlling the speed and torque of the electrical
machines, these ASDs reduce the efficiency of the machine compared to the direct-fed operation
mode. This reduction is due to additional losses generated by harmonics in output voltage and
current content of ASDs. Due to the complex nature of these losses, accurate calculation of these
losses is very difficult. This chapter intends to present a simple and straightforward way to predict
an induction machine (IM) efficiency in a drive-fed mode by using its results in the direct-fed
mode. For this purpose, four different IMs are tested in three modes: the direct-fed, scaler drive-
fed and direct torque control (DTC) drive-fed IM. The results are then compared. Furthermore, a
simple method is proposed to predict the efficiency of a drive-fed IM by using the direct-fed mode

results.

5.2 Effect of Time Harmonics on Efficiency

The advances in power electronics devices result in a rapid development of power converters
to produce the desired voltage and frequency for any drive system. These converters are widely
used in adjustable-speed drives (ASD) for IMs, and today, industrial drives are commercially
available in the market. This has led to an increase in the applications of IMs in the industry.
Although ASDs offer speed and torque control, they increase losses and reduce machine efficiency
[100]. This reduction in efficiency depends on the control strategy adopted by the industrial drive
and its voltage generation strategy, as well as machine structure and design. The origin of these
losses is the harmonics generated by the ASDs and they are sometimes called harmonic losses

[101].

There are two methodologies reported in the literature in order to measure the harmonic
losses. In [102] the difference between the input power values for drive-fed and direct-fed modes

at fundamentally-equal voltage and torque conditions is referred to the harmonic losses. On the
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other hand, they are estimated as reported in [103] by calculating the difference between the total

input power and the simultaneously measured fundamental input power at Drive-fed mode.

Harmonic losses consist of several losses in the machine which are difficult to measure or
separate due to their complex nature. The first part of the harmonic losses is due to the skin effect
in the stator and rotor conductors. The effective resistance of the conductors increases at higher
frequencies by reducing the effective cross-section are of the conductors. At higher frequencies,
current tends to flow through the outer surface of the conductors therefore, this phenomenon is
severe in conductors with larger cross-sections. In an IM, the cross-section of the stator winding
wire is much smaller than the rotor bars and hence, the skin effect is significant in the rotor bars.
Furthermore, in large machines, the multiple wires rather than one single wire are used to increase

the fill factor of the slots which helps in reducing the skin effect.

The equations to include the skin effect in the rotor resistance have been provided in [104]
this can normally be done based on the rotor bar shapes. In [105, 106], it is reported that the rotor
resistance varies with square root of the harmonic order. In [107], it is shown that the rotor bar
resistance varies with square root of the harmonic order, however, the end ring resistance does not
experience the same changes. The work in [108] adopts another strategy and instead of providing
a formula for the rotor resistance variation, it suggests considering the variation of the total

machine resistance with harmonic order in power of 0.6

Core loss comprises the hysteresis and eddy current losses. Voltage harmonics of ASDs can
deteriorate the flux waveforms of the machine. The flux pulsation generates extra hysteresis and
eddy current losses [109, 110]. A precise prediction of iron loss in case of drive-fed IMs is very
difficult due to the complex nature of distribution characteristics of the stator and rotor iron loss.
Furthermore, it become more complicated when the ferromagnetic material saturation, crystal
orientation, and manufacturing process are considered [111]. In [112] it is shown that while the
additional core loss due to harmonics in the 6-step voltage source inverter is negligible, ina PWM
inverter, it is significant and cannot be neglected. At harmonic frequencies, the end-leakage and
skew-leakage fluxes which normally contribute to stray load loss may contribute to harmonic core

losses [113, 114].
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Spatial harmonics are available in IMs directly fed from a sine wave supply. Time-harmonic
currents can also excite the spatial harmonics and create space-harmonic magneto-motive force

(mmf) losses. These losses can be called as high-frequency stray load losses [113].

In [101], four IMs from one manufacturer with different power ratings and four 7.5 kW IMs
made by different manufacturers are tested to find a relationship between the stray load loss and
harmonic losses caused by a PWM inverter. This paper claims that the harmonic losses are always
less than the stray load loss, but there is no strict correlation between them. However, it can be

expected to increase the harmonic losses for machine with higher ratings.

