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Abstract

Fault Tolerant Control System (FTCS) have become an important area of
research for improving safety, reliability and efficiency of modern control systems.
In this thesis, the Fault Detection and Diagnosis (FDD) method well known for

improving system reliability and reducing maintenance cost is studied.

Detecting and diagnosing faults methodologies depend on the process and the
type of data available. Hence, these methodologies can be divided into two types:
model-based methods and data-based methods. The work in this thesis focused on
the investigation of the use of Luenberger observer technique, one of model-based

methods. The selected method was implemented and experimentally evaluated.

Electrical motors become more popular and more useful especially in the
industry control applications. The method was applied on two types of electrical
motors: Brushless DC motor (BLDC) and Permanent Magnet DC motor (PMDC).

The aim of this thesis is to study faults detection of electrical motors,

particularly faults detected in the speed sensor of electrical motors.

The Luenberger observer technique was used for fault detection purpose in
speed sensor based on residual signal. The residual signal is the difference between
the measured signal from real process and the estimated signal from the model. It

was used in the system as a fault indicator.

The proposed technique was simulated and evaluated using the MATLAB /
Simulink environment and was also implemented experimentally (in real time) on the

motors used in this study.

The obtained results from real-time experiment showed close match with those
from simulation thus proving the accuracy and reliability of the proposed
methodology for fault detection in the motor speed sensor.
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Chapter 1

Introduction



1.1 Background and Motivation

Fault Tolerant Control System (FTCS) is a class of highly advanced control
functions designed in a unified framework to provide high levels of system safety.
There are two types of FTCS: the passive type and active type (Gaeid, K. S., & Ping,
H. W., 2011). Fault detection and diagnosis (FDD) was studied in this thesis which is
of the active fault tolerant control type, as will be explained in Chapter 3 .Over the
past twenty years, Fault Tolerance Control (FTC) has attracted a lot of attention in
most industrial applications. In a wide range of industrial applications, there is a
growing need to improve the reliability and safety of electrical systems. Examples of
industrial applications are electrical motors, aircraft systems, and industrial
production lines. Electrical motors are an essential component in many electrical
systems, where the operating conditions of electric motors are important for the
reliability of the entire system (Liu, L, 2006). Fault detection and diagnosis (FDD)
improves the reliability and safety of electric motors (ALKAYA, 2012). Therefore,
reliable FDD technology is needed for electrical motors, research in this area has
attracted much attention. A sudden fault of a system in these examples (motors) can
lead to costly downtime, damage to surrounding equipment or even danger to
humans. Since several faults deteriorate relatively slowly, the faults can be detected
at the early stage which can increase safety, prevent system failures , product damage
and extend the life of the equipment (Miljkovi¢, 2011). Faults that occur in electrical
motors can be classified in two types: electrical and mechanical faults. Electrical
faults include faults caused by a short circuit in the stator winding, rotor breakdown,
a fault in the inverter and a broken end ring. Mechanical faults include faults caused
by bearing damage, gearbox fault, shaft misalignment and rotor eccentricity (Abed,
2015); (Liu, L, 2006). Sensors are important components for the operation of
motors. Sensor faults represent a major challenge when investigating a fault
detection and diagnosis of motors. As a general rule, two methods of monitoring and

detecting faults in electric motors are distinguished:

1- Model based method: based on the behaviours comparison between the
real plant (BLDC motor or PMDC motor ) and the mathematical model of the

system. This method uses the residual signal, which is the difference between real



process (measured signal) and the model (estimated signal). Residual generation can
be accomplished in various ways: Parity equations, observer based generation and
parameter estimation (Gaeid, K. S., & Ping, H. W., 2011). Observer based and
parameter estimation methods are the most frequently used methods for fault
detection (Isermann, R., & Balle, P., 1997).

2- Data based method: here, a dynamic model of an actual process is not
necessary. The fault detection strategy is entirely based on measured physical
quantities which are analyzed to extract the fault signatures for detection and

diagnosis (Isermann, 2006).

1.2 Problem statement

Sensor faults of electrical motors can lead to decrease the performance of
system , so that detection of these faults is very important . This thesis presents the
fault detection method based on the sensor model. Observer-based method is chosen
to fault detection and diagnostics for motors which are based on processing and
analysis. The proposed method is aimed at detecting speed sensor fault on Brushless
direct current (BLDC) motor and permanent DC motor (PMDC) using a Luenberger

observer

1.3 Thesis Objectives

The main objective of this dissertation is to focus on model based sensor fault
detection methods and experimental application to BLDC motor and PMDC Motor
(real-time implementation).

Specific objectives include:
1- Describe the terminology used in detecting and diagnosing fault types and
classifying them.
2- Prove the feasibility of implementing fault detection algorithms for BLDC and
PMDC motors.
3- Design and implementation for BLDC motor using MATLAB Simulink.
4- Apply of an observer based fault detection method on electromechanical

system.



5 - Detect speed sensor's faults of BLDC motor and PMDC motor.

1.4 Contributions

The main important contributions of this thesis can be summarized as
follows:

a) Modelling the BLDC motor and applying Luenberger observer design for
detecting speed Sensors faults.

b) Design and practical implementation of electronic hardware driver for the
BLDC motor.

c¢) BLDC motor and PMDC motor was successfully completed at Simulink
MATLAB 2018.

d) Fault detection was performed in real time for BLDC motor and PMDC

motor.

1.5 Literature review

This section provides an overview of the published literature on fault detection
and diagnosis for BLDC and PMDC motors. There are many studies and research on
the subject of fault detection and diagnosis of BLDC and PMDC motors.

Zandi and Poshtan presented bearing fault detection of the BLDC motor,
using hall effect sensors and wavelet transform (Zandi, O., & Poshtan, J., 2018).

A new methodology for active fault tolerant control with simultaneous faults
of the actuator and sensor has been developed by Allous and Zanzouri (Allous, M.,
& Zanzouri, N., 2017). The work strategy combines a Luenberger observer and bond
graph linear fractional transformation model .

Skora presents the results of experimental studies related to the reproduction
of the angular position of the rotor used after detecting the fault of the rotor position
sensor (Skora, 2017).

Zhang and Feng presents a new fast fault diagnosis method for Hall effect
sensor based BLDC motor drives (Zhang, Q., & Feng, M., 2017).

Model-based sensor Fault detection approach has been developed by Eissa, et
al, The proposed approach used Luenberger observer in order to give an appropriate

method in order to detect the speed sensor faults in BLDC motor (Eissa, et al, 2015).



Eissa , et al. presented an improvement for Luenberger observer using fuzzy
logic for detecting sensor faults of BLDC motor (Eissa, et al, 2015).

Eissa, et al. developed a model for estimating the state of the system and then
detecting the valid fault and that’s by using Unknown Input (UI) Propotional Integral
(P1) observer.(Eissa, et al., 2015).

Sova, et al. presented the algorithm that allows the operation of a BLDC
motor drive with one faulty hall position sensor (Sova, et al., 2015).

This paper provides many simulations on how the presented method reacts for
various types of faults.

Fazal , et al. develop and test robust methodology for the Fault Tolerant
Control (FTC) of a permanent magnet DC motor in the presence of different types of
actuator faults (Fazal,et al., 2015).

Alkaya and Eker, presented online sensor FDD based on the model-based
method using a Luenberger observer and experimental application on DC motor
(Alkaya,et al., 2014).

Dobra, et al. focuses on the implementation details of fault detection and
diagnosis based on parameters estimation of BLDC motor mathematical model
(Dobra, et al., 2014).

Saoudi, et al. proposed a fault detection using a Luenberger observer based on
Bond Graph model . This method was applied for the construction of a full order
observer in the case of linear systems (Saoudi,et al., 2013).

Through the previous literary study, real-time implementation of sensor fault
detection (FD) for electrical motors were not enough. Therefore, the focus of this
thesis was on the real-time implementation of the electric motors used in the

experiments, which are the BLDC motor and the PMDC motor.

1.6 Organization of the Thesis

This thesis consists of six chapters. The following is a brief overview of each
chapter: The first chapter, this chapter, contains background and motivation, problem
statement, thesis Objectives, contributions, literature review of the thesis and
organization of the thesis. The mathematical model of BLDC and PMDC motors and

the properties of process control systems are described in chapter two.



Chapter three discusses basic principles of the Fault Tolerant Control System
(FTCS), detailed discussion about the methods of fault detection and Luenberger
observer method will be introduced and studied in the thesis.

The fourth chapter presents the design and implementation of the BLDC motor
and PMDC motor using Simulink, presents the experimental setup and prerequisites,
as well as provides technical information about the Arduino Mega 2560 and the
driver used in the experiments.

In chapter five, Luenberger observer is implemented for fault detection
methods. Several experimental tests are performed for BLDC motor and PMDC
motor to explain the performance of proposed method, and also present the
simulation and results.

The final chapter provides concluding remarks and discusses areas for future
work. Besides, all references used in the thesis and sections of the Appendix are

presented.
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Chapter 2

Mathematical Models of
BLDC and PMDC

Motors



2.1 Introduction of Electric motors

All electromechanical applications require energy conversion, and that makes
electric motors basic components in these applications. There are many applications
of electric motors such as power tools, household appliances, electric cars and
industrial production equipment. These motors are reliable, highly efficient in energy
consumption and were continuously improved since their invention. Electrical
motors are classified into two types: Direct Current (DC) motors and Alternating
Current (AC) motors, depending on the supply voltage. In DC motors, the current
will be flowing through the collector depending on brushes for commutating this
current on the rotor. BLDC motors are one type of synchronous machine whose
characteristics are similar to those of a DC brush motor (Kara, 2017). Currently,
BLDC motors are becoming an increasingly popular research area for researchers
around the world and that’s due to their high efficiency, high reliability, compact size
and low maintenance, making them used most in electrical and mechanical
applications. Hence, there is no loss of excitation, a simple design is implemented
and can be operated reliably. therefore, according to the advantages of BLDC
motors. It can be used in a wide range of appliances such as robotics, electric and
hybrid vehicles, refrigerators, washing machines, high-end pumps, fans and other
devices (Sakunthala,et al., 2017). The BLDC motors have permanent rotor magnets.
The rotor position can be detected using Hall effect sensors or optical encoders. The
back electromotive Force (BEMF) of a BLDC has a trapezoidal wave which is
similar to a square wave. The BLDC motor has three-phase windings on the stator
(with n number of poles), and the rotor is equipped with permanent magnets, which
are located in the center of the motor with a bearing (Ridwan,et al., 2016). The main
difference between PMDC motors and BLDC motors is the brushes. Additional
energy will be consumed due to the friction of the brushes when mechanically
commute the motor. BLDC motors are more reliable than PMDC motors and are
better suited for speed control (Kara, 2017). Figure (2.1) shows the difference
between BLDC motor and PMDC motor .Other differences are given in Table (2.1)
(Neto, 2017).



Brushless DC Motor Vs Brushed DC Motor

Hall Effect

Permanent
Sensors

Magnet

Commutator

Wound
Armature
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Magnet

Figure (2.1): The differences between BLDC motor and PMDC motor (Mukkar,
2017).

Table (2.1) : Shows the differences between BLDC motor and DC motor.

Feature BLDC motor DC motor
Commutation Electronic commutation Brushed commutation
Maintenance Low maintenance High maintenance
Life Long life Short life

Allow operation at all speeds At higher speeds, brush

Speed / Torque with rated load friction increases and reduce
torque
Efficiency High Moderate
Speed range Higher-No mechanical Lower —Mechanical
limitation due to contact limitation due to brushes

Here, in this thesis, two types of motors were discussed: the BLDC motor and the
PMDC motor. More information on these motors will be in the following sections.

2.2 Principle Of Operation for BLDC motor

The BLDC motor operates according to a six-step commutating sequence.
Accordingly, A hall sensors will excite each phase of the BLDC motor. In all
operating modes of the BLDC motor, at any given time, only two phases are excited,
and the third is not excited. The position of the rotor is determined by Hall sensors,
which gives an exact position of the rotor , which helps the controller to supply the
appropriate gate signal to the inverter switches. There is an inverter unit that is

supplied to the BLDC motor consists of six - power switches (N-channel



MOSFETSs). Two switches will be turned on during each conduction period and by
commutation sequence, one will be a positive switch and the other is negative.

