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ABSTRACT

This thesis is concerned with the design, development, and fabrication of the system
for a class of fault-tolerant actuators with high levels of redundancy. The high-redundancy
actuator (HRA) is a linear displacement actuation system, which consists of a large number
of small electromechanical actuation elements arranged in a series and parallel
configuration. Each actuation element of the HRA provides only a small contribution to
the required force and travel of the actuation system. Since the capability of each actuation
element is small, the effect of faults within the individual actuation elements on the overall
system is also small, and faults in elements can be intrinsically accommodated. So, in the
presence of faults, the HRA will gracefully degrade instead of total failure. The main
objective of the present work is focused on the HRA based on compact size direct driven
electromechanical actuators. The performance analysis of the HRA is a study under various
faults in the simulation environment and the same is validated with the experimental
results. Firstly, the work was focused on the selection of a suitable configuration for a
particular application, because it has a significant influence on the reliability of HRA. The
reliability of the system will vary even with the same number of elements in the same two-
dimensional arrangement. So, the reliability of different configurations was studied based
on the fault probabilities method with limited actuation elements (like 2x2 series-in-
parallel, 2x2 parallel-in-series, 3x3 series-in-parallel, 3x3 parallel-in-series). It was
observed that the travel capability of a series-in-parallel structure is superior to a parallel-
in-series configuration for low fault probabilities. Based on the reliability results, the
mathematical and the 3D model of a Direct Driven Electromechanical Actuator (DDEMA)
and a HRA with 3x3 Series-in-Parallel configuration was developed and simulated with
the aid of MATLAB software. The performance of the HRA with nine actuators was
analyzed under different fault conditions in the simulation environment and the results
showed, up to three faults the HRA can provide nearly 100% inherent fault-tolerance.
Hence, the sudden failure of the system in the presence of fault was avoided. However, the
capability of the actuator was found to be reduced gradually depending upon the number

of faults introduced in the HRA system. Based on the simulation model, the HRA with nine



actuation elements in the 3x3 Series-in-Parallel configuration was developed to validate
the simulation results. The experimental setup was made by assembling the individual
EMAs, the custom-made aluminum blocks, and the steel rods with linear bearings. An
LVDT connected to the LABVIEW module (NI USB-6008) was used to measure the linear
displacement of the HRA and an Arduino Mega 2560 was used to measure the linear
displacement of the individual actuators form the encoders. From the results, it was found
that the 3x3 HRA can achieve the desired capability of up to three actuator’s failure. Hence,
there is no sudden failure of the system under any type of actuation faults. All the results

have been validated with the simulation results and it was found to be nearly the same.
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CHAPTER -1

INTRODUCTION

Sensors and actuators are the necessary elements in any of the modern engineering
systems. Sensors perform a broad range of functions which include, measuring force,
motion, acceleration, temperature, and several other characteristics of the physical systems
in real-time. In contrast, the actuator converts one form of energy like hydraulic,
pneumatic, electrical, or chemical energy into mechanical movement. In most applications,
the signal from the sensors will be sent to the system and cause the actuators to execute the
preferred action. For example, to perform a spot welding task on a vehicle in an automobile
assembly plant, a sensor will be responsible for giving the input signal to the controller.
The controller energies the actuator to cause a robotic arm to move [1]. The presence of
any malfunction in the sensor or actuator will lead to imperfect welding or even failure of
the welding process. Faulty elements in any engineering system can be a huge hassle.
Sometimes, they might cause irrevocable damage to the industries. Particularly, a fault in
the safety-critical system can lead to disasters of unimaginable magnitude. So, designing
modern engineering systems with a high level of reliability is of utmost importance to avoid
any unexpected failures [2].

One important way to achieve reliability is by having a fault-tolerance design that
can tolerate any malfunctions of the individual components of the system. In general, fault-
tolerance can be achieved by adopting a redundancy technique which includes the addition
of resources, time, or information beyond the normal requirements of the system being
operated. In recent years, fault-tolerance has become one of the greatest tools for providing
safety to any mechatronic system. The aircraft actuation, railway track switching [3], and
nuclear power systems are some of the most important systems that need redundancy to
ensure reliability [4].

More recently, the aerospace field significantly increased the use of multi
redundant-actuation systems to avoid unexpected failures [5]. Modern aircraft adopted

quadruplex flight control computers and quadruplex redundant actuators as primary flight



controls to make the fly-by-wire systems highly reliable [6]. In the occurrence of a fault, it
is still feasible to make the aircraft fly safely even if a single computer is active.

Railway track switches are safety-critical resources, which provide flexibility to
railway networks but they exhibit single points of failure. Failure of switch within a high
traffic passenger rail system causes an inconsistent level of delay. Subsystem redundancy
is one of the approaches, which can be used to confirm a suitable safety integrity or/and
operational reliability level. By successful adoption of redundancy, a significant
enhancement in the availability and reliability of the switches can be achieved [3].

In the nuclear power plant, one of the important parts of it was the control rods [7].
The reaction inside the nuclear reactor is controlled by the control rods which are inserted
and removed into and from the reactor. The control system which is responsible for the
insertion and removal of the control rods is called the control rods control system (CRCS).
It is essential to maintain the high reliability of the CRCS because its malfunction can cause
a sudden shutdown of the power plant. Therefore, a duplex hardware redundancy of CRCS
is implemented to ensure the high reliability of the nuclear power system. Since actuators
and sensors are vital to the control system, it is essential to preserve the actuators and

sensors at the requisite reliability to ensure the system can attain the essential performance.

1.1 Linear Actuators

A linear actuator is a device that produces movement in a straight line. In general,
linear actuators are of three types: Hydraulic, Pneumatic, and Electromechanical
actuators. For moving very heavy loads, hydraulic actuators are primarily used and for
extremely fast applications, pneumatic actuators are good. Electromechanical actuators
provide the strength of hydraulic actuators with more precise movement and motion

control.

1.1.1 Hydraulic actuators: A hydraulic actuator consists of a hollow cylindrical tube with
a sliding piston inside and a fluid pump that uses hydraulic power to enable mechanical
action. As the fluids are almost impossible to compress, a hydraulic actuator can employ
significant force. In general hydraulic cylinders are of two types, single acting, and double-
acting cylinders. In the case of a single-acting cylinder, the fluid pressure is applied to only
one side of the piston then the piston can move in the only forward direction and the reverse



stroke is possible with the help of a spring. In the case of a double-acting cylinder, the fluid
pressure is applied to both sides of the piston then the piston can move in forward and
backward directions depending on the difference in pressure between the two sides.
However, the major disadvantage of hydraulic systems is the requirement to have a power
pack, contamination of oil, the noise made by the hydraulic systems, and low maximum

torque to power ratios [8].

1.1.2 Pneumatic actuators: A pneumatic actuator is a device that converts compressed air
energy into mechanical movement. In the industries, these pneumatic actuators are also
known as air actuators, pneumatic cylinders, and air cylinders. A pneumatic actuator
consists of a cylinder, piston, and valves. These actuators can convert the energy into linear
as well as rotary motion. Linear pneumatic actuators have extensive use as the drive
element for a limited function like pick and place motion of the robots, end stops in

mechanical systems [8, 9], and more broadly utilized as actuation in special-purpose

machinery.
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Figure 1.1 Classification of different EMA types [10].

1.1.3 Electrical actuators: The most common form of an electrical drive is an electric
motor which is used for machine tools and robotic applications. Even though solenoids and
linear motors have been investigated and proved as possible means for generating
controlled linear motion [10]. Enhancements in the design of the motors have enabled the

power to weight ratio of electric motors. In recent years, the efficiency and reliability of
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the actuation system have also increased significantly. The easiness of the motion control
systems compared to pneumatics and hydraulic drives is an additional key influential factor
in the increasing usage of electric drives for machine applications [10]. The significant
enhancements in the permanent magnetic DC servo-motors have become the most
commonly used rotary electric drives. These electric drives offer better low-speed torque
capability and higher power to weight ratios than the stepper and other traditional AC
motors [11].

In general, the electric drives produce rotary motion but the linear motion using
electric drives is attained by using rotary to linear transmission systems like lead-screws,
rack, and pinion, etc. The linear actuators are further classified into geared and direct-
driven linear EMAs as shown in figure 1.1. In general, the geared linear electromechanical
actuator consists of a DC motor with a lead-screw or ball-screw or roller-screw and a nut
assembly [10]. The linear motion of the actuator screw is measured by a linear variable
differential transducer (LVVDT) which is attached between the movable and the fixed ends.
The distribution of required power and receiving the feedback signals from the actuator is
done by an Electronic Control Unit (ECU). The architecture of a gear-driven

Electromechanical Actuator (EMA) is as shown in the figure below.
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Figure 1.2 The architecture of a gear-driven EMA



Traditionally, the redundancy of both sensors and actuators can be attained by
connecting two or more of these devices in parallel. For sensor redundancy, the output is
combined through voting as shown in figure 1.3, whereas, for actuator redundancy, the
output is the mechanical consolidation as shown in figure 1.4. This method works fine for
sensors, however, for actuators, this strategy does not apply because sensors deal with

information whereas actuators deal with the energy conversion.
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Figure 1.3 Traditional redundancy of sensors

N\

ACTUATOR-1 Jﬁ

p=

ACTUATOR 2 | LOAD

ACTUATOR 3 Ji
\——

(@) (b)
Figure 1.4. Traditional redundancy of the actuators, (a) Block diagram (b) 3D model

The task to be completed by this group of actuators in parallel is carried out by any
one of the individual actuators from the same group. The fact that each of these actuators
can perform the required task alone enables them to override any faulty actuators [12].
However, these actuators in parallel increase the size, weight, and cost of the system and
eventually, reduces the efficiency of the system. Moreover, the use of pure parallel
configuration holds no value in the event of jamming/lock-up of an actuator within it.

Considering these problems associated with the traditional pure parallel redundancy, the



concept of a high redundancy actuator (HRA) with a grid (both in series and in parallel)

configuration was put forward to achieve inherent fault-tolerance.

1.2 High Redundancy Actuator

The basic idea behind HRA (based on Electromagnetic or Electromechanical)
comes from the behavior of human musculature [13]. The musculature has many individual
cells that work in a very typical and ingenious way and the motion provided by each muscle
cell contributes very minutely to the entire travel and force of the overall muscle system.
This is what makes the muscular system highly robust in spite of occasional damage to the
individual cells. By implementing the same concept, the HRA has been designed with
many small individual actuation elements that are connected in both series and parallel
configuration to form a single actuation system [14]. The displacement and force provided
by each actuation element in the HRA are very small compared to the overall output of the
actuation system. The schematic diagram of a HRA with 30 actuation elements is shown
in figure 1.5. Here, each one of the rectangular blocks represents a linear actuation element.
X1 to Xs are the displacements of the individual actuators, and X_ is the overall
displacement of the load due to HRA. The base of the actuators that are connected to the
fixed support remains immovable while the bases of the other actuators are moveable. This
HRA is having 5 actuation elements in each row and 6 actuation elements in column-wise
so it is denoted as a 6x5 High Redundancy Actuation system.

X1 X2 X3 Xa Xs -——

”,  ———)  ———) * ———p * ———p « ———p

Actuator Actuator Actuator Actuator Actuator
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II Actuator II Actuator II Actuator II Actuator II Actuator I'
Actuator Actuator Actuator

Actuator Actuator

II Actuator II Actuator II Actuator II Actuator II Actuator II
Actuator Actuator Actuator Actuator Actuator

Figure 1.5 Schematic diagram of a HRA
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The HRA reduces the complications experienced by traditional redundancy
structures, as the degree of over-engineering is reduced. For example, a HRA may employ
100 actuation elements, but the specified action may require only 80 actuation elements.
Thus, the HRA, in this case, is only 20% over-engineered, whereas in the triplex and
quadruplex cases it is 200% and 300% over-engineered respectively. By the attachment of
actuation elements in serial, the problems of the lock-up fault of the actuators are resolved
as the HRAs are inherently tolerated [15]. One additional benefit is that instead of large
changes of capability only the reduction in actuation of the HRA will occur. It can be
observed the system may change from fully operational to total failure within a short period
in the case of parallel redundancy systems. The capability of the high redundancy actuator
will decrease gradually instead of sudden failure. Hence, in this particular area of research,
the primarily focused was to compensate for the actuator faults in the subsystem level and
to avoid complete failure due to lock-up or loose fault and make the system to complete

the task with reduced capability.

1.3 High Redundancy Actuator Configurations

The arrangement of actuation elements can be done in many ways to form a HRA.
The effectiveness of the fault tolerance to particular faults depends on how the actuation
elements in the HRA are configured. The common faults that an EMA may undergo are:
electrical faults like short circuit and open circuit faults and mechanical faults like lock-up
are loose faults [16, 17]. The actuation elements of a HRA in four different configurations
are shown in figure 1.6.

These four configurations of the HRA under both electrical and mechanical faults
are presented within this thesis. The pure parallel configuration is intolerant to lock-up
faults but it can tolerate loose faults, on the other hand, the pure series configuration can
tolerate lock-up faults but it is intolerant to the loose fault. Hence, the arrangements of
parallel and serial actuation elements will provide tolerance to both loose fault and lock-
up fault. When these faults are considered, the two major configuration types emerged are
series elements connected in parallel (series-in-parallel) and parallel elements connected
in series (parallel-in-series). These configurations provide superior tolerance to lock-up
faults and a degree of tolerance to loose faults. The Parallel-in-series configurations

provide greater tolerance to loose faults and a degree of tolerance to lock-up faults. The
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choice of configuration, and the number of elements therein, will be dictated by the
likelihood of each fault mode in the actuator technology and the requirements of the
application, hence, no definitive configuration can be made. The details of the

configurations and configurations under faults were addressed in chapter-3.
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Figure 1.6 Different configurations of the HRA

1.4 Research Aim and Objectives
The main aim of this research work is to exhibit the concept of a High Redundancy
Actuation system with 9-element actuation based on direct driven electromechanical
actuators (DDEMASs). The specific objectives of this research work are:
e To analyze the reliability of series-in-parallel and parallel-in-series configurations
of the high redundancy actuation system.
e Todesign and develop the mathematical and 3D model of a single EMA and a HRA
having nine actuation elements.
e To analyze the performance of the designed 3x3 HRA under specified fault
conditions in the simulation environment.
e To design and develop a lab-scale experimental setup to validate the simulation

results.



1.5 Thesis Overview

The entire thesis is presented in six chapters.

Chapter 1: A brief introduction of actuators and various types of linear actuators
are given, and the concept of the high redundancy actuation system based on
electromechanical actuators has been introduced. Research objectives and thesis
overview are explained in this chapter.

Chapter 2: The literature survey related to high redundancy actuation system,
electromechanical actuator faults, and fault tolerance concepts are summarized and
gap analysis, and overall research work plan are provided.

Chapter 3: The reliability analysis of series-in-parallel and parallel-in-series
configurations of the high redundancy actuation system was derived and based on
the results the high redundancy actuation configuration was selected for further
analysis.

Chapter 4: Based on the reliability results obtained from the previous chapter, a
3x3 series-in-parallel high redundancy actuator mathematical and 3D model was
designed. The results of the model were analyzed under both healthy and faulty
conditions.

Chapter 5: This chapter gives the fabrication of a single electromechanical actuator
and a 3x3 high redundancy actuator. The experimental setup with all the individual
electrical and mechanical elements is explained in detail and the results obtained
were validated with the simulation results.

Chapter 6: This thesis ends with the scope for future work and conclusions drawn
from the reliability analysis of configurations of high redundancy actuator,

simulation, and experimental results.



CHAPTER -2

LITERATURE REVIEW

2.1 Introduction

This chapter describes the main concepts of the work presented in this thesis like a
fault, failure and graceful degradation, EMA faults, actuator redundancy, fault-tolerance,
HRA, configurations of HRA, and controller design. So, the literature review begins with
an overview of the extensive research publications associated with those areas. Different
failure modes in electromechanical actuators are discussed in this section. These failure
modes have been established as the most common types of failures in systems performance
and include a wide extension of the common types of failure in electromechanical
actuators. However, the main concern of actuator failure is mechanical jamming.

As already discussed in the previous chapter, the electromechanical actuators
(EMAs) are a combination of an electrical (electric motor) and a mechanical system
(mechanical gear-box). For linear EMAs, the rotational motion of the motor is converted
into linear motion with the aid of a mechanical assembly, such as a lead screw or ball screw,
or roller screw [18]. The jamming of the actuator may occur due to the failure of these
mechanical components. The details regarding the failures are discussed in this chapter and
the working of the EMAs are described in chapter-4.

This chapter ends with a discussion on the previous work related to the High

Redundancy Actuator, the research gaps, and the flow chart of the work plan.

2.2 Fault, Failure, and Graceful Degradation

Any fault in the system will deviate that system from its normal performance or
behavior. Fault can be expressed as the occurrence of an unpredictable defect in the
software or hardware of the system. On the other hand, failure is expressed as a permanent
interruption to the ability of the system to carry out a required function. According to [19],

the term fault is used to represent a malfunction of the system rather than a disaster, while
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the term failure is used to represent a complete breakdown. The concept of fault, graceful

degradation, and failure can be represented by a simple diagram as shown in figure 2.1.

| * @ Nominal performance of the system

‘ Deviation of system performance
due to fault

Acceptable performance region:
System is fully capable.

Graceful degradation region:
System has reduced capability.

[ % ‘ 3
\\\\ Unacceptable performance region:

System failure, no capability.

