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Abstract 

The automation of engineering design is of great significance in the development of 

machinery and products in competitive industries. Using an automated and “optimal” 

design process to redesign the faulty components and poorly performing regions of an 

existing engineering system will facilitate the realization of realistic design alternatives, 

with benefits such as improved quality, reliability, and cost effectiveness. Motivated by 

such needs, this thesis develops a Design Expert System (DES) for motion control (MC) 

applications. The developed DES is expected to be integrated into a multi-system 

Evolutionary Design Framework (EDF) which is being developed in our laboratory. The 

EDF integrates techniques of condition monitoring, modeling, and evolutionary 

optimization for autonomous identification, diagnosis, and redesign of poorly performing 

aspects of an existing machine. Through integration with optimization routines and the 

use of a comprehensive knowledge base (KB) in the MC domain, the DES developed in 

this work is able to guide the evolution of optimal design alternatives and assess their 

feasibility and effectiveness.  

Due to the prevalence of electric motors as actuators in many industrial 

applications, MC design and actuator (motor) selection represent the application domain 

of the DES developed in the present research. The KB of the DES includes knowledge of 

typical mechanical structures used in industrial MC systems, common profiles of load 

speed or position (duty cycles), and the effect of practical issues such as s-curve profiling, 

geometric trajectory blending, intermittent duty cycles, rms torque, and the thermal 

response of motors. A systematic methodology for detailed design analysis and 

subsequent selection of commercially available motors, their drive systems, and 
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transmission devices (e.g., gears) from an external database is developed. Selections by 

the DES are compared to those by a human designer for both hypothetical and actual 

designs, thereby verifying the DES procedure. To facilitate the interaction between 

different systems in the EDF, a graphical user interface (GUI) is created for the DES in 

Excel
®
. The DES is synchronized with Matlab

® 
to guide optimization routines based on 

its built-in human expertise and heuristic design knowledge. A guided optimization case 

study is presented and benefits of the guidance process are discussed. 
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1 Chapter 1  

Introduction 

 

1.1 Engineering Design 

Engineering design is a process of multi-stage decision making. Successful designers are 

able to efficiently and adequately satisfy various theoretical and practical constraints of a 

design problem. In many cases, these constraints can be contradictory. Such trade-offs 

are very often handled using instinctive and intuitive judgements that rely primarily on 

empirical knowledge and experience. Yet, in more complicated and stringent design 

scenarios, a well-defined systematic approach is needed for the design process. The 

conflicting constraints and the risks involved of sacrificing certain aspects or areas of the 

design are too difficult to handle intuitively. Furthermore, many steps are needed to 

translate the design requirements and constraints into a functioning engineering system. 

For every step, a highly iterative process of comprehensive analysis and detailed 

examination is needed [1]. The steps are also inter-related, so decisions made in one step 

almost certainly affect the others and vice versa. Thus, an efficient methodical design 

approach must be used. 

The usefulness of a well-defined design or product development process can be 

summarized in the following manner [2]: 

 Quality Assurance: When the steps and check-points of a design process are chosen 

and followed properly, they can significantly contribute to assuring the quality of the 

resulting product. 
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 Coordination: A properly developed and clearly articulated design process acts as a 

master plan which defines the steps of the process and the roles of each of the 

members and subsystems involved. 

  Management and Improvement: The design process can serve as a benchmark for 

assessing the performance of the ongoing design effort. By comparing the actual 

process to the established process and by documenting the design effort, areas with 

possible problems and opportunities for improvement can be identified. 

In view of the mentioned and more, significant work has been done in streamlining the 

process of design and product development in recent years [3, 4]. Many designers or 

organizations define and follow precise and detailed processes that are developed for the 

design purposes, while others may not be able to clearly describe or formulate the steps 

and processes they use in the design. Although every designer or organization does not 

employ the same process or steps in design, there remains a common high-level 

procedure which all seem to follow. The steps of this “generic design process” are [2]:  

Planning, Concept Development, System-level Design, Detailed Design, Testing and 

Refinement, and Production.  

 Even with the aforementioned advantages, the employment of systematic 

methodologies for engineering design does not eliminate the occurrence of failures due to 

poor or bad design. The design of “optimal” products that are safe and reliable, for the 

ever-increasing user needs and requirements is still a very challenging task. For this 

reason, several tools and techniques have been developed to support and enhance the 

steps of the design process. One such tool which has had an enormous impact on nearly 

all stages of the design process is Computer-Aided Design (CAD). The use of computers 
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in design has greatly improved the ability to carry out numerous steps of the design 

process ranging from conceptual design (e.g., solid-modeling software) to detailed 

design, analysis (e.g., FEA and CFD software), and testing. 

 Despite its complexity, the design of engineering systems can be robustly 

performed by engineering experts, a fact which suggests the use of artificial intelligence 

(AI) in the design process [5]. An important branch of AI with tangible and proven 

realizations is Expert System (ES).  ES have been applied to many different domains of 

engineering design and have been successfully deployed by large corporations in tasks of 

assistive design and consultation [6, 7]. Nowadays, ES which can function autonomously 

or with minimal human input in automated design environments are of great interest.  

In the present thesis, an ES is developed to operate in an environment of 

automated design evolution. In this context, the ES contains practical (analytical and 

heuristic) knowledge of motion control (MC) design and follows a methodological 

process of analyzing the design proposals for feasibility and optimality. The growth and 

expansion of the ES in the future has been taken into serious consideration in the 

developments of the present thesis. Thus, features which allow the easy integration of the 

ES with health monitoring, design evolution, and design optimization schemes are 

developed and tested in the present work. 

1.2 Motivation 

The automation of engineering design and product development can be of great 

significance in competitive industries. An autonomous design process with competent 

features can greatly reduce the lead-time and costs of development of a product. 

Automated systems with a strong knowledge base and rigorous optimization and 
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inference schemes can even improve the quality and reliability of designed products 

while offering economic and logistic benefits. The use of automated design systems in 

the improvement or “evolution” of existing designs, while giving particular attention to 

“weak” or “faulty” aspects or regions of the design is the focus of this research. 

Prior to improving the design performance of an existing system, detection of the 

weak areas of the design is paramount. An expectation in the implementation of the 

overall framework in which the present research an integral part, is that a machine health 

monitoring system (MHMS) which can detect operational faults or malfunctions in the 

system can also point to possible design weaknesses in the system. Hence, in an 

automated design evolution system, as will be explained in detail in the next section, the 

early detection of fault occurrences is a critical starting point of the evolution process. 

Traditionally, a MHMS is important in avoiding product deterioration, performance 

degradation, major damage to the machinery itself, and harm to human health or even 

loss of life [8]. Current approaches in this step succeed in detecting “faulty” or degraded 

operation of target components or systems, but cannot identify whether the degraded or 

unacceptable performance is a result of a design weakness (design problem) or simply 

misuse, wear, improper installation, or any other fault in a component or of the system. A 

design ES can help in classifying data from the detection step into a fault versus a design 

weakness. However, this task is not the focus of the ES that is developed in the present 

thesis. This work assumes that there is an intermediate decision making process between 

the MHMS and the framework of design evolution that can separate a region (area) or 

aspect of weak design from a faulty part of the system. 
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Once an area of design weakness in a system is identified, evolving a new and 

improved design proposal is needed. First, a representation of the system being evolved is 

required. This is a “model” of the system. Various types of models may be incorporated 

for this purpose, ranging from analytical models to experimental models. Within the 

present framework, analytical modeling is being investigated by our research team. 

