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ABSTRACT

PRAYAG K. PARIKH. Use of bus-level electrical signals for improving power plant operations.
(Under the Direction of DR.ROBERT W. COX)

Power plant owners and operators are leveraging advancements in sensor technology and
data science to deploy monitoring systems that can potentially improve reliability, increase
flexibility, and reduce maintenance costs. In many cases, however, plants either do not have the
budget for such technologies, or the return on investment is deemed to be too low. This thesis takes
an alternative view and considers a potentially low-cost approach that can be implemented simply
by monitoring the aggregate current flowing into a bank of downstream motors.

The approach described in this thesis relies on current and voltage sensors installed at either
the main bus or a motor control center in a power plant. This non-intrusive technique can be used
to provide some level of information about motors and their driven equipment. Previous work has
demonstrated the ability to use such measurements to track the operation of various loads; this
thesis looks to move beyond the tracking application to develop specific use cases in power plants.

This thesis considers two specific applications of bus-level current for sensing applications
in power plants. First, this dissertation shows two use cases on the use of bus-level data for
induction motor health monitoring. Second, the thesis shows how bus-level measurements can be
used to estimate induction-motor electrical and mechanical parameters. These parameter estimates
can be provided to planners and system operators to support various regulatory requirements,
including startup after the loss of off-site power at nuclear units and startup of black start units after

a blackout.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

This thesis describes an induction machine and connected mechanical load monitoring
techniques using bus-level measurements with two case studies. One of the case studies is
associated with a coal crusher motor and another with centrifugal pump-motor. This thesis also
proposes a novel technique to estimate an induction machine parameter using bus-level electrical
measurements. These techniques can be beneficial in a power plant environment. The following
section of this chapter provides an overview of the requirement for monitoring an induction
machine and a connected mechanical load in a power plant. The latter part of the section also
provides an overview of one of the power plant applications for induction machine parameter
estimation.

1.1  Monitoring and Diagnostics of Induction Motors in a Powerplant

As more renewable energy penetrates the energy market, the cycling of the base loaded
coal, and nuclear power plant will likely increase. This cycling potentially increases thermal and
electric stresses on the assets of these power plants. Besides, resources of nuclear and coal power
plants, for example, Operations and Maintenance (O&M) budgets, as well as maintenance
personnel, are reducing [1, 2]. However, it is expected to maintain the high reliability of these
power plants [1]. Therefore, power plant owners and operators have either begin or planning to
install continuous on-line monitoring sensors to reduce manual preventive maintenance (PM) tasks
while maintaining the reliability of these power plant assets despite challenges.

In recent years, the Electric Power Research Institute (EPRI) has published continuous on-
line monitoring (COLM) guidebook Volume 1-8 [3]. These volumes discuss various aspects of the

monitoring, diagnostics, and prognostics in a power plant environment. Volume 7 of this guidebook



has equipment specific guidance related to the sensors, and monitoring and diagnostics associated
with these sensors. This volume provides information regarding various sensors that can be
installed on that particular asset for monitoring and diagnostics. In addition, it also includes
information on various preventive tasks that can be eliminated or extended due to the installation
of these new sensors while maintaining the overall reliability of that asset. Examples of such
equipment specific guides are [4-10].

This section of the document discusses various diagnostics techniques that are either being
used or can be used in the power industry for different induction machines. Specifically, it discusses
monitoring technologies for medium voltage induction motor and its applications. Application of
such motors includes coal and gas power plant critical assets, for example, feedwater pumps, forced
draft fan, induced draft fan, coal crusher, coal pulverizer, circulating water pump, cooling pumps,
and so on. Unforeseen maintenance or failure of such machines can cost powerplant owners in
terms of lost or reduced output, and maintenance cost. In some cases, failure of such machines can
endanger safety, for example, in the nuclear power plant where this type of induction motors are
used for cooling purposes.

1.1.1  Overview of Failure Modes Associated with Induction Motors

One of the EPRI’s database is called Preventive Maintenance-base Database (PMBD) [11],
lists all the possible failure modes of power plant assets and various PM tasks that can potentially
discover these failure modes. One of the purposes of this database was to help the power plant
industry with its preventive maintenance schedule, depending on individual requirements to
achieve reliability. The PMBD is an extensive database of failure modes and various discovery
methods to detect these failures of equipment for a variety of power plant assets.

Figure 1.1 shows the breakdown of all the possible failure modes of less than 15kV
horizontal induction motor. In this figure, failure modes were divided into four major components
— stator, rotor, bearing, and shaft of the induction motor. The rest of the failure modes were divided

into other electrical or mechanical failure modes. Altogether, there are 70 faults listed in the PMBD



database for the type of induction motor. As seen in the figure, nearly two-thirds of the failures are

associated with the rotor, bearing, and stator.

Stator
Other Elect. 17%

16%

Other Mech. Bearing
10% 21%

Figure 1.1: Breakdown of faults associated with major components in less than 15kV induction
motor [12].

Table 1.1 shows the results of the IEEE survey and EPRI report that shows the percentage
of failure by major components of induction motor. As seen in this table, slightly more than two-
thirds of the fault also occurs due to the same three components. Figure 1.1 and Table 1.1 also
confirms that bearing failure occurs the most often compared to other failures of the induction
machine components.

The failure related to the bearing includes loose hardware, wear of the seals and rolling
element, and so on. Rotor failure modes are associated with loose, broken or degraded laminations,
retaining ring, shorting ring, and insulation. Stator related failure modes are associated with
winding insulation degradation, loose bracing, wedge, blocking and tying, and stator laminations.
As listed in [4], predominant monitoring technology for the monitoring of this type of motors
includes Electrical Signature analysis (3-phase voltage and current sensors), Vibration monitoring,

and winding temperature monitoring.



Table 1.1: Causes of failures by major components of the induction machine, from [13].

Cause IEEE Survey EPRI Report
Bearing Related 44 41
Stator Related 26 36
Rotor Related 8 9
Other 22 14

1.1.2  Review of Continuous On-line Monitoring (COLM) Technologies

There are many continuous on-line monitoring technologies in the market for induction
machine monitoring and diagnostic. Some of the prominently used on-line monitoring technologies
include Vibration Analysis, Motor Current Signature Analysis (MCSA), and temperature
monitoring. In addition, some utilities also employ winding temperatures and partial discharge
analysis (PDA) for electrical fault monitoring of the induction motor windings. The following
sections discuss the MCSA or ESA and Vibration analysis technologies.

D1: Electrical Signature Analysis (ESA)

Electrical Signature Analysis (ESA) is similar to motor current signature analysis (MCSA)
for induction motors. However, ESA can apply to other electrical machines, thus not specifically
for the motors. Classic MCSA utilizes only stator input currents to detect various faults, as
described in [14, 15]. Some of the commercially available MCSA systems also use voltage signals
to derive additional key performance indicators (KPI). These KPIs can help further analyze the
health of the induction machine, such as voltage unbalance, power factor, and torque
measurements. Similar to those commercially available MCSA systems, ESA also uses the voltage
signal to help with some of the signal manipulations; for example, Park’s transformation vector
analysis [16]. Figure 1.2 shows the typical ESA sensor installation. As seen in this figure, current
transducers (CTs) and potential transducers (PTs) can be installed at the motor control center
(MCC). In the case of low voltage motors, these CTs and PTs can be installed directly at the motor

terminal. In the case of medium voltage motor, general practice is to install these sensors at the



secondary of the measuring current transformer and potential transformer, respectively [17], as

shown in Figure 1.2.

CTA
A
CTB
B ’ LOAD
CTC
c y

PT PT
_‘3 CT1 CT2 CT3

Data Acquisition System —_—

=l

Analysis

Figure 1.2: Typical Electrical Signature Analysis (ESA) sensor installation for an induction motor
[14].

The current drawn by an induction machine is dependent on the physics of the system; this
system includes electrical motor and mechanical load driven by this motor [14]. Any change in the
physics of the system can change the current drawn by the stator of the machine. MCSA or ESA
uses this change in stator current to detect anomalies in the induction machine.

Classic motor current signature analysis is similar to the vibration signature analysis where
spectral analysis, RMS, and peak-to-peak value of the raw signal is calculated. In addition, within
the spectral analysis, specific frequencies or frequency band magnitude or energy is estimated to
detect faults.

A brief review of various signal processing techniques that can be used with voltage and
current signals of the induction motor is provided in [18] and [19]. A literature review of [15, 16,
18-23] suggests that various signal processing techniques can detect bearing, stator, and rotor
related anomalies in a motor using current and voltage signals. However, most of the commercially
available online MCSA packages don’t include these types of signal processing techniques that

potentially provide better anomaly detection of stator and rotor faults [24]. Generally, in the power



industry, commercially available systems are used to collect rout-based data instead of continuous
on-line data.

Based on academic literature as well as commercially available systems review, it appears
that MCSA is better suited for anomalies related to bearing, the eccentricity of the airgap detection,
load unbalances, and some ability to detect rotor bar defects [18-21].

D2: Vibration Analysis

Vibration analysis technology is relatively more mature than the MCSA or ESA
technologies for monitoring of induction motor and mechanical loads connected to the motor. There
are three different types of vibration measurements used in the industry, namely displacement,
velocity, and acceleration. Generally, displacement measurement is used for the faults that manifest
at lower than 10Hz frequency, velocity measurement is used for the defects that manifest at around
10Hz to 2kHz frequency and acceleration is used for fault frequencies in the range of SkHz. An
accelerometer is a commonly used vibration sensor for induction motors. Depending on the
application of vibration analysis, vibration sensors are installed at multiple locations on the
induction machine and connected mechanical loads. These locations include in-board bearing, and
out-board bearing, of the pump, fan, and motor [4].

There are two types of accelerometers available in the market, single-axis and triaxial. A
single-axis accelerometer can measure vibrations in one of the three-axis, namely: horizontal,
vertical, and radial. Triaxial accelerometers can measure vibrations in all three directions
simultaneously.

Measurement of the phase angle, magnitude, and the Fast Fourier transform (FFT) of the
raw signal are commonly used signal processing techniques for vibration analysis. Vibration
analysis widely used for monitoring mechanical faults, for example, bearing failures, eccentricity
faults, and load unbalances type of faults. In some cases, this technology also provides some

information on rotor bar faults of the induction motor.



In addition to technologies mentioned here, measurement of bearing temperature,
lubrication oil analysis, flow, and pressure measurements are also used to monitor faults in the
induction machine. Partial discharge analysis to monitor the health of induction machine insulation
is also applied to high voltage motors in many cases.

1.1.3  Expected Thesis Contribution

As mentioned earlier, there are many monitoring technologies for induction machine
monitoring. Most of these technologies are off-line and route-based for time-based maintenance.
Continuous on-line monitoring for conditioned-based maintenance of the induction motor is
enabled by on-line measurements, for example, vibration monitoring and MCSA or ESA
measurements.

The focus of the thesis is the use of bus-level electrical measurements to detect anomalies
in the induction machine and connected mechanical loads. The use of bus-level electrical
measurement for induction machine monitoring provides an opportunity for power plant owners to
reduce the number of sensors to be installed for improving condition-based monitoring of power
plant assets. This type of monitoring is particularly attractive for nuclear power plants. In nuclear
power plants for each sensor, the plant has to conduct and document the detailed evaluation of new
sensor and installation details according to Nuclear Regulatory Commission (NRC) [25, 26] to
ensure the safety and reliability of a nuclear power plant. This type of detailed evaluation for each
sensor can be lengthy and costly. Reduced number of sensors for monitoring can reduce this cost,
which is a high cost compared to the actual price of the sensor. Besides, a reduced number of
sensors minimizes the cost of the procurement and installation of the sensors for fossil power plants.

Reduced number of sensors enables the cost-effective installation of monitoring sensors
for fossil and nuclear power plants. In turn, the installation of these sensors enables cost-effective

condition-based maintenance of power plant assets with limited maintenance personnel.



1.2 Overview of Black Start

Black start can be defined as “the capability of generating units to start without an outside
electrical supply or the demonstrated ability of a generating unit to automatically remain operating
at reduced levels when disconnected from the grid” [27], [28]. Regional Transmission Organization
(RTO), for example, Pennsylvania, Jersey, and Maryland (PJM), and Electric Reliability Council
of Texas (ERCOT) has select black start capability units that can help restore power on the grid in
the event of cascade tripping of generators within that region. The selection of such units is based
on the fulfillment of North American Reliability Corporation (NERC) requirements, as mentioned
in [29] [30] as well as RTO requirements, as mentioned in [31]. The modeling, simulation, and
other requirements are similar to the requirements outlined in the CIGRE document [32]. In this
thesis, the black start from the generator operator’s point of view is considered. There are two main
types of blackouts at the power plant:

i.  The individual island or powerplant experiences shut down due to loss of grid
connection. In this case, the grid connection is lost because of unforeseen faults of
the system.

ii.  The cascade tripping of several generators on the grid occurs due to an unbalance
of power demand and supply caused by system faults.

In either case, the power plant needs to restart its normal operation to energize transmission
lines that supply power to the end-users. In both scenarios, power needs to be provided to the power
plant auxiliary loads first before the main gas or hydro turbine generator starts. Examples of such
auxiliary loads in gas power plants include; cooling system, fuel system, lighting loads,
communication equipment, safety systems, protection relays, and generator excitation. The
auxiliary loads in the hydropower plant include; generator excitation system, lighting loads,
communication equipment, protection systems, safety systems, and oil system will need energizing

before the main generator startup.



In the case where a power plant loses grid connection, the power plant can be restarted by
reconnecting to the grid and using grid power to start the auxiliary loads. The exception to that is a
nuclear power plant. When a nuclear power plant loses a grid connection, it is called loss of off-
site power (LOOP). It will cause the tripping of a nuclear power plant. In that case, the nuclear
power plant requires a black start type of capability to maintain safety systems, unit’s substation
systems, and motor control center (MCC) that has critical equipment.

When there is a cascade tripping of many generators on the grid, the grid power is not an
option. In this case, it is a responsibility of RTO selected black start units, for example, gas turbines
or hydro turbines to step by step energizing the grid. These black start unit’s auxiliary loads need
power before the startup of the main gas or hydro turbine. Diesel generator or other types of the
power supply provides power to these auxiliary loads.

1.2.1  Black Start Sequence Overview

Section 2.2 of reference [28] provides an overall step by step information on black start
sequence from the power plant operator perspective. The generalized black start sequence summary
is as follow [28]:

1. Plant Operating normally — all main generator working and providing power, diesel
generator off-line.

2. Plant completely blacked out — all main generators off-line, all station service loads, and
system loads off-line.

3. Start the diesel generator.

4. Diesel Generator starts supplying power to the plant emergency services, for example,
lighting loads, instrumentation, and communication devices.

5. Inthe next step, diesel generator provides power to auxiliary equipment of the gas or hydro
turbine and the main generator, for example, pumps and motors, compressed air system,
pressurized oil system, generator excitation system, and other necessary loads to start the

main generator.
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6. Bring the black start unit’s main generator to the rated voltage.

7. The transmission line can be connected based on RTO’s request.

8. The diesel generator can be powered down at this point.

9. Auxiliary loads of other units at the black start site can be started in a manner that system
frequency and voltage is maintained to prevent tripping of other generators.

10. As other generator starts, it can pick up loads at the transmission operator’s request.

11. Energize a crank path that includes the closing of appropriate circuit breakers to energize
the transmission line, which provides power to other generating sites auxiliary loads.

12. Auxiliary loads at different locations can be started while keeping the balance of power
demand and supply.

13. Bring other generators on the grid on-line.

14. Continue following the grid restoration process.

In this process, for diesel generators or black start unit’s main generator and other
generators, loads are added at a pace that maintains the stability of the system. This prevents the
tripping of energized generators. Tripping of re-energized generators may warrant restarting the
black start process.

Many publicly available documents discuss the time duration to restart the black start unit
and close the dead bus to provide off-site power to nuclear units, according to the requirement of
the RTO [28, 33]. However, these public documents don’t offer information on the pace at which
different auxiliary equipment should be restarted to maintain system stability. It is understandable,
as each unit is different, and the auxiliary load requirements might be different. The utility with a
black start unit documents the procedure to start up the auxiliary loads, its order, and the pace at
which each load starts. This procedure documentation is one of the black start unit capability
requirements. It was challenging to find this type of procedure document from publicly available
information. Upon discussions with power plant personnel, it was informed that the sequence of

starting of each load and wait time between two loads is documented for a black start unit’s
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auxiliary loads. The wait time is based on the perceived time required for the electrical load to go
from transient to steady-state. This wait time between the two auxiliary loads is generally based on
past experiences and the original equipment manufacturer’s suggestions.
1.2.2  Expected Thesis Contribution

Many of the auxiliary loads to start the black start unit’s main generator require the starting-
up of various induction motors that can enable cooling system pumps, feedwater pumps, and other
similar loads. During the start-up, the induction motor draws approximately 5-7 times of steady-
state current, which can be attributed to the electromechanical system energization. This high
current can potentially contribute to destabilizing the startup of the black start unit as well as the
system as a whole when starting auxiliary loads of the other generators. If the induction motor is
starting a pump connected with the higher volume piping system, the motor can take longer to attain
the steady-state. The case study in Chapter 4 will discuss this phenomenon in brief. As mentioned
in [28], one of the assumptions in the industry is induction motor generally takes 2 — 4 seconds.
According to power plant personnel in the documented process, the startup of the induction
machine can take up to 5 — 60 seconds, depending on the application of the induction motor. If the
induction motor starting up a pump is a first motor to start in the system, then the discharge valve
is closed for the first few seconds. Closing of the discharge valve helps reduce sustaining transient
current amplitude. This sustaining current helps push the flow of liquid in the piping system. The
assumption regarding transient time duration and amplitude can be extreme assumptions. Method
to determine startup time duration, as well as transient amplitude for each motor, can help optimize
the starting of auxiliary loads of the black start units. Knowledge of startup time duration and
magnitude of the current during startup can help stable and efficient startup of black start unit.