The switching regions will be divided into six modes (modes 1 to 6) due to the
complete electric cycle of 360° , Each mode uses a different pair of switches. For
example, the first mode used the MOSFET 1 which connected to phase A and
MOSFET 4 which is connected to phase B.

Six modes at intervals of 60° will be make up according to six switching, (Lee,et al.,
2015). Figure (2.2) shows the six-step commutation sequence of BLDC motor drive

and Table (2.2) summarize the sequential modes of BLDC motor drive as given

below.
«.)‘A\':.
Mode 1
P
N
Mode 2
L';:‘J.
.-"SFI- ’:j‘: .J'l} | /‘f'\\
Moded | + = & )
| A A @l
3 A (P
Mode 4 f’ﬂ&
s
Mode 5 )‘ T J}” - | at
[ JACSSSEN
(P 4F
A (b VAN
Mode 6 it l J: : _.}-".-,' Eeny
b (o i \\

Figure (2.2): Switching sequence of three-phase delta winding connection(Ridwan,et
al., 2016) .
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Table (2.2): MOSFET switching conditions

Pos. sensor Phase current
# pin 3 4 5 42 40 38 36 34 32

Switching H1 | H2 | H3 | AHigh | Alow B High B Low C High C Low Active
interval Drive Drive Drive Drive Drive Drive switches
0 -60 1|0 | 1|1/pPWM 0 0 1/PWM 0 0 Swi1,Sw4
60 —120° 10| 0 |1/PWM 0 0 0 0 1/PWM | Sw1,Sw6
120° —180° 1 1 0 0 0 1/PWM 0 0 1/PWM | Sw3,Sw6
180° _ 240° 0 1 0 0 1/PWM | 1/PWM 0 0 0 Sw2,Sw3
240° _ 300° 0 1 1 0 1/PWM 0 0 1/PWM 0 Sw2,Sw5
300° _ 3600 0 0 1 0 0 0 1/PWM | 1/PWM 0 Sw4,Sw5

2.3 BLDC motor mathematical model

Modeling of BLDC motors can be obtained similarly to DC motors, which
have two types of elements: electrical and mechanical equations (Ridwan,et al.,
2016). With the intention of simplifying equations and overall model, the following
assumptions are made (Xia, C. L., 2012) :

A - All windings of the stator phase are symmetrical and concentrated, therefore,
the stator resistance, inductance are constant and equal, and the mutual

inductance of each inductor is ignored.
B — Neglecting the core saturation effect.
C — Armature reaction not taken into account.

2.3.1 Background information of the MOONS' BLDC motor

BLDC motors are usually connected as a star (Y) connection. However, A
delta (A) winding connection is used for BLDC motor of MOONS’ Company.
Figure (2.3) shows the equivalent circuit of a delta connected . Six pole for MOONS’

BLDC motor modeling procedure has been introduced. Hall effect sensors are placed

at 120 electrical apart. For every 60" one of the hall sensors changes it’s state.

11



Swi Su3y | - sws.| - JiL.=30, I 1,

Sw2|- L swa Swh| = -

Figure (2.3): Equivalent circuit of delta winding connection for BLDC motor.
(Chan,et al. , 2015)

Figure (2.4) shows the used 30 watt BLDC motor of serial no 42BL30L2-5 which
has been provided from MOONS' Company for Industrial motors. Table (2.3) gives
the parameters specifications which are taken from motor's datasheet in the website

(https://www.moonsindustries.eu), where the data sheet is presented in Appendix A.

Figure (2.4): 42BL30L2-5 MOONS' BLDC motor.
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Table (2.3): 42BL30L2-5 MOONS’ BLDC motor specifications.

S. Motor Model 42BL30L2-5

1 Rated drive voltage U |, 24V

2 Hall effect angle Electrical Angle

3 Poles number 6

4 Pair of poles 3

5 Phase number 3

6 Rated rotational speed n 4000 RPM // 418.88
rad/sec

7 Rated winding current 1, 1.67 A

8 Peak winding current I, 334 A

9 Ph/ph resistance R, 1.34 Ohm

10 Ph/ph inductance L, 0.00115 H

11 Rotor Inertia J 0.0388e-4 Kg.m"2

12 Friction coefficient B 1.718e-4 Nm/rad/sec

13 Back EMF constant K, 0.0281 Vrms/rad/sec

14 Torque constant K, 0.043 Nm/Arms

2.3.2 Electrical equations

The electrical equation for a BLDC motor whose windings are connected to a
delta is slightly different from motors whose windings are connected to a star (Bulan,
M., 2014). The motor parameter conversion table was used where the table is
presented in Appendix A. To simplify the problem, one step will be modeled . Figure
(2.5) shows one step will be modeled, one terminal is connected to the supply
voltage, the second terminal is connected to the ground, and the third is
disconnected. All three phases then make a series -parallel connection. One Phase is
connected in parallel with two series phases. For example, a series phases B and C

are connected in parallel with phase A (Chan,et al. , 2015)

/b‘u’a - i:,,

U Phase A
——— @ —9
Phase B Phase C

Figure (2.5): One commutation step of a three-phase BLDC motor.

The electrical model of the BLDC motor is expressed as follows (Bulan, M., 2014):
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di
V. =I,R, +L —2*+e 2.1
S a ‘a adt a ( )

(2.2)

c

V, =1,R, +|_bci']|'—tb—eb +1.R, +Lc%c—e

e, +e, +e, =0 (2.3)

Where V¢ is the supply voltage [V], i, . is the current in the phase [A], R

is the phase inductance [H], e, . is the Back-

ab,c
is the phase resistances, [Q],L
EMF on the phase.

Suppose that i, is the input current of the source, then the phase current will
become:

ab.c

iazgim (24)
ib:ic:—%im (2.5)

The negative sign of the phase currents of B and C indicates that they flow in

the opposite direction to the reference presented in Figure (2.3) .

In the three-phase BLDC motor, the BEMF is related to a function of the
rotor position and the BEMF of each phase has a 120° phase angle difference, so the

equation for each phase must be as follows:

e, =K, f(6)o (2.6)
T
& =K, (@ -23)e 2.7)
e. =K f (0 +2Z
c =K. (6 3)60 (2.8)

Where K is BEMF constant of one phase [v/rad. s -, 0, electrical rotor angle[ " el.] and

@ is rotor speed [rad. s ]
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2.3.3 Mechanical equations

The equation of the mechanical properties is (Tibor, et al. , 2011):

T, =T, +J (jj—thrBa) (2.9)

Where T, is an electromagnetic torque [N.m], T, is a load torque [N.m], B is a

viscous friction constant [N.m.s], J rotor’s moment of inertia [kg.m?], @ is an angular speed
[rad/s]

The torque of one phase for example phase A can be expressed by the equation:

T,="e_fala (2.10)
w w

Where : T, is the torque of phase A [N.m], P, is the power of phase A [W]

The total output torque can be represented as a summation of the torque of each
phase. The following equation represents the total output torque:

AP A

T (2.12)

0

Where T is the total torque output [N.m] .

The relationship between the angle of the electric rotor and the mechanical
angle of the rotor angle is then (Tibor, et al. , 2011):

0, =—0, 2.12
0 (2.12)

Where 6, is the electrical rotor angle [° el.]#, mechanical rotor angle [ el.], p is the

number of pole.
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2.4 Transfer function of BLDC motor

The transfer function using the ratio of the angular velocity, @_ to source

m

voltage, V (Oguntoyinbo, O., 2009) expressed as:

1

o, k. (2.13)

- 2
Vo r,7.8 +7,5+1

TF=

For BLDC motor the mechanical time and electrical time constants are very

important modeling parameters. The mechanical time constant (7, ) of a BLDC
motor can be given in equation (2.13) :
3R J

r =9 (2.14)
et

And the Electrical time constant (7, ) :

L
T, =——
3R
We used the parameters in Table (2.3) and equation (2.13) to obtain the mathematical
model of the MOONS' BLDC motor. And that’s will obtain the motor model by

(2.15)

calculating values of z,, z,, and k, (Oguntoyinbo, O., 2009) , (Copt,et al., 2017).

From equation (2.14) the mechanical time constant (z,,) is:

3R,;J  341.34*0.0388*10°
T = =

m =K, k, 00280043 O0129sec

And from equation (2.15) the electrical time constant (z, ) :is

* -3
T, = L _LIMO” ;) e606e*sec
3R 3*1.34
Therefore, transfer function becomes:
G( )= Eo _635.2587
3.690*10°S “ +0.0129S +1
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2.5 State space model of the MOONS' BLDC motor

The state space model used for designing the observer of fault detection for
BLDC motor. General form for state-space model is defined as follow (Aghaee, et
al., 2018) :

>2(t)=Ax (t)+Buf(t) (2.16)

y(t)=Cx(t) (2.17)
where u (t) is the input, x (t) is the state , and the outputis y (t).

There are three constant matrices which defined the plant. These matrices are
A is the state matrix, B is the input matrix, and C is the output matrix .The state

vector x (t), has been selected such that:

xl(t)za)(t)z% (2.18)
X,(t) =i () (2.19)
VIR (A2 0
xz{w = f( JRa X+| 1 U (2.20)
| _ Mg Y@ T~
La La La
y=0=(1 0)X (2.21)

where : @(t) is the angular velocity and i (t) is the current of the motor .

Therefore, A, B and C Matrices are obtained as indicated below: (Ridwan, M., &
Yuniarto, M. N., 2016)

B K 0
J J

A = ,B = ,C=(10 2.21
Y B Y oo
La La a

Using the MATLAB m-file (see Appendix B) for giving A, B and C Matrices
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_(—44.28 1.108e+04] _(0

= ,C=(1 0
2443 -1165 869.6}

2.5.1 Controllability and Observability of BLDC motor

The system is said to be controllable if there is a control input that transfers any
state of the system to zero in finite time. It can be demonstrated that an Linear time-
invariant (LTI) system is controllable if, and only if, its controllability matrix,
presented in equation (2.22), has full rank (Sellami, L., 2014).

controllability =[B ‘AB A%B|..[A""B] (2.22)
The system is said to be observable if there the initial state x (t,) can be
determined from the system output, y(t), over some finite time t, <t <t, . It can be

demonstrated that an LTI system is observable if, and only if, its Observability
matrix, presented in equation (2.23), has full rank.

C
CA

- CA?
Observability = (2.23)

The system is observable and controllable, this was done using the MATLAB

m file (see Appendix B).

2.6 PMDC motor mathematical model

The PMDC motor was introduced as a speed control target. The parameters of
the PMDC motor model type (YA-070) are calculated practically (Hassan,et al.,
2017) .Typically, PMDC motors models consist of two parts: electrical and
mechanical equations. The electrical equation shows the main parameters: armature
resistance (Ra) and inductance (La). On the other side, the main parameters of the

mechanical equation are the inertia rotor (J) and the friction coefficient (B).
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Equivalent circuit of PMDC motor is shown Figure (2.6), that uses the armature
voltage control method.

Rﬂ Ig
y i
I —a} Rotor inertia J
14 a ‘Eb - ﬁa{ér/JTLm:

Friction coefficient B

Figure (2.6): PMDC motor equivalent circuit.

The targeted plant is PMDC motor (Model: YA-070), as shown in Figure
(2.7),which has the parameters are shown Table (2.4). The motor datasheet, which is
found (https://www.yoycart.com/Product/26695000175/) is presented in Appendix A

Figure (2.7): YA-070 PMDC motor.
Table (2.4): YA-070 PMDC motor specifications.