Figure 2.1. Concept of fault, failure, and graceful degradation

The performance value of the system that is operational can lie within the
acceptable or graceful degradation or unacceptable regions and this is determined by the
degree of fault. The innermost point (P,, shown in green) represents a system without any
faults, showing nominal performance. As evident from the diagram when the degree of
fault is minimum, the deviation of the system will also be minimum and the performance
of the system will remain in the acceptable region (represented in white). Under these
circumstances, the system withstands these faults and achieves complete fault tolerance. A
system that attains complete fault-tolerance will fall under the acceptable region. If the
system is able to perform without a complete breakdown in spite of an increased degree of
faults, then the system is said to be within the graceful degradation region. So, the system
that attains the partial fault-tolerance will lie within the graceful degradation region. When
the performance values of the system deviate beyond the graceful degradation value then

the system will collapse and is considered to be in the unacceptable region.

2.3 Actuator Faults

A fault in an actuation system is defined as “a defect that occurs in the hardware or

software of a system, which may be located in the controller, power supply, actuators or
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sensors of the system, or indeed in the plant itself. Faults often result in unexpected or
undesirable behavior changes of the system, and where faults result in the system being

unable to complete an expected action, the system is said to have failed” [20].

2.3.1 Classification of Faults

In general, faults are classified based on several criteria, such as physical locations
in the system, time characteristics of the faults, and the effect of faults on the performance
of the system [21]. According to their physical locations the faults are classified into,

plant/process faults actuator faults, and sensor faults shown in Figure 2.2.

Input ) h [ R Output
Controller Actuator Plant »1  Sensor >
+
B 1 1 ) \_ T )
Fault Fault Fault

| Feedback IA
l Signal |‘

Figure 2.2: Types of faults based on their physical locations.

2.3.1.1. Plant/Process Faults

The physical parameters of the system are directly affected due to this type of fault
and as a result dynamics of the input/output properties of the system will change [21]. An
extensive variety of faults will occur due to the wear and tear, environmental conduction
and aging of the components, etc. So, plant/process faults are also recognized as component

faults [22].

2.3.1.2 Sensor Faults

Sensors are devices that detect and react to the signals from any physical system or

environment. Some of the main functions of these instruments are to take measurements or
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readings from a system such as potentiometers, current sensors, load cells, etc. Sensor
faults will lead to incorrect measurements or readings from the real dynamic systems [22].
The sensing devices, transducers, signal processors, or data acquisition equipment are some
of the sensor network components where the sensor faults are likely to occur [23]. There
may be a number of reasons for these sensor faults like power failure, joint or connection
failure, physical damage, and miscalibration [24]. Nowadays the fault-tolerant control
research has mainly focused on sensor faults. The sensors that deal with information and
measurements are the main reasons for the advancement of fault tolerance in this particular

arca.

2.3.1.3. Actuator Faults

The faults that occurred in the actuator can cause a partial degradation of the
actuator or complete loss of control. The partial degradation of the actuator is due to partial
actuator faults and loss of control of the actuator is due to the complete actuator faults of
the system [25].

If an actuator is subjected to partial actuator fault then the response of the actuator
becomes slow or less effective and provides a part of the normal actuation signal, On the
other hand, the actuator produces no signal if it is subjected to complete actuation faults
[22]. Partial or complete actuator faults can take place in the actuation system due to the
equipment aging or malfunction or wear and tear leading to degradation in the
performance. The main focus of the studies presented in this thesis is the actuator faults
related to EMA. It is composed of both mechanical and electrical subsystems which makes
an interesting research problem. However, the current research was interested in two major
fault modes which are described in figure 2.3.

The movement of the actuation element subjected to the lock-up fault will become
zero and it will act as a rigid element between the two supports [26, 27]. In general, it is
known as jamming of the actuator. “This might occur due to excessive wear of the ball
screw that creates mechanical interference within the mechanism and thus causes the
actuator to jam in place” [28]. Under this fault, the actuation element will become very

rigid and results in the loss of travel capability. Loose faults in the actuation element will
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lead to zero applied force. This is due to the loss of proper connection between the

mechanical elements of the actuation system.
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(a) Normal (b) Lock-up fault (c) Loose fault

Figure 2.3: Normal, Lock-up, and loose faults of an actuator.

The fault tolerance strategy that has been generally applied to sensor fault tolerance
is not applicable for actuator faults. This is because the sensors deal with the transfer of
information whereas the actuators deal with the transfer of energy. So, in the presence of
faults in the actuator, redundancy is essential to achieve fault tolerance. To keep the
actuation system in control and transport it to the desired position actuator force is always
required [29]. Nothing can avoid this requirement.

Some of the major fault modes with information regarding possible reasons, effects,
and the variables to detect the faults of an electromechanical actuator are provided in table

2.1.
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Table 2.1. Fault modes, reasons, effects, and the variables to detect the faults of an

electromechanical actuator
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2.4 Fault Tolerance

This is the characteristic of a system that allows it to continue operations if one or
more of its components experience a fault [30]. The main aim is to avoid system failure by
preventing component faults [31]. The decrease in the performance of the system is
proportional to the severity of the fault. If the severity of the fault increases the chances of
a sudden breakdown of the system will be more. So, in all the safety-critical applications,
like nuclear reactors, aircraft, heavy passenger trains, and chemical plants the fault
tolerance has become a highly desirable feature. The fault tolerance capability can be
achieved by providing the system with extra resources (redundant), which include software
redundancy, hardware redundancy, information redundancy, and time redundancy [32, 33].

This thesis emphasis on hardware redundancy which was achieved by integrating
extra hardware elements into the system to override the effects of failed components [34].
To increase the force and travel capability of the actuation system, the HRA is integrated
with extra actuation elements above the capability of an individual element. The faults of
one or more individual actuation elements in the HRA will make the system performance
to degrade but not an entire failure. So, this HRA can provide inherent fault tolerance and

avoid the sudden failure of the system [35].

2.5 Overview of Redundancy

The word redundancy in general practice is frequently related to a negative
inference of something unnecessary or over-abundance, or in some cases, it might be
treated as meaningless and useless. However, redundancy can be an influential tool to
overpower system errors [36]. For example, “introducing a simple repetition (redundancy)
in a conversation might reduce the possibility of misunderstanding (error). In engineering,
the term redundancy refers to the duplication or replication of critical components of a
system (usually a safety-critical system) with the intention to increase the reliability of the
system” [37]. Redundancy is very much associated with the safety and integrity of the
modern engineering systems. The principle of redundancy is simple: “an element is
redundant if another element exists (a backup) to do the required task if the first fails. By
extension, a redundant system is a system that contains redundant elements” [38].

Therefore, a system is said to be a redundant system, if it could be integrated with several
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elements that work simultaneously but also capable of performing the task individually if
required (such as the engine of civil aircraft) [39]. This can also be referred to as a system
with elements that are in idle condition until the system needs them, similar to the backup
power supply in a computer [40]. For achieving a high-reliability system, redundancy has
become essential for over decades. Especially the civil aircraft designs are heavily
dependent on redundancy for their safety. Redundancy can be applied to the sensor,
actuator, control computer, and any other components in a system. Parallel redundancy is
also known as direct redundancy which denotes multiple independent elements that operate
in parallel to form a system [42]. This has been extensively used in the aircraft industry but
due to some limitations researchers and engineers are looking for an alternative to the
conventional parallel redundancy especially for actuators and this generated a concept

called high redundancy actuators.

2.4.1 Parallel Actuation Redundancy

Actuators are the most significant components in many of the mechatronics
systems, especially in aircraft, nuclear power plants, and railways where the failure of the
system may cause disasters. So, for safety-critical systems, fault tolerance is very essential.
In general, fault tolerance actuation in safety-critical systems is achieved through parallel
redundancy. In this arrangement, the actuation elements are connected in the triplex or
quadruplex configuration. If a fault occurred in any of the actuation elements then the
remaining healthy elements will be capable of achieving the requirement to avoid the
failure of the system. The redundancy in common increases the reliability of the system
but the cost of initial procurement, [43] weight, [44], and maintenance cost are some of the
disadvantages in certain applications. For example, weight and volume are strict constraints
in aerospace applications [45]. If any one of the actuation element of a parallel redundancy
system affected by the lock-up fault will make the whole system fail [44, 35]. This is
because the travel of the actuation system will become zero but the actuation elements that

are in healthy condition will be applying the force continuously.

2.4.2 High Redundancy Actuator

To overcome the issues encountered by the traditional parallel redundancy, the

concept of HRA is introduced for fault tolerance. The concept of HRA for fault tolerance

17



was inspired by human musculature [46, 47]. The resemblances between human muscles
and an actuator in the sense that both converts energy into motion. Human muscles convert
energy from food consumed into complex motion such as running and walking while EMA
converts electrical energy into mechanical motion. Human musculature works ingeniously
because each muscle cell provides the only minute contribution to the travel and force of
the overall muscle system [48]. By adopting the same principle, the HRA was developed.
Currently, research on designing HRAs is focused on the use of a small number of
electromechanical actuators (EMAs). Previously, a mathematical model for a HRA with 4
electromechanical actuation elements connected in 2 x 2 series-in-parallel configurations
under closed-loop conditions was investigated [49] Results showed that this HRA could
tolerate the faults and in spite of some performance degradation, it was able to complete
the required task [50] Another design that was investigated had 16 electromagnetic
actuation elements connected in 4 x 4 series-in-parallel configurations under an active
fault-tolerance controller and a condition monitoring system that indicates the critical
capability level [51, 52] Numerical and experimental work with 12 electromechanical
actuation elements connected in 3 X% 4 series-in-parallel configurations was also
investigated under both open and closed-loop conditions [18] The present research work
aims at developing a 3 x 3 (series and parallel configuration) HRA with 9 direct-driven
linear EMAs tested under both healthy and faulty conditions in the simulation environment
using MATLAB/Simulink/simscape multibody software tool-box. The main faults
considered during the simulation are open and short circuit faults of the motor and jamming

and loose faults of the lead-screw.
2.4.3 HRA as Ailerons Actuation System

Ailerons are one of the control surfaces of the aircraft which are used to roll or tilt
the aircraft from one side to another during the flight. Figure 2.4 describes the operation of
an aileron. The two ailerons of the aircraft will work in the opposite direction to each other.
When the right aileron is moving in the upward direction then the left aileron is moving in
the downwards direction and vice versa [53]. In general, to avoid the failure of the actuation
system of the aileron two or three identical actuators are provided to have redundancy.

Apart from the weight of the aircraft, the complexity of the system will be increased by
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this approach. To overcome this, the traditional triple redundancy actuation system can be
replaced by a HRA system. When the EMA rod applies the force on the flight control
surface (Aileron) then the aileron will make an angular displacement along the axis of the
Hing joint. If the HRA is used as the actuation source for the aileron actuation then the
HRA rod is to be connected to the aileron. The HRA translation rod will be making the
control surface (Aileron) to rotate like a lever arm effect. When the EMA rod applies the
force on the flight control surface (Aileron) then the aileron will make an angular
displacement along the axis of the Hing joint. If the HRA is used as the actuation source
for the aileron actuation then the HRA rod is to be connected to the aileron. So, if there is
any reduction in the performance of the HRA due to faults in the individual actuators then
eventually and the performance of the aileron will be affected.

So, if there is any reduction in the performance of the HRA due to faults in the

individual actuators then eventually and the performance of the aileron will be affected.

Deflecting the right aileron up
causes the aircraft to roll to the right
Decreases lift

S

Aileron down

Aileron up,

Roll Decreases lift

Aileron
CC/\ Wing Profiles— q/

Aileron

Figure 2.4 Schematic showing the operation of the aileron.

2.5 Reliability of HRA configuration

In a high redundancy actuator, the actuation elements are connected in both series
and parallel (see Figure 1.5) arrangement which is also known as grid configuration [54-
56]. This will increase the force and travel capability and availability over an individual

actuation element [57, 58]. And also makes the actuation system robust to faults when an
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actuation element was subjected to lock-up or loose fault. These faults in the system may
reduce the overall capability of it but the system will remain in function [59-61]. So far,
the focus of the research was on the modelling and control of the simple configurations.
The reliability studies so far on electromechanical systems are rare, previously
electromechanical steering was discussed [54], and electrical machines and power
electronics were analyzed [55].

Finding the best suitable arrangement of actuation elements for a particular
application to improve the availability and reliability of the actuation system was very
much important to design a HRA [62, 63]. Just adding the actuation elements will not
improve the reliability of the system [16]. The series arrangement improves the travel
capability and the parallel arrangement improves the force capability of the actuation
system. Depending upon the priority of the system, the number of actuation elements and
the configuration of the HRA needs to be identified. This work presents an approach to
find the reliabilities of series-in-parallel and parallel-in-series configurations which were

discussed in chapter-3.

2.6 Controller design

There is a possibility to design different controllers for the HRA due to its robust
mechanical structure. The concept of HRA was mainly proposed for flight control
system and some of the popular techniques used to design flight control systems are;
classical (P, PD, PI, PID) controller [80-83], robust (H1, LQ, LQG, LTR) controller [84-
87], dynamic inversion [88-91], quantitative feedback theory [92, 93], linear parameter
varying (LPV) control, [94, 95], model predictive control [80], adaptive control [96],
model following [97], sliding mode control [98], and fuzzy logic [99], and Eigen

structure assignment [100-101].
2.6.1 Classical Control

After considering the mechanical structure, it also necessary to explore some
features of control structures. Some of the classical controls that are widely used in
industries are: Proportional Integral Derivative (PID) controller, Lead and Lag

compensations. Based on the level of feedback information, two kinds of controllers are
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defined as “Local Controller” and “Global Controller”. The Local Controller is based on
information feedback from each and every actuation element and the Global Controller is
based on feedback information of the overall HRA. The two control structures which are
based upon these two kinds of controllers are as shown in the figure 2.5 and figure 2.6.
The control structure shown in figure 2.5 is only a global controller for the full
actuator assembly. A position feedback global controller is necessary for a position
tracking purpose. This is possible by giving a controlled voltage signal to all the actuation
elements from the global controller. Due to this reason this structure is called as a voltage-

driven control structure.

Feedback signal
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Figure 2.5 Voltage driven control structure
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Figure 2.6 Current driven control structure
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The control structure shown in figure 2.6 is a global controller for the full actuator
assembly with local controllers at each actuation elements. The current feedback is used
for the local controllers by adding a current inner loop along with the global controller for
a better control performance. So, this is called current driven control structure because the
global controller gives a current control signal to all local controllers.

In this present work, a classical global controller has been chosen to be tested
with the HRA and it was chosen due to simplicity in the design process. The HRA, all
the multiple actuation elements are assumed to be identical during the modelling
process. But, in reality, there will be minor variances in the parameters of every
individual element, and these introduce parameter uncertainties to the system.
Moreover, when faults are injected into the elements of the model, the dynamics of the
system will change which causes time varying uncertainties. Though classical control

methods can provide good tracking performance.

2.7 Conclusions

A literature review relating to actuator faults, fault tolerance, and high redundancy
actuation was presented in this section. From the literature data, the importance of the
reliability of the HRA configuration was realized. So, based on the reliability results of
series-in-parallel and parallel-in-series configurations, a HRA with nine actuation elements
based on direct driven electromechanical actuators (DDEMASs) has opted for the present
research work. The mathematical/3D modelling of the HRA based on DDEMA was
derived and the experimental setup was fabricated based on the geared electromechanical
actuators that are arranged in the series-in-parallel configuration. In the initial stage, a four-
element HRA based on EMA was studied considering a gear-box (between the motor and
the lead-screw) and a motor stiffness parameter for the EMA [14]. After that, a
mathematical modelling work considering the gear ratio as one and neglecting the motor
stiffness was derived [13]. And in the present work, the mathematical and a 3D model
based on DDEMA was modeled. Based on the 3D model, a case study using the HRA as

an aileron actuation system was analyzed in chapter-4.
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2.7.1 Literature Gaps

Based on the literature so far covered in the previous sections, the gaps of the

literature are identified and provided below.

* The reliability of different configurations of HRA with limited actuation elements
needs to be studied to find the best suitable configuration for a particular
application.

* Electromechanical actuators are widely in use for achieving fault-tolerant actuation
but, the usage of compact size direct driven linear electromechanical actuators was
very less. So, there is a need to work on direct driven linear EMAs.

* It is necessary to study the behavior of the HRA under various faults even more.

* There were only a few studies carried out on the experimental validation of the

HRA system.

2.7.2 The Work plan

The present work was carried out based on the flow chart as shown in figure 2.7.
In the first step, the identification of the suitable configuration of the HRA has to be made.
So, the reliability analysis for the configurations of the HRA was described (in chapter-3).
Based on the reliability results, a 3%3 series-in-parallel arrangement was considered for
further analysis. For obtaining the HRA, the type of actuation element needs to be selected.
So, based on the literature gaps a DDEMA was selected for the modeling. The
mathematical modelling of the single DDEMA and the 3D model of the single DDEMA
was derived and it was extended to the 3x3 HRA later. Two common mechanical and
electrical faults of the actuators are modeled and introduced into the healthy 3x3 HRA
model and the results under the fault conditions were analyzed. Finally, an experimental
setup of 3x3 HRA to validate the simulation results was fabricated.