Different modeling tools with ranging capabilities may be used for analytical modeling. 

Our team is investigating such tools as Linear Graphs (LG) and Bond Graphs (BG) in 

achieving the goals of the developed system framework. Evolution procedures are then 

used to grow formations in the models that will fulfil given specifications and constraints 

with respect to system parameters, a target response or an objective. Weighting functions, 

performance indices, or cost functions based on such important requirements may be 

used to “optimize” the design. This will determine the best performing model formations 

which will lead to “optimized” design alternative proposals for the system. 

In order for this process to generate practically useful design alternatives, the 

evolution procedure must be assisted and guided by human expert(s) who can judge the 

practicality of intermediate results and the trend towards which the solution is moving. 

Then, by updating the requirements and constraints or even restarting another evolution 

with fundamental modifications, the evolution process can be geared towards a feasible 

direction for the system. The final proposals for design alternatives must also be judged 

for feasibility by the expert(s). In an automated system, the human expert(s) in this 

context are replaced with an ES. A successful ES replacement of the human expert(s) will 

result in the following advantages: 
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 Significantly faster process time from the detection of design weaknesses to the 

proposal of feasible design alternatives. 

 Considerably cheaper design and operation cost of the overall system, due to the 

elimination of a dedicated human element from these activities. 

 Possibilities for larger number of iterations, larger and regularly updated 

knowledge databases, and integration of multiple knowledge domains, due to the 

superior computational power and storage capacity of modern computers. 

For these reasons, in the present thesis, an ES is developed to independently assess the 

feasibility of proposed designs in a specified domain and help guide the design 

optimization process in more practical directions using built-in expertise as acquired from 

domain experts.  

1.3 Evolutionary Design Framework 

The ES that is developed in this research is built to work within an Evolutionary Design 

Framework (EDF), as proposed by de Silva in 2008 [9]. The EDF uses on-line 

monitoring of machine health, multi-domain modeling, design expert systems, and 

evolutionary optimization for the automated design evolution of engineering/mechatronic 

systems [9, 10]. Figure 1.1 is an illustration of the various components of the proposed 

EDF and their interactions with one another.  

The EDF contains three main sub-systems: a Machine Health Monitoring System 

(MHMS), a Modeling and Evolutionary Design Optimization System (MEDOS), and a 

Design Expert System (DES). In the MHMS and MEDOS, numerous technologies have 

been researched, developed, and deployed by the research team in the Industrial 

Automation Laboratory to provide fault detection and design evolution, respectively. 
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These developments will be highlighted in the upcoming sections. The test-bed for these 

technologies is an existing industrial scale mechatronic system called the Iron Butcher 

(IB). The Iron Butcher is an intelligent fish processing machine which minimizes the 

wastage of useful meat during the fish head cutting process. The IB was designed and 

developed by the researchers of the Industrial Automation Lab, in a previous project with 

B.C. Packers Ltd. The developed machine was transferred to the company. A prototype 

of the machine is located in our laboratory at the University of British Columbia. During 

the development of this machine, its design could not be optimized due limitations of the 

available technologies and resources. In this backdrop, the IB is an ideal industrial system 

for testing the developments of the EDF. 

In the context of the EDF, the research reported in the present thesis is the first 

dedicated work that addresses the important duties of the DES. The development of a 

specialized DES and illustration of its utility are the core contributions of the present 

Modeling and Evolutionary 

Design Optimization System 

Modeling Tool 

Genetic Evolution 

Design Expert System 

Design knowledge-based 

Analytical + Heuristic 

Rule-based 

User Interface 

Machine Health Monitoring 

System 

 

 

Practical Design Improvements 
 

Domain Experts Users 

 

Figure 1.1: Evolutionary Design Framework. 
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work. The accomplishments related to this end objective are presented throughout the 

thesis.  

 Machine Health Monitoring System (MHMS) 1.3.1

In manufacturing and processing industries, maintenance costs are responsible for 

approximately half of all operating costs [11]. The use of monitoring based maintenance 

programs is advantageous for industries due to the lower downtimes, reduced 

maintenance costs, and improved safety which these programs offer. The MHMS is a 

signal condition monitoring scheme used to predict, detect, and diagnose faults and 

malfunctions of a system or a component. Various schemes for the MHMS have been 

developed and tested on the Iron Butcher, an existing industrial scale mechatronic 

system. 

In the MHMS schemes that have been developed and tested on the Iron Butcher, 

different sensors have been used for signal acquisition. In the work done by Raman and 

de Silva [12], vibration and acoustic signals were acquired through accelerometers and 

microphones strategically placed on the machine. Razavi and de Silva [8] later developed 

a scheme which monitored the condition of the machine’s hydraulic positioning system. 

They used pressure and position transducers to monitor the crucial performance 

parameters of the hydraulics.  

In the scheme developed by Raman and de Silva, the vibration and acoustic 

signals were represented as a feature vector using wavelet packet transform and node 

energies.  A genetic algorithm for feature selection was developed and tested on the 

system using one healthy machine condition and five faulty conditions. Classification of 

the faults was done through two popular methods, the Support Vector Machines and 
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Radial Basis Function neural networks. In [8], the machine health monitoring scheme 

revolves around the use of an Unscented Kalman Filter. The scheme was tested on four 

deliberately introduced hydraulic faults such as external/internal leakage of the cylinders 

and dry friction buildup on the positioning table (actuated by the hydraulic cylinder). 

Another scheme developed for the MHMS was that of Lang and de Silva [13] in 2008. In 

this scheme of sensor fusion, signal acquisition was done through an accelerometer, 

microphone and CCD camera. Faults in the Iron Butcher were detected and classified 

through sensor fusion using an integrated approach of fuzzy logic and neural network.  

 Modeling & Evolutionary Design Optimization System (MEDOS) 1.3.2

In the EDF, the MEDOS is primarily responsible for the development of new design 

proposals using search and optimization techniques. Optimization techniques are used to 

develop configurations that fulfill given constraints such as the parameters for a target 

response or objective. To date, the main search mechanism used by the MEDOS is 

Genetic Programming (GP). Inspired by biological evolution, Genetic Programming is a 

technique which is used to create problem-solving computer programs. GP was 

developed by Koza [14, 15] in 1992 and is a specialization of Genetic Algorithms (GA), 

as developed in 1975 by Holland [16]. GP is commonly used for search and optimization 

mechanisms. In system design, it is often integrated with modeling techniques such as 

BG to allow for the expansion of the design space into multiple domains. Seo et al. [17] 

were the first to propose this GP-BG integration, and many other works followed suit, 

such as Behbahani and de Silva [18] and Samarakoon and de Silva [19].  

The modeling stage of the MEDOS is an important prerequisite to smooth 

optimization and configuration development. Dynamic models, which are used to 
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represent an engineering system using effective modeling tools, can be very helpful in 

understanding the physical interactions and mathematical relationships governing each 

component in the system. The modeling technique commonly used in the MEDOS is LG. 