This thesis attempts to develop a method to dynamically determine the parameters of the
induction machine using bus-level current and voltage measurements. The knowledge of induction
machine parameters can help assess startup time, the active and reactive power requirement of

individual machines at the startup. Methods to optimize the starting auxiliary load sequence can
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help power plant owners in restarting black start units efficiently on time without destabilizing the
system.
1.3 Organization of the Document

Chapter 2 of this thesis provides an overview of the non-intrusive load monitoring system
(NILMs) used to acquire electrical measurements at the bus-level. Section 3 discusses one of the
use cases related to the monitoring of induction motor using bus-level current measurements. This
chapter discusses the detection of loss of coal crusher hammer mass. Chapter 4 is another use case
for monitoring of induction machine and the connected mechanical load. In this chapter, simulation
and laboratory tests are discussed to detect the accumulation of deposits in a pump fluid pump.
Chapter 5 presents a brief overview of past research related to the parameter estimation techniques
for induction machines. This chapter provides broad information on widely used techniques to
estimate the induction machine parameter in power plants. Chapter 6 proposes a novel method to
estimate induction motor parameters using in-phase and quadrature-phase stator current
components calculated by NILM. Chapter 7 provides a summary and suggests future work in this

area of research.



CHAPTER 2: NON-INTRUSIVE LOAD MONITORING (NILM) OVERVIEW

In this dissertation, non-intrusive load monitoring (NILM) is used to acquire bus-level
voltage and current measurements. As seen in Figure 2.1, NILM can be installed at a central
location; for example, the motor control center (MCC). The NILM uses current and voltage
transducers to measure voltage and aggregate currents flowing through the bank of electrical loads
downstream. These sensors can be installed directly at the motor terminal for the low voltage
motors. In the case or medium voltage motors, these sensors are generally installed at the secondary
of the instrumentation potential and current transformers. A brief overview of NILM theory related
to this dissertation, as well as past research using NILM is discussed in the following sections of

this chapter.
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Figure 2.1: NILM Block Diagram.
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2.1 NILM Overview
2.1.1  Calculations of Spectral Envelope

NILM’s software-based pre-processor performs a spectral decomposition of the aggregate
current i(t) drawn by the downstream electrical loads connected to the same bus bar [34] and [35].
As mentioned in [36], the concept is that a real waveform x(t) can be described with arbitrary
accuracy as time-varying spectral coefficients ai(?) and bi(t) at time t € (t — T, T] using Fourier
series:

X(t-T +8) = z ay (1) cos <k2T” (t-T+s)> + z by (O sin <k2T” (t-T+s)> 21
k

k

The variable k£ in equation 2-1 ranges over the set of positive integers, T is a period and s
€ (0, T][34], [35], [36] and [37]. The formula for calculating Fourier Series coefficients ax(?) and

bi(t) is as follow [34], [35], [36], [37] and [38]:

T
2 2
a,(t) = T fx(t—T+s) sin(k?n (t—T+s)> ds 2-2
0

T
2 2m
b, (t) = T fx(t—T+s) cos(kT (t—T+s)> ds 2-3
0

NILM uses both voltage and current signals to estimate spectral coefficients ax(?) and bi(t)

of the aggregate current i(t). The coefficients ax(?) and bi(t) are calculated by synchronizing
cos (z?ﬂ t) of the above equations with the bus voltage and then averaging the products of the

observed current and synchronized sine waves over one or more periods of the measured voltage
[34, 36] and [39]. These coefficients are harmonically related in-phase component ax(?) and
quadrature-phase component bi(t). These estimated spectral envelopes can be interpreted as real,
reactive, and harmonic power [34] and [40]. To explore this idea, consider an example; assume the
measured line voltage is constant amplitude, and a constant frequency sine wave of the form:

v(t) = Vsin(wt)
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When there is a load current, the measured line current will be a combination of the form:
i(t) = Isin(wt + ¢) 2-5

The real and reactive power provided by the voltage source will be:

T

vV VI
P = T f i(t) sin(wt) dt = 7C0$(f) 2-6
0
T
V(. VI 2-7
Q= T fl(t) cos(wt) dt = 75111(}.’)

0
For the current and voltage waveforms considered in this example, the NILM would compute the

following two spectral envelope coefficients:

t

2
a,(t) = T f i(t) sin(wt) dt =1cos ¢ 2-8
t=T
and
) t
b (t) = T f i(t) cos(wt) dt =1Isin¢ 2-9
t=T

These two values can be combined to determine the amplitude of the line current, as shown below:

’a% + b} = I./sin2¢ + cos?¢p = I 2-10

If the voltage remains reasonably constant, both a; and b; can be scaled to provide the

measurement of the real and reactive power. Bus voltages are relatively constant in the power plant
environment. The spectral envelope coefficients change over time as the amplitude and phase of
the current change.  Figure 2.2 demonstrates the relationship between the measured current and
the spectral envelope a,(¢) and b,(¢) during the start of an incandescent bulb, as described in [35].
The top trace of that figure shows current drawn by an incandescent bulb, middle and bottom trace
shows calculated spectral envelope coefficients a;(¢), which is an in-phase component and b;(t),

which is the quadrature-phase component. Power P or in-phase spectral envelope coefficient a;(2)
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changes rapidly as filament heats-up, and once it reaches the steady-state, it only consumes in-
phase power as expected.

NILM can calculate harmonic spectral envelope coefficients of aggregate current i(t). The
information generated due to these spectral envelopes can be used for fault detection as well as
dynamic parameter estimation of an induction motor. Both of these use cases are described in

greater detail in further chapters of this thesis.
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Figure 2.2: Calculation of in-phase current component a,(z) and quadrature-phase current component b(t).
The top picture shows the current drawn by the bulb. The middle image shows the calculated active power P
with the in-phase current component. The bottom trace shows the calculated reactive power Q using the
quadrature-phase component.

2.1.2  Identification of Load using Aggregate Current
NILM uses transient and steady-state methods to detect loads using the aggregate current
measurements. NILM requires initial in-field training to identify loads using an aggregate signal.

Both transient and steady-state methods of identifying load are briefly described below.



17

D1: Load Identification using Steady-state

NILM can measure a change in in-phase power and quadrature-phase current components
up to 7" harmonic. In the training phase, the known load turning on and off, as well as the associated
change in in-phase power and quadrature-phase power, can help NILM identify the load. The
method to disaggregate loads in this manner is described in [41] and [42]. As described in [41] and
[42], in some cases, two different loads can have a similar change in active and reactive power
levels. The ability of NILM to calculate spectral coefficients of higher-order harmonics as well
can help differentiate identical loads. Figure 2.3 shows the change in active and reactive power
levels for the 150w computer as well as the 150w incandescent bulb. As seen from the top trace, it
is hard to distinguish between the two loads. However, as seen in the bottom two traces, the higher-

order harmonics measurements help in detecting a specific electrical load.
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Figure 2.3: Identification of load using steady-state current measurements. The picture shows the turning on
and off of 150w bulb with a “+” sign and 150w computer with an “0” sign. The top picture shows the change
in the quadrature-phase power component Vs. in-phase component of power when the load is turned on and
off. The middle image shows the change in 3™ harmonic in-phase power Vs. fundamental in-phase power.
The bottom image shows the change in fundamental quadrature-phase power Vs. 3" harmonic in-phase

power.
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D2: Load Identification using Transient

The physical task influences the transient behavior of the electrical load. Figure 2.4 shows
the transient current drawn by a laptop and an induction motor. As seen on the right side of the
image, the induction motor draws large in-rush current during startup. As the rotor attains near
synchronous speed, current reduces to a steady-state level. The left image shows the turning on of
a laptop. As seen in this figure laptop draws higher modulated current. The current is high at the
startup, but it subsides to steady-state modulated current. The laptop current is modulated because
of the power supply circuit of the laptop. As seen in this figure, the transient behavior of each load
is unique. Also, the entire transient behavior or part of the transient behavior is repeatable [18] and
[43]. This unique quality of electrical load can serve as a “fingerprint.” Thus event detection using
the transient identification technique is a very reliable tool. Further chapters of this thesis also

describe some of the use cases of fault detection using the transient signature.
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Figure 2.4: The current drawn by a laptop in the left, and current drawn by an induction motor on the right.

NILM stores transient behavior of the downstream loads connected to the same bus-bar in
a library. These stored transients are known as exemplars. Each section of the exemplar is stored
in vector t;. In operation, NILM uses the scaled and shifted version of this vector to match incoming

current data to identify the load. Mainly, this process involves least-square fit, as shown in equation
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2-11. In this equation, the exemplar vector t; is related to the input data X by gain coefficient a and

an offset value of B. In equation 2-11, “1” is a vector of ones.

X=[t, 1] [E] 211

An example of a matching induction motor startup is shown in Figure 2.5. The top trace of
the figure shows the raw current signal due to the induction machine startup. The continuous trace

in the bottom shows the envelope calculated using NILM, whereas trace with “x” indicates the

matching process using exemplar.
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Figure 2.5: Successful identification of induction motor using the transient identification technique. Top
trace: Transient current drawn by an induction motor. Bottom trace: Computed power and section of the
template that has been successfully matched to the observed transient behavior by NILM.

NILM uses a combination of transient and steady-state methods to identify loads. Further
information on load identification using NILM is described in [44]. In steady-state, NILM

continues to monitor the power level of the load as described in [44] and [45].
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NILM has been used in many research to detect faults in the induction machine systems,
examples of such research include, coupling Failure [46], Detection of the leak in the cycling
system [47], clogged filters in water treatment plant [48], clogged filters in household HVAC

systems [49], short cycling of the compressor and detection of inadequate refrigerant charge [50].



CHAPTER 3: CASE STUDY 1 - COAL CRUSHER MOTOR

Coal crusher is a critical electrical load driven by the induction machine in a coal power
plant. The function of the coal crusher is to crush the raw coal in granulated pieces and remove
some debris from the raw coal. The granulated coal from the coal crusher then fed into the
pulverizer of the power plant. Pulverizer grinds the granulated coal in pulverize form that can be
used as fuel for a coal-fired power plant. If the hammers of the coal crusher are deteriorated, the
quality of coal coming out of the coal crusher degrades. The degraded quality of crushed coal can
affect the function of the pulverizer and, eventually, the performance and thermal efficiency of the
power plant.

Widely used coal crusher in power plants, the “Pennsylvania Granulator,” has coal
hammers located at the periphery of the shaft [51]. Coal comes from the top, and as it comes in
contact with hammers, the coal gets crushed. Due to the very function of the coal crusher, overtime
hammers are deteriorated.

This case study describes the simulation model development for a coal crusher system
using the 5" order induction machine model and results derived from this simulation. In addition,
it also describes the installation of the NILM system at a coal power plant and results associated
with the installation. NILM was installed at the MCC, which supplied power to two of the coal
crushers with identical induction machines. Degradation of coal crusher hammers was trended over
time using bus-level voltage and current measurements.

3.1 Coal Crusher System Modeling and Simulation Results
In this case study, the “Pennsylvania Granulator” was driven by a 600 HP, 4160V, and 10-

pole induction machine. The simulation model used to simulate this type of electromechanical
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system is based on information provided in [52]. The brief description of the simulation
modeling and results are discussed in this section.
3.1.1  Induction Machine Simulation Model

The induction machine is a multiply excited electromechanical energy convertor. In which,
the electrical and the mechanical systems are connected via magnetic coupling. Figure 3.1 shows
the cross-section area of a 3-phase, 2-pole induction machine with symmetrical winding and
squirrel cage rotor. The stator winding of the induction machine is 120 electrical degrees apart in
space [52]. The stator windings are represented with as, bs and cs. This figure also shows the
magnetic axis of the a-phase winding. Distributed stator winding has N* equivalent number of turns
per phase with the stator winding resistance r°. Similarly, the rotor has an equivalent number of
turns N and winding resistance r". The stator winding of a 3-phase induction machine can be excited
by a balanced 3-phase voltage source; voltage on the rotor is induced due to the induction effect
[52] and [53].
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Figure 3.1: Cross-section of a three-phase symmetrical machine with two poles.
The fifth-order model using Park’s transformation is used in this case study. Equations 3-1

to 3-4 are associated with the electrical system of the motor [52]. In these equations, superscript
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“s” refers to the stator quantity, and superscript “r” refers to the rotor quantity. In these equations,
rotor and stator quantities are transformed on to synchronously rotating “dq0” frame. Subscript “d”
and “q” refer to the d-axis and q-axis, respectively. Voltage is referred to as “v,” resistance as “r,”

current as “L,” flux linkages with “A” and “®” is angular velocity.

d
V= okt akffr r'ig 3-1
S__ }\,S“F d )\‘S_'_ S:S 3_2
Vq— - q a dT 'y

r T d r el
Vg=(0-0r) g+ Etxq+ r'ig 3-3

! T d r re'r
V= -(0-0r )M g+ ader 1'ig 3-4

The mechanical system modeling of the induction machine can be explained with
Newton’s second law of motion for linear motion machine, which states that “The acceleration of
an object as produced by a net force is directly proportional to the net force and inversely
proportional to the mass of the object.” In the case of the rotating induction machine, the force is
replaced with the torque. The mechanical model of the induction motor can be explained using
equation 3-5. Equation 3-6 is associated with electromechanical coupling between the electrical

model and mechanical model of the induction machine [52]:

d 1
To=7 = 7 (Te-Th) 3-5
Where,
3\ (/P _ .
Te: (E) (E) (7&3 la- 7&3 13 3-6
Where,
o: The rotational frequency of the rotor.

Te: Torque produced by the motor

T External torque provided by a mechanical load on the motor
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Ta: Acceleration torque

J: Mass moment of inertia
Here, for a cylindrical object, the mass moment of inertia J can be defined as:

J =2 Mr? 3-7
Where M is mass of the rotor, and r is the radius of the rotor.
3.1.2  Simulation and Results
As mentioned earlier, coal crusher hammer deteriorates due to the very function of the

hammers, which is to crush the raw coal in a granulated form. As the hammers deteriorate, it loses

mass, which reduces the mass moment of inertia, as seen in equation 3-7. As the moment of inertia
do . . .
decreases, the rate of change of speed d—(: increases as seen in equation 3-5. Consequently, the

motor accelerates faster to attain steady-state speed. This phenomenon affects the duration of the
inrush current. Monitoring the in-rush current duration can help track the loss of coal crusher
hammer mass. The tracking of the inrush current duration can help power plant personnel to
schedule condition-based maintenance according to the perceived deteriorated condition of
hammers.

During the coal crusher startup, the only load torque is the mass of the machine and the
windage surrounding it. Thus, the load torque can be modeled using the following equation:

T, = Ao’ 3-8

MatLab® simulation model included equations 3-1 to 3-4 for the electrical system model
and equation 3-5, 3-6, as well as equation 3-8 for the mechanical system model. The specifications
used for the induction motor are shown in Table 3.1. As seen in this table, the simulations were
performed for two different values of inertia to investigate the potential change in transient time
duration for the same machine parameters.

Figure 3.2 shows simulated transient currents using two different values of inertia (J) for

the same machine. As seen in this figure, in-rush current time duration with the higher value of the
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mass moment of inertia J is higher. This change in the in-rush current time duration was as
expected. The mass moment of inertia changes the rate of change of speed (Z—(: as seen in equation
3-5.

In Figure 3.2, the phase currents extracted from the simulation were quantized and passed
through the NILM’s preprocessor algorithm. The resulting spectral coefficients a; and b; were used

to compute the time-varying component of the stator current. This value can be calculated using

the following relation:

I= al+ b 3-9

Table 3.1: List of parameters for 3-phase squirrel cage induction motor used for simulation [52].

Quantity Rating
Horsepower 500 hp.
Voltage rating 2300 v.
RPM 1773 rpm
Number of poles 4
Torque 1980 N-m
Stator resistance 0.262 ohms
Stator leakage reactance 1.206 ohms
Magnetizing reactance 54.02 ohms
Rotor leakage reactance referred to stator | 1.206 ohms
Rotor resistance referred to stator 0.187 ohms
Moment of inertia 11.06 / 8.06 kg-m?
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Figure 3.2: Amplitude of the simulated in-rush current for two different mass moment of inertia values.

3.2 Field Installation

As shown in Figure 3.3, the NILM was installed on the 4160V main busbar of the coal
crusher unit that provided power to multiple electrical loads at a coal power plant. The focus of this
project was to monitor coal crusher hammers for any anomalies. The 4160 main bus also provided
power to two coal crusher induction motors. In addition to the bus-level measurement, NILM was
also equipped to monitor the individual coal crushers. Figure 3.4 shows the one-line diagram of

sensor installation for NILM.
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Figure 3.3: Picture of the NILM installation. The NILM computer and box are at the top of the crusher panel.
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Figure 3.4: Sensor connection for the bus-level monitoring equipment. Similar connections were made for
the coal crusher sensors.
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3.2.1 Brief Description of the Coal Crusher Unit

At the power plant, the coal crusher unit was connected to the 4160V service, and it
provided power to several electrical loads essential for coal crushing process. Direct on-line starters
used to start the motor were connected to the 4160V. Table 3.2 lists loads connected to the 4160V
bus. As seen in this list, a 2000 kVA transformer feeding MCC-1 and MCC-2 is also connected to
the 4160V bus. As seen in Table 3.3 and Table 3.4, these MCCs are supplying 480V electrical loads
essential for coal crushing process.