S. Motor model YA-070

1 Rated drive voltage 24V

6 Rated rotational speed 3000 RPM

7 Rated current 200 mA

9 Resistance R, 7Q

10 Inductance L, 0.008436 H

11 Rotor of inertia J 2.2097e-04 Kg.m"2
12 Friction coefficient B 1.65e-04 N .m/rad/sec
13 Back EMF constant K 0.094 V/rad/sec

14 Torque constant K, 0.094 N .m/A

The equations below represent the characteristics of the PMDC motor, because the

back EMF E, is proportional to speed w(t) directly, hence
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E,t)=K, %:wa(t) (2.24)

Using the KCL voltage law we can obtain

V, =R, (t)+L, ‘jj'ta +E, (t) (2.25)

From Newton's law, the torque can get

T,(t)=J

d’0) . dog) _ 5 26
o +B— =KL (2:26)

Where : R, Resistance of armature (Q2), L, Inductance of armature (H ), I, Current

of armature (A), V, Input voltage (V), E, Back electromotive force (V), T, Motor

torque (N. m), @ Angular velocity of rotor (rad/sec), J Rotor inertia (kg.m?), B Friction

constant (N. m/rad/sec ), K, EMF constant ( V/rad/sec ), K, Torque constant (Nm/A)

The final speed transfer functions for PMDC motor relative to the input voltage

can be written as follows (Hassan,et al., 2017):
(s) _ K,

V,(s) LJS?+(R,J+L,B)S+(R,B +kk,)

(2.27)

A mathematical model of a PMDC motor based on the parameters in Table
(2.4) is obtained using the above equation. Then the PMDC motor speed transfer

function becomes:

e 0.094
1.864e °S 2 +0.0015485 +0.00991

2.6.1 State space model of PMDC motor

The state space model used for designing the observer of fault detection for
PMDC motor, therefor, the transfer function in equation (2.27) can be represented in

state space and expressed as:
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X ()= Ax (t)+Bu ) (2.28)

y(t)=Cx(t) (2.29)

The state vector x (t) is selected as :

xl(t):w(t)=%

X, @) =i() (2.31)

(2.30)

The state transition, input, and observation matrices for the model are:

dxl(t) i & 0
© | dt o J X, (t)
X = ix, 1) = K, R, (xz(t)]+ Li u) (2.32)
dt La La :
_ X, (t)

The input and output matrices of system for the PMDC motor model are:

2 M 0
J J

A= , B = ,C=(1 0
Y B Y @239
La La a

Using the MATLAB m-file (see Appendix B), input and output matrix values for the
PMDC motor model are :

—0.7467 4254 0
A= ,B = , C=1 0)
-11.14 -829.8 118.5

2.6.2 Controllability and Observability of PMDC motor

The system is observable and controllable, this was done using the MATLAB
m. file (see Appendix B).
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Chapter 3

Fault Tolerant Control
System (FTCS)

3.1 Introduction

Fault Tolerant Control System (FTCS) can be defined as the ability to
accommodate the faults of system components automatically, and is capable to

maintain and fix the overall system stability, in order to increase reliability, safety
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and automation level of modern engineering systems (Zhang, 2006). There are two
classification of Fault Tolerant Control ( FTC ) which are Passive FTCS (PFTC) and
Active FTCS (AFTC) . Figure (3.1) shows the FTC classification (Zhang, 2006).

—  Passive FTC Robust Control

Fault Tolerant

Control (FTC) | — FDD schemes

Reconfigurable

— Active FTC
controllers

Reconfiguration
mechanisms

Figure (3.1): Classification of (FTC).
Passive FTCS (PFTCS) are systems designed to operate with a specific class
of component failures without the need for online fault information which has the

expected fault tolerance properties and fixed controller parameters. (Zhang, 2006).

Active FTCS (AFTCS) are systems that can reconfigure the control law online
and in real time to adapt to component faults, which have the properties of explicit
fault detection and diagnosis (FDD) methods, real-time decision making and
reconfiguration of the controller, taking into account unforeseen anticipations or
faults and acceptable degraded performance in the presence of faults (Zhang,
2006).There are three parts to AFTCS that are FDD, reconfigurable controllers and

reconfiguration mechanisms. Parts of the AFTCS are shown in Figure (3.2).
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Figure (3.2): Block diagram of the parts Active fault-tolerant control (ATFC).

In this thesis, a partial FDD of the AFTC was studied and the fault was applied to the
speed sensor of the BLDC and PMDC motors.

3.2 Fundamental Definitions:

There are some definitions in the field of Fault Detection suggested by IFAC
(International Federation of Automatic Control ) Technical Committee
SAFEPROCESS and it is as follows (Isermann, 2006), (Nyberg,et al., 1999):

Fault: "unacceptable deviation of at least one characteristic property".

Failure: Constantly interrupting the ability of the system to perform the required
function under certain operating conditions.

Fault Detection: Determination of faults present in the system and detection time.
Fault Isolation: Determination of the type, location and time of fault detection.
Follows fault detection.

Fault Identification: Determining the size and temporary behavior of the error..
Follows fault isolation.

Fault Diagnosis: Determining the type, size, location and time of detection of a

fault. Follows fault detection. Includes fault isolation and identification.
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3.3 Types of faults

There are three types of faults, the first type of faults is nature fault that based
on the physical location where the fault occurred, the second type is based on the
time that the fault happened and the last type is based on the model of fault
(Monteiro, D., 2015) . Types of faults are shown in Figure (3.3) .

[ ) ) 1- Actoator
MNature F%El%aﬁm of - Sensor
3- Plant
r N
1-Abrupt
Fault Types Time- dependancy 2-Incipient
3- Intermittent
1- Multiplicative
Model 2- Additive

Figure (3.3): Types of faults.

In this research project there were three types of fault detection used. Sensor
fault was chosen from the nature fault type while from the time dependent fault the
following three types where used: 1- Abrupt type, 2- incipient and 3- intermittent. In
the model dependent type, the additive fault was used. These faults have been
applied to the motors( BLDC and PMDC) used in this thesis

3.3.1 (Nature Fault) Based on the location of fault

There are three types of faults based on the location of fault, which are
actuator faults, plant faults and sensor faults which shown in Figure (3.4).

«  Saturation ) )
+  Switch off - Leaks * Bad calibrations
+ Overload * Disconnectings

+  Deviations
Output

Input
Actuators Plant Sensors

Figure (3.4): Types of locations faults.
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Actuator faults : can be represented as the partial or total loss of control
system. A complete fault of actuator can be occurred, for example, due to a broken,
cut, or burnt wiring, or the presence of an external body in the actuator (Kanev,
2004). A partially faulty actuator produces only part of a normal actuation. This can
be caused, for example, by hydraulic or pneumatic leakage, increased resistance or a
drop in supply voltage (Kanev, 2004).

Plant faults: refer to faults which result in changes to the parameters of the

system dynamics.

Sensor faults : "represent an incorrect reading from the sensors". This can be
caused, for example, by bad calibrations and disconnecting the speed sensor (Kanev,

2004). The sensor fault in electrical motors is the subject of the thesis

3.3.2 Time dependent fault

Three types of faults based on the time that the fault happened which are abrupt

fault, incipient fault, and intermittent fault (Kanev, 2004) as shown in Figure (3.5).

Intermittent

Incipient
Fault Abrupt Fault b Fault

L J
"

Figure (3.5): Time behaviour of faults.

The definitions of time dependent fault are (Silmon, J. A., 2009) :

Abrupt fault : that appears suddenly and without any indications.This can be
caused, for example, short-circuits or melt-down

Incipient fault : created gradually over a period of time

Intermittent fault : a fault that appear and disappear over and over again. This can

be caused, for example by loose wires.
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3.3.3 Model of fault

There are two types of faults based on the model of fault which are additive
faults and multiplicative faults (Isermann, R., 2005). The additive fault, variable

y, (t)is changed by addition of fault (t) as shown in Figure (3.6).

y®)=y,t)+f® (3.1)

Where vy, (t) is the measured signal and f(t) is the constant value.

f(t) = Ay (z)

v, (7)

¥ (;) =y, () +1(t)

Figure (3.6): Additive fault model.

Multiplicative fault has a more complex effect on the system by the product of

the variable u (t) by Ap , as shown in Figure (3.7).

y(t)=put)+ut)ap (3.2)
f=Ap

u (1) Y )=(p+Apu(t)

e » b

vt )=pult)+u()Ap

Figure (3.7): Multiplicative fault model.

The most typical additive faults are sensor offsets, while multiplicative failures are

changes in parameters in the system (Miljkovi¢, 2011).
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3.4 Fault detection methods

Fault detection methods can be represented into two types: a model based
methods and data based methods (Gaeid,et al., 2011) as shown in Figure (3.8). The
method used in this study is demonstrated in Figure (3.8) distinguished by dashed

line.
————
Fault detection methods
——
W ——————— — — |
Model hased methods Date based methods
. = - -
Qualitative Quantitative Qualitative Quantitative
L
A o~ — = = B ™
. —_— e N F Neural Statistical
Casual model . . P: 1 - uzzy
2 ~ _D:O £ "“bf:‘:aim State estimation E:;;_z;;; Simalt. State/Parameter est. Parity space — ~—
— -
_'Fau.h: t;ees El:-;ees b --—-u-..]:l d T S’-'R_L‘S _S,---... set;; Expert system PC/PLS
~— server base - 2 Stage kalman — =
——stfiictiire T —_ —Reefiestio pu lt T‘ - Classifiers
W a n i OHEEU econgnition —
szph Kaiman F. based L. EX kalman F. ~
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Qualitative physics — F ’;:ihﬁme
analysis
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Figure (3.8): Methods of fault detection.

Fault detection methods are usually performed in the following steps:

A- Building a mathematical model that estimate the output from the from the

obtained Input.

B - Calculate residuals by comparing the measured outputs and estimated
outputs from (A).

C- Making decisions based on calculated residuals which can be evaluated by
simple threshold.
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3.4.1 Model-Based Methods

3.4.1.1 Quantitative model based method

The basic idea of methods based on quantitative models is to create a
mathematical model which expresses the behavior of a controlled object based on a
fundamental understanding of the process. These methods usually include input and
output parameters. The model generates an estimated output from the input
parameters, and this estimated output is then compared to the measured output.
(ALKAYA, 2012). A block diagram of the method based on a quantitative model is
shown in Figure (3.9)

Input Measured Output

+

5| Actual system

- L Alarm
_Resudutal . Deﬂslmn ;
Genaation Making
System Model T

Estimated Output

Figure (3.9): Block diagram of the quantitative model method.

Typical methods used in the quantitative model method include: state

estimation , parity space and parameter estimation method

3.4.2 State Estimation Methods

The basic idea of the state estimation methods is to estimate the states or
outputs of the system from the measurements by using either Observer (
Luenberger's observers) in a deterministic setting or Kalman's filters in a stochastic
case (ALKAYA, 2012). Luenberger observer method was used in this thesis .

3.4.3 Luenberger Observer Method

The basic idea of this method is to use an observer (Luenberger observer) to
observe the state of the system from the measured data. Then, by comparing the
observed states to the measured states of the monitored system as the objective of
generating the residual, the residue is then obtained by calculating the difference

between the outputs of the observer and the measured signals (Sellami, L., 2014).
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The Luenberger observer design for fault detection is based on the state space model.
For a given linear state space model:

X (t)=Ax (t)+Bu(t) (3.3)
() =Cx (1) (3.4)

where u(t) is the input ,x(t) is the state , y(t) is the output and A, B and C are known
constant matrices. The state vector, x(t), was chosen so:

do)
dt
X, () =i (t) (3.6)

x,(t) = oft) = (35)

The observer can be designed as follows to provide the system observable:

A

X (t)=Ax (t)+Bu(t) +Le(t) (3.7)
y(t)=Cx(t) (3.8)
e® =y -y () (3.9)

where X (t) is the estimated system state, y (t) is the estimated output , L is the
observer gain, and e(t) is the output error (difference between the actual measured output

y(t) and its estimate §(t) :
Replacing (3.9) in (3.7):

A

X (©)=[A—LCIx (}+Bu®)+Ly() (310)
The estimation error is given by:
e =X O-X (t) (3.11)

With taking the first derivate of e(t) we can get:

e(t) =§—t(x () =X (©)) =Ax )+ Bu{t)—Ax (€)-Bu@t)-LC(x (t) =X ¢)) (312

The dynamic of the error is given by:
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e(t)=(A—LC)(X =X )) (3.13)
Accordingly, observer error dynamics are defined by placing the eigenvalues of

matrix (A —LC) in order to impose faster observer dynamics compared with system

dynamics. The functional diagram of the actual system and Luenberger observer

model used for fault detection methods is shown in Figure (3.10).

:_- In]th{ _'.if [—- }-’ E— w‘." '
— = 2 . Measured
Actual system I Speed

st

Y = wWype
Estimated Speed

Observer Model

Figure (3.10): Functional diagram of real system and observer model.