LG is a graphical tool for developing and representing lumped-parameter models of 

dynamic systems [9] even though BG has been considered as well, prior to that. LG is an 

attractive modeling technique for the MEDOS due to many reasons, such as: a one-to-one 

correlation with the physical system, providing a unified approach to model multi-domain 

systems, and the presence of a systematic methodology to obtain a unique state-space 

model corresponding to an LG model. In addition, there is the promise in the extension of 

LG techniques to distributed parameter and nonlinear systems [20]. A detailed discussion 

of modeling techniques such as LG and BG is outside the scope of this thesis, but can be 

found in books such as [21, 22, or 23]. 

 Design Expert System (DES) 1.3.3

In the context of the EDF, the DES is essential in that it provides a much needed human 

judgment element to the overall process. The DES harbors domain-specific human 

expertise in design and general common sense judgment in a system which can operate at 

a much lower cost and higher speed than manually by a human expert. The duties of the 

DES in the context of the EDF can be divided into three broad categories. In the order of 

their occurrence in the overall EDF, each of these categories is explained below: 

 Detection  

When the MHMS monitors the machine of interest and processes the acquired 

signal data, faulty components or operation can be detected and diagnosed, and in 

some cases, predicted. However, in order to detect underlying trends in the data 
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that might correlate to a weakness in the design of either a specific component or 

a multi-component interaction within a subsystem, the intervention of an expert 

engineer is required. With time, the expert can distinguish between failures or 

malfunctions simply due to wear, lack of maintenance, or inappropriate 

commissioning and human error, and poor performance and/or failure resulting 

from weakness in the design (e.g., undersized actuators, improperly matched 

transmissions and other coupling components, excessive vibration due to 

improper damping, poor material choice, etc.). Using built-in human expertise and 

judgement principles, the DES should contribute to the automation of this 

classification procedure. 

 Supervision and Guidance  

In the interaction between the DES and the MEDOS, the DES should supervise 

the selection, search and optimization process of the MEDOS and guide the 

process towards more practical solutions. For example, the selection process for 

modification (crossover, mutation, etc.) in a typical evolutionary optimization 

process involves a degree of randomness. The feasibility issues are not 

incorporated in them. The DES should intervene in the process if intermediate 

solutions read are deemed inadequate or infeasible, and might decide on a less 

“optimal” yet feasible solution or even reinitiate the optimization process from the 

beginning using refined search criteria or design constraints.  

Supervision is a demanding task for the DES since it requires online 

monitoring of the optimization process and continuous translation of the solution 

from the form that is being optimized in the evolutionary scheme into a form that 
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the DES can handle and make judgements about the results. The fact that LG 

modeling provides one-to-one correlation between the model and the actual 

system proves to be very important here. The guidance task is less intensive on 

the DES since it mainly requires the quick transfer of pertinent design expertise to 

the MEDOS as needed. This knowledge transfer can: create new design 

constraints, modify existing criteria, select a less optimal yet feasible solution, or 

even terminate the optimization routine and restart a new one with fundamental 

changes in the overall formulation. The effect of this knowledge transfer is the 

improvement of the feasibility of the design alternative.  

In Chapter 4 of this thesis, a pilot scale method for the DES guidance of an 

optimization routine is proposed and a synchronization of the main DES that is 

developed in earlier chapters with a gradient-based optimization routine is 

performed. The DES feeds the optimization routine with domain-specific human 

knowledge on constraints, data, and practical design parameter ranges to improve 

the optimization results. The effect this guidance has on the overall proposed 

design alternative is measured.  

 Feasibility  

Even after performing a supervised and guided optimization routine, a feasible 

alternative design proposal made by the MEDOS is not guaranteed. Thus, an 

important DES duty is to assess the proposed MEDOS design alternative for 

feasibility. This feasibility analysis might require rigorous computations and 

frequent iterations, therefore, cannot simply be amalgamated with the guidance 

duty described above. Without doubt, the process of sending criteria and pertinent 



 13 

constraint knowledge to the MEDOS is much less intensive on the DES than 

performing detailed analysis on the design alternatives that are proposed by the 

MEDOS. Furthermore, during supervision, the computation load on the DES is 

already high and hence should not be further burdened with a demanding 

feasibility analysis of every possible design alternative. For that reason, the 

feasibility assessment is only done after a final proposed design alternative is 

reached through a supervised and guided MEDOS run. 

In an engineering design context, feasibility is a measure of whether a 

design can be accomplished within some reasonable limits.  A feasibility analysis 

can entail a wide range of assessment indices. For example, a proposed design can 

be assessed for the interrelated indices of cost, size, complexity, and ease of 

manufacture. Performance in some of these indices can be measured in a simple 

manner, such as a component count for assessment of a design’s complexity, 

while others may require more rigorous analysis.   

In specific, the feasibility analysis performed by the DES targets more 

open-ended design questions like “can this design be built,” “what are the 

limitations of the individual components and the requirements of the actuator,” or 

“are the necessary components commercially available.” To answer such 

questions, the DES should contain knowledge of, for example, reasonable ranges 

of many component parameters (shaft diameters, gear ratios, belt thicknesses 

etc.), procedures for assessing design integrity (structurally, thermally etc.) and 

actuation (motor selection), and catalogues of purchasable components and 
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actuators to confirm that the design is buildable without unduly inflating the cost 

and resource and time requirements. 

In this thesis, a DES is developed for the detailed assessment of the MC 

designs as proposed by the MEDOS. This DES contains knowledge of the 

practical design ranges of many components used in MC, techniques for assessing 

the structural integrity of these components, and an extensive procedure for 

selecting suitable drives for the MC design from real-life motor and gear 

catalogues and other commercially available databases.  

1.4 Expert Systems 

Due to the centrality of ES in this work, the basics of the field and a review of its 

widespread applications are presented in the following sections. For further information, 

a very useful reference on ES is the book by Giarratano and Riley [24]. 

 Fundamentals 1.4.1

Introduction: ES is a branch of AI that makes extensive use of specialized knowledge to 

solve problems at the level of a human expert [24, 25]. A human expert can solve 

problems that most people or a computer cannot, or can solve them much more 

efficiently. An ES mimics the capabilities of one or a team of human experts. It gains its 

power from the knowledge it contains, which can be valuable expertise acquired from 

domain experts or simply standardized knowledge obtained through sources such as 

books, manuals, or even knowledgeable people [26, 27]. The knowledge of an ES cannot 

possibly encompass all domains, and thus ES applications mostly focus on one or few 

problem domains, known as the knowledge domain of the ES.  



 15 

Knowledge Acquisition: The process of acquiring domain-specific knowledge from 

human experts or other sources is known as knowledge acquisition (KA), shown between 

the domain expert and the knowledge engineer in figure 1.2. There are well established 

methods for efficient KA, such as interviews, observations, taking experts through case 

studies, and rule induction performed by machines [27, 28]. KA is seen as a crucial 

aspect concerning the success of an ES and has always been regarded as the bottleneck in 

its development [29].  

Knowledge Engineering: Of the three possible individuals (or groups) who interact with 

the ES (the end-user, knowledge engineer, and domain expert if knowledge is acquired 

from a human), the knowledge engineer is the most important one. The knowledge 

engineer determines the appropriate representation of the knowledge that is acquired 

from the experts and stored in the KB, defines the inference technique that is required to 

solve the problem, and is generally responsible for the implementation of all components 

of the ES in a coherent package. These tasks, which encompass the building, maintaining 

and development of ES, are known as knowledge engineering [27, 30].  