The accurate prediction of the machine efficiency in drive-fed condition is difficult. This
chapter provides a simple and straightforward method to predict the drive-fed IM efficiency by
answering this question: “Does the direct-fed efficiency test give any information above the drive-
fed efficiency test?” For this purpose four IMs are tested in three modes; the direct-fed, scaler
control drive-fed and direct torque control (DTC) drive-fed. Among 4 IMs, two IMs are designed
for direct-fed applications and other two IMs are designed for Pulse Width Modulation (PWM)
applications. All the additional losses due to harmonics are categorized based on conventional
types of the losses presented in IEEE Std-112: stator and rotor resistive losses, core loss, friction
and windage losses and stray load loss. In other words, the variation of these losses in drive-fed
mode is studied based on the measurement methodology described in IEEE Std-112 for direct-fed
mode. Furthermore, the fundamental equivalent circuit parameters are used to estimate the losses

and their accuracy is studied.

5.3 Control Strategy

In this chapter, the ABB drive ACS800 is used to drive four IMs. Both the scalar and direct
torque controls are implemented on this drive. ABB industrial variable speed drives are designed
for industrial applications, especially for applications in process industries such as pulp & paper,
metals, mining, cement, chemical, and oil and gas. These drives are highly flexible AC drives that

can be configured to meet the precise needs of industrial applications.

The complete drives cover a wide range of powers and voltages, including industrial voltages
up to 690 V and can be used for applications requiring high overload abilities. The heart of the

drive is DTC that provides accurate static and dynamic speed and torque control, high starting
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torque and long motor cables. Basically, the drive is composed of a rectifier, DC link and filter,
and an inverter. All are in one package and can be installed without any additional cabinet or
enclosure. Furthermore, the internal fan is used for cooling. Some of specifications of this drive
are presented in Table 5-1. The drive operates with variable switching frequency scheme and the

average value is 3 kHz.

Table 5-1: Specifications of ABB drive ACS800-U11-0020-5 [115].

Parameter Kp (W s"2/m"4)
Input Voltage 3-phase, 380 to 480 (500) V
Input Current 27(29) A

Input Frequency 48 to 63 Hz

Fundamental Power Factor Connection 0.98 (at nominal load)
Output Voltage 3-phase, 0 to input voltage
Output Current 293D A

Output Frequency 0to 300 Hz

Frequency Resolution 0.01 Hz

Switching Frequency 3 kHz (average)

Efficiency 98% at nominal power level

Fig. 5-1 shows the output current and voltage of a drive in DTC mode supplying to a 7.5 hp

squirrel-cage induction motor at full load.

Fig. 5-2(a) shows the harmonic content of the output voltage. The spectra range up to a
harmonic order of 1000 have been shown in Fig. 5-2(b). Note that the fundamental harmonic has
been removed from the figure and other components are shown in terms of percentage of the
fundamental magnitude. It is obvious that drive uses variable switching frequency scheme.
Because of the fixed switching frequency scheme, the harmonics related to switching frequency

should be dominant in the harmonic content.
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Fig. 5-1: Output current and voltage waveforms of DTC drive supplying a 7.5 hp IM at full load.

In this section, a brief introduction on scalar control and DTC is provided. However, the

detailed discussion of these control strategies is not within the scope of this thesis.

5.3.1 Scalar Control

V/f' scheme control is one of the well-known scalar control techniques that is commonly used
in industrial AC drives and suitable for low performance applications such as pumps and fans.
Scalar control is based on the steady-state model of the motor and does not depend on the
machine’s parameters. Therefore, this control scheme has been used in industry due to its

robustness and simplicity [116].

In scalar control, the machine speed is controlled by changing the operating frequency which
also affects the torque while the stator voltage magnitude is controlled to maintain constant airgap
flux. To achieve these objectives, the ratio of voltage magnitude to frequency is kept constant. For
low-speed operation where the frequency of operation is low, the voltage drop along the stator
winding is significant which results in limitation on the generated stator flux. Therefore, to

compensate the possible stator flux reduction and maintain the stator flux near to the nominal
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value, a boost voltage is added to the reference amplitude of the phase voltage at lower frequencies

[117, 118].
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Fig. 5-2: Harmonic spectrum for the output voltage of DTC drive supplying a 7.5 hp IM at full load (a) Harmonic
contents up to 1000™ order, (b) Zoom-in spectrum.
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In this scheme, the coupling of the motor’s equation is neglected. For example, the variation
of both the voltage and frequency simultaneously affect the flux and electromagnetic torque of the
motor. In other words both torque and flux are functions of voltage or current and frequency.
Therefore, the method is only suitable for adjustable-speed applications in which the accurate
speed or position control similar to a servo system is not required. Moreover, the instantaneous
torque control cannot be achieved by scalar control methods and suffers from poor transient

response and poor controllability [119, 120].