Table 3.2: List of loads connected to 4160V bus

Load Name Rating
Crusher-5 600 HP
Crusher-6 600HP
Transformer feeding MCC 1 and MCC 2 | 2000 kVA
Belt Conveyor BC-13 125 HP
Belt Conveyor BC-17 125 HP




Table 3.3: List of loads connected to MCC-1

Description Rating
Belt Feeder 2 VFD 200 HP
Air Compressor 150 A
Belt Feeder 3 VFD 200 HP
480/120-240 Lighting Transformer 100 kVA
Belt Conveyor BC-14 200 HP
Sampling System 150 A
Unloading Hopper Exhaust Fan 2 HP
Dump Hopper Area Welding Receptacle 100 A
Sump Pump at Tail of BC-17 20 HP
BC-15 Maintenance Area Sump Pump 20 HP
Drive Area of BF 2/3 Hoist Motor 5 HP
BC-13 Tramp Iron Magnet Rectifier 15 kW
Shaker Motor and Hoist Motor (North Control Unit) 60 A
Shaker Motor and Hoist Motor (South Control Unit) 60 A
Diverter Gate Motor 5 HP
4160V Gear Battery Charger 30 A
Belt Feeder BF-2/3 Welding Receptacle 100 A
Pasco Building Power (Maintenance Building) 200 A
480V/120-240 V Single Phase Lighting Transformer | 37.5 kVA
Unloading Building Stairwell Exhaust Fan 10 HP
Dump Hopper Vault Sump Pump BC-13 20 HP
BC-16 Maintenance Area Sump Pump 20 HP
Unloading Building Hoist 5 HP
BC-13 Tramp Iron Magnet Belt Drive 10 HP
Electrical Room Heating and Vent 25 kVA
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Table 3.4: List of loads connected to MCC-2

Description Rating
Plow Feeder Drive 155 HP
Belt Conveyor BC-15 125 HP
BC-17 Tramp Iron Magnet Belt Drive 5 HP
BC-17 Tramp Iron Magnet Rectifier 10 kW
Proportioning Gate Motor 5 HP
Belt Conveyor BC-18 100 HP
Emergency Hopper Vent Fan 3 HP
BC-15 Tunnel Vent Fan 3 HP
Plow Shed Heater 10 kW
Transfer Station ‘E’ Supply Fan 10 HP
BC-16 Tunnel Vent Fan 3 HP
Plow Shed Heater 2 10 kW
Crusher Building Vent Fan 1 0.25 HP
Rotary Plow Maintenance Shed Hoist Motor 5 HP
Remoj[e LP-V2 Dust Suppression Room 37 5 KVA
Reclaim Area
Remote LP-V1 Dust Suppression Room
Crusher Building #2 Arca 375 kVA
Crusher Area Hoist Motor 10 HP
Crusher Door Opener Motor 2 HP
BC-15 Maintenance Area Welding Receptacle | 100A
BC-16 Maintenance Area Welding Receptacle | 100A
Crusher Building 2 Welding Receptacle 100A
Head of BC-15, BC-16 Welding Receptacle 100A
Belt Feeder #4 VFD 15 HP
Coal Yard Drainage Pumps 94 HP
Unloader Area Lighting Transformer 75 kVA
Sampling System 100 A
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3.2.2  Brief Description of the Coal Crusher

The primary interest in this thesis is the two coal crushers installed in a Fossil Plant. Figure
3.5 shows the picture of one of the 600 HP coal crushers motor, the electrical load of interest for
this thesis. Figure 3.6 shows the image of a coal crusher connected to the motor as well as other
supporting systems. Raw coal is fed to the crusher from the top chute, as shown in Figure 3.6. Belt
conveyors supplied coal to the chute. BC-15, BC-17, and BC-18 were the belt conveyers crucial
for the coal crusher’s operation. Belt conveyers BC-15 and BC-17 fed the raw coal to the coal
crushers. Belt conveyer BC-18 takes crushed coal to the pulverizers. Coal crushers are responsible

for crushing the raw coal into granulated form. Once the coal crusher breaks the raw coal into small
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particles, belt conveyers take this crushed coal to the coal pulverizers. Coal pulverizer crushes this

coal into a fine powder that can be used as fuel at the burners of the boiler.

Figure 3.5: Picture of 600 HP coal crusher’s induction motor.

R
600 HP Induction motor

Figure 3.6: Picture of coal crusher connected to 600 HP motor.
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3.3  Field Test and Results

NILM collected the data for about three months on this coal crusher unit. Coal crushers
started one after another, almost at the same hour of every morning, and ran till the mid-afternoon.
Maintenance was performed on both coal crushers when NILM was installed at the MCC. The
maintenance was performed on one coal crusher at a time. Each maintenance period was for a few
days for each coal crusher. During the time of maintenance, coal crushers were out of service. Plant
personnel usually performed this time-based maintenance every six months. If the quality of the
fine coal from the pulverizer degrades due to variation in crushed coal quality, the plant requested
maintenance before scheduled maintenance. During the maintenance, among other maintenance
activities, plant personnel replaced degraded hammers with new hammers and balanced the load
around the shaft. An example of a degraded hammer and a relatively new hammer is shown in
Figure 3.7. As seen in this picture, the degraded hammer has lost significant mass compared to the
new hammer. NILM was able to collect data for before and after maintenance was performed on
both coal crushers. The results of the field test are documented in this thesis using that data. The
Example of data collected using the NILM of typical coal crusher startup with auxiliary loads is

shown in Figure 3.8.

'

Figure 3.7: Coal crusher hammers: Picture on the left shows the degraded hammer removed from the coal
crusher and picture on the right shows the replacement of the degraded hammer.
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Figure 3.8: Bus-level current measurement for a typical crushers start-up sequence.

3.3.1 Transient-based Time Domain Analysis and Results

As mentioned earlier, the very function of the coal crusher causes hammers to degrade. As
the hammers degrade, it loses mass. Consequently, the value of the moment of inertia reduces.
Based on the simulations performed using two different values of the moment of inertia, it was
observed that the motor takes less time to attain a steady-state for a lower value of the moment of
inertia than a higher value of the moment of inertia as shown in Figure 3.2.

Both crusher motors were connected to the 4160V bus, where the NILM was installed.
During the period of data gathering, both crushers underwent maintenance for a few days. Power
plant personnel replaced the degraded hammers with new hammers and balanced the load across
the shaft during the maintenance period. NILM acquired the data for before and after maintenance.
Figure 3.9 shows the traces of current data obtained at 4160V bus for before and after maintenance.
This figure is explicitly generated to show the comparison between transient time durations for
crusher-6 induction motor before and after maintenance. As seen in this figure, the transient time
duration after the maintenance was longer than the transient time duration before the maintenance.

This result matches with simulation results shown in Figure 3.2.



34

800

Crushei‘ #6 beforelmaintenanée

700~

Cruher #6 after maintenance

/ ]

600

Ln
<
<
T
4 e

o

) =
<
(=]

Current: Amps
-
=

200~

L] g 1
[}
‘\ !
ERTIEIER <=

r“-" o
1
|

=

by g e iy Wi T L .t i
s et

100

L

264 26.6 26.8 27 27.2 27.4 27.6
Time: Minutes

L
1
L]

Figure 3.9: Current data recorded with NILM at the 4160V bus during the start sequence of crushers. The

continuous trace showed the aggregate current recorded before maintenance, and a dashed trace shows the
aggregate current after maintenance.

During the time NILM was installed at the plant, coal crusher hammers’ degradation was
tracked using a trend plot of transient time duration for each crusher motor. Such a process is shown
in Figure 3.10. This process can help power plant personnel in scheduling maintenance of coal
crusher based on condition. Condition-based maintenance can help the plant save in maintenance
costs compared to time-based maintenance. It can also provide a better opportunity to produce
better quality crushed coal for pulverizer continuously.
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Figure 3.10: Potential transient-based detection algorithm for coal-hammer monitoring.
Figure 3.11 shows the transient time duration recorded for crusher-6, and Figure 3.12
shows the trend of transient time duration for crusher-5. As seen in both trend plots, after

maintenance transient time duration for both induction motors is almost 1 second longer than the



35

transient time duration before maintenance. Moreover, close observation of the trend plot Figure

3.11 and Figure 3.12 also shows that the transient times are slowly reducing overtime.
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Figure 3.11: Trended transient time for crusher-6 throughout the field test.
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Figure 3.12: Trended transient time for crusher-5 throughout the field test.

3.3.2 Steady State Based Frequency Domain Analysis and Results
The sets of hammers are located at the periphery of the shaft, and it crushes the coal as the

hammers come in contact with raw coal fed from the chute. This function of the coal crusher
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hammer degrades the hammers. As shown in Figure 3.7, hammers lose weight as it deteriorates.
Some portion of the hammer set might degrade differently than the other. This uneven degradation
creates an unbalanced load on the shaft. In case of an unbalanced load, the motor will experience
average torque To and torque ripple at the shaft speed. This torque will be of the form as below [53]
and [54]:

1=Ty + Ty sin(Q,t) 3-10

Where Qn, is the mechanical rotational speed of the motor. This torque pulsation causes the
machine’s air gap to vary its length as it rotates. Consequently, this torque pulsation causes the
amplitude of the current to change at shaft speed. When measuring the magnitude of the current
with a NILM, the current signal will be of the form:

=1+ sin(Qt + o) 3-11

These shaft-speed variations in the torque can be observed in the frequency spectrum
analysis of stator current signals. In this case, the coal crusher’s induction motor was a 10-pole
machine, so the mechanical rotational speed is 12 revolution per second (RPS) or 12Hz. The motor
is not always rotating at that speed. Therefore, the variations due to torque ripple will appear at
around 12Hz in the stator current spectrum.

A diagnostic tool shown in Figure 3.13, can help track the amplitude of the shaft-speed
variation using spectral analysis technique. As shown in this figure, the Fast Fourier Transform
(FFT) of the stator current is calculated first. The output of the FFT contains real and imaginary
components that provide phase and amplitude value of the stator current components. Once the
FFT is computed, the shaft speed is searched, and amplitude corresponding to the shaft speed is
recorded. The value of shaft speed can also be affected by the varying load. The shaft speed
amplitude value is normalized using the average value of the current over FFT period to account
for varying load conditions. Adding data points for each calculation can provide insight into the

varying unbalance around the shaft.
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Figure 3.13: Process to track the trend of shaft speed amplitude variations in the measured current spectrum.

D1: Coal Crusher Hammer Degradation Detection Using Steady-State Current

Both coal crusher motors were identical 600 HP and 10-pole machine. Detecting shaft

speed variations using bus-level measurements for two identical motors can be difficult. Despite

being identical, most of the time, they do not run at the same speed. Appropriate parameters of FFT

calculations; for example, FFT length and windowing function [38] can help differentiate both

signals even when they are a fraction of 1Hz apart in the FFT plot, as shown in Figure 3.14.

However, when the speed of the motors is too close, it may be difficult to distinguish between the

two signals.
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Figure 3.14: FFT of the time-varying amplitude of the aggregate current zoomed into the vicinity of 12Hz.
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Using the procedure outlined in Figure 3.13, following each crusher start-up average
magnitude of the current for each crusher was calculated, and the speed of the crusher is determined.
The FFT was calculated three times a day for a minute-long current data. The magnitude of shaft
speed frequency was extracted and normalized using average current data for each crusher. Figure
3.15 shows the trend plot of normalized shaft speed frequency magnitude for coal crusher-6 before
and after maintenance. As seen in this figure, most of the time, this shaft speed frequency magnitude
is higher before maintenance as the effect of unbalance predominantly high. However, there are
certain times after maintenance when the magnitude is close to the magnitude before maintenance.
Averaging these values over three consecutive measurements shows a clear distinction between
before and after maintenance as shown in Figure 3.16.
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Figure 3.15: Normalized magnitude of the shaft-speed signal for Crusher-6.
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Figure 3.16: Normalized amplitude of the shaft-speed signal for Crusher-6. Data points in this plot were
created by averaging over three adjacent data points from Figure 3.15.

D2: Vibration Monitoring Using Steady-State Current

The vibration of the machine also exhibits the torque ripples in the current spectrum at the
shaft speed, similar to an unbalanced load condition. Coal crusher has significant vibration issues
as well. Specifically, contaminations in raw coal can increase vibration and damage hammers.
Thus, coal crushers were fitted with the vibration switches, which can trip in the event of highly
abnormal vibrations. Figure 3.17 and Figure 3.18 shows such an event captured with bus-level
current measurements as well as individual crusher current measurement. Once the vibration switch
was tripped, plant personnel investigated the incident and found one of the hammers dislodged in
the crusher, which contributed to increased vibrations. Figure 3.19 shows the trend plot for the
normalized value of the shaft speed frequency. This plot followed the same procedure outlined in
Figure 3.13. As shown in Figure 3.19, the normalized value for samples 15 through 19 slightly
higher. These samples are from the current measurement a couple of hours before the vibration

switch tripped. The sample 20 is where the switch tripped. As shown in this figure, after
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maintenance, the vibration value returned to reasonably similar value to samples before the

vibration switch tripped.
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Figure 3.17: Amplitude of bus-level current before and after vibration switch tripped because of a dislodged
hammer from crusher shaft.
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Figure 3.18: Amplitude of crusher-6 current before and after vibration switch tripped because of a dislodged
hammer from crusher shaft.
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Figure 3.19: Normalized Magnitude of the Shaft-Speed oscillation in the hours before and after the vibration
switch tripped on Crusher-6. Each data point was taken from a single FFT performed on a one-minute
window of crusher-6 current data.

3.4 Summary

This chapter explored transient and steady-state techniques that can help diagnose the
health of inertial loads using bus-level electrical measurements. Simulation and field test results
demonstrated the effect of changing mass on the duration of inrush current. As the mass decreases,
the value of the inertia decreases, and it reduces the in-rush period of the motor. The trending of
such data can help determine the health of inertial loads, such as coal crusher. Frequency domain
analysis of bus-level current provided information regarding increased vibration as well as
unbalanced load due to uneven loss of mass around the motor shaft. The combination of transient
and steady-state techniques can help power plant personnel determine the health of the coal crusher
and support condition-based maintenance, which can help save in maintenance cost, unplanned

outage cost, and optimize asset health for better plant performance.



CHAPTER 4: CASE STUDY 2 — CENTRIFUGAL PUMP AND MOTOR

Fossil, nuclear, and hydropower plants have various applications of pump-motor. The
common types of critical applications in the bulk power generation plant include the boiler
feedwater pump and the circulating water pump. In a nuclear power plant, the pump applications
related to the cooling systems are associated with the safe operations of the plant. Some of the
hydropower plants are pump storage plants where pump-motor combination stores water at height,
and then as needed, the stored water is used to generate electricity. These fluid systems’ health
monitoring is essential for efficient, safe, and reliable operation of the power plant.

Most of the pump-motor applications in power plants are moving water for cooling and
other requirements. In this case, water comes from the body of water near the plant, for example, a
lake or river. There are filters at the water intake to avoid any un-intended debris to get into the
system. These filters get clogged if not cleaned or replaced periodically. Clogged filters reduce the
efficiency of the pump system. Over time due to the quality of the liquid moved by piping systems,
and chemical interaction between the fluid and piping material, these piping systems collect
deposits. These deposits or build-up of scale can affect the pressure, flow, and ultimately efficiency
of these pump-motor systems. If enough deposits are gathered in one place of the piping system, it
can also cause leaking or busting of the piping system under operating conditions.

The piping systems are not translucent. Consequently, the formation of deposits can’t be
detected during the periodic inspection. Filters are checked and replaced periodically as one of the
time-based maintenance tasks. This chapter proposes a technique to detect filter clogging and
accumulation of deposits in the piping system using voltage and current measurements by NILM

during the startup of the pump’s motor. The proposed technique uses transient electrical signals at
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the main busbar to detect clogging and accumulation of scaling types of anomalies in the piping
system. Consequently, this technique is more suitable for the pump that starts and stops
periodically.
4.1 Background and Overview

Figure 4.1 shows the comparison between the hydraulic system and the electrical circuit.
In the electrical circuit, voltage drives the flow of electrons (current) through the wires in the circuit.
Voltage drops in the resistive elements of the electrical circuit. The resistive voltage drop of the
electrical circuit depends on the applied voltage of the circuit, and material, length, and diameter
of the wire. Much like an electrical circuit, in a hydraulic system, pressure or head (H) drives the
flow (Q) of liquid through the piping system. The pressure drops in resistive elements of the piping
system. This head change in the hydraulic system due to piping resistance may depend on the
applied head of the system, the roughness of internal walls of the piping system, viscosity of the
liquid being transferred, and the length and diameter of the piping system. When deposits in the
piping system increases or filter become clogged, it replicates change in the diameter of the piping

system. Consequently, it changes the value of pipe resistance.

Pipe Resistance Resistance
R, R
MN MN
— —>
Flow Current
Head Q Voltage I
H \%

Figure 4.1: Comparison between the electrical circuit and pump fluid system.

4.1.1 Total Dynamic Head
The total head of the system has four components, suction head Hs, pressure head H,,

velocity head Hv, and friction head Hr. Figure 4.2 shows some of the elements of heads in the pump
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fluid system. During the operation, this head may change; therefore, the term total dynamic head
(TDH).
TDH = Hs+ H, + H, + Hf 4-1

Suction head H; is the head at the intake pipe connected to the pump. Pressure head H; is
the pressure across the system. Pressure head may or may not exist for the pump fluid system. For
the re-circulated closed-loop pump fluid system, there may be nominal pressure change across the
system. Velocity head Hy and friction head Hrare the loss terms in equation 4-1. Velocity head
represents the loss of energy in the system due to the velocity of the liquid in the piping system.
Equation 4-2 shows the relation between velocity head, flow rate, and length and cross-sectional
area of the pipe. Friction loss head Hy is due to the friction losses in the piping system. The term k;
in equation 4-3 is a friction loss constant; it depends on the viscosity of the liquid flowing through
the piping system as well as geometry and properties of the piping system [55], [56] and [57]. This
chapter investigates how a change in the pipe resistances will affect the transient time duration of

the pump’s motor. The technique is tested with simulation and laboratory tests.

v? [ dQ
Hy=—=—— 4-2
2g gAdt
Hf = kaZ 4-3
Where,
v:  Velocity

g Acceleration of gravity

ki: Frictional constant

O:  Volumetric flow rate

L:  Length of the piping system

A:  The cross-sectional area of the pipe
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Figure 4.2: Various heads associated with pump fluid system, adopted from [58].
4.2 Simulation Test and Results
Simulation of pump motor system consisted of induction machine model and centrifugal
pump model. The fifth order induction machine model is set up using equations from 3-1 to 3-6, as
mentioned in the previous chapter. The output head of the centrifugal pump system shows the non-
linear dependence on the flow rate Q and the speed of the motor, as shown in equation 4-4 [59] and
[60].
hin(t) = ayWf + A Qi + 0307, 4-4
Where,
ai, a and az:  Empirical constants
o Speed of the motor
The mechanical load torque due to centrifugal pump fluid system can also be defined as
T, = by Qi + b2Q7, 4-5
The head loss due to friction can be defined by combining Hr and H, from equations 4-2 and 4-3,

d
B0 = G+ @ 46
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Equations 4-4 and 4-5 provide the basis for the pump modeling, and equation 4-6
provides the basis for the head loss modeling. The simulation model was created using the
induction machine and pump fluid system equations. As more deposits accumulate in the piping
system, from the system perspective, the effective cross-sectional area 4 and frictional constant k¢
changes. Thus, the increased flow resistance effect can be simulated by varying the friction loss
constant &y or changing the dimensions of the cross-sectional area 4. List of the induction
machine parameter used for the simulation are in Table 4.1.