Figure 1.2: Knowledge acquisition and representation in ES development. 
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Knowledge Representation: The process of encoding the information that is acquired 

through KA for use by the ES is called knowledge representation. The knowledge of an 

ES can be represented in a number of ways, including but not limited to: rules (if-then 

and/or production rules), object attributed value (OAV), semantic networks and frames, 

and logic statements [27]. The most common method of representing knowledge is in the 

form of if-then type rules. If a fact exists in the working memory of the ES that matches 

the “if” statement, the rule is satisfied (or, “fired”) and the action preceding the “then” 

statement is performed. Although if-then rules are simple when witnessed alone, many 

significant ES have been built using them as the only representation of knowledge [24]. If 

the knowledge representation uses fuzzy attributes, then the rules and their “firing 

mechanism” or “inference machine” will involve fuzzy logic [27]. Furthermore, conflicts 

can arise in the choice of a rule in decision making. Conflict resolution is also an 

important aspect of decision making in a knowledge-based system [27]. With thousands 

of if-then rules available in a KB, complicated problems can be solved. If the KB of an 

ES is mainly comprised of rules, such as the ES developed in the present work, it is 

called a rule-based system. 

Elements of ES: The main elements of a characteristic ES are the user interface, 

explanation facility, working memory, inference engine, agenda, and KA facility [27, 

31]. The user interface is the mechanism by which the user and the ES communicate. The 

user does not necessarily have to be a human (as in the present application), although this 

is typically the case. The ES can be built with a GUI that autonomously interacts with 

other computer systems, without the intervention of a human. The ES in this work is built 

to do so with a synchronized Excel
®
 spreadsheet (sections 3.6.2 and 4.3). 
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The KA facility is not a necessary element of ES, but can be included as a 

beneficial extra feature. It provides an automatic way for the user to enter knowledge in 

the ES knowledge database instead of the knowledge engineer having to explicitly code it 

in. The ES presented in this work is equipped with such a facility. Databases of motor 

and gear specifications from catalogues (section 2.4) automatically interact with the ES 

during actuator selection. Modifications and updates in the motor and gear specifications 

need not be coded explicitly into the ES and can simply be changed in the database. The 

KB contains all the domain-specific rules resulting from the KA and the knowledge 

representation steps. Typically, this database does not change for different runs of the ES. 

However, sophisticated ES implementations may incorporate “self-learning” features that 

will enable various components (KB, database, etc.) of the ES to be improved or 

enhanced continuously. The rules of the KB for the ES developed in this work are 

derived from principles of the application domain, presented throughout chapters 2 and 3.  

The working memory is a continuously changing database of the facts established 

by direct inputs specific to a certain run of the ES or as a result of previous rules which 

have been satisfied. These facts are the “if” statements used in future if-then rules of that 

run. When a rule is satisfied, the “then” statement becomes a fact in the working memory. 

During a run of the ES, the prioritized list of pertinent rules whose patterns are satisfied 

by facts in the working memory is the agenda of that run. Accordingly, the inference 

engine makes inferences or decisions by determining which rules are satisfied by facts in 

the working memory, prioritizing them, and executing the one with the highest priority. 

In the ES of this work, the software used for implementation (Visual Studio C++) handles 

the working memory, creates the agenda and makes the inferences for any specific run. 
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Figure 1.3: Developed rule-based ES elements and structure of ES. 

The explanation facility displays the reasoning of the ES to the user through the standard 

compiler output window. Figure 1.3 shows the elements of a typical rule-based ES with 

the specific structure representing the ES developed in this thesis. 

 Literature Survey of Applications 1.4.2

ES provide powerful and flexible means for obtaining solutions to a wide variety of 

problems. Their use proliferates through many sectors of society and technology, where 

their applications are proving to be critical in the process of decision support, problem 

solving, and design [32]. In a brief literature review on ES applications, one cannot 

possibly encompass the enormous number of fields, problems, or tasks for which ES have 

been developed. Instead, in the present section, a focused and limited number of ES in the 

engineering domain will be discussed. Furthermore, to provide a worthwhile background 

for the ES that is developed in this work, only the literature that can be associated with 

the DES duties discussed in section 1.3.3 is considered. In doing so, it is useful to divide 
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the literature on engineering ES that is discussed in this section into three broad 

categories: selection, detection and diagnosis, and design. For each of these categories, a 

handful of example applications from the literature will be listed below and several of 

them will be discussed in detail. 

A selection ES uses its domain-specific knowledge for the selection of design 

specifics such as equipment, materials, manufacturing processes, geometry, or even 

individual parts of a proposed product. Examples of material selection ES include the 

work of Agrawal and Vasudevan [33], Sapuan [34], and Zarandi et al. [35]. Even within 

the focused category of material selection, the practical domains of these ES differ. For 

example, [33] only deals with the selection of plastics and [35] focuses only on the 

sustainability aspects of chosen materials. ES applications in equipment and processes in 

the engineering domain include the selection of suitable mining equipment by Ganguli 

and Bandopadhay [36] and process selection for cast components by Er and Dias [37]. 

Examples of ES component selection include the selection of speed reduction 

components for power transmission by Ferguson et al. [38] and the selection of fastening 

tools for automobile assembly lines by Milani and Hamedi [39]. The common drawback 

of the papers cited above is that they only accept input from a human user and do not 

perform any processing of the data before starting the selection routine. These drawbacks 

are not present in the ES presented in this thesis, where data can be received 

automatically from another computer system or program, and a numerical optimization 

routine is run on certain data before starting the selection process.  

Detection or diagnosis ES use domain-specific knowledge for the detection of 

faults in specific machine parts such as roller bearings [40] or metal frames [41], or the 
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diagnosis of failures in machinery [42, 43], automobiles [44], or even central energy 

plants [45]. Detection or diagnosis ES are usually developed to run in real-time, 

providing continuous monitoring and decision making support. Thus, the drawback 

associated with the reliance on human input is overcome in these applications. However, 

there remains the drawback that the detection or diagnosis is only limited to faulty 

components or machinery, and the ES is unable to infer whether a design weakness is the 

root cause.  

DES use design domain-specific knowledge to provide assistance and 

consultation in design tasks such as the design of electronic devices [46], machines or 

machine parts [47], or even full scale power plants such as a natural cogeneration plant 

[48]. In the literature, design ES can also be developed to contain guiding principles in 

specific engineering design domains such as guidelines for structural design [49], thermal 

system design [50], or general design-for-manufacture [51], design-for-machining [52], 

and design-for-reliability [53]. The work of Matelli et al. in 2009 [48] has set a 

benchmark for the level of requirements and features a good present-day DES should 

possess. In their work, an ES prototype to support engineers in the conceptual and 

preliminary design phases of natural gas cogeneration plants was presented. The KB 

consisted of rules, OAV, component technical information and procedural rules. Using 

the convenient GUI shown in figure 1.4, the design requirements are entered into the 

DES. Then, the complex process of choosing a suitable plant layout, sizing the associated 

components, and providing explanations for all the decisions is done by the DES. 

Although the DES presented in this thesis handles a different application domain, many 

of the same program features have been implemented. Modifications were made to the 
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GUI to make it updatable from other systems in the EDF, and autonomous interaction 

with a pre-selection optimization routine of the design data was developed (chapter 4). In 

all the literature on DES as reviewed for this research, a fully autonomous DES that 

performs the duties outlined in section 1.3.3 was not found. This thesis presents a DES 

with preliminary features which can enable such a realization. 