5.3.2 Direct Torque Control

Direct torque control (DTC) was introduced in Japan by Takahashi and Nagochi [121] and
also in Germany by Depenbrock [122] and first marketed by ABB. Fast dynamic response,
possible sensorless operation and robustness to disturbances are the main advantages of DTC
compared to scaler control. However, unlike scalar control, DTC requires high performance

controllers such as digital signal processing (DSP) for its implementation [123].

DTC method strongly relies on the stator variables. In fact, the stator voltage is used to
estimate the stator flux and the electromagnetic torque of the machine is estimated using the stator
voltage and current. Therefore changing the stator voltage results in a rapid change of the stator
flux. Since the rotor flux changes slowly, this will change the angle between the stator and rotor

fluxes and as a results the torque will vary [123, 124].

The conventional DTC utilizes two hysteresis controllers. A two-level hysteresis controller
1s commonly utilized to control the stator flux, while a three-level hysteresis controller is used to
control the torque. High steady state torque ripple is the main drawback of the conventional DTC

[125].

In the modified DTC, the hysteresis controllers are replaced by PI controllers. Three PI
controllers are used to control the speed, torque and flux. In this scheme, when the reference is
determined by the user, the calculated speed error is supplied to the speed controller which gives
the torque reference value. The difference between the torque reference and actual torque plus the
difference between the calculated stator flux reference and actual flux are considered as the torque

and stator flux errors which are respectively given to the corresponding PI controllers. The output
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of these two controllers is used to determine the switching signals for a voltage source inverter

driven by a sinusoidal pulse-width modulation (SPWM) [126, 127].

5.4 Experimental Setup

To study the effect of drive on the losses, four IMs are tested which their specifications are

listed in Table 5-2.

Table 5-2: Motor Specifications.

Motor M1 M2 M3 M4
Power (hp) 7.5 7.5 5 3
Rated Voltage (V) 460 460 460 460
Rated Current (A) 8.85 11 8 4.4
Frequency (Hz) 60 60 60 60
Winding Configuration D D D Y
Rated Speed (rpm) 1755 1755 1730 1740
NEMA Design B B B B
Poles 4 4 4 4

Among these motors, Motor M2 and M3 are designed for direct-fed applications and Motor
M1 and M4 are designed for PWM applications. Many if the motor manufacturers offer three-
phase, general-purpose, premium efficiency motors that feature “inverter-friendly” insulation
systems. These machines are designed by including more iron and copper materials than those
used in conventional electric motors. In particular, increasing the mass and cross section of the
copper coils can increase the efficiency by reducing the resistance of the windings. Furthermore,
thanks to the new technologies, the fill factor in the slots are increased which helps increasing the
conductor size in the same slot area. Other characteristics of these motors to ensure higher

efficiency are:

e Thinner laminations of improved steel properties
e Reduced air gap
e Optimized cooling fan designs

e Special & improved bearings
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Moreover, the motors designed for PWM application should be able to withstand the voltage

spike produced by the inverter.

All the conducted tests are based on IEEE Std. 112. To measure the input power, voltage,

and current at the terminals of IMs, a digital Yokogawa WT3000 Precision Power Analyzer is

employed. As the load, a resistor bank is connected to the 13-kW dynamometer coupled to IM.

The load is controlled by the field circuit of the dynamometer. A torque transducer mounted on

the IM’s shaft and a multichannel signal conditioner are utilized to measure the shaft torque and

speed. A programmable power supply is used to generate the sin wave in the direct-fed condition

and an industrial ABB drive is used to supply the IM in drive-fed mode. This setup and the ABB

drive are shown in Fig. 5-3. A block diagram of the experimental setup is also presented in Fig. 5-4.

Fig. 5-3: Experimental Setup and ABB Drive.

Drive

1L

Power
Analyzer

Dynamometer

Fig. 5-4: Block diagram of the experimental setup..

This industrial drive can operate in two modes: DTC and scalar control. For both control

techniques the load torque on the induction machine is maintained constant. However, with DTC

alone the IM speed is also controlled.

102



In the next sections, the no-load and loading tests are performed in direct-fed and drive-fed

modes and the results are compared.