Observed and measured speeds are used to generate residual r(t)in order to

detect the speed sensor fault. The residual r(t) is given by:

rt)=y®-y ) (3.14)
The residual value will be checked automatically in order to carry out the fault
detection. If the residual is equal or tends to zero, there will be no fault, otherwise a
fault has occurred. The flowchart describing the algorithm used to create the
Luenberger observer to detect faults is illustrated in Figure (3.11) (Eissa,et al., 2015).
This flowchart shows the work of the project from start to finish.
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Figure(3.11): Flowchart of Luenberger observer for fault detection.

In this research we designed Speed Luenberger observer for BLDC and PMDC
motors are shown in Figure (3.12) and Figure (3.13).

Input

MOONS BLDC
‘ Luenberger <
- Observer

Measured Speed

Residual

Residual
Generation

Estimated Speed

Decision
Making

Alarm -.(—|

Figure (3.12): Speed Luenberger observer for MOONS’ BLDC.
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Figure (3.13): Speed Luenberger observer for YA-070 DC motor.
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Hardware and Software

Design & Implementation
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4.1 Introduction

The experiment contains various software and hardware components which are
described in this chapter. The experimental system consists of two motors, the BLDC
motor and the PMDC motor. Drive circuits for motors are designed on the Proteus
8.6 software. Luenberger observer was also designed using Simulink, which is a
special toolbox of the MATLAB numerical calculation software. The interface can
be programmed with Simulink. The interfacing is done via the Arduino Mega 2560
board. Simulink Support Package for Arduino Hardware allows you to create and run
Simulink models on Arduino Mega 2560 board (Sadun,et al., 2015). Figure (4.1)

shows the Simulink Support Package for Arduino Hardware.

22 Simulink Library Browser o=l
{ switch - ErE e @
Simulink Support Package for Arduino Hardware /Common
SimEvents - ARDUIND ARDUING ARDUIND ARDUINO
il AVa\ nn
> Simulink 30 Animation FAVAN 2 2 4
> Simulink Coder Pin: 4 DACD Pin ) Pin &
» Simulink Control Design Analog Input Analog Output Continuous Servo Write Digital Input
> Simulink Design Optimization
ARDUINOD ARDUING ARDUINOD
» Simulink Design Verifier ARDUING
» Simulink Desktop Real-Time b I "“:i%ead Data [y Y Data M Iz{iﬂrite b
’ zim”:‘": E";Fﬁ Pin Slave: OxA Slave: 0xA Fin: 5
> Simulink Real-Time — "
simulink Requirements Digital Output I2C Read 12C Write PWM
Simulink Support for Arduino MKR Motor Carrier ARDUING ARDUINO ARDUING ARDUING
. zﬁmu:m: 2uppoz ;or::m?o S::sor‘s Hor o (e b & e} | SPI 3 3
imulink Support Package for Arduine Hardware status [y . o
Comman Port D Fort 0 55 pin 10 Pin 2
Ethernet Shield Serial Receive Serial Transmit SPI WriteRead Standard Servo Read
Sensors ARDUING
Utilities 3
WiFi
Simulink Test Pin 9
Statefiow Standard Servo Write

» System Identification Toolbox
» Wehicle Dynamics Blockset

» Vehicle Network Toolbox

» Vision HOL Toolbox

m

Recently Used -

Figure (4.1): Simulink Support Package for Arduino Hardware.

Simulink Support Package includes a library of Simulink blocks for accessing
Arduino sensors for example tachometer sensor is shown in Figure (4.2). Toolbox
allows you to configure your external hardware devices, read data in Simulink
environments for immediate analysis and send data. The measurement data are read

from the PC by an Arduino Mega 2560, which can also process the data in real time.
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Figure (4.2): Simulink support for Arduino sensors.
4.2 Design and implementation for PMDC motor using Simulink

We created a model for an armature-controlled PMDC motor based on its step
response. The speed command module generates a step signal with a range 0-255 .
Figure (4.3) shows the Simulink (design ) model of PMDC motor . This model
explains how to use Simulink blocks to use PWM output signals to control the
PMDC motor . The PWM signal is sent through Pin 5 of the Arduino Mega 2560
board.

> _/_ 4DI§— Display
ARDUINO
Input Saturation Gaini J.H.|_|__|_

Figure (4.3): Simulink model of PWM output.

The PMDC motor speed is determined by optical encoder. The encoder is the
AB phase incremental encoder, each circle outputs 200 pulses. We used the pulse
output of channel A to plot the speed curve and the output channel B to measure
speed in RPM. The encoder pulses are counted on the Arduino Mega 2560 board via
two of the board's digital inputs( pin 2, pin 3 ) (Tang,et al., 2017).The logic for
estimating the motor's speed based on encoder counts is implemented within

Simulink. Figure (4.4) shows the Simulink design to find speed curve.
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Figure (4.4): Simulink design to find speed.

The tachometer in the Simulink support package for Arduino hardware /
sensors was used to measure motor speed in RPM through digital pin 2 of the
Arduino Mega 2560, as shown in Figure (4.5).

_—ARDUINO

o
\ \ -

Voo 2100
Pin: 2 .

Tachometer

Divide Speed RPM

200

Constant1

Figure (4.5): Tachometer to measure speed in RPM.

The general construction of Simulink design is shown in Figure (4.6), allows
you to successfully run the PMDC YA-070 motor and control the speed of the
PMDC motor.

—E—
e

ARDUINO
Input Saturation Gain1 ARDUINO
Pin: 5 Constant Pin 10
P Digital Output
ARDUINO
nn 4% 2 ]
double >
Tl 05s+1 7
Pin 3 Data Type Conversion12 P Filter Measured speed

Optical encoder

- ARDUINO

\ To Workspace2
Pin:2
Tachometer

Divide: Speed RPM

Constant1

Figure (4.6): Overall Simulink design for PMDC motor.
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4.3 Design and implementation for BLDC motor using Simulink

The BLDC motor's Simulink design includes phase signal generation because
BLDC motors only operate when the input voltage phase changes. A three-phase
BLDC motor requires a signal with three different phase delays. These three-phase
signals are generated using a PWM generation block. The PWM signals generated in
Simulink are programmed for Arduino Mega 2560. The programmed Arduino Mega
2650 transmits the PWM output to the BLDC motor drive. A PWM generation block
is shown in Figure (4.7) that generates PWM signals and transmits these signals to
digital pins( 32,34,36,38,40,42 ) in Arduino Mega 2560 .

T X i |-
4 B Elz 4 b 4 F;
g z
§l= Az §|= Az 55 Az §]F Az
= & R el 3 gl * &
2 2 2 i

7
7 Elz 2
d
g E* A3
4

T

Figure (4.7): PWM generation.

The Internal Simulink design of PWM generation.is presented in Figure (4.8).

G
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( ) #| double
In2 [

uuuuuuuuuuuu

Figure (4.8): Internal Simulink design of PWM.
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All generations of PWM signals are similar, but the phase will change at the
output of each of pins (32,34,36,38,40,42) for the PWM signals generated as shown
in Figure (4.7). Inside the PWM block, a dead time block was integrated in. It’s
function was to allow the inverter arm switches not to operate together, ensuring that
a key can open before another close by changing the block’s parameters (Agrawal, et
al. , 2016). The full parameterization of this block is presented in Figure (4.9). The
dead time between the pulses given to two complimentary switches is shown in
Figure (4.10).

Dead time2 |—b AND
R
o e |— UG
Data Type Conversion
Dead time1 AND
O] 5
o L] ANDI
NOT
Data Type Conversion1

Figure (4.9): Internal Simulink design of dead time.

Figure (4.10): Complementary PWM pulses with dead time
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To gain control over the position and speed of the BLDC motor , we need Hall
sensors or an EMF input signal to determine the position and speed of the rotor. In
this thesis , the Hall sensors was used to calculate the speed of the rotor. Figure
(4.11) shows the software function designed to receive the input of Hall effect

sensors from the Arduino Mega pins (3, 4, 5).

ARDUING E
J_I_I_I_ Digital output of H1
*

ARDUING Digital cutput of H2

Fin 4

A

Digital cutput of H3

ARDUING

It

Pin 5
HALL Sensor 3

Figure (4.11): Design of Hall-effect sensors in display.

Three signals comes from the Hall effect sensor were received from the BLDC

motor using the Arduino Mega are shown in Figure (4.12).

Hall sensor signals

71 T T | I I

Hall sensor 1
0.9 |- = Hall sensOr 2

Hall sensor 3
0.8 | u

0.7 - —

06 I *
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0.5 [f -

0.4 [ -

03 *

02 *

0.1 7

| | |
0
1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.1
Time, secs

Figure (4.12): Hall sensor signals.

To control the speed and position of the BLDC motor, the BLDC motor must
rotate relative to the inputs of the Hall effect sensor. Indirectly, it is the phase which
must change compared to the Hall sensor inputs (Megalingam,et al., 2019). We know
that related phase signals are only activated for a specific pair of MOSFETS. Figure
(4.13) shows the pairs of MOSFET switches .Therefore, we need to match the input
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of the Hall sensor with the states of the MOSFET pair in order to get the
corresponding phase signals. Typically, the Hall effect sensor input circuit consists of
101, 100 , 110, 010, 011, 001 (see Appendix A). The matching of the input and
switching conditions of the Hall effect sensor to control the speed and position of the
BLDC motor is presented in table (2.2) of chapter two.

4
Swi_| Sw3, T Swb -

y /
A High E J\ B High CHigh = [
control ? ! control ’t‘] control \

o> TOA 1 +» ToB —-
Sw2 \ Sw4 [ Swé_-
A Low J\  BLlow %

C Low / 1\
control ’}_4 | control * :1} J control * T [* rf

A

Figure (4.13): MOSFET switch

This matching is achieved using two internal logic blocks, the first block is a
decoder block, which receives the input signals of the Hall sensor and performs
calculations. The decoder block is shown in Figure (4.14) and the internal Simulink
design for decoder block is shown in Figure (4.15) .

P Hall emf_abc |

Decoder

Figure (4.14): Decoder block design.

Figure (4.15): Internal Simulink design for decoder block.
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The calculated outputs from the decoder block go to the comparison logic
circuit for selecting the PWM signal in the second block, which is the gate block as
shown in Figure (4.16) and the internal Simulink design for gates block is shown in
Figure (4.17) .

emf abc Gates |-

Gates

Figure (4.16): Gates block design.
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Figure (4.17): Internal Simulink design for gates block.

A Hall sensor input used to calculate the BLDC motor speed in RPM. The
following equations were used for Simulink block design (Hall to RPM ) to read the

speed of BLDC motor. The angular velocity of the rotor can be written as:

dé,
O = T

Where : @y, rotorangular velocity calculated by Hall sensors,

(4.1)

which in combination with the electro-mechanical equation (2.12) in chapter two gives:

de

e

2
Opa :E at (4.2)
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The Hall sensor will change the state of each electric 60° and by measuring the time
between each state change, we can get the angular velocity. Converting the angular velocity

to RPM gives the final equation (Johansson, M., 2017):

o 60 2 60 4.3)
Hall -RPM ~ 5rn D AT .
360 P AT,
Where: @, _rpy otor speed calculated by Hall sensors in RPM, AT difference between

the last two known time samples generated by Hall state switching.

The Simulink design for finding speed of BLDC motor is shown in Figure (4.18).

—»(]

spaedR P

—p{Hall . Ouil—e > Her

speed rpm

Hall to rpmz

| speedrpm

To Workspace

Figure (4.18): Outer Simulink design to find speed in RPM.

Simulink internal design for determining the speed in RPM is illustrated in
Figure (4.19).
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Figure (4.19): Internal Simulink design to find speed in RPM.
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The measured output speed of the MOONS BLDC motor in RPM is shown in
Figure (4.20)

Measured speed output of MOONS BLDC
T T

Measured speed in rpm

Speed (RPM)

500 [— =

| | | | | | | | | | |
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 22 2.4
Time, secs

Figure (4.20): Measured speed output of MOONS' BLDC motor in RPM.

The overall Simulink design as shown in Figure (4.21), allows the BLDC

motor to be successfully started and the BLDC motor speed controlled.
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Figure (4.21): Overall Simulink design for BLDC motor.
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4.4 Luenberger observer design using Simulink

The observer of motors used in this thesis are designed by Luenberger observer

block in Simulink, as shown in Figure (4.22).

xhat >

Luenberger Observer

Figure (4.22): The Luenberger observer block.