1.5 Research Objectives 

The overall goal of the research presented in this thesis is to develop a design expert 

system that can guide the evolution of optimal MC designs and assess the feasibility of 

the final MC design proposals. The DES will be built to work within an evolutionary 

design framework consisting of a machine health monitoring system and a modeling and 

evolutionary design optimization system. Features will be built to ease the integration of 

the DES with these systems, such as a GUI which can interact with both a developed 

Matlab
®
 optimization code and the DES itself. Verification of results and evaluation of 

the performance improvement offered by the integrated system compared to a standalone 

DES are also associated objectives of the present research. 

Figure 1.4: Design requirement input GUI for cogeneration plant DES. 
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Within the global objective of developing the DES, there are a number of 

intermediate objectives which are important. First, a comprehensive understanding of the 

important technical, practical, and procedural aspects of MC system design and actuator 

selection or sizing will be attained. This domain-specific design knowledge will be 

translated to a large set of appropriate if-then rules, in a heuristic and mathematical form. 

A systematic methodology for navigating through these rules will be developed and 

implemented in a commercial software development program. The developed DES will 

automatically obtain specifications of purchasable actuators from an external database 

through a KA facility, and will interact with a developed Matlab
®
 optimization routine of 

pertinent MC design components to reduce their weights and costs without sacrificing 

functionality and structural safety. Subsequent chapters of this thesis will present the 

development of the intermediate KA, implementation, and performance evaluation steps.    

1.6 Organization of the Thesis 

This thesis consists of five chapters. In the current chapter, the motivation for developing 

tools for automated optimization and design was discussed. The rationale for using ES in 

this regard and the duties associated with a DES in the context of the EDF was presented. 

An introduction to the basic concepts of ES was given and applications in literature 

relevant to the DES duties were reviewed in detail. In this introductory chapter, the 

objectives of the present research have been highlighted as well.  

Chapter 2 first discusses the importance of the specific DES application domain, 

which is MC design. The choice of motor selection as the feasibility assessment of the 

proposed MC designs is explained. The systematic methodology developed for MC 

design analysis and subsequent motor-gear selection is outlined. The first stage of this 
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methodology—calculating the load—is explained in detail with all the various generic or 

custom designs which the DES can handle. Finally, the development of the motor and 

gear databases used in the implementation is highlighted. 

The first part of chapter 3 explains the second stage of the methodology presented 

in chapter 2, namely, the duty cycle (DC) calculations. Different DC categories and the 

corresponding profile options (generic and custom load speed profiles and load position 

profiles) are described. Practical considerations featured in the developed DES are given 

sufficient attention in this chapter, with detailed discussions of s-curve profiling, rms 

torque, geometric trajectory blending, gearhead effects, and thermal response. The second 

part of this chapter outlines the implementation of all the prior knowledge acquired into 

the DES. Rule groups in the DES code provided in the Appendix are identified with line 

numbers, the GUI is presented, and verification results of the DES are highlighted. 

Chapter 4 presents the design optimization add-on that is developed for the DES. 

This is preluded by an explanation of the constrained minimization and sequential 

quadratic programming techniques used in the optimization. A case study for the custom 

design of a hoist is presented, where components of the design are optimized under 

practical design constraints and the resulting design is analyzed for feasibility by DES 

through selecting suitable actuators. The effect of the design optimization add-on is 

quantified. This case study presents an example operation of a fully integrated DES in the 

EDF. 

 Chapter 5 concludes the work presented in the thesis by highlighting the 

contributions made and their significance. Also, directions for future research in the area 

are suggested.     
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2 Chapter 2  

Application Domain 

 

 

2.1 Motion Control Domain 

The use of advanced MC systems has become an indispensable part of modern-day 

industrial automation [22]. At the core of any MC system is an electric motor as the 

actuator which drives the application. In an industrial facility, electric motors are a 

familiar sight, driving almost everything from blowers and pumps to conveyors, machine 

tools, mixers, shredders, robots, and more. Due to the prevalence of electric motors in 

many industrial applications and the importance of proper motor selection (section 2.1.1) 

in these applications and generally for industrial automation, the domain of MC design 

and motor selection was chosen for the ES developed in this research. Hence, the ES 

developed in this research is termed Motion Control Design Expert System (MCDES).  

In light of the evolutionary design framework presented in the previous chapter, 

and since the DES works in close association with the MEDOS in that framework, the 

MEDOS should evolve designs in the same MC domain as the DES in order for the DES 

to properly interfere in the process and assess the proposed designs. Currently, the design 

optimization division of the MEDOS only handles well-defined optimization problems 

usually comprising core mechanical or electrical elements such as springs, dampers, 

resistors, inductors, and so on. The ability to optimize a MC system design such as a 

conveyor belt drive for optimal cylinder sizes or belt materials, for example, is not 
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present. Thus, in this research, the MCDES is built to take design parameters from a 

human user and not the MEDOS. That being said, measures have been taken to allow for 

easier integration with a MEDOS which can supply optimized design parameters and 

structures for the MC domain, when such a system becomes available. For example, the 

MCDES code was synchronized with a Microsoft Excel
®
 spreadsheet (section 3.6.2) 

where the MC design can be easily built or modified. When a MEDOS in the same 

domain as the MCDES becomes available, the outputs and inputs of the MEDOS can be 

smoothly integrated with the Excel
®
 spreadsheet rather than the more complicated 

MCDES code. A form of this integration is presented in detail in chapter 4, where 

numerical optimization routines are used to automatically optimize the components of an 

MC design within structural and heuristic design constraints. Ultimately, with an 

MEDOS in the MC domain, all these components and features can be integrated into one 

harmonized system, as illustrated in figure 2.1. This system can go from fault 

identification to generating a feasible design alternative with no human intervention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Objective for a fully completed automatic design evolution routine. 
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2.2 Motor Selection 

The remainder of this thesis will focus on the details of step 4 in figure 2.1, namely, the 

MC design analysis and drive selection. Work has also been done on step 2d and 

intermediate steps between the MCDES and MEDOS (1d, 2c, 3a, and 3c). These are 

presented in chapter 4. First, the importance of proper MC design analysis and drive 

selection is presented. 

 Importance 2.2.1

MC is responsible for about two-thirds of the total energy consumption in a typical 

industrial facility [54]. The most influential cost factor in MC system design is the motor 

choice. Not only is the capital acquisition cost higher for a larger motor, its operational 

cost is also significantly higher [55]. Throughout the lifetime of a motor, the cost due to 

power consumption during operation is significantly larger than other costs such as 

service and maintenance, incurred downtime losses, and acquisition capital. In some 

cases, power consumption can account for up to 96% of the total lifecycle costs of a 

motor [55]. The cost effectiveness of a properly sized or energy-efficient motor is so 

large, the U.S. Department of Energy (DOE) predicts that replacements with such 

alternatives fully payback in less than 2 years [56]. 

Unfortunately, the importance of motor sizing is routinely underestimated. The 

U.S. DOE estimates that about 80% of all motors in the United States are oversized [54]. 

