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Abstract

This thesis presents an extension of the use of standard industrial
command and control equipment in different applications.

Three types of programmable logic controllers (PLC) are investigated as
the main controller for electrical machine torque estimation and also for
frequency spectrum analysis. The major drawback of the investigated low-cost
PLCs related to this topic is highlighted.

With high applicability in condition monitoring and fault detection, three
types of electrical machines' electromagnetic torque estimators are presented,
simulated, and experimentally tested on a high-speed data acquisition and
control platform based on cRIO-9086 chassis. Online and offline-obtained results
are given in the context of steady-state and dynamic load opperation.

An artificial loading method for electrical machines is given and
investigated as a niche application of the standard low-cost equipment. Two
identical induction machines without mechanical coupling driven by two identical
dc link-connected variable frequency drives are artificially loaded at phase-rated
RMS current. A low-cost PLC is used for command and control. A simple open-
loop method with different loading reference types validates the synthetic
loading principle. A closed-loop control method is successfully used for
automatized thermal testing of both machines. Frequency spectrum analysis
presents the inverters and the machine windings' connection influences.
Comprehensive acceptable results related to the loss equivalency are obtained
from simulation.

A high-speed data acquisition and control system is used as a torque
estimator for online and offline analysis of a novel active torque pulsation
reduction method for rotary electromechanical systems with position-dependent
loading torques. A mathematical two-step method used for preliminary total
system inertia and loading torque detection is presented in detail and
experimentally validated.
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Nomenclature

Abbreviations

IACS - industrial automation and control systems
SCADA - supervisory control and data acquisition
HMI -human machine interface

PLC - programmable logic controller

RTU - remote terminal unit

DCS - distributed control system

VFC - variable frequency converter

P - proportional - type controller

PI - integral, proportional-type controller

PID - derivative, integral, proportional- type controller
RT - real time

OBO - output-based observer

IBO - input-based observer

IOBO - input and output based observer

PIO - proportional-integral observer

NLO - basic nonlinear observer

KF - Kalman filter

EKF - extended Kalman filter

DE - disturbance estimator

DO - disturbance observer

UIO - unknown input observer

PO - perturbation observer

ESO - extended state observer

CESO - cascade extended state observer

Al - artificial inteligence

DL - deep learning

ANN - artificial neural network

IPMSM - interior permanent magnet synchronous machine

FPGA - field programmable gate array

FEA - finit element analysis

IRFOC - indirect rotor-field oriented control
PMSM - permanent magnet synchronous machine
RMS - root mean square

AVC - active vibration control

PZT - piezoelectric

ANC - active noise canceling

ILC - iterative learning control

RC - repetitive control

IMP - internal model principle

RESS - recuperative energy storage system
FISG - flywheel-integrated starter generator
API - american petroleum institute

BUPT



IM - induction machine
DFT - discrete Fourier Transform
CPU - central processing unit

MCM&PHM - machine condition monitoring and predictive health monitoring

FFT - fast Fourier transform
RHC - relative harmonic content
DIT - decimation in time

DIF - decimation in frequency
GCIM - grid-connected induction machine
DMA - direct memory access
FIFO - first in first out

MM - main motor

ELM - emulated load machine
DTC - direct torque control

DC - direct current

AC - alternating current

EMF - electromotive force

HPF - high pass filter

LPF - low pass filter

PLL - phase lock loop

RC - resistive - capacitive

PC - personal computer

RTD - resistance temperature detector
AO - analog output

PWM - pulse width modulation
PM - permanent magnet

ATPRM - active torque pulsation reduction method

ICE - internal combustion engine

TCP/IP - transmission control protocol / internet protocol

AM - auxiliary machine
TTL - transistor-transistor logic

Symbols

Efy,, - error between any two channels - test 1

Erry, - error between any two channels - test 2

chy, - channle ,m” from PLC

ch, - channle ,n” from PLC

fpc - PLC acquisition frequency

fsg - generator signal frequency

Apct - average cyclic time of the processor

Cpqt - configured processor speed

At(%) - difference between two successive program cycles relative to the setpoint

Tee(ms) - average of the PLC actual execution time

f(t) - periodic function
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ap - constant value for periodic signal

a, - amplitude of the ,cos” component of a periodic function
by - amplitude of the ,sin” component of a periodic function
X (F) - frequency-domain function

x(t) - time-domain function

X - discrete Fourier transform

W/\f - twiddle factor

Xy, - even entries array

X(2~r+1) - odd entries array

VLsc - line voltage during short-circuit test

Vphsc - phase voltage during short-circuit test

P - absorbed power during short-circuit test

I, - phase current during short-circuit test

Pp - absorbed no-load power

Pins Peo1r Peo2+ Pirons Padd+ Pmech - input power and stator and rotor copper losses,
iron, additional and mechanical losses

Yas,¥ps,Par, ¥ pr - stator and rotor «, § -axis time derivatives of orthogonal flux

components
¥ os:¥ar ¥ ps, ¥ pr - stator and rotor «, § -axis fluxes

Rs,Rr,Rmprl - stator, rotor, and magnetizing resistance

Ly, Ls, L, - magnetizing, stator and rotor inductances

Tos/ Igs, Igr,Ipr - stator and rotorea, § -axis estimated current components
o - estimated shaft speed

p - number of pole pairs

as1,812,821,822,C1,€2,C3,0,Kzqq - coefficients

@, - shaft (rotor) speed

@7 - synchronous speed

Teim-Tioad - €lectromagnetic and load torques

@ - cutoff frequency of the low pass filter

s - induction machine’s slip

n - efficiency

Rmgor Xmg,s - core resistance and reactance in series connection of the equivalent

circuit
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R X - core resistance and reactance in parallel connection of the equivalent
Mpr 7 7 Mppy

circuit

Rmprl - core resistance in parallel connection of the equivalent circuit, without

taking into account the voltage drop on the phase reactance

Zp, Ry, Xp - total impedance, total resistance and total reactance of the induction
machine no-load equivalent circuit

Zsc,Rsc, Xsc - total impedance, total resistance and total reactance of the induction
machine short-circuit equivalent circuit

Xs, Xy, - stator and magnetizing reactance of the induction machine’s equivalent
circuit

RHC rq,, RHC 1, RHC rg, , RHC
relative harmonic content
Vphi-Vph2,Yph3 - Momentary simulated three-phase voltages

Vph1:Vph2,Vph3 - maximum values of each momentary voltage

RHCl RHCyt5) - total and individual

9rdH ’ 1rdH 7

Pph1,Pph2,Pph3 - Phase shifts used for ideal voltages
Vphi./Vph2,./Vph3, - 1deal three-phase voltage system after the real

characteristics (real-measured relative harmonic content and the inverse component
influences) were added

V(phl)k'\/(phz)k'v(ph3)k - amplitudes of the harmonics based on the relative
harmonic content

, , - frequency of each harmonic
“ph1); A ph2);s Aph3), - TeAUENcY

Aph1). - Aph2). - P(ph3). ~ initial phase of each harmonic
i i i

kjc - coeficient that characterize the influence of the inverse component on the
three-phase voltage system

¥, ¥, - stator and rotor fluxes

us, is, Rs - stator voltages, currents, and phase resistance

Isqsisp - stator and rotor «, § -axis measured currents

four fsﬂ - stator and rotor «, § -axis estimated currents

Teim, T, T - electromagnetic torque, maximum torque and actual torque
V5, Vp,V, - stator phase voltages in abc - axis.

Vo, Vg - stator a, f -axis voltages

Ia,Iﬂ - stator «, g -axis currents

@7 - synchronous speed

Sk,S - maximum slip and the slip for which the induction machine produces the
maximum torque
ky, ko, k3, kg - slopes in different points from integration interval for RK4
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Yn,Yn—1 - desired function used for RK4

VFCl;kpeed_ref,VFCZ_;kpeed_ref - speed reference given to the inverters for artificial

loading
DC,¢r - the speed reference dc offset used for inverters for artificial loading

IrmMsp, ~ - Induction machine RMS phase current determined inside the PLC based

on IM RMS phase current read from VFC
IrMS, s - induction machine RMS current read from VFC

Phase _shift - the total phase shift between speed references used for artificial
loading

CPpps - Ct - PLC total number of cyclic programs (ct ms) uses for shifting and the
duration of a program cycle

I:ef - prescribed induction machine RMS current

Hjim,Ljm - high and low limit necessary for variables limitation for closed-loop

control method for artificial loading
c.v. - intermediate variable

Ipms - RMS value of the ac source current
ac _source

Prp - the induction machine power

nim.vre - IM's and VFC's efficiency

oy, wp, @R, - induction machine's rotor speed, the IM's base speed, and the speed
after the flux weakening,

5”: - flux weakening after the base speed,

Top s Iapc, I represent the «af,abc,dqgreference frame current, I;q represents the

dq reference current
T, - rotor time constant

H(s) - transfer function used for I,determination

T" - torque reference obtaine from Speed and torque regulator block
p - number of pole pairs

a)z . - reference rotor speed
6 - rotor angle
V;q - reference voltage in dq frame

Vdc _realVdc _ideal F€Presents the real voltage obtained based on VFCs loading and

the ideal dc voltage
C, L represent the total dc-link capacitance and the total inductances

Tac  sourcerIdci-Idc2 represents the ac source current and the VFCs dc currents

TEL represents the torque reference given to the emulated loading machine
I1m,I5m, I3y represent the GCIM read phase currents
Oy, - System measured speed
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a);,pp - represent the rotor reference speed and the number of the pole pair

Lr,T*,Tr,a)b - rotor inductances, reference prescribed torque, rotor time constant
and base speed used for flux weakening

N N

Ué,U; - d,q components of the estimated voltage references

N N
U;,,U; - a,f components of the estimated voltage references

J, Jtota) - System moment of inertia
Tqife, B - resulting torque on the system, and total friction coefficient
dw / dt - time derivative component of the speed

N N
TAmpl, T g - Grid-connected induction machine determined torque amplitude

N

T

sinn, cos~ - sine and cosine component of the Grid-connected induction machine
T T

determined torque amplitude

aux - @uxiliary machine determined torque amplitude

Tload, Tobs1, Tobs2, Taux - complex number of loading machine torque, observer
torque determined from Step 1 and Step 2, torque and auxiliary machine torque

7_—3UX</7_—3UXamp/ - angle and amplitude of the auxiliary machine torque

21,22 - complex number of measured speed from Step 1 and Step 2
fidess - ideal angle based on the elapsed time from simulation

£2p - mean speed on the interest interval

Q(t) - momentary speed

1rea/'“01i ag real and imaginary part of the complex speed

TObSlrea/h'T0b51imagh - real and imaginary part of the observer 1 torque for h
harmonic

7_'/oadc - final computed form of the loading torque

TC1'TC2 - torque transmitted through mechanical couplings

Trm,Tam - GCIM and AM torque
Jrm,Iam - inertia moment of the GCIM and AM
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Motivation

The motivation behind this thesis is based on the current worldwide trend
regarding the use of industrial equipment in all automation applications and not
only. In recent years, the expansion of the Internet of Things concept in the
industrial sectors led to the emergence of a new sector called the Industrial Internet
of Things (IIoT). These types of equipment are about to become part of the latest
technology that focuses primarily on machine-to-machine communication. In the
near future, smart industrial equipment will replace classic equipment.

Expanding the primary role of using this standard equipment and their
integration into new types of applications can represent the link between classic and
future smart applications.

Playing a key role in process control and industrial automation, PLCs are
also a main element in standard nowadays applications and in future smart systems.
Starting from the basic operating principle of executing sequential and repetitive
tasks, the PLCs continuously expand their range of use in the context of the IIoT.

With a high demand for controllability, industrial automation processes have
been developed with the advent of centralized supervision, control, and data
acquisition systems (SCADA systems). The strong relationship between SCADA
systems and PLCs represents another impulse for studying and expanding the
industrial equipment limitations.

Starting from small production lines to large power plants, predictive
maintenance and fault diagnostics are getting a lot of attention. Industrial plant
condition monitoring represents a global trend for total system downtime cost
reduction. For rotary electromechanical systems, online torque monitoring can be
used to predict and prevent potential system faults. In special conditions, the
standard, already mounted PLCs can also be used to perform an online electrical
machine's torque estimation besides their classical purpose with small changes.

For existing industrial applications, extending the motor drives' role can
reduce the human resources cost leading to time and money savings.

For rotary mechanical systems with position-dependent loading torques,
torque pulsations represent one of the main factors that can lead to system failures.
Torque pulsation smoothening for pulsating loads is still being investigated,
especially for large power machines.

This thesis concisely presents several applications with industrial command
and control equipment as an extension to their traditional roles with applicability in
the fields of online electrical machine torque estimation and frequency spectrum
analyses, electrical machine-rated power, and thermal testing, and torque pulsation
reduction methods.
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Thesis outline

This thesis is divided into six chapters. The first one represents an overview
of all discussed methods and applications, and the next four focus on several
applications with industrial equipment. The last chapter presents the general
conclusion, original contributions, and future work.

Chapter 1 aims to perform a state-of-the-art of the general trend of
industrial applications, highlighting the main scope of expanding classic automation
solutions toward smart systems with multiple functions. The transition to such
systems involves expanding the possibilities of using classic industrial types of
equipment beyond their classic purpose. This chapter gives a comprehensive
overview diagram for a better understanding of where the industrial equipment is
placed in the studied topics.

An overview of the most used state and torque observers with their
particular characteristics is presented.

A survey of last century's most used electrical machines' artificial (virtual)
loading procedures is presented, together with the proposed solution.

Finally, the chapter briefly describes the active pulsation reduction methods
for electromechanical systems driven by electrical machines. The most used
literature solutions and the thesis approach to this subject are given in terms of
high-torque pulsating loads.

Chapter 2 presents the possibility of using the classical low-cost
programmable logic controllers (PLC) beyond their standard repetitive and
sequential character. The PLCs are being investigated to be used as main controllers
for electrical machines' electromagnetic torque observers. Three preliminary tests
are given to validate the controllers' performances for this application. It is
presented that for three different types of low-cost PLCs, the real measured
operating cyclic times have both different mean values than the setpoint and also an
inconsistent variation of the program cycle time at each iteration.

In the second part of the chapter, a well-known Discrete Fourier Transform
procedure is successfully implemented on the low-cost PLC for frequency spectrum
analysis. Experimental validation is given.

Chapter 3 focuses on simulation and experimental validation for three
different induction machine torque estimators. The chapter starts with a well-known
induction machine parameters identification procedure, information that is used
later (including in the other chapters) to simulate, as accurately as possible, the real
11kW, three pole-pair induction machine's (IM) operation. The investigated IM's
mathematical model and Simulink diagram are given with performance results, both
for ideal and real simulated voltages. The real simulated voltages are reconstructed
based on a frequency spectrum analysis of the real on-site grid voltages. The direct
electromagnetic torque computation method, dynamic model, and the Luenberger
flux observer method are simulated and experimentally validated online on an
industrial high-performance platform (cRIO-9068).

Chapter 4 presents a novel artificial (synthetic) loading method for
induction machines without mechanical coupling, driven by two dc-link - connected
standard industrial variable frequency converters (VFC), using a low-cost PLC for
command and control. An open-loop and closed-loop control methods are
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presented. Three control references are investigated for the closed-loop method to
limit the VFCs' grid-absorbed current.

It is proved that an automatic test procedure can successfully perform the
thermal test of both induction machines, considering the grid power limitations. The
frequency spectrum of the grid, machines', and VFCs' currents are investigated.

Comprehensive Matlab&Simulink simulations are given for ac-source current
and machine power loss validation. Finally, the tested induction machine's
electromagnetic torque is estimated online during the artificial loading procedure.

Chapter 5 deals with the possibility of actively reducing the torque
pulsations in an electromechanical system with position-depended loads driven by a
grid-connected induction machine with an auxiliary connected variable frequency
converter-driven machine. The here presented novel idea relies on the well-known
Active Vibration Control technique that requires an external force added to the
system in an opposite manner than the perturbance. A closed-loop method using
two torque observers is proposed to actively reduce the torque pulsations. The
proposed idea is open-loop validated both in simulation and experiment.

In the second part of the chapter, a novel two-step mathematical tool for
system inertia and loading torque preliminary detection is simulated and
experimentally validated. The two-step method is tested both for fundamental-only
frequency-based torque and also for more complex loading torques.

Chapter 6 presents the general conclusions of this work, highlights the
author's contribution, and finally presents the future work needed for this subject.
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Thesis objectives

The thesis's main objectives are presented as follows:

To perform an overview of the state and flux observers, present the
most popular electrical machine virtual loading procedures, and offer the
existing methods for torque pulsation reduction in electromechanical
systems.

To study the possibility of extending the traditional role of the low-cost
industrial command and control equipment (PLC).

To examine and compare different types of electrical machine torque
estimators/observers.

To create an easy-to-use online torque estimator for grid-connected and
variable frequency-driven induction machines.

To analyze the influence of the industrial sites' real grid voltage over the
grid-connected induction machines' operation.

To develop a new synthetic loading procedure for induction machines
based on standard industrial equipment.

To implement an automated thermal test procedure considering the lab
power limitation.

To develop a new active torque pulsations reduction method for
electromechanical systems driven by grid-connected induction
machines.

To propose a new mathematical tool for the system moment of inertia
and loading torque preliminary detection.

To simulate as accurately as possible the theoretical assumptions.

To experimentally validate the theoretical and simulated solutions.

To create experimental setups needed for operating principle validation.
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1. Introduction

Abstract

The chapter aims to perform an essential and simplified introduction to the
most important thesis aspects.

It begins with a short state-of-the-art regarding the industrial equipment's
present status and future direction. Next, a brief classification and description of the
most important observers are presented, followed by the presentation of the
electrical machine artificial loading historical and nowadays procedures.

The chapter ends with a survey of the common issues and possible solutions
for torque pulsation reduction in position-dependent loading machines.

1.1. Industrial trends - the need for industrial equipment

Nowadays, industrial equipment plays a crucial role in all industries. From
measuring sensors to the most advanced control and supervisor complex systems,
industrial equipment represents the foundation in all kinds of applications, from very
small applications (such as small pumping groups, fans, machine condition, etc.) to
very large applications (such as petroleum stations, the chemical industries, naval
and aerospace factories, etc.).

The aims of this chapter are dedicated mainly to justifying the need to
utilize industrial equipment on a larger scale in as many industrial applications as
possible and the expansion of their classical role with the development of processing
capacities.

The global digitization trend forces the industrialization of all manufacturing,
transformation, and transportation processes.

One of nowadays revolutions is represented by the possibility of creating a
world full of communicating, interconnected electronic devices and sensors. From
smart devices to smart cities or regions, high power efficiency, and not only could
be implemented only through effective communication between the producer,
transformer, transporter, and consumer.

The Internet of Things (IoT) represents the communication features and
processes between all electronic devices. With exponential growth in the last years,
the IoT revolution impacts all past, current, and future business plans and strategies
in all kinds of potential domains such as Smart Cities, Energy (and Power
management), Medicine, Transportation, Automotive (Smart cars), Agriculture,
Security, Stock Markets, etc. [1]

The need for high response time, low downtime, reduced costs, and the
possibility of scheduled maintenance represents some major industrial processes'
requirements.

Besides smart electronic devices and systems, the Internet of Things has
increasingly found its place in industrial processes, thus representing the highest
level of Industrial Automation and Control Systems (IACS). There are many
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definitions and explanations about SCADA systems, some of them being given here
[2], [3].

Nowadays, many questions are regarding the possibility that the Internet of
Things concept would take place in the near future in front of the Supervisory
Control and Data Acquisition (SCADA) systems.

Besides the primary role of this real-time signals collection and monitoring
system, in recent years, the need for a SCADA system also came as a requirement
to increase efficiency, reduce system downtime, record errors, to facilitate
communication with other equipment (pumps, sensors, fans, complex equipment,
Human Machine Interfaces (HMI), etc.) and to actively participate in smart decisions
[3]-[6].

With a high possibility of performance and scalability, SCADA systems have
reached new functionalities recently regarding their role in industrial processes.

Fig. 1.1 presents a basic diagram of a SCADA system. The lower level is
represented by the I/0 Field, in which all the measurements and actions take place.
The read information and data setpoints are sent to/from the I/O Field through
standard Process Automation Protocols (such as Modbus, Profibus, Profinet,
Interbus, etc.). In the first step, the send/receive data goes through the
programmable logical controllers (PLCs) and remote terminal units (RTUs) to the
higher level of the hierarchy. Both equipment (PLC and RTU) play a key role in a
Distributed Control System (DCS).

Control system(—L f Database
Redundant
system
Alarm monitoringq-| u Cloud

Operator terminal

7

T Redundant Link T
Industrial communication I

A ¢
Gateways

~
Y v J

HMI [«—» PLC1 PLC1 RTU1

v v v

|  Standard process automation protocols |

I Sensor Sensor Sensor

: Actuators Actuators Actuators |
| /O Inverters Inverters Inverters |
Field _ _ Machines _ _ _ _ Machines _ _ _ _Machines |

Fig. 1.1 Basic SCADA system diagram

In Industrial Automation and Control Systems, the I/O field can be
represented by all the sensors, actuators, and process equipment. For example, in
the case of power electronics applications, these input/output signals can be given
by the electrical machines' Variable Frequency Converters (VFC).
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All the field data are processed, analyzed and stored in higher SCADA levels.
The redundancy feature of a SCADA system is mainly performed at the server level
(but not limited to), which in many cases is transparent to the operator (user).

With high computing capability, the PLCs represent a crucial component of
SCADA systems. They are worldwide spread and used due to their characteristics:
they are stable against vibration, temperature, and dust and require low human
resources for maintenance. Nowadays, PLCs can run complex tasks using dedicated
functions, either integrated into SCADA systems or individually. As the main
controller, the PLCs can have a complex centralized or decentralized structure [7],
[8]. Nowadays, PLCs represent a central element of all industrial automation and
have become an essential part of more and more applications.

Starting from standard, well-known control techniques such as P, PI, and
PID regulators [9], [10], more complex fuzzy control-based algorithms are
subjected to the PLCs applications.

The ease of programming and PLC integration into existing or new control
systems and the system scalability characteristic determine an expansion of the
range of use of standard or special (high-performance) PLCs. Thus, various
relatively new applications with PLCs can be found in the literature, such as the
control of charging stations for electric or hybrid vehicles or the control of intelligent
microgrid systems up to smart and intelligent applications or image processing
[11]-[14]. In addition, the PLC can be, for example, the main controller in various
fuzzy applications [15]-[18].

The current global trend of digitalization will connect industrial processes
and their components in a way that has never been before. The PLC based and the
DCS-based systems represent two basic architectures in many industries (i.e., [19]
in the petrochemical industry). The global trend involves transitioning all these
"conventional" systems to newer IoT-based systems. At the moment, in the
literature, you can find mature applications based on PLC integration in IoT [20]-
[24]. The expansion of the IoT range in industrial sectors is called the Industrial
Internet of Things (IIoT) [25].

A comprehensive relationship between IoT, IIoT, and SCADA is given in Fig.
1.2: IIoT represents a small part of IoT. The link between the Internet of Things
concept and SCADA (or DCS) systems is represented by the Industrial Internet of
Things.

PLC, RTU,
HMI, Control

System, I/O

Supervisory
Control and
Data
Acquisition
(SCADA)

Internet of Industrlal

Things

Fig. 1.2 IoT, IIoT, and SCADA interaction
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1.2. Industrial equipment in the studied topics

The global trend of IIoT represented the central core of studying the
possibility of integrating standard industrial equipment in niche applications. All
factory processes are based on industrial equipment and their integration into more
complex systems.

Next, the standard industrial equipment (PLC, VFC, Encoders, etc.) are
studied to their limits to extend their application range.

The main concept of this thesis is related to industrial equipment control and
system integration according to specific tasks and requirements. In Fig. 1.3, the
simplified structured diagram of the thesis

| Variable Electrical
Equipments} PC Sensors Encoders grequency machines
I onverters
|
| Industrial
} communication protoco
________ b e T TS
System } Limitations
________ L T SN PS
|
|
. } Electrical Machine Electrical machine System
Function ! [ Torque observer Torque observer controller
! (Limitation) (Performances)
________ Lo _____ T
1
I Electrical Electrical Torque
Application | machine pulsation machine pulsation
! testing reduction testing reduction

Fig. 1.3 Thesis outline - structured diagram

The structured diagram of the thesis is presented in 4 distinct layers.

The System layer is represented by all the Process controllers used in the
following chapters. The first chapter investigates the PLCs and Real-Time controllers
as induction machine torque observers. Their drawbacks are studied in all the
chapters, with more attention to the PLCs' limitations described in the second
chapter. Compared to the RT (real time) Controller, the PLC-based system
communicates with an HMI.

The Function layer describes how the system controllers are used in each
application. Several functions are given to both systems (PLC-based and Real-time
controller-based systems).

In the second chapter, the performances of 3 low-cost industrial PLCs are
studied, and the main disadvantage is presented, for which they cannot be used as
electric machines' torque estimators.

On the other hand, three torque estimators are successfully implemented in
the Real-Time controller-based industrial system. The online obtained experimental
results for each estimator at variable torque load are compared with those obtained
from simulation.

The most suitable electromagnetic torque observer or combination of
multiple torque observers is then used on RT Controller in several applications. The
PLC-based system commands variable frequency drives used both for electric
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machines testing procedure presented in Ch. 3 and for the torque pulsation
reduction method presented in Ch. 4. Both systems are used as system controllers.

As a system controller, the RT Controller is used only on the torque
pulsation reduction method as a real-time calculation processor for various control
parameters.

The PLC-based controller is also used as an online monitoring system for
both testing electrical machines procedure and torque pulsation reduction method.

The Application layer of the here presented thesis represents the industrial-
specific applications studied in the following chapters.

The electric machine testing procedure is presented in detail in chapter 3.
Two identical induction machines without mechanical coupling are virtually loaded at
phase-rated currents. Both machines are driven by two identical variable frequency
converters with a common dc link. The inverters a controlled and monitored by a
PLC-based system. The RT controller online estimates the induction machine torque.

The virtual loading procedure assumes that both induction machines run at
a constant speed (represented by the dc component of a sinusoidal speed
reference). An alternating sinusoidal speed reference is overlapped with the dc
component. The speed reference is given so that when one induction machine
accelerates, the other decelerates.

The power generated from the induction machine, which decelerates
(generator mode), goes through the standard inverters dc link to the accelerating
induction machine (motor mode). The lack of mechanical coupling significantly
impacts the total human resources cost of the here-presented virtual loading testing
procedure. It is proven that the test bench power source could be substantially
diminished due to the regenerative character of the virtual loading procedure.

The induction machines' phase currents are modified by the speed reference
parameters: the amplitude and frequency of the sinusoidal reference.

Several speed references and their results from the induction machine
testing are investigated. An open loop and a closed loop control technique are given.
The automated test procedure and the thermal test are presented using the closed-
loop control method.

The artificial loading test procedure is investigated in terms of influence on
the test bench power source. The ac source currents are measured and analyzed.

Two simulations are presented and studied for ac source currents
investigation and induction machines power loss validation.

Finally, two online observers (presented in Chapter 4) are studied. Their
online obtained results are compared with the variable frequency converter's
estimated torque and with that obtained from simulation.

The fifth chapter is related to the possibility of using standard command and
control industrial equipment to actively reduce the torque pulsation in
electromechanical systems driven by grid-connected induction machines. In this
case, the torque pulsation source is represented by position-dependent loads (such
as crankshaft-based loads). The here presented method is based on an auxiliary
machine mounted on the same shaft as the motor and loading machine (on the
loading machine side).

The concept of this method is first simulated and then experimentally
validated. The test bench consists of 3 induction machines, two back-to-back power
converters, and two encoders, a PLC based and an RT controller-based system. The
loading torque is emulated by a 30kW, 4-pole pairs induction machine driven by a
25kVA inverter. The motor is represented by an 11kW, three pole pairs grid-
connected induction machine.
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The auxiliary machine is represented by a 15kW, two-pole pairs induction
machine driven by a 16kVA back-to-back variable frequency converter.

The active torque pulsation reduction method proposes that the auxiliary
machine compensates for total or partial position-dependent loading torque spikes.
The online torque observer gives the auxiliary machine torque reference, which
estimates the grid-connected induction machine electromagnetic torque. No torque
transducer is used for this method.

A fully operational method for system moment of inertia and loading torque
profile detection is simulated and experimentally validated. The results reveal the
importance of the loading torque phase and amplitude and confirm the method's
performances.

1.3. Observers design — a survey

In many industries, sensorless control represents a valuable achievement
thanks to its potential benefits. More than that, in safety-critical applications, the
redundant character is often achieved through multiple "parallel" connected sensors.
In the last decades, the trend has been to replace at least one of those sensors with
a sensorless monitoring device.

Fig. 1.4 presents a simplified structured diagram of the state observers used
over the years. Based on the literature, the diagram represents the author's point of
view regarding the most used state observers or design methods for the state
observers in internal Plant uncertainties and external disturbances conditions for
linear and non-linear systems.

OEIaSSiC Modern
servers Observers
observer oo Observer (NLO Filter (KF
Input based ;
c?bserver Proportional- Extended
(1BO) Integral Kalman
Observer (PIO) Filter (EKF
Input and output
based
observer (I0BO)
Disturbance Advanced
Observers Observers:

Artificial Intelligence
based observer

Disturbance]

Observer Perturbation
(DO) Sbserver (PO
Unknown Extended Statdg
Input Observer] Observer
(UIO) (ESQO)

Fig. 1.4 State-of-the-art structured diagram of state observers (estimators/filters) [26]
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Sensorless monitoring methods were extensively investigated in all domains
in response to the need for cost reduction.

In electrical machine control, the electrical machine state could be
monitored by sensors (such as encoders or torque transducers) or by speed or
torque estimators (observers/filters).

Recently, many electrical machines' torque and speed observers have been
proposed. Some are also used for machine and system condition monitoring and
fault detection [27].

In response to the market requirements, the robot and medical industry
path rely on torque and speed observers. Based on these requirements, a lot of
torque observers for high-precision applications (robot manipulation, medical
applications and aerospace) can be found in the literature [28]-[30].

1.3.1. Classic observers

The first system observers are considered classic observers, where the basic
idea was to extract unmeasurable parameters of the system from the input, output,
and internal system dynamics.

a) Output-based Observer (OBO)

One of the basic and used estimator types is based on the output
information of a system. In other words, the system output is used for the
parameter or state estimation, using only the generated system output. Based on
its principle, the first Observer is called an Output-based Observer (OBO) [31].
Several such applications can be considered to be low-pass filters or approximate
differentiators. In Fig. 1.5, a system structure of an output-based observer is
presented.

u(® Y(O["Output based Y°(t,)
System observer (OBO
Fig. 1.5 Output-based Observer (OBO) diagram

More complex observers can be achieved starting from OBO by considering
advanced techniques for system output filtering or processing [32].

b) apByobserver (apfy)

The afy Observer can be considered a particular case of the output-based
observer structure as long as the monitored system output represents the observer
input. An interesting comparison (with experiments) between the Alpha-Beta-
Gamma observer and two other observer types is given in [33], where the
Observer is used for a parallel manipulator application. Another simple approach of
afy observers is given in [34], where a simple Alpha-Beta filter algorithm is

presented with different learning models.
c) Input-based Observer (IBO)

In contrast with the output-based Observer, where the system output values
were used for estimation, the input-based Observer (IBO) is represented by a copy
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of the real system, producing the same result as the system. In other words, the
IBO rebuilds the system functionality based on the system's inputs.

The correctness of the observer results depends on the Observer's capability
to replicate the system performance. The input-based observer diagram is
presented in Fig. 1.6.

u(t) y(t)
System —>

Input based y°(t,)
observer (IBO)
Fig. 1.6 Input-based Observer (IBO) diagram

d) Input and output-based Observer (IOBO) - Luenberger Observer (LO)

The Input and Output based Observer, also called the Luenberger Observer,
represents a combination of the OBO and IBO. Compared with the previously
presented observers, the Luenberger Observers use the system input and output for
increased performances [35].

The Luenberger Observer principle relies on the possibility of actively finding
the errors -as precise as possible- between the real system and the system replica.
In Fig. 1.7, the errors between the system and Observer are continuously modified
in the "Error weighting" block and then used as a correction for the observer input.

werr(t) Error y(t)-yo(t)
weighting
Uo(t) Observer oft
(system replica)
System

Fig. 1.7 Basic diagram of Luenberger Observer (after [35])
e) Proportional Integral Observer (PIO)

The Proportional-Integral Observer represents an improvement of the
Luenberger observers, in which the estimation error is reduced by using an integral
gain [36], [37].

In this case, the Observer can estimate the system uncertainties and
external disturbances. Based on estimations, the controller can modify the system
state according to overall perturbation.

The PI loop improves observer performances, thus reducing the cumulative
error over time. The PIO's gain improves the observer performances but at the cost
of increased measured noise.

In Fig. 1.8, the PI observer's structure can be seen. Compared to other
observers, in this case, the proportional and integral coefficients are the subjects of
a careful selection process.
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N\ Uo(O ™ Observer ot
+ (system replica)
t y(t)
u(t) System

Fig. 1.8 Proportional Integral Observer (PIO) - an improvement of Lunberger
observer (after [36])

f) Basic non-linear Observer (NLO) — Non-linear Luenberger observer (NLO)

A set of non-linear equations can express a non-linear system. Such filters
can be used for state observation, but they are limited by the system's nonlinearity
knowledge [38], [39].

In non-linear systems, the Observer can either be designed directly based
on the non-linear equations or perform a system linearization and then uses a linear
observer.

1.3.2. Modern observers

With a greater need for computational resources, modern observers have
been developed more recently than classic observers. In contrast with classic
observers, the modern ones are designed considering the perturbance from the
beginning. Three different such observers are summarily presented in the following.

a) Kalman Filter (KF)

The Kalman filter can be interpreted, basically, as a state observer. Thanks
to their robustness, the KFs are extensively used in many mechatronics systems,
and not only. It was extensively used

The Kalman Filter is represented by a recursive data processing algorithm
for linear dynamic systems with relatively low demand for data resources. In real-
time systems, the KF requires a high speed of the data processing loop with a
constant sampling rate.

In Fig. 1.9, a Kalman filter recursive algorithm is given according to [40].

Updated State

Measurements j Eetimates
Initial
conditions| Kalman Gain Update Estimate
k=k+1 [« Update Covariance

Fig. 1.9 Kalman filter recursive procedure - schematic diagram (after [40])

To estimate the system state, the algorithm requires a well-known system
model and the total error influence in the measurements and system [41]. The KF
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was extensively used for minimizing the measurements errors and even for future
system state estimation [42].

b) Extended Kalman Filter (EKF)

The Extended Kalman Filter is represented as the Kalman Filter for non-
linear systems. Its principle of work relies on the linearization of the non-linear
system [43] based on multivariate Taylor series expansions.

Even if the EKF is considered to be a significant improvement compared to
KF, one of its major drawbacks is that if the initial system state is wrong estimated,
the entire modeled filter will rapidly diverge. More, similar unwanted results will be
achieved if the modeled process is slightly incorrect

As in the case of KF, the filter follows an undesirable path with accordingly
negative results if the Gaussian white noise does not represent the modeling error.
Higher order of EKFs gives better performance results in smaller noise conditions
[44].

Similar to KF, the EKF is represented by a recursive algorithm. For example,
in [45], the authors use the EKF to monitor and improve the state of charge for
lithium-ion batteries.

c) Hoo Estimator (Hoo)

Considered to be more of a design method for the controller, instead of an
estimator, the Hoo is being used to perform an optimization that "hides behind" a
control problem. Being a linear robust control method, the Hoo is considered to be a
mathematically complex tool.

It is characterized by a high-gain functionality which is considered necessary
to be able to reject any unwanted situation encountered in the system.

A standard robust control problem based on Hoo can be represented in Fig.
1.10, where the system consists of a transfer function with two inputs, one of which
(w) represents the reference signal together with the disturbance and the other one
(u) represents the manipulated variable. Also, the system has two outputs: the
error that must be minimized by control (z), and the measurable variable that
represents the controller's input [46]. In other words, the controller has to be able
to minimize the influences of the disturbance (from w) over the system by
modifying its output value (u) based on the measurable output of the system (v).

w z
System

Controller

Fig. 1.10 Standard configuration for Hoo-based robust control [47]
1.3.3. Disturbance estimators

Compared to previously presented estimators, which were able to detect the
true state of a system as much as possible, the perturbance estimator aims to
detect and reject the potential system perturbations. Considering "measurable"
perturbances, a relatively simple strategy could be implemented to reject it. In most
cases, the external disturbances can not be measured.
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Starting from this idea, the Disturbance Estimators (DE) are used to
estimate the disturbances and use this information in a feedback control strategy to
compensate for disturbance influences. Several such applications and comparisons
based on DE are given in [48], [49].

a) Disturbance observer (DO)

The DO consists of a feedback-based controller as an inner loop which
increases the general controller robustness by rejecting the external measured
disturbances.