Table 4.1: Parameters used for induction machine simulations [52]

Parameters Rating
Output Power 3 HP
Voltage 220V
Full-load current 58A
Full-load speed 1710 RPM
Mass moment of inertia 0.089 kg-m?
Stator resistance 0.435 Q
Rotor resistance 0.816 Q
Stator reactance 0.754 Q
Rotor reactance 0.754 Q
Magnetizing reactance 26.13 Q

Figure 4.3 shows the simulated instantaneous power measured at the start of a 3 hp motor.
As seen in this figure, there are two types of transients captured using electrical measurements. The
first is electrical transient due to electromechanical system energization. The second one is
mechanical transient, where current gradually increases as fluid is being filled in the piping system
for the first time after motor startup. In the pump fluid system, this is a common occurrence; when
the discharge valve is open, the motor current will gradually rise until the fluid is filled in the entire
piping system. Once the liquid is filled in the piping system, the motor current will settle to the
steady-state value. This phenomenon may be one of the reasons for closing the discharge valve for
the first few seconds when the diesel generator is providing power to the pump’s motor during the

loss of off-site power startup procedure in a nuclear power plant.
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Figure 4.3: Simulated instantaneous power at the start of the 3 HP motor.

In this simulation, change in fluid system resistance was simulated by varying the value of
pipe cross-sectional area 4 and friction constant k.. Figure 4.4 shows the results of the simulation.
As shown in this figure, a higher value of fluid system resistance reduces the duration of mechanical
transient. The solid trace in that figure is for the lowest fluid system resistance, and it has the highest
mechanical transient time duration. The dotted trace is for the highest fluid system resistance, and
it shows almost no mechanical transient time duration. Noticeably, there is no-change in electrical
transient time duration. The top of Figure 4.4 also shows that as the resistance increases, the steady-
state power consumed by motor decreases. Similarly, the bottom of Figure 4.4 shows the change
in flow rate (Q) for changing fluid resistance values. The volumetric flowrate reaches to final value
faster for the highest fluid system resistance, as seen in the dotted trace. This bottom image also
shows that as the resistance of the system increases, the steady-state value of volumetric flow

decreases.
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Figure 4.4: Simulation results showing the effect of changing fluid system resistance on electrical and
mechanical transient acquired from electrical measurements. The top picture shows the instantaneous power
for various values of the effective fluid flow resistance. The bottom image shows the change in volumetric
flowrate with changing the effective fluid flow resistance.

4.3  Laboratory Tests and Results

Figure 4.5 shows the laboratory layout for the centrifugal pump’s re-circulating water
closed-loop system, and Figure 4.6 shows the picture of the laboratory setup. The reservoir that fed
the inlet of the pump was also the storage for the pumped water, thus water re-circulating, closed-
loop system. As shown in these figures, there are four 1-inch PVC ball valves installed around the
piping system. Piping was almost 50 feet long; it was installed at different elevations, as shown in
the picture of the laboratory setup Figure 4.6. The location of the valve V; was near the pump
discharge, valve V, was almost in the middle of the piping system, and valve V3 was near the

reservoir. These valves were used to simulate the change in the effective resistance of the fluid
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system. Valve Vj near to the pump inlet was not used to change the resistance of the fluid system.
Gould’s MCC series pump and 1 HP motor were used for this experiment. Table 4.2 shows the
specifications of the pump-motor system.
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Figure 4.5: Closed-loop centrifugal pump system laboratory layout.
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Figure 4.6: Picture of the actual laboratory setup for centrifugal pump closed-loop system.

Table 4.2: Pump motor specifications.

Parameter Rating
Power rating 1 HP
Voltage Rating 460 V
Full-load current 1.7A
Full-load speed 3450 RPM

Experiments were conducted by varying the valve positions to simulate the resistance of
the fluid system. The electrical measurements of the motor’s stator currents and supply voltages
were acquired using NILM. Figure 4.7 shows the instantaneous power measurement of 1 HP three-
phase induction motor connected to the pump. As seen in this figure, varying valve positions to
change the effective fluid system resistance varies the mechanical transient time duration. As seen
in the figure, various positions of the valve include; fully open, about 50% closed, and
approximately 75% closed. This figure looks similar to the simulation results of the 3 hp motor

shown in Figure 4.4. As shown in this figure, the increase in effective resistance of the fluid system
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decreases the mechanical transient duration. There is a substantial difference between fully open to
almost 50% and 75% closed. When all three valves are about 75% closed, the mechanical transient
almost disappears.

Additional trace with the valves about 25% closed is also included in Figure 4.8 and Figure
4.9. Essentially, Figure 4.9 is a zoomed-in version of Figure 4.8 near mechanical transient. As seen
in these figures, the mechanical transient time duration change is not significant between fully open
valves to about 25% closed. However, it is still a noticeable change, as seen in Figure 4.9. These

figures also confirm that the steady-state power level also reduces with higher fluid system

resistance.
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Figure 4.7: Traces of the pump motor’s instantaneous power showing the change in the transient time
duration when the motor is started with all four valves in open position, 3 of the valves are closed at around
50% and 75%, replicating increase in the effective resistance of the fluid system.
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duration when the motor is started with all four valves in open position, 3 of the valves are closed at around
25%, 50%, and 75%, replicating increase in the effective resistance of the fluid system.
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Figure 4.9: Traces of the pump motor’s instantaneous power specifically showing the change in the
mechanical transient time duration when the motor is started with all four valves in open position, 3 of the
valves are closed at around 25%, 50%, and 75%, replicating increased effective resistance of the fluid system.
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Figure 4.10 shows the potential transient-based algorithm that can be implemented to detect
the accumulation of deposits in a fluid piping system using the transient-based measurement of
current. As seen from Figure 4.7 to Figure 4.9, as the scale accumulates in the piping system, the
mechanical transient duration decreases. Trending the value of this transient duration at every
startup can help determine the relative accumulation of deposits in the fluid system piping. Power
plant personnel can schedule the invasive inspections at the nearest convenient time when the
transient time duration decrease at a specific threshold value set by plant personnel. This condition-
based invasive inspection can save the plant in maintenance costs and avoid any catastrophic failure

during the operations.

Update plot
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Figure 4.10: Potential transient-based algorithm to detect the accumulation of deposits in a fluid pump
system.

4.4  Summary

The technique presented in this chapter is a non-invasive monitoring technique that can
help determine the clogging of the piping system and obstructed flow in the pump fluid system
using bus-level electrical measurements. NILM was used to acquire electrical measurement of
stator currents and voltages. This method is particularly helpful for the pump motor that starts often.
A comparison between consecutive transient time durations can give a relative measure of
obstructed flow. This comparison can help power plant personnel in scheduling the maintenance
or invasive inspection during the outage of the power plant. This condition-based invasive
inspection can save potential maintenance, repair, and refurbishment cost compared to unintended

bursting or leaking of the piping system during the operation.



CHAPTER 5: INDUCTION MACHINE PARAMETER ESTIMATION - SUMMARY OF
PAST RESEARCH

There are mainly two types of applications for the induction machine parameter
estimations, rotor field-oriented control, and power system stability studies. A high-performance
variable speed drive requires knowledge of some of the induction machine parameters for control
purposes. The knowledge of induction machine parameters also supports the efficient operation of
a variable frequency drive. Power system stability studies that require knowledge of induction
machine parameters include black start capability, loss of off-site power unit, and various
regulatory modeling and simulations requirements. Many researchers have researched in
developing techniques that cater to the needs of these applications. This chapter is an overview of
the past research to determine parameters of the induction machine, focused on power system
stability studies.

Figure 5.1 shows the commonly used single-line induction machine equivalent circuit per

the IEEE standard 112 [61]. Table 5.1 describes parameters associated with this electrical circuit.

Xls Rs Xlr
Y Y Y AAN YN
e —_—
Ias ‘ IIII Im’

Vs @) R¢ X /g( R/s

Figure 5.1: Simplified single-line diagram of the induction machine equivalent circuit, adopted from [61].
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Table 5.1: The induction machine equivalent circuit parameters.

Parameter Description
Xis Stator leakage reactance
Xir Rotor leakage reactance
R, Stator resistance
R; Rotor resistance
Xum Magnetizing reactance
R Core resistance
Vas Supply voltage
Las Stator current
Lar Rotor Current
Im Magnetizing current

Once the induction machine parameters are determined, it can be used with the available
software to study power system stability; for example, to determine power flow, changes in voltage,
and changes in frequency during disturbances in the system. This information helps with planning
for the starting sequence of large auxiliary loads during cold start as well as black start and setting
up protection relays. There are several types of research conducted in the area of induction machine
parameter estimation. Electromagnetic Transients Program (EMTP), and Electrical Transient
Analysis Program (ETAP) are examples of widely used software to analyze power system stability.
The software used for power system stability study are also used for determining the induction
machine parameters in powerplant. These software estimates parameters based on available
manufacturer data. The following section discusses past researches related to these widely used
methods in power plants to determine the parameters of the induction machine. In addition, it also
provides a brief overview of other investigations in the area of techniques to estimate induction
machine parameters.

5.1  Techniques to Estimate Induction Machine Parameters

The induction machine parameters are not generally provided by the manufacturer unless
specified in the request for procurement (RFP) by the buyer of the machine. Commonly, at the
manufacturing facilities, these circuit parameters are obtained using methods documented in IEEE

standard 112 [61]. In many cases, even if the parameters are provided during the buying process of
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the machine, they are lost. Prominent methods used in power plants for induction machine
parameter estimation are described in [62], [63], [64], [65] and [66]. To anonymize the
commercially available techniques, they are referred to as technique-1 and technique-2 in the
following sections.
5.1.1  Widely Used Parameter Estimation Technique — 1

A review of this technique for the induction machine parameter estimation is based on the
references [62], [64], and [66]. As most of the large induction machines are with deep-bar rotor
design, it can be represented with a double cage induction machine equivalent circuit model. In the
literature for the parameter estimation technique-1, a double cage induction machine model is
considered. The one-line diagram for such a machine is shown in Figure 5.2. As seen in this figure,

the core resistance is neglected, and small leakage reactance of the outer cage is also ignored.

Xis R, Xir
A A

R;

Figure 5.2: Simplified model of double cage induction machine equivalent circuit, adopted from [62].
Table 5.2 shows the manufacturer and nameplate induction machine information needed
for the estimation of some of the parameters. As mentioned earlier, the core resistance and outer
cage leakage reactance are neglected. Parameter estimations are made using per unit (pu) system.
The following is a basic summary of the steps in this method to estimate the parameters [62]:
e The total windage, core, and friction losses are assumed to be 25% of the total losses. Full-
load efficiency is adjusted to 1' to reflect this assumption.

1=0.25+0.757 5-1
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Parameters R, R, and Xy are estimated based on adjusted value of efficiency 1, full-load
power factor, and slip.

Starting resistance Ry is estimated based on the values of starting torque Ty and current L.
Rotor resistance R; is estimated based on values of Ry and ratio of starting torque T to
rated torque T.

The assumption is made regarding the ratio of total inner and outer cage resistance to inner

cage leakage reactance “m” between 0.5 to 0.6.

R+ R,

m Xz

5-2

Values of Ry, R, and X5, are estimated based on the value of “m” and rotor resistance R..

Estimation of total starting reactance X;

2

v
X¢= (I_) - (Rs+ Rst)2 5-3
st

In case the saturation current value is unavailable; the saturated current I, is assumed twice
the full-load current. As per the rotor bar design of the induction motor, the describing
function is calculated. The describing function is developed in [66].

Based on describing function values and saturated current value, the total reactance X,
stator, and rotor leakage reactance are recalculated.

Using Thevenin’s equivalent circuit for the induction motor, Xm and R, recalculated to
account for the saturation.

Based on all of the estimated circuit parameters, the value of maximum torque Tmax 1S
calculated. The maximum torque Tmax value provided by the manufacturer is compared
with the estimated value of Tpax.

If the estimated value of Tmax is not almost equal to the Tmax value provided by the

manufacturer, iteratively adjust saturated current value Iz, and recalculate all of the circuit
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parameters shown in Figure 5.2 until the estimated value of maximum torque matches with
the value provided by the manufacturer.

In addition to the above iterative process, the algorithm also requires mechanical model
data for the accurate parameter estimation. This mechanical model data include the moment

of inertia and friction coefficient of the load.

Table 5.2: List of required parameters before initiating parameter estimation calculations.

Parameter Description
\% Rated Voltage
I Full-load Current
NEMA motor Type | NEMA motor design type
Lt Starting Current / Locked rotor Current
Lsat Saturation Current (if available)
PF Full-load power factor (cos @)

s Full-load slip

T Rated or full-load torque
Tmax Maximum or Break down torque

Tst Starting Torque or Locked rotor Torque

n Full-load efficiency
The ratio of inner cage leakage reactance

m to the total of inner and outer cage
resistance

J Motor moment of inertia

§ Friction co-efficient of load

The method described in [64] is similar to the process described in [62]. In addition to the

manufacturer data in Table 5.2, the method in [62] also uses the following manufacturer-provided

information to reduce error in estimated induction machine parameters [64]:

Current Vs. Slip characteristic

Torque Vs. slip characteristics

Power factor Vs. slip characteristic

Widely Used Parameter Estimation Technique — 2

The process used in this technique to estimate induction machine parameters is described
The value of a calculated using the following equation and values derived above

Ry =(1+ aSlr)erl 5-10
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As the magnetizing branch is removed from the equivalent circuit, the stator leakage
reactance Xls, the rotor leakage reactance Xlr, and the stator resistance Rs can be calculated

at locked rotor condition using the following equation:

\AW
X+ Xj)= (I—> sin @, 5-11

slr

2

(Xls + Xlr) = \/(Il) - (Rs+ err)2 5-12

slr

As suggested in IEEE standard 112 [61], the ratio % for different NEMA motor design as

Ir

follow:
Type A and D: 1
Type B: 2/3
Type C: 3/7

In the next step, this method finds XM while continue to exclude core resistance Rc [65]
from the induction motor equivalent circuit.

In this method, XM is derived using the iterative process. The full-load power factor is
calculated from the estimated electrical circuit parameters. This calculated full-load power
factor is compared with the full-load power factor provided by the manufacturer. The value
of XM modified until the manufacturer provided full-load power factor and estimated full-
load power factor match.

Using these initial values of circuit parameters, values of rotor full-load current Irfl and
slip at full-load Sfl are updated.

Core losses are estimated using known values of power as well as estimated heat losses

using calculated current and resistance values.
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e Core resistance Rc was determined using Thevenin’s equivalent circuit and the estimated
value of core losses. The Thevenin’s circuit was derived by combining the magnetizing
branch with the stator circuit.

e Once the initial values of the parameters are determined, the final parameter values are
calculated using the sensitivity analysis of each parameter. The sensitivity analysis is
performed using known variable PF, Tmax, STm, Tlr, Islr, PFlr, and n with estimated
parameter Xls, Xlr, Rs, Rrfl, XM, Rrlr, Xrfl, and Rc.

shows the list of the manufacturer data and nameplate data required to initiate the
process of induction machine parameter estimation. In this method, researchers have used the
IEEE standard 112 induction machine model equivalent circuit shown in Figure 5.3.

Table 5.3: List of required parameters before initiating parameter estimation calculations.

Parameter Description
\Y Rated Voltage
I Full-load current
NEMA motor Type | NEMA motor design type
PF Full-load power factor (cos @)
ul Full-load efficiency
T Rated or full-load torque
Tinax Maximum or Break down torque
Stm Slip at maximum or breakdown torque
T Starting torque or locked rotor Torque
Ly Stator current at locked rotor
PF; Locked rotor power factor (cos @)
J Motor moment of inertia
B Friction co-efficient of load
Xls Rs Xlr
—WW\—/\/\/\ Y Y Y y—m
s yo o
Vv as @ R c X M Rr/ S

Figure 5.3: Simplified model of induction machine equivalent circuit, adopted from [61].
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This method uses a per unit (pu) system for induction machine parameter estimation. The
following is an elementary summary of the steps in this method to estimate the parameters [63]:

o Initially, the circuit is simplified by removing the magnetizing branch of the equivalent
circuit and obtain the rest of the parameters. These parameters will be later used for the
estimation of magnetizing branch parameters.

e Rated voltage V, rated or full-load stator current I, and rated or full-load torque T was set
at 1pu.

e Values of rotor current at full-load I, and at locked rotor I, as well as full-load slip were

assumed as follow,

1,=0.95], 5-4
I;,=0.95I, 55
S=1.5% 5-6

e Using assumed values of full-load rotor current, locked rotor current and slip from above,
the values of full-load rotor resistance R and rotor resistance at locked rotor R, were

calculated as,

ST
erl: —2 5-7
1
ST
err: Tlr 5-8
Irlr

e Rotor resistance Ry, approximated with the following equation, where a is between 0 to 3
depending on deep bar or double cage design.
R, =(1+aS)R.q 5-9
e The value of a calculated using the following equation and values derived above

Ry =(1+ aSlr)erl 5-10
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As the magnetizing branch is removed from the equivalent circuit, the stator leakage
reactance Xjs, the rotor leakage reactance X, and the stator resistance R can be calculated

at locked rotor condition using the following equation:

\AW
X+ Xj)= (I—> sin @, 5-11

slr

2

(Xls + Xlr) = \/(Il) - (Rs+ err)2 5-12

slr

As suggested in IEEE standard 112 [61], the ratio % for different NEMA motor design as
Ir

follow:
Type A and D: 1
Type B: 2/3
Type C: 3/7

In the next step, this method finds Xm while continue to exclude core resistance R [65]
from the induction motor equivalent circuit.

In this method, Xy is derived using the iterative process. The full-load power factor is
calculated from the estimated electrical circuit parameters. This calculated full-load power
factor is compared with the full-load power factor provided by the manufacturer. The value
of Xy modified until the manufacturer provided full-load power factor and estimated full-
load power factor match.

Using these initial values of circuit parameters, values of rotor full-load current I4 and slip
at full-load Sy are updated.

Core losses are estimated using known values of power as well as estimated heat losses

using calculated current and resistance values.
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e Core resistance Rc was determined using Thevenin’s equivalent circuit and the estimated
value of core losses. The Thevenin’s circuit was derived by combining the magnetizing
branch with the stator circuit.

e Once the initial values of the parameters are determined, the final parameter values are
calculated using the sensitivity analysis of each parameter. The sensitivity analysis is
performed using known variable PF, Tmax, Stm, T, Lsir, PF1, and ny with estimated parameter
Xis, Xir, Rs, Rest, X, Rur, X, and Re.