This is mostly due to the designer short-routing the complete selection process. In a 

proper motor selection process, the system load must be carefully calculated and all the 

necessary system components must be included. Friction during the interaction and wear 
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of the components over time is usually accounted for using a design safety factor. Since a 

motor has its own rotor inertia, for a given load, the overall system torque is different for 

each individual motor. The calculation of the system torque must be repeated for every 

motor that is available in the inventory if any one of them is to be chosen, which is a very 

time-consuming task. Thus, most designers simply select an oversized motor to account 

for the uncertainties in the load requirements and availability, and to allow for load 

increases during operation such as those which result from wear. This higher load 

capacity of the larger motor is often offset by the fact that the efficiency of the motor 

decreases when it operates at fractions of the full load it is designed for. This behaviour is 

evident in figure 2.2 [56]. Also, a danger is presented by an oversized motor as it can 

operate the load at a faster speed and acceleration than what is allowed, with a high 

torque. 

 

 

 

  

 

 

 

Figure 2.2: Variation of motor efficiency with loading. 

 

Automating the procedure of MC design and drive selection can greatly reduce 

mistakes in analysis and subsequent motor sizing. This will not be at the expense of time, 

as that will be greatly minimized as well. Such an automated procedure can also greatly 

increase the choices of selectable drives, since a large number of drives can be included 

Percent full-load  

P
er

ce
n

t 
fu

ll-
lo

ad
 e

ff
ic

ie
n

cy
  



 28 

in the database of the selection program. ES are a viable option for this application, but 

require time and effort in gathering and formalizing the pertinent expert knowledge for 

MC design and drive selection. The methodology and pertinent knowledge related to MC 

design and drive selection which is built into the developed MCDES is presented now. 

 Methodology 2.2.2

Mechanically, motor sizing or “load matched” selection is based on the total polar 

moment of inertia of the mechanical structure (MS) as reflected at the motor rotor, along 

with the speeds and accelerations of the MS that are required by the application. For a 

motor to be suitable for the MS in a specific application, it must be able to comfortably 

drive the load at the required speeds within the times mandated by the speed or position 

profiles of the application. This is done by supplying sufficient torque and angular speed 

to the load as discussed in section 3.5.2. Before finding the required torque and angular 

velocity however, knowledge of the motion objectives, mechanical components, and the 

duty cycle (DC) of the application must be established. Overall, the selection process can 

be divided into the following steps [55]: 

1. Establishment of motion objectives 

2. Selection of mechanical components 

3. Definition of DC 

4. Load Calculation 

5. Selection of suitable drive 

In the first step, a general idea of the overall objectives of the MC system must be 

established. These overall objectives include whether the application is linear or rotary, 

horizontal or vertical (if linear), the positioning accuracy, and thermal parameters such as 

ambient temperature. In the MCDES, the answers to such questions are determined either 

through direct user input of the required parameter(s) or through inferences made by the 
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program based on previous inputs. 

In the second step, the mechanical components of the MS must be selected and 

oriented. In the MCDES, the user is given a wide variety of generic applications (GA). 

The MCDES can determine the required motor torque and speed for these applications 

once the geometric and inertial/mass parameters are determined and the required DC is 

known. In addition to GA, the MCDES has a custom MS feature, where a large scale 

mechanical application can be created by choosing from a wide range of individual 

components such as shafts, belt pulley drives, chain sprocket drives, lead screws and 

nuts, roller bearings, gearboxes, and so on. A specialized feature where multiple 

applications can be driven by one motor is also built in the capabilities of the MCDES. 

This is made possible with a multi-output gearbox being included as a component in the 

custom MS design feature.  

In the third step of the selection process, the DC of the application must be 

defined. The processing of the DC by the MCDES results in the speeds and accelerations 

which the selected motor must be able to supply, as will be explained in chapter 3. The 

MCDES has two separate DC tracks: load speed profiles (LSP) and load position profiles 

(LPP). The choice between these two depends on whether the critical parameter of the 

DC is a speed or a distance. The latter case is mainly intended for servo applications. 

Note that the MCDES contains both generic and custom profile options for LSP and LPP. 

In addition, under each of the DC available in the MCDES there are corresponding 

advanced features such as s-curve profiling and geometric trajectory blending. The flow 

chart in figure 2.3 graphically represents the MS and DC characterization procedure of 

the MCDES described above. 
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The final steps of load calculation and drive selection become straightforward 

once the MS and DC calculations are performed. In the load calculation step, the required 

motor torques and speeds are found immediately once the MS and DC are defined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: MS and DC characterization procedure in MCDES. 
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Consequently, in the final drive selection step, a comparison is performed between the 

required torques, speed, and temperature rise and the rated and peak torques, speed, and 

maximum operating temperature, respectively. Figure 2.4 is the continuation of the flow 

chart of figure 2.3 and represents the selection procedure of the MCDES. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.4: Selection procedure of the MCDES. 
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2.3 Inertia of Mechanical Structure 

 Generic Applications 2.3.1

A detailed list of GA has been surveyed [55, 57] and the expression for the polar moment 

of inertia reflected to the motor has been found for each. Each expression is a function of 

geometric and inertial/mass parameters related to the application as well as the polar 

moment of inertia of the motor rotor. Thus, any GA can have   number of equivalent 

inertia expressions, where   is the size of the motor database. Table A.1 in Appendix A is 

a complete list of the GA supported by the MCDES and the corresponding polar moment 

of inertia expression for each. Equation 2.1 is an example of the equivalent polar moment 

of inertia of a belt conveyor GA. Note that these expressions are for the direct-drive (DD) 

case only. The addition of a gearhead affects the inertia of the GA and the DC 

parameters. The effect on the inertia is outlined in section 2.3.4 and the effect on the DC 

is presented in chapter 3. Then, any GA can have     number of equivalent inertia 

expressions given by equation (2.1), where   is the size of the motor database and   is the 

size of the gear database. 
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 Custom Applications 2.3.2

The inertia expressions given in table A.1 are applicable only for single GA. In the 

custom MS building feature of the MCDES, the equivalent inertia of the entire custom 

system depends on the individual mechanical components used in the structure together 

with the final GA which directly interacts with the load. In order to compute the correct 

inertia for the custom MS, the inertia of each mechanical component must be known. 

Again, they are mainly a function of geometric and mass properties, as listed in table A.2 

of Appendix A. Some custom components like special transmissions also affect the speed 

and acceleration requirements of the motor, which is taken into consideration by the 

MCDES. 

Belt transmission 

Coupling Motor 

Generic conveyor Generic linear 

actuator 
Motor 

Gear transmission 

Figure 2.5: Examples of real designs that can be built by the MCDES custom 

design feature. 
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Using the custom MS building feature, the user is given more flexibility and 

innovative capacity for their design. Although not exhaustive, the components available 

for custom MS design are quite sufficient to create medium complexity designs. Two real 

world examples of designs which can be built in the MCDES using the custom design 

feature are presented in figure 2.5. The conveyor example to the left can be built using a 

few shafts, bearings, a motor coupling, a belt transmission, and a final conveyor GA. 

Similarly, the linear actuator example to the right can be built using shafts, bearings, 

gears, and a final linear actuator GA. 

The custom design of a hoist and the optimization of some of its individual 

components are presented in chapter 4. The effect of the optimization of the torque 

requirement is examined as well. The MCDES can also handle designs where a single 

motor drives multiple different GA. This is done by choosing a multi-output gearbox 

from the custom component list. Two or three outputs from a single gearbox can be 

handled. Each output is built separately with custom components and a final GA. After 

building each line, the DC for the final GA of each must be defined. The MCDES then 

processes the required inertia, torques, and accelerations for each line and computes the 

required total power for the entire system. This is used to select a suitable motor. The 

motor must be able to supply the maximum speed of the multiple GA, adjusted for any 

transmissions or gearboxes in the design. 