The most common mechanical faults considered are lock-up fault and the loose
fault. Similarly, most common electrical motor faults that are considered include open-
circuit (OC) and short-circuit (SC) faults. OC fault in the motor can occur due to the
breakage of one or more turns in the winding phase. When this happens, the flow of current
becomes zero in the fault phase and there is no torque generation by the motor. So, the

rotation of the actuator’s lead-screw (which will be connected to the motor shaft) will
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become zero. SC fault occurs when turns inside the windings are shorted together.
Depending on the number of short turns, a significant change in the resistance, mutual and
self-inductance and also the back E.M.F changes occur. However, no positive torque is
generated. Lock-up or jamming fault occurs when lead-screw or ball-screw nut gets
jammed. This happens because of fragmentation or deformation of the balls or because of
the locking of the gears in the gear-box. This results in the failure of the transmission of
the actuator. Loose fault results from loss in applied force between the mechanical elements

or the free movement of the lead-screw without any restriction/force.

Reliability Analysis for different configurations of a
High Redundancy Actuator (HRA)

!

‘ 3x3 Series-in-parallel HRA based on ‘

Electromechanical Actuators (EMAs)
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e Mathematical Modeling ¢ 3D Modeling of a direct
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Modeling of 3x3 3x3 HRA with
HRA with faults Aileron application
Experimental
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Figure 2.7 Flow chart of the work plan
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CHAPTER -3

RELIABILITY ANALYSIS OF HIGH REDUNDANCY
ACTUATOR CONFIGURATIONS

3.1 Introduction

In the present development in technical systems, the industries must be fully aware
of the necessity for reliability in the design and manufacturing of products. Even though
“Reliability Engineering” has introduced at first during the Second World War with
a huge contribution with the aid of defense people, nowadays it has become essential in
all levels of the product cycle starting from design to the final product. Reliability of the
system can be defined as “the probability that a system will perform its intended function
adequately for a specified period, or will operate in a defined environment without failure”
[56]. The increase in the system complexity will decrease the reliability of it and the
reliability increases the preliminary cost of each device of the system. The manufacturing
of high-quality systems with low-quality components is not possible, but improving the
reliability of systems using less reliable components is possible just by changing the
configuration of the system [57]. The reliability of the system can be increased by the
addition of one or more similar components. The details regarding the addition of
components in different configurations and calculation of reliability of it was discussed in

this chapter.

3.2 Failure Modes and Causes

Failure can be defined as the “partial or complete damage of system components in
such a way that its working is extremely affected or completely stopped” [58]. In the
evaluation of the quantitative reliability of a system, the concept of failures and their details
are very much necessary. In general, some elements of the system have well-defined
failures but the failure of some elements of the system cannot be predicted. When the
component is initially installed and if that component fails with high frequency then it is

known as an initial failure or infant mortality. Manufacturing defects in the components
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are the major root cause for these types of failures. In the initial stages, these type of failures
are very high and progressively decreases and become stable over a period of time. If
constant failures of the system occur due to accidental was observed for a longer period on
a component then these type of failures are known as random failures. If the elements of
the system gradually deteriorate due to wear and tear with the usage then these types of
failures are called wear-out failures and the rate of failure of these types of failures is very
high [59]. Therefore the whole pattern of failures could be depicted by a bathtub curve as

shown in figure 3.1.

Infant Mortality End of life wear-out
decreasing Failure Rate increasing Failure Rate

Increased Failure Rate

Normal life (Useful life)
Low “Constant” Failure rate

A 4

Time

Figure 3.1. Failure rate curve (Bathtub curve)

3.3 Design for Reliability

Manufacturing of perfect components with exact tolerances is very difficult
because of inherent variations and the cost of manufacturing of exact components with
perfect tolerances is very high [75]. The approach becomes heavy with large and complex
manufacturing systems. Proper maintenance and utilization of engineering systems and
equipment were possible with the help of reliability study and it has become essential and
gained much importance among the working engineers and manufacturers. The reliability
analysis needs to be focused during the initial design stage of the system itself. So, before

designing the system, various means of improving the reliability of the system, and the
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constraints that are associated with them must be studied. The two methods to improve the
reliability of a system are: one is “improving the components” and the other one is “using
the redundancy technique”. Depending upon the type of the system, these two methods can
be applied independently or combined manner to improve the reliability of the system.

Some of the important techniques to enhance system reliability are shown in Table 3.1.

Table3.1 Techniques to enhance the reliability of the system

S.NO. Technique Remarks
1 Parts improvement Leads to higher cost
2 System simplification Leads to poor quality
3 Use of overrated components Leads to higher cost
4 Effective and creative design Failures cannot be completely eliminated
5 Maintenance and repair Best for high reliability
6 Structural redundancy An effective method for higher reliability

From the above table, the combination of structured redundancy and maintenance
and repair produces maximum reliability of the system which is nearly equal to one. In
general, the possibility to produce highly reliable components is very difficult due to
several constraints like cost, manufacturing process, non-availability of production
facilities, etc. In these types of situations, the redundancy technique is very beneficial for
enhancing the reliability of the system. So, for improving the reliability of the system by
introducing redundancy can be done in two methods: Element redundancy and Unit

redundancy

3.3.1 Element Redundancy:

In this approach, redundant for each and every element of the system are provided
individually. All the elements are added in parallel to the active components of the system
which enhances the redundancy of it. The redundancy in this approach is provided at the

element level only. For example, let Al and B1 be the two elements of the system with
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reliabilities Ri(t) and Ra(t) respectively as shown in figure 3.2. By applying the element
redundancy to that system then the system will become as shown in figure 3.3, where
elements A2 and B2 are the redundant elements of A1 and B1 with the same reliabilities.
In this arrangement, due to the presence of redundant elements, the reliability of the system
will be much better compared to the previous system. The proper condition of any one of
the elements Al or A2 and the condition of either B1 or B2 is sufficient for the successful

operation of the system.

Input Output

Figure 3.2. The schematic of a system with two elements Al and B1
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Figure 3.3. Applying element redundancy to a system of two elements Al and B1

Reliability of the element redundancy system in terms of probability can be written as:
Re=P [(Al or A2) and (B1 or B2)]
= Rg = P(Al or A2) x P(B1 or B2) 3.1
3.3.2 Unit Redundancy:

In this approach, the redundancy for the entire system was provided. The entire

elements of the system were added in parallel to an existing system which enhances the
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redundancy of it. The redundancy in this approach is provided at the system level. For
example, let Al and B1 be the two elements of the system with reliabilities R1(t) and Ra(t)
respectively as shown in figure 3.2. By applying the unit redundancy to that system then
the system will become as shown in figure 3.4, where the entire system of elements A2 and
B2 are the redundant system for the existing system Al and B1. In this arrangement, due
to the redundancy of the system, the reliability will be enhanced compared to the non-
redundant system. The proper working condition of any one of the systems is sufficient for

the successful operation of it.
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Figure 3.4. Applying unit redundancy to a system of two elements
Reliability of the element redundancy system in terms of probability can be written as:

Ru=P [(Al and B1) or (A2 and B2)] 3.2

The unit redundancy of the system is further classified into two types: Active
redundancy and Stand by redundancy. These are the two basic types of redundancies that

are used commonly.

3.3.2.1 Active Redundancy:

In active redundancy, to perform the function of decision making and switching,
the system does not require any external devices or components when an element in the
redundant structure fails. To share the load of the system the redundant elements of the

system are always operational and picking up the load of the failed element was done
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automatically. Active redundancy can also be called “Full-on redundancy or Load-sharing
redundancy” [56]. The configuration of the active redundancy system with elements Al

and A2 is as shown in figure 3.5.

Input Output

Figure 3.5. Active Redundancy

3.3.2.2 Stand by Redundancy:

Standby redundancy is defined as the “redundancy that requires the external
elements or devices to detect, make a decision and switch to another element or path as a
replacement for a failed element or path” [76]. This type of redundancy is more suitable
for some of the mechanical devices like motors and pumps etc. The schematic diagram of

the system representing the standby redundancy is shown in figure 3.6.

Input Prlmar
. Output
Switch

I Stand by

Figure 3.6. Stand by redundancy
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3.4 System Reliability Models

In general, system reliability model can be described as “to determine an
appropriate reliability or reliability model for each component of the system by applying
the rules of the probability according to the configuration of the components within the
system” [77]. The configuration of the redundant system may vary from simple to complex.
In a simple system, the system may contain one or two elements whereas a complex system
may involve thousands of elements. Such systems can be investigated by disintegrating
them into subsystems of suitable size which represents a precise function. Then the
reliability of the total system can be obtained by evaluating all the subsystems and
combining them using certain probability laws. However, this method requires entire
information of the system like physical structure and its functions to evaluate the system
behavior when a subsystem fails. To improve the reliability of the system there exist several
methods like reducing the system complexity, applying a large factor of safety, increasing
the reliability of the system components, etc. Even though there are several types of
configurations available but series, parallel, and combined series-parallel configurations

are the main focus of the present work.

3.4.1 Reliability of Series Configuration System

In a series system, the components are connected serially as shown in figure 3.7. If
a system is having a ‘n’ number of components connected in series then for the proper
function of the system, all the components must work accurately. The failure of any one of
its components leads to system failure. The information from the input end will reach the

output end if and only if all the ‘n’ components function properly.

Iniut’[l]_»[z]_’[:;]___ @Output

Fig. 3.7 Series System

Now the reliability of a series system in terms of probability can be written as,

Rs1 = Probability that all the components are in proper condition
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Rsi=P[(1)and (2) and (3) .......... and (n)]
Rsi=P[(1)NE2)NA).......... N (n)]
= Rs=P(1)xP(2) xP(3) x........ P(n)

Reliability of series system, Rs=(R1) X (R2) ...... X (Rn)
33

3.4.2 Reliability of Parallel configuration system

In the parallel system, the components in the system are connected in parallel as
shown in figure 3.8. If a system is having a ‘n’ number of components connected in parallel
then for the proper function of the system, any one of the components must work
accurately. Even though (n-1) number of components failed, still the system will be in
working condition. The information from the input end will reach the output end if a single
component in the system is working properly. In a parallel configuration, the total

reliability of the system is higher than the reliability of any single component of the system.

—_ S

Input = 2 1 Output
ﬁ #

Figure 3.8. Parallel System

Now the reliability of a parallel system in terms of probability can be written as,

Rs2 = Probability that any one component in proper condition
Rsx=P[(1)or(2)or(3).......... or (n)]
=P[(1) N2) NAB) .ccevvne. N (n) ]
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= Product of unreliability of components.

Reliability of parallel system Rp=1-[(1-R1) x (I-R>2) ...... X (1-Ry)] 3.4

3.5 Configuration of Actuation Elements

In the previous topic, the reliabilities of two different configurations of the
redundant systems were discussed. It was observed that the system having series
configuration will fail if any one of the components fails and in a parallel configuration,
the system will not fail unless all the components of the systems fail. The general redundant
system configurations will work in this manner but in the case of a redundancy actuation
system, both the series and parallel configurations have got their own benefits depending

on the type of fault that the system undergoes.

3.5.1 Specification of Actuation Elements

The individual actuation elements of the actuation system are specified using
several different measures but in the abstract point of view, they are divided into physical
measures and reliability measures. The physical measure describes the parameters like
displacement or acceleration, and force correlated to the actuation system, and the
reliability measure describes the probability of a fault.

The linear actuation system performs forward and backward movement depending
upon the controlled input signal. The basic functions of the actuation system are travel and
force capability which are considered to be the main focus for the reliability analysis. The
two capability measures lead to two main fault modes of an element they are, loss of force
(loose fault) and loss of travel (lock-up fault).

For simplifying the analysis only the static case of the actuation system was
considered. Both the lock-up and loose faults are assumed to be complete, this implies that
a fault reduces the relevant capability to zero. It is also assumed that both faults are

independent and the lock-up element is fixed in its neutral position.
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3.5.2 Actuation Elements in Pure Series Configuration

In general, the most common mechanical faults considered are lock-up fault and
the loose fault. Lock-up or jamming fault occurs when lead-screw or ball-screw nut gets
jammed. This happens because of fragmentation or deformation of the balls or because of
the locking of the gears in the gear-box. This results in the failure of the transmission of
the actuator. Loose fault results from loss in applied force between the mechanical elements

or the free movement of the lead-screw without any restriction/force.

X1=0 X2 X3

Locked-Up
Fault

Figure 3.9 (a). Actuation elements in pure series with A-1 actuator under lock-up fault
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Figure 3.9 (b). Actuation elements in pure series with A-1 actuator under loose fault

The actuation elements numbering and the graphical representation of lock-up and
loose faults in a pure series configuration are shown in Figures 3.9 (a) and 3.9 (b). The
actuator under the lock-up fault will act as a rigid element and the actuator under the loose

fault will act like there is no physical connection between the ends. The effect of lock-up
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fault in any actuation element of a pure series configuration will affect the travel capability
but not the force capability of the actuation system. For example, if the actuation element
A-1 in the three series actuation system is subjected to a lock-up fault and it will act as a
rigid link. So, the other two actuation elements which are in series are capable of providing
the required force but the linear displacement of the actuation system will be affected.
Because the displacement of the series actuation system is the sum of the linear
displacements of the individual actuation elements. In the same way, if the actuation
elements in a series actuation system are subjected to loose faults then both the force and
displacement of the system will be affected. This is because of the lack of fixed support to
apply the force and to make the displacement of the load. So, the series configuration of
the actuation system will be completely affected due to loose faults and partially affected

due to lock-up fault.

3.5.3 Actuation Elements in Pure Parallel Configuration

The graphical representation of lock-up and loose faults in a pure parallel
configuration are shown in Figures 3.10 (a) and 3.10 (b). The effect of lock-up fault in any
one of the actuation element of a pure parallel configuration will affect both the travel and
the force capability of the actuation system because the affected actuation element will act
as a rigid link between the fixed support and the load. So, even though the other two
actuation elements are active and in healthy condition, the system fails. The effect of loose
fault in the pure parallel configuration will affect the force capability because the force of
a pure parallel actuation system is the sum of the forces of all the individual actuation
elements. The travel capability of the parallel actuation system will not be affected due to
the loose fault of actuation elements. So, the parallel configuration of the actuation system

will be completely affected due to lock-up faults and partially affected due to loose fault.
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Figure 3.10 (a). Actuation elements in pure parallel with A-1 actuator under lock-up fault
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Figure 3.10 (b). Actuation elements in pure parallel with A-1 actuator under loose fault

3.5.4 Actuation Elements in Grid Configuration

The pure series configuration of the actuation system is having the
capability to overcome the lock-up fault and the pure parallel configuration is having the
capability to overcome the loose fault. So, for procuring both the advantages of series and
parallel configurations a grid configuration with both series and parallel arrangement are

graphically represented in the below figures 3.11(a) and 3.11(b).
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Figure 3.11(a) (1) 2x2 Series in parallel configuration (ii) 2x2 parallel in series
configuration
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Figure 3.11(b) (i) 3%3 Series in parallel configuration (ii) 3x3 parallel in series
configuration

Table 3.2 Effect of faults on force and travel capabilities

S.NO. | Type of Fault Travel Capability | Force Capability | Probability
1 None Normal (1) Normal (1) 2%
2 Loose Normal (1) Affected (0) piqr
3 Lock-up Affected (0) Normal (1) q:pf
4 Both Loose & Lock-up | Affected (0) Affected (0) q:qr

The two capability measures lead to two main fault modes (Lock-up and loose
faults) of an element. Both faults are assumed to be total that is a fault reduces the relevant

capability to zero (referee Table 3.2; Figure 3.21).
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3.6 Specifications of Reliability

Reliability of an element can be described in different ways, such as availability,
mean time to failure (MTTF), failure probability during a particular mission, or failure
probability over a given time. Depending upon the application the relevant specification
was used. However, all these measures are based on probability or probability density over
time. By using any of the above measures these functions over time can be interpreted. So,

the present work uses fault probabilities as a generic way to measure reliability.
P(loose) =P( C¢=0) =qr
P(lock-up) =P( Ci=0) = qt

where ‘P’ is the probability of an event, ‘q’ is the failure probability (unreliability)

of an element, typically close to zero. ‘C¢” and ‘C;’ are the force and travel capabilities.

3.7 Element Capabilities

The primary aim of using redundant elements is to increase the capabilities of the
actuation system. For example, two actuation elements in series can achieve twice the

travel and two actuation elements in parallel can achieve twice the force.
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3.7.1 Limiting Capabilities

The capabilities of the systems will not increase always even though ‘n” number of
subsystems or elements are combined. Instead, the capability of the actuation system is
determined by the weakest element. For example, the force capability ‘Cs of actuation

elements in series (see figure 3.13(a)) is:
Cfs(cf) = mln{Cfl, sz} 35
where ¢ is a vector (Cy4, sz)T

And the travel capability of elements in parallel configuration (see figure 3.13(b)) will be

the same, which is:
Ctp(ct) = min{Ctl, CtZ} 36

These equations follow directly from the physical laws and the specification. In
both pure series and parallel cases, the capability of the combined system is having a
minimum capability of overall elements of the system. So, the limiting capability can be

written as:

Ciim(c) = min{C;, C, ... ... ,Cn} 3.7
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If n elements with the cumulative reliability distributions Ri(c) are connected so
that the overall capability is limited by the weakest element according to Equation (3.7),

the cumulative reliability distribution Rjim(cim) of the new system, it can be calculated as
Rim(C) =Ry * Ry * ...... * R, (C) 3.8
(R1 * R3)(C) = Ry (C)R,(C) 39
3.7.2 Additive capability

The capabilities of some of the actuation systems will be increased when the
actuation elements are combined. This will motivate us to use several actuation elements
together in the first place. For example, the force capability ¢y of two elements in parallel

(see figure 13.3(b)) is in contrast to the minimum operator in equation 3.5.
And the travel capability of two elements in series will increase the travel to twice.
CtS(Ct) = Ctl + Ctz 3.11

In both pure series and parallel cases, the capability of the combined system is
having an additive capability over all the elements of the system. So, the additive capability
can be written as:

Cuaa(©) = Cy+ Cy + w4 Gy 3.12

If n elements with cumulative reliability distributions R;(c;) are arranged so that the
capabilities add up according to Equation (3.12), the cumulative reliability distribution

Rada(cadq) of the resulting system is defined by

Raaa(Caga) = Ri3F Roak. . . . .3F R,(O)

The state-space of the system C,;4 can be larger than the state space of any element C;. So,

with this additive ‘=|'F operator

(Ri3FR)(C) = Tfo(Ri(D) — Ryi + 1))R,(C — i) 3.13
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3.8 Capability of High Redundancy Actuation System Configurations
The High Redundancy Actuator (HRA) contains actuation elements that are
connected in series and a parallel configuration. Thus, it is essential to analyze the
reliability resulting from numerous levels of aggregations. In this section, the reliability
distribution of the overall system, and some demonstrative examples of series-parallel
configurations will be discussed. The first two systems shown in figure 3.11(a) are two-
level arrangements which are called series-in-parallel and parallel-in-series arrangements.