The Luenberger observation block can be designed either as a continuous time
system or as a discrete time system (Sellami, L., 2014). In this thesis, the design of

the parameters was chosen as a continuous time system, as shown in Figure (4.23)

Block Parameters: Luenberger Observerl @
This block implements a discrete time Luenberger observer. -

Parameters

State-space parameterization: | Continuous-time 7 ]

Continuous-time A matrix:
A

Continuous-time B matrix:
B

Continuous-time C matrix:

C

m

Continuous-time D matrix:

D

Desired eigenvalues:

Initial conditions:

[0;0]

Sample time (-1 for inherited):

@@ @ & @Em = @ (@@

0.001

[ OK H Cancel H Help H Apply ]

Figure (4.23): Block parameters of Luenberger observer.
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The desired eigenvalues of the system(motors used in the thesis) were
calculated by using the MATLAB m-file (see Appendix B) for BLDC motor and by
using the MATLAB m-file (see Appendix B) for PMDC motor (Nise, 2007). The
observer's eigenvalues must be chosen to be about ten times faster than the system
eigenvalues (Pal, D., 2016).Then, a block of Luenberger observation parameters is
added to the Simulink model of the Arduino program for real-time implementation
via Arduino Mega 2560.

4.5 Experimental setup for PMDC motor

The control system consists of a PMDC motor with a sensor (optical encoder) ,
an Arduino mega 2560 controller, PMDC motor drive (L298N H-Bridge) and DC
power supply. A schematic diagram of the equipment setup for this experiment is
shown in Figure (4.24) and corresponding photo of the Experimental setup is shown
in Figure (4.25).

Arduino Mega 208NH- | Contol [* vy gaopag ) |
’ YR bridge volige | D¢ motor peed
* User PWM ., sensor
interface in = ’
Simulink .
* Real time
viewer
Encoder signal (Speed)

Figure (4.24): Schematic diagram of the equipment setup.
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Figure (4.25): Photograph of equipment used.

4.6 Details of Hardware implementation
4.6.1 Motor controller (Arduino Mega 2650 )

The Arduino Mega 2560 is a microcontroller board based on ATmega 2560 as
shown in Figure (4.26) . It has 54 digital input/output pins (of which 15 can be used
as PWM output), 16 analog inputs, 4 UARTs (hardware serial ports), a 16 MHz
crystal oscillator, a USB connection, a power jack, an ICSP header and a reset
button. It contains everything needed to support the microcontroller; simply connect
it to a computer with a USB cable or power it with an AC-to-DC adapter or battery to
get started. Other specification are given in Table (4.1),which found in (Ageel,
2018).
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Table (4.1): Arduino Mega 2560 specification.

Microcontroller ATmegal560

Operating Voltage 5V

Input Voltage 7-12V

USB Port Yes

DC Power Jack Yes

Current Rating Per 1O Pin 20mA

Current Drawn from Chip 50mA

Digital I/O Pins 54

PWM 15

Analog Pins (Can be used as Digital | 16(Out of Digital I/O Pins)
Pins)

Flash Memory 256KB

SRAM 8KB

EEPROM 4KB

Crystal Oscillator 16 MH=z

LED Yes/Attached with Digital Pin 13
Wi-Fi No

Shield Compatibility Yes

.

[ | t
U .’._._-3-.-—.-- K

Figure (4.26): Arduino Mega 2650 board (motor controller).

4.6.2 L298N H Bridge Dual Motor Drive

The L298N is a dual H-bridge motor driver board that used to control the speed
and direction of two DC motors (Dejan, 2017), which its datasheet available in
Appendix D. H-bridges are circuits used to control the transmission of large currents
with low currents. The motor drive circuit is design by using Proteus 8.6 software

.The practical implementation of the PCB for the motor drive circuit shown in Figure

(4.27). Appendix C contain a complete design of the circuit.
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Figure (4.27): Motor driver (L298N H-bridge).
4.6.3 Optical encoder

The feedback used here is an optical incremental encoder, which is a linear or
rotational electromechanical device with two output signals A and B that give out
pulses when the device moves. More Details about optical encoder can be found in
(Creative Robotics Ltd). Figure (4.28) shows the output signals of optical encoders
.The sensor provides incremental position feedback, which can be extrapolated to

accurate speed or position information.

13
shaft [

a
L)
v I

Y
rotating
codewhee

Figure (4.28): Optical encoder signals.

The optical incremental encoder used in the YA-070 PMDC motor is the
H9700, as shown in Figure (4.29), where the data sheet is presented in Appendix D.
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Figure (4.29): H9700 optical incremental encoder.

A Digital Storage Oscilloscope has been used to store the waveform of optical
incremental encoder signal pulses. The sampled speed signal is shown in Figure

(4.30). In this study, the speed sensor signal is sampled as an analog signal using a
low-pass filter.

||||!||||i||||j||||||||¥

il

Figure (4.30): Optical sensor output (Scale:2 V/div).

4.7 Hardware/ Practical Implementation

This section takes up the working principle of all the fundamental devices of
our thesis, and after each explanation, a description of the device, circuit or
integrated circuit that we have chosen to use will be included and illustrated with real
images.
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4.7.1 Experimental setup for BLDC motor

The measurement data is read into the PC by Arduino Mega 2560, which can
also process data in real time. The interface can be programmed with Simulink,
which is a special toolbox of the numerical calculation software MATLAB . The
experimental setup consists of seven parts as shown in Figure (4.32) , which are
MOONS' BLDC motor, Power supply with three DC channel, Arduino Mega 2560,
invert circuit, driver circuit, Hall sensor circuit and the host computer. The host
computer is used to execute control algorithms and is connected to the BLDC motor.
The motor speed is determined by the Arduino Mega 2650 microcontroller.
Schematic diagram of the hardware implementation is illustrated in Figure (4.31) and
Figure (4.32) shows the corresponding photo of the Experimental setup.

24y
fiiy
- & & =
MOSEET Driver a

PWM

signal

Motor Control . . .
PWM Module G d i

| arduino mega 2560 ‘

Digital Input

Figure (4.31): Schematic diagram of hardware implementation.
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Figure (4.32): Photo of the experimental setup of the BLDC motor.

4.7.2 Details of Hardware implementation

4.7.2.1 Motor controller (Arduino Mega 2650 ) and interface circuit

Arduino Mega 2560 is a hardware interface between computer, sensors and
actuators. To collect real input or output data from the physical system, the Arduino
Mega 2650 is programmed using the Arduino block set developed by MATLAB on
Simulink to send the PWM signal to the six switches of the three phase inverter.
Then, the inverter is also connected to phases of motor (U, V and W) and receive

speed measurement from the Hall sensors (H, , H,, H,) .A simplified block
diagram of the motor controller is shown in Figure (4.33).
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Figure (4.33): Simplified diagram of the motor controller.
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4.7.2.2 Inverter circuit design

Inverters are power electronic circuits that transfer power from a direct current
(DC) source to an alternating current (AC) source. The inverter output has three
alternating voltage signals with a delay of 120 °. The inverter has a DC link that will
be converted by switching MOSFET’s into AC voltage. BLDC motor is driven by
three phase inverter. In our system, we need to use a three-phase inverter with six
switches (N-channel MOSFET’s ) which are divided into three up/down arms. A
inverter circuit diagram shown in Figure (4.13), the upper arm includes upper bridge
switches (A+ , B+ ,and C+). In addition, the lower arm includes lower bridge
switches (A-,B-,and C-).

The inverter circuit is design by using Proteus 8.6 software . In this circuit, the
MOSFET (IRF740 N) is used, which its datasheet available in Appendix D . Figure
(4.34) shows the practical implementation of printed circuit board (PCB) for the

inverter circuit and appendix C contain a complete design of the circuit.

Figure (4. 34): Photo of the PCB board.

A short circuit will be occurred when the bridge switch with one arm up and
down turned on at the same time, which will seriously damage the circuit. Therefore,
in accordance with the principle of complementary switching of the up and down
bridge, there are six types of switching patterns. However, this solution rises high
side gate driving problem. A high side n-channel switch needs special gate driving

technique. The solutions to the problem are TLP250 isolated gate driving ,
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transformer isolated gate driving, and bootstrap technique (Balogh, L., 2001). In this
thesis the last technique is chosen for its simplicity. An integrated circuit, IR2110, is
chosen which its datasheet available in Appendix D. Also, the IR2110 driver itself
helps to handle with this problem. As shown in Figure (4.35) an internal delay is
added on the structure of the IR2110 in order to avoid the simultaneous conduction
of the switchers.
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Figure (4.35): Internal block diagram of the IR2110.

Electronic block diagram of the IR2110 drive circuit is shown in Figure (4.36).
The driver circuit is repeated 3 times (each driver triggers complete inverter
arm).More Details can be found in (Mahbub, 2013).
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Figure (4.36): Electronic block diagram of the IR2110 Driver (Franceschet,et al.,
2017).
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The drive circuit is design by using Proteus 8.6 software. Figure (4.37) shows
the practical implementation of PCB for IR2110 driver circuit and appendix C
include a complete design of the circuit. The technical specifications of components

and driving parameters are presented in Table (4.2)

Table (4.2): Technical specifications of components and driving parameters.

Component/Parameter Specification
Input voltage 24V
Controller Arduino Mega 2560
Inverter drive IR2110
MOSFET IRF740
Switching frequency 500H,

Figure (4.37): Photo of the PCB board.

4.7.2.3 Hall effect Sensors

Hall effect sensors (H, , H,, H,) are also called (Hall sensors) "is a

transducer which convert the change in magnetic field into a change in output
voltage". Figure (4.38) shows the Hall effect principle.
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Figure (4.38): Hall effect principle.

Hall effect sensors are used to determine the position of the rotor and speed
detection that been built into the stator itself. This will send a digital signal (high or
low), which will detect the position of the rotor (Poovizhi,et al., 2017). Hall effect
sensors are placed at 120" electrical apart. For every 60", one of the Hall sensors
changes it state. The output of Hall Effect sensor is fed to the controller (Arduino
Mega 2650) for triggering of MOSFET circuit, which requires a 5 V supply for its

sensor. The connection of Hall sensor circuit is shown in Figure (4.39).

Figure (4.39): Block diagram of the hall sensor circuit.

The Hall effect sensor circuit is designed using Proteus 8.6 software. Figure
(4.40) shows the practical implementation of PCB for the Hall effect sensor circuit
and Appendix C includes a complete design of the circuit. A normally closed switch

has been added to the circuit, in order to make a fault on the Hall effect sensor.
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Figure (4.40): Photo of the PCB board.

The BLDC motor speed sensor was tested, this is done by connecting the Hall
effect sensor circuit to the Simulink models on the Arduino Mega 2560 board, then
connect the digital pin (32,34,36,38,40,42) to the six LEDs. Figure (4.41) shows the
testing circuit for Hall sensor. Then we manually move the BLDC motor step by step
according to the Table (2.2) at each step two LED lights are lit.

Figure (4.41): Testing circuit for hall sensor.
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A Digital Storage Oscilloscope has been used to store the waveforms of Hall
sensor signals. One of Hall sensor output signals is shown in Figure (4.42).

Figure (4.42): Hall sensor output (Scale:2 V/div).
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Chapter 5
Simulation and

Experimental Results
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5.1 Introduction

The accuracy of the Luenberger observer for the PMDC motor and the BLDC

motor was verified by using simulation and an experimental system, the simulation

was performed on the MATLAB program by Simulink and all kinds of faults were

tested on the speed of the motors. Implemented fault detection based on Luenberger

observer for PMDC motor and BLDC motor by simulation in Simulink as shown in

Figure (5.1) and in Figure (5.2)

Fault types

Abrupt fault2
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Estimated speed!
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Figure (5.1): Simulation design of Luenberger observer for PMDC motor.
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Figure (5.2): Simulation design of Luenberger observer for BLDC motor.
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In the experimental system, all experiments were performed in real time. All

experiments were carried out at a sampling time of T, =1ms. For the PMDC

motor(YA-070), all experiments are carried out with an input voltage of 1 V
(corresponds to 2100 RPM). For the MOONS' BLDC motor, all experiments are
carried out with an input voltage of 5V (corresponds to 416 RPM).PMDC motor and
BLDC motor models are created in MATLAB / Simulink environment. A Simulink
design of the fault detection method based on the Luenberger observer for the
PMDC motor and the BLDC motor as represented in Figure (5.3) and in Figure (5.4).