5.5 No-Load Losses

IEEE Std-112 and IEC 600034-2 suggest to determine the core loss (Pr) and friction and
windage loss (Prw) by conducting the no-load test. In this process, it is assumed that there is no
stray load loss at no-load and the rotor resistive loss is negligible due to a rotor speed close to the
synchronous speed. Therefore, when stator resistive loss (Pscy) is subtracted from the input power,
the result will be the summation of Pr and Prw. This summation is sometimes called the constant
losses of IM and assumed as a load-independent. By loading the machine, the rotor speed decreases
and Prw slightly reduces, however the increase of Pr with load compensates this reduction.
Furthermore, the increase of P with load is normally larger than the reduction of Pry. These extra
losses are considered part of the stray load loss (Pszz) [94]. To segregate Prw and Pcore, their
summation is measured at no-load at different voltages starting from the rated value to down by
proper steps and then plotted versus squared voltage. Five or six points are normally sufficient for
this purpose. By linear regression analysis of the last three points, the intersection of the line with

zero voltage axis gives the Pry.

Harmonics generated by ASDs may change the no load losses. For comparison purposes,
the no load test is conducted for all IMs listed in Table 5-2 as described in IEEE Std-112. Then the
machine is driven in a scalar control mode. The reason for using only the scalar control mode is
the fact that the machine speed is not controlled by the drive and also only the rated voltage and
frequency are applied to the motor, while in DTC mode, the speed of the machine should be

determined by the user.

Table 5-3 shows the no-load test results for direct-fed and drive-fed modes. According to
the results, there is a negligible change in Psc.. By subtracting Psc., from the no-load input power,
an increase of the other losses (summation of Prw and Pf) can be observed. Assuming that Prw is
constant for both conditions the direct-fed and drive-fed modes and by neglecting the Prcy, this
increase can be assigned to Pr. Constant Prw is a valid assumption because the speed at both
conditions is almost the same and the Prw is independent of harmonics. Furthermore, based on

IEEE Std-112, Ps;; is considered load-dependent and zero at no-load, therefore, all no-load extra

103



losses except for Pscy, variation in case of drive-fed are assigned as additional core losses due to

harmonics.

Table 5-3: No-load test results.

Machine M1 M2 M3 M4

Prw 4773  57.21 32.63 26.63

Pscr 20.17  27.57 35.02 29.02
Direct-fed

P 98.3 23442 82.85 11091

Pscr 20.51 26.78 34.11 29.02
Drive-fed

P 132.56 265.81 103.36 132.83

) Py, increase (%) 34.85 13.39 24.76 19.76

Comparison

Py, increase (W) 3426 31.39 20.51 21.92

The comparison between the two scenarios shows that different core losses increase for each
IM. For example, motors M1 and M2 with 7.5 hp rated power have 98.3 W and 234.42 W core
loss in direct-fed mode, while they experience 34.26 W and 31.39 W core loss increase respectively
in drive-fed mode. This is respectively equal to 34.85% and 13.39% increase of the core loss in
drive-fed mode. For motor M4 with 3 hp, this increase is 21.92 W (19.76%) compared to 20.51 W
(24.76%) for motor M3 (5 hp). This clearly shows that it is not possible to predict the increase in
the core loss only based on the machine rated power and it cannot be expected to same percentage

of Pf. increase for all machines.

To find a relationship between the core loss increase and machine parameters, the
conventional equivalent circuit parameters of each machine are extracted from the no-load and

locked rotor tests based on IEEE Std-112. They are shown in Table 5-4.

Table 5-4: Equivalent circuit parameters.

Ml M2 M3 M4

Ri (Q) 2.475 1.5776 3.3976 1.88
X1 () 6.354 6.265 9.942 3.642
Xm () 268.54 183.95 233.62 114.81
R () 6177.2 2542.88 6311.66 1782.47
R2 (Q) 2.278 2.247 4.474 1.391
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To calculate X2, the ratio of X;/X> is determined based on the machine NEMA design. To
analyze a drive-fed IM, the harmonic equivalent circuit rather than conventional equivalent circuit
is required. In this paper, it is assumed that the harmonic analysis has the same configuration as

conventional one. It is shown in Fig. 5-5.

R Xin vy, Xzn
—MA—YY Y Y Y Y Y
A

Fig. 5-5: Harmonic equivalent circuit.