Later the analysis is extended to all 3x3 configurations.

3.8.1 Force capability of series in parallel configuration

The actuation system which consists of two series elements, duplicated in parallel
as shown in figure 3.11(a) is called 2x2 series-in-parallel or SP configuration for short.
This configuration consists of two serial elements on the top (upper left A1 and upper right
A2), and two more corresponding serial elements on the bottom (lower left A3 and lower
right A4). The force capability of the top elements is limited by the weakest element as
they are connected in series but the overall force capability will be the addition of
capabilities of the top and a bottom series group of elements. The reliability of the system
is analyzed for the capability to generate the force of a single element.

Let the force capabilities or states of the top row be ¢y and ¢y, and the capabilities
on the bottom ¢ and c. By considering all elements have the same force reliability pf.

The force capability of the system is:

CfSP(Cf) = Cftop + Cfbottom 3.14
Crsp(cr) = min{Cry, Cr2} + min{Cys, Cr4} 3.15

From the above equation, the force capability of series in a parallel system is the sum of
the minimum force capability of top elements in series and minimum force capability of
bottom elements in series. So, the cumulative reliability distribution Rs(c) for a single row

of two elements in the series needs to be determined first.

Rfs = Rfl * sz 316
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And the results that are obtained with the corresponding capabilities of a single actuation

element then
Rfs(O) =1
Res(1) = PF=(1—qp)? =1+ qf —2q5 3.17

If they are expressed in terms of q (failure probability or unreliability) then these
reliabilities computation is easier from a numerical perspective. So, polynomials in gr will
be used to describe them here. This reliability distribution Rs is used to describe the two-
row subsystems that compose the whole system. As the subsystems are binary in this case,
it is simple with capabilities 0 and 1.

Now the resulting force capability distribution of series in parallel configuration of
subsystems with the operator ‘Jl'f’ is

Risp = Res 3F Rys 3.18

The resulting capability distribution is

Rrsp(Cr) = Res ar Rys
=320 () pr2ra Y 3.19

Expanding the resulting polynomials produces

Resp(0) =1 3.20

3.8.2 Force capability of parallel in series configuration

In the parallel in series configuration, two elements are connected in parallel, and
two of these blocks are arranged in series as shown in figure 3.11(a). The only difference
between the previous configuration and this is the addition of the cross-connection at the
middle of the actuation elements. Now this configuration of the actuation system can be
divided into the left group of elements (Al and A3) and the right group of elements (A2

and A4). The force will be added up in each group as the actuation elements are connected
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in parallel, but the force capability of the overall system configuration is limited by the

weakest group. This results in the capability function

Crps = min{Crieft, Crrign }

CfPS = mm{Cfl + Cf3’ sz + Cf4-} 323
The force capability of parallel in series is the minimum of additive capabilities of the left

group and the right group of elements. So, for each group of two parallel elements,

Rep(Cr) = Ry
=YL o, (Dprlas™ 3.24

Expanding the resulting polynomials produces

Ryy(0) =1 3.25
Rep(1) =1 — q/? 3.26

Now the second stage of the analysis is more complex because each group is now
a multi-state system with three distinct capabilities. Equation 3.16 has to be applied, which

uses the operator * as defined in Equation (5). This leads to
Reps = Rep ™ Ryp
Reps(Cr) = Rfp(Cr) 3.28

This leads to the polynomial solution

Reps(0) = 1 3.29

The difference between the two configurations is found by comparing Equation

(3.21) with Equation (3.30) which are plotted as shown in Figure 3.14. The reliability
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values of all the remaining are identical, but R, (1) # Reps(1) shows a clear difference.
The parallel in series structure is superior by nearly a factor of two for low fault
probabilities gf. The reason becomes obvious when multiple faults are classified into fatal
ones (leading to a force capability of 0) and non-fatal ones (maintaining a force capability
of 1). Multiple faults are fatal if it involves several elements that are working in parallel.
Assuming that one fault has already occurred, it is interesting to analyze which further fault
would be fatal. In the PS configuration, there is only the one element directly in parallel,
while a further fault in either element of the other serial group does not affect the force
capability. However, in the SP structure, there are always two elements in parallel to the

faulty element. The second fault in either of these reduces the force capability to 0.

——2x2 SP and PS R(2)| |
——2x2 SP R(1)
——2x2 PS R(1)

System reliability by configuration
= &

0 0.2 0.4 0.6 0.8 1
Element fault Probability q

Figure 3.14 Reliability R, (1) of 2x2 configurations

3.8.3 Travel capability of series in parallel configuration

The travel capability of the series in parallel configuration is similar to the force
capability of parallel in series configuration. The configuration of actuation systems can be
divided into the top group of elements (A1 and A2) and the bottom group of elements (A3

and A4). The travel/displacement will be added up in each group as the actuation elements
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are connected in series, but the travel capability of the overall system configuration is

limited by the weakest group. This results in the capability function

Cesp = min{cttopr Ctbottom}

CtSP = min{Ctl + Ct3' Ctz + Ct4} 332
The travel capability of series in parallel is the minimum of additive capabilities of the

top group and the bottom group of elements. So, for each group of two series elements,

RtS(Ct) = Rt
=Y (Dpdla”™ 3.33

Expanding the resulting polynomials produces

Ri(0) =1 3.34
Ris(1) =1—gq,? 3.35
RtS(z) = 1 - th + qtz 3.36

Now the second stage of the analysis is more complex because each group is now
a multi-state system with three distinct capabilities. Equation 3.16 has to be applied, which

uses the operator * as defined in Equation (5). This leads to
Resp = Res ™ Rys

Risp (Ct) = RtZS(Ct)

This leads to the polynomial solution

Risp(0) =1 3.37
RtSP(l) == 1 - thz + qt4 338
Resp(2) =1 —4q, + 6CIt2 - 4CIt3 + Qt4 3.39
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3.8.4 Travel capability of parallel in series configuration

The travel capability of the parallel in series configuration is similar to the force
capability of series in parallel configuration. This configuration consists of two parallel
elements on the left (Al and A3), and two more corresponding parallel elements on the
right (A2 and A4). The travel capability of the left elements is limited by the weakest
element as they are connected in parallel but the overall travel capability will be the
addition of capabilities of the left and right parallel group of elements.

Let the travel capabilities or states of the left column be ¢ and ¢, and the
capabilities on the right ¢;3 and c4. By considering all elements have the same travel

reliability p;. The travel capability of the system is:

Cips(ct) = Crept + Cerigne 3.40

Ceps(ce) = min{Cy, Ci3} + min{Cyy, Cps} 3.41

From the above equation, the travel capability of parallel in series system is the sum of the
minimum travel capability of left elements in parallel and minimum travel capability of
right elements in parallel. So, the cumulative reliability distribution R:p(c) for a single row

of two elements in parallel needs to be determined first.
Rip =Re1 ™ Rys 3.42

And the results that are obtained with the corresponding capabilities of a single actuation

element then
Rtp(O) =1
Rp(1) = Ptz =(1- CIt)2 =1+ qg —2q; 3.43

This reliability distribution Ry, is used to describe the two-column subsystems that
compose the whole system. As the subsystems are binary in this case, it is simple with
capabilities 0 and 1.

Now the resulting travel capability distribution of parallel in series configuration of

subsystems with the operator ‘J|'f’ is
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Rips = Ryp J|If Rep
The resulting capability distribution is
Rips(Ce) = Rtp =|1[L' Rtp
= Y=o (ﬁt) pe2Crq 3.44

Expanding the resulting polynomials produces

RtPS (0) = 1 345
Rips(1) =1 —4q,* + 4q.° — q* 3.46
Reps(2) =1 —4q, + 6CIt2 - 4CIt3 + Qt4 3.47

For travel capability, the difference between the two configurations is found by
comparing Equation (3.38) with Equation (3.46) which are plotted as shown in Figure 3.15.
The reliability values of all the remaining are identical, but R;s,(1) # R.,s(1) shows a
clear difference. The series in parallel structure is superior by nearly a factor of two for low
fault probabilities gf. The reason becomes observable when multiple faults are classified
into fatal ones (leading to a travel capability of 0) and non-fatal ones (maintaining a travel
capability of 1). Multiple faults are fatal if it involves several elements that are working in
parallel. Assuming that one fault has already occurred, it is interesting to analyze which
further fault would be fatal. In the SP configuration, there are two elements directly
connected in series, while a further fault in either element of the other parallel group does
not affect the travel capability. However, in the PS structure, there is only one element in
parallel to the faulty element. So, the second fault in either of the elements in the series

group will reduce the travel capability to 0.
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Figure 3.15 Reliability R, (1) of 2x2 configurations

3.8.5 Reliability of HRA configurations

A method to calculate the reliability of SP and PS configurations was described in
the above sections. Similarly, the same considerations can be applied to any assembly that
follows a series in parallel or parallel in series structure. Extension of the 2x2 arrangement
to a square system of 3 columns and 3 rows connected in series in parallel configuration is

given below:

3.8.5.1 Force capability of 33 HRA series in parallel configuration
Rpsp(0) =1 3.48
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3.8.5.2 Travel capability of 3x3 HRA series in parallel configuration

Resp(0) = 1 3.52
Risp(1) =1 - 3q:° +3q:° - q;° 3.53
Resp(2) =1 —-9q, + 6q,3 + 27q,* — 36q,° — 15q,° + 54q,” — 36q,® + 8q,° 3.54

Rtsp(3) = 1 - 9qt + 36qt2 - 84qt3 + 126qt4 - 126qt5 + 84‘qt6 - 36qt7 + 9qt8 -
q¢° 3.55

3.8.5.3 Force capability of 3x3 HRA parallel in series configuration
Reps(0) =1 3.56

3.8.5.3 Travel capability of 3x3 HRA parallel in series configuration
Reps(0) =1 3.60

Rtps(l) = 1 - 27Qt3 + 81qt4 - 108qt5 + 81qt6 - 36qt7 + 9qt8 - qt9 361

RtpS(Z) = 1 - 27Qt2 + 108qt3 - 207qt4 + 234qt5 - 165qt6 + 7qt7 - 18qt8 + th9
3.62

Rtps(?)) = 1 - 9qt + 36Qt2 - 84Qt3 + 126qt4 - 126qt5 + 84qt6 - 36qt7 + 9qt8 -
q,° 3.63

3.9 Results and Discussion

The reliability of 2x2 SP and PS configurations with respect to the force
requirement and travel requirements are plotted with the help of MATLAB software. So,
from the results, it was observed that parallel in series configuration is generally superior
for providing the required amount of force. The series in parallel configuration is superior

for providing a required amount of travel or velocity. If the requirements are reduced or if
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the number of elements are increased then the difference between both configurations
increases significantly. Depending on the travel or force requirements, the roles are
interchanged between the SP and the PS configurations.

The reliability of 3x3 SP and PS configurations with element fault probability for
force requirements are as shown in figure 3.16 and 3.17 and also the comparison of the
reliabilities with different level of the requirement are plotted in figures 3.18 and 3.19. The
reliabilities of the particular configuration will vary depending on the required capabilities.
The reliabilities of 3x3 configurations of the HRA will be decreased if the required
capability of force or travel increased from 1 to 3. This is because the maximum number
of actuation elements involvement is required as the required capability was increased and

the chances of failure of the elements will become more.
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Figure 3.16 Reliability of 3x3 SP configuration concerning force requirements
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Figure 3.17 Reliability of 3x3 PS configuration concerning force requirements
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Figure 3.18 Reliability of 3x3 SP configuration concerning travel requirements
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Figure 3.19 Reliability of 3x3 PS configuration concerning travel requirements

——3x3 SP R(1)
~6-3x3 SP R(2)
—¢3x3 SP R(3) |
—%-3x3 PS R(1)
-6-3x3 PS R(2) |
——3x3 PS R(3)

0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1
Element fault Probability q

Figure 3.20 Reliability of 3x3 SP and PS configuration concerning different force
requirements
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Figure 3.21 Reliability of 3x3 SP and PS configuration concerning different travel
requirements

3.10 CONCLUSIONS: RELIABILITY ANALYSIS OF HRA
CONFIGURATIONS

Based on the above discussions the following conclusions are drawn:

» The selection of the best suitable configuration has a significant influence on the
reliability of HRA, even with the same number of elements in the same two-

dimensional arrangement.

* The reliability of HRA will be decreased if the required capability of force or travel

Increases.

» The force capability of parallel in series structure is superior by nearly a factor of
two for low fault probabilities. So, for a particular application, if force is the major
required consideration then the best HRA configuration was parallel-in-series

configuration.

» The travel capability of series in parallel structure is superior by nearly a factor of
two for low fault probabilities. So, for a particular application, if travel is the major
required consideration then the best HRA configuration was series-in-parallel

configuration.
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CHAPTER -4

MODELING OF THE ACTUATOR

In the previous chapters, a HRA comprises several actuation elements to
provide the fault tolerance capability was discussed. But before building up a real
physical model of the HRA, a few investigations must be replied. What kind of
structure can be employed to interface the actuation elements, and whether the HRA
can accommodate component deficiencies without reconfiguration? Every one of
these inquiries is needed to be studied in a computer associated environment based
on a series of simulation models. Hence, a suitable mathematical or a 3D modeling
study is necessary to investigate some key features and behaviors of an HRA system.
Based on mathematical expressions of physical laws, all the mathematical and 3D
models were designed. Here all the models are built and solved with the aid of the
MATLAB/Simulink software.

This chapter discusses the mathematical and 3D modeling of the EMA. The first
half of the chapter will give the mathematical modeling of a single EMA then based on
this, by combining the actuation elements until the 3x3 High Redundancy Actuator (HRA)

is obtained. The second half of the chapter will give the 3D iconic model of the single EMA
as well as the 3x3 HRA.

4.1 Electromechanical Actuator

The electromechanical actuators (EMASs) are a combination of an electric motor
(electrical system) and a mechanical gear-box (mechanical system). EMAs are classified
into rotary and linear actuators. The linear actuators are further classified into geared and
direct-driven linear EMAs. In general, the geared linear electromechanical actuator
consists of a DC motor with a lead-screw (or ball-screw or roller-screw) and a nut
assembly. The motor shaft is seen connected to the lead-screw with the aid of a shaft-
coupling or a gear-box as shown in figure 4.1. The DC motor converts the electrical energy

into the rotational motion of the shaft and the lead-screw will then convert this rotary
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motion into linear motion. The motor shaft will rotate either in the clockwise or anti-
clockwise direction depending upon the input polarity. Once the rotations of the shaft are
transferred to the lead-screw, the nut makes a translational motion (Xx) either in the

forward or backward direction depending on the rotational direction of the shaft.

Lead-screw Xy

DC Motor

Shaft coupling

Figure 4.1 Geared Linear EMA

In the direct-driven linear electromechanical actuator, the nut serves as the
rotational element and lead-screw acts as the translational element. As shown in figure 4.2,
the lead-screw arrangement has been accommodated inside the motor itself. The internally
threaded nut is fixed inside the hollow portion of the rotor. When the motor is supplied
with electrical energy, both the rotor and the nut rotate and this rotational motion of the nut
will help the lead-screw travel linearly. The shaft that is attached to the end of the lead-
screw has slotted grooves that restrict the rotational motion of the lead-screw along with
the nut. In terms of their function, these two actuators are not very different. However, the
direct-driven EMA has a compact size compared to the geared EMA. This is what makes
the direct-driven EMA most suitable and appropriate for acrospace industries, robotics, and

other industrial machinery.