T

Figure (5.4): Simulink design (real-time) of a Luenberger observer for BLDC motor.
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At the time the model was constructed, entering input data into the Luenberger
observer will generate the residuals and by monitoring the corresponding estimated
outputs of the model and compare it with the measured values. Then faults are
considered residuals. Fault detection thresholds are defined according to the
maximum values achieved by residuals over several experiments. There are two
types of thresholds, one of which is fixed threshold and the other is adaptive
threshold (Frank,et al., 2000). Fixed Type threshold was used in this thesis where
more than one test was applied on the motors at fault free state in order to determine
the values of both the upper and lower thresholds. As soon as the residual exceeds a
specific threshold, the alarm is triggered to denote a fault. A buzzer device was used

as an alarm.

In this thesis the sensor faults in motors (PMDC and BLDC motors) was tested . The

kinds of faults discussed in this thesis are as follows (Farmen, et al. , 2018):

Additive fault: "occurs due to the change of internal temperature or calibration
issues, the speed sensor output has contains an additional constant value such as
intermittent and abrupt fault” (ALKAYA, 2012). The abrupt fault model is designed
as a step function in Simulink. The intermittent fault model is designed as a series of

pulses of different amplitudes in Simulink.

Multiplicative fault: this may be due to the fact that a multiplier coefficient is
applied to the sensor, for example, an incipient fault. The incipient fault model is
designed as a ramp function in Simulink (ALKAYA, 2012).

Sensor fault: this is a disastrous fault, The sensor fails at a certain point in
time and generates a constant zero after the appearance of the fault (ALKAYA,
2012). This fault was practically implemented by separating the speed sensor from
the motors for a short period, then reconnecting it again, or by cutting off the power

to the motors. Sensor fault is implemented as online (Real time) .

All the faults were implemented in the motors speed sensor and the results
were successful. In addition, the alarm was activated at each fault. In this chapter, we

will first show the results of the work in the form of simulation then show the results
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of the practical work, we will see that the practical results are very close to the results

of simulation obtained on the motors used.
5.2 Simulation and experimental results for PMDC motor

5.2.1 Results of simulation without fault for PMDC motor

This experiment was performed as a simulation, and the simulation was
performed as if there was no fault in the PMDC motor speed as shown in Figure
(5.1).The simulation of output speed and estimated speed is shown in Figure (5.5)
and Figure (5.6). Figure (5.7) shows the simulation of the residual output.

Measured speed without fault
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Figure (5.5): Simulation of output speed without fault.

Estimated speed without fault =

T I T I T I

o
o

T
|

speed in Volt

e
a

T
|

| | | | | | 1 I L
4 14 6 1

1
Time (seconds)

Figure (5.6): Simulation of estimated output speed without fault.
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Figure (5.7): Simulation of residual output with no fault for PMDC motor.

We notice from the previous figure that the residual generation is almost zero

because the experiment was performed as a simulation in Simulink.

5.2.2 Experimental results without fault for PMDC motor

This experiment was carried out without any fault in the speed sensor of the
PMDC motor as illustrated in Figure (5.3), Figures (5.8) and (5.9) shows the
measured and estimated speed of PMDC motor respectively.

YAOT0 D.C motor Measured speed output with No fault
T T T

iz T T T T

speed in Volt

Time, secs

Figure (5.8): The measured speed of PMDC motor.
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YAO070 D.C motor estimated speed output with No fault
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Figure (5.9): The estimated speed of PMDC motor.

More than a test have been experimentally applied on the PMDC motor while
it is fault free in order to determine the threshold value from the residual generation .
At the test applied the upper threshold value was 0.0157 while the lower threshold
value was - 0.009 as shown in the Figure (5.10). It is important to know the threshold

values, so it is necessary to develop an alarm when faults occur in the motor speed.

Residual Generation output with No fault
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Figure (5.10): Residual output without any fault, upper threshold 0.0157, lower
threshold value was - 0.009.

From the previous figure (5.10), note that the residual generation is not equal

to zero due to the noise that presented in the PMDC motor and errors in the
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parameters of observer design. Therefore, we chose a higher threshold value of
0.0157 and a lower value of - 0.009 in order to avoid false alarms for the residual
value. These threshold values were adopted for PMDC motor tests to implement the

alarm.

5.2.3 Simulation results of abrupt fault for PMDC motor

The simulation was carried out as if there was an abrupt fault in the speed
sensor of the PMDC motor, as illustrated in Figure (5.1). At 14 seconds of the
measured motor speed sensor an abrupt fault was implemented, The output and
estimated speeds as a simulation are shown in Figure (5.11), and residual output as a

simulation is illustrated in Figure (5.12)

YA070 D.C motor Measured and Estimaled speed output with Abrupt fault
[ I |

speed in Volt

| |
12 1 1
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Figure (5.11): Simulation of output and estimated speeds with abrupt fault.
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Figure (5.12): Simulation of residual output with abrupt fault.
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From Figure (5.12), we notice that the residual value at 14 seconds exceeds the

threshold value, the experiment was performed as a simulation in Simulink.

5.2.4 Experimental results of abrupt fault for PMDC motor

The abrupt fault was introduced during this experiment and applied to the
speed sensor for the PMDC motor, as shown in Figure (5.3). This fault is
implemented by adding a constant value to the sensor reading. At 3 seconds of the
measured motor speed sensor an abrupt fault was implemented. Figure (5.13) shows
responding of the measured and estimated speeds of PMDC motor. and Figure (5.14)
illustrate the residual output, we can see that the fault detection was carried out

successfully at the time of its appearance.

YA070 D.C motor Measured and Estimated speed output with Abrupt faultt
&3 T T T T T

25

speed, volt

Figure (5.13): Measured and estimated speeds of PMDC motor with Abrupt fault.
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Figure (5.14): Residual output with Abrupt fault.

From the previous figure, we note that the residual value exceeds the threshold

value, which indicates a fault in the sensor. At this moment, the alarm is triggered.

5.2.5 Simulation results of incipient fault for PMDC motor

The simulation was performed as if there was an incipient fault in the speed of
the PMDC motor, as illustrated in Figure (5.1). At 11 seconds an incipient fault was
implemented to the output speed. The output and estimated PMDC motor speeds as a
simulation are shown in Figure (5.15), and the residual output as a simulation is

shown in Figure (5.16)

YAD70 D.C motor Measured and Estimated speed output with Incipient fault
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Figure (5.15): Simulation of output and estimated speeds with incipient fault.
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Figure (5.16): Simulation of residual output with incipient fault.

From the previous figure we see that the residual value increases above the
threshold value at 11 seconds, that is, the time when the fault occurred.

5.2.6 Experimental results of incipient fault for PMDC motor

The incipient fault was introduced during this experiment and Figure (5.3)
shows the its application to the speed sensor and was implemented to the output
speed at 2 seconds. Figure (5.17) shows the responding of the measured and
estimated speeds, and Figure (5.18) illustrate the residual output, we can see that the

fault detection was carried out successfully at the time of its appearance .
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Figure (5.17): Measured and estimated speeds of PMDC with incipient fault.

69



o

Residual Generation output with Incipient fault
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Figure (5.18): Residual output with incipient fault.

From the previous figure we see that the residual value gradually increases
above the threshold value for 2 seconds, that is, the time when the fault occurred,

which indicates a fault of the speed sensor.

5.2.7 Simulation results of intermittent fault for PMDC motor

This experiment was presented as a simulation, by applying an intermittent
fault in the speed of the PMDC motor, as shown in Figure (5.1). After 5, 8, and 11
seconds with an amplitude of 1, 1.5, and 2, respectively an intermittent fault was
applied to the output speed, each time for 1 second. The results were quite similar to
the practical results in the absence of an fault. The output and estimated speeds of the
PMDC motor as a simulation are shown in Figure (5.19), and the residual output as a
simulation is shown in Figure (5.20).
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YA070 D.C molor Measured and Estimated speed output with Intermittent fault
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Figure (5.19): Simulation of output and estimated speeds with intermittent fault.
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Figure (5.20): Simulation of residual output with intermittent fault.

From the previous figure, we notice that the value of the residuals exceeds the
threshold value.
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5.2.8 Experimental results of intermittent fault for PMDC motor

Figure (5.3) shows that an intermittent fault was introduced during this
experiment and applied to the PMDC motor speed sensor. It is implemented by
adding a constant value to the sensor reading in periodic periods. Intermittent fault
was applied to the output speed after 5, 8, and 11 seconds with an amplitude of 1,
1.5, and 2, respectively, each time for 1 second. Figure (5.21) shows the response of
the measured and estimated speeds of PMDC motor, and Figure (5.22) shows
residual output, we see that the detection of the fault was successfully performed

during its beginning of the appearance time and the end of the same time.

YAO070 D.C motor Measured and Estimated speed output with Intermittent fault
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Figure (5.21): Measured and estimated speeds of PMDC with intermittent fault.
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Figure (5.22): Residual output with intermittent fault.
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As can be seen from the above figure, we notice that the residuals value

exceeds the threshold value.

5.2.9 Simulation results of sensor fault for PMDC motor

The sensor fault simulation was performed in Simulink by multiplying the
speed signal by zero. The output and estimated PMDC motor speeds as a simulation

are shown in Figure (5.23). The residual simulation is shown in Figure (5.24).

YAO70 D.C molor Measured and Estimalted speed output with sensor fault
T | I

speed in Volt

Time (seconds)

Figure (5 .23): Simulation of output and estimated speeds of PMDC motor with
sensor fault.
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Figure (5 .24): simulation of residual output with sensor fault.
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From the figure above, it is noted that the value of the residuals falls below the

threshold value at the time of the applied fault.

5.2.10 Experimental results of sensor fault for PMDC motor

A sensor fault occurs when the speed sensor is disconnected from the PMDC
motor when the time is 3 seconds. Then the sensor reconnects after 1 second. This
fault was implemented online (in real time), as shown in Figure (5.3). Figure (5.25)
shows the responding of the measured and estimated speeds, and Figure (5.26) shows
residual generation output. We can see that the fault detection was carried out

successfully.

YAD70 D.C motor Measured and Estimated speed output with Sensor failure
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Figure (5.25): Measured and estimated speed with sensor faul
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Figure (5.26): Residual output with sensor fault.
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From the figure above, it is noted that the value of the residuals falls below the
threshold value at the time of the applied fault. At this moment, the alarm is
triggered.

5.3 Simulation and practical results for BLDC motor

Faults such as abrupt fault , an intermittent fault and incipient fault in the speed
sensor of the BLDC motor have been implemented as simulations in Simulink, as
illustrated in Figure (5.2). The speed sensor fault resulting from disconnecting the
sensor for a specified period and then reconnecting it was implemented in real time
and the results were successful. In addition, the alarm is activated when this fault

occurs.

5.3.1 Simulation results without fault for BLDC motor

The simulation was performed as if there was no fault in the BLDC motor speed. The
output speed and estimated speed as a simulation is shown in Figure (5.27) and

Figure (5.28). Figure (5.29) shows the simulation of the residual output.

Measured speed with No fault =

speed in Volt

| | | | | | | |
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Figure (5.27): Simulation of output speed without fault.
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Figure (5.28): Simulation of estimated speed without fault.

a0t Residual Generation with No faull B
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Figure (5.29): Simulation of residual output with no fault.

5.3.2 Experimental results without fault for BLDC motor

This experiment was performed with no fault in the speed sensor for BLDC
motor as shown in Figure (5.4). Figures (5.30) and (5.31) shows the measured and

estimated output speeds.
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Figure (5.30): The measured speed of the BLDC motor.
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Figure (5.31): The estimated speed of the BLDC motor.

The results were quite similar to the simulation results in the absence of an
fault. More than a test have been experimentally applied on the BLDC motor while
it is fault free in order to determine the threshold value from the residual generation .
At the first test applied the upper threshold value was 0.05 while the lower threshold
value was - 0.01848 as shown in the Figure (5.32) and at the second test applied the
upper threshold value was 0.0425 while the lower threshold value was - 0.01848 as
shown in the Figure (5.33). It is important to know the threshold values , therefore to

design the alarm when there are faults in the motor speed.
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Figure (5.32): Residual output with upper threshold value is 0.05 and lower

threshold value is - 0.01848.
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Figure (5.33): Residual output with upper threshold value is 0.0425 and lower

threshold value is - 0.01848.
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From the previous figure (5.33), note that the residual generation is not equal to
zero due to the noise that presented in the BLDC motor and errors in the parameters
of observer design. Therefore, we chose a higher threshold value of 0.05 and a lower
value of - 0.01848 in order to avoid false alarms for the residual value. These
threshold values were adopted for BLDC motor tests to implement the alarm.