 Custom Components 2.3.3

Table A.2 in Appendix A gives a list of the components available in the MCDES for 

building a custom MS and the corresponding polar moment of inertia expressions, 
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reflected to the motor rotor. Equation 2.2 is an example of the equivalent polar moment 

of inertia of a chain-sprocket transmission. 
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 Effect of Gearheads on Inertia 2.3.4

When all DD options of the MCDES motor database are exhausted, the selection 

procedure of figure 2.4 switches to motor-gear drive possibilities. Since all the gearheads 

in the MCDES gear database are reducing type, adding a gearhead to the drive means the 

motor must supply an angular speed   times higher than the DD case, where   is the 

reduction ratio of the gearhead. Alternatively, the angular speed requirement of the motor 

can be kept unchanged, but the application will not reach the required speed of the DD 

case, and the equivalent inertia of the application will be reduced. This reduction affects 

all terms other than the motor’s rotor inertia and is squared since those inertia terms are 

eventually multiplied by the angular velocity squared, in the expression of kinetic energy. 

In both cases, the inertia of the gearhead itself must be added to the total inertia of the 
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system. For a given application, the number of equivalent inertia expressions for a motor-

gear drive is      , where   is the size of the motor database and   is the size of the 

compatible gearhead database. Table 2.1 presents the effect an added gearhead has on the 

equivalent inertia expressions for GA. In the new expressions,    is the gearhead inertia 

[    ] and   is the reduction ratio. The remaining parameters are the same as in table 

A.1. Note that these expressions are applicable for the case where the angular speed 

requirement of the motor is kept constant.  

Table 2.1: Inertia of GA in the motor-gear drive scenario.   

Generic application Equivalent polar moment of inertia     [    ] 
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Generic application Equivalent polar moment of inertia     [    ] 

Rack and pinion 

 

     
    

    
 

 

  
 
(
    

 

 
 

(     )

   
(  )

 
) 

Rotary table 
     

    
    

 
 

  
 
((

 

  
)
 (     )  

 

  
   ) 
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2.4 Motor and Gear Databases 

The values for   ,   , and   in the inertia expressions as given in the previous section can 

have a substantial effect on the motor or motor-gear drive unit that is selected. In order 

for the MCDES to provide practical MC design guidance and assessment, these values 

must come from real motors and gears that are commercially available. In the MCDES, 

the motor and gear database is built from over 50 different motors and compatible gears 

from Maxon Motor Corp. The   ,   , and   values for each motor and gear are included 

in this database, in addition to many other relevant parameters such as motor torque 

capabilities (               and           ), speed (    ), and maximum efficiency 
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( ). The relevance of these parameters and how they are used in the selection procedure 

are explained in section 3.5.2. 

As time passes, with the availability of new products, the specifications of the 

motors and gears available in the database may be modified by the manufacturer. Also, 

the database size may need to be increased for a larger selection pool. If the database was 

embedded in the MCDES code, performing any modifications or additions would be a 

time-consuming task which could even risk corrupting part of the code’s function. For 

that reason, the MCDES is synchronized with external Excel
®
 spreadsheets containing 

the motor and gear databases. As will be highlighted in section 3.6.2, the MCDES also 

reads the MS design and relevant geometric and inertial parameters from a specialized 

Excel
®
 spreadsheet. Figure 2.6 below shows sample Maxon

®
 catalogue sheets from 

which the motor and gear databases for the MCDES are built. The corresponding 

specifications for several motors and gears used in the MCDES are also shown in tables 

2.2 and 2.3. The full motor and gear database used in the MCDES to obtain the results 

presented in chapters 3 and 4 can be found in Appendix B.  

 

 

Figure 2.6: Sample catalogue sheets for motors and gears used in MCDES. 
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Table 2.2: Sample specifications for motors used in MCDES.    

Motor #                                              

353295 1.29E-04 3640 0.51 0.843 0.0809 0.0567 1.3 100 1.85 125 

353296 1.38E-04 3550 0.654 0.873 0.173 0.0891 1.3 100 1.85 125 

353297 1.34E-04 3270 0.746 0.885 0.363 0.13 1.3 100 1.85 125 

353300 1.28E-04 2820 0.83 0.891 1.06 0.219 1.3 100 1.85 125 

 

Table 2.3: Sample specifications for gears used in MCDES.    

Gear #      Gear group   

110408 1.65E-05 3.7 6 0.8 

110409 1.55E-05 14 6 0.75 

110410 1.25E-05 25 6 0.75 
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3 Chapter 3  

System Implementation 

 

3.1 Introduction 

The load which the motor moves is defined as the torque that is required to drive the MS. 

A discussion of the different generic and custom MS built into our MCDES was given in 

the previous chapter. However, the motor torque required for any application does not 

only depend on the inertia reflected to the motor shaft by the MS, but also on the 

acceleration profile which the shaft must achieve. Even with a constant inertia reflected 

to the motor (constant weight and geometric parameters), there can be load variations that 

the motor must be able to handle. These load variations with respect to time, for any 

given application, describe what is known as the duty cycle (DC) of the motor. DC can be 

classified into three general categories: 

 Continuous: DC which demands operation at a virtually constant load for a very 

long time. The constant load time is substantially longer than the ramp up 

(acceleration) or ramp down (deceleration time). This is the most common DC 

and accounts for nearly 90% of motor applications. 

 Intermittent: DC which demands operation for different intervals of load, no 

load, and rest. The time durations of each of these intervals are well specified.  

 Varying: DC which demands operation for different intervals of load, no load, 

and rest for intervals subject to large variation. 
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To truly rival the selection process of a human expert, the MCDES must contain 

the knowledge of the effect that DC have on motor torque requirements and must be able 

to perform a motor/drive selection with any DC. It must also be able to identify and 

include practical considerations such as s-curve profiling and thermal effects in the 

selection routine or as an advisory suggestion to the end user. The first part of this 

chapter presents the various DC options built into the MCDES along with the necessary 

computations and practical considerations for each. The second part of this chapter 

outlines the implementation of the MCDES in a user-friendly program, and verification. 

3.2 Motion Profile Options 

In our MCDES, the type of DC used in the torque calculations and the motor selection 

routine is determined based on the choice of motion profile (MP) by the user. Simple 

profiles which would be used in applications like blowers and conveyor drives do not 

require extensive processing of the DC. This is because they require only a constant or 

gradually changing torque over a very long period of time, meaning they are continuous 

DC. Details of motion profile processing (MPP) for different DC are presented later in 

this section. For non-continuous DC however, the user is given different MP options to 

choose from, as outlined in figure 3.1 and 3.2. The MPP of each of these profiles will 

result in an accurate determination of the rms torque requirement, which is compared to 

the maximum continuous (nominal) torque of the candidate motors. The candidate motors 

must be able to supply such torques at the maximum speed of the MS chosen by the user. 

This required speed is extracted from the MP and is different for each structure, as will be 

explained later in the chapter. Finally, the peak intermittent torque, which is more easily 

calculated, is compared to the peak torque specification of the candidate motors. 
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Speed Profile 

Generic 

Triangular 

Accel/Decel are 
the same 

(intermittent DC) 

Accel/Decel are 
different (varying 

DC) 

Trapezoidal 

Constant speed 
>> Accel/Decel 

(continuous DC) 

Intermittent 
or varying DC 

Custom 

Intermittent 
or varying DC  

Figure 3.1: Motion speed profile options in MCDES. 