In Fig. 1.11, the basic diagram of a DO is given. The Disturbance Observer
contains the System model, which also considers the external noise. The inner loop
feedback can be filtered, although in some cases, the filters can be applied directly
to the signal subtracted from Disturbance Observer (7).

In [50], the desigh of a disturbance observer for non-linear systems is
presented.

External
Disturbance

Referenc ; t
A Main A Y System y(
= controller -
Feedback —_—_—————_ —_ — — — — =
.t .
e Disturbance ] + Noise
Inner Icop | [Filtering g Observer L
| (System)_l I
|

Outer loop

Fig. 1.11 Basic diagram of a Disturbance Observer
b) Unknown Input Observer (UIO)

As a practical improvement of the Disturbance Estimator, the capability to
simultaneously estimate both the disturbance and system state was newly added in
Unknown Input Observers.

In Fig. 1.12, a simplified structure of UIO is presented without representing
the observed system.

State
estimation

Fig. 1.12 Simplified unknown input observer structure diagram [51]
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The System input and output measurements are respected by the system.
The H, L, F, and G are matrices with appropriate dimensions.

Moreover, the UIO can estimate the system state even if not all inputs are
known. The first UIO report for known and unknown inputs was mentioned in 1975
by Wang [52].

In other words, the UIO is designed so that the disturbances do not
influence the estimation error. A practical example of observer design for linear
time-variant systems with numerical examples is given in [53].

c) Perturbation observer (PO)

In this type of Observer, the system uncertainty and the measurement error
(disturbances) are estimated in the time domain.

Being mathematically simpler than other observers, the PO is extendedly
applied to motion control systems. In addition to the DO, the PO also considers the
system dynamics. More than that, the observer-obtained results depend on the
system model and the type of low-pass filter used for input noise filtering [54]. The
so-called Q-filter (the low pass filter) represents a key factor for controller
performance and robustness.

In [55], the author proposed a discrete perturbation observer for linear
systems in motion control applications. The paper comprehensively analyses
perturbation observer performances for different low-pass filters, system inertia,
and sampling frequency.

d) Extended state observer (ESO)

Standard ESO is very susceptible to measured high-frequency disturbances
amplification due to its high-gain nature. This leads to an increase in the difficulty of
choosing the gain, considering, on the one hand, the accuracy of the Observer and
on the other hand the sensitivity to high-frequency noise [62].

A less noise amplification UES is presented in [63], where a Cascade
Extended State Observer (CESO - Fig. 1.13) is given to improve the total estimation
process. The Extended State Observer is considered an essential part of the
uncertain non-linear systems [61] because it requires less information about the
system.

Main u(t) .
controller System
A
z(t ( >
» ESO1
< 7.
Cascade < »| ESO2 %
“K” ESO < Selector
_> »
< "k
\ »| ESOk

Fig. 1.13 Cascade Extended State Observer - simplified diagram [56]
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The performances are achieved, basically by small gain values, which thus
limits the disturbances amplification.

1.3.4. Advanced observers - Artificial Intelligence based Observer

As a nowadays great interest subject, in other words, as an essential part of
the new technological revolution (Industry 4.0), Artificial Intelligence finds its place
in as many applications as possible. Deep Learning (DL) and machine learning (ML)
can be considered core technology in Al (Artificial inteligence). With a wide range of
applicability, DL technologies come from Artificial Neural Networks (ANN) [57].

In [58], the authors present state-of-the-art ANN-based controllers and
observers for electric drive applications. One of the significant changes can be
considered in how new modern ANN-based controllers replace the classical PI or PID
controllers. In this context, the author describes the concept of an Induction
machine drive based on ANN with two controllers for the rotor speed and stator
currents.

Fig. 1.14 presents a basic simplified diagram of an electrical machine control
technique with system feedback given by an ANN-based torque observer.

Torque
reference

Standard| | Current
PI controller

Estimated
Torque

Artificial Neural
Network based
torque observer

< Park
Id,q|Transf

Fig. 1.14 Artificial Neural Network — based torque observer - its place in a standard and
simplified control scheme

As experimentally presented in [59], the Al technique can be successfully
used (root mean square error less than 1% of the estimated torque related to the
rated torque) for electrical machine torque estimation. More than that, the authors
train the neural network using only the measured torque and does not request the
estimated flux.

1.4. Electrical machine virtual testing

Electrical machine testing is required for preliminary design checks and
batch performance validation. Moreover, the electrical machine thermal testing
represents a validation of the ventilation system and the insulation quality and
confirms the machine's performance.

With the development of power electronics, electric motors' "standard"
regenerative testing procedure was mainly done in a back-to-back configuration. In
Fig. 1.15, a basic schematic diagram of the back-to-back configuration for electrical
machine testing is presented for fixed speed with one machine directly connected to

BUPT



Electrical machine virtual testing 41

the grid (a), and with the possibility for dynamic testing with two variable frequency
converters (b).

Grid Grid
| |
|1
Converter [ Converter Converter
V,1 V,1 V,1
Electrical Electrical Electrical Electrical
Machine Machine Machine Machine
________ ﬁ pa— _ﬁ — _ﬁ_
Coupling b) Coupling

Fig. 1.15 Electrical machine testing regenerative setup in the back-to-back configuration: a)
single converter, fixed-testing speed, b) two converters, dynamic testing

In many cases, the classical approach of electrical machine testing can be a
high-time-demanding procedure not only due to the testing procedure but rather
because of the need for mechanical coupling between the machines. In the case of
large or vertical-mounted shaft machines, the shaft loading procedure can be very
expensive or even impossible.

1.4.1. Superposition equivalent loading method

As part of standard electrical machine testing procedures, the superposition
equivalent loading method for induction machines involves replacing the classical
electrical machine rated-power shaft loading for thermal testing with a test
procedure that does not require the actual machine loading at rated power. This
method presents a major potential interest for large machine testing, where the
rated-loading test can be challenging.

In [60], the authors present (based on this method) experimental results for
small and medium machines. Their work clarifies the IEEE 112-2017 standard [61],
where the superposition equivalent loading method is presented for polyphase
induction motors.

As a response to these limitations, in the literature, many virtual loading
procedures have been used for electrical machine loading over the last decade.
These virtual (synthetic) loading procedures imply an artificial rise in the machine
temperature without needing mechanical couplings.

Several methods of virtual electric machine testing procedures are given and
explained in the literature. Some of them claim the reduction of the test human
resources cost, the improvement of the loss estimation, and the achievement of a
shorter test completion time.

The virtual loading procedure for electrical machines presents a high
demand in all industries (electrical machine design, production, and system
integration), especially where the mechanical or electrical conditions require special
needs.

Next, a short state-of-the-art of the most commonly used electrical machine
testing procedures is presented.
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1.4.2. Mixed frequency loading method

Some of the artificial loading methods presented below are relatively old
methods. For example, the mixed frequency method, introduced by Ytterberg ("two-
frequency method" has been around for more than one decade (since 1921). One of
its literature mentions is given by the A. Meyer and H.W. Lorenzen in 1979 ([62]).
His virtual loading method was based on two series-connected generators which fed
a test machine without shaft loading. The generators provide two different three-
phase voltage systems with different amplitudes and frequencies. In other words,
two magnetic fields would appear in the machine that would rotate at different
speeds.

1.4.3. Current harmonic injection method

An improved synthetic loading procedure is presented in [63] for in-wheel
motors (IWMs) with current harmonic injection. The proposed method reduces
human resources costs, thus eliminating mechanical coupling. Testing method
results are given in contrast with the classical back-to-back artificial loading method.

1.4.4. Dynamic thermal loading

Another synthetic loading method can be considered when it performs a fast
change of the machine regime (from the motor to the generator and vice versa).
Fast machine acceleration and deceleration (with the direction reversal - but not
always necessarily) can lead to similar dynamic effects on the machine, such as
shaft loading.

In Fig. 1.16, a possible setup configuration for electrical machine synthetic
loading is presented, with one machine driven by a 4-quadrant variable frequency
converter. The back-to-back converter is required (in case of small inside dc
capacitance) to inject into the grid the machine-generated pulsating power. In this
case, the inside-converter dc capacitor has a significant role during the test. When
testing, the grid may be subject to pollution due to the test nature (during the
motor/generator mode, the power is absorbed/generated from/to the grid). The
total system inertia (machine + inertia J), the dc capacitor, and the speed and
control techniques are critical factors for test performances and grid pollution. When
the machine rotor inertia is considered sufficient for test dynamics, the external
moment of inertia J can be missing.

i
Grid 4-quadrant

—_— Variable
Frequency
Converter

Electrical
Machine

Fig. 1.16 Possible experimental setup for electrical machine dynamic loading

In one of the author's scientific papers [64], the influences of a dynamically
controlled induction machine on the dc voltage of the used inverter (2-quadrant
inverter), for two dc capacitance values are presented. It is clearly shown that the
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voltage pulsations are smaller for doubled dc capacitance. It is also presented how
the ac-source current (grid-absorbed current) looks during the artificial loading test.

Another synthetic loading with performance analysis for an Interior
Permanent Magnet Synchronous Machine (IPMSM) is presented in [65], where the
author uses a Field Programmable Gate Array (FPGA) for direct measurements of
the electrical machine converter's output voltages. No torque transducer or loading
machine is required. The virtually-loaded machine is accelerated and decelerated
rapidly, thus being considered a dynamic loading method. The results obtained from
experiments are compared with Finite Element Analysis (FEA) results.

1.4.5. Multiphase machine artificial loading

The multiphase machines tend to become a promising alternative for more
and more applications thanks to their capability "to split" the power and their
robustness and redundant character. From Electrical Vehicles (EVs) to aerospace
applications, multiphase machines are increasingly used [66].

Several such electrical machine synthetics loading examples are next
presented based on literature.

Fig. 1.17 presents an example of a multiphase electrical machine in an
artificial loading connection. Two controlled converters are used to send the energy
from one winding to another.

Grid

1]
ac

dc

dc c_1_ dc
ac | ac

(“]_(I\ /DI‘)
Multiphase
L23 Electrical Li2
Machine
&\

Fig. 1.17 example of artificial loading for multiphase electrical machine

For instance, an Indirect Rotor-Field Oriented Control (IRFOC) technique is
utilized in [67] and [68] for a synthetic loading procedure for multiphase
symmetrical or asymmetrical winding machines. The authors presented the thermal
testing for a two-three-phase and for a three three-phase machine in both papers.

In [69], the authors propose a synthetic loading procedure for an electrical
machine with multiple three-phase windings. Compared to other virtual loading
techniques, here, the authors presented a 150kW Permanent Magnet Synchronous
Machine (PMSM) with double three-phase winding loading, when one three-phase
winding is used as a motor and the second one is used as a generator. The authors
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claim that the testing system losses represent only absorbed grid power.
Experimental validations are given.

1.4.6. Proposed solution

In addition to all previously mentioned information related to artificial
loading methods, the author proposes a new electrical machine synthetic loading
method, which is extended and described in Chapter 4.

Twin induction machines without mechanical coupling driven by two dc-
connected variable frequency converters are presented as the main parts of the new
artificial loading method [64].

The solution allows machine testing for up to 120% of RMS phase current,
with a power source twice smaller than the power source used for one single
induction machine artificial testing. It is presented that the ac source current spikes
are due to induction machines' losses. Two comprehensive simulations are being
used for experimental validation.

The proposed solution uses only industrial types of equipment for command
and control. A mechanized solution is given for automated thermal testing with
various speed references.

1.5. Active torque pulsation reduction techniques in
pulsating loads

In Chapter 5, the presented and discussed topic is related to pulsating
loading torque, especially position-dependent pulsating loading torque (such as
crankshaft-based loads).

The solution applied there relies on a well-known, worldwide spread and
used control technique called: Active Vibration Control.

1.5.1. Active vibration control - short intro

Active Vibration Control (AVC) represents a well-known in-literature
technique used in many domains, from seismic compensation to marine ships and
noise canceling.

The AVC principle relies on a simple assumption that by adding force into
the system in the opposite manner, equal or smaller in amplitude than the
perturbance force, the sum of both forces (perturbance and newly added one)
should have a smaller overall influence on the system than the disturbance alone.

In the sound domain, the idea of the active control of the unwanted system
perturbation by adding the same perturbation but in the opposite manner is
discussed in [77]. The author mentioned that, presumably, the first discussion about
the principle of sound superposition was made by Lord Rayleigh in 1878.

The AVC principle is extensively used in construction sectors, where tall
buildings (in general) are secured against winds and small earthquakes. Passive or
active solutions minimize the unwanted effects of external forces.

In Fig. 1.18, the basic principle of the well-known AVC technique is given (a)
in comparison with no active vibration compensation (b). The input force represents
the external force that creates the unwanted system behavior. The added force
represents the newly added force into the system.
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The amplitude and the phase of the added force represent key factors for
AVC efficiency (more work related to this topic is presented in Ch. 4). The resulting
force, theoretically, no longer affects the system. This performance (with a total
compensation level) cannot be achieved practically.

a) to
Input Resulted
force force timé
» ; |
Added
force
b)

Fig. 1.18 Active Vibration Control principle: a) without AVC, b) with AVC

Three different active or semi-active solutions for AVC in tall buildings (with
experiments) are presented [70] 20 years ago. The author's described solution for
strong winds is represented by a hybrid mass damper system installed on the roof
of the forty-three stories. Another explanation for severe earthquakes is represented
by an unbonded brace damper installed at the top of a fifteen-story building, used
as an energy absorber. Modern such applications are still being investigated
nowadays [71].

Inspired by a catastrophic situation, in [72], the author designed a
controllable spring as a vibration dampener with the possibility to change the spring
stiffness during a seismic movement. Numerical simulations are given.

Another AVC practical approach can be implemented based on piezoelectric
(PZT) actuators thanks to their cost, weight, and control simplicity characteristics.
In many cases, the PZT is also used as a sensor and an actuator. A practical PZT-
based AVC application with a solid theoretical background is given in [73].

Several other such applications can be found in the literature. For example,
in [74], the author proposes an AVC PZT based on wind turbines for increased
safety against blade vibrations. In [75], [76], and [77], examples of the PZT-based
AVC technique applied in structures and buildings safety with applications from 1997
until now are given. Another domain with a high demand for vibration control is
represented by aeronautics. In [78] is presented a practical need for PZD actuators
in helicopter applications to reduce the blades' vibration influences over the fuselage
actively.

A particular application of the AVC technique is found in Active Noise
Canceling (ANC). The basic idea is the same as in AVC. Still, in ANC, the
superimposed added signal is represented by a sound signal, not by a mechanical
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force, not to reduce de vibrations but to eliminate the effect of an unwanted
frequency (or noise).

In the last decades, the ANC control easily found its place in all industries
(appliances, industrial, automotive, transportation, etc.). Some of the ANC control
techniques can be found in the [79], which can be considered a reference paper of
the last two decades in this field.

As a general system controller topology used in all applications that require
active compensation of force or noise, in Fig. 1.19, three commonly used structures
are presented.

In some cases, u(t) (which is the system input containing the perturbance)
can be directly measured and used by the controller in a "raw" form or filtered by
the H filter for compensation.

In that case, the controller directly receives the measurable input and uses
it to create the superimposed added force (n(t)). y(t) represents the system output
responding to the disturbing input.

The system feedback is not measured in the open-loop structure (a). In this
case, the control relies only on the system input. As a response to system safety,
the controller output could be limited.

In the feedback structure (b), the newly added force, which is overlapped
with the input force, is obtained by the controller for the system output. In this
case, there is now needed of the controller output limitation. But in this case, the
added force is generated from the system's response to the disturbing input.

One of the most used structures is represented by a feedback closed-loop
controller with an additional feedforward loop for improved results (c). In this case,
the system output and the measured input disturbed signal are both considered for
the superimposed new force.

| u(t)

)

b) Controller

Uo(t) y(®)
O 9
2
X9 Controller )
Fig. 1.19 The most commonly used controller approaches applied for active control in a) open-

loop structure, b) closed-loop feedback structure and c) closed-loop with feedback and
feedforward structure
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1.5.2. Active pulsation reduction method

In practice, there are different sources and types of torque pulsations in
electric machines or electromechanical systems driven by electric machines.
Regardless of the torque pulsation source, vibrations, noise, faulty positioning, and
even mechanical failure are counted among their negative effects.

In electrical machines, the torque pulsations can be represented by the
cogging torque. With a high impact over the speed, the cogging torque pulsation
reduction methods are addressed in many applications in several electrical machine
types.

Even from the design stage, the literature can be found many procedures
for cogging torque reduction. Various such applications can be found concerning the
reduction procedures for cogging torque and torque ripple in different types of
electrical machines (Permanent magnet synchronous machine [80], Permanent
magnet motor with Auxiliary Salient Poles [81], Brushless DC claw-pole [82],
Interior Permanent Magnet Synchronous Machine [83]).

For already in-use machines, the designing methods can't be applied any
longer. However, several control techniques are presented in the literature to
suppress unwanted repetitive disturbances (such as cogging torque or torque
ripple). This way, the torque pulsations are diminished using the power electronics-
based equipment used for machine control.

There are several techniques in the literature for controlling an arbitrary
periodic disturbance. For instance, Iterative Learning Control (ILC) can improve the
system performance if it is subjected to an in-time repetition. Its performance drops
drastically with the increase of the perturbance non-repetitively character. Such an
example can be found in [84], where the author used a Robust ILC for torque ripple
minimization in PMSM.

In Fig. 1.20, a basic schematic diagram of an ILC is given, used for an
existing closed-loop system. Based on the error between the setpoint reference and
the current system state (e(t)), the H filter computes the value that is being added
to the last value of the ILC to obtain the new value for the ILC input, which is then
filtered by a robustness filter (Q filter) [85].

(i~ e RO ()
& filter] >\t filter & System P
t1 w(t-1) |
y(t-1) Controller
Memory [ 1

Fig. 1.20 Iterative Learning Controller (ILC) schematic diagram

Another intensively used technique to eliminate unwanted repetitive
disturbances is related to Repetitive Control (RC). In [86], the authors mentioned
the first report (1981 by Inoue et al.) on the Repetitive Control technique.

The RC theory is based on the Internal Model Principle (IMP). The concept is
based on tracking a repetitive reference using a delay model in the feedback loop.
The controller uses a model of the input reference to obtain zero error
asymptotically. For unknown inputs, it is mandatory that at least the signal period
be known so that a positive feedback delay will be applied. In Fig. 1.21, a simple

BUPT



48 Introduction

structure diagram of the repetitive control is given. The Q(s) is a low-pass filter.
Repetitive control designing methods and their applications can be found, for
example, in [87], [88]. In [89], the author proposes a practical, robust repetitive
control of a linear oscillating motor loaded by a pump. The author treated the load
individually on its Fourier components and compensated for the model uncertainties.

Repetitive controller

.
% + As) e_ST w(t %
A j
Y
t
u( )+_ e(t) ‘C+ System Y(tF)

Fig. 1.21 Repetitive control general simplified schematic diagram

Several such applications with periodically repetitive external influences in
the system can be considered position-dependent loads (commonly used examples
consists of, but are not limited to, crankshaft-based loads). In Fig. 1.22, a general
position-dependent loading torque example is given.

(p.u.)

Loading torque

0 60 120 180 240 300 360
Mechanical angle (°)
Fig. 1.22 example of position-dependent loading torque for rotary mechanical system

The torque pulsation of a system represents one of the leading factors for
mechanical system failure.

Torque smoothening is highly recommended in pulsating torque
applications. Among the load torque filtering methods (thus reducing the created
vibrations and other negative influences), passive smoothening methods are related
to the utilization of the high mass inertias mounted on the same shaft as the load.

One of the most used practical applications of high-mass flywheels is given
in low-frequency recuperative energy storage systems (RESS).

As a significant difference between the on-shaft flywheel-based methods,
the RESS requires a more complex system based on power converters (with large dc
storing capacitors) and special mechanical topologies.

In this case, the pulsating torque frequency is limited by the amount of
energy that can be rapidly stored in the flywheel. A similar application can be found
in [90], where the authors proposed a flywheel storage system for a welding current
source.

In Fig. 1.23, two different schematic diagrams related to pulsation reduction
methods are presented, a) passive solution, where the torque pulsations are filtered
by a high-mass flywheel, or b) where power pulsations are filtered by a regenerative
system.
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Fig. 1.23 Pulsating torque filtering: a) passive flywheel mounted on the same shaft, b)
regenerative storage system

Pulsation reduction methods are also intensively used in refrigerator
applications, where, due to the nature of the compressor's operation, the efficiency
and life span of the system decreases. Similar to refrigerators, a current controller
for linear reciprocating vapor compressors is presented in [91]. The author gave a
hybrid current controller for a linear motor as a combination of a PI controller and a
B-spline neural network. The B-spline neural network is online in real-time trained.
Simulation and experimental results are given for a prototype linear compressor.

In electromechanical systems, the torque pulsations directly reflect into the
system speed.

A speed fluctuation regulation application can be found in the automotive
industry, where a flywheel-integrated starter generator (FISG - motor starter
mounted directly on the engine crankshaft) is used for torque (speed) filtering. A
passive solution contains flywheels or torsional dampers. In this paper [92], the
author monitored the engine torque through a torque observer, which directly
controls the FISG. The torque observer is based on the dual-lumped-mass system.

In electromechanical systems affected by vibrations, international standards
(API 618 - Standards) regulate the level of vibrations accepted in different cases
(power, speed, vibration amplitude, etc.). Such situations are often encountered in
piston-based compressors (reciprocating compressors).

The pulsating loading torque interacts with the electrical machine's
electromagnetic torque in the electromechanical system. In other words, considering
the entire system, the machine air-gap produced torque has to be considered for a
more-precise system dynamic state estimation. A comparative study between a
classical lumped model of reciprocating compressor trains driven by an induction
motor with a more advanced model is presented in [93].

The last chapter of here presented work is related to a novel pulsation
reduction method applied in the electromechanical system with position-dependent
loads is presented.

Compared to literature solutions, this method is based on a position-
dependent load driven by a grid-connected induction machine with an additional on-
shaft small power machine driven by a variable frequency converter.

Based only on three currents and three voltages, an electromagnetic torque
estimator is used for online real-time grid-connected induction machine torque
estimation. The theoretical solution implies that the additional machine counteracts
the pulsating load according to the system speed, using only information from the
grid-connected induction machine that drives the load. Based on that value, the
additional machine's drive is being controlled.
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The practical solution is based on industrial equipment with standard
industrial communication protocols. The presented solution offers a two-step
method for pulsating torque and system inertia detection.

Simulations and experimental results are given.

1.6. Conclusion

In the first part of this chapter, an overview of the basic concepts of the
further covered subjects is presented. The industrial equipment trend in the present
and future industries is discussed. A short state-of-the-art of the nowadays
technologies is given in terms of standard industrial equipment. The need for
industrial equipment is well-defined in the Industrial Internet of Things.

A state observer's basic structure is presented with a summary of the most
used state estimators. Advantages and disadvantages, as well as comparisons
between the observers, are mentioned with literature examples. A comprehensive
base structure of observers is given for classic, modern, disturbance, and advanced
observers based on artificial intelligence.

Three observers are treated for two different applications. State-of-the-art
virtual loading machine technique is given. Differences between the author's method
for artificial loading and the literature presented methods are provided.

In the last part of the chapter, the author presented a summary of the most
affected applications by torque pulsations. Several active or passive torque-damping
approaches were given.
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2. Standard low-cost industrial equipment -
scope broadening

Abstract

This chapter presents clear information on low-cost industrial programmable
logic controllers (PLCs) limitations. It highlights why this equipment cannot be used
effectively in real-time induction machine (IM) torque estimation.

Moreover, a theoretical and practical approach is given for frequency
spectrum analysis in the discrete-time domain based on the Fast Fourier Transform
(Discrete Fourier Transform (DFT) implemented into the PLC. The experimental
result is presented and discussed.

2.1. Preliminary aspects

Over the last few years, one of the industry's significant trends was
integrating compact industrial equipment into all applications. From research and
education processes to safety and hardware-in-the-loop applications, PLCs have
found their place in all industries: health and medical, wastewater treatment,
construction sector, power generation, and management [94]-[97].

In general, suitable control devices should be used depending on the
application type (critical application, health application, etc) and application
specification (time response, acquisition frequency, output update time, etc.).

A higher degree of performance, as it is known, comes with higher
production costs. For example, unlike processes with relatively high time constants
(water flow, heating, etc.), the controller performance increases significantly in the
case of high-frequency response control.

In more complex applications, where the PLC unit represents the main
control core, special and dedicated devices are mainly used in sub-applications that
require special running conditions [98]. In electric drive systems, the maintenance
process is a key factor for saving time and money.

Real-time monitoring of system health status is an essential factor in all
applications [99]-[102].

The author presented in [103] how a low-cost PLC structure can be used
with certain limitations for online grid-connected induction machine torque
estimation.

2.2. Low-cost industrial equipment - limitations
Periodic (uniform/equidistant) sampling represents one of the world's most

used sampling/acquisition methods. This means that the intervals between two read
data are equal.
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In case of variable (random) sample frequency it is mandatory that each
action was taken in one interval to be computed based on the time interval since the
last sample. In signal processing and analyzing, this issue represents one of the
standard problems.

In literature, as the most straightforward way (which requires a minimum
computation effort), it is recommended to interpolate the non-uniformed sampled
signal and then "resample" at a constant frequency rate.

For non-real-time applications, considering a high performances control unit,
using this method could be a practical solution. But on the other hand, in real-time
applications, with output updates every program cycle, the interpolation/resample
process cannot be successfully implemented

Moreover, for IMs electromagnetic torque estimation, unchanged read data
are mandatory to increase time response and estimator's performances [104]-
[108].

Below are presented three preliminary tests that the author recommends to
be performed before using the PLC as an electromagnetic torque estimator for a
grid-connected induction machine.

First, some low-cost industrial programmable logic controllers (PLC) were
investigated to find suitable equipment to implement the torque estimators.

Generally, the basic and reduced structure of the investigated industrial
equipment is composed of a centralized or a decentralized system (Fig. 2.1) where
the processor, the communication (Profibus) module, and the digital input and
output modules are directly or indirectly connected with the analog input module.

Profinet
connections

=
PLC |2 - PLC |-

core |sf~ ¢ 3 5 <lol=lo
_?4/ ] a) T 2hx in|og Core XA

Read stored values
(Profinet connection)

a) b)

Fig. 2.1 An example of the general basic and reduced structures of the investigated PLC
systems: a) decentralized system, b) centralized system

The Profinet interface could be built-in in into the processor, while the
Profibus module has a right or left-side connection to the main processor (but not
necessarily)

Three preliminary tests, which highlight - depending on the type of
application - the suitability of the equipment to the related applications, are further
presented briefly in Table 2.1. These initial tests are meant to demonstrate the
PLC's correctness of the data-read process as well as the PLC processing capability.

To perform the tests, all the analog input channels were supplied with the
same alternating voltage from a signal generator. The generator signal frequency is
fsg[Hz] , and the industrial equipment (in this case, a PLC) acquisition frequency is
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At each time, all channels were read at once, and the values were stored in
the PLC.

To check the tests, Table 2.1 has to be completed with the data stored in
the PLC's memory.

Table 2.1 Test 1 and Test 2 structure for an 8AI PLC

Test 1 Test Read Channels
2 Chi Ch2 Ch3 Ch4 Ch5 Ché Ch7 Ch8
t1 X1.1 X1.2 X1.3 X1.4 X1.5 X1.6 X1.7 X1.8
t2 X2.1 X2.2 X2.3 X2.4 X2.5 X2.6 X2.7 X2.8
t3 X3.1 X3.2 X3.3 X3.4 X3.5 X3.6 X3.7 X3.8
o t4 X4.1 X4.2 X4.3 X4.4 X4.5 X4.6 X4.7 X4.8
£
l_ . . . . . . . .
t(j) Xj.1 Xj.2 Xj.3 Xj.4 Xj.5 Xj.6 Xj.7 Xj.8
t(pk) | X(pk).1 | X(pk).2 | X(pk).3 | X(pk).4 | X(pk).5 | X(pk).6 | X(pk).7 | X(pk).8

a) Test 1 - Momentary deviation between the channels

The test has to be performed on k full input signal periods (k —an integer
that represents the total number of full periods of the generator signal). Based on
(2.1) the first test consists of finding the maximum difference between any two
channels.

max (|chpm (i) - chy (1))

Erry ¢ = -100[% 2.1
t1 Input signal amplitude [%] (2-1)
Where:
i - represents the read data index: ie [1..pk|;
p — represents the total number of read data;
k - represents the number of points from one period:
k = fric (2.2)
fsc
m, n - represent the total number of read channels: me [1..8] ne[1..8],
m#n

The first test provides information about the read module conversion
limitations. These are largely part of the processing capabilities of the analog-to-
digital converter (ADC). The processor must be chosen so that the acquisition error
of the related module is within limits imposed by the application.

b) Test 2 - The in-time channels synchronization

The second test deals with the evolution of the program cycle average. This
means that, in the case of the low-cost PLCs, the average cyclic time of the
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processor (Apg Jcould be slightly different than the configured processor speed
(Cpet )-
Errgo =chy(j)—-chy(j+k) (2.3)

where jrepresents the jth number of cyclic program, and k is defined by (2.2).
Depending on the Err, actual (average) speed of the program cycle may
be higher or lower than the set speed.

{APct >Cpct, Errgz <0;

(2.4)
Apct > Cpct, Erme2 >0;

c) Test 3 - The sampling frequency (synchronous cycle) variation test

The standard low-cost PLCs have system-dependent fluctuations. This
means that depending on high-priority operations or during communication
activities, the program cycle can be triggered at different intervals.

The communication between the peripheral systems and the central unit
represents another significant influence on execution time. Depending on the data
volume to be exchanged, the program cycle execution is subject to considerable
time deviations [109]-[111].

Fig. 2.2 shows a practical example of time variation in PLC. Even if the
execution time setpoint is set to 1 ms, the following figure shows an execution time
average of 0.9086 ms. More than that, in this case, the maximum deviation time
between two successive executions represents almost 19% of the execution
setpoint.

1.1 T T T T
Setpoint 1(ms)| )

Execution rate
(ms)
o
=)

0.7 1 1 1 1
0 200 400 600 800 1000

Number of program cycles
Fig. 2.2 Example of execution rate variations for one low-cost PLC 1ms execution rate setpoint

A practical example of acquisition time problems can be seen in Table 2.2,
where 3 PLCs were investigated according to the last presented test.

All the PLCs were tested at 1ms, 10ms, and 100ms program cycles
(although 10ms and 100ms are not helpful for torque calculation, they were
presented only to highlight the variation of the program cycle).

Max 4t(%) represents the maximum percentage difference between two
successive program cycles relative to the setpoint. These were calculated by calling
the internal clock of the PLC at each program cycle.

Tee(ms) is the average of the actual execution time performed by the PLC -
it must be taken into account that the PLC had no computational loading.
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To highlight the negative impact of the variation of the acquisition time over
the IM torque estimation, in Chapter 3 (Fig. 3.19) is presented the IM
electromagnetic torque briefly, when there is no time variation in acquisition
frequency and then when the acquisition frequency varies with 1% and 3% of its
time limit.

Table 2.2 The maximum time difference between two successive programs and the PLC
average execution time for different execution setpoints

PLC1 PLC2 PLC3
Execution - - -
Setpoint | Max 4t(%) | Ter(ms) | Max 4t(%) | Tge(ms) | Max 4t(%) | Tge(ms)
I(ms) 18.8 0.9086 17.29 1.0006 6.84 0.994
10(ms) 2.42 9.897 1.45 9.997 0.81 9.996
100(ms) 0.219 99.896 0.129 99.994 0.079 100.018

As presented in Fig. 2.2 and Table 2.2, the inconsistent time variations and
their appearance uncertainty make PLCs challenging for high-speed real-time, high-
performance torque estimation applications. Some improvements can be achieved
by measuring the elapsed time between two successive calculus and using it as a
variable "dt" in the integral structures. The triggered time function produces an
even greater central processing unit (CPU) loading.

2.3. Frequency spectrum analysis

Besides the previous investigation that proves that a low-cost PLC can not
be used as a high-performance induction machine torque estimator due to the
inconsistencies in acquisition and processing rate, next, the fundamental theory, as
well as the experimental results, are given to use a standard low-cost PLC for
frequency spectrum analysis based on well-known Fast Fourier Transform [112] for
discrete-time (Discrete Fourier Transform DFT) [113], [114].

All the time-domain signals can also be represented in the frequency
domain. A clear picture of a signal's structure and pattern can be determined using
frequency spectrum analysis [115].

In machine condition monitoring and predictive health monitoring
(MCM&PHM) systems, the presence or absence of a specific frequency from the
frequency spectrum of a measured signal (voltage, current, vibration, speed, etc.)
could represent the presence of a faulty part in the system.The need for frequency
spectrum analysis for system fault detection could represent a time and money-
saving practice. An initial spectrum analysis could lead to preventive maintenance,
thus reducing system downtime.

Generally, the frequency spectrum analysis can be done online with
specialized equipment or by measuring signals and offline process data with
dedicated software. An application that would require a continuous frequency
spectrum analysis is described in Chapter 5, where a system affected by high
pulsating loading torques is subjected to a novel active torque pulsation reduction
method. Next, the possibility of using a low-cost industrial PLC as a frequency
spectrum analyzer without dedicated functions is presented.
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Next, a well-known algorithm for frequency spectrum analysis is theoretically
presented and implemented into a low-cost PLC.

2.3.1. Fast Fourier Transform - short intro

As a fundamental, a periodic function f(t)can be expressed as a series of

sines and cosines functions.
In continuous time this function can be expressed as:

f(t):i-a0+iak~cos(2-7r-k-t)+ibk-sin(Z-ﬂ-k-t) (2.5)

2 k=1 k=1
Where: ap represents a constant value and k :{1,2,3,...} represents the

frequency.

The Fourier transform realizes the frequency spectrum analysis in the
continuous time domain. Image processing, military industry [116], equation solver,
malfunction identification, communication (wired and wireless), and medical [117],
[118] represent some of the applications that are developed based on the Fourier
transform.

The Fast Fourier Transform represents an improved time-saving procedure
with a reduced number of calculus.

For a signal consisting of N samples, we have:

N2 calculus - for Fourier Transform;
N -log, N calculus - for Fast Fourier Transform (FFT);

Taking into account the Euler formula:
e? = cos(6)+i-sin(8) (2.6)

Where: 6 represents the angle;

We obtain the forward Fourier Transform, which transforms a function of
time into a function of frequency. The previous continuous-time Fourier forme can
be expressed as:

Time — Frequency : X (F) = j x(t)- e J2mFtg (2.7)

Where: X(F) represents the frequency-domain function, x(t) represents
the time-domain function, jrepresents the complex number, F represents the
frequency, and t represents the time.

If the function and the analyzing function are similar, they'll multiply and
sum to a larger coefficient. In other words, that means that if the signal is compared
with a lot of sinusoids, the most significant obtained coefficient will be between my
signal and the sinusoid with the same frequency.

The inverse Fourier transform transforms a function of frequency into a
function of time:

Frequency — Time : x(t) = j X(F)- e J2mFtyp (2.8)

—o0
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This subchapter presents the conversion between the time and frequency-
domain representation for a discrete signal.

For applications where the signal is sampled at a specific sample rate, the
Discrete Fourier Transform (DFT) is used.

In this thesis, the PLC performs data acquisition and processing. The DFT
algorithm is related to the PLC's performance.

The DFT is based on a finite amount of elements (N elements). If we note:

k 4 7
—=F,n=t 2.9
N (2.9)

We obtain the direct discrete Fourier transform:
_j2nkn pN-1

N-1
Xi = an-e N = an win (2.10)
n=0 n=0

Were W/\f represented by the twiddle factor, which is explained further.

_j2nk
wf 2e N =cos

2-n-k . . 2-nk
—j-sin
N

n={0,1,2,..,N} (2.11)
k={0,1,2,..,N}

2.3.2. Cooley-Tukey Algorithm for DFT implementation

The Cooley-Tukey algorithm represents one of the most popular Fast Fourier
Transform in discrete time. Because it requires low data resources and it consists of
non-complex data operations, the Cooley-Tukey algorithm is widely used for DFT
implementation.