55



Table 4.1 Actuator parameters used in the simulation
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Figure 4.2 The cross-sectional view of a direct-driven linear EMA

S.No. Parameter Value
1 Resistance of the armature (Ra) 0.4Q
2 Inductance of the armature (La) 0.8 mH
3 Motor back e.m.f constant (K¢) 0.036867 V/rads™!
4 | Motor torque constant (Ky) 0.030892 Nm/A
5 Motor and ball screw inertia (J) 4.4574¢> kgm?
6 Motor and ball screw viscous friction (D) 8.2985¢™ Nm/rads™!
7 Screw damping coefficient (Cs) 25610 N/ms™!
8 Screw stiffness (Ks) 201060000 N/m
9 Ball screw lead (/) 0.002 m/rev
10 | Gear ratio (N) 1
11 | Motor mass lkg
12 | External Load mass Skg
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Table 4.2 Material and Geometrical Parameters of Actuator Components

S.No. | Component Material Geometry
Pitch= 1mm
Stainless Steel Lead of t.hread = 6mm
1 Lead screw Screw Diameter = 6mm

screw, copper nut Screw Length = 100mm

Nut Size =10x13x25mm

Outer Diameter = 12mm
2 Shaft Coupling | Aluminum alloy Inner diameters = 3mm & 6mm
Length = 25mm

Inner diameter = 3mm

Outer diameter = 10mm
. Length = 30mm

4 Linear Bearing Steel'balls Wlth. Width = 30mm

aluminum housing Inner diameter = 8mm

3 Ball bearing Stainless Steel

4.2 Mathematical Modeling of Single EMA

Before constructing a multi-element actuator like HRA, modeling of a single EMA
system is very essential to understand the behavior of it. The schematic diagram of the
single EMA as shown in the figure 4.3 was drawn to obtain the mathematical equations.
The motor armature equations were obtained by applying Kirchhoff’s Voltage Law (KVL)
which states that “for a closed loop series path the algebraic sum of all the voltages around
any closed loop in a circuit is equal to zero”. The torque equations were obtained to get
the mechanical loads and also the Free Body Diagram (FBD) of the external load were
drawn and based on all the equations the mathematical modeling of the single EMA was

obtained.

Xl
) %
. e L
M i :\)
MR N
Rotor - D
Cs
/

Figure 4.3 The Schematic Diagram of a Direct-Driven linear EMA
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4.2.1 Motor armature current

The modeling of the EMA starts with developing the equations related to the DC
motor. The schematic diagram with an electrical motor circuit, lead-screw, dampers, and
the load of a direct-driven EMA with all the notations is shown in figure 4.3. The electric
circuit in the schematic diagram indicates that the applied electrical power with a voltage
(V) is opposed by the conducting path resistance (R,), inductance (L,) and a back e.m.f
(V) which is equal to K,(d 6,,/dt) then the voltage expressed by applying the KVL to

motor armature circuit is:

V, = K.(d6,,/dt) + R,i, + L,(di,/dt) 4.1

dig

1 .
= Ve = Ko(d 6/dD) — Ralg ] 4.2

Where K, is the back e.m.f constant and 6,,, is the angular displacement of the
motor. In the mechanical system, damping, inertia, and frictional properties are
concentrated quantities. When the electromagnetic torque generated by the electric circuit
is applied to the mechanical system’s (lead-screw and nut) rotary element, it rotates at a
speed of (d 6,,/dt) which has a moment of inertia (/,,). The rotational speed of both the
rotor and the nut is the same because both are attached. X; and X; are the linear
displacements of the lead-screw and the load respectively. Ks represents the equivalent
stiffness that exists between lead-screw and nut and the damping that exists between

bearing and rotor is represented by Cs.

4.2.2 Motor mechanical load

The generated torque (t,,) is opposed by damping torque (ty), load torque (t;)
and an inertial torque (t;). Hence, the generated electromagnetic torque is balanced by the

other three torques and it is expressed in the equation 4.3.

Tm=Ta+7,+7; 4.3
Tm = Kiiy 4.4
74 = D(d 6,,/dt) 4.5
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T; = Jm(d? 6,,/dt?) 4.6

where D is the equivalent viscous damping coefficient at the armature

The torque (t,,) generated by the current (i) which is passing through the
armature is given by the equation (3), where K; is the motor torque constant. Similarly, the
damping, inertial and load torques are given in the subsequent equations (4.5, 4.6, and 4.8)
respectively. In the equation (4.8), the term (I/2mN) is used for converting the angular
displacement of the nut into linear displacement of the lead-screw, where [ is the screw
lead, N is the gear ratio, P is the helix angle, 8,,(t) represents the angular advancement

generated by the motor as shown in figure 4.4.

Xs(t) = % m (1) 4.7

(1) pea]

|‘ 2n

Figure 4.4 One unwind thread of a lead screw

7, = (Csl/2n N) (X5 — X)) + (Kl/2mN) (X — X)) 4.8

Where X; = Screw linear displacement
X, = Load linear displacement
Cs = Screw damping coefficient
K¢ = Screw stiffness
l = Lead of the screw

N = Gear ratio
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Therefore the motor torque
Tmn=Tq+7T;+717
Kiig = D(d 0,/ dt) + J;(d? 0, /dt?) + (Csl/2n N) (X5 — X)) +

(K/2nN)(X, — X,) 4.9

By rewriting the above equation
b, = -~ [Kelq = DOy = [(Cl/ 21 N)(Rs = X,)] = [(Ksl/20N) (X = X,)] 4.10
Let us consider N = 1 and replace (I/27N) by ‘P’ and X,(t) = i 0, (1)
=> X.(t) = PO,,(t) then equation 4.10 becomes
O = i [Kiiq — DOy — [CsP(PO, — X,)] — [KP(PO,, — X,)]
>0, = i [Kiig — O (D + CsP?) — 6,,K,P? + CsPX, + K,PX,] 4.11

4.2.3 External Load

The free body diagram (FBD) of the single EMA’s external load was drawn as

shown in figure 4.5 and based on that, the following mathematical equations were obtained.

Ir-—-»XL
Ks(Xs—-X1) — L
@)
. A
Cs(Xs—XL) Em—— D
M.X:

Figure 4.5 The free body diagram of external load of a single EMA
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M X, = Ks(Xg — X) + Cs(Xs — X1) 4.12
By substituting X; = P6,, and rewriting the equations, then

X, = —[K.PO,, — KX, + C,Pb,, — C.X,] 4.13

L
My,

For solving the derived equations from 4.2 to 4.13 a Simulink model was built and
the parameter values given in were substituted. In the Simulink model, a square wave
signal builder block was used as input signal and an integrator block that is used to integrate
actuator velocity to linear position. The value of the square wave was set to 6V and -6V to
make the actuator to move forward and backward directions. The Simulink model block

diagram of single EMA was shown in Figure 4.6.

Gain?

Linear Vebcity

oup 1 -
E Sigrel 2 +
Applied =

Signal Buider4  Voltage

Linear Cisphicement

Integratord

Figure 4.6 Simulink Block diagram of a single actuator

4.3 Mathematical Modeling of Actuators in Series

4.3.1 Two actuators connected in series

Figure 4.7 shows a schematic diagram of two actuators connected in series with a
load attached to the second actuator. The first actuator A1 has its base connected to a fixed
support and treated as nonmoving while the second actuator A2 has its base connected to
the actuation end of actuator A1 which means that the base of actuator A2 will move due

to the force exerted by actuator Al. The linear displacement of actuator Al is X5, and the
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linear displacement of actuator A2 is the sum of Xj, + X,, where X}, is the displacement
of the actuator A2 base, and X, is the displacement of A2 actuator. So an additional
equation for the base of actuator A2 was considered. Figure 4.8 shows the Free Body
Diagram (FDB) of the actuators A2 connected in series, and from the FBD, all the
mathematical expressions were derived. Based on these schematic diagrams and FBD, any

number of series actuators can be modeled.

-p XL

O>» 0"

Figure 4.7 Schematic diagram of two actuators A1 and A2 connected in series
4.3.1.1 Mathematical Model of Actuator Al

i. Armature Current

All the actuators are identical to each other, so the equation for the armature

current is the same as equation 4.2 which is:

digg 1
dt Ly

[Val - Kel(d gml/dt) - Ralial ]

Where i,, refers to the armature current, Ly, refers to the armature inductance
R, refers to armature resistance, K,q refers to motor back e.m.f constant

0,.1 refers to the angular displacement of the A1 armature.

ii. Mechanical Loading

Actuator A2 is connected to actuator Al, so the external load for actuator A1 is the
mass of the actuator A2. The mechanical equations can be obtained by the FBD of the
actuator A2 and the external load connected to the actuator A2. The torque equation of

actuator A1 by considering A2 as external load is:

62



) . , .
Om1 = 7—[Kelas = 01 (D + CsP?) — 0,1 K P? + C,PX,, — KPX)5] 4.14

Where Xy, and X, are the linear displacement and velocity of the actuator A2.

4.3.1.2 Mathematical Modeling of Actuator A2

i. Armature Current

All the actuation elements are identical to each other, so the equation for the
armature current is the same as equation 4.2 which is,

di,, 1

dt Ly [Vaz — Ke2(d Oz /dt) — Rgzlaz |

where i,, refers to the armature current, R,, refers to armature resistance, L, refers to
the armature inductance, K., refers to motor back e.m.f constant, 8,,,, refers to the angular

displacement of the A2 actuator.

ii. Mechanical loading

Similar to equation 4.11, the equations for the mechanical loading can be obtained

by replacing the external load with actuation element A2.

.. 1 . . .
Oy = — [Kiigz — Oma(D + CsP?) — K P?0,,, — K;PXp, + K, PX; — C.PX,, +
CSPXL] 4.15

iii. Equations of the base

The equation of the base was obtained by considering actuator A2 as the external

load. The FBD of actuator A2 was shown in the figure 4.8.

63



F==> Xb2

Ks(Xsl - sz) —_— Ks(st + Xb2 - XL)
MAZ
Cs(Xsl - XbZ) < CS(XSZ + XbZ - XL)
<+ — -
MAZXDZ

Figure 4.8 FBD of A2 actuator’s motor
MazXy2 = Ks(Xs1 — Xp2) + Cs(Xs1 — Xp2) — Ks(Xgz + Xpp — X)) = Cs(Xs2 + Xpp —
X.)
> Ky = ——[KsPOn1 — 2K Xpz + CsPOiny — 2CsXy5 — KoPOpmy + KX, —
A2
CsPO,y, + CsX; ] 4.16
iv. External Load

The FBD of the external load connected to the actuator A2, and the linear

acceleration was provided in the equation 4.17.

> XL
1
1
L
KS(XSZ + Xp2 — XL) —_— O
A
CS(XSZ + sz - XL) — D
M X,

Figure 4.9 FBD of external load connected to actuator A2
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= MLXL = KS(XSZ + Xpp — XL) + CS(XSZ +Xb2 - XL)

.o 1 . . .
= XL = M_L [Ks(Png + sz - XL) + Cs(Pgm + sz - XL)]
X, = MiL [K;POmy + CoPO,, + KXy + CsXpy — KeX, — CsX,] 4.17

4.3.2 Three Actuators connected in Series

Similarly, when three actuators are connected in series and the schematic and free
body diagram are shown in figure 4.10 and 4.11. Equations 4.18 to 4.23 are the equations
of angular accelerations and linear accelerations of the actuators A1, A2, A3 and the linear
acceleration of the load which are drawn from the free body diagram. Here, mass of
actuator A2 will act as the external load for actuator A1 and mass of actuator A3 will act

as the external load for actuator A2.

The equations are solved with the help of MATLAB/Simulink and the results of
the actuator parameters such as displacement, force and linear accelerations of single
actuator, two actuators in series and three actuators in series are plotted in the figure 4.12

and the values of the same are provided in the table 4.3.

> Xs1 Xy ~>Xs2 :‘"Xb3
]

_>XL

1

¥

3
i |

e///////////m@m

Al A2 A3

O>» 0"

Figure 4.10 Schematic diagram of three actuators A1, A2 and A2 connected in series

| — —> Xs1 | — = Xn2 |——>Xb3 - = XL

G K5(XS1—XDb2) sy e K s(XS2 + X2 — XD3) sy e K(XS3+ XDb3 — XL) s
M1 M2 M3
| C5(XS1— XD2) mip] f = Cs(X52+ Xb2 — Xb3) [ C5(XS3 + Xb3 — XL) -
./ ~—/
i o = -

MyXp, M;3X )3

A
(=B el ol ull]

A= -

M X,

Figure 4.11 FBD of three actuators which are connected in series
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M 1 O 0 0
6 =K 1, ~DO=K(P*G = hX;p) = C(P* 1= h.X;)]
M 1 0 0 0 0
Xb2 :M_[K(Pel _2Xb2 _Pez +Xb3)+C(PHI_ZX})Z_P92+X}73)]
2
M 1 0 ) ) 0 0 0
0, =7[Kt12 ~DO,—~K(P°0, + PX;, —hX;3)— C(P” 02+ P X, — P X;)]

m 0 0 o 0
X3 =]ML[K(P02—2XZ,3—P¢93 +X,)+C(PO,-2X;3;—-PO;+ X;)]
3

m 1 0 0 | | |
o, =7[Kt13 —D6,—K(P*0, + PX,, + PX,, —PX,)—C(P* 03+ P X,,+ PX,;— P X,)]

m oo 0 o
X :Z[K(P93 + Xy + X3 =X )+ C(P O+ Xy + Xy3— X )]
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Figure 4.12 The displacement, force, and velocities of first, second and third actuators

which are connected in a pure series configuration.

66



Table 4.3 Performance value of actuation elements connected in series

. . Velocity
Actuation Element | Displacement (cm) Force (N) (cm/s)
First 2.346 193.9 12.03
Second 4.687 185.7 24.04
Third 7.027 171.6 36.09

4.4 Mathematical Modeling of Actuators in Parallel

4.4.1 Two actuators connected in parallel

Figure 4.13 shows the schematic diagram of two actuators Al and A2 connected in
parallel. In this particular configuration, both actuators are connected to the same load, and
both elements have a fixed base. Therefore the equation for the load needs to be modified.
Equation for the armature current of both actuation elements will be similar to Equation
4.2 and equation for the mechanical loading of both actuation elements will be similar to

Equation 4.11.

-p XL

;-——I

O»O0r

A2

Figure 4.13 Schematic diagram of two actuators A1 and A2 connected in parallel
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i. Armature Current
All the actuation elements are identical to each other, so the equation for the armature
current and mechanical loading are the same as equation 4.2 and 4.11 which are:

di,, 1

dt - E [Var — Ke1(d 01 /dt) — Raqias ]

ii. Mechanical loading

. 1 : ¢
O = 7~ [Kilq = Om(D + CsP®) = O KP? + CPXy + KoPX, ]

m

tii. External Load

The two actuators are connected to the same load as they are connected in

parallel. So, the FBD of the load will be as shown in the figure 4.14.

M X, = Ks(Xs; — X)) + Cs(Xsl - XL) + Ks(Xg2 — X1) + Cs(Xs2 — X1)

X, = MiL [KPOmy + CsPOpy — 2K X, — 2CsX, + KgPOmy + CsPOs] 424

i XL
]

Ki(Xs1 — X)) =>

Cs(Xsl - XL) I-
(0]
A

Ki(Xsz — X)) b D

CS(XSZ - XL)

‘ - e .
M X,

Figure 4.14 FBD of external load when actuators connected in parallel
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4.4.2 Three actuators connected in parallel

Similarly, when three actuators are connected in parallel then the schematic and
free body diagram are shown in figure 4.15 and 4.16. Equation 4.25 is the equation of linear

acceleration of the load which was drawn from the free body diagram.

The equations are solved with the help of MATLAB/Simulink and the results of
the actuator performance such as displacement, force and linear accelerations of single
actuator, two actuators in parallel and three actuators in parallel are plotted in the figure

4.17 and the values of the same are provided in the table 4.4.

e
"Xy KS(Xsl - XL)—
Al I — . .
H i [5G — X ——
: i [ a
@/f/f/fﬁ/fm.@m
- Cs L
> Xso Ks(Xsp — X)) mmmmmeebd>
A2 - . . (0]
: L €y = X)——>
© D
A
e Ky (Xo3 = X)) ——>
1 . .
: Cs(Rss = X)) ——>
- (1111} ]
" [V
| Rotor ¢ = =
u M X,
Figure 4.15 Schematic diagram of three Figure 4.16 FBD of external load of
actuators Al, A2, A3 Connected in three actuators A1, A2 and A3
parallel connected in parallel
X, = MiL [KsPOmy + CsPOyy — 2K X, — 2CsX), + KsPOyy + CsPO ] 4.25
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Figure 4.17 The displacement, force, and velocities of first, second and third actuators
which are connected in a pure parallel configuration.
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Table 4.4 Performance values of three actuation elements in parallel

AEclgunigr?‘? Displacement (cm) Force (N) V(mefsi‘;y
First 2.323 26.8 12.04
Second 2.323 53.59 12.04
Third 2.323 80.39 12.04

The performance values of actuators which are connected in pure series and pure parallel

configurations are given in the below table 4.5.

Table 4.5 Performance of three actuation elements in pure parallel and pure series

configuration.
Actuators in Parallel Actuators in Series
S.No. Output : :
Single Three Single Three
Actuator Actuators Actuator Actuators
(Al) (Al)
1 Displacement | 5,5 2.323 2.346 7.027
(cm)
2 Force (N) 26.8 80.39 193.9 171.6
Velocity
3 (cm/s) 12.04 12.04 12.03 36.09

4.5 Mathematical Modeling of 3x3 HRA in Series-in-Parallel
Configuration

The schematic diagram of nine actuators in 3x3 configuration of series-
in-parallel with an external load was given in the figure 4.18. It can be
considered as three sets of three actuators in series are connected to the
external load. The equations of a single row of three actuation elements in
series are provided in the equations 4.18 to 4.23. From these equations the

linear displacement capability of the HRA can be obtained and by adding the
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forces of all the three sets of series elements which are connected to the
external load will provide the force capability of the HRA. So, by solving all
the equations, the displacement, force and linear velocity values of the 3x3

HRA compared with the single EMA were provided in the table 4.6.