In the harmonic equivalent circuit, it is assumed that Ry is constant at all harmonics.
Furthermore, the skin effect of stator resistance (R;) can be neglected for IMs with small and
medium rated powers (R;, = R;), because the cross-section of the stator conductors is small and
for larger cross-sections, multiple wires rather than single wire are utilized. Although the initial
goal of using multiple wires is to increase the fill factor of slots and ease placing the coils in the
slots, however reduction of skin effect at higher harmonics can be considered as an additional

advantage.
The leakage and magnetizing inductances, can be expressed as follows:
Xin =hX; (5-1)
Xun =h Xy (5-2)

where the 4 is the order of harmonic. In this section, only the no-load test is studied, hence the
rotor part of the equivalent circuit is not discussed. To predict the core loss at no-load, the rotor
part of the equivalent circuit is removed from the calculation. The drive output voltage harmonic
is measured at no-load and applied to the circuit and the dissipated power on Ry is calculated.

Table 5-5 shows the estimated Py from the equivalent circuit.

105



Table 5-5: Estimated and measured Pr..

Machine M1 M2 M3 M4

Estimated P, (W) 121.1 260.43 104.24 124.85
Measured Pr (W) 132.56 265.81 103.36 132.83

To calculate these values, only the harmonics of order 6n + 1 have been used. The reason
for this has been clearly mentioned in [108]. According to the results, the predicted values are

sufficiently close to the measured values.

5.6 Load Test and Stray Load Loss

IEEE Std-112 Method A suggests to conduct the load test to determine the efficiency of an
IM by direct measurement of the input and output powers. In addition, using the Pry and Pz, from
the no-load test, Method B of IEEE Std-112 can be applied to segregate the losses and determine
the Prcr and Psy.. Fig. 5-6 shows the measured efficiency for the four IMs using method A in three
modes: Direct-fed, DTC drive-fed and Scalar Control drive-fed IMs.

To make a fair comparison, the following measures are adapted:

e Based on the procedure described in IEEE Std-112, before recording the required
data, the IMs should be run for a long time to reach the thermal stability. In chapter
3 and ref. [128], it is shown that, at constant load, the machine efficiency reduces
after start due to heating. Therefore, reaching thermal stability is essential for all
three modes before recording data.

e The efficiency is measured at 25, 50, 75 and 100% of the rated output power. In all
three modes, the output power rather than shaft torque is kept constant during
experiment.

e In direct-fed and scalar drive-fed modes, there is no speed control and the speed is
measured at the corresponding load value.

e In scalar control drive-fed mode, the frequency of the output voltage is adjusted to
the rated value at all loads.

e In DTC fed-mode, the machine speed is controlled by the drive and set to the

corresponding measured speed in direct-fed mode.
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Fig. 5-6: Measured efficiency using Method A of IEEE Std-112.

According to Fig. 5-6, the efficiency of the IMs is reduced in the drive-fed mode compared
to the direct-fed mode. In general, it can be expected that at high loads, the measured efficiency at
DTC-fed mode is less than scaler drive-fed mode, but this is not valid for lower loads. The
reduction of the efficiency for IMs in drive-mode conditions is already proven in previous
literatures, however the interesting point of these experiments is the amount of efficiency reduction

for each motor. Fig. 5-7 shows the amount of efficiency reduction in each mode.

According to Fig. 5-7, motors M2 and M3 suffer 2.5 to 4% efficiency reduction, while it is
less than 2% for motors M1 and M4. In particular for the rated load, motors M2 and M3 experience
more than 2.5% efficiency reduction while this reduction for motors M1 and M4 is around 1% .

This is an important advantage since most of the IMs work close to the full load condition.
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Fig. 5-7: Efficiency reduction in DTC and scaler drive (V/F) modes.
To study the effect of drives on the losses, the form B2 Method B of IEEE Std-112 is used
to segregate the losses at full load condition and the results are presented in Table 5-6. For this
purpose, the measured P, in the direct-fed no load is used in direct-fed load test and the measured

Pr in drive-fed no load is used in both DTC and scalar drive-fed load tests.

First, Pscy is determined by using the measured input current and stator resistances at load
condition. The results show that the variation of Pscy, is small and raised by about 5 to 10% of the

direct-fed mode for scalar mode and less than 5% of direct-fed mode for DTC mode.
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Table 5-6: Loss segregation results at rated load.