There are a lot of Cooley-Tukey's algorithm versions based on different
approaches to data processing. The method is used for data arrays with complex
elements of lengths equal to the powers of 2 for maximizing the method's efficiency
[119], [120]. This method divides the input data array into two equal parts. The
method consists of combining these two equal parts taking the elements two-by-two
and then multiplying them with the appropriate unit root, which also represents the
twiddle factor. There are two possibilities below presented to perform DFT [121],
[122].

Starting from the equation (2.10), the Decimation-in-Time (DIT) and
Decimation-in-Frequency (DIF) algorithms are briefly presented below. Both
algorithms perform N -J/og, N calculus.

2.3.2.1. Decimation-in-time (DIT) algorithm

In the Decimation-in-Time algorithm, the output is represented in a natural
order, while the input is in a bit-reversed order. This method split the analyzed
array of size N into two interleaved arrays of N /2 size. This method of Radix-2

DIT is one of the simplest methods used for DFT.
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The general formula of the Discrete Fourier Transform is given in (2.12)

N-1 _J2nkn pN-1
Xi = an-e N = an wn (2.12)
n=0 n=0

First, the algorithm split the array into the even-indexed input subarray and odd-
indexed input subarray:

Kk-n, Kk-n,
Xy z Xneven Wy, e + z Xnodd Wy odd (2.13)
Neyen=2r Nodg =2r+1
21 -1
k2.r k(2-r+1)
Xk— ZX(ZI‘)'WN + ZX(2~I‘+1).WN (214)
r=0 r=0
21 -1 ;
r-k r
Kk 2
Xk ZX(ZI‘) (WN) +WN ZX(2r+1)(WN) (215)
r=0 r=0
Where
r N
z X(2~r) : (WN) represents the > length of DFT even entries and
r=0
r N .
W/\f z x(2.r+1) (Wﬁ) represents the > length of DFT odd entries.
r=0

So, considering the periodicity characteristics of the complex exponent, a
simplified version of the previous equation can be rewritten as:

XKy | = GLK]+ HK] - Wi -
X[ Kz | = 6TK]- k] Wi |

=

A graphical representation of the Radix2 Butterfly structure of the
Decimation-in-Time Algorithm can be observed in Fig. 2.3.

X1®

X1=X1+X2-W/\7
o

Wy
X ®

(-1)

X2'=X1—X2-W/\7

Fig. 2.3 Radix 2 Butterfly structure - Decimation-in-Time Algorithm (according to [122])
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2.3.2.2. Decimation-in-Frequency (DIF) algorithm

Compared with the DIT algorithm, in the DIF, the input is represented in a
natural order while the output is in bit-reversed order.
Again, starting from the general DFT formula:

N-1 ]2nkn N-1
X =Y Xn- N Z Xp W, (2.17)
n=0
- The even entries array is compound below:
N-1
Xi= ) X WG (2.18)
r=0
N
5_1 N-1
Xor= D Xg WET+ D xp WG (2.19)
n=0 N
Nn=—
2
N N
5_1 5_1 2~r~(n+%j
Xor= D Xp W™+ D" Xy Wy (2.20)
n=0 n=0 (n+5j
L
2
Xor= D\ xn+x0 ny | WA (2.21)
n=0 n+y 2
- The odd entries array is compound as presented next:
2r+1
X(2rs1) Z Xq W (2.22)
N
| ern s (2r+1)
-r+1)-n -r+
X2re1)= D | Xn Wy W xi pyWa (2.23)
=0 n+§
5 2-r+1)n
X2re1)= D | Xn +Wif N .W,E, ) (2.24)
=0 n+E
g_z
_ n r-n
X2re1)= D || %0 =X ||y (2.25)
n=0 2 2
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So, as was previously stated at DIT, considering the periodicity
characteristics of the complex exponent, the previous equation for DIF can be
rewritten as:

) x|k | =G LK)+ HIK] .

x|k | = (6 [K] - HLK])- W

In Fig. 2.4, similarly to Fig. 2.3, a graphical representation of the Radix 2
Butterfly structure of the Decimation-in-Frequency Algorithm is given:

X1=X1+X2
®

X1®

K
(-1) Wl X =(xg-x2) Wy
Xo® g

Fig. 2.4 Radix 2 Butterfly structure - Decimation-in-Frequency Algorithm (according to [122])

2.3.2.3. Twiddle factor calculation

From the previous subchapter, it was observed that the Cooley-Tukey
algorithm, DIT, and DIF use the roots of unity:W,/\f , which is periodic with a period

N . This twiddle factor is a multiplicative constant used to reduce the computational
complexity in this algorithm [123]. If we consider the following notation:

_Jik
wh —e N (2.27)

We can assume that:

(W,(;)N -1 (2.28)

For any k:{1,2,3,..,N—1}, where k represents the frequency index, and n

represents the time index.
From the periodicity point of view, the twiddle factor repeats at every
certain number of cycles. In the space vector, the twiddle factor is a rotating vector.
Next is presented how the twiddle factor and DFT work for a signal of
different lengths.
a) N=2;
In Fig. 2.5 the roots of unity are represented graphically for a signal of two
elements.
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Inj‘

w9] Re

-J
Fig. 2.5 Roots of unity for a signal of N=2 elements

In this case, the output data can be written as:

.2-n .2-n

_is _j<n
Wk =e’ N, (N=2k-negligible) =Wy =e ° 2 (2.29)
=W, =e I = cos(-n) + j - sin(-n) = -1 (2.30)
1
k- k-0 k-1
= Xg = 2 (1) X = (<27 xp + (-2 xg (2.31)
n=0
Finally:

Xog = X + X1 (2.32)

X1 = Xp — X1 '

A more complex calculation example for a signal with 8 inputs is presented below.
b) N=8
Fig. 2.6 presents the roots of unity for a signal of 8 elements.

Fig. 2.6 Roots of unity for a signal of N=8 elements

So, for an 8-point DFT, we have:
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.2-n 2.1
kool wk gl s
Wy =e , (N =8,k - negligible) = Wg = e (2.33)
iz 2 .2
=>Wy;=e 4 =cos Dijosin -2 =¥2 5. N2 (2.34)
4 4 2 2
For simplicity, we consider the: o = g— j-g ;
4 k-n
= Xy = Z(U) M oxp=0K0 . xg+0K1. x; 4052 x5 +0K3 x5+
o (2.35)
ok X4 + ok Xz +ok® Xg +ok7 ‘X7
So, it results in the output vector as:
Xo=Xg+X1+Xp+X3+Xg+ X5 +Xg+X5
X1=Xg+0x7+ 02x2 + a3x3 + a4x4 + a5x5 + a6x6 + a7x7
Xy =Xp+ 02x1 + a4x2 + a6x3 + 08x4 + 010x5 + 012x6 + 014x7
X3 =Xp +o3x1+06x2+09x3 +012 4 +015x5+018x6+021x7 ( )
2.36
X4 =Xg+ o4x1 + 08x2 + 012x3 + 016x4 + 020x5 + 024x6 + 028x7
X5 =Xxg + o5x1 + 010x2 + 015x3 + 020x4 + 025x5 + 030x6 + 035x7
Xg =Xg + o6x1 + 012x2 + 018x3 + 024x4 + 030x5 + 036x6 + 042x7
X7 =Xp + o7x1 + 014x2 + 021x3 + 028x4 + 035x5 + U42X6 + 049x7

2.4. PLC implementation of the DFT algorithm

Next, the DFT based on the Cooley-Tukey Radix 2 method is being

implemented on the low-cost PLC. The input read data has 32( 25) values. In Fig.
2.7, the read filtered speed and phase current are presented. For both signals, the
Discrete Fourier Transform is performed.

The measurements are performed on an electromechanical system
consisting of a three-pole pair 11kW grid-connected induction machine (GCIM)
loading by a two-pole pair 15kW induction machine driven by a 15kVA variable
frequency drive (VFC).

The loading machine is Direct Torque Controlled by the drive. The VFC
loading reference consists of 50% of the GCIM-rated torque dc components
overlapped with a 50% torque amplitude sinusoidal reference. The sinusoidal
reference has the GCIM frequency. (3 pole pairs resulting in 1000rpm>16.6Hz).
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Fig. 2.7 Filtered speed and unfiltered phase current read from PLC

The measurements are performed using the PLC analog modules and an
absolute encoder.

In Fig. 2.8, the results are given when the 32 inputs vector is read on one
full rotation (16.6Hz — 0.06s ). The resulting frequency bin is 16.65(Hz).

~3 T . T :
2]
S /16'6(HZ) (I Frequency bin=16.65(Hz)]
C2r 1
D1t
9]
a
n 0 o S .
0 50 100 150 200 250
30 T T . :
= 50(H
< [33:2(H7) (Hz) [N Frequency bin=16.65(Hz)|
=~ 20} ]
2 66.6(Hz)
10t
5
@]
O | IS, 1 B —
0 50 100 150 200 250

Frequency (Hz)

Fig. 2.8 Discrete Fourier Transform based on Cooley-Tukey Radix 2 algorithm for 32 input data
on measured speed and phase current for one period (0.06s) of sinusoidal loading torque at
16.6Hz- PLC implementation

The results presented below are related to the PLC capacity to perform the
Discrete Fourier Transform based on the Cooley-Tukey Radix-2 algorithm.

Similarly, in Fig. 2.9, the results are given when the 32 input vector is
obtained on three full turns (16.6Hz — 0.18s). In this case, the frequency bin is
5.56Hz.
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w

16.6(Hz) |-Frequency bin=5.56(Hz)|
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jury
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o
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w
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|- Frequency bin=5.56(Hz)|
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N
o

Current (A)
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Frequency (Hz)

o

o

Fig. 2.9 Discrete Fourier Transform based on Cooley-Tukey Radix 2 algorithm for 32 input data
on measured speed and phase current for three periods (0.18s) of sinusoidal loading torque at
16.6Hz- PLC implementation

The experiments are computed offline: the PLC reads the data and then
computes the calculus.

The PLC acquisition frequency was chosen according to the frequency of the
signal that is being acquired. Depending on each PLC and the programming
language, different acquisition frequencies can be set through the execution time of
the used function.

The speed dc component was rejected. The 16.6Hz fundamental is
presented in both figures (Fig. 2.8, Fig. 2.9)

On the other hand, the phase current frequency spectrum is composed of a
mix of two frequencies: the grid-absorbed current frequency 50Hz and the pulsating
current frequency (16.6Hz) caused by the loading. More details about this effect are
presented in Chapter 5.

A similar procedure was implemented on MATLAB software. For the same
set of input data, the results are the same also for PLC, Matlab (DFT procedure),
and Matlab (with the dedicated "FFT" function).

Because of the PLC software used for programming - the software has
multiple declaration areas with graphical programming - in Appendix 1, the Matlab
version of the DFT Cooley-Tukey algorithm was given.

2.5. Conclusion

Although programmable logic controllers (PLCs) are widely spread and used
nowadays, their limitations make them rather suitable for applications with
considerable time constants, where the variation of the acquisition cycle becomes
insignificant with the increase of the program cycle. Because the standard industrial
equipment (PLC, RTU, VFC, etc.) represents one of the most important existing
layers in all the present and future industrial applications, in this chapter, a study
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related to the possibility of extending the classical range of utilization of low-cost
PLCs was investigated.

In the first part, three simple tests are given to briefly check the PLC
capability to perform calculus at a fixed sampling rate. Often, the problem does not
occur due to the analog input module sampling rate but rather because of the CPU,
which cannot maintain a constant program cycle.

Even though the performance of the equipment was not discussed in
accordance with their prices, in this chapter, it was demonstrated that with
industrial equipment, the electromagnetic torque of induction machines is difficult to
estimate, especially with high precision.

The first part of this chapter presents how the PLC's acquisition frequency
inconsistency directly affects the integration process and why this type of limitation
is unacceptable.

In the second part of the chapter, the author presents the in-literature well-
known Discrete Fourier Transform based on Cooley-Tukey, Radix-2 algorithm and
the results obtained by implementing this method for 32 inputs in a low-cost PLC.

The experimental result proves that for a 1000rpm synchronous speed
electromechanical system (16.6Hz), a low-cost PLC can be used successfully for
spectral analysis in low-frequency areas. System speed and induction machine
phase current were investigated.
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3. Industrial equipment-based line-start IM
torque estimation with experiments

Abstract

This chapter starts with the induction machine losses identification and its
modeling in Matlab Simulink. The performance of the simulated induction machine is
compared with the performance of the real one.

The negative impact of the real industrial platforms' voltage components
over the induction machine operation and their importance in the correctness of the
simulations are given.

Next, starting from one of the simplest voltage-model-based flux estimators,
another three different approaches for electromagnetic torque estimation are
investigated, both in simulation and experimentally. The real voltage characteristic's
influences on the estimator's performances are highlighted.

Both the Host (RT) and the Target (FPGA) softwares are given and
presented. A practical approach to how the data is being transferred from Target to
Host using a high-speed DMA FIFO is given in detail. Finally, the Labview-based
software for cRio-9068 programming in FPGA mode is shown.

3.1. Preliminary aspects

Over the last few years, one of the industry's major trends was integrating
compact industrial equipment into all types of applications. From research and
education processes to safety and hardware-in-the-loop applications, PLCs have
found their place in all industries: health and medical, wastewater treatment,
construction sector, power generation, and management [94]-[97], [124].

In general, suitable control devices should be used depending on the
application type (critical application, health application, etc) and application
specification (time response, acquisition frequency, output update time, etc.).

A higher degree of performance, as it is known, comes with higher
production costs. For example, unlike processes with relatively high time constants
(water flow, heating, etc.), the controller performance increases significantly in the
case of high-frequency response control.

In more complex applications, where the PLC unit represents the main
control core, special and dedicated devices are mainly used in sub-applications that
require special running conditions [98].

In electric drive systems, the maintenance process is a key factor for saving
time and money. Real-time monitoring of system health status is an important
factor in all applications [99]-[102], [125].

In the case of grid-connected electric machine-based applications, the
electromagnetic torque produced by the machine can be used as an information
source about the electromechanical system's state of opperation.
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As presented in [103], considering the specified limitations, the PLC-based
systems can be used (with poor results) for grid-connected induction machines'
torque estimation.

3.2. Experimental setup - overview

The experimental setup diagram presented in Fig. 3.1 represents the basic
schematic diagram used in this chapter for testing the industrial equipment torque
estimation performances.

The schematic diagram structure is based on a real setup placed on an
industrial platform with large power consumers. The supplying three-phase voltages
are highly distorted depending on the grid loading.

The testing bench consists of two coupled induction machines: the grid-
connected one with three-pole pair (delta connection), 11kW named the main motor
(MM) and the Variable Frequency Converter (VFC) driven one with two-pole pair,
and 15kW rated power.

Together with the back-to-back four quadrants VFC, the 15kW induction
machine represents the Emulated Load Machine (ELM).

3 T ce—
Grid H t |
1T | Variable
Current and | Loading Frequency |
------------------ Voltage | Machine Converter |
Measurement | (VFC) |
15kVA
K1 3V |
U mKZ : |
Hé I
I ] I I ) A x
N o I i Speed !
IM 11kW ()' :I: | IM 15kwW ifeedback :
3pp | 2pp Enc3M
(MM) <L (ELM) —Enc3) |
J Coupling | { Loading torquei |
7 AN | Z AN profile
31, 3V e — ] —|
| cRI0-9086 unit 1| | pLC unit 1|
I — | I [ |
------------ »l F’24V I I 24V [ o ol 1
ower] << power| [Sl6| o |22B
: 230V | : 230V '-'Jjé‘_ S <[<|Fle I
____________ 4 _r__________l
Estimated Loading
Torque i Profile

Fig. 3.1 Experimental setup
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PLC unit

Lahview Crio-9086 PLC Software

4 quadrant VFC

.I Grid )
| connected VFC Driven
T , 11kW IM 11kW IM

AR

Encoder

Current and voltage
LEM sensors

Fig. 3.2 Testing banch

The synchronous system speed is given by a grid-connected machine, while
the ELM is Direct Torque Controlled driven.

The test bench has one encoder mounted on the extension of the 15 kW
machine shaft used for closed-loop speed for high-precision torque control by the
VFC.

The PLC unit is used for real-time control of the loading machine: prescribes
the load model to the ELM. The cRIO-9086 platform reads all the necessary
electrical data for IM's torque estimation. The torque estimation process can be
done offline or online (on FPGA).

In offline mode, the grid-connected IM's electrical measurements (all three
voltages and currents) are stored internally in the processor during the test. Then,
the saved data are transferred into Matlab&Simulink program and used for flux and
torque estimation.

In online mode, the FPGA uses the measured data in real time to internally
compute the grid-connected IM's flux and torque.

All the communication protocols are based on industrial standards [126],
[127]. The currents and voltages are measured using LEM sensors.

3.3. Induction machine model

A precisely known of the induction machine parameters is requested for
torque estimator implementation on industrial control equipment—several methods
in the literature deal with induction machine parameter identification [128]-[130]. A
good general review of them can be found in [131]. For example, in [132], the
author presents a suitable IM parameters identification procedure (with
experiments) reporting a robust flux-integration method. Both for parameters
identification and loss separation, it is presented below, based on IM's equivalent
circuit (Fig. 3.3), the IM's electrical parameters given by the vendor (Table 3.1).
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Table 3.1 IM's catalog electrical parameters

Irateq (2) | cos¢ n Rs(2) | R (2) | Rm(2) | Xm(£2) %

22.5 0.79 | 89.3 0.34 0.33 519 24 0.5526
Zs Z,
— —"—
Rs Xs R, Xy
| Y'Y Y 1
L L I
R
7 R. - 1-s
Vohg "ls
Xm

Fig. 3.3 Induction machine equivalent circuit diagram

Where Rg, Xsrepresent the stator resistance and reactance, R., X, represent the
rotor resistance and reactance, R,,, X, represent the core resistance and reactance,

and s represents the slip.

Also, the measurements were obtained from the no-load test (Table 3.2)
and the locked-rotor (short-circuited) test (Table 3.3). All measurements were
performed with a high-precision power analyzer.

Table 3.2 11kW IM no-load test

Yo Line w\)/ltage (V) speed (rpm) Phase \\;oltage (V) | Power (W) | Current (A)
Lo n pho Po Ip
1 445.19 999,8 257.03 546,26 13,367
2 417.77 999,6 241.20 491,60 12,133
3 386.25 999,8 223.00 440,61 11,000
4 367.19 999,8 212.00 394,24 9,967
5 346.64 999,9 200.13 356,52 9,167
6 326.03 999,9 188.23 324,95 8,400
7 300.57 999,9 173.53 290,53 7,667
8 276.49 999,7 159.63 259,49 7,033
9 251.03 999,9 144.93 231,35 6,333
10 226.44 999,9 130.73 205,92 5,700
11 200.80 999,3 115.93 200,08 5,033
12 175.86 999,4 101.53 181,52 4,433
13 151.44 998 87.43 155,45 3,833
14 126.90 997,7 73.27 148,01 3,300
15 101.56 996,4 58.63 130,78 2,800
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Table 3.3 11kW IM locked-rotor (short-circuit) test
Line voltage (V) | Phase voltage (V) | Power (W) | Current (A)

VLSC Vphsc PSC ISC
73.71 42.56 933,49 21,53

From Table 3.2, based on (3.1) the mechanical losses, was separated from
iron losses in Fig. 3.4

Po = Pmech *+ Piron + Pco1 (3.1)

Where: Py, Pmechs Pirons Pco1 represent the no-load input power, the mechanical

losses, the iron losses, and the losses obtained from the Joule-Lenz effect in stator
windings. The total mechanical losses at rated speed are extrapolated from linear
interpolation:

Prech = 113.68(W) (3.2)
400 . T ' ' ' I
Piron+mech
350 oo Linear Interpolation |
< 300 |
2
G 250 ]
()
£
o
+ 200 |
| =
=
a” 150 ) |
100 \p =113.68 (W) |
mec
50 | i | 1 1 1
0 1 2 3 4 > ¢ /

2 x10%
Ugh (V)
Fig. 3.4 Iron and mechanical losses separation from no-load test
The induction machine DQ-model in stator coordinates used in this chapter

is presented in the following equations. One of the first reports of these equations
can be found in [133].

Pas=Vys—a11 - ¥us +a12 - Pyr (3.3)
;’ﬂs =Vps—ai1-¥ps+ap ¥pr (3.4)
E:’ar=a21-¥’a5—a22~¥’ar—p-w-¥’ﬂr (3.5)
E:’ﬁr =ay; ¥ps—ax Ypr+p @ ¥y (3.6)
Ips =C1-¥ps+Co ¥yr (3.7)
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IﬁS:Cl'WﬁS"_CZ'WﬁI‘ (38)
Togr =Co ¥ps +C3-¥yr (3.9)
Iﬁr:CZ'WﬁS"_C.?'WﬁI‘ (310)

L
c=1- (3.11)
L Ly
RS
ari = 3.12
1= (3.12)
l1-o0
812 =Rs-— (3.13)
m
1-o0
221 =R~ (3.14)
m
R
a = r 3.15
22 =51 (3.15)
1
Cq1 = 3.16
1550 (3.16)
o-1
Cy = 3.17
2= (3.17)
1
Chr = 3.18
3750 (3.18)
J doy
=. =T —T;
W = 0y '(1 _s)
Te/m=1.5~p~C2~(¥’as~¥’ﬁr—¥’ﬂs~¥’ar) (320)
3
- :E'(V‘l Tps + Vs ~Iﬂs) (3.21)
3 2 12
Peo1 =5 Rs (125 + 13) (3.22)
2 2
p. _3. (Vs —Rs Ius) + (Vﬂs -Rs 'Iﬂs) (3.23)
ron 2 Rm Rm .
prl prl
3 (;2 ;2
Pada = ‘Kadd {3'(1055 +Iﬂs)} (3.24)
—+1
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3 2 2
Peo2 :E'Rr .(IWJFIﬂr) (3:29)
Pmech :B'wfz (3.26)
n= Pin = Peo1 = Peo2 = Piron = Pmech ~ Padd (3.27)
F)I.

where: ¥gs,%ps,¥ar,¥ prare stator and rotor «,p-axis time derivatives of
orthogonal flux components, ¥, ¥, ¥ 35, ¥ gr represent the stator and rotor «, S -

axis fluxes, Vas/Vps are the stator «, § -axis voltage components, Rs,Rr,Rmprl are

the stator, rotor, and magnetizing resistance (presented below how it is calculated),
Lm,Ls,Lrare magnetizing, stator and rotor inductances, Is,Igs, Iy, 1grare the
stator and rotor«, g -axis estimated current components, @ is the estimated shaft
speed, p is the number of pole pairs, a;;,a;5,857,825,€1,C2,C3,0,Kaqq are
coefficients, were k44 was chosen in such a way that additional losses represent
1.2% of rated power [134]-[139], w, is the shaft (rotor) speed, w; is the
synchronous speed, Tgm,Tj0ag are electromagnetic and load torques, a.is the
cutoff frequency of the low pass filter, sis the slip,
Pins Peo1s Peo2+ Pirons Paddr Pmech are the input power and stator and rotor copper
losses, iron, additional and mechanical losses, and 7 represents the efficiency.

Fig. 3.5 represents the serial and parallel connection of the IM's equivalent
circuit without the rotor and shaft.

A good approximation of core resistance in IM's equivalent circuit parallel
connection, which is used in the Simulink model for core losses computation, can be

obtained (3.28), starting from core resistance and reactance from the series
connection of IM's equivalent circuit.

er? + xrf1
R, =S5 Tsrs (3.28)
mSI‘S
From the no-load test, the Rmer can be obtaine as:
Po
Rmsrs - 3. 102

(3.29)

The equivalent total reactance from the no-load test can be extracted from the next
equation.
ZZ =RE+X§ (3.30)

Taking into account (3.31) and considering that the stator reactance can be
considered to be half of the total reactance of the locked-rotor test (3.32), we can
assume that core reactance in a series connection can be calculated as

X = Xg + Xpm (3.31)
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Xg = 2sc (3.32)

Xsc = \/Zszc - Rszc (3.33)

Where the Rg. represents the total resistance of the induction machine from the
locked-rotor test (Rs + R, ) and Table 3.3, we obtaine the total impedance in short-
circuit test:

Zge =25 (3.34)

=
>
X

-

3
1
| I |
\AANA

3><

Vmsrs Mpri

a) b)
Fig. 3.5 Serial connection a) and parallel connection b) of the IM's equivalent circuit without
the rotor and mechanical load

Where: Vpn represents the phase voltage, Rg, Xgrepresent the stator phase
resistance and reactance, Rmsrs, XmsrS represent the core resistance and reactance
in the series connection of the equivalent circuit, Rmprl' merl represent the core

resistance and reactance in parallel connection of the equivalent circuit, taking into
account the voltage drop on the phase reactance, R;T'pr/ represents the core

resistance in parallel connection of the equivalent circuit, without taking into

account the voltage drop on the phase reactance, V,,

Vv represents th
ot ” Ve epresents the

voltage drop on R, , and Rmprl .

prl
In this condition, the magnetizing reactance of the IM's equivalent circuit
series connection is calculated as follows:

X = Xm = Xo - Xe (3.35)

mSI‘S

Considering (3.29) and (3.35) the core resistance in IM's equivalent circuit parallel
connection can be calculated with (3.28).

The iron losses in series connection (Fig. 3.5, a) can be estimated as:

Vs
Piron = 5= (3.36)

mSI‘S
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The iron losses in parallel connection (Fig. 3.5, b) can be expressed as:
Vi
Vi, |
/
Piron = sl (3.37)
Mpr

But taking into account also the leakage flux:

V. 2
Torl (Lm: LGSJ (3.38)
Vmprl m
It can be considered that:
2
-R Lm +Lss
Rmprl = Rmprl ( L J (3.39)

The induction motor Simulink diagram presented in Fig. 3.6 is based on
equations (3.3) - (3.26). The simulation is performed at a fixed step sample rate
of 50us . The IM is supplied with a three-phase voltage system. The Vabc -Vof
block performs a Clarke transform. Equations (3.3) - (3.6) are used to obtain the
a, p stator and rotor time derivatives flux components.

o e »| Equation (3.3) - (3.6) %
>
[Vabc] > Vin va -

[ Equation (3.9) - (3.10)

o o ]
[rioad]>———

Equation (3.7) - (3.8)

A
=
o
o
(5]
=]
0
o
2,

Fig. 3.6 Induction machine - Simulink model

BUPT



11kW induction machine model - simulations 75

The iron losses are approximated separately using a magnetizing equivalent
resistance obtained from the parallel equivalent circuit of the induction machine (see
(3.28) to (3.39)). The mechanical losses are set so that at rated power, they are
equal to those determined from the loss separation test presented in Fig. 2.4,
representing the IM load torque.

Additional losses depend on the design of the machine. These can be found
even in the stator tooth (caused by the pulsation of the core tooth flux) or in the
rotor cage (produced by flux pulsation due to the cage current). In the case of cage
rotors, IMs with skewed slots, these additional (stray) losses are also influenced by
the interbar currents (caused by the current which flows through the rotor iron core
between adjacent bars) [140]. The voltage integration from the equation (3.3) -
(3.6) is based on the Backward Euler method. The next subchapter presents a
comparative study between Euler and Runge-Kutta no.4 integration method’s
results. A detailed SCL type PLC software is presented in Appendix 2 (only the main
software is given, without the PLC configuration).

3.4. 11kW induction machine model - simulations

Starting with subchapter 3.3, the torque estimators are investigated in ideal
and real conditions. First, the ideal conditions are used for estimator calibration.
This way, the torque estimators are tested in simulation using data from the
simulated 11kW induction machine presented in the previous chapter.

3.4.1. IM's simulations - ideal three-phase voltage source

In ideal conditions, simulations with the IM model use an ideal three-phase
voltage source. Next, the main losses, the input power, output power, and the
speed and torque are presented for steady-state and no-load (Fig. 3.7) and rated
load (Fig. 3.8).

200 15 700
= —Speed P e Input power
;I; — —-Torgue|{ 19 s = 600§ - Electromagnetic power
L. = T 500
100 (y=104.6 (rad/s) v g P,,=492.03 (W)
o 5 & %400
[ih) e i oo e o et gl 6 8 _p _:3 ?:1 7',. _(WJ S Coalieey SO e At
& Ty =3-58 (Nm) [ 300 em 2
0 0
0 0.2 0.4 0 0.2 0.4
Time (s) Time (s)
— 300 Mechanical losses —_ 800 Iron losses
2 | |- Additional losses Z 600 ||~ — -Coop. 1 loss.=114 (W)
n 200 e | Lt Coop. 2 loss.=0.3 (W)
2 Pecn=1189 (W) & 400 b =225.7 (W)
51001 p ,=30.1 (W) S200 oo
ol — 0
0 0.2 0.4 0 0.2 0.4
Time (s) Time (s)

Fig. 3.7 IM measurements at no-load conditions, ideal voltages - simulations
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200 400
w —Speed
o
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=1 100 "05=101 6 (rad/s) 200
:ﬁ.} Tom=112.5 (Nm)
0 0
0 0.2 0.4
Time (s)

300

——— Mechanical losses
— — —Additional losses

200 (P . =112.3 (W)

Paaa=1356 (W)

Losses (W)

100

0 0.2 0.4
Time (s)

Fig. 3.8 IM measurements at rated power conditions, ideal voltages - simulations

For rate-load conditions, the iron losses represent 1.74% of rated power,
the mechanical losses represent 0.91%, and the stray losses are 1.1%. The
mechanical losses - as can be seen in, (3.26) depend on the square of the rotor

speed.

Fig. 3.9 shows, for different loads, both the real and simulated induction
machine efficiency. The best comparison between the graphs is found around the
rated value. It has to be considered the fact that the real efficiency curve was
obtained in lab conditions, where the IM was tested with an ideal sinusoidal three-

phase voltage system.

Torgue (Nm)

Power (W)

1500

W)

1000

Losses (

x10%

Input power
— — —Electromagnetic power

P,,=12.3 (kW)

P oy =11.42 (kW)

0 0.2 0.4

Time (s)

Iron losses=151.8 (W)
— — —Coop. 1 loss=526 (W)
————— Coop. 2 loss=342 (W)

0 0.2 0.4

Time (s)

1 T T T = T
— Efficiency - real IM
= 095 — — —Efficiency - Simulated IM
cC
% 0.9} = me— b
= LT It
Wosgst -~ .
-
0-8 i i i i i
0.2 0.4 0.6 0.8 1 1.2

QOutput power/Rated power
Fig. 3.9 real IM efficiency, simulated IM efficiency

More information related to 11kW IM's performances for rated conditions
can be found in Table 3.4, where the simulation results are compared with those

obtained from the datasheet/nameplate.

Table 3.4 Real and simulated IM performances in rated-load conditions

No. Real IM Simulated IM
1 Pco1 = 516.37 (W) Pco1 =525.9(W)
2 Pcos = 316.8(W) Pcop = 341.7 (W)
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Py =202.14(W)

Py =214.5(W)

Pmech = 114.9(W)

Prech = 112.3(W)

Pout = 11(kW)

Pout = 10.98(kw)

n=0.892

n=0.892

Ino—/oa% =0.43
Irated

Ino—/oa% =0.47
Irated

”ratey =0.97
Nsynch

”ratey =0.97
Nsynch

In the case of the simulated efficiency curve, all the parameters that were
used are obtained based on real on-site measurements (in an industrial platform).
The measured three-phase voltage system contains harmonics and the inverse
(negative) component (unbalanced three-phase system) that does not depend
(directly) on the load [141]-[145].

3.4.2. IM's simulations - ideal three-phase voltage source with real
characteristics

The previous subchapter 3.4.1 presents the results obtained when the
simulated IM was supplied with an ideal three-phase voltage source. The IM is also
simulated here, but the three-phase voltage system reproduces the real three-phase
voltage characteristics.

In order to achieve a more accurate average of the relative harmonic
content and to reproduce the influences of inverse components more accurately, the
on-site three-phase voltage system that supplies the real IM has been measured
over several days at different times of the day.

Fig. 3.10 shows an example of the frequency spectrum of the measured real
voltage. The Fast Fourier Transform (FFT) analysis was performed on 48000 points
for a 40kHz acquisition frequency. The frequency bin is 0.83Hz.

The total harmonic content was calculated as in (3.40) and presented in
Table 3.5. Here, the average of 20 different measurements, separately for all three
phases, of the harmonic content for the first five harmonics components as well as
the influence of the inverse component relative to the direct component, is
presented.

(3.40)

For the next figure. X; represents the filtered amplitude of each FFT value, n

represents the number of samples, and X represents the first FFT dc voltage

1%tdc
component. The signal was filtered for values smaller than 0.3V.
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Fig. 3.10 Grid voltages frequency spectrum - example

To determine the inverse (negative) component magnitude in the real three-
phase voltage system, the same sets of measurements (used for RHC) are also used
here. Fig. 3.11 shows the Simulink graphical method by which the three-phase
voltage system's direct and inverse component was determined.

Table 3.5 Mean of 20 measurements - Total and individual Relativ Harmonic Content for all
three voltages and the inverse component influences

No. Measurement Vphl Vph2 Vph3
1 RHCrotar (%) 2.779 | 2.187 | 2.2278
2 RHC 5ra,, (%) 1.236 | 1.096 | 0.444
3 RHC tn,, (%) 0.361 | 0.085 | 0.489
4 RHC ¢, (%) 0.461 | 0.113 | 0.439
5 RHCytn,, (%) 0.866 | 0.634 | 0.532
6 RHC, tn,, (%) 0.728 | 0.633 | 0.315
7 Direct (positive) component (V) 326.026
8 | Inverse (negative) component (V) / (%) 4.254 1.305

Appendix 3 contains the software used to determine the harmonics influence
as well as the inverse component influences over the three-phase voltage system.
Other methods for determining these components can be found in the literature, as
prescribed in [49] - [52].
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As was already stated, a more realistic and accurate IMs simulation could be
obtained if the simulation's voltages would respect the real voltages' characteristics.

e
f
.*’j >
Yo z-1

lul
A

2*pl———

Fig. 3.11 Direct (positive) and inverse (negative) component detection with integrator
resetting

This way, the values presented in Table 3.5 and the inverse sequence
influence were taken into account in order to obtain more realistic supply voltages.

The below-presented equation system (3.41) represents the ideal three-
phase voltage system.

Vphl = Vphl -sin(a)-t + qophl)
Vph2 =Vph2 - Sin(@-t +ppp5) (3.41)
Vph3 :Vph3-sin(a)-t+qoph3)

where:vppy,Vph2,Vph3 represent the momentary simulated three-phase voltages at
the time t, Vpp1,Vpho,Vph3zrepresent the maximum values of each momentary
voltage, wrepresents the pulsation, and Pphi1,Pph2,Pph3 Tepresent phase shifts.

After adding the individual Relativ Harmonic Content for all three phase
voltages, the resulting system contains the first five most important harmonics.
Similar applications for voltage harmonics identification and computation can be
found in the specialty literature. Also, the (3.42) is partially based on [146]-[150],
while (e.g.) in [151], the author finds the grid voltage harmonics using the Kalman
filters.
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where: Vpp1 /Vph2,.:Vph3, represent the ideal three-phase voltage system after

the real characteristics (real-measured relative harmonic content and the inverse
component influences) were added, irepresents the harmonic order, n represents
the total number of the harmonics V(phl)k"/(phZ)k'V(ph3)k represent the amplitudes

of the harmonics based on the relative harmonic content from Table 3.5 for each
hase, , , and the , , are the frequency and

P “ph1);» A ph2), A ph3), Aph1),” Aph2); Aph3), quency

initial phase of each harmonic, and the k;.represents the influence of the inverse

component on the three-phase voltage system.

Next, the results obtained from the simulation of the 11kW induction
machine are presented in two situations: when the supplying voltage consists of an
ideal three-phase voltage system and when the supplying voltage consists of an
ideal voltage system with real characteristics (refer to Table 3.5).

At Os, the IM is considered to be at no-load steady-state operation. At 0.2s,
the induction machine is step loaded at rated power. In Fig. 3.12, the currents
measured in phase A are presented. Although there is no phase shift between the
currents, the current's RMS value in simulation with real voltages seems to be 4%
higher than that obtained in the case of simulation with ideal voltages

(RMS (14)igiear votlages ~ 22.73(A) s RMS(1a) 104 ified votlages = 2> 64(A).

Fig. 3.13, Fig. 3.14, Fig. 3.15 present in the same conditions the
electromagnetic torque, the rotor speed, and the losses found in the stator.