5.1.3  Other Researches in Parameter Estimation Techniques

Induction machine parameter estimation has many applications; as such, there are
numerous researches available in the journals and conference papers. This section will
summarize various other investigations and techniques to determine induction machine
parameters. There are mainly two categories for the application of induction machine
parameters; to control high-performance variable frequency drives and in the power plant
to determine voltage and power flows during disturbances of the power system.

Reference [67] provides an induction motor model that represents motor
performance over a wide range of frequencies. This model can be applied for induction
motor control purposes. Reference [68] provides a method to estimate induction machine
parameters using stand-still measurements that can be helpful for variable frequency drive
operations. Reference [69] provides an overview of many techniques for induction machine
parameter estimation used in the control applications. Almost all of the methods mentioned
in [69] for control applications require a variable frequency drive to estimate induction
machine parameters. Moreover, most of the technologies are off-line. The techniques are
implemented at the commissioning of the variable frequency drive. The electrical circuit

parameter values are derived at the commissioning of the drive. Very few technologies
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support re-calculations or verification of the induction machine parameters while the
machine is in-service. Reference [70], provides an on-line non-linear least square approach
to determine the parameters of an induction machine. This approach uses a dynamic
induction machine model with rotor position measurements and measurements of all three-
phase currents and voltages. It provides experimental results of 0.5 hp motor that shows a
comparison between actual measurement of stator current and simulated stator current
using estimated parameters.

There Reference [71], discusses another on-line approach using a two-step method
for induction machine parameter estimation. This method uses measurements of stator
currents as well as two sets of initial guesses. The first set of initial estimates are based on
information provided by the manufacturer of the machine. This first set of guesses
considered poor initial estimates for this method. The second set of initial guesses is
calculated by applying the non-linear least-squares technique and the first set of poor
guesses. In the final step, it calculates the last set of parameters by applying a non-linear
least-square method with the second set of parameter guesses. Experimental results of this
research provided a comparison between actual measurements of currents and calculated
current based on estimated parameters of 1 hp motor connected to a fan. This research
estimates electrical parameters of the induction machine equivalent circuit and estimates
of mechanical parameters, such as friction co-efficient of load and moment of inertia of the
rotor. Reference [72], discusses the importance of double cage model for induction
machine parameter estimation. It also provides regression equations derived from
numerous American and European motor catalog data. These regression equations are used

to estimate parameters of similar rating motors from their mechanical power output and
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voltage rating. Reference [73], provides another method to determine induction machine
parameters using manufacturer and nameplate data. The use of transient stator current for
estimation of the induction machine’s electrical parameter is proposed in [74]. This paper
provides simulation results as well as results from the 5 hp motor. The research discussed
in [75] provides a mathematical approach to determine induction machine parameters with
polynomial fraction regression. Experimental results from the 0.5 hp motor induction
machine parameter were presented in [75].

5.2 Summary

This chapter of the thesis provided an overview of the various past researches. Methods
developed in [62], [63], [65] and [66] are widely used methods in power plants. Methods discussed
in [67-70] are suitable for control applications, and methods discussed in [71-75] are suitable for
power plant applications. Some key points from this review are as follows:

e Techniques widely used in power plants for induction machine parameter estimation
are off-line techniques. Moreover, it requires manufacturer data, motor nameplate data,
and a relatively accurate model of mechanical parameters.

e Most of the induction parameter estimation methods estimate electrical parameters of
the motor and not the mechanical load parameters.

e Methods used for control applications require variable speed drive for induction
machine parameter estimation.

e Many of the techniques for induction machine parameter estimation reviewed in this
chapter employs an iterative process to estimate parameters.

e Many of the researches described in these references, provided experimental results of
the three-phase low voltage induction motors ranging from 0.5 hp to 5 hp. References
related to the widely used parameter estimation techniques in power plant also

provided experimental results of medium voltage induction motor applications.



CHAPTER 6: PROPOSED INDUCTION MOTOR PARAMETER ESTIMATION
TECHNIQUE

Generally, a diesel generator is responsible for providing power to the auxiliary loads
during the black start unit startup process and, in the case of the nuclear unit, during the shutdown
process due to loss of off-site power (LOOP). Induction motors are one of the significant auxiliary
loads that needs be startup using diesel generator provided power. Maintaining demand and supply
balance is very important during the startup of induction motor loads. Knowledge of induction
machine inrush current time duration and the load flow due to these motors’ startup is critical in
maintaining supply and demand balance during the black start unit or nuclear unit’s loss of off-site
power startup. The induction motor parameters are used with the widely used algorithms to predict
transient current amplitudes as well as load flow analysis. This type of analysis is particularly useful
for the black start unit [28, 32] and for nuclear units to proceed with a safe turndown in case of loss
of off-site power.
6.1  Proposed Induction Motor Parameter Estimation Technique

As discussed in Chapter 5, widely used techniques in power plants for induction machine
parameter estimation require a significant amount of manufacturer data, nameplate data, and
mechanical modeling of the load. However, these manufacturer data and mechanical modeling data
are not readily available. In some cases, these required data may never have been provided by the
manufacturer of the induction machine and mechanical load (example; pump, fan, etc.), or the
utility over the years may have misplaced it. If needed, utilities will have to request the
manufacturer for the data. In case the manufacturer doesn’t exist anymore, the utility will need to
carry out testing of the individual machine to get this information. Besides, when the changes are

made in the mechanical load or motor, a new set of data needs to be verified and entered into the
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software for calculation of parameters before it can be used for modeling purposes. This data
gathering process can be time-consuming and costly in many cases.

This chapter proposes a novel method to estimate an induction machine parameter using
the electrical data gathered at the bus-level using NILM. It is the same voltage and current data that
can be used for diagnostics purposes. It is a non-invasive on-line parameter estimation technique
that can help utilities with black start units as well as nuclear units.

The following section discusses the NILM’s ability to calculate the in-phase and
quadrature-phase component of an induction machine’s stator current. This unique ability of NILM
is instrumental in estimating the parameters of an induction machine.

6.1.1  Spectral Envelope of Measured Induction Motor Stator Current

This capability of NILM is also mentioned in Chapter 2; however, it is essential to
emphasize this useful capability of the NILM. The unique approach of this proposed parameter
estimation technique relies heavily on NILM’s ability to calculate the measured current signal’s
spectral envelopes. NILM’s pre-processor decomposes the current signal acquired at the bu-level.
The measured current can be viewed as a waveform i(7), and it can be described with arbitrary
accuracy at time T € (t — T, t] using a Fourier Series of time-varying signal’s spectral coefficients
a, (t) and by (t) [34], [35], [36] and [37]. In this context, measured current can be presented as
follow:

i(t—T+5) = Zak(t) cos(szn(t —T+s)> +Zbk(t) sin(szn(t—T+s)> 6-1
k

k

In equation 6-1 variable k& ranges over the set of positive integers, T is the fundamental
period of the waveform, and s € (0,T]. Traditional Fourier series analysis assumes that the
frequency and phase of the waveform remain the same at any time. However, that is not true for
this application, where current waveform amplitude and phase changes as load changes. Equation
6-1 takes these load changes into account. In this equation, at any time t, the waveform can be

represented by a set of harmonically related in-phase and quadrature-phase sinusoids that extend
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over the previous period. The coefficients a; (t) and by (t) are calculated using equations 6-2 and
6-3 [36, 37]. These co-efficients provide time-local information of amplitude and phase of the
measured current spectral. If the voltage remains relatively constant, then the coefficients in-phase
component a(t) and quadrature-phase component by (t) has useful interpretation as active and
reactive component of the current. This relationship of in-phase and quadrature-phase component

is used for determining power factor of the induction machine in this thesis.

auw=§L

T 21
i(t—T+s)cos<k?(t—T+s)> 6-2

and

T

2 (. ) 21
bk(t)z?fo l(t—T+s)sm<kT(t—T+s)> 6-3

Figure 6.1 and Figure 6.2Error! Reference source not found. respectively shows the
fundamental frequency in-phase and quadrature-phase stator current component of 100 hp
induction motor. Figure 6.3 shows the stator current envelope of the 100 hp motor. These time-
varying spectral coefficients of fundamental frequency in-phase component «;(2) and quadrature-
phase component b,(2) can be interpreted as fundamental frequency active and reactive components
of the current. One of the uses of this fundamental in-phase and quadrature-phase components in
induction machine parameter estimation is to determine the power factor of the machine for varying

conditions. The use of measured electrical signals allows the estimation of parameters at every
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start, unlike other methods where parameters are estimated only once during the commissioning or

off-line when it is required for modeling or load flow analysis.
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Figure 6.1: Fundamental in-phase component a;(%) of 100 hp induction motor stator current.
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Figure 6.2: Fundamental quadrature-phase component b,(%) of 100 hp induction motor stator current
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Figure 6.3: 100 hp induction motor stator current envelope.

6.1.2  Estimation of Electrical Parameters

The induction motor equivalent circuit as per IEEE standard 112 is shown in Figure 6.4.
Core resistance R is very high in most of the induction motors. During the operation, minimal
current passes through the core resistance. In the proposed technique, the core resistance R, is
neglected. The equivalent circuit used for the proposed technique is shown in Figure 6.5. The

proposed method attempts to estimate the induction motor’s mechanical and electrical parameters

listed in
Table 6.1.
Xls Rs Xlr
—— Y Y Y Y Y Y y—m
Yy N\ Y'Y
L, $ L L,
Vs @) Re X R//s

Figure 6.4: Induction Motor Equivalent circuit as per the IEEE standard 112 [61].
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Figure 6.5: Simplified model of induction machine equivalent circuit used for the proposed technique.

Table 6.1: List of induction machine parameters the proposed technique attempts to estimate.

Parameter Description
Xis Stator leakage reactance
Xir Rotor leakage reactance
Rs Stator resistance
R, Rotor resistance
XM Magnetizing reactance
J Moment of Inertia
B Friction co-efficient of load

During the full-load condition, the induction machine equivalent circuit can be simplified,
as shown in Figure 6.5. Current flows through the stator, rotor, and magnetizing branch of the
equivalent circuit. The total impedance of the machine can be approximated by equations 6-4 to
6-6. Figure 6.6 shows the change in resistance and reactance of the induction machine as the slip
of the machine changes. The shape of these curves remains the same for most of the induction

machine only magnitude changes [75].
. . R .
Z = (R +jXis) + X 1 (“/s + jXiy) 6-4

The real and imaginary part of the impedance can be expressed using the following equations

RsR? + S?R,(Xy + X;)? + SX4R,
RZ + S2(Xy + X;)2

6-5

real{Z} =

and

SZXLS(XM + Xlr)2 + SZXLSXM(XM + Xls) + R%(XM + Xls)
RZ + S2(Xy + X;)2

6-6

imag{Z} =
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Figure 6.6: Change in resistance and reactance of the induction machine as the slip of the machine changes.
Trace with the dashed line is a reactance curve, and trace with the solid line is a resistance curve.

D1: Estimation of Electrical Parameters During the Startup or Transient

At the time when the motor starts from the rest position, the rotating speed of the rotor is
low. Thus, slip “s” as defined in equation 6-7 is very high. Ny and N; are synchronous and rotor
mechanical speeds of the motor, respectively. During the startup, as the rotor starts from the rest

1P
S

position, rotor speed N; is very low; consequently, slip is almost equal to 1. Figure 6.7 shows
an example of slip changing overtime for a 100 hp motor. As seen in this figure, the slip varies
from one at the startup to close to zero at synchronous speed. At the very beginning of the startup,
the slip can be approximated near 100%. This condition at startup emulates the locked rotor
condition. During the locked rotor conditions, current in the magnetizing branch is negligible.
Consequently, the equivalent circuit of the induction machine can be approximated without a
magnetizing branch, as shown in Figure 6.8 [76]. This equivalent circuit provides an opportunity

to determine rotor and stator impedances at the beginning of the transient using equations from 6-8

to 6-13.

§= ——— 6-7
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Figure 6.7: An example plot of change in slip overtime for a 100 hp motor.

Vi@

Figure 6.8: Approximate induction motor equivalent circuit at the startup of the motor.

Using bus-level electrical measurement, NILM calculates in-phase stator current
component I, and the quadrature-phase stator current component I;. The equations for these

calculations are as follows:
2 (T 21
IP:al(t):Tf i(t—T + s)cos k?(t—T+s) = [ cos® 6-8
0
2 (T 2m
Iq=b1(t)=?f i(t—T+ s)sin k7(t—T+s) = [ sin® 6-9
0
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The power factor angle can be calculated using the values of Ip and Iq as follow:
Iq
@ =tan 1 = 6-10
Iy

1= (s 6
v ANCAR 11

As seen in Figure 6.8, the impedance at the beginning of the transient can be derived as:

vV
real{Z} = Rs+ R, = (7> cos @ 6-12
vV
imag{Z} = Xis+ X;p = (7) sin @ 6-13

As mentioned in [62], the induction machine characteristic is influenced mainly by leakage
reactance of stator and rotor as well as rotor resistance. These values may change with the speed
because of eddy currents and saturation of the magnetic path [62]. If the design parameters are not
readily available, according to NEMA MG [77] the ratio between the stator and rotor reactance for

various NEMA type motors can be approximated as follow :

Type A and D: 1
Type B: 2/3
Type C: 3/7

This relationship can help identify leakage reactances Xis and Xj. from equation 6-13. If the
value of stator resistance R is known, then rotor resistance R; value can be estimated from equation
6-12. One of the requirements of measuring R; is to identify the rotor position at the measurement
[61]. As suggested in [61], the value of R, can be averaged over a set of voltage and current
measurements. In this estimation technique, the value of (R¢+R;) is averaged over a small period
during the transient. The value of R, remains relatively constant over the operating range, which

helps in estimating the value of R, during transient conditions.
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Transient electrical current and voltage provide the opportunity to estimate Rs, R:, X, and
Xis. The next section will discuss the derivation of Xy during steady-state using no-load, almost
no-load, and full-load conditions.
D2: Estimation of Electrical Parameter During Steady State

As discussed in the previous section, measurement of electrical supply voltage and stator
current of induction motor at the beginning of the transient provides the opportunity to estimate
induction motor equivalent circuit electrical parameters Rs, Ry, Xy, and Xjs. This section describes
the estimation of Xy using full-load, almost no-load, and no-load conditions.

Use of No-load Condition

During the no-load condition, the motor is completely disconnected from the mechanical
load. In this condition, there is a negligible current flowing through the rotor circuit of an induction
machine [61] and [69]. The equivalent circuit in this condition can be approximated as shown in

Figure 6.9. The impedance of this equivalent circuit can be estimated using equations 6-14 to 6-18.

Figure 6.9: Approximated Induction motor circuit at no-load.

The equivalent impedance Z of the circuit shown in Figure 6.9, can be presented using the
following equation,

Z = Rs+j(Xis + Xp) 6-14
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The power factor angle at steady-state can be calculated using the steady-state in-phase and

quadrature-phase component of stator current,

I
@ = tan! <—q> 6-15
L,

Then the stator resistance can be calculated by the following equation,
%
real{Z} = R, = (7) cos® 6-16

Total of stator leakage reactance and magnetizing reactance can be calculated using the following

equation,
%4
imag{Z} = (Xis+ Xy) = (7> sin @ 6-17

Using the estimated value of Xis from the transient measurements, Xu can be calculated with the
following equation,
Xy = imag{Z} — X 6-18

In the field, estimating the induction machine parameters using the no-load condition is
difficult. It requires a lengthy process of taking the machine out of the operation and re-installing
it after the measurements are done. Unless the machine is taken out of the service for other purposes
and that opportunity is used to determine the parameters, this could be a time consuming and costly
process. The purpose of this research is to propose a technique that can estimate induction machine
parameters while the machine is in operation. Consequently, the method of estimating parameters
using the full-load and relatively no-load conditions are proposed in the next sections.

Use of Full-load Condition when Stator Resistance R; is Known

The technique presented here in this section is only applicable if the stator resistance R is
known. Table 6.2 shows the typical nameplate data available on every motor. In addition to this
information, nameplate also has information on the type of NEMA design, insulation class, frame
size, and winding connections. Synchronous speed N, full-load slip Sq, and full-load torque Tyq can

be calculated using the nameplate data and equations 6-19 to 6-21.
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Table 6.2: Typical nameplate data for an induction machine.

Parameters Description
P Rated Power in kW or HP
fe Rated electrical frequency in Hz
\Y Rated voltage
In Full-load current in Amperes
PF Full-load power factor
ull Full-load efficiency
Nn Full-load speed in RPM
p Number of poles
SF Service Factor
2
N = 60 (Seconds)f, (E) RPM 6-19
Ns - Nfl
Se1 = ——— 6-20
fl N,
Full-load motor torque can be calculated by the following equation [52],
py\ P (in watts)
T,=Tf=|s)————= N.m 6-21
e” (2) 2nf,(1 - Sp,)

Based on this nameplate data, derived data from nameplate and all of the other electrical
parameters estimated as discussed in the previous sections, the value of Xm can be determined using

equations 6-22 to 6-25.

The steady-state torque can be expressed in terms of current in phasor form as defined in

p X . Tx 71
T, =3 (E) (w—’:) Rel[j [l 6-22

In equation 6-22, current vector f;s is a complex conjugate of the stator current. f[lr is
the rotor current that can be defined as follow [52],

2 Jj (We/wp) Xy P
ar — . Ias 6-23
TT/S + J) (we/wb)(XM + Xlr)

~

Replacing I, in equation 6-22 with 6-23,
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2
B )@
e~ 2 2 -
(5) + (52) @u+ %2

In the above equation 6-24, T. is full-load torque at the full-load stator current I,s. The value
of I at full-load is available from the induction motor nameplate data. Equations 6-22 to 6-24 are
based on per unit system where . and o are equal. Only Xy is the unknown quantity in equation
6-24 as T. can be calculated using equation 6-21, as Xy, and R, are known.

Rearranging equation 6-24, as shown in equation 6-25, provides an opportunity to estimate

Xwm. The positive root of the equation below provides the estimated value of Xw.