5.3.3 Simulation results of abrupt fault for BLDC motor

The abrupt fault was introduced during this experiment as a simulation and
applied to the BLDC motor speed sensor, as shown in Figure (5.2). This fault is
implemented by adding a constant value to the sensor reading.. This fault didn't work
in real time for BLDC motor. This fault was executed as a simulation in Simulink.
An abrupt fault was implemented on the measured motor speed sensor at 8 seconds.
The simulation of the output and estimated BLDC motor speeds are represented in
Figure (5.34) and the simulation of the residual output is shown in Figure (5.35), we
can see that the fault detection was carried out successfully at the time of its

appearance.

MOON' BLDC motor Measured and Estimated speed output with Abrupt fault
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Figure (5.34): Simulation of the output and estimated speeds of the BLDC motor
with Abrupt fault.
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Residual Generation with Abrupt fault

T
I

Reslidual (Volt)

T
1

| | | | | | | |
0 2 4 6 ] 10 12 T |e 1 E)
Time (seconds)

Figure (5.35): Simulation of residual output with Abrupt fault.

From the previous figure, we note that the residual value exceeds the threshold

value, which indicates a fault in the speed sensor.

5.3.4 Simulation results of incipient fault for BLDC motor

The incipient fault was introduced during this experiment as a simulation and
applied to the BLDC motor speed sensor, as shown in Figure (5.2).This fault does
not work in real time for the BLDC motor and was executed as a simulation in
Simulink. It was implemented to the output speed at 12 seconds. The simulation of
the output and estimated BLDC motor speeds are represented in Figure (5.36) and
the simulation of the residual output is shown in figure (5.37), we can see that the

fault detection was carried out successfully at the time of its appearance .
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MOON' BLDC motor Measured and Estimaled speed output with Incipient fault
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Figure (5.36): Simulation of the output and estimated speeds of the BLDC motor
with incipient fault.
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Figure (5.37): Simulation of residual output with incipient fault.

From the figure above, it can be seen that the residual value exceeds the

threshold value at the start of 12 seconds, which indicates a fault in the speed sensor

5.3.5 Simulation results of intermittent fault for BLDC motor

Figure (5.2) shows that an intermittent fault was introduced during this
experiment as a simulation and applied to the BLDC motor speed sensor. It is
implemented by adding a constant value to the sensor reading in periodic periods.
This fault didn't work in real time for BLDC motor. This fault was executed as a

simulation in Simulink.
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Intermittent fault was applied to the output speed after 5, 8, and 11 seconds
with an amplitude of 1, 1.5, and 2, respectively, each time for 1 second. The
simulation of the output and estimated BLDC motor speeds are shown in Figure
(5.38) and the simulation of the residual output is shown in Figure (5.39), we see that
the detection of the fault was successfully performed during its beginning of the
appearance time and the end of the same time.

MOON' BLDC motor Measured and Estimated speed outpul with fault

speed in Volt
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Figure (5.38): Simulation of the output and estimated speeds of the BLDC motor
with intermittent fault.
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Figure (5.39): Simulation of residual output with intermittent fault.

From the previous figure, we note that the residual value exceeds the threshold value.

82



5.3.6 Simulation results of sensor fault for BLDC motor

The sensor fault simulation was performed in Simulink by multiplying the
speed signal by zero. The output and estimated speeds as a simulation are illustrated
in Figure (5.40) and Simulation of the residual output is shown in Figure (5.41)

MOON' BLDC motor Measured and Estimaled speed output with Sensor failure
T T ] ] [

Figure (5.40): Simulation of the output and estimated speeds of BLDC motor with
sensor fault.
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Figure (5.41): Simulation of residual output with sensor fault.

From the figure above, it is noted that the value of the residuals falls below the

threshold value at the time of the applied fault.

83



5.3.7 Experimental results of sensor fault for BLDC motor

A sensor fault occurs when the speed sensor is disconnected from the BLDC
when the time is two seconds. Then the sensor reconnects after one second. This
fault was implemented online (in real time), as shown in Figure (5.4). Figure (5.42)
shows the responding of the measured and estimated speeds and Figure (5.43) shows
the residual generation output. We can see that the fault detection was carried out

successfully.
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Figure (5.42): Measured and estimated speeds with sensor fault.
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Figure (5.43): Residual output with sensor fault.

From the figure above, it can be seen that the residual value falls below the
threshold value at the time of application of the fault and that will indicate a fault in

the sensor. At this time, the alarm is triggered to indicate the presence of the fault.
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Chapter 6
Conclusion and Future
Work
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6.1 General conclusion

Fault Detection and Diagnostics (FDD) methods play an effective role in
improving the reliability, maintenance, and security of control systems. This thesis
included the study of observer-based methods applied to the detection of faults in
electrical motors. Electrical motors are one of the most commonly used devices in
our time and are used in many applications. In this thesis, Simulink was used to
design a controller driver system for BLDC motor speed and PMDC motor speed.
The Luenberger observer method for fault detection is demonstrated for electrical
motors (BLDC and PMDC motors). A sensor fault detection scheme for the BLDC
motor and the PMDC motor is presented. The sensor fault was tested to prove the
benefits and workability of the proposed method. The ability of residuals to detect
different types of sensor failures is demonstrated, such as intermittent fault, abrupt
fault and incipient fault. The method for condition monitoring used in this thesis is
thresholding. A fixed threshold (simple threshold algorithms ) is used for the residual
signal. A buzzer device was used as an alarm for the speed sensor faults used in the
research. This research has experimentally demonstrated the implementation of fault
detection in electric motors (PMDC motor and BLDC motor). The Practical results

showing the accuracy and benefits of the error detection method in real time.

6.2 Future work

Here, a study is conducted to detect a speed sensor fault on a BLDC motor
using Luenberger observer. Another topic that could be a future work is an fault in
one of the Hall sensors signal (H,, H,,H;) for BLDC motors. At the end of the

study, a fault in the H, signal was made through a normally closed switch in the hall

sensor circuit which leaves a pace for any future work to continue the work on H1

and make new study on H2 and H3.

Accordingly, any researcher can complete the subject of detection faults signal
Hall effect sensor for BLDC motors( one faulty hall effect sensor).Although the
importance of the method used in this thesis to detect faults in the motor speed
sensor, much research remains to be done in the future. These research topics can

also be studied in the future, as follows:
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A. Another method of calculating the residual generation can also be obtained
from the Kalman filter.

B. Adaptive threshold can be used for residual signal.
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Appendix A

Appendices

A.1 Datasheet of Moons' 42BL30L2-5 BLDC motor.

! |
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A.2 Datasheet of YA-070/ YA-071 PMDC motor.

Specifications:

e« DC SERVO MOTOR YA-070/YA-071
e Maximum Supply Voltage : 24 VDC
e Current: 200 mA

e Speed : 3000 RPM

e 200 PULSES/REVOLUTION

e Encoder Model=H9700

e WIREES : red + black= motor power
o Green=SIG A

e Wwhite=SIGB

o diameter of the output shaft: 6mm

o length of Output shaft: 28.5mm

« Body diameter: 61mm

o Total length: 103mm

Figure (A.1): YA-070/071 PMDC motor.
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A.3 Motor parameters conversion table.

Motor parameters conversion table

Drive units

=3-1_ O'Rle.(hot)-i-Z

Motor: X Units: X Column B to Units: X Column D Units: X required for sine
(Wye-wound aFnatur ¢) Commutation Column D | Commutation | to Column F | Commutation commutation
six-step: conversions: six-step: conversions: |  sine wave: with wye-wound
armature:
Tc 12.7_Nm = 12.7_Nm = 12.7_Nm Tc (Nm)
Tp 41.2._ Nm = 412 Nm = 41.2_Nm Tp(Nm)
- - = Ic (a<-rms)/
Ic (current/®,) 13_ANO, = 13 A V1.5 1061 _a-rms, pha se(0),,
x Ip (a-rms)/
Ip (current/®,) 533_A/O, = 533.A, +J1.5= | 4352 arms pg“ (01,
= : 1.224745 2
Kt 1.00 Nmv/A = 1.00 NmvA V1.5= Nrm/a-rms Kt (Nm/a-rms)
74.05
Ke or Kb 057735V(®)/rad/sec | -y3= 100VIL-LY/ - 1-1,0004955]  yegaaty | Kb (Vims/Krpm)
rad/sec +y2= Kipin
o 057735 V3:1000 | 104720V |, 0 vﬂf“:ﬁiv Kb (Vrma/Krom)
V(@) rad/sec +955= Krpm TS Krpm PM
Rm (ohms). (line-to-line) at T 1.08 Q) (lineto = 1.08_Q (lineto | Rm (Q: line toline)
25°C 05400, 2 line) = line) at25°C
= - Lorlm
Lm, (mH) 4.25_mH/®, 2= 8.5_mHiL-L)/ = 8.5_mH(L-L)/ (mH:line toline)
Jm (inertia) 0.00152 kg-m* +100° = 15.2kg-cm?’ = 15.2 kg-cm?’ Jm (kg-cm?)
Motor poles 10_Poles = 10_Poles +2= 5_Pole-pair Pole-pair (PP)
Thermal resistance 0467°C/W = 0467 W = 0467°C/W
Winding temperature = = o
(oL iy 155°C 155°C 155°C
. 5 = = {(155-25) o {(130°C_rise) + | Based on data-
Watts (loss) at 25°C ambient | {(155-25)+ 0.467jw = 278 0467w = 278 = 04671 sheetinformation.
Equality: Watts (loss) by
power calculations
Power (slx-step);.. T , 13%+(1.08- . o— Checks fut based
a2 0, -Rm é(hot) 2:13240.541 = 278= 1.525) = 278 = tapplicable on given or
=1_line*+Rm_L_L(hot], converted data.
Power (sine wave) 2
3V 0| O <osé‘ : Not . 3-1061°% Checks out based
Not applicable 4 Not applicable 278= (1.08- on given or
=3-1_0:-Rm_O(hot), applicable 1525)+2 | converted data.

Provided by Kollmorgen — 1.1.2013

This table converts common wye-wound motor
parameters into units that can be entered into drives for

sinusoidal operation.

1.Locate the required drive units in Column G.

2.For any motor parameter presented in the units of
Column B, use the conversion factors of Column C to

get the units of Column D.Then use conversion factors
of Column E to get the units of Column F, to match the
specific units for the drive in Column G.

3. For any motor parameter presented in the units of
Column D, use the conversion factors of Column E to
get the units of Column F and match the specific units
for the drive in Column G.
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’

close all

’

Clear MATLAB memory and close all figures

B.1 MATLAB M. file codes for BLDC motor.
clear all
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rank (q)
disp('system is Observable')

’

disp('system is not Observable')

obsv (A, C)

else
end



00000000000000000000000000 00000000000000000000000
5%%%%5%5%5%%%%5%5%5%5%5%5%%5%5%5%5%5%5%%5%0bserver Design $%%%%%%%%%%%%5%%5%%%%%%%%
0 0000000000000000000000000000000000 o — —
55%%%%%%%%%%%%%5%%%5%5%%5%5%%%5%%%%%%%%%%0vershoot<0.5%,ts=0.0126sec, z=0

pos=0.5;

ts=0.0126;

z=(-log (pos/100))/ (sgrt (pi”2+log(pos/100)"2))

wn=4/(z*ts)

r=roots([1l,2*z*wn,wn”"2]) %desired poles

poless=10*r

L T=acker(A.',C.',poless)% state feedback observer ain matrix
L=L T'

oe

o° oP

k=place(A,B, r)

$%%check for closed loop eigenvalues$%$

Acl=A-B*k;

Ecl=eig(Acl)

$%%%creat closed loop system

syscl=ss (Acl,B,C,0);

step(syscl)

kdc=dcgain (syscl) ;

kr=1/kdc;

syscl scaled=ss (Acl,B*kr,C,D);
step(syscl scaled);

% $%%% check poles of estimtor -error dynamc
OobAcl=A-L.*C;

est poles=eig (A-L.*C)

B.2: MATLAB M.file codes for PMDC motor.