80 T I T I I
60 F 33 = — With ideal voltages

VaW | With modified voltages I
40 - 31 l’/\‘

20
0
20F 4
-40 F 4

1 1 Il 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)
Fig. 3.12 Simulated IM's phase (A) current for no-load to rated power transition with ideal and
modified ideal voltages

Phase current (A)

200 T T T T T
— With ideal voltages
150 —— With modified voltages H

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)
Fig. 3.13 comparison between simulated IM's electromagnetic torque for no-load to rated
power transition with ideal and modified ideal voltages
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Fig. 3.14 comparison between simulated IM's rotor speed for no-load to rated power transition
with ideal and modified ideal voltages

The IM produces a pulsating electromagnetic torque with a modified ideal
three-phase voltage system. These pulsations (double the grid frequency) are
mainly caused by the influence of the inverse (negative) component in the voltage
system.

For the rotor speed, the influences of the grid voltage characteristics do not
produce noticeable differences.

1000 T T T T
800 — With ideal voltages i

= — With modified voltages
., 600

@

o 400

[a]

@]
& 200

Time (s)
Fig. 3.15 comparison between simulated IM's stator copper losses for no-load to rated power
transition with ideal and modified ideal voltages

This is caused, probably, because the IM's inertia being doubled. During the
tests, the tested 11kW IM was mechanically coupled with another identical IM with
the same inertia. This aspect was taken into account in the IM simulation model.

However, the average copper losses in both the rotor and the stator (Fig.
3.16) and those in the iron (Fig. 3.17) are the same as in the case of IM supplied
with the ideal voltages.

Overall, the grid voltage harmonics and the inverse component of the
voltage have a direct influence on the IM operation but do not directly affect the
efficiency.

This way, e.g., in steady-state operation, at rated load, the electromagnetic
torque has almost 12% peak-to-peak oscillation around and regarding the mean
value.
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Fig. 3.16 comparison between simulated IM's rotor copper losses for no-load to rated power
transition with ideal and modified ideal voltages
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Fig. 3.17 comparison between simulated IM's iron losses for no-load to rated power transition
with ideal and modified ideal voltages
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Fig. 3.18 comparison between simulated IM's efficiency with ideal and modified ideal voltages

As already stated in Chapter 2, the acquisition frequency presents a
significant influence on the accuracy of IM simulations.

Fig. 3.19 shows the simulated IM's electromagnetic torque when the
machine is supplied with a three-phase voltage system without harmonics or inverse
components.

However, during the acquisition process, the acquisition frequency was
modified randomly (according to the software presented in Appendix 4). Based on
acquisition time variations already presented in Chapter 2, even a decent low-cost
PLC shows a cyclic time variation greater than 6% of the set time.
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150

No variation in aquisition
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Fig. 3.19 The influences of the acquisition time variations over the IM operation

It can be seen that with only a 1% variation of the acquisition frequency
(blue graph) the IM has an unstable operation, while with a 3% variation of the
acquisition frequency (red graph), the electromagnetic torque varies in steady-state
even by more than 50% of its mean value.

Next, several methods for torque estimation are presented in two different
situations: when the estimator measures the voltages and currents used by the
simulated induction machine (simulations) and when the estimators are running
online on the industrial equipment (experimental).

It has to be highlighted that the experiments are performed in an industrial
platform with a weak grid, where the voltages have significant harmonics and invers
components.

The simulation principle used in the next subchapters is presented in Fig.
3.20. The "Voltage Modelling" block supplies both the induction machine and the
estimator with a 3-phase voltage system, taking into account all the real voltage
characteristics, presented above in this chapter.

The "11 kW Induction Machine" block represents the real induction machine
and has been described in the previous subchapter. The torque estimator uses both
the supply voltages and the currents produced by the induction machine.

Voltages

A

Torque >

A 4

Voltages Estimator

11kwW Currents
Induction machine

’—V Load torque

Load
Torque
Fig. 3.20 Basic schematic diagram for estimators simulation

Voltage Voltages
Modelling

A 4

Currents

The induction machine used for the comparison made in figures Fig. 3.23,
Fig. 3.24, Fig. 3.29 - Fig. 3.32 and Fig. 3.38 - Fig. 3.41 is also based on the dynamic
model of the machine.

This was simulated in Simulink with a fixed step with the automatic selection
of the used Solver.
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3.5. Voltage model (VM) based flux estimators

In the last years and now, many high-performance or critical applications
have requested AC drives control based on field-oriented or direct torque control
(DTC) techniques. Both of these techniques requests an accurate stator flux
estimation.

One of the most simple and used methods is based on the stator back-
electromotive force (EMF) integration. This method is called the voltage model,
which integrates the voltages to obtain the fluxes (voltage model).

In addition to this simple method, the fluxes can also be determined by
using the current model (which is not presented here).

The following equations present the flux estimation based on the voltage

model:
P, = j(us ~Rs i) (3.43)
¥y = o (3.44)
Lm
2
L (3.45)
Lm

Where: ¥, ¥,are the stator and rotor fluxes, ug,is, Rsrepresents the stator
voltages, currents, and phase resistance, Lg, L., L,, represent the stator, rotor, and

magnetizing inductances [152]-[156]. Even if, at first look, the voltage model can
be considered for flux estimation due to its simplicity and low implementation costs,
one of the significant drawbacks of this estimator is represented by the pure
integrator character of the integration method that is being used here.

The presence of the dc offset can lead to unacceptable flux distortion.
Several other methods can be used in this case to avoid the dc offset integration
[157]-[161]. For instance, in [162], the authors presented an advanced rotor flux
estimation method with good simulation and experimental results, where the low-
pass filter (LPF) used for integration is followed by a high-pass filter [HPF] to
remove the dc-offset without affecting the fluxes. One of the significant drawbacks
of the voltage model-based estimators is represented by the poor results for speed
values several times lower than the LPF cutoff frequency.

In the following figure, equations (3.43)-(3.45) are structured.

v

I
x

Ly ()V_/F
I 1Ly
Ls‘Lr_L%‘)—]

Lm
Fig. 3.21 Voltage model estimator structure
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3.6. The dual reference frame observer - Luenberger
observer

A more complex and more performant flux estimator is presented below.
Ideally having no phase shift effect, their robustness and accuracy make this type of
observer an efficient solution for induction machine fluxes estimation.

Generally, a flux observer consists of a real-time model of the process that
follows to be investigated, mentioning that the designer has almost all the freedom
to choose its characteristics. In other words, roughly any system can be considered
to be an observer [35].

The torque estimation can be problematic due to the high noise content and
possible errors. In this presented observer, neither the position nor the rotor speed
must be estimated.

\ L . Le - L
Wra:Wsa‘f_’sa' SL Lo (3.46)
m m
\ L . Le-L
Wrﬂzwsﬂ-f—lsﬂ' SL r e (347)
m m
sin(6) = ——2re (3.48)
ra+W%
cos () = S L - (3.49)
ratVrp
. 1
Isq = V’ra'l_s . TVsa Lo (3.50)
\ ) Ly . 1
=_ —m . 3.51
'SBEV L e VP L o (3.51)
. 2 Le-T,-0
Ca = (isa ~ Tsa) =t (3.52)
m
. 2 Le-Tr-0
g =(isp ~Tsp) =" (3.53)
3 (0-1)
Te/m:P‘E'm‘(Wsa‘Wrﬂ—Wsﬂ‘Wm{) (3.54)

In Fig. 3.22, a structured diagram of a Luenberger-based flux observer is
presented. The input voltages used for fluxes are corrected accordingly to the
current error.

A low pass filter is applied in the rotor frame. Usually, the K2 constant has
to be smaller than 0.

The IM's phase-measured currents and the stator estimate fluxes are
indirectly used to perform the Park and Inverse Park transformation.
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Fig. 3.22 Dual reference frame observer — Luenberger observer Simulink diagram

Equation (3.50) - (3.51)
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Next, the author presents two different torque estimators that will be
compared to this last presented observer.

3.6.1. Simulations (ideal and real conditions) - Luenberger
observer

In Fig. 3.23 and Fig. 3.24, the simulated results obtained from dual frame
Leuenberger observer are presented for a no-load to rated-load transition.

200 T T T T T
Induction machine
150F 4 Luenberger Observer | 4
~ > -
é 100 0 =
] 110
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|_
0 [ 106 -
0.55 0.56 0.57
_50 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)
Fig. 3.23 Simulated induction machine and Luenberger observer electromagnetic torque - ideal
voltages
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Fig. 3.24 Simulated induction machine and Luenberger observer electromagnetic torque-
modified ideal voltages

The results from Fig. 3.23 are obtained with ideal supplying voltages, and
the results from Fig. 3.24 are obtained when the supplying voltages contain the
harmonics and the inverse component

As it could be seen in ideal conditions, the difference between the simulated
induction machine torque and the observer torque appears because the observer
does not take into account the mechanical, additional, and iron losses. The
significant torque pulsations appear when the inverse component in the supplying
voltages increases its magnitude.

3.6.2. Experiments online - Crio-9068 platform - Luenberger
observer

All the experiments are performed based on the Crio-9068 chassis, where
the observer (and estimators) run on the FPGA in real-time at 20kHz frequency.

More information about the CompactRio setup can be found in Subchapter
3.9. The experiments are presented in three situations: no-load (Fig. 3.25), rated-
load (Fig. 3.27), and no-load to rated-load transition (Fig. 3.26).

The actual real estimated torque and its mean value are presented. No
voltage or current filtering was used.

n Actual torque

n MAMAM MA ] lll;lllelanl\nllal‘luie U
PR

0 0.2 0.4 0.6 0.8 1
Time (s)
Fig. 3.25 Luenberger observer electromagnetic torque online estimation for no load
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In no-load conditions, the observer estimated torque should cover the no-
load losses of the 11kW IM and also the mechanical losses of the loading induction
machine.
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Fig. 3.26 Luenberger observer electromagnetic torque online estimation for O to rated load
transition
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Fig. 3.27 Luenberger observer electromagnetic torque online estimation for the rated load (108
Nm)

3.7. The direct torque computation method

One of the simplest torque estimators presented here is stated as the direct
computation method. Even if this estimator is highly sensitive to measured noise,
one of the main advantages of using this type of estimator is the ease of
implementation.

Depending on the application, the results obtained here may be sufficient,
considering the relatively low computing power required for this estimator. This
method uses only simple calculations to compute the load torque starting from 3
voltages and three currents. The block diagram of the direct torque estimation
method is presented in Fig. 3.28.

Vazg(va—i‘vb_i‘vcj

3 2 2 (3.55)
v _2 V3 V. V3 V, |
P32 Vv
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Tioad = Teim = Tmech (3.71)
Where:V,,Vp, Ve, I5,1p, I are the three-phase voltages and current, V,Vj,1,,14
are the stator «, f-axis voltage and current components, w, is the shaft (rotor)
speed, w; is the synchronous speed, Tgm,,Tj0ag are electromagnetic and load
torques, a.is the cutoff frequency of the low pass filter, sis the slip,
PinsPeims Poutr Peo1s Peco2+ Pirons Padd» Pmech@re the input, electromagnetic and
output power and stator and rotor copper losses, iron, additional and mechanical
losses, Rs,Rmp are the stator and magnetizing resistance, 6 represents the
mechanical speed obtained from synchronous speed integration, T, T represent the
maximum torque and the torque produced at sslip, s,,s represent the maximum

slip and the slip for which the induction machine produces the maximum torque,
kaqq is a filtering coefficient, k/,kp are PLL PI integral and proportional coefficients.

The Simulink diagram of the direct torque estimation method (Fig. 3.28)
was implemented based on the abovementioned equations.

labc-

L Al

Equation {3.57) [—

Equation {3.58)
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Equation {3.58)
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:-»@- e @
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Fig. 3.28 Direct computation method Simulink diagram
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The input voltage (Vabc) is selected according to the simulated conditions:
ideal conditions where three ideal voltage sources synthesize the phase voltage
system and real simulation conditions where the ideal voltage is distorted according
to the real voltages acquired on the field.

The mechanical torque is calculated as the shaft power and rotor speed
ratio. Iron losses are obtained as the ratio between the square of the remaining
voltage and the magnetizing resistor.

The synchronous speed is determined using a phase lock loop (PLL) directly
from the alpha and beta voltages. The speed integration is performed using a
resettable integrator on [0..2x] an interval.

Neglecting the stator resistance, an approximation of the slip is made with
the help of Kloss's formula.

The maximum torque is corrected according to the actual voltage and the
induction machine's actual torque. The rotor copper losses are approximated with
the product between the electromagnetic power and the induction machine slip.

3.7.1. Simulations (ideal and real conditions) - direct computation
method

Fig. 3.29, Fig. 3.30, Fig. 3.31, and Fig. 3.32 present the torque and speed
for the simulated induction machine and the estimator in an ideal three-phase
voltage system and distorted ideal voltages.

One of the main disadvantages of this method is sensitivity to noise.
However, neither the input quantities nor the torque is filtered.

The estimated torque does not present torque variations in ideal operating
conditions (ideal voltage system). As can be seen from Fig 2.31, when ideal
characteristics are added to the ideal voltages, the inverse component of the
voltages produces these torque ripples.

The differences between the torque of the simulated induction machine and
the estimated torque occur because the speed-dependent quantities (rotor copper
losses and mechanical losses) vary differently because the estimator cannot
estimate the real speed correctly.
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Fig. 3.29 Simulated induction machine and direct computation method electromagnetic torque
- ideal voltages
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Fig. 3.30 Simulated IM’s and direct computation method electromagnetic torque-modified ideal
voltages
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Fig. 3.31 Simulated IM’s and direct computation method rotor speed -

ideal voltages
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Fig. 3.32 Simulated induction machine and direct computation method rotor speed - modified
ideal voltages

3.7.2. Experiments

online

computation method

Crio-9068 platform

- direct

As well as the results presented for the previously presented fluxes
observer, the results obtained online on CompactRio for the direct computation
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method are given below. In Fig. 3.33 the induction machine no-load results are
given. The no-load to rated power transition is presented in Fig. 3.34.
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Fig. 3.33 Direct computation method electromagnetic torque and rotor speed online estimation
for no load
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Fig. 3.34 Direct computation method electromagnetic torque and rotor speed online estimation

In Fig. 3.34, where the no-load to rated load transition is presented, it can
be observed that the small changes in the actual speed are caused by the voltage
drops when loading. As was already stated, the estimated speed is computed using

0 Mt 100
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©
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V310 ! ! :
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for O to rated load transition

a phase lock loop directly from measured voltages.
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Knowing the electromagnetic power and the slip, the direct computation
method can roughly estimate the shaft torque. Although the sensitivity to noise is
seen in the high frequencies that appear, the mean value of the torque and the
dynamic response of the estimator looks similar to those of the simulated induction
machine. In Fig. 3.35, the induction machine was loaded at rated power and the
electromagnetic torque and speed are presented.
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Fig. 3.35 Direct computation method electromagnetic torque and rotor speed online estimation
for rated load

3.8. The dynamic mode computation method

The dynamic mode computation method is based on the machine equations
presented in subchapter 2.1, where the induction machine is simulated. As the main
difference, the adjustment torque used in the motion equation is obtained this time
from the estimated stator currents and fluxes and the measured currents. As
presented in Fig. 3.36, a PI regulator is used for torque correction. The resulting
speed is used for fluxes computation (according to equations (3.3) - (3.18). One of
the problematic aspects of the dynamic estimator is represented by performing the
voltage integration in order to obtaine the fluxes. Compared to the Euler method,
the Runge-Kutta no. 4 integration method (Fig. 3.37) converges faster (in some
cases) to the exact solution, making this method more accurate.

¥Bs

IM_stator_fluxes Yos

Motion Equation [Speed]

Estimated_torque

Measured_currents

Fig. 3.36 Torque correction for dynamic method torque estimator based on IM's model
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h*f(x)

@4 @ h*f(x) |-

Fig. 3.37 Runge-Kutta no. 4 (RK4) integration method principle

Next equations described the previously presented integration method (RK4):

yn:yn_1+h~é~(kl+2~k2+2~k3+k4) (3.72)
ki=f(tn-1,¥n-1) (3.73)

h Kk
k2 :f(tn—1+2/yn—1+h‘21] (3.74)
k3 :f(tn—1+h/yn—1 +h-k2] (3.75)

2 2
kg=Ff(th_g+h,yn_1+h-k3) (3.76)

Where: t,=t,_;+h, ki, k,, k3, ks are the slopes in different points from
integration interval; k; is computed based on Euler's Method, y, and y,_; is the
desired function at moment n, and n-1, h represents the interval and t represents
the time, where ne[0,1,2..].

3.8.1. Simulations (ideal and real conditions) - dynamic mode
computation method

Compared to previously presented simulations, in Fig. 3.38 - Fig. 3.40 are
presented the simulated IMs results, both obtained from the dynamic model
estimator with Euler and RK4 integration method. In this case, the acquisition
frequency is 20kHz, so even the Backward Euler integration method produces
satisfactory results compared to RK4. So, the RK4 integration method was studied
only in simulation, not being used online in experiments.

Although the dynamic method (both for Euler and RK4 integration method)
presents a slower time response to the step signal (IM loading) than the other two
estimators (direct computation and flux observer), it shows no phase shift for torque
pulsations caused by the supply voltage inverse component.
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Fig. 3.40 Simulated induction machine and dynamic mode computation method rotor speed -
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Fig. 3.38 Simulated induction machine and dynamic mode computation method
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Fig. 3.39 Simulated induction machine and dynamic mode computation method
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Fig. 3.41 Simulated induction machine and dynamic mode computation method rotor-modified
ideal voltages

3.8.2. Experiments online - Crio-9068 platform - dynamic mode
computation method

A significant difference between the direct and dynamic computation
methods consists of "estimator starting time".

Next, online experiments are presented (Fig. 3.43, Fig. 3.42 and Fig. 3.44).
Although it was not captured in these graphs, the dynamic estimator has a
significantly higher startup time than the direct estimator (tens of milliseconds).

Similar to simulations, first the no-load results (electromagnetic torque and
speed) are presented (Fig. 3.42). The no-load to rated power and vice-versa results
are given in Fig. 3.43, where a zoom section is given to presents how does the
estimated torque varies around the mean value.
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Fig. 3.42 Dynamic computation method electromagnetic torque and rotor speed online
estimation for no load
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Fig. 3.43 Direct computation method electromagnetic torque and rotor speed online estimation

for O to rated load transition
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Fig. 3.44 Dynamic computation method electromagnetic torque and rotor speed online

estimation for rated load

Although this estimator produces significant steady-state torque pulsations,
it can reproduce more accurately - considering the dynamic processes in the
machine - the electromagnetic torque during the machine transient regimes. As was
already presented, the reason for these torque pulsations is related to the grid

voltage spectrum.
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3.9. Labview and cRIO-9068 setup — short description

The acquisition and processing software was based on the Labview platform,
using the cRio-9068 chassis with two NI 9215 Analog Input modules. The software

reads, processes, plots, and saves the data in a .csv-type file.

For high-speed data acquisition, the processor was programmed in real-time
FPGA mode. Fig. 3.45 and Fig. 3.47 present the diagram block of the Host (RT) and
Target (FPGA) software. Fig. 3.46 represents the basic settings in the block diagram
for 20kHz data acquisition and processing. The operation principle of the Labview
software is relatively simple: the FPGA reads and repeatedly fills up a FIFO (first in,

first out) stack function with the read data.
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float ul, u2, u3, i1, i2, i3;
I
ul={ul_b[i]/299.1%600,/0.025-u2_b[i]/.
u2=(ul_bl[i]/299.1*600,0.025+2*u2_b[
u3=(-2*ul_b[i]/299.1*600/0.025-u2_b|
I
i3=-i1_bl[i)/120.3*1000/2;
i2=-i2_b[i)/120,6*1000,/2;

fleat u_alpha, u_beta, i_alpha, i,beté,:.
.Li_E|phE:(2*LI1-LI2-LI3].”3,‘
u_beta=(u2-u3)*0.5773502;
i_alpha= 2*iL-i2-B3)/3:
[_beta=(i2-i3]*0.5773502:

g
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On the other hand, simultaneously, the real-time software retrieves the data
from this stack and sends them forward for data processing.

It can be seen from Fig. 3.45 that, in order to read the data correctly, the
software stops, resets, configures, and then restarts the FIFO stack function once
every time the software starts. When enough unread data is available in the FIFO
stack, a CASE structure is triggered to read and process the data.
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;} 50 0
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Fig. 3.47 FPGA TARGET block diagram software

The for loop (Fig. 3.45) contains the torque estimator (flux observer) written
in a Formula Node. It has to be noticed that, i.e., voltage integration or filtering is
possible by using Shift Registers.

The FPGA software reads the data continuously. A Flat Sequence Structure

gives the reading frequency. The synchronously read data are concatenated and
sent to the FIFO stack in batches.

3.10. Conclusion

Although the IM model presented in this chapter presences better operation

around the rated power range, it also presents fairly acceptable operating results all
over the power range.
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Moreover, the IM model was tested under "real" simulated operating
conditions, where the simulated supplying voltages contained the first five
harmonics as well as the inverse component of the real three-phase voltage system.

In the second part of the chapter, one flux observer and two torque
estimation methods are presented both for offline (Matlab&Simulink) and online
calculations.

An application-dedicated FPGA-based processor (CompactRio-9086) reads
and computes all the necessary calculus for electromagnetic torque estimation.

The following figure shows the comparative experimental results of the three
estimators (flux observer, direct computation method, and dynamic method) in
response to a step signal prescribed to the loading machine. At rated load, in steady
state, the dynamic method produces a phase-shifted electromagnetic torque
compared to the Luenberger observer, while the direct computation method shows
the smallest torque ripple despite the speed estimation limitations. No significant
differences between estimators are observed during the transient regime.
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Fig. 3.48 Torque estimators no-load to rated power transition
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Abstract

This chapter presents an artificial loading method of two induction machines
(IM) without mechanical coupling using two dc-link connected variable frequency
converters (VFC). Industrial standardized inverters, control equipment, and
communication protocols are used.

No structural or internal changes have been made to the VFCs. All control
processes are performed via a standardized low-cost programmable logical
controller (PLC).

This chapter also discusses the state-of-the-art of artificial loading methods and
their references.

Limitations and test possibilities, together with various artificial loading
control strategies, are presented in this chapter: open-loop, closed-loop control
method, mechanized testing, and thermal testing.

Fast Fourier spectral analysis shows the artificial loading test ac-source current
harmonics content and their effects.

Power loss validation is finally shown through Simulink simulations.

4.1. Preliminary aspects

The induction machine is widely utilized all over the world. Induction
machines must be tested before being used. It is necessary to ensure performance
by finding losses to a prototype or a sample in a batch.

Aside from the rated current at which induction machines are tested, the
temperature is an important parameter to be considered. Due to extensive working
periods, reaching rated operating temperatures can be difficult. Artificial loading
proved to be a useful solution for IM loading at and above rated current, despite
induction machine testing challenges.

The following artificial loading approach assumes a rated current IMs loading
via fast operating mode switching (motor mode to generator mode and generator
mode to motor mode). The overall human resources cost reduction and the lack of
mechanical coupling between the induction machines represent the most significant
advantages of this procedure. On the other hand, the method requires the
employment of two identical machines and two identical dc-connected variable
frequency inverters, which is one of the system's most significant drawbacks.
Furthermore, testing two machines simultaneously might be considered a time and
cost-saving method.

In literature can be found several methods of electric machines' artificial
loading. The Ytterberg method is one of the most known artificial loading methods,
which requires special equipment for supplying the IM simultaneously with two
different frequencies three-phase voltage system [163]-[167].
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The latest advancement in power converters has made electric machine
testing much easier. As a result, the dynamic thermal loading approach can be
employed instead of other ways [60], [168]. Either speed-controlled or torque-
controlled, the loading methods should produce the rated losses as well as possible.
Testing around rated speed ensures the rated mechanical and core losses [138],
[169]-[172].

The reference offset in the torque-control technique should cover the
machine losses. It is simple to achieve an exact speed offset, amplitude, and
oscillating frequency using the speed-control technique. The machine will modify the
mean torque value to compensate for the losses.

A solution could be to load one IM artificially utilizing a single unidirectional VFC.
Rapid fluctuations in the induction machine's speed result in a potentially dangerous
increase in the VFC DC link voltage [173].

The use of a dc-connected chopper can lower oscillation voltage
considerably. The energy required to accelerate the machine will be absorbed from
the grid, while the energy obtained from IM's braking will be lost as heat, lowering
the overall efficiency of the test method. Oversizing the dc-link capacitor can be a
solution to increase the IM's loading current, but thus inverters in special
construction are needed. In this context, traditional VFC and matrix converter
topologies are used for artificial loading [174], [175].

Injecting the oscillating power into the grid could be a feasible option. But a
bidirectional ac-dc-ac inverter costs about the same as two unidirectional inverters
in the case of conventional industrial inverters. Furthermore, in the case of a weak
power grid, high power oscillations from and towards the grid have a negative
impact on grid voltage (voltage oscillations causing light flicker or inappropriate
functioning of other equipment) [176]-[179].

4.2. Setup configuration

The below-presented figure presents the setup configuration used for the
artificial loading test. Two standard industrial dc-connected variable frequency
converters are used (VFC1l, VFC2). This way, PLC-VFCs communication uses
standard industrial protocols. No additional changes were made to the VFCs
operation principle.

The dc short-circuit current protection is performed through 2 ultra-fast
fuses (F1) mounted between both VFCs' dc-links. One VFC can operate with doubled
dc-link capacity by K switch, connecting together both VFC's dc capacitors. Both
inverters are fed from the same three-phase ac voltage source. No ac-source filter
was added. The IMs generated power can't be injected into the grid due to the
unidirectional type of the inverters.

Two identical three-phase induction machines are directly connected to the
inverter side of the converters. The VFC1 drives IM1, while IM2 is driven by the
VFC2. The induction machines are not mechanically coupled. No position or speed
encoders were used in this artificial loading method.

For artificial loading and temperature measurement, a low-cost PLC is used,
while for induction machine online torque estimation, a Compact RIO unit is used.
The three-phase voltages and currents are measured directly from VFC terminals.

The "Current and Voltage Measurement" block contains three voltage and
three current sensors together with the low-pass RC filter.

BUPT



104 PLC-based IM virtual loading
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Fig. 4.1 Experimental setup - diagram representation (two induction machines driven by two
dc-interconnected variable frequency converters)

In Fig. 4.2 the experimental laboratory setup is shown. The dc link
interconnected VFCs, as well as all necessary safety and opperation equipment, are
wall mounted in the electrical cabinet. The common dc link connection is performed
via a switch. The PC-PLC communication is performed using Ethernet protocols.
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Fig. 4.2 Laboratory experimental setup

For instantaneous (phase currents/voltages, ac-source currents/voltages), a
4-channel oscilloscope is used (left side of the image).

Both 7.5kW induction machines are shown at the bottom of the image.
There is no mechanical coupling between the IMs. Both IMs are not even anchored
to the ground during the artificial loading operation. In the left-side IM, a
temperature probe was inserted into the position of the lifting hook.

The here presented artificial loading method is based on a standard
industrial low-cost PLC. The PLC gives the VFCs references as a standardized 4-
20mA. The IM's speed, torque, and currents are read from VFCs, in the same
manner, as a 4-20mA signal.

A PT100 temperature sensor was inserted in place of one IM's lifting hook.
The PLC requires only two analog input ports, two analog output ports, and one RTD
module. The PLC-PC communication is performed via ethernet.

The induction machine and variable frequency converters parameters are
summarized in Table 4.1.

Table 4.1 Induction machines and variable frequency converters parameters

No. Induction machines No. Variable frequency converters
1 Voltage (V) 380 1 Voltage In (V) 3~380...500
2 Current (A) 15.4 2 Current In (A) 14.4/13
3 Power (W) 7.5 3 Frequency In (Hz) 48..63
4 Speed (rpm) 2880 4 Voltage Out (V) 3~0..Voltage In
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5 cos 0.87 5 Current Out (A) 16/14.5
6 Rs (Q) 0.44 6 Frequency Out (Hz) 0..1000
7 Rr(Q) 0.6 7 Power (W) 7.5

8 Lm (mH) 90.7 8 - -

9 Ls (mH) 4.299 9 - -

10 Lr (mH) 4.299 10 - -

11 J (kgm?) 0.015 11 - -

The here presented artificial loading test is performed at a constant speed
(speed reference offset) and an alternating overlapped speed (speed variation
amplitude). By means of PC, the artificial loading method (control strategies) is
loaded into PLC. The speed reference parameters are changed manually into PLC in
manual testing. In automated testing, the speed reference parameters are PLC
computed and follows a setpoint. The PLC prescribes the references to the VFCs via
a 4-20mA port.

Doubled dc link capacity can be obtained by parallel connection of both
VFCs. Further, three different situations are presented: tests with either one VFC
and one IM, a doubled dc-link capacitance VFC and one IM, or 2 VFCs (dc-link
interconnected) and 2 IMs. However, only the latter is significantly expanded.

The speed reference consists of an offset and alternating component (i.e.,
sinusoidal, triangle, etc.). One of the most simple and used speed references is
presented below: sinusoidal reference.

b3 .
PLCspeed _ reference = DCoff £ A- sin(w-t) (4.1)

Where: PLC.:peed_reference represents the PLC output speed reference given to the

VFCs, DC,s represents the offset speed, Arepresents the amplitude of the sine

oscillations, wrepresents the pulsation, and t represents the time.

In the case of artificial loading of only one IM, the speed reference is given
to a single VFC. On the other hand, artificial loading method of two IMs driven by
two dc-link connected VFCs, the speed references have the following form:

VFClgpeed _ref = DCofr +A-sin(a-t) @.2)
* . '
VFC2speed _ref = DCoff —A-sin(w-t)

Where: VFCl;kpeed_ref,VFCZ;kpeed_ref represents the speed reference given to

both inverters.
For simplicity reasons, the dc offset speed references of both VFCs are set
internally into inverters. Thus equation (4.2) becomes:

VFClgpeed _ref = A sin(w-t) @.3)
VFC2¢peed _ref =—A-sin(o-t)

For the artificial loading of two IMs driven by two VFCs, two different PLC's AOs are
used. The equation (4.3) is graphically explained in Fig. 4.3.
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Fig. 4.3 Final VFCs speed references for artificial loading method of two IMs driven by two dc-
connected VFCs

Due to the dynamic regime of the artificial loading method, the IMs phase
currents read from VFCs have no meaning in terms of IM's loading. To quantify the
IMs current, the RMS phase currents are determined inside the PLC (based on the
equation (4.4)) using filtered VFC RMS currents.

m
2
%n ;—“1 IRMSVFC

=

Where: IrMsp, - Fepresents the IM RMS phase current determined inside the PLC
based on IM RMS phase current read from VFC, Igpyg, . represents the IM RMS

current read from VFC, j,k are the sums indexes, nrepresents the number of
samples used for one PLC RMS current, m represents samples number in one
subinterval and f%n represents the total number of subintervals. Basically, the n,m

values are empirically chosen in order to obtain a stable PLC RMS current
(n=1000, m=10). The number of samples used for one PLC RMS current value

(n) should be a multiple of the number of samples used in one subinterval (m).
The PLC control program runs at 1kHz frequency, which means that each
1ms, the VFC speed reference and the IMS VFC read current are updated.

4.3. Artificial loading control strategies
4.3.1. Preliminary results

As was previously discussed, two situations are presented here:
a) Artificial loading of one IM driven by one standard VFC

In this case, the sinusoidal speed reference is given to one single VFC. Even
though the sinusoidal speed reference consists of 2500 rpm dc offset (set inside the
VFC) and £200rpm amplitude at 1.8Hz oscillation frequency (given by the PLC), the
dc-link voltage variations are extremely high, approaching the maximum permitted
dc voltage, as can be seen in Fig. 4.4. The instantaneous ac source current is
presented below the dc voltage. The RMS value of the IM's phase current and the

BUPT



108 PLC-based IM virtual loading

RMS value of the ac source current is given in the graph's legend (Fig. 4.4). Both

RMS values were computed by the PLC based on the equation (4.4).
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Fig. 4.4 dc-bus voltage and ac source current for artificial loading with 1IM and 1VFC at
2500rpm with £200rpm amplitude and 1.8Hz oscillation frequency — measured

It can be seen that only 21% increase in the IM's phase RMS current
compared to the IM's RMS idle current (5.3A) can cause dangerous values of dc-link
voltage. During this experiment, the upper threshold of the VFC dc voltage limit has

been reached several times, leading to warnings and faults.

b) Artificial loading of one IM driven by a double dc-link capacitance VFC

(parallel connection of both dc links)

Fig. 4.5 presents the results obtained in the same conditions as in Fig. 4.4

(£200rpm amplitude at 1.8Hz speed reference frequency).

_.900 . . .
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Fig. 4.5 dc-bus voltage and ac source current for artificial loading with 1IM and 1VFC (doubled
dc-link capacitance) at 2500rpm with £200rpm amplitude and 1.8Hz oscillation frequency -

measured
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This way, both VFCs have been connected in parallel by connecting both dc-
links. Even though the experiment was carried out with only one IM driven by only
one VFC (with doubled dc-link storage capacity).

With doubled dc-link capacitance, the maximum allowable VFC's dc-link
voltage limit is easily reached (Fig. 4.6) by increasing the speed reference amplitude
with £90 rpm (at the same oscillations frequency of 1.8Hz).
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Fig. 4.6 dc-bus voltage and ac source current for artificial loading with 1IM and 1VFC (doubled
dc-link capacitance) at 2500rpm with £290rpm amplitude and 1.8Hz oscillation frequency -
measured

Even so, the IM RMS current can not be compared to the IM RMS-rated
current. In Fig. 4.7, the zoom area from Fig. 4.6 is presented. The ac source current
peaks reached 15A. When the IM accelerates, and the value of the dc voltage tends
to fall below the value of the rectified three-phase voltage value (#565V) the VFC's
diode bridge rectifier starts to operate.
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Fig. 4.7 Details on unfiltered dc-bus voltage variations and ac source current presented in Fig.
4.6 - measured
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The findings reported above (a), b)) serve solely to show the VFC's bad
behavior when only one IM is dynamically loaded. The IM RMS current has reached
insignificantly compared to the IM RMS-rated current. In both situations, the VFC's
dc-link voltage has unacceptable variations.

4.3.2. Open-loop control method

The speed reference amplitude and frequency gradually change until the IM
RMS phase current reaches the desired value in the open-loop control method. The
major amplitude or frequency sudden changes can cause undesired DC bus over-
voltages so during the open-loop artificial loading, the speed reference parameters
should be modified slowly.

As the oscillation speed or amplitude increases, the induction machine RMS
phase current increases as well, thus, IM's loading increases.

There are several ways to change the IM RMS current: either by speed
reference amplitude or speed reference frequency. Fig. 4.8 presents a wide range of
possibilities to change the IMs loading. During all these tests, the speed dc offset
was set at 2500rpm inside the VFCs. The VFCs current limit is 130% of IM-rated
current (about 20.5A).

The red circled point (500rpm speed reference amplitude and 6Hz speed
reference frequency) corresponds to the operating point, which was chosen to
obtaine the IM RMS-rated current with the artificial loading method. In other words,
almost the same results could be obtained if the test was performed at 400rpm
speed reference amplitude but 8 Hz speed reference frequency.
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Fig. 4.8 The IM's RMS current variations in artificial loading conditions at different reference
amplitude and frequency combinations - measured

To keep as much as possible the rated mechanical losses, the artificial
loading test should be performed at a dc offset speed as close as possible to the
rated IM speed (2880rpm). To be able to increase the reference amplitude in a wide
range and at the same time to keep the mechanical losses as close as possible to
rated ones, the dc offset operating point was chosen at 2500 rpm.

At fixed speed reference amplitude, increasing the speed reference
frequency the IM inertia filters the speed. Fig. 4.9 shows in two situations (100rpm
and 200rpm amplitude) how the IM RMS phase current is limited above a certain
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oscillating frequency. With 200rpm amplitude, the IM RMS current is 88% of the IM-
rated current value, while at 100rpm amplitude, the IM RMS value is about 50% of
the IM-rated current value, even if the reference frequency increases up to 30Hz.

T T T T T

14+ .
200rpm speed ref. ampl.

12

100rpm speed ref. ampl.

10

------

IM RMS Current (A)

0 5 10 15 20 25 30

Speed reference frequency (Hz)
Fig. 4.9 2 IM and 2 VFC IM frequency response — measured

4.3.2.1. 180° phase shift speed reference

The following figures present the artificial loading of two identical induction
machines without mechanical coupling driven by two identical dc-interconnected
standard variable frequency converters.