"> Xs1 > Xp2 r*Xe i Xp3 > Xs3
1 1 ! A3
: ] :'--P XL
t ol qo
L
@ MK 0
Rotor A
D

Figure 4.18 Schematic diagram of nine actuators in 3x3 series-in-parallel
configuration with an external load

Table 4.6 Comparison of performance of single actuator with 3x3 HRA

S.No. Output Single Actuator 3x3 HRA
1 Displacement (cm) 2.346 7.007
2 Force (N) 26.8 204.4
3 Velocity (cm/s) 12.03 36.1
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4.6 EMA Faults and the Implementation of faults in the Simulation

As EMA is a combination of electrical and mechanical elements, there is an equal
chance of occurrence of a fault in either of these elements. Although there are many faults
that can occur in both the elements [15]. Researchers mainly focused on the common faults
which cause the individual actuators to fail. The most common mechanical faults
considered are lock-up fault and the loose fault. Similarly, most common electrical motor
faults that are considered include open-circuit (OC) and short-circuit (SC) faults.

OC fault in the motor can occur due to the breakage of one or more turns in the
winding phase. When this happens, the flow of current becomes zero in the fault phase and
there is no torque generation by the motor. This fault can be simulated in the simulation
model by keeping the current passing through the winding and the torque of the motor as
zero for a particular actuator.

SC fault occurs when turns inside the windings are shorted together. Depending on
the number of short turns, a significant change in the resistance, mutual and self-inductance
and also the back E.M.F changes occur. However, no positive torque is generated. This
fault can be simulated by setting the supply voltage of a particular actuator to zero.

Lock-up or jamming fault occurs when lead-screw or ball-screw nut gets jammed.
This happens because of fragmentation or deformation of the balls or because of the
locking of the gears in the gear-box. This results in the failure of the transmission of the
actuator. To analyze the consequences of this fault in the HRA, the fault was introduced
into the simulation model manually by making the displacement of a particular actuator as
ZEero.

Loose fault results from loss in applied force between the mechanical elements or
the free movement of the lead-screw without any restriction/force. This fault can be
modeled by making the output force of the element, zero, which is equivalent to making
the input voltage, zero. Hence, there is not much variation in the effect due to SC fault and
loose fault in the simulation point of view. So, for this particular simulation, both faults
under consideration were treated as equal. Table 4.7 provides the information regarding

the implementation of faults in the model.
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Table 4.7 Implementation of faults in the mathematical model

Implementing
S.NO. | Fault Reason Effect Influenced in the
simulation
1 Open One or more No current or | Torque and Making
circuit turns break torque speed current as zero
Resistance,
self- . .
Short One or more ) No positive | Making the
2 circuit | turns get shorted inductance, torque voltage as zero
£ and back d £
EMF changes
Ball screw may
be ] Making th
jammed by ) Travel or y.axmg the
fragments, Ball Failure of displacement
3 Lockup i . actuator
deformation or transmission .. of the actuator
. position
deformation of to zero
the gear train
Loss in applied
force between
the mechanical
4 Loose elements or free No applied | Force of the | Making the
movement of the force actuator | voltage as zero
lead-screw
without any
restriction/force

4.6.1 Faults in the Pure Series and in the Pure Parallel Configuration

Figure 4.19(a) and (b) shows the pure parallel and pure series configuration with

three actuation elements A1, A2 and A3 out of which actuator A1 was subjected to fault.

In the initial stage, the performance of three actuators connected in a pure parallel

configuration and three actuators connected in the pure series configuration were analyzed

under both healthy and faulty conditions. When the actuators were moving in the forward

and backward direction, the linear displacement, force and the linear velocities of the

actuators with respect to time were plotted. Figure 4.20 and figure 4.21 shows the
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performance of actuators connected in pure parallel and in a pure series configuration under
actuator Al subjected to different faults individually and table 4.8 provides the

performance values of it.

(@ (b)

Figure 4.19 (a) A pure parallel configuration (b) A pure series configuration.

Table 4.8 Performance of the pure parallel and pure series configurations of three
actuators under A1 actuator subjected to fault.

Three Actuators in Parallel Three Actuators in Series
S.No. Fault '
Dilsllzzlr?‘[ce Force | Velocity | Displace | Force | Velocity
(cm) (N) (cm/s) | ment (cm) (N) (cm/s)

1 Healthy 2.323 80.39 12.04 7.027 164.6 36.17

2 | Lock-up 0 970.4 0 4679 | 1273 | 24.07

3 Open 052 | 5258 | 6.06 4712 | 1145 | 240
circuit
Loose/

4 hort. | 1548 | 5333 | 8022 | 4678 | 1080 | 24.05
circuit
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Figure 4.20 The comparison of displacement, force, and velocities of pure series
configuration of three actuators, when actuator A1 subjected to lock-up, open-circuit and
short circuit/loose faults individually.
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Figure 4.21 The comparison of displacement, force, and velocities of a pure parallel
configuration of three actuators, when actuator A1 subjected to lock-up, open-circuit and
short-circuit/loose faults individually.
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4.6.2 Lock-up Faults in the 3x3 HRA

The 3x3 HRA actuation elements numbering and the representation of lock-up
faults was shown in figure 4.22(a) and (b). The actuator A1 under the lock-up fault will act
as arigid element and there was no movement in that particular actuator. The lock-up fault
in the HRA are introduced by increasing the number of faults in the column wise starting
from Al to A9. To avoid the confusion by plotting all the nine faulty actuation element
results in a single plot it was divided into three results per plot. Figure 4.23(a), Figure
4.23(b) and Figure 4.23(c) show the resultant linear displacement, force and velocities of
3x%3 HRA under lock-up fault. The values of the performance of the 3x3 HRA under lock-
up faults are provided in the table 4.9.

(b)

Figure 4.22 Block diagram representation of a 3x 3 HRA (a) Healthy condition (b) with
A1 actuator under lock-up fault
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Figure 4.23(a) Displacements of a 3x3 HRA under increasing the number of lock-up
faults in the actuator from A1 to A9 (column-wise).
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Figure 4.23(b) Force of a 3x3 HRA under increasing the number of lock-up faults in the
actuator from Al to A9 (column-wise).
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Figure 4.23(c) Linear velocity of a 3x3 HRA under increasing the number of lock-up
faults in the actuator from A1 to A9 (column-wise).
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Table 4.9 Performance values of 3x3 HRA under the lock-up faults.
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4.6.2 Loose fault/Short circuit Faults in the 3x3 HRA

The 3x3 HRA actuation elements numbering and the representation of loose/short-
circuit faults was shown in figure 4.24(a) and (b). The actuator under the loose fault will
act like there is no physical connection between the ends. The loose fault/short circuit fault
in the HRA are introduced by increasing the number of faults in the column wise starting
from Al to A9. To avoid the confusion by plotting all the nine faulty actuation element
results in a single plot it was divided into three results per plot. Figure 4.25(a), Figure
4.25(b) and Figure 4.25(c) show the resultant linear displacement, force and velocities of
3x3 HRA under loose fault/short circuit faults. The values of the performance of the 33
HRA under lock-up faults are provided in the table 4.10.

(b)

Figure 4.24 Block diagram representation of a 3x 3 HRA (a) Healthy condition (b) with
AT actuator under loose fault
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Figure 4.25(a) Displacements of a 3x3 HRA under increasing the number of short
circuit/loose faults in the actuator from A1l to A9 (column-wise)

84



200 - —Healthy 3x3 HRA

— -3x3 HRA with A1 SC fault

---- 3x3 HRA with A1, A4 SC fault
100 - ~~3x3 HRA with A1, A4, A7 SC fault

Force (N)

-100

-200 (iii)

0 0.2 0.4 0.6 0.8 1
Time (seconds)

200 |—Healthy 3x3 HRA
- 3x3 HRA with 4 SC faults .
----- 3x3 HRA with 5 SC faults (iv)
100 | ~~3x3 HRA with 6 SC fault
[}]
0
% (v)
e T
3|
-100 g
-200 4 (vi)
0 0.2 0.4 0.6 0.8 1

Time (seconds)

200 -—Healthy 3x3 HRA
- 3x3 HRA with 7 Loose faults
-3x3 HRA with 8 Loose faults
100 -—3x3 HRA with 9 Loose faults

(Vii)

E XL, F
o 4 63 0.6
o0
] (viii)
('S
-100
-200 - . |
0 0.2 0.4 0.6 0.8 1

Time (seconds)

Figure 4.25(b) Force of a 3x3 HRA under increasing the number of short circuit/loose
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Table 4.10 Performance values of 3x3 HRA under the loose/short circuit faults.
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4.6.3 Open circuit Faults in the 3x3 HRA

The 3x3 HRA actuation elements numbering and the representation of open circuit
faults was shown in figure 4.26(a) and (b). This fault can be simulated in the simulation
model by keeping the current passing through the winding and the torque of the motor as
zero for a particular actuator. The open circuit fault in the HRA are introduced by
increasing the number of faults in the column wise starting from Al to A9. To avoid the
confusion by plotting all the nine faulty actuation element results in a single plot it was
divided into three results per plot. Figure 4.27(a), Figure 4.27(b) and Figure 4.27(c) show
the resultant linear displacement, force and velocities of 3x3 HRA under open circuit faults.
The values of the performance of the 3x3 HRA under open circuit fault are provided in the

table 4.11.

¢REEEEEEEERERER,

i Al

-
AEEEEEEEEEEEES

(b)

Figure 4.26 Block diagram representation of a 3x 3 HRA (a) Healthy condition (b) with
A1 actuator under open circuit fault
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Figure 4.27(a) Displacements of a 3x3 HRA under increasing the number of open-circuit
faults in the actuator from A1l to A9 (column-wise)
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Figure 4.27(b) Forces induced due to 3x3 HRA under increasing the number of open-
circuit faults in the actuator from Al to A9 (column-wise)
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Table 4.11 Performance value of 3x3 HRA under the open-circuit faults.
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4.7 3D Model of a Direct-Driven Linear EMA

To visualize the shape and motion of the actuator in action a 3D model of a HRA
based on direct driven liner EMA was designed using MATLAB/Simulink/simscape.
Simscape is one of the toolboxes available for 3D mechanical system modelling and
simulation in the MATLAB’s Simulink library. Using the blocks like bodies, joints, sensor
elements that were available in the simscape tool box, a 3D model of a direct-driven linear
EMA was designed. In the following section, the assembling of individual parts of a single

DDEMA modeled in simscape is described in detail.

Initially, the individual bodies of required size and shape (according to figure 4.2)
were created using simscape. An assembled DDEMA as shown in figure 4.28 was obtained
by connecting the individual simscape bodies shown in figure 4.29. The outer hollow
casing of the EMA has been sealed on both ends with a bottom and top disc. The bottom
disc is nothing but a plane sheet which is fixed at the bottom end of the outer casing with
a permanent joint. The two bearings are assembled at the two ends of the rotor with revolute
joints between them. This assembled rotor was then placed inside the inner casing which
remains to be stationary inside the outer casing. One end of the shaft/lead-screw was
inserted into the nut which was inside the rotor and the other end of the shaft with the
grooves was extruded out of the top disc. A lead-screw joint present between the lead-
screw and the nut along with the prismatic joint between the shaft and the top disc will

ensure the conversion of rotatory motion to translational motion.

11cm + 5cm

1
1
1
1
1
1
1
1

4.5 cm

Figure 4.28 The simscape model of a direct-driven linear EMA.

93



NU papealy) [ewidjul [IM JOjJ0Y

Buueag

)

anbiol |

BN

“0

[Spow [ednewayiew YN 3

%90|q 8210}

juior
Malog peal

Zuuo)

4%

Qlapanuo?)
junwis-Sd

1L
$0109

Buueag y

)

}4spanuod
30104 yunwis-Sd

P
Ok

<

uopisod IO

jojog AulnwIS-Sd

Buise) Jauu|

d

1]

1o —p< 20104

juor
dnewsld

9s1q doy.

]

Buiy aseg o]

m.%\_..n [0

wJojsuel)
pibiy

Buise JanQ
¢}

981Q woyog

Figure 4.29 The block diagram showing the arrangement of direct-driven linear
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For developing the 3x3 HRA, Three single EMAs (shown in figure 4.28.) were
connected back to back to form a pure series configuration and two more similar series
configurations were arranged in parallel. Thus, all the series, as well as the parallel
actuation elements will collectively act as a single unit. The simscape model of the HRA
developed with 3x3 series in the parallel configuration is shown in figure 4.30. The three
actuators which are towards the fixed end of the HRA have a fixed base while the other six
actuators have a moveable base. The torque which was obtained from the mathematical

model of EMA was provided as the input for the simscape EMA model.

Fixed end

Single EMA

Figure 4.30 The simscape model of a 3x3 HRA with direct-driven linear EMA.
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4.7.1 Case study: HRA as an Aileron Actuation System

The operation of the aileron was already described in the literature review (Chapter-
2). Controlling the roll of the aircraft is the main function of the aileron. In order to do that,
the aileron has to make some angular displacement according to the control signal. So, the
actuation end of the HRA was attached eccentrically from the hinge support of the aileron.
Therefore, the linear displacement of the actuator will make the aileron to have an angular
movement. The 3D model of the HRA connected with aileron was shown in the below
figure 4.31 and the response of the angular position of the aileron was shown in the figures
4.32. The comparison of desired angular position of the aileron under healthy and faulty
conditions of the HRA actuation elements were plotted and the result shows that up to three

actuation element faults the aileron was following the desired path of angular motion.

Figure 4.31 The 3D simscape model of a 3x3 HRA with an Aileron attached at the end
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Figure 4.32 Angular position of the Aileron actuation system

4.8 Results and Discussion

In the initial stage, the performance of 3 actuators connected in a pure parallel
configuration and 3 actuators connected in the pure series configuration were analyzed
under both healthy and faulty conditions. When the actuators were moving in the forward
and backward direction, the linear displacement, force and the linear velocities of the
actuators with respect to time were plotted. Figure 4.12 and figure 4.16 shows the
performance of actuators connected in pure series and in a pure parallel configuration.

In the pure parallel configuration, there is no variation in the linear displacement
and velocity of the actuator compared to the single actuator’s linear displacement and
velocity which is equal to 2.323 cm and 12.04 cm/s respectively. However, the force
increased by three times (from 26.8 N to 80.39 N) that of a single actuator’s force.

In the Pure series configuration, the linear displacement and linear velocities
increased by three times i.e. 2.346 cm to 7.027 cm and 12.03 cm/s to 36.09 cm/s
respectively. The forces of all the 3 actuators in the series is expected to be the same.
However, the first/single (A1) actuator experiences more impact due to the mass of the
second (A2) and third (A3) actuators. Similarly, the actuator A2 also experiences some
impact due to the mass of the third (A3) actuator. Because of this reason, the force exerted
by the first/single (193.9 N) actuator is more than the overall force (171.6 N) of the series

actuators as shown in the force plot in figure 4.12. The values showing the performance of
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the pure parallel and pure series configurations without introducing faults are provided in
table 4.4.

The figures 4.20 and figure 4.21 are the plots obtained by introducing the lock-up,
loose/SC and OC faults in pure parallel and in a pure series configuration with 3 actuation
elements. The pure parallel configuration was able to overcome loose/SC fault but not
completely. As evident from the plot, the displacement value reduced from 2.323 cm to
1.548 cm and the force reduced from 80.39 N to 53.33 N. In case there is a lock-up fault in
any of the actuators connected in the parallel configuration, the displacement becomes zero
because the locked-up element acts as a rigid link. However, the other two actuation
elements which are in parallel will continue to exert the force on the load. Because of this
reason, the force increased drastically (80.39 N to 970.4 N) as evident from force plot of
figure 4.21. In such a situation, the entire system fails. Similarly, in the presence of OC
fault, the displacement of the actuator was completely distorted but the force exerted
showed only minor variation (52.58 N). All the values showing the performance of the
pure parallel and pure series configurations with the introduced faults are provided in table
4.7. The pure series configuration was able to tolerate all types of faults and showed a
graceful degradation with each of them. However, the force under loose/SC fault is a bit
less compared to other force values.

The performance of a 3x3 HRA was analyzed by introducing lock-up, SC/loose and
OC faults independently. The faults were introduced one by one into the HRA starting from
Al to A9 and following the sequence of A1, A4, A7, A2, AS, A8, A3, A6 and A9 (refer
figure 4.22(a)). To avoid the confusion by plotting all the 9 faulty actuation element results
in a single plot it was divided into 3 results per plot. Figures 4.23(a), 4.23(b) and 4.23(c)
show the resultant linear displacement, force and linear velocity of the 3x3 HRA under
lock-up fault respectively. The results show that the HRA can tolerate up to 6 lock-up faults
by degrading the performance from 7.007 cm to 2.323 cm of displacement and force from
204.4 N to 79.96 N provided that at least one actuation element in each series is in healthy
condition. However, it fails immediately if the faults are increased beyond 6. Table 4.8
gives the values of displacement, force, and velocity of 3x3 HRA under lock-up faults.

The performance values of the HRA under SC/loose faults are provided in table 4.9

and the resultant displacement, force, and velocity are shown in figures 4.25(a), 4.25(b)
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and 4.25(c) respectively. The HRA under the SC/loose fault can operate up to a failure of
8 actuation elements with a graceful degradation from 7.007 cm to 0.8 cm of displacement
and 204.4 N to 21.6 N of force. However, the force exerted by the actuator under the
SC/loose fault was the minimum value compared to the force exerted due to other fault
types. The figures 4.27(a), 4.27(b) and 4.27(c) show the linear displacement, force and
linear velocities of the 3x3 HRA under OC fault. The HRA can tolerate up to 6 OC faults
with a graceful degradation of displacement from 7.007 cm to 2.33 cm and force from
204.4 N to 64.66 N. Introducing faults further will make the system to behave unusually.
The values of all the OC faults are given in table 4.10.