2
Dy /1 T T
X2, (Te — 312, (E) (w_e) (?;)) + Xy QX)) + T, ((é) + Xﬁ) =0 6-25

Use of Nearly No-load Condition when Stator Resistance R; is Unknown

To this point, it is presumed that the value of R; is known; it helped in estimating the value
rotor resistance R, and magnetizing reactance Xwm. In the case where stator resistance value is
unknown, it may be challenging to determine all the electrical parameters of the induction machine
equivalent circuit. It is also challenging to remove the motor from the operation and run at no-load
to estimate the value of stator resistance. However, many large induction motors running critical
mechanical loads in the power plant starts at almost no-load, for example, if the pump is the
mechanical load connected to the induction motor, the discharge valve might be closed until little
after the electrical transient is settled. There will not be any liquid running on the discharge side of
the piping system when the discharge valve is closed. Similarly, in the case of the coal crusher’s
motor, coal is not fed to the crusher until after the motor attains steady-state.

In both of these examples, the motor is connected to the load via shaft. There will be some
mechanical load of the shaft and mechanical load’s mass on the motor. This condition is referred
to as a nearly or almost no-load condition in this thesis. In the case of the nearly no-load state,

reactive power drawn by the motor at the steady-state is higher than the active power. It can be



79

assumed that all the reactive current flows into stator leakage reactance Xis and magnetizing

reactance Xu. This assumption can help estimate the value of magnetizing reactance Xu, the value

of rotor resistance R, and finally, the value of stator resistance R from equations 6-26 to 6-30.
During steady-state at relatively no-load condition, magnetizing reactance can be

approximated using the following equations,
. AW
imag{Z} = Xy + X5 = (7> sin @ 6-26

Xy = imag{Z} — X 6-27
The iterative process to estimate rotor resistance R, can be set up using equations 6-28 to
6-30. As seen in equation 6-28, full-load torque can be calculated using, number of poles p, rated

power output P, line frequency f, and the full-load slip Ss; of the motor.

py\ P (in watts)
Tr=\5)—F77——== Nm 6-28
Full-load torque can also be estimated using estimated rotor reactance Xi, estimated

magnetizing reactance Xy from the relatively no-load state, rated full-load stator current I7, and the

value rotor resistance R; € [0, R+R;], as shown in equation 6-29. Tfel is estimated full-load torque.

. 20) (B) (=) ot

") o x?

6-29

Iteratively changing the value of rotor resistance R; from 0 to R+R; in equation 6-29 to

minimize the error of equation 6-30, can help estimate the value of rotor resistance R;.

err = min f(Tfel - Tﬂ)2 6-30

Once the value of rotor resistance R; is estimated, the value of stator resistance Rs can be
determined using the value of real impedance at the transient condition derived from equation 6-12.
The magnetizing reactance Xu, and rotor resistance R; estimation can further be improved using

the process described in the following section.
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Recalibration of Xy and R, using Measured current

Thus far, Xy is derived using an assumption that the quadrature-phase current at steady-
state for a nearly no-load condition is due to stator leakage reactance and magnetizing reactance,
as shown in equations 6-26 and 6-27. The value of rotor resistance is estimated using rated torque,
rated current, and the estimated value of Xum based on assumption. These values can be calibrated
for steady-state conditions using the iterative process. In this step, the error minimization function
is used to minimize the error between the estimated current using the calculated values of motor
impedance and measured current, as shown in equation 6-33.

The boundary conditions for these parameters established as X, € [Xm + 0.5 Xu], and R}
€ [R: £ 0.5 R;]. Here superscript “s” is used for steady-state values. Combination of parameters
from the established boundary for X, and R; in concert with previously estimated parameters R,
Xjs, and X, are used to estimate the value of total impedance Z, as shown in equation 6-31.

i (% + 22

Z= Rg+ijX;s + 25 6-31
ij\g/I + ler + S_g

In equation 6-31, S® is a steady-state slip. The steady-state slip can be estimated using the
Fast Fourier Transform (FFT) of the measured steady-state stator current. Figure 6.10 shows an
example of detecting speed using FFT of measured stator current by NILM. In this example, it is a
10-pole machine running with at nearly no-load. As this is a 10-pole machine, the synchronous
speed of the machine is 720 revolution per minute (RPM), which is 12 revolutions per second (RPS)
or Hz. As shown in Figure 6.10, the detected speed at the low load is 11.9975 Hz, which is as

expected, close to the synchronous speed.
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Figure 6.10: Example of 10-pole machine speed detection using FFT.
Using the value of total impedance Z from equation 6-31, one can find the value of

estimated stator current I°. as follow:

s _V 6-32

est —

N

Equation 6-33 shows the error minimization function to minimize the error between
estimated current [ and measured stator current I° at steady state. The combination of parameters

where the error is minimum is the new set of parameters at the steady-state.

err = min\/(imag{lgst} —imag{Is})? + (real{li} — real{Is})? 6-33

This procedure provides refined estimations for magnetizing reactance Xy and values of
the rotor resistance R;. These values are used to calculate the friction coefficient of the load, as will
be shown later in this chapter.

6.1.3  Estimation of Mechanical Parameters

Once all the electrical parameters are estimated, the next step in the process is to determine

mechanical parameters the mass moment of inertia J, and the friction coefficient of load 3. Table

6.3 lists all the parameter descriptions associated with mechanical equations from 6-34 to 6-37.
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Table 6.3: List of parameters associated with mechanical equations.

Parameter Description
J Mass moment of inertia in Nm
Or Electrical angular velocity of the rotor in radian
P Number of poles
T, Motor torque
Ty Load torque (fan, pump, etc.)
T, Acceleration torque
B Friction constant of load

When a motor starts from the rest position, it accelerates until it attains the steady-state
speed. During this acceleration period, the motor draws higher startup current and generates
acceleration torque to move mechanical load connected to the motor. The acceleration torque is
equal to the difference between torque generated by motor T, and load torque T, as shown in 6-34.
Equation 6-35 shows the relationship between acceleration torque and rate of change of velocity

during the acceleration of the rotor.

T,=Te— T 6-34
2\ dw,
](B) Pl T.=Te— T 6-35

Load torque T; can be approximated for a fan with equation 6-36, and pump with equation
6-37. Examples of torque-speed curves for these types of loads are shown in Figure 6.11 and Figure

6.12.

T, = Bo? 6-36

oy
I

Bw? 6-37
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Figure 6.12: Example torque speed curve for a pump type of load.
D1: Estimation of Friction co-efficient of load f3
The value of friction co-efficient of load § can be calculated at the steady-state. The § value
can be estimated for varying load conditions up to full-load conditions using equations 6-38 to
6-44. The estimated impedance of the motor at a steady state can be calculated using equation 6-38.
i (% + 55)

Zest = Rs + X5 + | ———— 35 6-38
]lefl + ]Xlr + S_g
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The value of stator current can be estimated using voltage measurement and estimated
impedance value from 6-38, as shown in equation 6-39. The term IS¢ in that equation is the

estimated stator current at steady-state.

s Vv
est =7 — 6-39

est

Based on the estimated stator current, the rotor current can be calculated, as shown in

equation 6-40, where the term I} ., is the estimated rotor current at steady-state.

X
7s”_est = tsast s 6-40

X5 + X + 22
SS

The torque generated by motor can be calculated using the estimated rotor current and
calculated rotor resistance, as shown in equation 6-41, where the term T, ., is and estimated motor
torque at steady-state.

120" (5)
s _1 (E) fest] \ Ss 6-41
e-est 2/ 2mf.(1—sy)

At the steady-state, the acceleration torque or inertial torque T, is almost zero as the rate of

dwy . .
awtr is near zero. Consequently, the torque generated by the motor is equal to

change of velocity

load torque, as shown in 6-42 and 6-43. The load torque in equation 6-43 refers to the fan type of

load.
Ty = TeS_est -T,=0 6-42
TeS_est =T = B(*)IZ‘ 6-43
Solving equation 6-43 for f3,
TS
B = =57 6-44
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If the full-load torque or rated power specifications are available, then B value at full-load
can be calculated directly from those values. Replacing the value of T¢ ., in equation 6-44 with
full-load torque as specified in nameplate data and the value of angular velocity o, at full-load.
D2: Estimation of Induction Motor Moment of Inertia J

Load co-efficient B was estimated using the steady-state values of rotor resistance and
reactance. Moment of inertia J is pronounced at the starting of the motor. Thus the moment of
inertia J is estimated using the transient or locked rotor values of rotor resistance R, and Xj.. The
process to estimate the moment of inertia is as follow:

First, rearranging equation 6-36, as shown in equation 6-45,

- O

(5¢)

As seen in equation 6-45, J is proportional to the difference between the motor and load

torque; and inversely proportional to the rate of change of speed. All these values are dependent on
speed. Figure 6.13 shows an example rate of change of speed curve for a 500 hp induction motor.
As seen in this figure, during the transient time, speed increases, and then it settles at near

synchronous speed to attain steady-state.
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Figure 6.13: Example rate of change of speed curve for 500 hp induction motor running fan type of load.
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Figure 6.14 shows the start and end time of the inrush current for 600 hp coal crusher
induction motor. Detecting transient time duration from the current measurement can provide an
average change of speed per second. For example, if the motor starts from rest t=0 and motor
reaches to steady-state speed o1 at t=t; then w? is the average rate of change of speed. The value
of w? is an estimate of the rotor angular velocity at one second, as shown in 6-46.

Jw wr—0 w
Lk SR w? rad/sec 6-46
it -0 t

500 — —
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Figure 6.14: 600 hp coal crusher motor transient, showing start-time and end-time of the transient.

Load torque for a fan type load at one second after motor starts can be calculated as,
T¢ = Bw?? 6-47
Slip at the average rate of change of speed s¢, can be calculated using equation 6-48 where

w, 1s the synchronous electrical angular velocity of the induction motor.
s= ¢ T 6-48

Estimated motor torque T. at one second after the motor start can be calculated using

equation 6-49. Equation 6-49 is essentially the same as equation 6-29, except the values of current



87
and slip. Please note that values of rotor resistance and leakage reactance are the values estimated
during the transient condition. The value of magnetizing reactance Xj; is a calibrated value obtained

using equation 6-33.

3 () (5 (55) ol

TS = . 6-49
R
(55) + &+ X7
Value of J can be estimated using 6-45 and 6-50,
_ (b Tea - Tla
J= (E) . 6-50

The assumption in estimating the value of J in this manner is; the rate of change of velocity
remains the same throughout the transient. Estimating J in this manner may have some inherent
discrepancies, as the rate of change of velocity of the rotor is generally not constant during the
transient period. The value of J can be estimated this way and adjusted using the transient time
duration of the stator current, as will be shown in the results section of this thesis.

6.2  Testing and Results of the Proposed Estimation Technique

The proposed technique has been tested using simulations and laboratory tests. The results
of these tests are described in this section. Simulations performed for two motors; al00 hp and 500
hp motor. A laboratory test was also performed on a 0.5 hp motor.

6.2.1  Simulation Test and Results

There were two simulation tests performed in this thesis. In both tests value of the stator
resistance Ry was known, and simulation was performed at full-load. The following section
describes the simulations and results.

D1:500 HP, 2300V, and 4-pole Induction Motor

Table 6.4 provides a list of specifications used for the induction motor simulation. These

specifications are obtained from [52] and [78]. Fifth order dynamic simulation model for induction

motor was used to simulate motor operation using these parameters. Equation 3-1 to 3-6 provides
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the basis for the dynamic simulation model of an induction machine. Detailed information
regarding the induction motor’s dynamic simulation model can be found in [52] and [79].

Table 6.4: List of 500 hp induction motor parameters from [52] and [78]

Parameters Value
Type of the motor AorD
Voltage (V) 2300 V
Full-load Current (In) 93.6 A
Full-load Speed (Ns) 1773 RPM
Number of Poles 4
Stator Resistance (Rs) 0.262 Q
Rotor Resistance (R;) 0.187 Q
Stator Reactance (Xis) 1.206 Q
Rotor Reactance (Xir) 1.206 Q
Magnetizing Reactance (Xwm) 56.02 Q
Moment of Inertia (J) 11.06 kg-m?
Torque Generated by Motor (T.) 2009 N-m

Stator current obtained from the simulation was processed using the NILM algorithm.
NILM provided the spectral co-efficient of stator current’s in-phase and quadrature-phase
components. This spectral co-efficient of the current envelopes are used to estimate the parameters
of the induction motor. In this simulation exercise, the motor started at full-load. Consequently,
stator resistance was kept as a known parameter for the simulations. The proposed technique is
applicable where stator resistance is known, or when the motor starts with almost no-load.

Equations 6-7 to 6-13 are used to estimate impedance values at the startup of the motor.
The value of the power factor can be calculated using the stator current’s in-phase and quadrature-
phase component. The real and imaginary impedances are determined using the computed value of
the power factor. At the startup, the real part of the impedance is the total stator and rotor resistance
(Rs+R;). The imaginary part of the impedance is the total stator and rotor leakage reactance
(XistXir). Stator resistance is known in this case, which helps in estimating rotor resistance. As this
motor is either type A or D, the stator and rotor leakage reactances are equal.

The magnetizing reactance of the induction machine was estimated using equations 6-19

to 6-25. Induction machine simulation equations 3-1 to 3-6 assume linear magnetic material and
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core resistance R. is also neglected. All the electrical parameters are estimated from transient
conditions are used as final estimations.

Using equations 6-41 to 6-43 friction co-efficient of load B was estimated. For the
simulations, the motor was started with the full-load. Thus, f was calculated using the full-load
conditions, including full-load torque, full-load current, and full-load slip values available from the
nameplate data. The value of J is calculated using equations 6-45 to 6-50.

The estimations are listed in Table 6.5. Almost all the estimated parameters are close to the
actual values, except the value of the moment of inertia J. It is to be expected, due to the assumption
that the rate of change of velocity is constant the entire duration of acceleration. However, that
assumption allows the estimation of J relatively close to the actual value. This difference in the
value of J will affect the duration of the transient time; thus, the value of the moment of inertia J
can be adjusted iteratively to match the transient time duration of the current envelope. The adjusted
value of J is also shown in the same table with red fonts below initially estimated value. The
adjusted value of J is significantly close to the actual value.

Table 6.5: Comparison between estimated parameters and actual values.

Parameters Actual Value | Estimated Value % Difference
Rotor Resistance (R;) 0.187 Q 0.1879 Q 0.481283
Stator Reactance (Xs) 1.206 Q 1.1933 Q -1.053
Rotor Reactance (Xi) 1.206 Q 1.1933 Q -1.053
Magnetizing Reactance (Xwm) 56.02 Q 56.5372 Q 0.9232
Moment of Inertia (J) 11.06 kg-m? 11.9886 kg-m? 8.396
11.35 kg-m? 2.622
Friction co-efficient of load () 0.0145 0.0146 0.689

Figure 6.15 shows the comparison between the estimated current in a red dashed trace and
the actual stator current with a solid blue trace for the 500 HP motor. The top image of this figure
shows the difference in transient time duration due to the imperfect estimation of inertial value J.
The bottom traces show the same comparison with the adjusted value of J. As shown in the bottom
trace of Figure 6.15, both estimated and actual current trace matches very well. Figure 6.16 to

Figure 6.18 shows a similar comparison for in-phase stator current component, quadrature-phase
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stator current component, and rotor mechanical frequency, respectively. As seen in these figures,

the adjusted estimation of J provides a better match between actual and estimated quantities.
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Figure 6.15: Comparison between 500 hp motor’s actual stator current in a solid blue trace and estimated
stator current with dashed red trace. The top picture shows the comparison between actual current and
estimated current with initially estimated value of J. The bottom image shows the same comparison with the

adjusted value of J.
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Figure 6.16: Comparison between 500 hp motor’s actual in-phase current in a solid blue trace and estimated
in-phase current in a dashed red trace. The top picture shows the comparison between actual in-phase current
and estimated in-phase current with initially estimated value of J. Bottom picture shows the same comparison

with the adjusted value of J.
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Figure 6.17: Comparison between 500 hp motor’s actual quadrature-phase current in a solid blue trace and
estimated quadrature-phase current in a dashed red trace. The top picture shows the comparison between
actual quadrature-phase current and estimated quadrature-phase current with initially estimated value of J.
Bottom picture shows the same comparison with the adjusted value of J.
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D2:100 HP, 480V, and 4-pole Induction Motor

Table 6.6 provides a list of 100 HP induction machine parameters used for the simulation. Fifth
order dynamic simulation model for induction motor was used to simulate motor operation using
parameters listed in Table 6.6. Full-load speed and full-load current were obtained using the
simulation.

Table 6.6: List of 100 hp induction motor parameters.

Parameters Rating
Type of the motor AorD
Voltage (V) 480 V
Number of Poles 4
Stator Resistance (Rs) 0.024 Q
Rotor Resistance (R;) 0.017 Q
Stator Reactance (Xis) 0.227 Q
Rotor Reactance (Xir) 0.227 Q
Magnetizing Reactance (Xwm) 5.83Q
Moment of Inertia (J) 2.5 kg-m?

The electrical and mechanical parameters of the motor were estimated following a similar
process as described in 500 hp motor simulations. Table 6.7 shows the comparison between
estimated parameters and actual value. The estimated parameters are reasonably close to the actual
parameters. Figure 6.19 to Figure 6.23 shows the comparison between actual stator current, in-
phase stator current component, quadrature-phase stator current component, rotor frequency, and
torque with a solid blue trace and estimated signals with dashed red trace. As shown in these figures,
after modifying the value of the moment of inertia J, traces are very close to each other as expected.

Table 6.7: Comparison between estimated parameters and actual values.