This method represents the simplest control method of the artificial loading
test. The speed reference for both VFCs consists of two identical sinusoidal
references 180 degrees phase-shifted between each other (as presented in Fig.
4.3).

In this situation, both VFCs have the dc-link coupled, but each IM is driven
by one VFC. The PLC gives two 180-degree phase-shifted sinusoidal references at
each inverter.

The total capacitance of the parallel connection of both VFCs is 1000uF.
Each inverter has two series-connected 1000uF capacitors.

Fig. 4.10 shows, on the one hand, for each IM, the synchronization between
instantaneous currents and the speed reference given to the VFCs, and on the other
hand, the time synchronization between both IMs measurements.

While one IM accelerates, the other decelerates. The speed references are
given as p.u. values, while the dc offsets speeds are set inside the VFCs. The
oscillation speed reference is set at 6Hz, while the oscillation amplitude reaches
500rpm.
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Fig. 4.10 IM1 two instantaneous currents and speed reference, IM2 two instantaneous currents
and speed reference - time synchronization - measured

Fig. 3.11 shows the IMs VFCs unfiltered estimated speed and torque values.
Here, the measurements are read using the PLC analog input module. The discrete
shape graph is due to the VFC's AO module update frequency limit.

Even if the PLC speed reference oscillates between 2000rpm and 3000rpm
in artificial loading at IM RMS-rated current conditions, the IM inertia filters the real
speed. However, while motoring and generating, the IM torque reaches the VFC's
torque limits (160% rated torque while motoring, 120% rated torque while

generating).
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Fig. 4.11 VFC AO values of IMs unfiltered torque shaft and

speed in artificial loading conditions

of 2 IMs with 2 VFCs at 2500rpm dc offset, £500rpm amplitude, and 6Hz frequency -

measured
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Fig. 4.12 presents the results obtained from the artificial loading of both IMs
at the stator RMS-rated current. When one IM accelerates, the other decelerates.
Thus, the power produced by the decelerating machine goes to the accelerating
machine through the common dc-bus of the two VFCs.

From Fig. 4.12 and Fig. 4.13 can be observed that in the artificial loading
method with 2IMs and two dc bus interconnected VFCs case, no long-term negative
impact over the dc bus capacitor lifetime is presented. This is due to the fact that
the dc voltage (even at IM RMS-rated current) varies slightly, falling within 10% of
the dc voltage-rated value. The power circulation between the IMs can be seen in
the instantaneous currents in Fig. 3.13, where both dc voltage and dc current are
presented during the artificial loading test.
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Fig. 4.12 Instantaneous dc-bus voltage, ac source current, IM1 phase current and IM2 phase
current for artificial loading with 2IMs and 2VFCs (dc-link interconnected) at 2500rpm with
+500rpm amplitude and 6Hz oscillation frequency — measured
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The dc-link current varies with the speed reference frequency. Due to the
loading principle of two identical IMs, the dc-link voltage varies two times faster
than the speed reference frequency.

Starting from Table 4.1, based on the following equation, the IM (computed)
losses are x1307W.

IMjosses = N3.V.I.cose (4.5)
Once accelerated, VFC supplies IM only with the power needed to cover
losses. In artificial loading at IM RMS-rated current conditions, the total power
absorbed by both VFCs from the ac source is 2787.2(W).
Half of it is equalPyrc grig = 1393.6(W)and represents the power absorbed by
one single VFC from the grid. At the same time, the measured power consumed by
the IM in the same conditions is Py measured = 1304.8(W) (very similar compared
to the IM plate computed losses presented above Pry  piate  computed = 1307 w)).
Thus, the losses of a VFC are:

F‘/FC_/osses = P1VFC_grid - PIM_measured = 88.8W (4.6)

The voltage and current harmonics investigation is treated in chapter 3.3.4,
where more details about frequency spectrum and current circulation are presented.
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Fig. 4.13 dc voltage and dc current for artificial loading with 2IMs and 2VFCs (dc-link
interconnected) at 2500rpm with £500rpm amplitude and 6Hz oscillation frequency -
measured

4.3.2.2. Variable phase shift speed reference

Besides sinusoidal speed reference, next, the artificial loading method was
tested with phase-shifted speed reference. The reason for this approach was based
on studying the possible side effects of the unsynchronized operation of both
machines in terms of dc-link voltages. To validate this assumption, in Fig. 4.14 are
presented the phase-shifted references, the dc-buss voltages, and the IM speed.
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This type of artificial loading referencing requires two different AO ports of
PLC. Basically, the phase-shifted sine wave speed reference represents a control
topology of the two IMs, in which at each cycle, the IM which starts to accelerate
always has a delayed start (with A4t (s)) compared to the IM which starts to
decelerate (PLC software on Appendix 5). Thus, changing the 4t, it was studied if
the ac-source current was minimized in a context of an IM acceleration with a
precharged dc-buss. The PLC performs the phase shift between both references.
Due to the relatively low frequency of the PLC program cycle (1kHz), the minimum
possible phase shift between the references is 1 ms. However, the time phase shift
can be converted into a degree phase shift with the following equation:

Phase _shift = 360 - - cpps - Ct H (4.7)

Where: f represents the oscillating speed wave frequency and cppps - Ct represent

PLC parameters which represent the total number of cyclic programs (ct ms) uses
for shifting and the duration of a program cycle. The phase-shifted test starts with
no phase-shifting between the references. Then, after the reference amplitude and
frequency were set, the acceleration stage for each IM is gradually delayed
according to 4t. Based on (4.7) for a delay corresponding to 15 PLC cyclic

programs (of 1ms each) and a 6Hz frequency, the time delay represents 32.4(ms) .

o ' ——VFC1 shifted sine ref
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= 3000 : : : . :
.
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Fig. 4.14 Shifted sine speed reference, dc voltage, and IM real speed for artificial loading of
2IMs and 2VFCs at 2500rpm with £500rpm amplitude and 6Hz oscillation frequency for IM
RMS current value of 14.25(A) - measured
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That means that, at every speed reference cycle, the motor starts to
accelerate delayed with 32.4ms after the generator starts to break. This ensures
more power injected into the dc-buss, available for the motor to accelerate. The
above-presented results present the maximum speed reference parameters and
phase shift delay in terms of maximum allowable dc-bus voltage. However, it was
experimentally concluded that over a certain phase shift value, the IM RMS current
value decreased while the dc-buss voltage reached undesirable values.

4.3.2.3. Triangle phase shift speed reference

From Fig. 4.15, the dc-buss voltage, the IM speed, and the ac-source
current in a triangle-shaped speed reference are presented.
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Fig. 4.15 Triangle speed reference, dc voltage, real IM real speed and ac source current for IM

RMS value of 15.8(A)
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In an attempt to limit the ac-source current spikes, and to reduce the dc-
buss voltage ripples during the IM artificial loading, the triangle speed reference
control method is presented above.

The triangle-shaped speed reference consists (similar to the sinusoidal
reference) of an amplitude and a frequency (PLC software given in Appendix 6).
Even if the dc voltage has small variations, the ac source current still has high
peaks. Compared with phase-shift results, where the maximum IM RMS current was
limited at about 92% of IM-rated current, in this case, the IM loading was
performed slightly over the IM RMS current (up to =~ 103% - Irmspy, ).

In both figures (Fig. 4.14 and Fig. 4.15), the IM speeds read from the VFCs,
are unsynchronized with the values read from the oscilloscope (i.e., ac source
currents and dc voltages).

4.3.3. The closed-loop control method

The here-presented closed-loop control method was carried out to smoothly
modify the speed reference parameters (amplitude and frequency) up to the
prescribed value. Here, the PI regulators slowly modify the process values,
compared to the open-loop control method, where the parameters were discretely
manually changed. The following three equations describe the PLC implementation
of the PI regulator:

cv.= [(I:ef - IVFC) ' T}(n) + [(I:ef - IVFC) ~ T}(n_l) (4.8)
yi=cv. "'m? K, (4.9)
y> =sin {[(c.v. -Kk;) Z{Zﬂ - T}(n) + {[(c.v. -kj) ZZ)T} - T}(n_l) (4.10)

VFCref2 =V1Y2

Where: I:ef represents the prescribed IM RMS current, Isc represents the IM RMS

current read from VFC (computed inside the PLC base on (4.4)), T represents the
PLC cyclic program time, cwv,y;, yorepresent intermediate variables, n,n-1

represent the "n" and "n-1" time moment, kp,k,-represent the PI regulator

parameters and Hj,, L, represent the high and low limit necessary for variables

limitation. T is set to the PLC minimum cyclic time (1 ms). The high and low limits
are used to limit the reference amplitude and frequency to a certain value.

The sin argument range limitation is also performed in order to avoid the PLC stack
overflow.

In Fig. 4.16, three different situations of closed-loop operation are
presented. The tests were recorded from the no-load current (at idle speed
(2500rpm)) until the IM RMS read current reached the prescribed value. The RMS
current slope can be modified accordingly to the PI controller parameters.
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Fig. 4.16 IM RMS current variation in closed-loop control in artificial loading of 2 IMs and 2 VFC
conditions - measured

With a closed-loop artificial loading method, an IMs accelerating-loading-
decelerating mechanized procedure can be defined.

4.3.3.1. Automated testing

This automatic procedure's main role is limiting both IMs phase currents,
and ac source absorbed current in well-defined limits.

Fig. 4.17 shows an automatic acceleration/deceleration procedure of both
IMs. The test was performed on 150 seconds time period. The IM's speed and
current were read with the PLC.

Sectors 1,2,4,5 represent the accelerating process of both machines. In
order to limit the current, each IM starts separately to the dc offset speed (this
case, 2500rpm). After the first IM started (sector 1), the second IM started as well
(sector 2). In sector 3, the closed-loop artificial loading procedure takes place (i.e.
the thermal test presented in Fig. 4.17). In an on-site test operation, this time
period could take minutes, hours, or even days, depending on the IM power and test
purpose.
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Fig. 4.17 IMs speed and IMs RMS current profile in the closed-loop control method for 0-
2500rpm - measured
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After artificial loading, in sectors 4 and 5 both IMs decelerate at a time,
maintaining the current limits. Each acceleration and deceleration sector lasts 30
seconds, with a 15-second steady-state pause in between. During the start-up
process, the IMs RMS currents (PLC computed) represent only 40% of the rated IM
current. While one IM accelerates or decelerates, the other is only magnetized by
the drive. Depending on the application type, the magnetization current limits can
be set inside the VFC. Fig. 4.18 presents each sector's ac source current envelope
during the closed-loop automated acceleration and deceleration process.
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4.3.3.2. Thermal testing
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Fig. 4.18 ac source current envelope during the closed-loop control method for 0-2500rpm -
measured
test, presented in Fig. 4.19, represents the practical

The thermal

applicability of the closed-loop automatized start-loading-stop procedure.
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Fig. 4.19 IM temperature (measured in the lifting hook) and the IM RMS current at 2500rpm

with £500rpm amplitude and 6Hz oscillation frequency
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Twin inverter feed artificial loading of two induction machines can be used to
thermal test two IMs simultaneously.

In the previous test, presented in Fig. 4.19, both induction machines were
artificially loaded at 0.98 p.u. RMS-rated current, using a sinusoidal speed reference
at 2500rpm dc offset with +-500rpm amplitude at 5.8Hz oscillation frequency. The
test was performed in 110 minutes. The temperature was measured with a PT100
sensor inserted into the lifting hook (with thermally conductive paste) using an
additional PLC module (RTD module). The temperature was read once every 10
seconds. During the test, the IM housing temperature rose from ambient
temperature (23degree) to a stabilized temperature of 55.5degree. After the IM
stopped (without cooling), the final IM housing temperature reached 63.8degree.

4.3.4. Current harmonics investigation

Next, several measurements were performed and analyzed by Fast Fourier
Transform (FFT) to determine the frequency spectrum. The artificial loading
conditions were the same for all measurements, for IMs rated phase current value
(2500rpm 6Hz and £500rpm).

In Fig. 4.20, the dc-link voltage and the frequency spectral analysis is
presented. The 12 Hz harmonic represents twice of artificial loading frequency (both
IMs accelerate/decelerate twice a period). The 300Hz, 600Hz, and 900Hz harmonics
are due to the diode bridge rectifier effect.
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Frequency (Hz)
Fig. 4.20 dc-link voltage and and FFT analysis for 2500rpm dc speed offset, 6Hz oscillation
frequency and + 500rpm amplitude — measurements

During the artificial loading, the power flows from one IM to another via the
dc-link. The current measured between the inverters Ijcink (see Fig. 4.1 - the
current which flows through F1) and the frequency spectral analysis is presented in
Fig. 4.21. Here the speed reference oscillation frequency (6Hz) can be observed as a
predominant harmonic. The Igcink RMS value (Irmsgciink=13.82(A) represents about
89% of IMs rated RMS current value (15.4(A)), which means that the rest of the
power is obtained from the grid.
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Fig. 4.21 dc-link current and and FFT analysis for 2500rpm dc speed offset, 6Hz oscillation
frequency and + 500rpm amplitude — measurements

In Fig. 4.22, the voltage between the IMs frames was measured.
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Fig. 4.22 voltage measured between IM's stator winding nulls and FFT analysis for 2500rpm dc
speed offset, 6Hz oscillation frequency and + 500rpm amplitude — measurements
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Besides the 5kHz VFC switching frequency (Fig. 4.22 b)), the 144Hz (Fig.
4.22 c)) represents the dominant harmonic. 12Hz uniformed distributed less
significant harmonics are presented.

Fig. 4.23 presents the voltage measured between the IM's frames and
consists of the same voltage spectrum as the voltage measured between IMs' nulls.
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Fig. 4.23 Voltage measured between IM's frames and FFT analysis for 2500rpm dc speed
offset, 6Hz oscillation frequency, and £ 500rpm amplitude — measurements

o

With IM grounding (a common connection between IM frames) there is an
insignificant current circulation between induction machines caused by the VFC
chopping frequency. This amount of current and the spectral analysis is presented in
Fig. 4.24.
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Fig. 4.24 Current measured between IM's frames (with grounding) and FFT analysis for
2500rpm dc speed offset, 6Hz oscillation frequency and + 500rpm amplitude - measurements
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In Fig. 4.25, the 50Hz frequency, the 250Hz (5th harmonic), and the 350Hz
frequency (7th harmonic) are dominant. All these harmonics have uniformly
distributed less significant harmonics.

The 2500rpm speed reference dc speed offset represents the 42Hz
frequency. Without a common null connection, the triplen harmonics do not exist.
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Fig. 4.25 ac source current and FFT analysis for 2500rpm dc speed offset, 6Hz oscillation
frequency and £ 500rpm amplitude — measurements

In Fig. 4.26, the IM phase current was investigated. It can be observed that
the IM was slightly virtually overloaded (the RMS phase current is 15.82(A)). Over
the 66Hz, there are NO significant harmonics. In the zoomed area, the most
significant harmonic (120Hz) represents less than 0.01% of the 42Hz component.
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Fig. 4.26 IM phase current and FFT analysis for 2500rpm dc speed offset, 6Hz oscillation
frequency and £ 500rpm amplitude — measurements
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The ac source current is varying with double the speed reference oscillation
(6Hz). The high current peak values presented in it are due to the simultaneous IM
loss variations. During the acceleration, both IMs have significant losses. At the
same time, during the zero-acceleration zones - for sinusoidal speed reference (see
Fig. 4.10) the IM's absorbed currents are notably smaller, leading to smaller losses.

As previously explained in here presented artificial loading method, the
power flows from one IM to another via the dc-bus. Only the losses are fed from the
ac-source. This way, the IMs overall loos variation causes the high peaks of the ac
source current.

An asymmetric 2x3 phase winding IM can be used as an additional solution
to represent the IM virtual loading without mechanical coupling. The 3rd, 6th, or
homopolar current components cannot exist because both IMs have a star
connection [180]. On the other hand, improved results in terms of current
harmonics minimization can be achieved in non-commercial inverters by applying
PWM synchronization techniques [181], [182].

Fig. 3.27 shows all three phase currents for one IM during the rated artificial
loading test. The graph is presented for two complete periods of 6Hz. It can be
observed that the sum of all three currents is characterized by a dc offset value less
than 0.5A, a value that can be considered within the acceptable limits of
measurement errors. This way, it can be noticed that no notable circulating currents
are presented.

@ g 40k 2500rmp offset + 500rmp Amplltude 6Hz Frequency|
2l MMM e
c

-0 0oFf 0% X\ >
= 3-20r

-40

0.00 0. 06 0. 1 0. 17 0. 22 0. 28 0.33
Time (s)

N

| ——DC offset=-0.41(A)

1
N
T

0.00 0.06 0.11 0.17 0.22 0.28 0.33
Time (s)
Fig. 4.27 IM’s instantaneous phase currents and current sum for 2500rpm dc speed offset, 6Hz
oscillation frequency and + 500rpm amplitude - measurements

Sum of the IM1
phase currents (A)
o

4.4. Simulations

All simulated tests were performed in Matlab&Simulink environment.

Two different simulations were performed to validate the method's
applicability by studying the induction machine's losses and the test influences on
the ac source current:

- simulation with one IM driven by one VFC, mechanically loaded at rated
current.
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- simulation and measurements when two induction machines driven by two
variable frequency inverters are artificially loaded at rated current.

The results are compared regarding ac source current effects and power loss
validation.

4.4.1. Artificial loading influences on ac source current

To correlate the real measurements obtained from the experiment with
those obtaine from simulations for artificial loading conditions, simulations at rated
loads are required.

The artificial loading test impact over the ac source current is investigated
using the following Simulink diagram.

In Fig. 4.28, the artificial loading impact over the ac source current is
investigated. The diagram contains a simplified ac source consisting of a three-
phase sinusoidal voltage source, equivalent inductances, and the three-phase diode
bridge rectifier (D1, D2, D3, D4, D5, D6). The L1, L2, and L3 are the equivalent grid
and VFCs' inductances. The total VFCs dc-link capacitance is represented by the C.

Load Torque 1

Speed ref1 SVPWM1
ac source

currents

Grid and VFC Z@ Z@
inductances o
a+ J03% —a-e

L1
"llin R
- ’rma

ST M
T

ac source
@ @ @ Speed ref2 (pp{ SVPWM2

m @ =

Fig. 4.28 ac source current investigation in artificial loading condition - Simulink
implementation

Load Torque 2 [ ] [

Because only the grid current is investigated at this stage, the induction
machines (IM1, IM2) and the variable frequency converters (VFC1l, VFC2) are
special equipment from the Simulink library. Their parameters are set according to
Table 4.1.
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Both IMs are speed controlled by the drives. The speed reference and the
PWM commands are set into Speed ref and SVPWM blocks (Fig. 4.29)

Speed ref SVPWM

314 f @—» U]

p
c1 Gain ZU
1 SVPWM Generator

s (2-Level)

»Q5, Q2)

Sine Wave  k Integrator
Fig. 4.29 Speed ref and SVPWM blocks explanation (see Fig. 4.28)

With Load Torque blocks, the IM shaft loading torque is set.

Fig. 4.30 and Fig. 4.31 present the diode bridge rectifier current for both
real experiments (Measured) and simulation for 2 IMs running at rated speed
without shaft loading and for 2 IMs artificially loaded at rated current.

Due to the principle of operation, the IMs used for the artificial loading
method assumes a time-variable power loss. Without considering the variable
frequency inverter losses, the average total losses are given by twice IM efficiency.

This way, during the artificial loading test, the IM's instantaneous losses
vary heavily.

5;:_/ 20 | ac source current - Measured |
S 10
(0]
ol
5 0
?
o -10 [ .
(o]
0 0.05 0.1 0.15
Time (s)
< ' : .
= 20 | ac source current - Simulated [
G
(O]
o
= |
o
(0]
(6]
o \ :
0 0.05 0.1 0.15
Time (s)

Fig. 4.30 ac source current for two induction machines in no-load and rated speed conditions -
real measurements and simulations

As explained in the previous subchapter, during the sine speed reference,
the IM losses vary widely due to the unconstant IM stator current.

As it can be observed from previous graphs, the instantaneous modulated
peak ac source currents can reach double the IM-rated RMS current. Even so, for
rated current artificial loading conditions, the peak value of ac source current is

twice smaller as the ac source current peak value obtained for IM-rated shaft
loading.
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The ac source current is limited only by the grid inductances. In many
cases, these are very small.
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Fig. 4.31 ac source current for two induction machines in artificial loading conditions - real
measurements and simulations

The RMS value of the ac source current can be computed as presented in

(4.12):
1
2‘PIM‘kp‘(_1J

_ M - VFC
IRMSacisource - \/E V, (4.12)

represents the RMS value of the ac source current, the Py

Where: IRMS

ac _source

represents the induction machine power, which in this formula is taken into account
doubled, 7y and nyecare the IM's and VFC's efficiency, the V,, represents line

rated voltage and k,is a dimensionless factor which refers to the uneven power
losses variation during the artificial loading test:

1-mechanically coupled IMs
k =

P 1 +§ < 2 - not mechanically coupled IMs

4.4.2. Power loss validation

Considering that experimental shaft-rated loading is not a solution,
correlations between simulation are required: first, a relation between artificial
loading experiment and simulation needs to be done; second, the shaft loading
simulation need to be correlated with artificial loading simulation.

This way, the rated shaft loading simulation of one IM can be tied up by one
real IM artificial loading (here, presented method).
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128 PLC-based IM virtual loading

In Fig. 4.32, the Simulink block diagram for power loss validation in artificial
loading conditions is presented. Compared to the previous Simulink diagram (Fig.
3.28), the power losses "inside" the induction machines and variable frequency
converters are investigated in this case. The ac source (three-phase voltage source
and the diode bridge rectifier) is neglected, considering an ideal rectifier (Ideal Vdc
block).

Both IMs are speed controlled, so the simulation is performed by prescribing
the speed reference (block Ref. sin.). Like real artificial loading experiments, the
speed dc offset is set at 2500rpm, with an £500rpm and 6Hz oscillation frequency.

The torque reference obtained after the speed and torque regulator block is
given to the VFC Control blocks. Reference sinusoidal voltages alpha and beta
(obtained from VFC control) and the actual value of the dc-link voltage are given to
the SVM blocks. Here, space vector modulation is performed, so both induction
machines are fed with a three-phase voltage system in ofy reference frame.

L—b IM1 Voltages

9 IM1 Crr.
L IM Volt IMCrr. P IM1 Currents VFC1 dc current
— Speed VFC1 Voltage M1 — dc voltage

Control
w est. Torque IM1 dc power
) Torque ref.
hd hd IM1 torqudM1 speed
Motiomrequation
P IM1 w feedback
IM1 T ref | L DCVI

Ref. sin -9 Speed ref.

» M2 w feec}tgga%lg— ref —L Real dc Ideal dc V

Speed and torque regulatgr

Grid Crr. Resulting Crr.

| IM1 torqudM1 speed
Torque ref. W est. Torque Motion equation
Speed VFC2 Voltage IM2 de voltage
Control MV IM Crr. P IM2 Currents VFC2 dc current
IM1 Crr.
H . ¥ |—> IM2 Voltages

IM2 dc power

Fig. 4.32 Simulink implementation of artificial loading with two IMs and two VFCs

VFC Control block equations are described below:
Considering a flux weakening of 5”: :

3

Y.
wfw:rTb/ “)IM‘<”)b

oo (4.13)
wfw:rTb/“”IM‘Z‘”b

b
Ny -7
@p = go (4.14)
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1 1 r
1-—_= I
Ly=2| 27 L (4.15)
3|,V3 3
0> Y211
2 2 1+
cos(6) sin(6)] [I
Iyq = (0) sin(0)] 1a (4.16)
sin(#) cos(8) | |1
* Dfy Tr'5+1
Iy =H(s)| <MW |, H(s)=—L>"=_ 4.17
d (s)(Lm] (8)= 004 5+1 (4.17)
*
ro b T (4.18)
7 3.p-Ly- oy
*
o = Z'Lf'Twz (4.19)
3-p-Tr- o,
0 = (w.p+w§) (4.20)
*
* Iy-14
Vd,q = Plk,=10,k;=0.3| « (4.21)
Ig—1Iq
cos(0)—sin(6)| |V,
.y [t =sinio) [vg .
sin(6) cos(8)| | Vg

Where: apy, op, g, represent the IM's rotor speed, the IM's base speed, and the

speed after the flux weakening, 5”: represents the value of the flux weakening after
the base speed, nyrepresents the base speed in rpm, I, +Tabc s Idq represent the

of,abc,dqgreference frame, I:;q represents the dq reference current in dq frame,
Ly, L., T.are the IM's magnetization and rotor inductances and the rotor time
constant, H(s) represents a transfer function used for Iydetermination,

T represents the torque reference obtaine from Speed and torque regulator block,
pis the number of pole pairs, a); .represents the reference rotor speed, 4 is the

rotor angle, V;q represents the dq reference voltage in dq frame, Vop represents the
af reference voltage prescribed to the Induction Machine.
From Motion equation blocks, the IMs speed (w) is calculated based on IM's

inertia and friction coefficient. With IMs currents and voltages and the resulting dc
voltage, the induction machine power and the dc current are computed in IM1 dc
power and IM2 dc power blocks. Both VFC powers and the ac source power are
mixed in the DCVI block, where the dynamic effect of both inverters is addressed.
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More than that, the dc link capacitance (C) and the total inductances (L) are
considered in this block.

IM1 w feedback ) z
Ts Ki Unit Delay
‘ > 1 >+
< IM1 T ref
: . > 1
IM2 T ref
oL |
IM2 w feedback z
Ts Ki Unit Delay

Fig. 4.33 Speed and torque regulator block

The real dc voltage value used for space vector modulation is obtained in
the DCVI block from the ac source current and dc currents (from VFCs) and the total
capacitance value. The ac source currents are also obtained from the DCVI block
using the difference between the real voltage and the ideal one and the total value
of the inductances.

The artificial loading results obtained during simulations are presented in
Fig. 4.34. Here, the real dc voltage and both IMs phase currents are presented.
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Fig. 4.34 dc voltage and IM's instantaneous phase currents for artificial loading at 2500rpm dc
speed offset, 6Hz oscillation frequency and + 500rpm amplitude - simulations
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The induction machine model used in this simulation is based on the same
equations set presented in the chapter (Chapter 3).

The real voltage and the ac source current from the DCVI block are obtained
accordingly to the next equations:

1
Vdc_rea/ = C ’ .[(Iac_source ~Igeq - Idc2) -dt (4.23)

1
Iac_source = i ) J. (Vdc_rea/ - Vdc_idea/) -dt (4.24)

Where: Vi reaiVdc_ideal FEPTesents the real voltage obtained based on VFCs
loading and the ideal dc voltage C,L represent the total dc-link capacitance and the
total inductances, Inc sourcesldcisIdc2represents the ac source current and the

VFCs dc currents.

The IM's losses (both the instantaneous ones and their average) both in the
case of artificial loading and in the case of rated shaft torque loading at constant
speed are presented in Fig. 4.35 and Fig. 4.36. The loss equivalation can be
observed from the sum of all losses presented in the image's description. It can be
observed that the artificial loading method can be used as an acceptable method for
IM's loss equivalation.
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Fig. 4.35 Instantaneous and average values of copper losses, mechanical losses, and iron
losses for one IM for artificial loading at rated current at 2500rpm dc speed offset, 6Hz
oscillation frequency, and £500rpm amplitude - simulations. Total median

losses= 1228.4 (W)

The next simulation was run at the rated current. The ac current represents
the input current of the diode bridge rectifier.
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Fig. 4.36 Instantaneous and average values of copper losses, mechanical losses, and iron
losses for one IM for shaft loading at rated power - simulations. Total median

losses= 1432.1(W)

Indirectly, this represents the power losses of the two IMs and their VFCs.
For simplicity, only the VFC losses are neglected in simulations

In Fig. 4.37, it can be seen that at £600rpm, regardless of speed offset, the
peak-to-peak power of the dc is about 4kW.
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----2500rpm speed offset

dc power (kW)
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Amplitude of the speed oscillation (rpm)
Fig. 4.37 Peak-to-peak dc power oscillations for two different speed offsets: 2000rpm and
2500rpm - simulations.

4.5. IM torque estimation for artificial loading method

In the following, the induction machine torque is online estimated for
artificial loading conditions using variable frequencies converter's terminals voltages
and currents.

The VFC's switching frequency is 5kHz. For the three-phase VFC output
voltages, a low-pass first-order RC filter is used (with 16kHz cutoff frequency), while
the phase currents are filtered by the machine.
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The torque estimations are based on the estimators presented in Chapter 3

(more details can be found there).
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Fig. 4.38 Dynamic mode computation method for online torque estimation

Based on this estimator, the results obtained online during the artificial
loading test of both induction machines are presented below. Compared to Fig. 4.35
and Fig. 4.36, where the losses obtained in the simulation are shown (artificial
loading Fig. 4.35 and shaft loading Fig. 4.36), Fig. 4.39 presents momentary and
mean values of losses obtained online in real-time on cRIO platform during the

artificial loading test at rated phase current.
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Fig. 4.39 Instantaneous and average values of copper losses, mechanical losses, and iron
losses for one IM for artificial loading at rated current at 2500rpm dc speed offset, 6Hz
oscillation frequency, and £500rpm amplitude - online experiments. Total median

losses= 1362.3 (W)

As can be observed from Fig. 4.35, Fig. 4.36, and Fig. 4.39, the sum of the
losses (Pcol, Pco2, Pir, Pmech) online estimated in real-time are included between
those obtaine from artificial loading simulation and shaft loading simulation.

It has to be noticed that, compared to online experiments, where the torque
estimator runs in real-time on cRIO platform, and the measured voltage represents
the 5kHz frequency modulated voltages, in simulations, the IM alpha-beta supply
voltages are obtained from an ideal inverter where the output voltages are not
modulated.

Based on the dynamic torque estimator model, this leads to a fuzzy iron
losses estimation. The iron losses presented in Fig. 4.39 are obtained using alpha-
beta 0.5kHz filtered voltages.

In the following figures are presented fairly acceptable comparisons between
the losses obtaine in simulation for artificial loading at rated current at 2500rpm dc
speed offset, 6Hz oscillation frequency, and £500rpm amplitude.

The results presented here (without time synchronization) can represent an
acceptable validation between the simulation model and the online estimator.

In Fig. 4.40 and Fig. 4.41 are presented the rotor and stator copper losses
for online experiments and simulations.
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Fig. 4.40 Stator losses for online experiments and simulations for artificial loading at rated
current at 2500rpm dc speed offset, 6Hz oscillation frequency, and £500rpm amplitude
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Fig. 4.41 Rotor losses for online experiments and simulations for artificial loading at rated
current at 2500rpm dc speed offset, 6Hz oscillation frequency, and £500rpm amplitude

Both simulated and online experimental results for stator and rotor copper

losses follow the same path.

The oscillating frequency is double the speed reference because the machine

0.1 0.2 0.3 0.4

Time (s)

losses occurred both during the acceleration and deceleration period.

1000
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—— Dynamic mode - online experiments
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Fig. 4.42 Iron losses for online experiments (with filtered voltages) and simulations for artificial
loading at rated current at 2500rpm dc speed offset, 6Hz oscillation frequency, and £500rpm

Fig. 4.42 and Fig. 4.43 represent the iron and mechanical losses. The
differences between the mechanical losses are caused by the online estimated

0.1 0.2 0.3 0.4

Time (s)

amplitude

speed, which varies more than the simulated one.
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Fig. 4.43 Mechanical losses for online experiments and simulations for artificial loading at rated
current at 2500rpm dc speed offset, 6Hz oscillation frequency, and £500rpm amplitude

Although Chapter 3 has demonstrated that the direct computation method
represented a reduced complexity with a good performance solution for IM torque
estimation, the modulated VFC's terminal voltages used in this subchapter for
torque estimation can not be used by the direct computation method. In this
situation, the direct method produces unacceptable results.

Without time synchronization and no filtering in Fig. 3.44 are presented the
electromagnetic torque obtained from the dynamic computation method (online
experiment), from the Luenberger observer (online experiment), from simulation,
and real VFC's estimated torque read from the analog output port.

50 Dyna'mic mode VEC estimated

Torgque (Nm)
o

-50 | Leunberger observer Simulink model ]

0 0.1 0.2 0.3 0.4
Time (s)
Fig. 4.44 Comparison between the electromagnetic torques obtained from online experimental
dynamic mode computation method, online experimental Luenberger observer, simulation and
real torque estimated read from VFC's analog output.

4.6. Conclusion

This chapter presents an induction machine artificial loading method in
detail. Only industrial/commercial equipment and standardized communication
protocols are used for this artificial loading method, where two induction machines
without mechanical coupling are tested at rated phase currents. When one IM
accelerates, the other one decelerates. The power flows from one IM to another via
the common VFCs dc-link.

For ac-source current Ilimitation, different speed references were
investigated: 180-degree phase-shifted - where both references were fixed-time
shifted, variable phase shift - where the IM in motor mode was delayed from
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accelerating, and triangle reference - where the IM was forced to change faster the
operating regime.

As it was experimentally demonstrated, no circulating current (between the
motors via VFCs) does not contain 3k (k=0,1,2,..) harmonics.

More than this, an acceptable Matlab&Simulink simulation is presented,
which deals with the artificial loading and shaft loading losses correlation.

Finally, induction machine torque and loss estimation are given for online
experiments.

BUPT



5. Active torque pulsation reduction in
position-dependent loads

Abstract

For position-dependent loads with pulsating torques, torque pulsation
reduction can be achieved in several ways. Passive conventional methods (such as
shaft-mounted flywheels) represent a relatively simple method that involves
oversizing the shaft/coupling.

In this chapter, an active loading torque pulsation reduction method based
on induction machine electromagnetic torque information is presented, both in
simulation and experiment. It has to be stated that besides inertia moment, no
mechanical parameters (such as coupling backlash or shaft stiffness) are required.

5.1. Introduction

5.1.1. Vibration control and active torque pulsation reduction -
overview

The active vibration control (AVC) technique is represented by the use of an
external force added into the system, in the opposite manner to the disruptive force
(the source of the main vibrations), to reduce partially/totally the unwanted effect of
vibrations.

The additionally superimposed force is added to the primary force, leading
to vibration minimization. Thus, the effects caused by the loading force are reduced.
In many cases, the vibrations are only spread and absorbed by a more elastic part
of the system.The need for the AVC technique comes from the need for either safety
or comfort. Preponderentely for modern industries, the AVC technique is worldwide
spread and used. For example, in recent years, the piezoelectric material (FGPM)
[183], [184] and sensors have found an important place for active vibration
reduction both in aeronautics/spacecraft [185] and construction [186].

Another modern AVC applicability can be found in robot applications, where
vibration-free positioning plays a key role in increased accuracy [187], [188], [189].

As a particularity, in headphones, active noise canceling (ANC), which is -
more or less - based on the same principle as AVC, has been adopted by all the
major vendors. In this case, active noise canceling (ANC) is pretty similar to AVC
because, in this case, the additional force added into the system is replaced by the
sound/noise (which should be eliminated) measured outside the headphones and
then is reconstructed inside the headphones to eliminate the unwanted distracting
background noise [190], [191], [192].

Another active noise cancelation technology is increasingly used nowadays
in the automotive industry, where the road noise inside the compartment is reduced
by about 5dB [193], [194], [195], [196], [197].
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In rotary electrical machines, more aspects can be distinguished, depending
on the type of torque pulsation source:

- for example, reduced torque ripples (pulsations) caused by the 3rd-order
space harmonic in IM can be achieved by voltage regulation (as presented in [198]).

- a different approach for torque pulsation reduction can be found for
electrical machines with high anisotropy and permanent magnets (PM). For
example, in [199], the authors provide two configurations of flux barriers in
PMASynchRM for lower torque pulsation. Another application for torque pulsations
minimization in spoke-type PM machines can be achieved, as the author presents in
[81], depending on the auxiliary salient poles' position.

- the load type represents another source of torque ripples. The mechanical
pulsating/vibrations appear in the system as an effect of the load opperation.

In this last category, more work was carried out in recent years related to
reducing the unfavorable/undesired effects of the pulsating loads.

One of the simplest methods for torque pulsation reduction in
electromechanical systems with rotating electric machines is represented by the use
of passive mechanical methods: flywheels [200]. Based on the configuration, the
high inertia of the flywheel is used as a "mechanical filter" for the torque pulsations.

Similarly, with passive vibration reduction methods, centrifugal pendulum
vibration absorbers (CPVAs) can also be used, which are designed to reduce only
one vibration order torsional fluctuations for rotating shafts. For example, in [201],
a centrifugal double pendulum vibration absorber is proposed and analyzed.