Motor M1 M2 M3 M4

L

(\;),S)SG:S PscL PrcL Psie PscL Pree  Psi Psc Prer  Psio PscL Prer  Psio
Direct-

fed 215.6 123.58 62.54 164.67 143.8 127 17834 127.8 7393 120.25 54.79 83

Scalar 225 131.3 61 178.73 161 286 1925 145 200 128.27 60 80.4
DTC 220 1233 74 17338 15041 320 18495 132 175 121.92 56.26 94.31

Furthermore, Prcy variations are also negligible. In form B2 of IEEE Std-112, the
electromagnetic power and slip are used to calculate Prcz. For this purpose, the electromagnetic
power is obtained by subtracting the measured Psc; at the corresponding load and measured Pr. at
no-load. Based on Table 5-6, Prc, in DTC drive-fed mode is higher than direct-fed mode while in
scaler drive-fed mode, it is higher than DTC drive-fed mode. The reason for this is that in scalar
mode, the speed of the machine is less than that of the DTC. Moreover, for DTC drive-fed and
direct-fed modes in which the speed is equal, the electromagnetic power is higher in drive-fed

mode due to additional input loss to compensate extra losses.

To estimate Ps;;, indirect measurement is used which is based on the original definition of
Psi1 provided by IEEE Std-112. It means that the Psz; is estimated by subtracting all pervious
losses (Psct, Prcr, P and Prw) from the total losses achieved from the input and output powers
difference. According to the results, Psz. increases by 10-20% for motors M1 and M4 while this

value is more than 100% for motors M2 and M3.

5.7 Discussion of Results

In terms of efficiency and loss variation, the following conclusion can be made for this work:

e The efficiency reduction of IM can be expected in case of the drive-fed mode operation
compared to the direct-fed mode operation.

e For the same drive system, the amount of efficiency reduction depends on the machine
design (Motor M1 and M2).

e IMs designed for PWM application experience a smaller amount of efficiency
reduction compared to IMs designed for direct-fed application.

e Application of drive affects both load-independent and load-dependent losses.
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e Drive-fed no load test can be utilized to determine the effect of drive on independent
loss.

e Since Prwis not affected by the drive, the increase in core loss by drive can be extracted
from the difference of no-load test losses at direct-fed and drive-fed modes.

e Drive fed core loss can be predicted by applying the drive output voltage harmonic
content to the harmonic equivalent circuit of the IM at no load condition by neglecting
the rotor part.

e Machine designer experts can reduce the effect of drive by reducing the core loss value
in the machine.

e All three load-dependent losses may increase by using the drive.

e Pscr in drive-fed mode increases by 5-10% of the Pscy in the direct-fed mode. By
neglecting the skin effect, the slight rise in the machine’s temperature and current in
the drive-fed mode compared to direct-fed mode are the main reasons for this increase.

e Pgcy in drive-fed mode increases by 5-10% of the Prcy in the direct-fed mode.

e Pg increase in drive-fed mode operation compared to direct-fed mode operation. This
increase is around 10-20% for the PWM designed IMs, and more than 100% for direct-
fed designed IMs.

5.8 Summary

In this chapter, the effects of an ASD on IM losses were studied to predict the drive-fed IM
efficiency using the direct-fed results. Four IMs were tested in three modes: the direct-fed mode,
scalar control mode and DTC mode. Among the IMs, two were designed for direct-fed applications
and two IMs were designed for PWM applications. Based on the results, the efficiency reduction
of IM could be expected in case of drive fed mode operation compared to direct-fed mode
operation. For the same drive system, the amount of efficiency reduction depends on machine
design. IMs designed for PWM application experienced a smaller amount of efficiency reduction
compared to IMs designed for direct-fed application. Regardless of the machine design, in drive-
fed mode, the core loss of the machine increased and could be predicted by applying drive output
voltage harmonic content to the harmonic equivalent circuit of the IM at no load condition by

neglecting the rotor part. Pscr and Prcz in drive-fed mode increased by 5-10% of the corresponding
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values in direct-fed mode. Ps;; increased around 10-20% for the PWM designed IMs, and more

than 100% for direct-fed designed IMs.
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Chapter 6: Conclusions and Future Works

6.1 Conclusion

In chapter 1, the importance of the efficiency estimation of IMs was addressed and two
international standards and five categories of the proposed methods in the literature were
described. The advantages and drawbacks of each one in terms of capability to apply for in-situ
application were presented. The objectives of this research work were presented which is to study

the methods for in-situ efficiency determination of IMs.