Parameters Actual Value | Estimated Value | % Difference
Rotor Resistance (R;) 0.017 Q 0.0168 Q -1.176470588
Stator Reactance (Xis) 0.227 Q 0.2227 Q -1.894273128
Rotor Reactance (Xir) 0.227 Q 0.2227 Q -1.894273128
Magnetizing Reactance 583 Q 6.0482 Q 3.74271012
(Xm)

] 2.5 kg-m? 2.48 kg-m? -0.8
Moment of Inertia (J)
2.6 kg-m? 4

Friction co-efficient of
load (B) 0.0028 0.0028 0
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Figure 6.19: Comparison between 100 hp motor’s actual stator current in a solid blue trace and estimated
stator current in a dashed red trace. The top picture shows the comparison between actual current and
estimated current with initially estimated value of J. The bottom image shows the same comparison with the

adjusted value of J.
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Figure 6.20: Comparison between 100 hp motor’s actual in-phase current in a solid blue trace and estimated
in-phase current in a dashed red trace. The top picture shows the comparison between actual in-phase current
and estimated in-phase current with initially estimated value of J. Bottom picture shows the same comparison

with the adjusted value of J.
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Figure 6.21: Comparison between 100 hp motor’s actual quadrature-phase current in a solid blue trace and
estimated quadrature-phase current in a dashed red trace. The top picture shows the comparison between
actual quadrature-phase current and estimated quadrature-phase current with initially estimated value of J.
Bottom picture shows the same comparison with the adjusted value of J.
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Figure 6.22: Comparison between 100 hp motor’s actual rotor speed in Hz in a solid blue trace and estimated
rotor speed in Hz in a dashed red trace. The top picture shows the comparison between actual rotor speed in
Hz and estimated rotor speed in Hz with an initial estimated value of J. Bottom picture shows the same
comparison with the adjusted value of J.
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Figure 6.23: Comparison between 100 hp motor’s actual rotor torque in N-m in a solid blue trace and
estimated rotor torque in N-m in a dashed red trace. The top picture shows the comparison between actual
rotor torque in N-m and estimated rotor torque in N-m current with initially estimated value of J. Bottom
picture shows the same comparison with the adjusted value of J.

6.2.2 Laboratory Test and Results

The laboratory test was performed using a 0.5 hp motor connected directly to the utility
supply. In this case stator resistance, Ry was kept unknown. Thus, the motor was started with
almost no-load. The specifications for the motor are listed in Table 6.8. Figure 6.24 shows the
picture of the nameplate data for the motor used in the laboratory test.

Table 6.8: List of motor parameters used for the laboratory test.

Parameter Rating
NEMA Motor Design Type B
Voltage 460 V
Output power 0.5 HP
Full-load current 1.1 A
Full-load speed 3450 RPM
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Figure 6.24: Picture of nameplate data for the motor used in the laboratory test

For the laboratory test, the motor was started at nearly no-load and the stator resistance of

the induction motor was kept unknown. Similar to simulation test calculations, total stator and rotor

impedance were calculated at the beginning of the transient using equations 6-7 to 6-13. The motor

used for this test was the NEMA design type “B” motor. The value of stator to rotor leakage

= 0.67 was used to determine Xj; and Xj,, as suggested in [61]. The in-phase

X
reactance ratio == =
Xir

component of the current was used to estimate total resistance (R:+ Rs) at the transient

At the steady-state, the measured quadrature-phase current component was higher than the

in-phase component of the stator current, as the motor was started with almost no-load. Equation

6-26 and 6-27 were used to estimate the initial value of magnetizing reactance Xm

The full-load torque can be computed using the rated power of the motor, rated frequency,

and full-load slip, as shown in equation 6-51
P (in watts
( ) 6-51

= (3) 2nf,(1-Sp)

The full-load torque can be estimated using estimated values of rotor reactance Xi,

magnetizing reactance Xy, full-load current I, and iterative values of rotor resistance R; € [0, (R
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+ Ry)], as seen in equation 6-24. The slip of the motor was obtained using the Fast Fourier

Transform (FFT) of the measured current signal.

3 (5) () ()

(%)2 + Xm+ Xir)?

6-52

TS =

Error minimization function was set up to reduce the error between full-load torque Ty

based on rated power and estimated full-load torque T§;. Rotor resistance was obtained at the

minimum value of error close to zero.

err = min /(Tfel - Tf,)z 6-53

The refined value of magnetizing reactance Xw and rotor resistance R, were obtained using
the technique outlined in “Recalibration of Xy and R; using Measured Current” section of this
chapter. During the calibration process value of R, did not change significantly. The recalibrated
value of Xyu was modified according to calibration, as shown in red fonts in Table 6.9.

Mechanical parameters are estimated using equations outlined in section 6.1.3. Please note
that the total transient time duration for this motor was around a one-half second. Equations are
modified accordingly to estimate the moment of inertia J. Initial estimate of J was 0.0052 kg-m?
which was iteratively calibrated to 0.00467 to match the transient time duration of one-half second.
The motor started with almost no-load; consequently, the value of load friction constant was nearly
zero. Table 6.9 shows the list of estimated parameters for the laboratory motor.

Table 6.9: List of estimated parameters for the laboratory motor.

Parameters Estimated Value
Stator Resistance (Rs) 19.5417 Q
Stator Reactance (Xis) 8.8638 Q
Rotor Reactance (Xi) 13.2956 Q
Magnetizing Reactance (Xwm) 310Q
336.5 Q
0.0052 kg-m?

Moment of Inertia (J) 0.00467 kg-m?

Friction co-efficient of load () 3.4521*10°




98

The results of the experiment are shown in Figure 6.25 to Figure 6.27. In this experiment,
estimated parameters of the laboratory motor are used with motor simulation equations to generate
in-phase and quadrature-phase components of the stator current. As shown in these figures, the red
dashed trace is of simulated stator current, the in-phase component, and the quadrature-phase
component. The solid blue trace is of similar quantities measured using current and voltage sensors

in the laboratory.

Iin Amperes

0 I \ I I \ I
300 400 500 600 700 800 900
Time in Samples

Figure 6.25: Comparison between measured and simulated stator current using estimated parameters for
laboratory motor. The solid blue trace is an actual measurement of stator current, and the dashed red trace is
simulated stator current.
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Figure 6.26: Comparison between an actual and simulated in-phase component of stator current using
estimated parameters for laboratory motor. The solid blue trace is an actual measurement of the in-phase
stator current, and the dashed red trace is simulated in-phase stator current.
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Figure 6.27: Comparison between an actual and simulated quadrature-phase component of stator current
using estimated parameters for laboratory motor. The solid blue trace is the actual measurement of
quadrature-phase stator current, and the dashed red trace is simulated quadrature-phase stator current
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6.3  Summary

This chapter of the thesis proposed a parameter estimation technique for induction motor
using bus-level current data. The summary level steps for the estimation of electrical parameters
are shown in Figure 6.28. The method was tested using simulated data and laboratory data. As shown
in Figure 6.15 to Figure 6.23, the simulated test results show that the technique works accurately.
Similar to simulated data, the laboratory testing on a 0.5 hp motor also confirmed the proposed
method could estimate parameters of the induction motor with sufficient accuracy. Figure 6.25 to
Figure 6.27 shows the results of the laboratory test.

Table 5.2 and Table 5.3 shows the various manufacturer data required by widely used
methods to estimate induction machine parameters. Compare to those requirements; the proposed
technique requires only motor NEMA design type, measurements of current and voltage, stator
resistance if available, and if stator resistance is not available, then it requires that motor starts with
almost no-load. This method provides a better opportunity for power plant personnel to determine
induction machine parameters without searching for various manufacturer data needed by other

methods currently in use.
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Voltage and Current Measurements using
NILM

NILM decomposes measured current into in-
phase and quadrature-phase components of
stator current

Using these in-phase and quadrature-phase
component, determine the power factor at the
transient

At the transient, approximate induction motor
circuit at transient as shown in Figure 6.8.

Using this circuit, value of power factor at the
transient, and measurements of voltage and
current, estimate the real and imaginary
impedances l

Depending on NEMA design type of the
motor, identify the relation between stator and
rotor leakage reactances

Is induction
motor starting
with nearly
no-load?

Is value of stator

\

resistance known?

Yes

Estimate ~ magnetizing  reactance  with

Determine the value of rotor resistance assumption that at the steady-state the
reactive current is due to magnetizing
l inductance and stator leakage reactance.
v

Determine the value of magnetizing reactance
using full load torque, full-load current and
estimated value of stator and rotor
impedances

Estimate rotor resistance with estimated value
of magnetizing reactance, full-load torque and
full-load current values

v

Calibrate value of magnetizing reactance and
rotor resistance using measured steady-state
current

Figure 6.28: Summary level steps to estimate the electrical parameters of the induction machine using the
proposed technique.



CHAPTER 7: SUMMARY AND FUTURE WORK

7.1  Summary

Power plant owners and operators are leveraging advancements in sensor technology and
data science to deploy monitoring systems that can potentially improve reliability, increase
flexibility, and reduce maintenance costs. In many cases, however, plants either do not have the
budget for such technologies, or the return on investment is deemed to be too low. This thesis takes
an alternative view and considers a potentially low-cost approach that can be implemented simply
by monitoring the aggregate current flowing into a bank of downstream motors.

The approach described in this thesis relies on current and voltage sensors installed at either
the main bus or a motor control center in a power plant. This non-intrusive technique can be used
to provide some level of information about the health of motors and their driven equipment.
Previous work has demonstrated the ability to use such measurements to track the operation of
various loads; this thesis looks to move beyond the tracking application to develop specific use
cases in power plants.

This thesis considered two specific applications of bus-level current for sensing
applications in power plants. First, this dissertation shows two use cases on the use of bus-level
electrical signals for induction motor health monitoring. Second, the thesis shows how bus-level
measurements can be used to estimate induction-motor electrical and mechanical parameters.
These parameter estimates can be provided to planners and system operators to support various
regulatory requirements, including startup after the loss of off-site power at nuclear units and

startup of black start units after the blackout.
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7.2 Future Work

This type of technique has very high potential as a cost-effective sensory technology for
monitoring and diagnostics of induction machines and connected mechanical load. It is particularly
helpful for traditional power generations, for example, nuclear power plants and fossil power
plants. As mentioned in chapter 1 of this dissertation, EPRI’s PMBD has a repository of failure
modes associated with induction motor used in power plants. The future work in the area of
diagnostics of the induction machine using bus-level electrical measurement should include further
expansion of the proposed technique to detect other failure modes in that database. In particular,
detecting critical faults of the induction machines of the plant can have a significant impact on
safety, reliability, and maintenance savings for the power plant industry.

This dissertation also proposed a technique to estimate induction machine parameters using
bus-level electrical measurements. Parameter estimation for some of the induction machines is
required to fulfill regulatory requirements as well as power system stability assessment within the
power plant. The widely used parameter estimation technique for the induction machine in power
plant requires a significant amount of manufacturer data. In comparison, the proposed technique
requires a minimum amount of manufacturer data, and most of the required data is available on the
nameplate of the induction machine.

There are some limitations to the proposed technique, and it needs further investigation.
The proposed method only works if the value of stator resistance is known or the motor starts at
almost no-load. The future work in the area of estimating parameters using bus-level electrical
measurement can include:

1. There may be some induction machine loads in the power plant, which start with the

full-load on the shaft; for example, a fan. Further investigation of the proposed
technique is needed to determine parameters when the stator resistance is unknown,

and the motor starts with varying or full-load. This investigation will help in
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developing a comprehensive technique to determine induction machine parameters
using bus-level electrical measurements.

The proposed technique has neglected the core resistance from the induction machine
equivalent circuit. The effect of including core resistance for the parameter estimation
technique should be investigated.

The effects of saturation and eddy currents on the stator and rotor parameters have not
been considered in the proposed technique. The eddy currents and saturation of leakage
path have an influence on parameter estimation during startup and steady-state. Future
work may include exploring the effects of saturation on the proposed parameter
estimation technique. The proposed method may need modifications to accommodate
the effects of eddy currents and saturation.

Further testing of this technique using the power plant’s induction motors’ data may
also help improve this technique for power plant applications.

Exploring the use of this technique to model the motor control center (MCC) as well

as determine protection relay settings.
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APPENDIX A: RE-SCALING OF PRE-PROCESSED DATA

Data returned in the first two columns of a prep output file is proportional to real and
reactive power. To properly scale the data to reflect actual real and reactive power flow, one must
understand the data flow.

. Current flowing through the CT is scaled down to a measurable level by a factor k. Thus,

the secondary current flowing out of the CT is

1

lsec = E line
. The secondary current flowing out of the CT is converted to a voltage by the measurement
resistor
Um = Riplsec
. The measured voltage is converted to a discrete value by an N-bit analog-to-digital
converter. Typically, we use a 12-bit device that converts measured voltages into one of
2'2 different values between 0 and 4095. The conversion factor here is what is known as a

single bin or least-significant bit (LSB). One LSB is

ZN
LSB = —
9

where g is a value that corresponds to the maximum peak-to-peak voltage range of the A/D
converter. The PCI-1710 cards that we currently use have a user-selectable measuring range. The

possible measuring ranges and the corresponding g values are presented in Table A.1.



Table A.1: Measuring Range and g value for each PCI-1710 gain code.
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Software Gain Code Measuring Range (V) g
0 -5to+5 10
1 -2.5t02.5 5
2 -1.25t0 1.25 2.5
3 -.625t0 .625 1.25
4 -10to 10 20
. Prep passes the discrete voltage values to a discrete Fourier transform (DFT) algorithm that

computes the amplitude of the in-phase and quadrature components of the fundamental of

the current. If the samples obtained by the NILM are contained in the vector i[#], then the

corresponding 128-point DFT is

127

_ .2mkn

I[k] = 2 i[n]e”/ 128
n=0

At line frequency, the current contains a single sine wave, i.e.

lfund [n] =1, cos(Qn + ¢) = Re{ef¢ean}

Before performing its Fourier analysis, prep performs a re-sampling process that ensures

that fundamental of the current contains 128 points. Thus, the discrete frequency Q of fundamental

is 2m/128. The first two columns of the final prep output contain the real and imaginary

components of the second term of the DFT decomposition, i.e. the real and imaginary part of /[1].

Computation of /[1] under the above-stated conditions shows that it is

I[1] = 641,e’® = 641,(cos ¢ + j sin ¢)

The first column of the prep output contains the real part of this result, and the second

column contains the imaginary part. The DFT analysis is performed using a common fast Fourier

transform (FFT) algorithm.
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. To convert prep output to an RMS current one must undo all of the scaling performed in

each of the above steps. The resulting equation is the following:

x g 1 1

Lreal or imag = 6422k /3
The same equation is applied to both the second column and the first column.
. In a single phase system, the resulting real and imaginary components can be converted to
real and reactive power via the relations
P =1201,.4
Q = 120144
CAVEAT: Note that these calculations assume that the fundamental component of the
voltage is 120V (RMS). In general, this is not true. The utility maintains the RMS value of the
voltage around 120V. This means that the RMS value of the total waveform, including harmonics
(which can be present in relatively large quantities) is 120V. Thus, the actual RMS value of the
fundamental is lower than 120V. By definition, power cannot be transferred by a voltage and
current at different frequencies. The approximation made here appears reasonable in low-voltage
applications where power quality is not a major concern. In medium-voltage applications, this is

not the case.



APPENDIX B: INDUCTION MACHINE SIMULATION CODE

Induction Machine Parameters

indpara.m

% This code loads the parameters for 500 hp, 2300V, 4-pole induction machine.
global P rs rr Xm X1s X1r we J Bl vds vgs vqr vdr Tl power

% These are the machine parameters for a 500 Hp, 1878V (L-N, peak) AC
% induction machine.

P=4; % Number of poles (*not* pole pairs)

rs = 0.262; % Stator resistance

rr=0.187; % Rotor resistance

Xm =56.02; % Magnetizing Impedance, in Ohms on a 60 Hz base

X1s =1.206; % Stator Side Leakage Impedance, in Ohms on a 60 Hz base
X1r=1.206; % Rotor Side Leakage Impedance, in Ohms on a 60 Hz base
we =377.; % Base electrical frequency, rads per second (60 Hz)
J=11.06; % Rotor Inertia

Bl =0.057; % Load Damping Coefficient

vds =0.0; % D axis stator voltage

vgs = 1878.0; % Q axis stator voltage

vqr =0.0; % D axis rotor voltage

vdr=0.0; % Q axis rotor voltage

State Variable Calculations for D-Q Model

ind.m
function [slopes] = ind(t,statev)
global P rs rr Xm X1s X1r we J Bl vds vgs vqr vdr Tl power

w=377;
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Lm = Xm/we; % This is the magnetizing inductance
L1s = X1s/we; % Stator leakage
L1r = Xl1r/we; % Rotor leakage
Las=LIls+ Lm;

Lar=LI1r + Lm;

lamgs = statev(1);

lamds = statev(2);

lamqr = statev(3);

lamdr = statev(4);

wr = statev(5)

th = statev(6);

thr = statev(7);

D =Lm*Lm - Las*Lar;

idr = (Lm*lamds - Las*lamdr)/D;
igr = (Lm*lamgs - Las*lamqr)/D;
igs = (Lm*lamgqr - Lar*lamgs)/D;
ids = (Lm*lamdr - Lar*lamds)/D;
sl = (vgs - w*lamds - rs*igs);

s2 = (vds + w*lamgs - rs*ids);

s3 = (vqr - (w - wr)*lamdr - rr*iqr);
s4 = (vdr + (w - wr)*lamgqr - rr*idr);
T = (3/2)*(P/2)*(lamgr*idr - lamdr*iqr);
T1 = 0.0583*(2*wr/P)*2 ;

s5 = (P/2)*(T - TH/J;

s6 =377,

s7 =wr ; %/(P/2);
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slopes = [s1 s2 s3 s4 s5 s6 s7]';

The solution of Differential Equations

runind.m

time = [0:1/8000:15];

state0=[000000 0]}

[tout,yout] = ode45('ind',time, state0);

figure(5)

plot(tout,yout(:,5));

xlabel("Time, Seconds');

ylabel('Electrical Rotor Speed, Rads per Second')
title('Motor Spin-up');

Conversion from D-Q to Stator and Rotor Quantity

convind.m

function [m,m2,m3] = convind(t,y);

global P rs rr Xm X1s X1r we J Bl vds vqs vqr vdr T1 power
w=377.;

Lm = Xm/we; % This is the magnetizing inductance
L1s = Xls/we; % Stator leakage

L1r = X1r/we; % Rotor leakage

Las=Lls+ Lm;

Lar=LI1r+ Lm;

lamgs =y(:,1);

lamds = y(:,2);

lamgr = y(:,3);

lamdr = y(:,4);
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wr =y(,5);
th  =y(:,6);
thr =y(:,7);