4.9 Conclusions

The High Redundancy Actuator (HRA) design proved to have many advantages
compared to the pure parallel configurations that are in existence. Some of the advantages
include; improved reliability, size reduction, reduced weight, and reduced cost of the
actuation system. As a part of the current work, we mainly focused on the behavior of the
3%3 HRA under a number of fault conditions in the simulation environment as discussed
above. Our results showed an increase in the number of faulty elements in a HRA will
reduce the performance of actuation gradually. However, the chances of sudden failure of
the system are unlikely.

The pure series configuration of 3 actuation elements that we studied showed that
the travel capability improved by three times (i.e. from 2.323 cm to 7.027 cm) and the
velocity also enhanced by three times (i.e. from 12.03 cm/s to 36.09 cm/s). The results also
showed that a system with 3 actuators in a series configuration can tolerate the lock-up
fault, open-circuit fault, and short-circuit/loose fault. As long as the failure is limited to 2
actuation elements, the system remains to perform with graceful degradation. However,
the tolerance to the force capability of series actuators under loose/short-circuit fault is
nearly 18% less than the other types of faults.

On the other hand, The pure parallel configuration of 3 actuation elements that we
studied showed an increased force capability by almost three times (i.e. from 26.8 N to
80.39 N). Although this system was able to tolerate the loose/short-circuit fault with

graceful degradation of 33.4%, it failed to perform with the other two faults.
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The 3x3 HRA that was designed for this work had a combination of series and
parallel elements with the capability to tolerate all types of faults. Figures 4.33, 4.34 and
4.35 show the performance of 3x3 HRA displacement, force and velocity aspects in the
presence of 4 different faults tested independently. When the 3x3 HRA performance was
studied with a single lock-up fault, the reduction of displacement was found to be a
maximum of 14.34% and minimum in the presence of loose/short-circuit fault (11.13%).
However, the reduction of force was recorded maximum (12.18%) in the presence of

loose/short-circuit fault and minimum (10.95%) in the presence of a lock-up fault.

0 1 2 3 B 5 6 7 8 9

Number of faulty elements

Displacementincm
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Figure 4.33. Comparison of displacements of a 3x3 HRA under the lock-up, open-circuit
and short-circuit/ loose faults
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Figure 4.34 Comparison of forces of a 3x3 HRA under the lock-up, open-circuit and
short-circuit/ loose faults
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Figure 4.35. Comparison of velocities of a 3x3 HRA under the lock-up, open-circuit and
short-circuit/ loose faults
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The HRA was able to tolerate up to 6 faulty elements provided that at least one
actuation element in each series is in healthy condition. The reduction in the performance
of HRA depends on the number of faulty actuation elements, the type of fault and the
position of the faulty actuation element in the configuration. However, the fault location in

the configuration of the HRA is out of the scope of current work.
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CHAPTER 5

EXPERIMENTAL SETUP OF A HRA

The concept of HRA was demonstrated with the help of an experimental setup that
was custom designed and constructed to a lab scale. The installation was used for
simulation model validation, and for conducting experiments to test the setup. This chapter
explains the details of the electrical and mechanical components of the setup and an
assembled 3x3 HRA with data acquisition to collect the required data. The first section
discusses the details of the mechanical parts, which include lead-screw, aluminum hollow

cylinder, roller ball bearings, aluminum housing of the EMA, and the linear ball bearings.

3x3 High Redundancy
Load Cell (strain Actuator
gauge)

NI LabVIEW
~ Program

o
e

Motors power
indicator

NI USB-6008
Data Acquisition Card == /

| DC Power Supply Unit | L

Figure 5.1 Experimental setup of a series-in-parallel 3x3 HRA

The second section discusses the electrical components, which include DC motor,
motor drivers, voltage regulators, relays and limit switch circuit, and power supply unit.

The last section in this chapter discusses the sensors, like the Linear Variable Differential
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Transducer (LVDT), and the data acquisition module (DAQ), and ends with results the
conclusions.

Figure 5.1 shows the actual experimental setup and figure 5.2 shows the block
diagram of the experimental setup. From the block diagram, the circuit connection between
all the components was made clear. The input for the HRA was from the motor driver
circuit and the output forward and backward stroke of HRA was measured by using an
LVDT with the aid of a NI hardware module USB-6008. The individual actuator positions
were measured by sending the encoder signals from the individual actuators to the
microcontroller Arduino board. The Arduino board and the NI module are connected to the
laptop/PC to measure the displacement with the help of MATLAB and LABVIEW
software programs. The limit switches are placed to limit the forward and backward stroke
of the HRA and also to change the direction of motion by giving the signal to the relay
circuit. The relay circuit will give the signal to the drivers to which the actuators of the
HRA were connected. The DC power supply units with voltage regulators were used to
power the electric components of the circuit. The load cell with a digital display which was
connected to the HRA end effector rod will give the force that the HRA can apply.

However, the displacement of the HRA was the main focus of the present work.

Digital Display

—| VDT I Loed BT
cell s
@ Arduino Mega
_| 2560
Limit
| Switches
i K DCmotor || || DCmotor | | | DC motor Voltage |
: Driverl Driver2 Driver3 Regulators
DC motor DC motor
| 1 gl L Power
ircui Driver4 Driver5
Laptop/PC Relay Circuit l——- Supply |-
unit
|

Figure 5.2 The block diagram of the experimental setup.
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5.1 Mechanical Components

The mechanical parts of the EMA are very much essential to be rigid and custom-
designed according to the requirement. In the present research work, the experimental setup
was made to lab-scale for validation of the simulation results. Therefore, the mechanical
parts are custom-designed to suit the particular DC motor. Also, the mechanical parts will

allow the EMAS to connect in a series-in-parallel structure to form an HRA.

5.1.1 Lead screw

A lead screw or apower screw is a screw used as a linkage in a machine to
translate rotary motion into linear motion. Because of the broad area of sliding contact
between the screw and nut, screw threads have enormous frictional energy losses
compared to other linkages. They are not typically used to carry high power, but more for
intermittent use in low power actuator and positioner mechanisms. In general, lead screws
are used in machine slides (such as in machine tools), linear actuators, presses,
and jacks. Compared to lead screw ball screw or roller screw is more efficient for high end
or precise applications. However, in the present work, a 3D printed stainless steel lead
screw with a flange copper nut was used. Figure 5.3 shows the image of the lead screw,

and table 5.1 gives the specifications of it.

Figure 5.3 Lead screw
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Table 5.1 Specifications of the lead screw

S.NO. Parameter Value
1 Material Stainless Steel screw, copper nut
2 Pitch Imm
3 Lead of thread 6mm
4 Screw Diameter 6mm
5 Screw Length 100mm
6 Direction Right-handed
7 Copper Nut Size 10x13x25mm

5.1.2 Aluminum hollow cylinder

The rotation of the screw will make the nut to move linearly forward and backward
according to the direction of rotation of the screw. So, as the required linear motion for the
actuation system was from the nut, a hollow aluminum cylinder was fixed to the nut placing
the screw inside. This arrangement will make the hollow cylinder to move linearly when
the screw rotates. Here in the present work, to an aluminum rod of hexagon shape, an 8mm
trough hole was made to accommodate the screw, and the nut was fixed at one end of the
cylinder. The front view and the top view of the aluminum cylinder line diagram with
dimensions and the assembly of the lead screw and the nut arrangement were shown in

figure 5.4.

5.1.3 Shaft coupling

The rotary motion generated by the motor must be transferred to the lead screw to
achieve the linear motion of the actuator. So, there must be a rigid link connecting the
motor shaft and the lead screw. There are so many ways to connect them, but in our
particular case, they are connected with the help of a rigid shaft coupling. In the present
work, the selected DC motor shaft diameter was 3mm, and the screw diameter was 6mm.

To make it possible for connecting these two diameters, a shaft coupling of 3mm on one
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side and 6mm on the other side has opted. Figure 5.5 shows the rigid shaft coupling with

dimensions.
@T[E i1
All dimensions
are in mm
gl 0
o o
S o
L
- Dia 25
Dia 3

Figure 5.4 (a) Line diagram of hexagon cylinder (b) & (c) Lead screw with aluminum

cylinder

Table 5.2 Specifications of shaft coupling

S.No. Parameter Value
1 Material Aluminum alloy
2 Diameter (D) 12mm
3 di & d2 3mm & 6mm
4 Length (L) 25mm
5 Screws M4
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Figure 5.5 Rigid shaft couplings

5.1.4 Bearings

A bearing is a machine element that reduces the friction between the moving parts
and makes a relative motion to only the desired action. The linear ball bearings provide a
free linear movement of the moving part, and a ball roller bearing will offer a free rotational
motion around a fixed axis. In the present work, ball bearings of inner diameter 3mm, outer
diameter 10mm, and 5Smm thickness were used for the motor shafts to be adequately
aligned and fixed. These bearing will also make the motor shafts to rotate smoothly without
any angular deviations. The present HRA consists of nine DC motors, so; nine ball bearings
for all the nine motor shafts were fixed. Figure 5.6 (a) shows the ball bearing of an internal
diameter of 3mm and an external diameter of 10mm.

The HRA consists of actuators having a fixed base and a movable base, as already
discussed in the previous chapters. So, for attaining a movable base for the actuators, linear
ball bearings with aluminum housing and a round stainless steel rod were used. The inner
diameter of the bearing was 8 mm, and the outer housing dimensions are 30mm % 30mm,
as shown in Figure 5.6 (b). The present HRA has nine actuation elements, out of which

three are fixed to the base, and only six having the movable base. However, to avoid the
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misalignment of the actuation elements when connected in series, all the nine actuation

elements are provided with these linear ball bearings.

(b) { % W &

Figure 5.6 (a) Ball bearing (b) Linear ball bearing with aluminum housing

5.1.5 Slotted aluminum block

After getting all the mechanical components, there must be one main body of the
actuation element to which all those mechanical components have to be attached.
Considering an aluminum block of 55x40x40mm size, and a slot of 42mm length and
25mm depth was made to place the motor inside the slot. A through-hole of diameter 3mm
at one side of the block at the center was made to insert the motor shaft. By making a
circular groove of 10mm diameter and a depth of Smm to insert ball bearing was made at
the same center. Figure 5.7(a) shows the block with the ball bearing insert. At the bottom
of the block, four holes of a 3mm diameter were made to fix the linear ball bearing. Figure
5.7(b) shows the motor attached in the groove, shaft position through the ball bearing, and
the linear ball bearing fixed at the bottom of the block. Hence, this linear ball bearing

enables the base of the slotted aluminum block movable along with the motor.
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Figure 5.7 Slotted aluminum block

5.2 Electrical Components
5.2.1 Geared DC Motor with Rotary Encoder

A micro metal geared DC motor with an encoder was used to transmit the rotary
motion to the lead-screw. The gearbox connected to the DC motor has a ratio of 380:1,
which means per one revolution of the motor shaft the motor has to make 380 revolutions.
The motor has two built-in Hall-effect encoders at the back end to measure the speed of
the motor in real-time. The motor has a D profile metal output shaft of length 9.0 mm and
diameter of 3.0 mm. The detailed specifications of the motor and the image of it are
provided in table 5.4 and figure 5.8 respectively.

In the present work, the Hall Effect encoder has two Hall Effect sensors and six
pins as shown in figure 5.8 (b). Out of six pins, two pins are for the input supply for the
motor, two pins are for the input supply Vcc and ground of the encoder, and the other two
are the output ports A-Phase and B-Phase of the encoder. The two-channel magnetic Hall
effect encoder’s Hall sensor requires an input voltage, Vcc, between 3.3V and 5V. The A
and B outputs are square waves from 0 V to Vcc approximately 90° out of phase. The hall
sensor has seven pole pairs, so the resolution of the encoder will be increased by sevenfold.

The average number of output pulses can touch up to 7*2*380 pulses per revolution. The
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direction of the motor can be known by the transitions and the speed of the motor can be
known by the frequency of the transitions. The details regarding the linear measurement

using the encoder were explained in section 5.4.
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5. Encoder—Ve

6. Motor—Ve

Figure 5.8 (A) DC geared Motor with encoder (B) Motor Interface (Hall effect sensor)

Table 5.3 Specifications of Geared DC motor with Encoder

S.NO. Parameter Value

1 Rated Voltage 6.0V

2 Motor Speed 15000 RPM
3 Gear Reduction Ratio 380:1

4 Reducer Length 9.0 mm

5 No-Load Speed 41 rpm@6Vv
6 No-Load Current 60 mA

7 Rated Torque 2.5 kg.cm

8 Rated Speed 24 rpm@6V
9 Current Rating 170 mA

10 Instant Torque <2.8kg.cm
11 Hall Feedback Resolution 5320

12 Weight 18¢g
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5.2.2 Motor drivers

The motor driver is mainly used for driving the motor. Five L293D motor drivers
were used to drive 9 motors which are connected to the mechanical lead-screw setup. Each
motor driver has two channels and it is capable of driving two DC motors. So, five motor
drivers were used to drive the actuation elements. A 5V DC supply voltage is used to power
the motor driver. The motor driver accepts a voltage range of OV to 12V to run the motor.
Signals from the relay circuit to the driver will make the motor rotate clockwise or
anticlockwise direction. The image of the motor driver which was used in the experimental

setup was as shown in figure 5.9.

12V GND 5V

Motor 2
Inputs

Motor 1
Outputs

Motor 2
Outputs

L293D

Figure 5.9 Motor Drives

5.2.3 Limit Switches and Relays

The forward and backward motion of the EMA will be occurred due to
interchanging the input polarities of the actuator motor accordingly. This change in
polarity has to happen when the lineae actuator reaches the extreme ends. So, the limit
switches fixed at the extreme ends will trigger the relay which intern will change the
polarity of the signal and send it to the motor drivers to which the actuator motors were
connected. The circuit diagram of the two relays connected with a single motor driver and

the limit switches are shown in figures 5.10 and 5.11.
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5.2.3.1 When Normally Open limit switch is not active

Figure 5.10 shows the circuit diagram of one motor connected to the relay circuit
when the NO limit switch was not active, but in the actual case, there are nine DC motors
connected through five motor drivers in the same manner. Three voltage regulators and
two LEDs which indicate the forward or backward movement of the actuator were used in
the circuit. The latching of the relay-1 was done by connecting pins 2 and 3. When the
Normally Open (NO) limit switch was not active, then the motor will rotate in the
clockwise direction by receiving the signal from pins 4 and 5 of relay-2 through the motor
driver. And throughout this time the yellow color LED will be glowing, which indicates
the motor was rotating in the clockwise direction. So, the leadscrew attached to the motor

will travel in the backward direction.
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Figure 5.10 Relay circuit when the NO limit switch is not active

5.2.3.2 When Normally Open limit switch is active

When the Normally Open (NO) limit switch was active as shown in figure 5.11,
then the coils of relay-1 and relay-2 both will get activated. The relay-1 makes the red color
LED switch-on and yellow color LED to switch off. The relay-2 gives the signal to the

motor to rotate in the anti-clockwise direction by giving the signal from pins 3 and 6
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through the motor driver. And throughout this time the red color LED will be glowing,
which indicates the motor was rotating in the anti-clockwise direction. So, the leadscrew
attached to the motor will travel in the forward direction. The Normally Closed (NC) limit

switch works as vise versa. The hardware setup of the relay circuit is shown in figure 5.12.

\

Voltage
Regulator

NO Limit Switch

DC Motor
Driver
L293D

NC Limit Switch

DC Power Source

Figure 5.11 Relay circuit when the NO limit switch is active

Figure 5.12 Hardware setup of the relay circuit
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5.3 HRA Setup with 3x3 Series-In-Parallel Configuration

The HRA hardware setup was the assembly of all the mechanical components and
the DC motor. In this section, the assembly of the single EMA and the assembly of the 3x3

HRA with series-in-parallel configuration were discussed in detail.

5.3.1 Assembly of Single Electromechanical Actuator

As discussed in the previous chapters, the EMAs are a combination of an electric
motor (electrical system) and a mechanical gear-box (mechanical system). Figure 5.13
shows a single electromechanical actuator formed by assembling the slotted aluminum
block, a geared DC motor with encoder, a rigid shaft coupling, a lead screw with an
aluminum cylinder, and a linear bearing with a stainless steel rod. The DC motor will
produce the rotational motion/torque upon supplying the electrical energy. The shaft
coupling will transfer the generated torque from the DC motor to the lead-screw. Based on
the direction of rotation of the lead-screw, the hollow cylinder attached to the nut will make

through and flow motion linearly.