In chapter 2, optimization-based algorithms as efficiency estimation methods with minimum
intrusiveness were discussed in detail and a brief review of previous works was presented. The
optimization-based algorithms could estimate the equivalent circuit parameters using the loading
data of the machine and determine the efficiency by applying method F1 of IEEE Std-112. In terms
of the efficiency and equivalent circuit parameters estimation, this chapter covered three subjects.
First, the non-intrusive methods and techniques to determine the five parameters (R;, X2, s, Prw,
Psir) were discussed. This could reduce the number of variables of the problem which was
important when only data of one operating point were used as input data of the algorithms. Then,
a range determination of the remaining unknown parameters of the equivalent circuit (X7, Xu, R,
R>) was proposed. The proposed method was based on the machine nameplate data and empirical
data of the no-load current of more than 100 IMs. The determined range could narrow the search
space for the evolutionary algorithm and force it to look for the correct answer in a small search
space. Therefore, this increased the probability of converging to a correct answer. Finally a genetic
algorithm (GA) based efficiency estimation algorithm was proposed to evaluate the efficiency of
working IMs using only data of one operating point. The proposed algorithm utilized two
consecutive GAs to improve the accuracy of the results. The proposed algorithm was used to
determine the efficiency at three conditions. In the first condition, the range of parameters was
determined manually, but the output power term was added to the objective function of the problem
to force the algorithm to the correct answer. In the second condition, the proposed range

determination method was included in the algorithm, but the output power term was removed from
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the objective function. In the last condition, both the parameter range determination and output
power term in the objective function were included in the GA based proposed algorithm. The
results show that using the output power could give better accuracy, but it resulted in a higher
deviation in the estimated parameters. Applying the proposed range determination method without
utilizing the output power in the objective function led to a better parameter estimation with the
cost of lower accuracy. This was useful for in-situ applications where the output power was
generally unknown. Using the output power in the objective function plus the proposed range
determination showed results with higher accuracy. Moreover, it was proven that using the
measured values of the friction and windage losses rather than the assumed values in the algorithm
could improve the accuracy of the results. Furthermore, the modified equivalent circuit of the IM
which included the friction and windage losses and stray load loss was utilized to improve the
accuracy of the results. It was shown that, this strategy could slightly improve the accuracy of the
results only if the output power term would have been used in the objective function. For in-situ
applications where the output power was not available, the technique could cause high error due

to the increase in the number of variables.

Chapter 3 dealt with two problems. First, the proposed parameter range determination
method in chapter 2 was improved by using the operating data of the machine. The new proposed
method was more effective than the previous method in terms of providing the smaller search
space for evolutionary algorithms. The second problem was the long time requirement to reach the
thermal stability of the electrical machines. In this chapter, it was shown that the temperature rise
of the machine increased the losses in particular the resistive losses and reduced the efficiency of
the machine. In other words, at a certain output power, by increasing the temperature of the
machine, the input power of the machine increased in order to compensate the additional losses
due to heating which resulted in an efficiency reduction. As a result, to have proper data for
efficiency estimation purpose, it was necessary to record the data at thermally stable condition
which might take several hours. To overcome this problem, a particle swarm optimization (PSO)
based efficiency estimation algorithm was proposed in this chapter. The proposed algorithm
utilized the data of the full load operation of the machine 30 minutes after start to estimate the
equivalent circuit parameters. Then, two approaches were proposed to predict the temperature of
the machine at a thermally stable condition. The first approach was based on the machine insulation

class determined by the nameplate data. The second approach was based on the trend of
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temperature rise during the first 30 minutes of the machine operation after start. For this purpose,
during 30 minutes interval, the temperature rise of the machine was recorded every 10 minutes
and by using a curve fitting tool, the full load temperature rise of the machine at thermally stable
condition was predicted. The comparison between the estimated and experimental results showed
that the proposed algorithm was successful to determine the equivalent circuit parameters. In terms
of the estimated efficiencies, the second approach provided better results compared to the first
approach. It was proven that a better prediction of the temperature resulted in a better estimation
of the rotor speed and efficiency. Moreover, a very simple and straightforward approximation was
used to evaluate the temperature of the machine at partial loads. This could be implemented by
assuming a direct linear relationship between the machine losses and the temperature. This might
not give accurate results of partial load temperature, but it provided more acceptable results

compared to the condition that the full load temperature was considered for all loads.