% clear matlab memory and close all figures
clear all; close all;

% Define YA-070/ YA-071 PMDC motor parameters$%$%$%%%%%%
t=0:0.01:20;

Ra=7; %Resistance

La=0.008436; % Inductance H

Kt=0.094; % Nm/Arms, Torque constant

Kb=0.094; % Vrms/rad/sec, Voltage constant ke
J=2.2097e-04; kg.m”2, Rotor inertia,

b=1.65e-04; $Nm/rad/sec %$%%%viscous friction cofficient
Syms s

% Define motor state variable model%%%

A=[-b/J Kt/J; -Kb/La -Ra/Lal;

B=[0; 1/Lal;

C=[1 0];

D=0;

motor ss=ss(A,B,C,D)

tfff=tf (motor_ ss)

% Plots the Step Response of state space diagram

% figure;

step(tfff, 10)
title('Open Loop Step Response state space diagram');

96



xlabel ('Time, secs')
ylabel ('Voltage, volts')
grid on;
9990000000000 00000000000000000000000000000000000
O0OO0OOO0OOO0OOODOOOODOOODODOODODOOODODOODODODOODODOODODODOODODOOODOOODO©OOO™©©
Syms s
num =[ (Kt)];
den = [(La*J)*s”2 + ((Ra*J)+(La*b))*s + ((Ra*b)+ (Kt*Kb))] ;
plant = tf (num, sym2poly (den)
9990000000000 0000000000000000000000000000000000000
OO0OO0OO0OO0OO0OOODO0OOODODOODODODOODODODODODODOODODOODODODOODODODODODODOODODOOODOOODODOO™O
$%%%%%%%%%%5%%stability%%%%%%%%%%%%%%%
poles=eig (A7)
000000000000000000000
OO0OO0OOOO0OOOOOOOOOOOOOODO™O
$%%%%%%%%5%5%5check controllablity and observablity
$%%% controllablity$%$%%%%%%%%%
p=ctrb (A,B);
if rank(A)==rank(p)

disp('system is controllable')
else

disp('system is not controllable')

end
$%%% Observablity$%%%%%%%%%5%5%%%%%5%5%5%%%5%5%%%%%5%5%5%%%%

g=obsv (A,C);

if rank (A)==rank(q)
disp('system is Observable')

disp('system is not Observable')

0000000000000000000000000000 . 00000000000000000000000
//6///6//////////////////6660bserver DeSlgn ///////////////////////

.1
-log(pos/100) )/ (sqrt (pi”2+log (pos/100)"2))

wn=4/ (z*ts)
r=roots([1l,2*z*wn,wn"2])

% poless=10*r

% L T=acker(A.',C.',poless)% state feedback observer ain matrix
$ L=L T'

k=place(A,B, r)

$%%check for closed loop eigenvalues$%$

Acl=A-B*k;

Ecl=eig(Acl)

$%%%creat closed loop system
syscl=ss (Acl,B,C,0);

step(syscl)

kdc=dcgain (syscl) ;
kr=1/kdc;

syscl scaled=ss (Acl,B*kr,C,D);

step (syscl scaled)

% %%%% check poles of estimtor -error dynamc
ObAcl=A-L.*C;

est poles=eig (A-L.*C)
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Appendix C

Schematics

C.1 Inverter Design.

Figure (C.1): Schematic of the inverter circuit.

C.2 IR2110 Driver circuit.
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Figure (C.2): Schematic of the IR2110 Driver circuit.
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C.3 Hall sensor circuit.
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Figure (C.3): Schematic of the hall sensor circuit.

C.4 Motor driver (L298N H-bridge).circuit.
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Figure (C.4): Schematic of the L298N H-bridge circuit (motor driver).
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Appendix D

Data sheet

D.1 L298N data sheet.

[S72

L298

DUAL FULL-BRIDGE DRIVER

» OPERATING SUPPLY VOLTAGE UP TO 46 V

» TOTAL DCCURRENTUPTO 4 A

» LOW SATURATION VOLTAGE

» OVERTEMPERATURE PROTECTION

» LOGICAL "0" INPUT VOLTAGE UP TO 1.5V
(HIGH NOISE IMMUNITY)

DESCRIPTION

The L298 is an integrated monolithic circuitina 15
lead Multiwatt and PowerS020 packages. It is a
high voltage, high current dual full-bridge driver de-
signed to accept standard TTL logic levels and drive
inductive loads such as relays, solenoids, DC and
stepping motors. Two enable inputs are provided to
enable or disable the device independently of the in-
put signals. The emitters of the lower transistors of
each bridge are connected together and the come-
sponding external terminal can be used for the con-

ELOCK DIAGRAM

Multiwatt15

DRDERING NUMBERS : L298N (Multiwatt Vert.)
L29BHN (Multiwatt Horiz.)
LZ98P (FowerS020)

nection of an external sensing resistor. An additional
supply input is provided so that the logic works at a
lower voltage.

og o .?t Mg oy
2 3 n ] m
+us |, ‘
| ~
oT|
1 2 3 s
5 s S
-
m | n3
-l [ " EnB
0 [ 7 ©
mao—-i s SENSE B
Rsa l Rse
Jenuary 2000 113
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D.2 IRF740 data sheet.

N\ ____ A
VISHAY.

IRF740, SiHF740

Vishay Siliconix

Power MOSFET

FEATURES
PRODUCT SUMMARY )
Ve 200 » Dynamic dV/dt Rating
os V) .
- " » Repetitive Avalanche Rated -
Fiosior (L2) Vgg =10V .55 « Fast Switch RoHS*
Qg (Max) {nC) 82 ast switching COMPLIANT
Qg NC) a0 * Ease of Paralleling
Qga I0C) 32 » Simple Drive Reguirements
Configuration Singla * Compliant to RoHS Directive 2002/85/EC
g DESCRIPTION
TO-220A8 Third generation Power MOSFETs from Vishay provide the
p designer with the best combination of fast switching.
q ruggedized device design, low on-resistance and
G cost-effectiveness.
Y The TO-220AB package is universally preferred for all
\\ % v commercial-industrial applications at power dissipation
. ] e levels to approximately 50 W. The low thermal resistance
and low package cost of the TO-220AB contribute to its
M-Channel MOSFET

wide acceptance throughout the industry.

ORDERING INFORMATION

Package TO-2204B
IRFT40PDF

Lead (Pb)-fras SHFTAES
IRFT40

SnPb SHFT40

ABSOLUTE MAXIMUM RATINGS (T = 25 *C, unless otherwise noted)

PARAMETER

SYMBOL LiMIT UNIT
Drain-Source Voltage Vog 400
Gate-Source Voltags Vas =20 v
Tc=25°C 10

Continuous Drain Currant ‘ Vagat 10V To=100°C In a3 "
Pulzed Drain Currant® ] 40
Linear Derating Factor 1.0 WG
Single Pulse Avalanche Energyt Eas 520 mJ
[Repetitive Avalanche Gurrent® lag 10 A
Rapatitive Avalanche Enargy® Esn 13 md
Maximum Powar Dissipation Tc=25°C Pp 125 '
Peak Diode Recovary dV/dt® d\/dt 4.0 Vins
Operating Junction and Storage Temperature Range Ti. Targ =55 10+ 150 .
Soldering Recommendations (Peak Temperatura) for 10 s 3004

10 Ief - in
Maounting Tarque B=32 or M3 scraw

1.1 N-m

Notes

a. Repetitiva rating; pulee width limited by maximum junction temperature (eee fig. 11).
. Voo =580V, starting Ty =25°C, L=9.1 mH, Ry =251}, |35 = 10 A (zee fig. 12).

b.
c. lzps10 A, difdt < 120 Alus, Vop < Vps, Ty 5 130 °C.
d. 1.8 mm from casa.

* Pb eontaining terminatione are not RoaHS compliant, exemptione may apply

Document Number: 81054
511-0507-Rav. C, 21=Mar-11

www.vishay.com

This darashesat is subject to change withaout noti

ICa.
THE PRODUCT DESCRIBED HEREIN AND THIS DATASHEET ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT
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D.3 IR2110 data sheet.

Data Sheet No. PD60147 rev.v

International

ISR Rectifier IR2110(S)PbF/IR2113(S)PbF
HIGH AND LOW SIDE DRIVER
Features Product Summary
# Floating channel designed for bootstrap operation
Fully operational to +500V or +600V VOFFSET (IR21 1 O) 500V max.
Tolerant to negative transient voltage (IR2113) 600V max.
dV/dt immune
® Gate drive supply range from 10 to 20V lo+/- 2A 1 2A
# Undervoltage lockout for both channels
* 3.3V logic compatible Vout 10 - 20V
Separate logic supply range from 3.3V to 20V
Logic and power ground +5V offset tonioff (typ.) 120 & 94 ns
* CMOS Schmitt-triggered inputs with pull-down De\ay Matching (IRQHO) 10 ns max|

# Cycle by cycle edge-triggered shutdown logic
# Matched propagation delay for both channels
* QOutputs in phase with inputs

(IR2113) 20ns max.
Packages

Description

The IR2110/IR2113 are high voltage, high speed power MOSFET and
IGBT drivers with independent high and low side referenced output chan- 16.Load SOIC

: H ; -Lea
nels. F_'ropnetary H\{\C and Iatch immune QMOS technol0g|e§ enat?le 14-Lead PDIP IR2110S/1R2113S
ruggedized monolithic construction. Logic inputs are compatible with IR21101R2113
standard CMOS or LSTTL output, down to 3.3V logic. The output
drivers feature a high pulse current buffer stage designed for minimum
driver cross-conduction. Propagation delays are matched to simplify use in high frequency applications. The
floating channel can be used to drive an N-channel power MOSFET or IGBT in the high side configuration which
operates up to 500 or 600 volts.

Typical Connection up to 500V or 600V

— HO —l -
X
-l

Vopo——4— Vo Va

HINo——F HIN Vg . 0
sD SD — & LOAD
LIN & LIN WVee 4

Vg Vee  COM [—° E_

Vee °— o Lo

(Refer to Lead Assignments for comect pin cenfiguration). This/These diagramis) show electrical
connections only. Please refer to our Application Notes and DesignTips for proper circuit board layout

www.infineon.com/gatedriver 1
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D.4 H9700 optical sensor data sheet.

HEDS-970x, HEDS-972x Series AvaGD

Digital Qutput Small Optical Encoder Modules TEcHWOLOGIES

Data Sheet a i
Description Features

Thie HEDS-9700 series is & high performance, low cost,  « Small Size

:_:up‘tical_ in-::n_!ment_al er_umder module. When uperat-_ed o Low Cost

in conjunction with either a codewhesl or codestrip, . . .
this module detects rotary or linear position. The * Multiple Mounting Options
module consists of a lensed LED source and a detector  «  Wide Resolution Range

IC enclosed in a small C-shaped plastic package. Due
to & highly collimated light source and a unigue phato-
detector array, the module is extremely tolerant to  * Mo Signal Adjustment Required

mounting misalignment. « |nsensitive to Radial and Axizl Flay

The twa channel digital outputs and 5V supplyinput are & -40°C to +85°C Operating Temperature
accessed through four solder-plated leads located on
254 mm (0.1 inch) centers.

Thie standard HEDS-9700 is designed for wse with an 11
mm optical radius codewheel, or linear codestrip. Otiher
options are available. Please contact factory for more in- -« Wawve Solderable

« Linear and Rotary Options Available

« Twao Channel Quadrature Output
« TTL Compatible
« Simgle 5V Supply

farmation.
i i
Package Dimensions I — |
MELLME TR —— 13
piMERgiong anz MLLIIIRET ao
IDATICAL CENTERI Lo THickEss: 12 -l
!
Pi 1 ENTIFIER 1 r_
B L.
l [T 'I
@ ta | -d
rm
1314 |
-ﬁ_—l—n‘“ E%T ﬂ
1,
_-‘_ noar
II1

LEAD THECMEERE — 336 v
LEAD PITGH — 258 mm

Mounting Option #50 - Standard (Baseplane Mounting)  Contact Factory for Detailed Peckage Dimensions

ES0 WARRING; NORMAL HANDLING PRECALITIONS SHOULD BE TAKEN TO AVOD STATIC D¥5CHARGE.
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