-~

Aluminum hollow cylinder Rigid Shaft Geared

with leadscrew inside Coupling DC Motor

'y

SS Rod Slotted

| Linear Bearing |

\ (8mm Dia) aluminum block /

Figure 5.13 Single electromechanical actuator
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5.3.2 Assembly of 3x3 HRA

The assembly of HRA consists of two circular plates of diameter 170mm rigidly
fixed by the fixed supports at the extreme ends. The front circular disc has a linear flange
bearing attached at its center through which the HRA rod making forward and backward
motion. One end of the rod coming through the linear flange bearing was free and the other
end of the rod was attached to the movable circular disc of diameter 130mm which was
attached to the series of actuators arrangement. The 3x3 series-in-parallel attachment of
the actuators was done by attaching the three individual EMAs back-to-back. Out of the
three, one actuator was fixed to one of the fixed circular discs and the other two are
moveable because of the attached linear bearing with the circular rod at the bottom of each
actuator. The circular rods are fixed between the two circular fixed plates and passing
through the linear bearings. Similarly, two more similar series arrangements are made and
attached to the same fixed circular plates in parallel to the series arrangement to form the
3x3 series-in-parallel configuration. One end of the actuators in the series are attached to
the fixed plate and the other ends are attached to the circular movable plate having a rod
attached to its center. The limit switches for limiting the forward and backward strokes of

the HRA are placed at the suitable positions as shown in figure 5.14.
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Figure 5.14 Hardware setup of an assembled 3x3 HRA
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5.4 Measuring the Linear Position of the Actuator with Rotary Encoder

A rotary encoder is a type of position sensor which is used for defining the angular
position of the shaft. The encoder produces either analog or digital signals when there is a
movement of rotation of the shaft. Depending upon the output signal or sensing technology
the encoders are classified into many types. In the present work, the DC motor was attached
with an incremental rotary encoder. It is the simplest sensor to measure the rotary position
of the shaft. The output of this encoder is a series of square wave pulses. And this encoder

is also known as a quadrature encoder or relative rotary encoder.
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Figure. 5.15 Hall Effect Rotary Encoder and the encoder output waves
5.4.1 Hall Effect Encoder

A Hall Effect quadrature encoder was used in the present work. A Hall Effect
encoder as shown in figure 5.15 is a non-contact type sensor that detects a magnetic field.
The wear and tear are zero between any parts in the sensor as there is no physical contact
between them. A Hall Effect encoder has a magnetic disc connected to the back-end of the
motor shaft, and one or more Hall Effect sensors are placed near the magnet. As the magnet
turns, the Hall Effect sensor detects the pole of the magnet as it comes next to the
sensor. This produces a square wave pulse output from Encode pins A and B (Refer to
figure 5.7). Any of the two encoder outputs, either A or B can be used for determining the

rotary position of the shaft just by counting the number of pulses of the signal. However,
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to determine the direction of rotation of the shaft both encoder outputs need to be
considered. If both the encoder signals are considered at the same time, then the two output
signals are displaced at 90 degrees out of phase from each other. If the encoder disc is
rotating in the clockwise direction then output A will be ahead of output B as shown in
figure 5.15. By counting the states each time the signal changes from high to low or from
low to high and observing that at that particular time two output signals have opposite
values. Similarly, if the encoder is rotating counterclockwise the output signals change
from high to low or from low to high have equal values. So, by considering this the program
can be made to read the encoder position and rotation direction. However, in the present
case, the linear displacement made by the actuators lead-screw due to the rotation of the
motor shaft has to be determined. This can be done by calculating the number of pulses per
revolution which will be the same as the pulses per pitch length of the screw. To read the
encoder pulses through an Arduino Mega 2560 microcontroller a MATLAB/Simulink

block diagram logic has been used.

5.4.2 Encoder connection with the Microcontroller

In general, an encoder of this type is connected as shown in figure 5.16, the motor
is powered by pins 1 and 6. The encoder outputs are 3 and 4, the Vcc pin of the encoder
was feed with 3.3V from the Arduino board. The encoder output readings from the Arduino
board are fed to the computer’s MATLAB/Simulink program through a USB cable
connected from the microcontroller to the computer. The main aim of this program is to
measure the speed of the motor eventually to get the linear displacement of the actuator.
So, the output from any one of the encoder phases either A or B is sufficient. The encoder
output pins are connected to the digital input/output pins 31 and 32 of the Arduino board.
A push-button was connected across pin 5 and pin 2 as it was important to reset the counts.
This shows how an encoder connected to the Arduino mega, similar to all the nine
actuator’s encoders are connected to the other digital pins to measure the linear

displacement of the actuators.
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Figure. 5.16 Hall Effect rotary encoder connected with Arduino microcontroller
5.4.3 MATLAB/Simulink to read the encoder pulses

To read the pulses generated by the encoder through the microcontroller was done
with the aid of MATLAB/Simulink program. A signal edge detection technique was used
to count the pulses generated by the encoder. An edge of a signal is defined as the
conversion of the signal from a high state to a low state or vice-versa. The three different

types of signal edges depending upon the type of conversion are shown in figure 5.17.

o Rising edge: when the signal is converting its state from a low (0) to a high (1).
o Falling edge: when the signal is converting its state from a high (1) to a low (0).
o Either edge: when the signal is changing state, from low to high or from high to

low.

119



Rising High (1) Falling

edge Sl 47 edge
A Y
Pulse LOL@) LO_W(O)
input
Rising edge
detection output
Falling edge

detection output

Figure 5.17 Square wave

In a square wave, the distance between the rising and falling edges is the pulse
width of that square wave. From figure 5.15 it was observed that, during the clockwise
rotation of the encoder, the output of signal-B is equal to zero at all the rising edges of
signal-A. Similarly, for the anticlockwise rotation of the encoder, the output of signal-B is
equal to one at all the rising edges of signal-A. Based on this logic the Simulink block
diagram has been constructed to count the number of pulses of the encoder.

Figure 5.18 shows the Simulink block diagram was made with the Simulink support
package for Arduino hardware. The digital input blocks were taken to read the output of
the encoders which are connected to pin numbers 31 and 32 of the Arduino board and pin
number 9 was used to reset the pulses. To detect the raised edge, a Detect Increase
block was used to determines if the input is strictly greater than its previous value or not.
If the input signal is greater than its previous value then the output is true (equal to 1) and
if the input signal is less than or equal to its previous value then the output is false (equal
to 0). To the detect increase block, a data type conversion block was used to convert the
values into an integer. The ‘if statement block’ from the Simulink was used to determine

the clockwise or anticlockwise rotation of the encoder shaft. The output was added and
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multiplied with 360 to get the total number of pulses per revolution. The Hall Effect sensor
will generate seven pulses per revolution of the encoder and the number of pulses generated
for one revolution of the motor shaft is equal to 2660 because the gear ratio of the motor
was 380:1. So, from this, the number of revolutions of the shaft can be observed but to
calculate the linear displacement of the leadscrew which was attached to the shaft, the
output number of revolutions was multiplied with the value six as the leadscrew will have
a linear displacement of 6mm per revolution. Therefore the output will be the linear
displace of the single actuator in millimeters. If the encoder shaft was rotating in the
opposite direction then a negative value will be shown in the display. So, for the forward
direction of the actuator moves the distance shown will be positive, and the backward
direction will be negative. The same program was used for all the nine actuators to measure

the displacements of forwarding and backward strokes.
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Figure 5.18 MATLAB/Simulink block diagram to measure the linear displacement of the

actuator
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5.5 Sensors and DAQ

5.5.1 Linear Position Sensor

A linear position transducer with restoring spring by Novotechnik, TR50 was used
to measure the linear displacement of the actuator. The LVDT has three pins, the voltage
input pin, the variable pin, and the ground pin. The variable pin on the middle varies the
resistance with the ground pin then that voltage is going to come out when it's connected
between 0 and 5 volts. The datasheet of the linear position transducer with all the
specifications is attached in annex 2. The measurement of the linear position was made
with the help of a NI USB-6008 data acquisition system. The data collected from the data
card was plotted with the help of LABVIEW software.

Figure 5.19 Linear position transducers (Novotechnik, TR50)

5.5.2 Data Acquisition card

A DAQ is used to make measurements of physical phenomena and record them in
some manner to analyze them. The USB-6008 is a multifunctional DAQ that offers analog
I/O, digital 1/O, and a 32-bit counter. The USB-6008 provides basic functionality for
applications such as simple data logging, portable measurements, and academic lab
experiments. The device features a lightweight mechanical enclosure and is bus-powered
for easy portability. It is easy to connect sensors and signals to the USB-6008 with screw-

terminal connectivity.
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Figure 5.20 NI USB-6008 DAQ

5.5.3 Linear measurement of the HRA with sensor and DAQ

The basic data acquisition system using LabVIEW software and a USB-6008
hardware module was made to read the linear displacement from the LVDT which was
connected to the end effector rod of the HRA. To acquire the voltage values from the DAQ,
appropriate drivers need to be installed. LabVIEW then introduces the waveform data type
which accumulates voltage values with time using loops and shift registers eventually
writing that data to a file. Every voltage measurement is differential in nature, however,
the negative terminal of the LVDT was connected to the ground. So, the positive terminal

voltage with reference to the ground was measured.
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Figure 5.21 LABVIEW block diagram to read LVDT
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The variable pin of the LVDT varies the resistance when the negative and positive
terminals of it were connected to the ground and 5 volts pin of the USB-6008 NI module.
And the variable pin of the LVDT was connected to an analog input port (Ai2) of the

module. So, the voltage varies from 0 to 5 volts.

A DAQ assistant block was launched to create a new task, it is possible to edit the
task of the DAQ at any time. The signal from the LVDT has to be measured continuously
so, a while loop around the DAQ assistant was made in the LABVIEW. A control stop
button was kept to stop the program which was running. A dynamic data type block was
connected to the DAQ assistant to convert the dynamic data type into numeric Boolean,
waveform, and array data type. From the dynamic data use a block called build waveform
and connect that to the data out. A waveform is made up of three things, TO which was the
initial time when data collections start happening, DT which was the time step between
samples that it took, and Y are the actual voltage values. So Y was an array of all the
voltages that DAQ collected. By adding the waveform chart to the front panel which is

going to plot the waveform.

5.6 Results and Discussion

This chapter has explained in detail the experimental setup used to collect
experimental data. The components of all three main parts: the mechanical part; the
electrical part and the data acquisition part have been discussed in detail. The present work
is mainly focused on the fault tolerant displacement of the actuation system so, the results
related to the displacement of the individual actuator and the HRA were provided.

Firstly the displacement of the single physical EMA was validated with the derived
mathematical model. The physical EMA position was measured with the help of the rotary
encoder which was attached at the back end of the shaft. The comparison of actual EMA
position with the derived mathematical model was shown in the figure 5.22. The actual
displacement of the actuator was following the same path as the model with an insignificant
deviation. The maximum displacement of the mathematical model and the actual in the
forward stroke is reaching up to 1.7cm.

The displacement of the HRA model with the actual are compared both under the

open and closed loop circuit. Under open loop circuit, the displacement of the actual HRA
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was very much deviated from the model because of the uncontrolled input signal. Because
of this signals, the variations in the velocities/displacements of the actuators was occurred,
but under the closed loop circuit, where the negative positional feedback signal was given
to the actual HRA through a PI controller. The displacement plots under open loop was
shown in Figures 5.23 and under closed loop was shown in figures 5.24.

The displacement plots of the actual HRA under healthy and faulty conditions are
compared with the mathematical model plots as shown in the figure 5.25 and figure 5.26.
It is difficult to introduce the motor faults in the physical model for testing so, only the
mechanical lock-up fault and loose faults are introduced. The lock-up fault was introduced
by making input of the particular actuator to zero so that the movement of the actuator was
restricted. The loose fault of the actuator was introduced by ditching the motor shaft with
the shaft coupling so that there was no applied force by that particular actuator. The results
are observed with single lock-up fault and double lock-up faults and single loose fault and
double loose fault independently. The combination of both faults simultaneously has not

investigated in the present work.
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5.7 Conclusion

compared with mathematical model faults

This chapter gives the specifications of all the mechanical components, and the

details of all the electric components including sensors and DAQ used in the experimental

setup of the HRA. The individual mechanical components are assembled to form a single

EMA and all the nine individual actuators are assembled with the help of the SS rods,
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aluminum sheet, and linear bearings to form the 3x3 HRA. The assembly was made in such
a way that the arrangement of actuators is in a 3x3 series-in-parallel configuration. LVDT
and rotary encoders are used to measure the linear displacement of the HRA and individual

actuators respectively.

The derived mathematical model of the single EMA and the 3x3 HRA was
validated with the physical model. The performance of 3x3 high redundancy actuation
system was studied and it was able to achieve the positional fault tolerance up to a
satisfactory level. Even after the failure of two actuation elements the actuation system is

able to achieve the required displacement approximately instead of complete failure.

128



CHAPTER -6

CONCLUSIONS AND SCOPE OF FUTURE WORK

6.1 Conclusions

In this thesis, research work related to a highly redundant and fault-tolerant actuator
has been presented. The high redundancy actuation is an approach to achieve fault-tolerant
actuation. This provides fault-tolerance by using a large number of small actuation
elements which are assembled in matrix (parallel and series) arrangement to form a single
intrinsic fault-tolerant actuator.

Firstly, a literature review on the previous works associated with the high
redundancy actuator was done and based on that it was concluded that the high redundant
actuation system based on electromechanical actuation elements could be expanded.

The reliability of HRA configurations was discussed and presented in chapter-3.
The equations were derived and expanded for both series-in-parallel and parallel-in-series
arrangements. The reliabilities of required travel and force capabilities of both the

configurations were analyzed under element fault probability and it was observed that,

» The selection of the best suitable configuration has a significant influence on the
reliability of HRA, even though the number of elements is the same in the same
two-dimensional configuration.

* The force capability of parallel-in-series structure for low fault probabilities is
superior by nearly a factor of two. So, for a particular application, if force is the
major required consideration then the best HRA configuration was parallel-in-
series configuration.

* The travel capability of series-in-parallel structure for low fault probabilities is
superior by nearly a factor of two. So, for a particular application, if travel is the
major required consideration then the best HRA configuration was series-in-

parallel configuration.
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By selecting the travel capability as the major requirement, the series-in-parallel
arrangement was considered as the HRA configuration for further analysis. The first half
of the chapter-4 presents the mathematical modelling of a single DDEMA and the multiple
actuators with two elements in series and two elements in parallel. Then it was extended to
a 3x3 HRA system. The second half of chapter-4 presents the 3D model of a single direct
driven EMA and a 3x3 HRA with direct driven EMAs. Electric motor faults (Open circuit
and short circuit faults) and mechanical faults (lock-up and loose faults) were modeled and
introduced into the mathematical model and 3D model and by simulating using
MATLAB/Simulink software. The following results were obtained,

» The series arrangement increases the travel capability and the parallel arrangement
increases force capability above the capability of an individual element.

* In the presence of faults, there is no sudden failure of the actuator but a gradual
decrease in the performance was observed and it can be concluded that the ability
of the actuation system to tolerate the faults was improved.

* The pure series configuration of three actuation elements showed that the travel
capability improved by three times (i.e. from 2.323 cm to 7.027 cm) and the pure
parallel configuration of 3 actuation elements showed an increased force capability
by almost three times (i.e. from 26.8 N to 80.39 N).

* The system with three actuators in a series configuration can tolerate the lock-up
fault, open-circuit fault, and short-circuit/loose fault as long as the failure is limited
to 2 actuation elements, the system remains to perform with graceful degradation.

* The force capability of pure series actuators under loose/short-circuits fault is
nearly 18% less than the other types of faults. Although the pure parallel system
was able to tolerate the loose/short-circuit fault with graceful degradation of 33.4%,
it failed to perform with the other two faults.

* The 3x3 HRA performance was studied with a single lock-up fault, the reduction
of displacement was found to be a maximum of 14.34% and minimum in the
presence of loose/short-circuit fault (11.13%). The reduction of force was recorded
maximum (12.18%) in the presence of a loose/short-circuit fault and minimum

(10.95%) in the presence of a lock-up fault.
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The experimental setup of the HRA was presented in chapter-5, where the fabricated HRA
setup with nine actuation elements was given. Details of all the mechanical, electrical, and

data acquisition of the HRA were provided. The obtained results are,

* The displacement performance of the experimental HRA has been validated with
the simulation model.
* This HRA can achieve nearly 100% fault-tolerance even after the failure of two

actuation elements of the system.
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Figure 6.1 The general comparison between the parallel redundancy and HRA

6.2 Scope of Future Work

The research work on high redundancy actuator presented in this thesis has
provided significant contribution but still, some more works are required to be done before
the concept of HRA can be implemented in the real industry. The performance of the HRA
under different possible combinations of faults must be studied. The fabricated
experimental setup described within this thesis was meant for laboratory testing. So, to
implement it for a particular application like an aircraft aileron it will be very big which

can be implemented in a real industry. On the other hand, this HRA concept can be
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implemented with micro-actuators which are based on piezoelectric actuators or micro-

electromechanical systems (MEMS).
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Appendix A

1. Outline drawing of the geared DC motor used in the experimental setup
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2. Pin configuration and functions of the DC motor Driver (L293D)

NE Package
1€-Pin PDIP
Top View
1,2EN [|4 U 16|] Veer
1A[l2  15[]4A
1Y [|s 1a]ay
HEAT SINKAND J” [J4  13]] } HEAT SINK AND
GROUND [ 5 12 ] GROUND
2Y [|6 1] 3y
2a[l7  10[l3A
Veeo [18 9[] 3,4EN
Pin Functions
PIN
TYPE DESCRIPTION

NAME NO.
1,2EN 1 | Enable driver channels 1 and 2 (active high input)
<1:4>A 2,7,10,15 | Driver inputs, noninverting
<1:4>Y 3,6,11,14 o] Driver outputs
34EN 9 | Enable driver channels 3 and 4 (active high input)
GROUND 4.5.12.13 _ gg;gc;gound and heat sink pin. Connect to printed-circuit-board ground plane with multiple
Vees 16 — 5-V supply for intemal logic translation
Veez 8 - Power VCC for drivers 4.5 V1o 36 V
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