In chapter 4, the challenges and difficulties of using two-dimensional (2D) finite element
analysis (FEA) to estimate the efficiency of IMs were addressed. Two methodologies were
adopted. The first methodology was based on the direct calculation of the machine losses from
FEA results. For this purpose, the FEA model should be run at any desired load to estimate the
losses and efficiency at that load. By reviewing the literature on the effect of cutting and punching
the lamination on core loss variation, it was recommended to consider 20-30% increase for the
estimated core loss using FEA to improve the accuracy of the results. In the second methodology,
first, the equivalent circuit parameters of the machine were extracted by implementing the DC, no-
load and locked rotor tests of the machine in FEA model. Method F1 of IEEE Std-112 was then
applied to the estimated parameters to predict the efficiency at any desired loads. To achieve the
results with an acceptable accuracy, it was mandatory to add the stator end winding and rotor end
rings inductances and resistances to the 2D FEA model. In particular, due to the significant effect
of the stator resistive losses on the efficiency of the machine, accurate estimation of the stator end
winding resistance was essential. Moreover, although the magnetizing reactance did not directly
contribute to the losses, it affected however other losses particularly at lower loads. Since, the
mechanical loss (known in this thesis as the total of friction and windage losses) was not included
in the FEA model, a simple formula based on the rated power of the machine was proposed to
estimate the mechanical loss of the IMs with 4-pole and TEFC system operating at 60 Hz. This

formula was obtained after testing more than 100 IMs in the power range of 1-500 hp.
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In chapter 5, the effects of an industrial drive on various IMs were studied. Scalar control
and direct torque control (DTC) which were known as two common control schemes were
implemented in this work by using adjustable-speed drives (ASDs) from ABB. Four IMs were
tested and among them, two IMs were designed for direct-fed applications and other two machines
were designed for PWM applications. Based on the presented results, regardless of the IM type
and control scheme, ASDs reduced the efficiency of the machine. However, the efficiency
reduction for PWM designed IMs was less than the ones for direct-fed designed IMs. The core
loss of the machine increased in case of the drive-fed condition and varied for each IM. The loss
could however be predicted by applying the harmonic content of the output voltage of ASD to the
no-load harmonic equivalent circuit. In the harmonic equivalent circuit at no-load, the rotor part
of the circuit was removed. In drive-fed condition, the stator and rotor resistive losses were
increased to about 5-10% compared to those losses in the direct-fed condition. In terms of stray
load loss, there was a big difference between the drive- and direct-fed cases. The stray load loss
increased to around 10-20% for the PWM designed IMs, while this increase was more than 100%
for direct-fed designed IMs.

6.2 Proposed Future Works

In this section, based on the knowledge and experience achieved during this research work,

the following subjects can be considered as future works.

6.2.1 Harmonic equivalent circuit model

Under direct-fed condition, the equivalent circuit parameters change due to the presence of
harmonics. Although this subject has been addressed in the literature, the provided equivalent
circuit methods lack the acceptable accuracy for efficiency estimation purpose. Furthermore, since
different control schemes have different characteristics, it is essential to develop a comprehensive
harmonic equivalent circuit which can be applied to the IMs regardless of the type of control

scheme.

6.2.2 Prototyping a non-intrusive IM efficiency estimation tool for in-situ application

Several research works have been conducted to estimate the efficiency of the working

induction machine, however implementing the proposed methods and prototyping the tools for
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commercialization purposes have not received enough attention. Thus, it would be highly

advantageous to prototype and build an industrial version of this tool.

6.2.3 Investigating the effect of torque ripple on the estimated output torque and efficiency

Increased torque ripple is one of the inevitable effects of harmonics on the machine
performance. Presence of torque ripple causes fluctuations in the output and input powers. More
torque ripple means more fluctuation for the measured torque and power. This can introduce some
difficulties for measurement of the efficiency. So it is suggested to study the effect of torque ripple
on the accuracy of measured efficiency and provide some solutions to overcome this problem and

improve the accuracy of the results.

6.2.4 Design an embedded efficiency estimation for drive-fed application

Some of the ASDs need currents and/or voltages and speed measurements for their
performance. Furthermore, a lot of research works have provided online temperature measurement
and parameter estimation. This provides a good opportunity to develop an online efficiency
estimation module inside the drives. On the other hand, the generated harmonics by ASDs
introduce some difficulties to estimate the efficiency of the machine. It would be beneficial to
investigate the possible methods to implement a method inside the drives to estimate the efficiency

of the machine.

6.2.5 Stray load loss estimation using FEA

Stray load loss analysis with FEA is very difficult due to the fact that it originates from
different sources. Although using the empirical results has been suggested by IEEE Std-112 and
IEC 600034-2 Standards, it is evident that using them is not accurate for all machines. Since the
FEA simulations have a detailed machine model including electrical, magnetic and geometric

features, it can help in this regard.
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