Increased performances can be achieved in the case of active online control
to minimize the torque pulsations. This method, also called the active torque
pulsation reduction method (ATPRM), can be easily implemented in inverter-fed
applications where the electrical machine is driven by variable frequency converters
(VFC).

For example, in the automotive industry, the internal combustion engine
(ICE) torque ripple is reduced with an integrated starter alternator [202], based on
an online torque observer and an indirect field-oriented induction machine control

Active torque cancelation for low cylinder count engines using a PMSM and
its control strategy is also presented in [203].

Several such methods are presented in the literature, with different control
schemes and modulating techniques. In [204], a sensorless FOC control in the
inverter-fed electrical machine for large-scale compressors applications is presented.
More than that, a rotor flux field oriented control (RFOC) modulation technique used
in a proportional-resonant (PR) controller for railway torsional vibration control for
inverter-fed electric machines is presented in [205].

In [206], the author presents how the inverter's pulsating torque (caused by
the modulation) is propagated to the motor shaft. It is analytically presented that
the modulating frequency is more important for the shaft failure than the pulsating
torque magnitude.

Another type of loading torque in electromechanical rotary systems is the
position-dependent loads (piston-based with crankshaft applications). Compared to
the unpredictable and relatively slow in time-varying loads (such as fan, conveyor
belts, chopper, rock breaker, etc.), these position-dependent load requires a higher
response frequency than standard AVC.

The torque pulsation reduction method presented in this chapter is based on
position-dependent loading torques driven by grid-connected induction machines
(GCIM).
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In the case of position-dependent loading torques in which the loads
repetitively vary depending on mechanical position, a specific control theory can be
applied successfully based on the load's repetitive character. The repetitive control
(RC) theory, first introduced by Inoue ([207], [86]), represents a feasible control
strategy for active torque pulsation reduction. In recent

With applicability from the last century to the present, repetitive control
could be applied in various applications, such as PMSM (torque ripple) and IM
(fluctuated loading torque) control ([208], [209]).

5.1.2. Proposed solution

This chapter deals with the torque pulsation reduction methods for position-
dependent loads (such as reciprocating compressors) driven by grid-connected
induction machines. Compared to the literature presented solutions, the here-
presented method is based on an auxiliary motor driven by a VFC, mounted on the
same shaft as the load (Fig. 5.1). Moreover, the here-presented torque pulsation
reduction method implies a relatively simple control technique compared to the
repetitive control (as given in references). As the main difference, the solution is
presented as a mechanical parameters-free solution, where only the moment of
inertia is required for active torque pulsation damping.

The grid-connected induction machine operation is online and monitored by
a high-speed data acquisition and process unit (National Instruments cRIO chassis).
The electromagnetic torque and speed are calculated based on three voltages and
three currents. It has to be specified that for real on-site applications, the
loading torque is an unknown variable.

Based on the estimated torque and system position, the cRIO platform
calculates and prescribes the torque reference used to the auxiliary induction
machine's variable frequency converter to actively reduce the torque pulsations.

I

| Variable

| Frequency
| Converter
I

I

I

On-site existing system :
(VFC) |
I

I

I

I

I
Position-depending I
pulsating Load |

I

p— i —
Grid-connected Auxiliary
Main inducti hi Induction
in induction machine ol nduction

- _ — — — _ _  _ ________ N
Fig. 5.1 Basic schematic diagram of the proposed operating principle

5.2. Setup configuration
5.2.1. General schematic diagram

The experimental setup (Fig. 5.2) consists of 3 induction machines
connected on the same shaft. The loading machine - which produces the position-
dependent variable loading torque - is a four-pole pair, 30kW induction machine
driven by a 25kVA power frequency converter. A 3 pole pair, 11kW, grid-connected
induction machine drives the load.
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On the same shaft (on the load machine side) a new 2 pole pair, 15kW
auxiliary induction machine (compensating machine) driven by a 16kVA variable
frequency converter, is added.

One quadrature incremental encoder measures the system speed based.
Both variable frequency converters (for the loading and the auxiliary machine) use
the encoder speed as the more-accurate feedback speed. It has to be stated that all
the variable frequency converters, equipment, and communications, respect
industrial standards (no supplementary changes have been made to the inverters'
control strategies).

Further, in this chapter, the results obtained both for elastic and rigid
couplings are presented.

The loading machine emulates crankshaft-based equipment with position-
dependent loading torque.

The system speed is given by the grid-connected induction machine
(synchronous speed 1000rpm). Both the loading machine (the emulated
compressor) and the auxiliary machine are torque controlled based on the direct
torque control (DTC) method.

While the three-pole pair grid-connected induction machine gives the
system speed, the sinusoidal torque reference has (theoretically) 16.6Hz frequency.

Speed feedback D
(Profibus) I "PLC unit 1
PC I |
Lyl [24v 7 Lo I
| [Power] | <3 |
230v) (4 S |
| =
A Loading torquef
(Profibus): Torque reference
: " (Modbus TCP/IP)
Estimated torque I ~ “Compensating |
pensating
and speed | ! machine |
Grid — |
3~ i | |
Variable I Variable |
3V - Frequency l | Frequency
Electromagnetic Converter | | | Converter I
? torque estimator (VFC) I (VFC) |
1_CRIO-9068 2skA | | 16kVA |
Speed feedback |
TTL Signal | A I : |
I . -/x- I_ —d i I 1 "I".I --------------- ] I 1 :
Induction > - | Induction
Enc machine I:qiléﬁ'r?: machine :
11kW, 3pp 30kW, 4pp 15kW, 2pp
(GCIM) I’\ (AM) |
Z N/ | Z SN L < N
Coupling Coupling

Fig. 5.2 Setup schematic diagram
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The torque reference is given digitally via industrial protocols: the emulated
load machine's converter receives the torque reference via Profibus. In contrast, the
auxiliary machine receives the torque reference via Modbus TCP/IP.

A standard industrial programmable controller (PLC), online calculates the
position-dependent torque reference (based on (5.1)) for the emulated loading
machine. The PLC unit also reads the speed via Profibus.

For online GCIM speed and torque estimation and torque reference
generation, a cRIO-9068 chassis with two analog input modules (NI9215) and one
5VTTL signal module (NI9401) is used. The cRIO platform reads three voltages,
three currents, and the system speed.

The effects of applying the here presented active torque pulsation reduction
method are also investigated from the vibration point of view. 5 accelerometer
sensors are used to monitor the vibration spectrum.

For this demonstration, the loading torque profile (the reference given to the
Pulsating Load) consists of a sinusoidal component overlapped with a dc component.

The equation (5.1) shows how the torque reference for emulating load is
calculated inside the PLC.

Tg, = dc+A-sin(at) (5.1)

where: TZ;,_ represents the torque reference given to the emulated loading machine,

dc and A represent the dc and amplitude component of the torque reference
wrepresents the pulsation which depends on the system position (read from the
encoder via Profibus) and t represents the time. In Fig. 5.3 the testing bench is
presented, where all the equipment can be seen.

Fig. 5.3 Testing banch
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5.3. System and control method simulation

All the simulations were performed in the Matlab&Simulink programming
environment. The general schematic diagram also simulates the variable frequency
converter used for the auxiliary induction machine (its equation is described below).
Similar to the results presented in Chapter 3, the simulations are performed in this
chapter using real voltages (with the real harmonic components and direct/inverse
components). Fig. 4.4 shows the differences between the ideal and real voltages.

350 ~350
S 2
= 300 s 300
> z
250 = 250
0 0.05 0.1 0 0.05 0.1
Time (s) Time (s)

Fig. 5.4 Differences between ideal and "real" voltages — which are further used

5.3.1. General schematic diagram - proposed open-loop method -
simulations

The open-loop control method can also be considered to be a principal
validation simulation. In Fig. 5.5, the Simulink diagram can be observed. The main
elements in this scheme are further used. The grid-connected and auxiliary
induction machines are based on the same induction machine equations described in
Chapter 2.

[ Grid f Grid ] |
Torque
(Voltages Vabe Connected ' O M Vabc GCIM  Speed
Induction Torque and
Machine Estimator
® 11kw, 3pp  labg Iabc Torque
16.6Hz Pulsating , T
N + Motion Get |
> 6 Load  Torquept equation ® Angle &
Wr*  vVariable  Va,Bl—»{Va,B  Auxiliary  Iabc
» © Frequency Induction
—{1apc  Converter Machine
o (VFC) ® 15kW, 2pp Torque

Constant
Amplitude

Pulsating Load Phase

Fig. 5.5 Open-loop control method for torque pulsation reduction
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More than that, the GCIM performances have also been extensively
presented in Chapter 3. The Auxiliary IM’s variable frequency converter is described
in detail in equations (5.2) to (5.10). The system speed is used for the field
weakening implementation. The alpha and beta voltages that supply the IM are
obtained as the difference between the estimated and measured currents.

(2 ) Ilm _IZm _I3m)
3
(5.2)
3
Ig =3 (Iam ~I3m)

I, =

Iq =1, -cos6+1g-sin6 (5.3)
Ig=1Ig-cos@+1, siné '
*
e:j(a)2+wm.pp)dt (5.4)
*
a); :L.TZ (5.5)
3.pp-T, w3,
2 * Wp
Yew =Vr ——7 3 (5.6)
W min (o, op)
* Yiw
Id_H(s)(Lmj (5.7)
. 2T '
T3P Ly v
Tr-s 1
Ho=|——— 5.8
(s) (0.045 1} (>8)
X X
Ug = Ply, (13- 1a) 50
X X
Ug =Py, (Ig - 1)
U;, = U; cosa—U; -sin 6 (5.10)

U; :Ug-sim9+U;~cos¢9

Where: Iyy,I>m,13m, 0y, represent the GCIM read phase currents and system
measured speed, Iy, Ip represent the «,B components of the measured phase

currents, I, I represent the d,g components of the measured phase currents,

a);,pp represent the rotor reference speed and the number of the pole pair,
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wa/l”: represent the rotor reference flux after the flux weakening and the rotor
maximum flux used for flux weakening, Lr,T*,Tr,a)b represent the rotor
inductances, the reference prescribed torque, the rotor time constant and the base
speed used for flux weakening, Iz,I; represents the reference d,qcomponents of
the currents used for voltages references, H(s) represents a transfer function,
A A A A

Ué,U; represent the d,qg components of the estimated voltage references, U;,U;

represent the «, components of the estimated voltage references. The auxiliary
IM parameters which were used in simulations are given in Table 5.1.
Table 5.1 Auxiliary induction machine parameters used in simulations

No. 15kw, 2pp, _Induction
machine

1 Rated Voltage (V) 400
2 Rated Current (A) 28.7
3 Rs (Q) 0.22
4 Rr(Q) 0.18
5 Lm (mH) 70.028
6 Ls (mH) 1.623
7 Lr (mH) 3.979
8 J (kgm?) 0.099
9 Tr (s) 0.41115

The mechanical angle is given from the "Get Angle" block, as presented in
Fig. 5.6 using a resettable integrator.

(0]
S R (D

Dead Zone ©
[-2pi, 2pi]

Integrator

<-4

L |u| P Get sign

Fig. 5.6 "Get angle" block from Fig. 5.5

The motion equation uses the total system inertia for system speed
calculation.

do
Jrotal "t =Tyjff, + B (5.11)
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where: Jy, represents the total inertia moment of the system (without
couplings), dw / dt represents the time derivative component of the speed, T;s,B
represent the resulting torque on the system, and the total friction coefficient.

For system calibration, in Fig. 5.7 are presented the load torque (which is a
0 to GCIM rated power step), the GCIM electromagnetic torque, the estimated GCIM
electromagnetic torque, the system speed (given by the motion equation), and the
estimated speed.

E 150

£100

o TIM .

o> 50 T estimateq

£ 110 \/ | T load

= o 4
1.24 1.26 1.28

0 0.5 1.5
110 T -
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8 105k 1
3 -
g 100 1
2 System speed (motion equation)
95 L 1
0 0.5 1 1.5

Time (s)
Fig. 5.7 Estimated and GCIM torque and system speed and estimated speed for a O to rated
load step transition

In Fig. 5.8 the results for different values of the pulsating loading torque are
investigated.

200 No load :70% dc loaded :70% dc loaded :70% dc loaded
’g : i 30% sin i 50% sin
Z TIM | i
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'_
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120 T T :
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Q.
v Estimaé speed
90 1 1 1
0 1 2 3 4

Time (s)
Fig. 5.8 Estimated and real GCIM torque and system speed and estimated speed for dc and
sinusoidal loading
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Fig. 5.8 is divided in 4 sections: 0-1s, the GCIM is not loaded, 1-2s the
GCIM is 70% of rated torque loaded (GCIM rated torque = 108Nm), 2-3s a 30%
sinusoidal reference is overlapped over the dc component, while in the 3-4s sector,
the sinusoidal reference represents 50% of GCIM rated torque.

The simulations use real voltages. The torque pulsations that appear are due
to the voltage characteristics (see Fig. 5.4).

The results from the active torque pulsation reduction method (ATPRM) from
the open-loop control system are presented in Fig. 5.9. Here, the experiment is
divided into five sectors. Between 2s and 5s, the loading torque follows a 70%dc +
30% sinusoidal component (of GCIM-rated power).

Until the ATPRM is applied, the auxiliary machine is only mechanically
connected to the system without torque prescription (only inertia moment
influences).

From 3s to 5s, the open-loop ATRPM is applied. In sector 3s-4s, the auxiliary
machine produces a 180-degree phase-shifted (considering GCIM torque) sinusoidal
torque to the respected angle. In sector 3s-4s, the auxiliary machine compensates
for 14% of GCIM-rated torque, while in sector 4s-5s, the auxiliary machine
compensates for 17% of GCIM-rated torque.

Acceptable results are obtained regarding torque pulsation minimization in
the grid-connected induction machine. However, a certain level of torque pulsations
appeared in the auxiliary machine.
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Fig. 5.9 Estimated GCIM torque, auxiliary IM torque, and system speed for open-loop control
method with no aux. compensation, with 14% (GCIM-rated power) compensation and 17%
(GCIM-rated power) compensation
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As long as the loading machine is characterized by a position-dependent
torque, the auxiliary machine torque phase angle is considered to be constant,
without significant variations over time.

It can be observed that with a 30% of GCIM-rated torque sinusoidal
component overlapped with a 70% dc component, the speed oscillates with almost
8% of its rated value (Fig. 5.9).

Besides the maximum amplitude that could be compensated, a key role for
auxiliary machine sizing is represented by the individual (GCIM and AM) and total
power absorbed from the grid.

Fig. 5.10, Fig. 5.11, and Fig. 5.12 demonstrate that the maximum
compensated value of the GCIM torque pulsation amplitude could be established
considering the total absorbed grid power.

For example, in Fig. 5.10 the minimum grid absorbed power appears when
only 34.4% of the pulsating loading torque amplitude is compensated. In this case,
a higher level of torque pulsation compensation would be possible, considering a
higher energy consumption from the grid.

Load torque ref: 70%+30%sin

q') T T T
5 5 60 Minimum grid peak-to-peak absorbed
S 2 power at 34.4% of pulsating torque
< 8.40 L compensation .
g@ GCIM Power .
o @ :
o = H
7 =20 \ 1
é % Aux. Powe |
i 0 . ' Total Grid Power |
o
0 20 40 60 80

% Compensation of Pulsating
Load Torque Amplitude (%)
Fig. 5.10 GCIM peak-to-peak power, AM peak-to-peak power, and total peak-to-peak power
absorbed from grid different compensation levels for loading torque reference: 70%+30% sin
of GCIM rated power.

Load torque ref: 70%+40%sin

(0] ‘ ‘ ,
S ) 60 Minimum grid peak-to-peak absorbed
5 2 power at 45.5% of pulsating torque
x 8 40 |GCIM Power compensation .
[JIe]
Jj ‘_
< = 29T aux. Power \><
55 :
$° 0 | | Total Grid Power
(=}
0 20 40 60 80

% Compensation of Pulsating
Load Torque Amplitude (%)
Fig. 5.11 GCIM peak-to-peak power, AM peak-to-peak power, and total peak-to-peak power
absorbed from grid different compensation levels for loading torque reference: 70%+40% sin
of GCIM rated power.
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Load torque ref: 70%+50%sin
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Fig. 5.12 GCIM peak-to-peak power, AM peak-to-peak power, and total peak-to-peak power
absorbed from grid different compensation levels for loading torque reference: 70%+50% sin

Fig. 5.13 to Fig. 5.16 p

of GCIM rated power.

resent how the GCIM peak-to-peak power amplitude

changed depending on the compensating torque phase shift. More than that, four
compensating levels are studied (7.5%, 15%, 22.5%, and 30% of GCIM-rated
power) considering that the loading torque reference was: 70%+30%sin (of GCIM-

rated power).
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Fig. 5.13 Grid-connected induction machine's peak-to-peak torque variation for torque
ref:70%+30%sin (of rated power) with 7.5% (of rated power) compensation for different
compensation phase-shift.
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Fig. 5.14 Grid-connected induction machine's peak-to-peak torque variation for torque

ref:70%+30%sin (of rated powe

r) with 15% (of rated power) compensation for different

compensation phase-shift.
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Fig. 5.15 Grid-connected induction machine's peak-to-peak torque variation for torque
ref:70%+30%sin (of rated power) with 22.5% (of rated power) compensation for different
compensation phase-shift.

The increased auxiliary compensating torque requires more rigorous
knowledge of the GCIM torque angle.

However, at compensation torque levels of up to 50% of the pulsating
loading torque (Fig. 5.13, Fig. 5.14), a 10degree AM's toque phase-angle deviation
around the correct load torque phase angle (where the compensation effect is
maximum) leads to a 3% increase of the load torque amplitude of the value
obtained at the correct compensation angle.

This result proves that for a closed-loop phase angle detection, a deviation
of up to 5 degrees of the compensation angle could be considered to be within
acceptable limits.

15 GCIM: 70%+30%sin Loaded | '
E AM: -30%sin Aux
= 10+ ]
Q
o
s °f 1
|_

0 GCIM Torque peak-to-peak variations , ,

165 170 175 180 185 190 195 200
Aux.IM Torque phase shift (°)
Fig. 5.16 Grid-connected induction machine's peak-to-peak torque variation for torque
ref:70%+30%sin (of rated power) with 30% (of rated power) compensation for different
compensation phase-shift.

5.3.2. Closed-loop control method 1 - simulations

The closed-loop active torque pulsation reduction method 1 comes with the
advantage of an automatic GCIM pulsation amplitude reduction because the
auxiliary machine's variable frequency converter torque reference is given from PI
output.

Compared with the open-loop method - where the auxiliary machine's VFC
torque reference amplitude was manually prescribed - the closed-loop method 1
uses a PI regulator to minimize the GCIM torque pulsation amplitude.

Several high-pass and low-pass filters are used to extract the GCIM
regulator feedback value.
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Fig. 5.17 shows the before-presented open-loop method (dashed part) with
the additional added elements for the automatic closed-loop torque pulsation
reduction method.

Studied open-loop diagram
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Fig. 5.17 Closed-loop control diagram - simulation

As well as the open-loop method, also the closed-loop method uses a fixed
phase-shift angle.

The "Reference" block prescribes the desired GCIM torque pulsation
amplitude after the auxiliary machine compensation. In other words, the auxiliary
machine reduces the GCIM torque pulsations amplitude to the "References" value.

One main difference is an additional torque estimator used for auxiliary
machine torque estimation. The auxiliary machine (AM) torque is needed for the
phase-angle detection between the GCIM and AM torques.

The "Get Torque Amplitude" block is presented in Fig. 5.18. The GCIM
torque pulsation amplitude is obtained using this block. The equation (5.12)
represents the GCIM torque pulsation amplitude obtained from. Fig. 5.18.

The low-pass filters are used to reduce the influences caused by the torque
pulsations given by the three-phase voltage system, highlighted in Fig. 5.7.

The second block (noted with "2") from Fig. 5.17 is used to use both the
GCIM and AM torque to ensure a safe operation of the ATPDM 1. Therefore, block
number 2 prevents the auxiliary machine-produced torque is always used to reduce
GCIM torque pulsation amplitude, thus avoiding a phased desynchronization.

BUPT



152 Active torque pulsation reduction in position-dependent loads
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Fig. 5.18 Details for the "Get Torque Amplitude" block from Fig. 5.17

A 2 2
TAmpl =2 - {LPF (sin/\j] + [LPF (cosAD (5.12)
T T

N N

sin; = Mean [TGCIM] . J{T sin e]dt
N N

cos; = Mean [T GCIM] . j {T- cos e]dt

The high-pass filter eliminates the dc component of the investigated
torques.

In contrast, the low-pass filter is used for "sign" detection to separate the
torque pulsations produced by the load (16.6 Hz in this case) from those produced
by the voltage (higher frequency). Equation (5.14) presents how block two

operates.
sign = —(LPF (HPF [TGCIM] -HPF (TAUX ]H (5.14)

The trigonometric interpretation of the above-presented operation of block
two from Fig. 5.17 is presented in the equation (5.15). While both torques (the
GCIM torque and the AM torque) are in phase, the result will be positive, but on the
other hand, when the torques are 180degre phase-shifted, the result turns negative.

(5.13)

sin(a) - sin(b) = é (cos(a- b) - cos(a+b))
) (5.15)
sin(a)-(-sin (b)) = -5 (cos(a- b) - cos(a+b))

BUPT



System and control method simulation 153

A sign correction is performed as long as the auxiliary machine torque has
to be in the opposite manner that the GCIM torque (-1).

In Fig. 5.19, the results obtained from closed-loop ATPRM 1 are presented.
Similarly, as in the open-loop method, the load has a 70%dc and 30%sinusoidal
character.

Also here, the results are presented on different sectors: until 3 seconds,
the AM has a 0 torque reference. From 3-5 seconds, the AM automatically decreases
the GCIM torque amplitude by 14% (of the GCIM-rated power). From 5-7 seconds,
the AM torque reference was increased to 17% amplitude.

Considering the fact that the position-dependent load follows a repetitive
path, the PI regulator has a relatively big time constant.

Acceptable oscillations appear during the AM torque reference transition and
during the auxiliary machine's full stop (sector 7-9 seconds).

70%dc + 30%sin loaded

—
o
o

50 i
Estimated GCIM torque

Torque (Nm)

0 . : : . 5
0 2 4 6 8
50 T T T T T
’é\ -14%sin -17%sin 0%sin
£
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3
g ‘
|9 Auxiliary IM térque |
_50 Il 1 1 1
0 2 4 6 8
__106 T T : :
2 System speed (motion equation)
©
© 104 .
el
102}
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n
100 1 1 1 1
0 2 4 6 8

Time (s)
Fig. 5.19 Closed-loop active torque pulsation damping -simulations

In Fig. 5.20, the "Get Amplitude Block" operation is presented for the
previously explained test (Fig. 5.19).

For this control method, the correctness of the estimated torque amplitude
is a key factor for the torque pulsation reduction method performance.

This GCIM estimated torque amplitude is used as the feedback of the
regulation system regarding the torque reference command for the auxiliary VFC.
The compensation loop acts only after the start-up period (after 4 seconds in Fig.
5.20).
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Fig. 5.20 GCIM estimated torque and estimated torque amplitude for the operation described
in Fig. 5.19

5.3.3. Closed-loop control method 2 - simulations

Two electromagnetic torques (for GCIM and AM) are required for the closed-
loop method 1 to actively reduce the loading torque pulsation. This leads to high
complexity of the method.

Even so, the closed-loop method 1 produced acceptable results even with
real "simulated" voltages. However, the auxiliary machine's reference prescribed
angle was considered known, determined from other electromechanical tests (not
presented in this paper).

The here-presented closed-loop method proposes a two-step method for
online system inertia and load torque (amplitude and phase) estimation. Moreover,
the found loading torque, as a complex number, is then used as a torque reference
for the auxiliary machine's VFC. All the simulation results are obtained with the
simulation diagram from Fig. 5.5. All the results (phasors) are given from
simulation tests that used "real" simulated voltages.

5.3.3.1. Moment of inertia and loading torque detection procedure

In the following closed-loop method, both steps are described and
explained:

- Step 1:
In order to determine the system's moment of inertia and the loading torque
(as a complex number), first, the GCIM is loaded by the loading machine with

Tioad . To determine the system's total moment of inertia (J), the auxiliary
machine should be mechanically connected to the system (with O torque reference
and magnetized by the inverter). Based on the previous assumption, equation a)

from (5.16) can be written. The Topsz and 21 represent the GCIM estimated
electromagnetic torque and measured speed obtained from this first test. The
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torque resulting from the inertia moment speed variation depends only on the
difference between the loading and GCIM torques.

After the first test, the GCIM's amplitude and phase are found by means of
the torque estimator. The occurred differences between the real and estimated
torque are part of the method's total error.

In Fig. 5.21, the phasor diagram of the first step is given in terms of torque
and speed. The small differences that appear between the reference angle and the
real angle are due to system errors (such that the GCIM estimated torque and the
GCIM real torque are phase-shifted). The loading torque Tload appears at 179.2° .
The estimated GCIM torque Tobsl appears behind the loading torque. In step 2, the

auxiliary machine reference torque (Taux (reference)) is given as a 180° phase-
shifted Tobs1l torque (154.5°-180°). In this case, the resulting torque Trezl

ae
t

provided by the J g 1 has large values.

sin

54.5°

» COS
154.5°-180°

Tload -179.2

(reference)

Fig. 5.21 The phasor diagram of the Step 1 test (only loading torque and GCIM torque)

- Step 2:

Step 2 consists of the same loading torque as in the first step, but the
torque reference given to the auxiliary machine's VFC consists of the estimated
torque amplitude and angle (180 deg phase shifted) found in Step 1. Equation b)
from (5.16) explains that for this test (Step 2), the torque resulting from the inertia
moment speed variation is given by the interaction between the loading torque

Tload , GCIM torque (found by the torque observer in this test Tops2), and

auxiliary machine torque (7_-aux which in this case is none other than —Tops:. The
equation (5.17) explains the mathematical relation between GCIM estimated torque

obtained in step 1(Tops1) and the auxiliary machine torque reference used in Step
2.

In Fig. 5.22, the phasor diagram of the step 2 test is given, where the load
torque, the GCIM torque as well as the AM torque interact.

In Step 2, the resulting system torque (T7,.,> ) is different than the resulting

system torque obtained from Step 1 (T7,.,;), because of the auxiliary machine
influence.
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Tload
Trez2

Fig. 5.22 The phasor diagram of the Step 2 test (the loading torque, the GCIM torque, and the
AM torque)

It has to be stated that the auxiliary machine torque (Taux) appears at

-21.4° (4.1°phase-shifted than the reference - mainly caused by the VFC
opperation, but not only). In this case, the system-resulting torque Trez2 (given by
the phasor sum of the Tload, Tobs2, and Taux) is notably smaller than the system-
resulting torque Trezl without the AM compensation. The system equations are
described in (5.16), where both tests are presented, together with the necessary
condition used in Step 2 (5.17):

= = de
a).Tioad+ Tobs1 =J ditl
(5.16)
= - - dQ2
b).Tioad+ Tobs2+ T Aux =J - i
7_—aux = —7_—ob51
Taux, = Tobs1,—180° (5.17)

Tauxamp) = Tobslymp

By subtracting both equations, we get (5.20) where the only unknown variable is
the total moment of inertia J.

= = de
Tload+ Tobs1 =J - 71
- (5.18)
= = = de
Tload+ Tobs2—Tobs1 = J- 72
= = = = = dQ dQ
Tload+ Tobsi—Tload— Tobs2+ Tobs1 = J - 71 -J. th (5.19)
= = d2; doo
2 -Tobsi-T =] | == _-—=< 5.20
obs1— T'obs2 g p ( )
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Where Tjoad represent the complex number of the loading torque, Tobsi Tobs2

represent the GCIM electromagnetic torque given by the torque estimator in Step 1
and Step 2, Jrepresents the total moment of inertia (GCIM, Load, and Auxiliary

motor), 21 22 represent the complex number of the measured speed from Step 1

and Step 217_—3UXI7_—3UX<I7_—3UXamp/ represent the auxiliary machine torque in a

complex form with its components: angle and magnitude, 7_'0,5351<I 7_—0b51ampl

represent the angle and the amplitude of the GCIM estimated torque obtained from
Step 1 and thedcT represents the time derivative function.

An ideal angle was built based on a fixed-step size, which was used on a
limited interval delimited by the start and stop variables.

bideal = <20 T - (ti _tistart) (5.21)
1 stop

2 . Z 2 (5.22)
i=start

Np = stop — start + 1 (5.23)

where: 6405 represents the ideal angle based on the elapsed time from simulation,
Np represents the total number of elements that were used for calculus (the +1

from its equation depends on the used software - here Matlab Simulink),
start, stop represent the indices used for the interval on which the calculations are

performed T represents the sample time, ¢ti, tigs,represent the total index
produced by the simulation, and the index value from where the calculus begins,
29, £2; represent the mean speed from the interest interval, of the simulation

measured speed. The complex numbers are given according to the following
equations: (5.24) and (5.25).

stop
2
Xreal = N Z (COS (h - Gidear) Xi) (5.24)
P j=start
stop
2 .
Ximag =7~ Y. (sin(h-bigear) - x;) (5.25)
P i=start

where the h represents the number of harmonic used (i.e. h=1 fundamental,
h = 2 first harmonic component, etc). If we consider that:

Qt)=02 -cos(h- 2 .t)+91imag -sin(h-2p - t) (5.26)

and if we derivate it, we can get the derivated real and imaginary components:

Q)= -h-2-(-sin(2 .t))+91imag ~h- Q- cos(2 -t) (5.27)
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ereal = QO .'Qlimag

o o0 (5.28)
1imag T 70 ey

Where Q(t)represents the momentary speed, “erea/ and “Qlimag represent the real

and imaginary parts of the complex speed, andt represents the time.
So, if we rewrite the (5.20) and divide it into Real and Imaginary
components, we get the following:

2 TObSlreal B TObszrea/ =) % (Qlimag - 'inmag) (5.29)

2 TObs 1imag B 7—Obszimag =7 QO . (_ereal B ereal )

In order to avoid consistent component errors (Real and Imaginary
components) around the axes, next we use the amplitude value.Therefore, the
equation (5.30) presents the system total inertia equation, extracted from the 2-
step method:

2
TobsLimag ~ T0bs2imag

_‘Ql

real 'ereal

2 (2
1 || 2 Tobstey ~ Tobs2ey

T 2

imag h 'inmag

J

(5.30)

Once we have the system's moment of inertia, the load torque is calculated
based on the equation (5.17), both for fundamental and harmonics:

_ d Z)l _
Tloady, = J'Th—Tobslh (5.31)
Tloadrealh =J-h 'QO . 'Qlimagh h TObSlrealh

=—J-h-29-2;

- (5.32)
ealp - Ob51imagh

7—/oad,-magh

Where: all the symbols are explained before, mentioning that the h index
represents the component for which the calculation is performed (fundamental or
harmonics). Next, the final load torque found through the two-step method is given
as the sum between fundamental and harmonics:

n
Tload, = ZT/oadh (5.33)
h=1

where 7_'/oadc represents the final computed form of the loading torque, n
represents the total number of components (harmonics) taken into account,

7_'/03(1,7 and represents the computed loading torque component.

The results obtained from (5.16)-(5.32) are expressed graphically in Fig.
5.23. First, the two-step method was applied. After both steps, the loading torque
was found (amplitude and angle). The resulting torque was then used as the
auxiliary machine's VFC torque reference. The angle used is 180deg phase shifted,
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and the found amplitude was given as 50% and 100% amplitude (even if the 100%
compensation level is given only for demonstration purposes).

Based on theory and results, the optimum phase angle used for auxiliary
machine VFD torque reference is obtained from the two-step method. The AM's VFC
torque reference amplitude can be given as a percentage of found loading torque
amplitude. As presented in the following, the observer's parameters variation and
the incorrectly calculated loading torque phase shift can lead to a decrease in the
efficiency of the torque pulsation compensation method with an auxiliary machine.

| No com'pensatio'n 50% compeﬁsation ' 100% cémpensat'ion |

=
o
o
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o
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Fig. 5.23 GCIM and Observer torque, auxiliary machine torque, and the system resulting
torque for no compensation, 50% loading torque compensation, and 100% loading torque
compensation for the phase shift found from the two-step method.

1
(9]
o

o

5.3.3.2. Two-step method sensitivity testing

The here-presented two-step method's sensitivity is investigated according
to the GCIM torque estimator's parameters variations.

Fig. 5.24, Fig. 5.25, and Fig. 5.26 present how the calculated moment of
inertia (5.31) and loading torque (phasor (5.32) varies depending on the estimator's
parameter variation.

As long as the errors produced by the magnetizing inductance variation are
relatively constant, we can say that the machine saturation should not significantly
affect the method's accuracy.

More than that, the errors produced by the rotor and stator resistance
variation vary in an opposite manner (when one increases, the other decreases),
and considering that both rotor and stator resistance increase or decrease almost
simultaneously, it can be considered that the total error variation produced by the
rotor and stator resistances variation compensate on each other.
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Fig. 5.26 The calculated torque angle error respected to the loading torque angle depending on
the GCIM torque observer parameters variation

All the previous calculus and results were given for zero phase shift for the
loading torque angle.

Next, the calculated moment of inertia error (Fig. 5.27), the calculated angle
deviation (Fig. 5.28), and the calculated loading torque amplitude error (Fig. 5.29)
are given for different loading torque angles.

While the most insignificant calculated moment of inertia error can be found
around 0deg phase-shifted loading torque (Fig. 5.27), the calculated torque angle

deviation (Fig. 5.28) presents the smallest values around +115°.

The positive phase-shifted angles (0° — 180° ) produce smaller errors for the
calculated torque amplitude (Fig. 5.29) than the negative ones.
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Fig. 5.29 Calculated torque amplitude error depending on the loading torque angle

5.3.3.3. Two-step method testing in real (compressor) loading
torque conditions

During previously presented results, the load torque used was synthesized
from a sinusoidal waveform.

Another key role in this presented problem is given by the mechanical stress
of the mechanical couplings during the operation. To quantify the total torque
transmitted between motors and load, the equation (5.34) is used.

In Fig. 5.30, an example of coupling mechanical torque is given. For 5
seconds, the GCIM was loaded with 70%dc components and 30% sinusoidal
overlapped components without compensation. From 0.5 seconds, the AM has a
15% sinusoidal torque reference.

do
Te, =T =7 v

do
T, =Tam =57 Jam

(5.34)
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where: TC1'TC2 represent the torque transmitted through mechanical couplings,

Trm,Tam represent the GCIM and AM torque, Jry,Jam represent the inertia

moment of the GCIM and AM, and o represents the system speed.

The GCIM torque appears as an effect of the loading torque, the reason why
the mechanical coupling one torque appears in front of the GCIMs torque.

On the other hand, the Auxiliary Machine torque appears at a fixed phase
shift (as the VFC drives), while the transmitted torque through mechanical coupling
2 is in phase with the AM's torque.

GCIM: 70%+30%sin; AM: -15%sin
100 GCIM Torque Mechanical Coupling 1 Torque -

E >
£
$ 80
g
(@]
|_
60 1 1 1 1
0 0.2 0.4 0.6 0.8 1
40 — — . :
. Mechanical Coupling 2 Torque AM Torque
£
£
()
3
g
o
|_
0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 5.30 GCIM, AM torques, and transmitted torques between Load and GCIM (mechanical
coupling 1 ) and transmitted torques between AM and Load (mechanical coupling 2)

Next, the two-step method performance is presented when the load torque
is given by a reciprocating compressor or a large piston engine.

The next presented loading torque profiles come from the interaction
between the torque developed during the cylinder gas compression and the
mechanical masses that are reciprocated.

For small powers up to 25kW, single-piston (single-acting or double-acting)
reciprocating compressors are used in cars and refrigerator systems [210], [211],
[212], [213].

Large 2, 4, or 6 throws -generally double-acting- compressors, are used in
the gas and petroleum industry. The reciprocating compressor units can reach up to
thousands of kilowatts.

Various examples of double or single-acting, two and four throws
compressors with multiple compression stages are given in [214], [215], [216],
[217], [218].

In Fig. 5.31, the demand reciprocating compressor torque is given for
various compressor types and powers.

The compressor's real torque profiles were given into Simulink using the
"Lookup Table" block. The entered values were taken from the real compressor's
torque curves.
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Fig. 5.31 loading torque for different reciprocating compressors: a) single throw - single acting
compressor, b) two throws - double acting single stage compressor, c) Four throws - double
acting single stage compressor, d) Six throws — double acting single stage compressor

The following results are presented by applying the two-step method,
considering the loading torques as the real ones.