D =Lm*Lm - Las*Lar;
idr = (Lm*lamds - Las*lamdr)/D;
igr = (Lm*lamgs - Las*lamqr)/D;
igs = (Lm*lamgqr - Lar*lamqs)/D;
ids = (Lm*lamdr - Lar*lamds)/D;
T = (3/2)*P/2)*(lamgr.*idr - lamdr.*iqr);
ias = cos(th).*ids - sin(th).*igs;
ibs = cos(th - 2.*pi/3.).*ids - sin(th - 2.*pi/3.).*igs;
ics = cos(th + 2.*pi/3.).*ids - sin(th + 2.*pi/3.).*igs;
vas = cos(th).*vds - sin(th).*vqs;
vbs = cos(th - 2.%pi/3.).*vds - sin(th - 2.*pi/3.).*vqs;
vcs = cos(th + 2.%pi/3.).*vds - sin(th + 2.*pi/3.).*vqs;
iar = cos(th-thr).*idr - sin(th-thr).*iqr;
ibr = cos(th -thr - 2.*pi/3.).*idr - sin(th -thr - 2.*pi/3.).*iqr;
icr = cos(th -thr + 2.*pi/3.).*idr - sin(th -thr + 2.*pi/3.).*iqr;
1_rms = (sqrt(ids."2 +iqs.”2))/sqrt(2);
m = [ids igs idr iqr];
m2 =T ias ibs ics vas vbs vcs];

m3 = [iar ibr icr i_rms];
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Plots

motor_sim.m

indparam,;
runind
[m,m2,m3] = convind(tout,yout);
figure(1);
plot(tout,m2(:,2),tout,m2(:,5));
xlabel('time in seconds');
ylabel('Ibs, Vas');
i_sim=m3(:,4);
v_sim = m2(:,5);
figure(3);
plot(tout,m3(:,1))
xlabel('time in seconds');
ylabel('Iar")
maxi_ibr = max(m3(:,1));
N =2*3600*yout(:,5)/(P*377) ;
figure(4)
plot(N,m2(:,1));
%plot(N,m2(:,1))
xlabel('Speed, RPM');
ylabel('tourque, N.m")
title('Torque-Speed");
maxi_Torque = max(m2(:,1));

t = ((1:length(i_sim))/8000);
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figure(8)
plot(t,i_sim,'r'); hold on;

Conversion of Simulated Data

sim2asc.m

function sim2asc(v_sim,i_sim,Rm v,Rm i,Rin v,scale i,filename)
motor sim
Rm_v=100;
Rm 1=47;
Rin_v = 50000;
scale 1= 1/1000;
filename = 'motor rms_current sim J=11.06";
out=[v_sim,i sim];
[a,b] = size(out);
clear out;
if (b ~=2)
error('Check dimensions - v_sim and i_sim should be column vectors');
end
% Now, compute the voltages seen by the PCI-1710
if (scale 1> 1)
error ('Scale factor should be less than 1. i.e. 1/1000");
end
v_in=v_sim*(1/Rin_v)*2.5*Rm_yv;
i in=1 sim*scale i*Rm i,
v_out=v_in*(4096/10)+2048;

v_out = round(v_out);
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i_out=1_in*(4096/10)+2048;
i_out =round(i_out);
out=[v_outi out];
% Now, write the output file.
str = sprintf('save -ASCII %s out',filename);

eval(str);
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APPENDIX C: MATLAB CODES FOR FIELD DATA

Calculation of In-rush Period

inrush.m

clear all;
cle;
files = dir(‘aggregate*0400*");
name2=[];
delta2=[];
for i=1:length(files)
x_crusher5=load(files(i).name);
name=files(i).name
filename='Crusher5_StartupCurrent Change';
fidl = fopen(filename,'a");
t=[0:1:length(x_crusher5)-1]*(1/7200);
global ...
FILTER LENGTH ...
FILTER _CUTOFF ...
GETEVENTS_SKIP ...
GETEVENTS _THRESHOLD ...
I1=-x_crusher5(:,1);
[1=11*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
[2=-x_crusher5(:,2);
12=12*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
I=sqrt((11).”2 + (12).%2);

% Now, get the event locations with the change-of-mean detector
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nilmconst;
b = firl(FILTER_LENGTH,FILTER CUTOFF);
thresh = GETEVENTS THRESHOLD/10;
[ev,z] = event(I,b,thresh);
ev=ev';
skip=GETEVENTS_SKIP;
if (length(ev)<2)
fprintf(fid1,'%s \n zero \n',name);
end
if (length(ev)>1)
if(length(I)-ev(end) <= skip)
ev=-ev(l:end-1);
if(ev(1)<=20)
ev =ev(2:end);
end
end
y=I(ev(®));
z=(ev(2)-ev(1))/120;
ev=ev/7200
ev_s=ev*60
fid = fopen('l rescaled crusher5.txt', 'w');
fprintf(fid, '%s\n', I);
fclose(fid);
y=length(files);
name2=strvcat(name2,name);

delta2=[delta2;y ev(1) ev(2) ev_s(1) ev_s(2) z];
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end
end
out=[name2 num?2str(delta2)];
fid = fopen('Crusher5_Start Current.txt', 'w'");
for I = 1:length(out(:,1))
fprintf(fid, '%s\n', out(l,:));
end
start_current.name=name?2;
start_current.delta=delta2;
save Start Current5 Structure -struct start current
fclose(fid)
open('Crusher5_Start Current.txt')
FFT Code for Field-Tested Data

fit.m

clear all;
clc;
files=load('fft files 0604 062008 structure.mat');
files 5=files.c5;
files_6=files.c6;
files a=files.agg;
outl=[];
out2=[];
for i=1:length(files 5(:,1))
D_crusher5 =files_5(i,:) % NEED TO CHANGE DATE AND TIME ACCORDINGLY

D crusher6 = files 6(i,;) % NEED TO CHANGE DATE AND TIME ACCORDINGLY
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D aggregate = files_a(i,;) % NEED TO CHANGE DATE AND TIME ACCORDINGLY
x_crusher5 =load(D_crusher5);
x_crusher6 =load(D_crusher6);
x_aggregate = load(D_aggregate);
file title crusher5 =D crusher5(1:findstr(D crusher5,".") - 1);
file title crusher6 = D_crusher6(1:findstr(D_crusher6,'.") - 1);
file title aggregate =D aggregate(1:findstr(D aggregate,.") - 1);
outl=strvcat(outl,file title crusher5);
I1 crusher5 = -x_crusher5(:,1);
I1 crusher6 = -x_crusher6(:,1);
I1 aggregate = x_aggregate(:,1);
12_crusher5 = -x_crusher5(:,2);
12 crusher6 = -x_crusher6(:,2);
12 aggregate = x_aggregate(:,2);
% rescale reactive current
rescaled current I1 crusher5 =
(I1_crusher5)*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
rescaled current I1 crusher6 =
(I1_crusher6)*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
rescaled current 11 aggregate =
(I1_aggregate)*(10/4096)*(1/64)*(1000/15)*(1/55.5455)*(2000/5)*(1/sqrt(2));
% rescale active current
rescaled current 12 crusher5 =
(I2_crusher5)*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
rescaled current 12 crusher6 =

(12_crusher6)*(10/4096)*(1/64)*(1000/15)*(1/6)*(100/5)*(1/sqrt(2));
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rescaled current 12 aggregate =

(I12_aggregate)*(10/4096)*(1/64)*(1000/15)*(1/55.5455)*(2000/5)*(1/sqrt(2)); %*(4.2*sqrt(3));

% Current Amplitude
I rms_crusher5 = sqrt((rescaled current I1 crusher5).”2 + (rescaled current 12 crusher5).”2);
I rms_crusher6 = sqrt((rescaled current 11 crusher6).”2 + (rescaled current 12 crusher6).”2);
I rms_aggregate = sqrt((rescaled_current I1 aggregate)."2 +

(rescaled current 12 aggregate)."2);

%%%%%  CHANGE NEEDED FOR VARIABLES 'SM' AND 'EM'  %%%%%%

% HERE 'SM= STARTING MINUTE' AND 'EM=ENDING MINUTE' BETWEEN WHICH

YOU NEED FFT. %%%%

SM =20; % STARTING MINUTE AT WHICH YOU WANT TO TAKE FFT

EM =25; % ENDING MINUTE AT WHICH YOU WANT TO TAKE FFT

fft section crusherS =1 rms_crusher5(7200*SM:7200*EM);

fft section crusher6 =1 rms_crusher6(7200*SM:7200*EM);

fft section aggregate =1 rms_aggregate(7200*SM:7200*EM);

meaan | crusher5 = mean(fft section crusher5)

meaan_I crusher6 = mean(fft section crusher6)

meaan | aggregate = mean(fft section aggregate)

x_detrend crusher5 = detrend(fft_section_crusher5);

x_detrend crusher6 = detrend(fft_section crusher6);

x_detrend aggregate = detrend(fft _section aggregate);

N =2"16; % Number of points in fft

f sample = 120; % NILM sampling frequency is 8000 Hz

Y crusher5 = fft(x_detrend crusher5.*kaiser(length(x_detrend crusher5)),N);

Y crusher6 = fft(x_detrend crusher6.*kaiser(length(x detrend crusher6)),N);

Y aggregate = fft(x_detrend aggregate.*kaiser(length(x detrend aggregate)),N);
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f=[0:1:N/2-1]*(f_sample/N);
max5_12=[];
max5 24=[];
max6 12=[];
max6 24=[];
max5_ 36=[];
max6 36=[];
ind5_12=0;
ind5 24=0;
ind6_12=0;
ind6_24=0;
ind5 36=0;
ind6_36=0;
ind=0;
for i=1:length(f)
if (f(i)>=11)
if (f(i)<=12)
ind=f(i))*N/f_sample;

m5_12=abs(Y_crusher5(ind));
m6_12=abs(Y_crusher6(ind));
max5_12=[max5_12;m5 12];
max6 12=[max6 12;m6 12];
end

end

if (f(i)>=23)

if(f(i)<=24)
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ind=f(i))*N/f_sample;
m5_ 24=abs(Y _crusher5(ind));
m6 24=abs(Y_crusher6(ind));
max5 24=[max5 24;m5 24];
max6 24=[max6 24;m6 24];
end
end
if (f(i)>=35)
if(f(i)<=36)
ind=f(i))*N/f_sample;
m5 36=abs(Y_crusher5(ind));
m6_36=abs(Y _crusher6(ind));
max5 36=[max5 36;m5 36];
max6 36=[max6 36;m6 36];
end
end
end
max5_12=max(max5_12)
max6 12=max(max6 12)
max5 24=max(max5 24)
max6_24=max(max6_24)
max5 36=max(max5 36)
max6 36=max(max6 36)
for j=1:length(f)
if (fG)>=11)

if (f()<=12)



ind=f(j)*N/f_sample;
m5_12=abs(Y_crusher5(ind));
m6_12=abs(Y_crusher6(ind));
ifm5_12==max5 12
ind5 12=ind
end
ifmé6 12==max6 12
ind6_12=ind
end
end
end
if (fG)>=23)
if (f(§)<=24)
ind=f(j)*N/f sample;
m5_24=abs(Y_crusher5(ind))
m6_24=abs(Y _crusher6(ind))
if m5 24==max5 24
ind5 24=ind
end
if m6 24==max6 24
ind6_24=ind
end
end
end
if (f(G)>=35)

if (()<=36)
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ind=f(j)*N/f_sample;
m5_36=abs(Y_crusher5(ind))
m6_36=abs(Y _crusher6(ind))
ifm5 36==max5 36
ind5_36=ind
end
ifm6 _36==max6 36
ind6_36=ind
end
end
end
end
ind5_12=ind5_12*f sample/N
ind6 12=ind6 12*f sample/N
ind5 24=ind5 24*f sample/N
ind6_24=ind6 24*f sample/N
ind5 36=ind5 36*f sample/N
ind6 36=ind6 36*f sample/N
diff 12=ind5 12-ind6_12
diff 24=ind5 24-ind6_24
diff 36=ind5_36-ind6_36
y=length(files 5(:,1));
out2=[out2; y meaan I crusher5 meaan I crusher6 meaan I aggregate ind5 12 max5 12
ind6_12max6 12 diff 12 ind5 24 max5 24 ind6 24 max6 24 diff 24 ind5 36 max5 36 ind6 36
max6 36 diff 36];

s = [out]l num2str(out2)];
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fid = fopen('Crusher FFT 0604 062008 Data.txt', 'w"); % PLEASE PLACE A FILE NAME
for I = 1:length(s(:,1))
fprintf(fid, '%s\n’, s(1,:));
end
fclose(fid);
figure(1);
plot(f,abs(Y _crusher5(1:length(Y _crusher5)/2)));
title(file title crusher5); xlabel('"Frequency: Hz'); ylabel("Magnitude');
saveas(gcf,['FFT 'file title crusher5],'fig");
figure(2);
plot(f,abs(Y _crusher6(1:length(Y crusher6)/2)));
title(file_title crusher6); xlabel('Frequency: Hz"); ylabel('"Magnitude');
saveas(gcf,['FFT 'file title crusher6],'fig');
figure(3);
plot(f,abs(Y aggregate(1:length(Y aggregate)/2)));
title(file_title_aggregate); xlabel('Frequency: Hz'); ylabel('"Magnitude');
saveas(gcf,['FFT 'file title aggregate],'fig');

end



APPENDIX D: MATLAB CODE FOR PARAMETER ESTIMATION

Code for Simulation Test:

clear all;
motor sim;

t5=2:220/5;
ipl=mean(i_p(t5));
iql=mean(i_q(t5));
irmsl=ipl+j*iql;

Z lr=vqs/(sqrt(2)*irms1);
rl =real(Z Ir);

x1 = imag(Z _Ir)

wb=377;

X1 = (x1/2);
X2 =(x1/2);
Rs=0.262;
Rr=r1-Rs;

power = 500.0%746.0;

f0 = 60.0;

s0 =0.015;

Te = (P/2)*power/(2*pi*f0*(1-s0));
t6=300:700; % at steady state
ip2=mean(i_p(t6));

ig2=mean(i_q(t6));

1 ss=1ip2+j*iq2; %%%steady state current
irms2=abs(i_ss);

a=Te;
b=(3*irms2"2)*(P/2)*(1/(2*pi*f0))*(R1/s0);
c=2*Te*X2;
d=(Te*(Rr"2/s0"2))+(Te*X2"2);

syms t positive  %%% real or positive or imag

xm = double(solve((a-b)*t"2 + t*c +d)); %%%%% Initial guess of Xm
beta=Te/(2*pi*t0*(1-s0))"2;

t s=1.833333;

wra = (2*pi*f0*(1-s0))/t_s;

Tl a = Dbeta*wra’"2

t3=2:55;

ia=sqrt(i_p(120)"2+i_q(120)"2);
sa=(377-wra)/377,

Te a=(3*(P/2)*(xm"*2/377)*(Rr/sa)*(ia*2))/(((Rr/sa) 2)+Hxm+X2)"2);
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J=(P/2)*((Te_a-TI _a)/wra)

Code for Laboratory Test:

clear all;

x =load('Clcurrent output.dat');

% CT factors

n = 2000;

R =100;

sf=(20/2"16)

I scale = (n/R)*sf*(1/24);

I p=x(:,2)*I scale*(1/sqrt(2));

I q=x(,1)*I scale*(1/sqrt(2));
figure(18);

plot(I_p), hold on;

ylabel('l p');

figure(16);

plot(I_q), hold on;

ylabel('l q');

irms = sqrt(I_p."2+1_q."2);

figure(15)

plot(irms), hold on;

V_scale = (1/24)*(20/2"16)*(200e3)*(1/50)*(1/2.5);
y = load('Clvoltage output.dat');

V =y(;,1)*V_scale*(1/(sqrt(2)*sqrt(3)));
figure(50);

plot(V);

I p ss=mean(l p(1000:end));

I q ss=mean(l q(1000:end));

I ss=1 p sstj*I q ss;

t1=245:250;

[ p_lr=mean(l p(tl));

I q Ir=mean(I q(tl));

I Ir=sqrt(I p Ir"2+1 q Ir"2)*exp(j*atan(I_q Ir/I p Ir));
Z Ir=2771 Ir;

Xr = (3/5)*imag(Z_Ir);

Xs = (2/3)*Xr;

R t=real(Z Ir)

Rr=R t/4.396;

Rs=R_t-Rr

Z run=277/(1_p_sstj*I q_ss);

xm = imag(Z_run)-Xs;

% P=2;

% power = 0.5%746.0;

% 0 =60.0;

% s0=0.0417; %%%%%

% Te = (P/2)*power/(2*pi*{0*(1-50)); %%%%%%0steady state torque at full load
% ia =1.1; %%% full load amperes

% Te_a=(3*(P/2)*(xm”2/377)*(Rr/s0)*(ia"2))/(((Rr/s0)"2)+(xm+Xr)"2)
% Te-Te a
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f run=59.7;

s _run = (60-59.7)/60;

Z run=277/(1 p sstj*1 q ss);

X m =[300:0.1:350];

R r=J1:.01:10];

X r=Xr;

R s=Rs;

X s=Xs;

A = zeros(length(X_m)*length(R_r)*length(X r),5);

m=1;

for n=1:1:length(X m)

for k=1:1:length(R r)
for 1=1:1:length(X r)

R r run=R r(k)/s run;
Z=7*X s+ R s+j*X m(n)*(R r runtj*X r(1))/G*(X_m(n)+X r(I))*R r run);
1 est=277/Z,
err = sqrt((real(I_est)-I p ss)*2 + (imag(l_est)-I q ss)*2);
A(m,1) =X m(n);
A(m,2) =R _r(k);
A(m,4) = err;
m=m+l1;

end
end
end
[y,index]=min(A(:,4));
R r= A(index,2);
X _m = A(index,1);
X r=Xr;
err = A(index,4);
Z est=7*X s+ R s+j*X m*(R /s runtj*X r)/G*(X m+X r)+R r/s run);
1 est=277/Z est;
[ r run=1 est*(G*X m)/G*(X_m+X r)+R 1/s_run)
T est=3*abs(l r run)"2*(R _r/s_run)/(2*pi*60*(1-s_run))
beta=T est/(2*pi*f run)"2
%%%%%% %% Inertia
t s=0.5/3;
sl =(60-59.7)/60;
f0=60;
P=2;
wra = (2*pi*f0*(1-s1))*t_s*2;
Tl a=Dbeta*wra"2
%%%%for torque at transient
ia=sqrt(I_p(261)"2+1_q(261)"2);
sa=(377-wra)/377,
Te_a=(3*(P/2)*(X_m"2/377)*(Rr/sa)*(ia"2))/(((Rr/sa)*2)+(X_m+Xr)"2);
J=(1/6)*(P/2)*((Te_a-T1 a)/wra);