In the first step, the moment of inertia is determined (according to the two-
step method) only from the 1st harmonic of the loading torque. Compared with the
results presented in Chapter 5.3.3.1, where the two-step method was used to
determine only the 1st harmonic (fundamental) of the load torque, the second
harmonic (2-f) was taken into account for auxiliary machine variable frequency
converter torque reference.

In the following figures, the system operation with different real loading
torques (refer to Fig. 5.31) is given. In all cases, the system operation is divided
into 3 sectors (0s-0.2s: without auxiliary compensation only the loading torque acts;
0.2s-0.4s: with 50% auxiliary motor compensation of the first harmonic; 0.4s-0.7s:
with 50% auxiliary motor compensation of the first harmonic and 50%
compensation of the second harmonic). The GCIM high-frequency torque is given by
the grid voltages.

For a one-throw single-acting compressor, the results are presented in Fig.
5.32. The loading torque also has a negative component. The resulting loading
torque decreases when the Auxiliary machine starts to compensate only 50% of the
1st harmonic (0.2s-0.4s). The system speed pulsation does not show substantial
changes. When the auxiliary machine reference also contains the 2nd harmonic
content, the torque spikes drop even more. Also, the GCIM torque decreases in
amplitude with the increase in compensation.
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Fig. 5.32 Grid-connected Induction Machine torque, Auxiliary Machine torque, loading torque,
the resulting torque, and system speed for the one-throw single-acting reciprocating
compressor (Fig. 5.31, a) without pulsating load compensation, with 50% of 1st. harmonic
compensation and with 50% 2nd harmonic compensation

In Fig. 5.33, in the 0.4s-0.7s sector, where the auxiliary machine partially
compensates for both the first and second harmonics, the mechanical coupling
between the auxiliary machine and load is highly stressed.
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Fig. 5.33 The grid-connected induction machine torque and the torque transferred through the
mechanical coupling 1 and the auxiliary machine electromagnetic torque and the torque
transferred through mechanical coupling 2 for one-throw single-acting compressor torque
reference with and without auxiliary compensation

Even though the auxiliary machine compensating effect does not change
substantially the system opperation, the mechanical torque transmitted through

BUPT



System and control method simulation 165

couplings is strongly influenced. In the case of a two-throw double-acting
compressor loading torque profile (Fig. 5.31, b), the system operation is presented
in Fig. 5.34.
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Fig. 5.34 Grid-connected Induction Machine torque, Auxiliary Machine torque, loading torque,
the resulting torque, and system speed for the two-throws double-acting reciprocating
compressor (Fig. 5.31, b) without pulsating load compensation, with 50% of 1st. harmonic

compensation and with 50% 2nd harmonic compensation

Although the 2nd-order harmonic compensation positively affects the GCIM
mechanical stress, the torque transmitted through the 2nd coupling presents a
substantial increase (Fig. 5.35).
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Fig. 5.35 The grid-connected induction machine torque and the torque transferred through the
mechanical coupling 1 and the auxiliary machine electromagnetic torque and the torque
transferred through mechanical coupling 2 for two-throw double-acting compressor torque

reference with and without auxiliary compensation
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When the Auxiliary Machine VFC's reference contains both the first and
second harmonic components, the resulting system torque and the GCIM torque
show a substantial decrease in the torque pulsation amplitude. In this case, the
second-order harmonic amplitude is almost three times greater than the first
harmonic amplitude, which is the reason why the influence of its compensation
strongly affects the results.

In the case of the four-throw double-acting compressor torque reference
(Fig. 5.36), the second-order harmonic compensation has a small influence over the
system's resulting torque. Not even the second-harmonic influence can be
neglected; its presence in the auxiliary machine torque conducts to insignificant
results of the GCIM torque.
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Fig. 5.36 Grid-connected Induction Machine torque, Auxiliary Machine torque, loading torque,
the resulting torque, and system speed for the four-throws double-acting reciprocating
compressor (Fig. 5.31, ¢) without pulsating load compensation, with 50% of 1st. harmonic
compensation and with 50% 2nd harmonic compensation

However, the partial compensation of second-order harmonic decreases the
mechanical stress on coupling 2 (Fig. 5.37).

Thus, it can be considered that in this case, the second-order harmonic
compensation can be used to reduce the coupling 2 mechanical stress (peak-to-peak
torque).

However, this compensation does not seem to reduce significantly the
torque pulsation in GCIM and in its coupling.

In addition to the importance of the load torque profile, with the reduction of
peak-to-peak pulsations of the load, the mechanical stress in the coupling between
the auxiliary machine and the load also decreases.

In Fig. 5.38, the system operation for the six-throw double-acting
compressor torque is presented (Fig. 5.31, d).
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Fig. 5.37 The grid-connected induction machine torque and the torque transferred through the
mechanical coupling 1 and the auxiliary machine electromagnetic torque and the torque
transferred through mechanical coupling 2 for four-throw double-acting compressor torque
reference with and without auxiliary compensation

In this simulation, the system moment of inertia (J=0.422kgm?2) filters the
speed.

Regarding the load torque, the GCIM torque contains only the dc
component. The high frequency is given by the voltages.

No results are obtained from the two-step method for the 1st and 2nd
harmonic.
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Fig. 5.38 Grid-connected Induction Machine torque, Auxiliary Machine torque, loading torque,
the resulting torque, and system speed for the six-throws double-acting reciprocating
compressor (refer to Fig. 5.31, d) without pulsating load compensation

The only torque interaction from the auxiliary machine is given by its
moment of inertia (Fig. 5.39).

BUPT



168 Active torque pulsation reduction in position-dependent loads

-40 T . . . : ;
T —GCIM
z Coupllngl
"\"~"""llll'lllllllll'lllll n | 1 I WA
s [V R
|2_80 RS RS vv ' | I IERERES
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)
30 T . . ; : :
é 2071 ég)ljplinQZ i
o 10
s LLLAAARAAAAAARANAAALAAAANN]]
5 HHHHHHHHHlH111111‘11lwlwlw‘wlwlw‘w‘
_100 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

Fig. 5.39 The grid-connected induction machine torque and the torque transferred through the
mechanical coupling 1 and the auxiliary machine electromagnetic torque and the torque
transferred through mechanical coupling 2 for six-throw double-acting compressor torque
reference without compensation

5.4. Experimental validation

The experiments are meant to validate the active torque pulsation reduction
simulation methods.

In the following pages, the open-loop and two-step methods are
experimentally investigated and discussed. For the open-loop method, the loading
torque amplitude and phase are considered to be known, but for the two-step
method, the system moment of inertia and the loading torque (amplitude and
phase) are determined during the experiments.

As was already presented in the simulation, a key factor is represented by
the correct estimation of the pulsating torque to perform an optimum compensation.
For closed-loop methods, the pulsating loading torque amplitude and phase angle
must be permanently known.

In Fig. 5.40, an elastic spider element, the claw-type coupling, is presented
together with and rigid disc-type coupling. All the experiments presented here were
obtained with rigid mechanical coupling.

Vi

Elastic mechanical coupling Rigid mechanical coupling
Fig. 5.40 Mechanical couplings used in experiments

A high system elasticity could introduce loading torque lags along the shaft
and, at the same time, loading torque spectrum filtering. More than that, an elastic
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coupling between the auxiliary machine and the loading machine could lead to an
unpredictable interaction between the auxiliary machine inertia (and compensating
torque) and actual loading torque. More information about spider-type and disc-type
mechanical couplings can be found in the following references [39]-[43].

In some cases, a wrong application of the compensation torque can lead to
unwanted effects of the resulting torque over the mechanical system. The auxiliary
machine torque phase is considered a critical value of the active compensation.

The machines' alignment represents another important factor for system
safety. As long as the rigid couplings allow a small degree of misalignment between
the machines, such an action can lead to mechanical couplings breaking.

In Fig. 5.51, two disks of rigid couplings destroyed during operation can be
seen.

The first disc was made of soft steel and was bent due to the machines'
misalignment, and the second disc was made of rigid steel and was destroyed due
to the wrong compensation of the pulsating torque.

Bent disc - soft steel Broken disc - rigid steel
Fig. 5.41 Destroyed soft steel and rigid steel discs during the tests

5.4.1. Open-loop experimental validation

Similarly, as presented in Chapter 5.3.1, the experiments obtained from the
open-loop torque pulsation reduction method are presented below. This situation is
meant only to prove the principle of operation: the torque pulsations produced by a
position-dependent loading torque can be reduced by an auxiliary superimposed
(180-degree phase shifted) torque.

The test (presented in Fig. 5.42) was performed for 20 seconds, with 5
different sectors: 0-4seconds the GCIM was only grid-connected and the AM was not
operating; 4-8seconds the GCIM was 70%dc component (of rated torque=108Nm)
loaded; 8-12seconds 70%dc component GCIM load was overlapped with a
30%sinusoidal component; 12-16seconds the AM compensates with a 14%
sinusoidal component (of the GCIM rated power); 16-20 seconds, the AM
compensated with an 18% sinusoidal component of the GCIM rated power.
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Fig. 5.42 Grid-connected induction machines' s estimated torque, estimated speed, and
measured currents for different loads torques and compensation torques — experiments

In Fig. 5.42, the grid-connected induction machine estimated torque, the
system estimate speed, and the measured phase currents are presented. It can be
observed that in sector three (8-12 seconds) - where the pulsating load is present -
the GCIM torque and system speed present a severe pulsating character. As we
expected, in the fourth sector, where the AM compensates 14% (of GCIM-rated
torque), the pulsations decrease. As the compensation level increases, the system
speed and GCIM torque pulsations decrease even more.

In Fig. 5.43, the GCIM estimated electromagnetic torque frequency
spectrum is investigated.

Fast Fourier Transform (FFT) analysis is performed for all four situations: no
load, with pulsating load, with pulsating load and 14% compensation, and with
pulsating load and 18% compensation.

When no loading torque is present, the 16.6Hz harmonic can be neglected.
For full-loading torque (without compensation), the 16.6Hz harmonic represents
almost 14% of the fundamental harmonic.

For the first level of compensation, the 16.6Hz harmonic decreases by
almost 67%, while for the second level of compensation, the 16.6Hz harmonic
presents a substantial decrease by more than 80% of its no-compensation situation
level.
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Fig. 5.43 FFT on GCIM's estimated torque for different load torques and compensation torques
- experiments

Fig. 5.44 shows the FFT analysis on GCIM phase currents.

The 16A value of the 50Hz harmonic represents the induction machine's no-
load current. When the pulsating loading torque is present, the 16.6Hz apart paired
harmonics (33.3Hz and 66.6Hz) appear.

These harmonics are given as a result of the phase current harmonics (50Hz
and 16.6Hz -caused by the load torque) frequency composition (as it is presented in
(5.35))

sin(a) - sin(b) :é-(cos(a—b)—cos(a+b)) (5.35)

where: a and b represent the 50Hz and 16.6Hz frequencies, and the sin and cos are
trigonometric functions.

For the first level of compensation (14% on GCIM-rated torque), the 16.6 Hz
apart paired harmonics decrease by more than 62%.

In comparison, for the second level of compensation (18% on GCIM-rated
torque), the 33.3Hz and 66.6Hz harmonics decrease by more than 84% from their
initial (no-compensation) values.
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Fig. 5.44 FFT on GCIM's measured phase currents for different load torques and compensation
torques - experiments

5.4.2. Two-step method experimental validation - 1st harmonic-
based loading torque

All the experiments can be performed using the cRIO chassis.

The existent VFCs (ACS800) communication is limited to Profibus or Modbus
RTU or TCP/IP protocol.

The cRIO-9068 chassis has the FPGA capability to operate the Modbus
TCP/IP protocol with dedicated Profibus or Modbus modules (which do not exist in
the current setup). Otherwise, the Modbus protocol can be implemented into
Labview (Fig. 5.45), but with a much lower communication speed performance.

In this case, the cRIO-9068 chassis cannot be used as a unitary equipment
for both command and control.

In this way, the cRio-9068 chassis will be used as a flux and torque
observer; the two-step method will be implemented on this RT processor. The
results obtained fro the two-step method will be used in the PLC to control the
auxiliary machine. There is no direct data communication between the real-time
cRio-9068 and the PLC.
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Fig. 5.45 Modbus TCP/IP for two VFCs - Labview implementation

The systems' synchronization (PLC and cRIO) is performed through two
encoders mounted on the same shaft (one encoder communicates with the PLC on
Profibus, and the other one communicates with cRIO with a 5VTTL signal - see Fig.
5.46).

The processing delay of the encoders was not taken into account directly.

Fig. 5.46 Partial experimental setup (view from enco

érs)
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This limitation leads to a hybrid control and command system (presented in
Fig. 5.47). This system uses both a standard commercial PLC with Profibus
capability for VFC control and also a cRIO system with high data acquisition
frequency modules for data processing.For real applications, where the control
system is designed from the beginning, this limitation would not exist.

Data
exchange 4

PLC
VFC

cRIO
two-step

method Control

Incremental Absolut

encoder encoder

Fig. 5.47 Basic schematic diagram for the hybrid control and command system with PLC and
cRIO with two encoders

Coupling

A more comprehensive understanding of the data transfer on Modbus
TCP/IP to the VFCs is described in Fig. 5.48.

Data Data
exchange exchange
Labview ®=—— CcRIO Labview *—— cRIO
Modbu§ % VFC Load VFC Load < Modbus
TCP/IP.....pp VFC Aux. VFC Aux. < TCP/IP
a) Without dedicated module b) With dedicated module

Fig. 5.48 comparison between communication capabilities with and without dedicated modules
(Modbus protocol exemplification)

The transition from one reference frame to another, in other words, from
cRIO to PLC (or vice versa), is carried out according to Fig. 5.49.

\ Qo

Incremental
/360°encoder axis

Fig. 5.49 Absolute and incremental encoder axis differences
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The phase shift between the encoders' axes is 217.2deg and was
determined through experiments.

To synchronize the real loading torque estimated by the VFC with the
system position measured with the Profibus encoder, the torque reference given to
the VFC from the PLC and the VFC received reference was used as a synchronization
signal.

In Fig. 5.50, the torque reference and the estimated load torque read from
VFC on optical fiber (o.f.) and the torque reference given to the inverter from the
PLC on Profibus (prof.) and the system position given by the encoder are presented.
Compared to subfigure a), in subfigure b), the 57deg VFC phase shift between the
received reference and the estimated real torque is compensated. This way, the
experiment can easily be compared with the simulation of the two-step method
because, after the 57-degree compensation, the loading torque appears at -180
degrees (as presented in the simulation).

It can be observed that the Profibus communication speed is sometimes
limited, so the torque reference sent/received to/by the VFC is strongly altered.
Moreover, this produces significant errors in performing the desired loading torque
(Fig. 5.50, a, sector between 0.1s and 0.15s).

50

) J
50 PLC torque ref. (Nm)-prof. | Encoder positlion (rad)-prof.
0 0.05 0.1 0.15 0.2
a)
50 T

Motor real torque (Nm)-o.f.

PLC torque ref. (Nm)-prof. | Encoder spe?d (rad/s)-prof.
0.05 0.1 0.15 0.2

-50
0
b)
Fig. 5.50 Data synchronization for VFC's received reference and estimated real torque read on

optical fiber and PLC's given reference and system position read on Profibus: a) without VFC
phase shift compensation, b) with VFC phase shift compensation (57deg)

The two-step method is further described for experimental tests. Similar to
what was given in Ch 4.3.3.1, both steps are performed:

- Step 1:
In the first stage, the load operates, thus loading the GCIM. The auxiliary
machine is connected to the same shaft.
The Aux. VFC magnetizes the auxiliary machine (the braking torque
introduced by the VFC magnetization with 0 torque reference must also be taken
into account).
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In Fig. 5.51, the phasor diagram of the torques that appear in the first step
is presented. It has to be noticed that the torque reference given to the Loading
Machine (and in the second step also to the AM) has to be around 57 degrees ahead
in order to obtaine the desired loading (respectively Auxiliary) torque. In this case,
the loading torque (Tload) is given at -180 degrees.

The estimated GCIM loading torque ("Tobsl incremental enc. reference
frame") is being calculated with the cRIO platform in incremental encoder reference
frame. 217.2 degree needs to be added to change the reference frame from
incremental encoder to absolute encoder reference frame, thus, estimated GCIM
loading torque ("Tobsl absolut enc. Reference frame") can be compared to the
loading torque.

sin

217.2°
Tobs1 ‘the difference between
(Absolut enc. reference frames)
reference frame) 9 3
= l—3cos

Tobs1
(Incremental enc.
reference frame)

Tloadref

Fig. 5.51 The phasor diagram of Step 1 experimental test (only loading torque and GCIM
torque)

- Step 2:
Fig. 5.52 presents the phasor diagram of the Step 2 method, where the
Tobs1 (from the First step) is used as information for the Auxiliary machine's VFC
torque reference.

sin
A
Tobs1
(Absolut enc d
reference frame) 47.6
A ¥» COS
Taux
-57
Tauxref

Fig. 5.52 The phasor diagram of Step 2 experimental test (the loading torque, the GCIM
torque, and AM torque)

After Step 1 was completed, the "Tobsl absolut enc. Reference frame"
information is known. This way, for this step, the auxiliary machine has to be driven
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in such a way that its actual torque (Taux) is -180 degree phase shifted than the
"Tobs1 absolut enc. Reference frame". This way, the Aux. VFC torque reference is
given with about 57 degrees ahead (similarly with Loading Machine).

The two-step method was applied for 11 tests performed for the same
loading torque reference angle and amplitude to emphasize the error's unpredictable
character. The results are given in Table 5.2.

For each test, both variable frequencies converter were restarted (thus
simulating a totally new test). The VFC used for the loading machine was
commanded each time with the same data set of parameters (Loading torque
parameters). During all tests, the GCIM was connected to the grid. The Profibus
communication between PLC and VFC does not guarantee that the VFC always
receives exactly the same reference, which can be considered to be the first source
of errors.

It can be observed that after the Step 1 test, the torque amplitude and
phase of the torque observer are slightly different from each other.

After Step 2, the system moment of inertia, the loading torque amplitude,
and the torque angle are calculated. The results are placed in ascending order in the
table according to the estimated system moment of inertia.

Table 5.2 Step 1 parameters and Step 2 results after 11 tests for the same loading torque
reference angle (180°) and amplitude (30% GCIM rated torque)

Loading torque parameters Results after Step 1 Results after Step 2

Amplitude Found Found Found
S Prose | Tostams | Tobshge | JOT | U000, |t

Reference torque (Nm) (®) (kng) (Nm) &)
10.45 144.91 0.4084 16.31 178.59
10.73 144.62 0.4183 17.26 179.92
10.45 144.91 0.4183 17.26 179.32
10.47 144.93 0.4227 17.15 179.2
10.77 144.66 0.426 17.19 179.86
32.2 18.1 180 10.69 144.5 0.424 17.33 179.05
10.67 144.52 0.4248 17.33 179.05
10.7 145.13 0.4253 17.35 179.04
10.46 145.6 0.4262 17.17 179.94
10.42 144.51 0.4295 17.52 179.61
10.49 144.92 0.4297 17.52 179.61

The moment of inertia in the table is graphically presented in Fig. 5.53. The
median and mean values of all measurements are slightly different, with less than
0.3%.

The total differences between the maximum and minimum found moment of

inertia values is less than 5% of the real moment of inertia (J=O.422kgm2 ).
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Fig. 5.53 Determined system moment of inertia according to the two-step method for the
same loading torque reference angle (180°) and amplitude (30% GCIM rated torque)

After the two-step method was performed, the loading torque found results
were used for an effective active torque pulsation reduction. In Fig. 5.54, the GCIM
estimated torque, the estimated speed, and the phase currents are presented.
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Fig. 5.54 Grid-connected induction machines' estimated torque, estimated speed, and
measured currents for auxiliary machine torque reference obtained from two-step method-
experiments
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The graph is divided into 5 different sectors: no load situation, GCIM loaded
at 70% of its rated torque (Tgciv =108(Nm)), 16.8% sinusoidal reference

overlapped with the dc without pulsation compensation, and from 12s to 16 s, the
auxiliary machine compensates 8% of GCIM rated torque, and in the last sector, the
AM compensates 12% of GCIM rated torque (71% of pulsating real torque)

The following experiment demonstrates the two-step method efficiency for
different loading torque angles. According to Fig. 5.55, the loading torque
investigated angles change from 60° to 60°.

rated

20

15 ¢ 120° 60¢°

10 |

-10 1

51

Loading torque amplitude (Nm)
o

-20 ‘ : :
-20 -10 0 10 20

Loading torque amplitude (Nm)
Fig. 5.55 Investigated loading torque reference angle

Fig. 5.56 presents the resulting system moment of inertia error after the
two-step method.

Caused, probably, by the incorrect value of the auxiliary VFC torque
reference, all the calculated moments of inertia are slightly bigger than the real
moment of inertia. The maximum error is reported at 60° but does not exceed 2%
of the real moment of inertia.

. 2 A T T T T
X .
Y= *
S} J
25157 A
0 g *
g.‘_" 1r J
s
g |
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Mechanical angle (°)
Fig. 5.56 Determined system moment of inertia error according to two-step method for
different loading torque reference angle - experiment

Similar to the previous figure, Fig. 5.56 presents the errors between the
determined loading torque amplitude and the real loading torque amplitude.
Compared to the moment of inertia graph, here, the maximum error is around 6%
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of the real value, and - as expected- is reported also at 60° loading torque phase
shift.
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Fig. 5.57 Determined loading torque amplitude error according to the two-step method for
different loading torque reference angle - experiment

The estimated torque angle deviations for different loading torque phase
shifts are presented in Fig. 5.58.

According to Fig. 5.27 - Fig. 5.29, 2° estimated torque phase-shift deviation
has no significant influence over the final results used for the torque pulsation
reduction method.
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Fig. 5.58 Determined torque angle deviation according to the two-step method for different
loading torque reference angle - experiment

5.4.3. Two-step method experimental validation - 1st, 2nd, and 3th
harmonic-based loading torque

In the following, the two-step method is experimentally validated for a more
complex loading torque profile based on the first three harmonics (fundamental,
second, and third harmonic).

The following equation represents the loading torque reference the PLC gave
to the VFC via Profibus and the actual torque produced by the loading machine, read
from VFC.

As we already know, there is a significant difference between the torque
reference given to the VFC and the actual torque produced by the loading machine.
No phase shift was added to any harmonic.
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T/oadref =40%+30% - cos(wp - t)+60% - cos(2 - wy, - t)+70% - cos(3 - wy - t) (5.36)

Where: the dc component and the amplitudes are related to the rated torque of the
GCIM, w, =2 -7-fy represents the base angular frequency, the f,represents the
system frequency given by the GCIM and t represents the time.

Fig. 5.59 presents the torque reference given by the PLC and the actual
loading torque, both read from the variable frequency converter that drives the

loading machine. The VFC's limitation and how the actual torque is filtered can be
observed.
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Fig. 5.59 Loading torque reference prescribed by the PLC to the load VFC

As we previously mentioned, inconsistent values appear due to the Profibus
communication.

After the two-step method was applied in accordance with its procedure, the
resulting loading torque is given in Fig. 5.60. The dc component and other
harmonics higher than the 3rd order were not considered.
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Fig. 5.60 Reconstructed loading torque from the two-step method considering the first three
harmonics

Similar results compared to the actual loading torque can be successfully
obtained by applying this method for loading torques composed of the first three
harmonics.
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5.5. Conclusion

This chapter presents a practical approach to the well-known Active Torque
Pulsation Reduction principle to a novel configuration of an electromechanical
system with position-dependent loading torques with an auxiliary machine mounted
on the same shaft.

In the first part of the chapter, a comprehensive simulation is given for
open-loop principle validation (Fig. 5.9). The simulated open-loop results are
validated experimentally. Torque and currents Fast Fourier Transform analysis are
given in Fig. 5.42 - Fig. 5.44.

After principle validation, a closed-loop diagram is given with the related
results, where the torque pulsations are reduced based on two induction machine
torque observers. In this case, the torque pulsation amplitude is monitored and
used as feedback in the closed-loop control scheme.

In the second part of the chapter, a two-step method is proposed for the
system moment of inertia and loading torque determining. Simulation and
experimental results are given for different frequency spectrums of the loading
torque. The experimental setup limitations are highlighted for complex loading
torques composed of the first three harmonics.
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6.1. Conclusions

This thesis had as its main purpose the study of the possibility of extending
the classic role of industrial command and control equipment. In this context, using
classic industrial equipment, three different applications are presented, simulated,
and experimentally validated.

To extend the main traditional role of the Programmable Logic Controllers
(PLC), three different low-cost PLCs were extensively investigated to be used as
grid-connected induction machine electromagnetic torque observers. It was proven
that the main factor that has to be considered for this type of application is not
represented by the acquisition frequency but by the variation of the PLC's program
cycle. In steady-state, a random 3% variation of the program cycle can lead to
more than 50% error in the estimated torque. Not even advanced integration
methods (such as Runge Kutta no. 4) produce better results. The low-cost PLCs
have a significant limitation, thus producing poor results in terms of electrical
machine torque estimators. However, they can be successfully used for frequency
analysis considering the well-known Discrete Fourier Transform technique.

In an attempt to precisely estimate online the electromagnetic torque of a
grid-connected induction machine, three torque estimators were simulated and
implemented in a more-advanced FPGA-based processor. Considering the electrical
machine's dynamic effect, the Luenberger-based torque observer produced better
results than the presented dynamic computation torque estimator. In contrast with
the investigated PLCs, all three torque estimators can run simultaneously on the
Real-Time target with data transferred from the FPGA module.

In comparison with the third and fifth harmonics, the grid voltages' inverse
component has a significant negative impact on the induction machine operation.
Thus, more accurate simulation results are obtained if the real voltage spectrum is
considered.

An artificial (synthetic) loading procedure was proposed for two identical
induction machines without mechanical coupling driven by two identical dc-link
connected, unidirectional variable frequency converters. The phase-rated current
loading and thermal test can be performed with industrial standard equipment. No
overvoltages occurred even at 120% of the rated current. The experiment revealed
that the induction machines' efficiency has a major role as long as the ac source
current spikes are given by the machines' losses over a complete period. The grid-
absorbed currents are almost twice smaller for here presented method than one
induction machine tested at rated power. It was shown that the current that flows
between the induction machines during the artificial loading (via variable frequency
converters) does not contain the triplens harmonics (3k, k=0,1,2,..) nor the fifth-
order harmonic. Besides the open-loop control, a slow close-loop automatized
method can be used to improve the total testing time. Acceptable results are
obtained by comparing the artificial loading experimental test losses with those
obtained from the simulation of one induction machine at rated power.

BUPT



184 Conclusion, contribution, and future work

For rotary electromechanical systems, acceptable results can be obtained
regarding active torque pulsation reduction for position-dependent loading torque
using a novel system configuration with a smaller auxiliary machine mounted on the
same shaft. Although this configuration requires a third machine driven by a two-
quadrant inverter, the auxiliary machine can successfully smoothen the torque
alternating pulsations by producing a 180-degree phase-shifted torque compared to
the loading torque. Besides the open-loop, a high-complexity method with two
torque observers can be used in a closed-loop configuration to minimize the loading
torque pulsation. The method efficiency is also validated by the current and torque
Fast Fourier Transform analysis.

It was analytically demonstrated that the same configuration could be used
in a two-step method for the system of inertia and loading torque detection. It was
experimentally shown that the loading torque phase requires special attention for
effective compensation. The two-step method can also be used for complex loading
torques with harmonic content and phase shifts different from 0 degrees. The total
system moment of inertia gives the loading torque frequency limitation. In this case,
the loading machine can only produce the first three harmonics. The two-step
method performances are influenced by the system's unknown variable time delay
produced by both the communication and also by the internal control logic of the
inverters.

6.2. Original contribution

In the following, in the author's opinion, the most relevant original
contributions are related to:

- Performing a state-of-the-art regarding the thesis's main investigated
fields: state and flux observers, synthetic electrical machine loading and
torque pulsation reduction in electromechanical rotary systems.

- Investigation of three different types of low-cost Programmable Logic
Controllers in order to extend their classic role.

- Performing the 11kW Induction Machine parameters identification and
creating an acceptable simulated induction machine model, also
considering the main losses.

- Performing a grid voltage analysis in terms of harmonic content and
direct and inverse components.

- The PLC implementation of three different electromagnetic torque
estimators and the Discrete Fourier Transform based on the Cooley-
Tokey Radix-2 algorithm.

- The simulation, both for ideal data and ideal data with real
characteristics, all three torque estimators: the direct computation
method, the dynamic torque computation method, and the Luenberger-
based torque observer.

- Performing a comprehensive comparison between all three torque
estimators.

- Creating a Labview dedicated algorithm (FPGA+RT programming mode)
for the cRIO-9086 platform for online investigation of all three torque
estimators, including also the Modbus TPC communication procedure
and the high-speed reading of the incremental encoder TTL-type signal.
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- Proposing a new twin un-coupled inverter-fed artificial loading
methodology with comprehensive modeling analysis and testing
validation.

- Testing multiple control techniques during artificial loading for ac-source
current spikes limitation: 180-degree phase shift reference, variable
phase shift reference, triangle phase shift reference.

- Performing a closed-loop automatized testing procedure for induction
machine thermal testing with phase current feedback.

- Performing a frequency spectrum analysis for grid current as well as for
the induction machine circulation current (via common dc link) during
the synthetic loading.

- Simulating the artificial loading principle both for ac source current
investigation and also for systems behavior analysis.

- Simulating and experimental validating the proposed active torque
pulsation reduction method both in theoretical and practical situations.

- Proposing a new high-complexity closed-loop simulation for automatic
reduction of torque pulsations based on two torque observers.

- Proposing, testing, and experimental validating of a novel mathematical
two-step tool based on the current solution with an auxiliary machine
mounted on the same shaft for preliminary system moment of inertia
and loading torque detection procedure.

- Performing the two-step method stability analysis for machine
parameters variation and extending the two-step method capabilities for
more complex loading torques based on the first three harmonics.

- Building the necessary experimental setup for both applications: for
artificial loading procedure: two identical induction machines driven by
two identical dc link-connected variable frequency converters; for torque
pulsation reduction method: with three mechanically coupled induction
machines and two variable frequency converters.

6.3. Future work

This work was carried out in a continuously expanding field. Industrial
equipment is exponentially growing its need in the market so that, in this context,
more future work is needed:

- More research related to find a suitable low-cost with minimum-
performance PLC that can be used successfully for torque estimation
based on traditional observers is needed.

- Considering using new torque estimators suitable for low-cost
processors with small cyclic time variations.

- Improve the torque estimators' stability and optimize them for low-
performance equipment.

- Improve the loss estimation for the artificial loading method, also
considering the reference speed of the artificial loading procedure (sine,
triangle, phase-shifted sine).

- Create a lookup table-like dataset for experimental setup time delays
used to reduce the two-step method's errors.

- New torque pulsation reduction strategies can be developed considering
the maximum stress on the mechanical couplings also.
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Appendices

Appendix 1 - Cooley-Toky Algorithm: Matlab implementation

data=xlIsread('data_exp2_5.xIsx");
%
start=1200;
stop=2000+start-1;
x=data(start:stop,1);
%
nb_of_points=32;
L=nb_of_points;
X_real=x;
X_imaginary=x.*0;
%
nb_of_cycles=0;
p=0;
N=2;
while N <=L
for k = 0:N/8
w_real(k+1) = cosd(2*180*k/N);
w_complex(k+1) = sind(2*180*k/N

end

ind = 0;
w_ind = 0;
span = 1;
LpN = L/N;
fork =0:L-1

if w_ind <= N/2
if w_ind <= N/8
w_r = w_real(w_ind+1);
w_c = -w_complex( w_ind+1 );
elseif w_ind <= N/4
w_r = w_complex( N/4-w_ind+1 );
w_c = -w_real( N/4-w_ind+1 );
elseif w_ind <= 3*N/8
w_r = -w_complex( w_ind-N/4+1 );
w_c = -w_real( w_ind-N/4+1 );
else
w_r = -w_real( N/2-w_ind+1 );
w_c = -w_complex( N/2-w_ind+1 );
end
else
if w_ind <= 5*N/8
w_r = -w_real( w_ind-N/2+1 );
w_c = w_complex( w_ind-N/2+1 );
elseif w_ind <= 3*N/4
w_r = -w_complex( 3*N/4-w_ind+1 );
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w_c = w_real( 3*N/4-w_ind+1 );
elseif w_ind <= 7*N/8
w_r = w_complex( w_ind-3*N/4+1 );

w_c = w_real( w_ind-3*N/4+1 );
else
w_r = w_real( N-w_ind+1 );
w_c = w_complex( N-w_ind+1 );
end
end
A_r = x_real( ind+1);
A_c = x_imaginary( ind+1 );
B_r = x_real( ind+LpN+1 );
B_c = x_imaginary( ind+LpN+1 );
if k==18& N==
a_r v=A_r;
a_c_v=A_c;
b rv=Br;
b_c v=B_c;
W_I_V=W_r;
W_C_V=W_C;
end

tmp_real(k+1) = A_r + B_r*w_r - B_c*w_c;

tmp_complex(k+1) = A_c+ B_r*w_c + B_c*w_r;

if N==
for k = 0:N/8
w_real_v(k+1) = w_real(k+1);
w_complex_v(k+1)=w_complex(k+1);
end
end
ind =ind + 1;
ifind + LpN ==
ind = 0;
w_ind = w_ind + 1;
span =1;
elseif ind + LpN == span*LpN*2
ind = ind + LpN;
w_ind = w_ind + 1;
span = span + 1;
end

end

N = N*2;
for k = 0:L-1

x_real(k+1) = tmp_real(k+1);
x_imaginary(k+1) = tmp_complex(k+1);
nb_of_cycles=nb_of cycles+1;

end
stg_1=0;
if N/2==

for k = 0:L-1
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end

stg_1_real_line(k+1) = tmp_real(k+1);
stg_1_imag_line(k+1) = tmp_complex(k+1);
stg_1=1;
end
end
if stg_1==
stg_1_real=stg_1_real_line.";
stg_1_imag=stg_1_imag_line.";
end
stg_2=0;
if N/2==
for k = 0:L-1
stg_2_real_line(k+1) = tmp_real(k+1);
stg_2_imag_line(k+1) = tmp_complex(k+1);
stg_2=1;
end
end
if stg_2==
stg_2_real=stg_2_real_line.";
stg_2_imag=stg_2_imag_line.";
end
stg_3=0;
if N/2==
for k = 0:L-1
stg_3_real_line(k+1) = tmp_real(k+1);
stg_3_imag_line(k+1) = tmp_complex(k+1);
stg_3=1;
end
end
if stg_3==
stg_3_real=stg_3_real_line.";
stg_3_imag=stg_3_imag_line.";
end
stg_4=0;
if N/2==16
for k = 0:L-1
stg_4_real_line(k+1) = tmp_real(k+1);
stg_4_imag_line(k+1) = tmp_complex(k+1);
stg_4=1;
end
end
if stg_4==
stg_4_real=stg_4_real_line.";
stg_4_imag=stg_4_imag_line.";
end

X_ct=complex(x_real, x_imaginary);
X_ct=x_ct(1:length(x_ct));
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Appendix 2 - Runge-Kutta 4-th order integration method
IF "mi".start_estimator = true THEN

IF "mi".gata_primul_calcul = true THEN
IF "mi".k <= 1200 THEN
(**)
"mi".ret_val := RD_SYS_T("mi".datetime);
"mi".ns := "mi".datetime.NANOSECOND;
"mi"."t(n)" := "mi".ns / 1000000;
IF "mi"."t(n)" < "mi"."t(n-1)" THEN
"mi".delta_t := ((999.9999 + "mi"."t(n)") - "mi"."t(n-1)") / 1000;

ELSE
"mi".delta_t := ("mi"."t(n)" - "mi"."t(n-1)") / 1000;
END_IF;
(*
(**) "mi".excel_delta_t[2] := "mi"."t(n)";
(**) "mi".start_estimator : = false;
(**) "mi".excel_delta_t[3] := "mi"."t(n)" - "mi"."t(n-1)";
"mi".tensiunel_nefiltrata := ((INT_TO_REAL("v1")) / 2764.8 * 46);
"mi".tensiunel_calcul := "mi"."tensiunel_calcul(n-1)" * "mi".A_filtru +
"mi".tensiunel_nefiltrata * "mi".B_filtru;

"mi".tensiunel := "mi".tensiunel_nefiltrata - "mi".tensiunel_calcul;

(**)

"mi".tensiune2_nefiltrata := ((INT_TO_REAL("v2")) / 2764.8 * 46);

"mi".tensiune2_calcul := "mi"."tensiune2_calcul(n-1)" * "mi".A_filtru +
"mi".tensiune2_nefiltrata * "mi".B_filtru;

"mi".tensiune2 := "mi".tensiune2_nefiltrata - "mi".tensiune2_calcul;

(**)

"mi".tensiune3_nefiltrata := ((INT_TO_REAL("v3")) / 2764.8 * 46);

"mi".tensiune3_calcul := "mi"."tensiune3_calcul(n-1)" * "mi".A_filtru +
"mi".tensiune3_nefiltrata * "mi".B_filtru;

"mi".tensiune3 := "mi".tensiune3_nefiltrata - "mi".tensiune3_calcul;

(**)

"mi".curentl_nefiltrat := ((INT_TO_REAL("i1")) / 2764.8 / 100 * 2000 / 3);

"mi".curentl_calcul := "mi"."curentl_calcul(n-1)" * "mi".A_filtru +
"mi".curentl_nefiltrat * "mi".B_filtru;

"mi".curentl := "mi".curentl_nefiltrat - "mi".curentl_calcul;

(**)

"mi".curent2_nefiltrat := ((INT_TO_REAL("i2")) / 2764.8 / 100 * 2000 / 3);

"mi".curent2_calcul := "mi"."curent2_calcul(n-1)" * "mi".A_filtru +
"mi".curent2_nefiltrat * "mi".B_filtru;

"mi".curent2 := "mi".curent2_nefiltrat - "mi".curent2_calcul;

(**)

"mi".curent3_nefiltrat := ((INT_TO_REAL("i3")) / 2764.8 / 100 * 2000 / 3);

"mi".curent3_calcul := "mi"."curent3_calcul(n-1)" * "mi".A_filtru +
"mi".curent3_nefiltrat * "mi".B_filtru;

"mi".curent3 := "mi".curent3_nefiltrat - "mi".curent3_calcul;

(**)
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3;
"mi".u_beta_m := SQRT(3) / 3 * ("mi".tensiune2 - "mi".tensiune3);
"mi".i_alpha_m := (2 * "mi".curentl - "mi".curent2 - "mi".curent3) / 3;
"mi".i_beta_m := SQRT(3) / 3 * ("mi".curent2 - "mi".curent3);

(**)

"mi".fluxl_k1 := ("mi".u_alpha_m - "mi".all * "mi"."flux_s1(n-1)" +
mi".al2 * "mi"."flux_r1(n-1)") * "mi".delta_t;

"mi".flux2_k1 := ("mi".u_beta_m - "mi".all * "mi"."flux_s2(n-1)" +
mi".al2 * "mi"."flux_r2(n-1)") * "mi".delta_t;

"mi".flux3_k1 := ("mi".a21 * "mi"."flux_s1(n-1)" - "mi".a22 *

"mi"."flux_r1(n-1)" - "mi".p * "mi"."w(n-1)" * "mi"."flux_r2(n-1)") * "mi".delta_t;

"mi".flux4_k1 := ("mi".a21 * "mi"."flux_s2(n-1)" - "mi".a22 *

"mi"."flux_r2(n-1)" + "mi".p * "mi"."w(n-1)" * "mi"."flux_r1(n-1)") * "mi".delta_t;

"mi".fluxl_k1_calcul :

"mi".flux2_k1_calcul :

"mi".flux3_k1_calcul :

"mi".flux4_k1_calcul :

(**)

"mi".fluxl_k2 := ("mi".u_alpha_m - "mi".all * "mi".flux1_k1_calcul +
mi".al2 * "mi".flux3_k1_calcul) * "mi".delta_t;

"mi".flux2_k2 := ("mi".u_beta_m - "mi".all * "mi".flux2_k1_calcul +
mi".al2 * "mi".flux4_k1_calcul) * "mi".delta_t;

"mi".flux3_k2 := ("mi".a21 * "mi".flux1_k1_calcul - "mi".a22 *
"mi".flux3_k1_calcul - "mi".p * "mi"."w(n-1)" * "mi".flux4_k1_calcul) *
"mi".delta_t;

"mi".flux4_k2 := ("mi".a21 * "mi".flux2_k1_calcul - "mi".a22 *
"mi".flux4_k1_calcul + "mi".p * "mi"."w(n-1)" * "mi".flux3_k1_calcul) *
"mi".delta_t;

"mi"."flux_s1(n-1)" + 0.5 * "mi".flux1_k1;
"mi"."flux_s2(n-1)" + 0.5 * "mi".flux2_k1;
"mi"."flux_r1(n-1)" + 0.5 * "mi".flux3_k1;
"mi"."flux_r2(n-1)" + 0.5 * "mi".flux4_k1;

"mi".flux1_k2_calcul := "mi"."flux_s1(n-1)" + 0.5 * "mi".flux1_k2;
"mi".flux2_k2_calcul := "mi"."flux_s2(n-1)" + 0.5 * "mi".flux2_k2;
"mi".flux3_k2_calcul := "mi"."flux_r1(n-1)" + 0.5 * "mi".flux3_k2;
"mi".flux4_k2_calcul := "mi"."flux_r2(n-1)" + 0.5 * "mi".flux4_k2;

(**)

"mi".fluxl_k3 := ("mi".u_alpha_m - "mi".all * "mi".flux1_k2_calcul +
"mi".al12 * "mi".flux3_k2_calcul) * "mi".delta_t;

"mi".flux2_k3 := ("mi".u_beta_m - "mi".all * "mi".flux2_k2_calcul +
"mi".al12 * "mi".flux4_k2_calcul) * "mi".delta_t;

"mi".flux3_k3 := ("mi".a21 * "mi".flux1_k2_calcul - "mi".a22 *
"mi".flux3_k2_calcul - "mi".p * "mi"."w(n-1)" * "mi".flux4_k2_calcul) *
"mi".delta_t;

"mi".flux4_k3 := ("mi".a21 * "mi".flux2_k2_calcul - "mi".a22 *
"mi".flux4_k2_calcul + "mi".p * "mi"."w(n-1)" * "mi".flux3_k2_calcul) *
"mi".delta_t;

"mi".flux1_k3_calcul :

"mi".flux2_k3_calcul :

"mi".flux3_k3_calcul :

"mi".flux4_k3_calcul :

(**)

"mi"."flux_s1(n-1)" + "mi".flux1_k3;
"mi"."flux_s2(n-1)" + "mi".flux2_k3;
"mi"."flux_r1(n-1)" + "mi".flux3_k3;
"mi"."flux_r2(n-1)" + "mi".flux4_k3;

mi".u_alpha_m := (2 * "mi".tensiunel - "mi".tensiune2 - "mi".tensiune3) /
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"mi".fluxl_k4 := ("mi".u_alpha_m - "mi".all * "mi".flux1_k3_calcul +
"mi".al12 * "mi".flux3_k3_calcul) * "mi".delta_t;

"mi".flux2_k4 := ("mi".u_beta_m - "mi".all * "mi".flux2_k3_calcul +
"mi".al12 * "mi".flux4_k3_calcul) * "mi".delta_t;

"mi".flux3_k4 := ("mi".a21 * "mi".flux1_k3_calcul - "mi".a22 *
"mi".flux3_k3_calcul - "mi".p * "mi"."w(n-1)" * "mi".flux4_k3_calcul) *

"mi".delta_t;

"mi".flux4_k4 := ("mi".a21 * "mi".flux2_k3_calcul - "mi".a22 *
"mi".flux4_k3_calcul + "mi".p * "mi"."w(n-1)" * "mi".flux3_k3_calcul) *
"mi".delta_t;

(**)

"mi".flux_s1 := "mi"."flux_s1(n-1)" + ("mi"."flux1_k1" + 2 *
"mi"."flux1_k2" + 2 * "mi"."flux1_k3" + "mi"."flux1_k4") / 6;

"mi".flux_s2 := "mi"."flux_s2(n-1)" + ("mi"."flux2_k1" + 2 *
"mi"."flux2_k2" + 2 * "mi"."flux2_k3" + "mi"."flux2_k4") / 6;

"mi".flux_rl := "mi"."flux_r1(n-1)" + ("mi"."flux3_k1" + 2 *
"mi"."flux3_k2" + 2 * "mi"."flux3_k3" + "mi"."flux3_k4") / 6;

"mi".flux_r2 1= "mi"."flux_r2(n-1)" + ("mi"."flux4_k1" + 2 *
"mi"."flux4_k2" + 2 * "mi"."flux4_k3" + "mi"."flux4_k4") / 6;

(**)

"mi".i_alpha_e := "mi".c1 * "mi"."flux_s1" + "mi".c2 * "mi"."flux_r1";

"mi".i_beta_e := "mi".cl * "mi"."flux_s2" + "mi".c2 * "mi"."flux_r2";

(**)

"mi".t_elm := 1.5 * "mi".p * "mi".c2 * ("mi"."flux_s1" * "mi"."flux_r2" -
"mi"."flux_s2" * "mi"."flux_r1");

(**)
"mi".i_x := "mi".i_alpha_e * "mi".i_beta_m - "mi".i_beta_e *
mi".i_alpha_m;

(**)

"mi".i_x_pid_i := "mi"."i_x_pid_i(n-1)" + "mi".i_x * "mi".delta_t * "mi".ki;
"mi".i_x_pid := "mi".i_x * "mi".kp + "mi".i_x_pid_i;

(**)

"mi"."T_elm-i_x_pid" := "mi".t_elm - "mi".i_x_pid;

(**)

"mi".w 1= (("mi"."T_elm-i_x_pid" - "mi"."w(n-1)" * "mi".B) * "mi".delta_t) /
||mi||.J + "mi".“W(n-l)";

(**)

(**)

(**)

(**)

(**)

"mi"."flux_s1(n-1)" :

"mi"."flux_s2(n-1)" :

"mi"."flux_r1(n-1)" :

"mi"."flux_r2(n-1)" :

(**)

"mi"."tensiunel_calcul(n-1)" :

"mi"."tensiune2_calcul(n-1)" :

"mi"."tensiune3_calcul(n-1)" :

"mi"."curentl_calcul(n-1)" :

"mi"."curent2_calcul(n-1)" :

"mi".flux_s1;
"mi".flux_s2;
"mi".flux_r1;
"mi".flux_r2;

"mi".tensiunel_calcul;
"mi".tensiune2_calcul;
"mi".tensiune3_calcul;
"mi".curentl_calcul;
"mi".curent2_calcul;
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"mi"."curent3_calcul(n-1)" :=

%k
)
IImill
IImill
IImill

(**)

"mi".

"mi"
"mi"

"mi".
"mi".
"mi".

"mi"
"mi"

"mi".
"mi".
"mi".

"mi"

Sflux_s1(n-1)":
Sflux_s2(n-1)" :
Sflux_ri(n-1)":
Sflux_r2(n-1)" :

"flux1_k1(n-1)":
Jflux2_k1(n-1)" :
Sflux3_k1(n-1)" :
"flux4_k1(n-1)" :
"flux1_k2(n-1)" :
"flux2_k2(n-1)" :
Sflux3_k2(n-1)" :
Sflux4_k2(n-1)" :
"flux1_k3(n-1)" :
"flux2_k3(n-1)" :
"flux3_k3(n-1)" :
Sflux4_k3(n-1)" :

"mi".flux_s1;
"mi".flux_s2;
"mi".flux_r1;
"mi".flux_r2;

"mi".flux1_k1;
"mi".flux2_k1;
"mi".flux3_k1;
"mi".flux4_k1;
"mi".flux1_k2;
"mi".flux2_k2;
"mi".flux3_k2;
"mi".flux4_k2;
"mi".flux1_k3;
"mi".flux2_k3;
"mi".flux3_k3;
"mi".flux4_k3;

"mi".curent3_calcul;

"mi"."flux1_k4(n-1)" := "mi".flux1_k4;
"mi"."flux2_k4(n-1)" := "mi".flux2_k4;
"mi"."flux3_k4(n-1)" := "mi".flux3_k4;
"mi"."flux4_k4(n-1)" := "mi".flux4_k4;

(**)

"mi"."i_x_pid_i(n-1)" := "mi".i_x_pid_i;

(**

"mi"."W(n-l)" := "mi".W;

(**)

"mi"."t(n-l)" := "mi"."t(n)";

(**)

"mi"."delta_t(n-1)" := "mi".delta_t;

(**)

"mi".excel_w["mi".k] := "mi".w;
"mi".excel_tensiune_1["mi".k] := "mi".tensiunel;
"mi".excel_tensiune_2["mi".k] := "mi".tensiune2;
"mi".excel_tensiune_3["mi".k] := "mi".tensiune3;
"mi".excel_curent_1["mi".k] := "mi".curentl;
"mi".excel_curent_2["mi".k] := "mi".curent2;
"mi".excel_curent_3["mi".k] := "mi".curent3;
"mi".excel_u_alpha_m["mi".k] := "mi".u_alpha_m;

"mi"
"mi"
"mi"

Xk

( ")mi"
"mi"
"mi"
"mi"

Xk

( ")mi"

"mi"

.excel_u_beta_m["mi".k] :
.excel_i_alpha_m["mi".k] :
.excel_i_beta_m["mi".k] :=

.excel_flux_s1["mi".k] :
.excel_flux_s2["mi".k] :
.excel_flux_r1["mi".k] :
.excel_flux_r2["mi".k] :

.excel_flux1_k1["mi".k] :
.excel_flux2_k1["mi".k] :

"m
"m
"m
"m

"mi".u_beta_m;
"mi".i_alpha_m;

"mi".i_beta_m;

i".flux_s1;
i".flux_s2;
i".flux_rl;
i".flux_r2;

"mi".flux1_k1;
"mi".flux2_k1;
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"mi".excel_flux3_k1["mi".k] := "mi".flux3_k1;
"mi".excel_flux4_k1["mi".k] := "mi".flux4_k1;
"mi".excel_flux1_k1_calcul["mi".k] := "mi".flux1_k1_calcul;
"mi".excel_flux2_k1_calcul["mi".k] := "mi".flux2_k1_calcul;
"mi".excel_flux3_k1_calcul["mi".k] := "mi".flux3_k1_calcul;
"mi".excel_flux4_k1_calcul["mi".k] := "mi".flux4_k1_calcul;
"mi".excel_flux1_k2["mi".k] := "mi".flux1_k2;
"mi".excel_flux2_k2["mi".k] := "mi".flux2_k2;
"mi".excel_flux3_k2["mi".k] := "mi".flux3_k2;
"mi".excel_flux4_k2["mi".k] := "mi".flux4_k2;
"mi".excel_flux1_k2_calcul["mi".k] := "mi".flux1_k2_calcul;
"mi".excel_flux2_k2_calcul["mi".k] := "mi".flux2_k2_calcul;
"mi".excel_flux3_k2_calcul["mi".k] := "mi".flux3_k2_calcul;
"mi".excel_flux4_k2_calcul["mi".k] := "mi".flux4_k2_calcul;
"mi".excel_flux1_k3["mi".k] := "mi".flux1_k3;
"mi".excel_flux2_k3["mi".k] := "mi".flux2_k3;
"mi".excel_flux3_k3["mi".k] := "mi".flux3_k3;
"mi".excel_flux4_k3["mi".k] := "mi".flux4_k3;
"mi".excel_flux1_k3_calcul["mi".k] := "mi".flux1_k3_calcul;
"mi".excel_flux2_k3_calcul["mi".k] := "mi".flux2_k3_calcul;
"mi".excel_flux3_k3_calcul["mi".k] := "mi".flux3_k3_calcul;
"mi".excel_flux4_k3_calcul["mi".k] := "mi".flux4_k3_calcul;
"mi".excel_flux1_k4["mi".k] := "mi".flux1_k4;
"mi".excel_flux2_k4["mi".k] := "mi".flux2_k4;
"mi".excel_flux3_k4["mi".k] := "mi".flux3_k4;
"mi".excel_flux4_k4["mi".k] := "mi".flux4_k4;

(**)
"mi".excel_i_alpha_e["mi".k] := "mi".i_alpha_e;
"mi".excel_i_beta_e["mi".k] := "mi".i_beta_g;
"mi".excel_t_elm["mi".k] := "mi".t_elm;

(**)
"mi".excel_i_x["mi".k] := "mi".i_x;
"mi".excel_I_x_PID_i["mi".k] := "mi".i_x_pid_i;
"mi".excel_I_x_PID["mi".k] := "mi".i_x_pid;
"mi"."excel_t_elm-i_x_pid"["mi".k] := "mi"."T_elm-i_x_pid";
"mi".excel_diff["mi".k] := "mi".diff_J_B;
"mi".excel_w["mi".k] := "mi".w;
"mi".excel_delta_t["mi".k] := "mi".delta_t;
"mi"."excel_delta_t(n-1)"["mi".k] := "mi"."t(n)";
"mi".k :="mi".k + 1;

ELSE
"mi".k :=1;
"mi".achizitie_pt_excel := false;
"mi".start_estimator := false;
"mi".gata_primul_calcul := false;
"mi".primul_calcul := true;

END_IF;

END_IF;
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IF "mi".primul_calcul = true THEN

"mi".fluxl_k1 := 0;
"mi".flux2_k1 :
"mi".flux3_k1 :
"mi".flux4_k1 :

0;
0;
0;

"mi"."flux1_k1(n-1)":

"mi"."flux2_k1(n-1)"
"mi"."flux3_k1(n-1)"
"mi"."flux4_k1(n-1)"

"mi".flux1_k1_calcul :
"mi".flux2_k1_calcul :
"mi".flux3_k1_calcul :
"mi".flux4_k1_calcul :

(**)
"mi".flux1_k2 :
"mi".flux2_k2 :
"mi".flux3_k2
"mi".flux4_k2

I

I

0

0;
=0
=0

I

"mi"."flux1_k2(n-1)" :

"mi"."flux2_k2(n-1)"
"mi"."flux3_k2(n-1)"
"mi"."flux4_k2(n-1)"

"mi".flux1_k2_calcul :
"mi".flux2_k2_calcul :
"mi".flux3_k2_calcul :
"mi".flux4_k2_calcul :

(**)

"mi".flux1_k3 :
"mi".flux2_k3 :
"mi".flux3_k3 :
"mi".flux4_k3 :

0;
0;
0
0

~

I

"mi"."flux1_k3(n-1)" :

"mi"."flux2_k3(n-1)"
"mi"."flux3_k3(n-1)"
"mi"."flux4_k3(n-1)"

"mi".flux1_k3_calcul :
"mi".flux2_k3_calcul :
"mi".flux3_k3_calcul :
"mi".flux4_k3_calcul :

(**)

"mi".fluxl_k4 := 0;
"mi".flux2_k4 := 0;
"mi".flux3_k4 := 0;
"mi".flux4_k4 := 0;

"mi"."flux1_k4(n-1)" :
"mi"."flux2_k4(n-1)" :
"mi"."flux3_k4(n-1)" :
"mi"."flux4_k4(n-1)" :

(**)
"mi".flux_s1 := 0;
"mi"."flux_s1(n-1)":

(=leNololoNoNoNo)

~-

(=NelololoNoNoNo)

~-

~- ~-.

~-

~- ~

~

~- ~-

~-

Ns ~-~

(=leloloNoNoNoNo)

~-

~ ~s ~- ~-

~

~

~s ~- ~-

[oNeNeNe]

~-

0;
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"mi".flux_s2 := 0;
"mi"."flux_s2(n-1)" := 0;
"mi".flux_rl := 0;
"mi"."flux_ri(n-1)" := 0;
"mi".flux_r2 := 0;
"mi"."flux_r2(n-1)" := 0;
"mi".i_alpha_e := 0;
"mi"."i_alpha_e(n-1)" := 0;
"mi".i_beta_e := 0;
"mi"."i_beta_e(n-1)" := 0;
"mi".t_elm := 0;
"mi"."t_elm(n-1)" := 0;
"mi".i_x := 0;
"mi".i_x_pid := 0;
"mi".i_x_pid_i := 0;
"mi"."i_x_pid_i(n-1)":
"mi"."T_elm-i_x_pid" :
"mi".diff_J_B := 0;

0;
0;

"mi".w = 0;
"mi"."w(n-1)" := 0;
(**)

"mi".ret_val :=
"mi"."t(n)" := 0;
"mi"."t(n-1)" := 0;
(**)

"mi".delta_t := 0;

"mi".tensiunel := 0;
"mi".tensiune2 := 0;
"mi".tensiune3 := 0;
"mi".curentl := 0;

"mi".curent2 := 0;

"mi".curent3 := 0;
"mi"."tensiunel_calcul(n-1)" :=
"mi"."tensiune2_calcul(n-1)" :=
"mi"."tensiune3_calcul(n-1)" :=
"mi"."curentl_calcul(n-1)" := 0;
"mi"."curent2_calcul(n-1)" := 0;
"mi"."curent3_calcul(n-1)" := 0;

(**)

"mi".ret_val := RD_SYS_T("mi".datetime);
"mi".ns := "mi".datetime.NANOSECOND;
"mi"."t(n-1)" := "mi".ns / 1000000;

(**)
"mi".primul_calcul := FALSE;
"mi".gata_primul_calcul := true;

(*"mi".excel_delta_t[1] := "mi"."t(n-1)";

END_IF;
ELSE
"mi".gata_primul_calcul := false;
"mi".primul_calcul := true;
END_IF;

O OO

~-
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Appendix 3 - Direct and invers component identification

freq=20000;

data = csvread('0% csf pornit.csv');
ul_bl=ul_b/299.1*600/0.025;
u2_bl=u2_b/299.1*600/0.025;
u3_bl=u3_b/299.8*600/0.025;

%
ul=(ul_bl-u2_bl)/3;
u2=(ul_bl+2*u2_bl)/3;
u3=(-2*ul_bl-u2_bl)/3;
%
%first O crossing detection
i=1;
while i <= length(ul)-1
i=i+1;
if ul(i)<0 && ul(i+1)>0
ind1=i;
i=length(ul);
end
end
%last 0 crossing detection
i=length(ul);
while i>=1
i=i-1;
if ul(i)>0 && ul(i-1)<0
ind2=i;
i=0;
end
end
%

%refined signals with an integer number of periods

s_ul=ul(ind1+1:ind2-1);
s_u2=u2(ind1+1:ind2-1);
s_u3=u3(ind1+1:ind2-1);
% matrix form
s_u_mtx(1,:)=s_ul;
s_u_mtx(2,:)=s_u2;
s_u_mtx(3,:)=s_u3;

%0 %0 %0 %0 %0 %0 %0 %0 %o %0 %0 %o %0 %0 %o %0 %0 %o %0 %0 %o %0 %0 %o %o %o %0 %0 %o %0 %0 %o %0 %0 % % % % %
fprintf('Relative Harmonic Content for all three channels\n');

fprintf(1, "\n");

for j=1:3
i=1;
fprintf('Ch%d\n',j);
while i<=11

fprintf('RHC %dth H = %1.2f,i,h_v(j,i)/h_v(j,1)*100);

disp('(%)");
i=i+2;

end

fprintf(1, "\n");
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end
fprintf(1, "\n");
fprintf(1, "\n");
fprintf(1, "\n");
fprintf(1, "\n");
%0 % % % %0 %0 % %0 %0 %0 % %0 % % % % % %
% %
% %
%0 % % % %0 %0 % %0 %0 %0 % % % % % % % %
%Direct(positive) and Invers(Negative) Components Identification
fprintf('Direct(positive) and Invers(Negative) Components\n');
fprintf(1, "\n");
f=50;
a=0;
for i=1:length(ul)
a=a+f*2*pi*1l/freq;
if a>2*pi
a=0;
end
theta(i)=a;
end
for i=1:length(ul)
X(i) = (2%ul(i)-u2(i)-u3(i)) * (1 / 3);
Y(i) = (u2(i)-u3(i)) * (1 / sqrt(3));
Z(i) = (ul(i)+u2(i)+u3(i)) * (1 / 3);
%Direct(positive) component computation
co_cd(i) = cos(theta(i));
si_cd(i) = sin(theta(i));
D_cd(i) = co_cd(i)*X(i) + si_cd(i)*Y(i);
Q_cd(i) = co_cd(i)*Y(i) - si_cd(i)*X(i);
%]Invers(Negative) component computation
co_ci(i) = cos(-theta(i));
si_ci(i) = sin(-theta(i));
D_ci(i) = co_ci(i)*X(i) + si_ci(i)*Y(i);
Q_ci(i) = co_ci(i)*Y(i) - si_ci(i)*X(i);
end
%
% Direct(positive) component
%
cd=sqgrt((mean(D_cd))"2+(mean(Q_cd))"2);
fprintf('Direct(positive) component=%1.3f",cd);
disp('(V)');
%]Invers(Negative) component
ci=sqrt((mean(D_ci))"~2+(mean(Q_ci))"2);
fprintf('Inverse(negative) component=%1.3f",ci);
disp('(V)');
fprintf('Inverse(negative) component=2%%1.3f",ci/cd*100);
disp('(%) of Direct Component');
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Appendix 4 - Randomly generated acquisition frequency

sim_timk=3;%maximum simulation timk
t=0:0.00001:sim_time-0.00001;
Total_points=(sim_time-0.00001)/0.00001;
T=0.0005;
freq_u=50;%Hz
points_on_period_50Hz=length(t)/sim_time*1/freq_u;
points_on_T=length(t)/sim_time*T; %the number of points during the sampling
period.
gama=1;%][%] the percentage of the sampling time variation. it can be only
0%,2%,4%,6%,8%,10%
%
u3=326.6*sin(2*pi*50*t);
u2=326.6*sin(2*pi*50*t+2*pi/3);
ul=326.6*sin(2*pi*50*t-2*pi/3);
%
clearul_d u2_d u3_dul_ud u2_ud u3_udij vector_i
i=1;
j=1;
k=1,
ul_d=ul(l);
u2_d=u2(1);
u3_d=u3(1);
while i<=Total_points-2*points_on_T;
i=i+points_on_T+(round(gama*rand)*2)-gama;
ul_d(j)=ul(i+points_on_T+(round(gama*rand)*2)-gama);
u2_d(j)=u2(i+points_on_T+(round(gama*rand)*2)-gama);
u3_d(j)=u3(i+points_on_T+(round(gama*rand)*2)-gama);
while k*points_on_T<=length(ul)
ul_ud(k)=ul(k*points_on_T);
u2_ud(k)=u2(k*points_on_T);
u3_ud(k)=u3(k*points_on_T);
k=k+1;
end
J=j+1;
end
t_d=0:1:j-2;

Appendix 5 - PLC software for variable phase shift speed

reference

"DB1".w := 2 * "DB1".pi * "DB1".f;
"DB1".defazaj_in_s := "DB1".defazaj_in_cp_ref / 1000; //defazaj in secunde
"DB1".defazaj_in_grd := 360 * "DB1".f * "DB1".defazaj_in_cp_ref / 1000;
//defazaj in grade
IF "DB1".Start_sin = true THEN
IF "DB1".defazaj_in_cp_ref_setata > 20 THEN //limita superioara
"DB1".defazaj_in_cp_ref_setata := 20;
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END_IF;
IF "DB1".defazaj_in_cp_ref_setata < 0 THEN//limita inferioara

"DB1".defazaj_in_cp_ref_setata := 0;

END_IF;

"DB1".start_verificare := TRUE;

IF "DB1".defazaj_in_cp_ref_setata > "DB1".defazaj_in_cp_ref AND
"DB1"."ref_out_m1-3" < "DB1"."ref_out_m1-2" AND "DB1"."ref_out_m1-2" <
"DB1"."ref_out_m1-1" (*AND"DB1".k_done_1 = false*)THEN

"DB1".defazaj_in_cp_ref := "DB1".defazaj_in_cp_ref setata;

END_IF;

IF "DB1".defazaj_in_cp_ref_setata < "DB1".defazaj_in_cp_ref AND
"DB1"."ref_out_m1-2" < "DB1"."ref_out_m1-1" AND "DB1"."ref_out_m2-2" <>
"DB1"."ref_out_m2-1" AND "DB1".k_done_1 = false THEN

"DB1".defazaj_in_cp_ref := "DB1".defazaj_in_cp_ref setata;

END_IF;

IF "DB1".defazaj_in_cp_ref_initial = "DB1".defazaj_in_cp_ref AND
"DB1".k_revenire_1 = true THEN

"DB1".k_test_1 := true;
ELSE
IF ("DB1".defazaj_in_cp_ref_initial < "DB1".defazaj_in_cp_ref) OR
"DB1".k_defazaj_1 = true THEN
"DB1".k_test_1 := false;
"DB1".k_revenire_1 := false;
"DB1".k_defazaj_1 := true;
"DB1".defazaj_in_cp_ref_initial := "DB1".defazaj_in_cp_ref_initial + 1;
IF "DB1".defazaj_in_cp_ref_initial = "DB1".defazaj_in_cp_ref THEN //aici
controlez cate cicluri raman pe stop intre defazaje
"DB1".k_revenire_1 := true;
"DB1".k_defazaj_1 := false;
"DB1".defazaj_in_cp_ref_initial := "DB1".defazaj_in_cp_ref;
END_IF;
END_IF;
END_IF;

IF "DB1".defazaj_in_cp_ref_initial = "DB1".defazaj_in_cp_ref AND
"DB1".k_revenire_2 = true THEN
"DB1".k_test_2 := true;
ELSE
IF ("DB1".defazaj_in_cp_ref_initial > "DB1".defazaj_in_cp_ref) OR
"DB1".k_defazaj_2 = true THEN
"DB1".k_test_2 := false;
"DB1".k_revenire_2 := false;
"DB1".k_defazaj_2 := true;
"DB1".defazaj_in_cp_ref_initial := "DB1".defazaj_in_cp_ref_initial - 1;
IF "DB1".defazaj_in_cp_ref_initial = "DB1".defazaj_in_cp_ref THEN //aici
controlez cate cicluri raman pe stop intre defazaje
"DB1".k_revenire_2 := true;
"DB1".k_defazaj_2 := false;
"DB1".defazaj_in_cp_ref_initial := "DB1".defazaj_in_cp_ref;
END_IF;
END_IF;
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END_IF;
//refl
IF "DB1".k_test_1 = true THEN
IF "DB1".t1 <= 10 THEN
IF ((("DB1".ref_out_m1 > (0 - 0.9995 * "DB1".Amp) OR "DB1".kkl =
true) AND "DB1".k1 = FALSE) OR ("DB1".defazaj_in_cp_ref = 0)) (*OR
"DB1".k_done_1=TRUE*)THEN
"DB1".t1 := "DB1".t1 + 0.001;
IF "DB1".ref_out_m1 > (0 - 0.9995 * "DB1".Amp) THEN
"DB1".kk1 := false;
END_IF;
ELSE
"DB1".k1 := true;
"DB1".delta_t1 := "DB1".delta_t1 + 0.001;
IF "DB1".delta_t1 >= (2 * "DB1".defazaj_in_cp_ref / 1000) - 0.001

THEN
"DB1".delta_t1 := 0;
"DB1".k1 := false;
"DB1".kk1 := true;
"DB1".k_test_1 := false;
END_IF;
END_IF;
ELSE
"DB1".t1 := 0;
END_IF;
END_IF;
//ref2

IF "DB1".k_test_2 = true THEN
IF "DB1".t2 <= 10 THEN

IF ((("DB1".ref_out_m2 ) < (0.999 * "DB1".Amp) OR "DB1".kk2 = true)

AND "DB1".k2 = FALSE) OR ("DB1".defazaj_in_cp_ref = 0) THEN
"DB1".t2 := "DB1".t2 + 0.001;
IF ("DB1".ref_out_m2) < (0.999 * "DB1".Amp) THEN
"DB1".kk2 := false;
END_IF;
ELSE
"DB1".k2 := true;
"DB1".test_j := "DB1".test_j + 1;
"DB1".delta_t2 := "DB1".delta_t2 + 0.001;
IF "DB1".delta_t2 >= (2 * "DB1".defazaj_in_cp_ref / 1000) - 0.001
THEN
"DB1".delta_t2 := 0;
"DB1".k2 := false;
"DB1".kk2 := true;
"DB1".test_j := 0;
//END_IF;
END_IF;
END_IF;
ELSE
"DB1".t2 := 0;
END_IF;

BUPT



Appendix 6 — PLC software for triangle speed reference 217

END_IF;
"DB1"."ref_out_m1-3":
"DB1"."ref_out_m1-2" := "DB1"."ref_out_m1-1";

"DB1"."ref_out_m1-1" := "DB1".ref_out_m1;

"DB1".ref_out_m1l := "DB1".Offset + "DB1".Amp * SIN("DB1".w * "DB1".t1);

"DB1"."ref_out_m1-2";

"DB1"."ref_out_m2-2" := "DB1"."ref_out_m2-1";
"DB1"."ref_out_m2-1" := "DB1".ref_out_m2;
"DB1".ref_out_m2 := "DB1".Offset + "DB1".Amp * SIN("DB1".w * "DB1".t2);
END_IF;
IF "DB1".Start_sin = false THEN
"DB1".first_start_ref := true;

"DB1".t1 := 0;
"DB1".t2 := 0;
"DB1".delta_t1 := 0;
"DB1".delta_t2 := 0;
"DB1".t := 0;
"DB1".k1 := FALSE;
"DB1".k2 := false;

"DB1".kk1 := false;
"DB1".kk2 := false;
"DB1".t_sincronizare := 0;
"DB1".test_i := 0;
"DB1".defazaj_in_cp_ref := 0;
"DB1".ref_out_m1 := 0;
"DB1".ref_out_m2 := 0;
"DB1".k_defazaj_1 := false;
"DB1".k_test_1 := true;
"DB1".defazaj_in_cp_ref_initial := 0;
"DB1".k_defazaj_2 := false;
"DB1".k_test_2 := true;
"DB1".defazaj_in_cp_ref_setata := 0;
"DB1".test_j := 0;
"DB1".k_done_1 := false;
"DB1".k_revenire_2 := true;
"DB1".i_val_medie := 0;
"DB1".suma_val_m1 := 0;
"DB1".blocare_calc_val_medie := true;

END_IF;

"out_1" := INT_TO_WORD(REAL_TO_INT("DB1".ref_out_m1 * 2764.8)); //

"out_2" := INT_TO_WORD(REAL_TO_INT(0-"DB1".ref_out_m2 * 2764.8)); //

Appendix 6 — PLC software for triangle speed reference

IF "DB1".Start_sin = true THEN
"DB1".start_verificare := true;
"DB1".abatere := 0.1 * "DB1".delta_t;
//1
IF "DB1".t >= "DB1".perioada - "DB1".abatere THEN
"DB1".k_test_1 := true;
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"DB1".ref_out := 0;
"DB1".t := 0;
"DB1".c := false;
"DB1".d := true;
END_IF;
/12
IF "DB1".k_test_1 = true THEN
"DB1".perioada := 1/ "DB1".f;
"DB1".delta_t := 0.001;
"DB1".delta_h := "DB1".Amp / (("DB1".perioada / 4) / "DB1".delta_t);
"DB1".t := 0;
"DB1".k_test_1 := false;
"DB1".d := false;
END_IF;
//3
IF "DB1".t >= ("DB1".perioada * 3/ 4)+0.001 AND "DB1".t < "DB1".perioada
THEN
"DB1".ref_out := "DB1".ref_out + "DB1".delta_h;
"DB1".t := "DB1".t + 0.001;
"DB1".b := false;
"DB1".c := true;
END_IF;
/14
IF "DB1".t >= "DB1".perioada / 4 AND "DB1".t < ("DB1".perioada * 3 / 4)+0.001
THEN
"DB1".ref_out := "DB1".ref_out - "DB1".delta_h;
"DB1".t := "DB1".t + 0.001;
"DB1".a := false;
"DB1".b := true;
END_IF;
/15
IF "DB1".t < "DB1".perioada / 4 THEN
"DB1".ref_out := "DB1".ref_out + "DB1".delta_h;
"DB1".t := "DB1".t + 0.001;
"DB1".a := true;
END_IF;
ELSE
"DB1".k_test_1 := true;
"DB1".t := 0.001;
"DB1".ref_out := 0;
"DB1".perioada := 1/ "DB1".f;
"DB1".delta_t := 0.001;
"DB1".delta_h := "DB1".Amp / (("DB1".perioada / 4) / "DB1".delta_t);
"DB1".a := false;
"DB1".b := false;
"DB1".c := false;
"DB1".d := false;
END_IF;
"out_1" := INT_TO_WORD(REAL_TO_INT("DB1".ref_out * 2764.8));
"out_2" := INT_TO_WORD(REAL_TO_INT(O - "DB1".ref_out * 2764.8));
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