Position Profile 

Generic 

Single Stroke 

Intermittent DC 

Double Stroke 

Accel/Decel are 
the same 

(intermittent DC) 

Accel/Decel are 
different (varying 

DC) 

Custom 

Intermittent or 
varying DC  

Figure 3.2: Motion position profile options in MCDES. 
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3.3 Load Speed Profiles 

 Generic and Custom Speed Profiles 3.3.1

The user is given the option to have the load follow a generic load speed profile (LSP) or 

build a custom one on their own. In the generic category, there are triangular and 

trapezoidal profiles. The triangular LSP is when the motor accelerates to a maximum 

velocity and then immediately decelerates to zero. The motor may not remain at constant 

velocity in between the acceleration and deceleration portions.  

If the acceleration and deceleration times,    and   , are equal, the step distance   

of the load and the total motion time   are identified and used to find the maximum load 

velocity     . This is used to find the load acceleration and deceleration values,   and  . 

Alternatively,      can be identified along with the minimum time    that is needed to 

accelerate to it, and then   and   are found easily, and are equal. If the acceleration and 

deceleration times are different,      and the durations    and    must be specified 

explicitly, and cannot be solved for using a step distance  . When specified,   and   are 

found and are unequal. It should be noted that   and   are constant values at this stage 

𝑡𝑎 𝑡𝑑 𝑡0 

𝑣𝑚𝑎𝑥 

𝑣 

𝑇 

𝐷 

𝑡 

Figure 3.3: Triangular load speed profile. 
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only, but become varying when an s-curve profile is added (section 1.3.2). Also, note that 

the variables with distance elements such as           and of course,    represent the 

MS movement, which is most usually rectilinear (e.g., load on a conveyor, table on a ball 

screw drive). However, the acceleration, deceleration and velocity values that are used to 

select the motor are rotational. Therefore, when the         and   values for any LSP are 

found after MPP, they must be converted to their rotational versions based on the choice 

of the MS being analyzed and its geometric dimensions (section 3.5.1). 

 The trapezoidal LSP is present when the motor accelerates to a maximum velocity 

and then stays constant at that velocity for a prescribed time    before decelerating. Here, 

the MPP is identical to the triangular LSP except that the constant speed portion adds a 

torque component to the overall required torque which the motor must supply. This 

happens due to the need to overcome frictional and gravitational (if applicable) forces to 

stay at a constant speed, even though the acceleration is nonzero. Thus, in the MPP, the 

         values and their associated times        and   , respectively, should be found. 

Note that if the constant speed time    is substantially larger than    or   , the constant 

torque value that is calculated can be considered alone as the required torque which the 

Figure 3.4: Trapezoidal load speed profile. 

𝑣𝑚𝑎𝑥 

𝑣 

𝑡𝑎 𝑡𝑑 𝑇 𝑡0 𝑡𝑐 𝑡 

𝐷 
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motor should supply. This is what was defined earlier as a continuous DC. However, to 

stay as accurate as possible, all the acceleration, velocity and time components are used 

in the rms torque calculation.  It should also be noted that if there is a nonzero value of  0 

in either the triangular or the trapezoidal LSP, there may be an additional torque 

component which needs to be included in the overall motor torque. In some MS, 

gravitational forces can act as a load even without any movement (e.g., hoist). If no brake 

is included in the design, the motor must supply the holding torque for this load. This is 

accounted for in the rms torque calculation. 

 Aside from the generic profiles, the user may want the load to follow a more 

complicated LSP. This is especially important in servo applications. In our MCDES, this 

need is catered to by allowing the users to build their own custom profile, such as the one 

in figure 3.5. Here, the MPP must identify acceleration, deceleration, and constant speed 

segments and calculate the necessary parameters (     or  ) for each. The time durations 

for each of these segments are identified and recorded for use in the rms torque 

calculation. In addition, the maximum acceleration, deceleration and speed values are 

found to compute the peak torque and speed requirements of the motor.  
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Figure 3.5: Custom speed profile example and relevant parameters. 
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 S-Curve Profiling 3.3.2

S-curve profiling (SCP) is the process of adjusting the regions of speed changes in an 

LSP to minimize the jerk (rate of change of acceleration or deceleration). The result is a 

much smoother profile with a more preferable load response. This improved response can 

eliminate practical problems like fluid spilling during open container movement. Also, 

employing SCP will reduce wear on the mechanical components, thus, increasing their 

life. The amount of SCP done on a profile is specified as a percentage of each 

deceleration and acceleration portion. The percentage is equally divided between the start 

and the completion. This means that any SCP specification below 100% will result in 

some constant acceleration or deceleration segment in the middle of the profiled portion. 

A zero value represents no profiling, or step acceleration/deceleration. Figure 3.6 is an 

example of a trapezoidal LSP with and without 100% SCP (left and right, respectively) 

[55]. The change in the required torque (due to change in acceleration) is evident.   

 It is seen in figure 3.6 that the peak torques for the SCP case are significantly 

Figure 3.6: 100% S-curve profiling of a trapezoidal LSP and its effect on torque. 
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higher than for the non-profiled case. If      and the times     and     are to stay the 

same after profiling, this increase has to occur in order to account for the gradual 

acceleration change of the profiled case versus the abrupt acceleration change of the non-

profiled case. That being said, the non-profiled case will require an enormous jerk to 

reach      almost immediately, which is often not practically feasible.  

In our MCDES, the user chooses or builds the LSP and specifies the necessary 

velocity and time parameters, and is then asked to specify the percentage SCP. The user 

wants to keep the discrete velocity and time values of their design constant, and is not 

overly interested in the acceleration values or changes, as long as the motor-drive unit 

chosen can supply it. Thus, in the MCDES, a numerical factor dependent on the SCP 

percentage is multiplied by the acceleration or deceleration values extracted from the 

MPP. The symbolic form of this multiplication factor is found by first finding   as a 

function of    or    for a generic SCP acceleration or deceleration ramp. This will be a 

function of      and the profiling percent  . Setting   as the      specified by the user 

will allow us to solve for      as a function of the user specified     ,     or   , and  .  

From figure 3.7 we have  
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Now, solving for      yields a simple multiplication factor   that is used to increase the 

accelerations or decelerations of the SCP segments based on  . This result is used in the 

MCDES to adjust all the maximum acceleration and deceleration values extracted from 

the MPP of both generic and custom LSP. 
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3.4 Load Position Profiles 

When defining the MP of a design, the speed profile of the load might not be available. In 

many cases, only the desired position of the load as a function of time is known. This is 

especially common in servo motor applications and robotics.  For this reason, the option 

of defining a load position profile (LPP) is developed and included in the MCDES. The 

MCDES gives the user the option of single stroke (forward and reverse), double stroke, 

or custom LPP. The necessary parameters for the motor selection such as acceleration 

and velocity are extracted from the LPP in a similar fashion to what was done in the MPP 

of the LSP. Before presenting the development of equations for each LPP option, an 

overview of the geometric trajectory blending method used for LPP (transition window 

technique) is given. 

𝑎𝑚𝑎𝑥 

𝑡  𝑡  𝑡3 

𝑡  = time of increasing acceleration 

𝑡  = time of constant acceleration 

𝑡3 = time of decreasing acceleration 

𝑡   
𝑆

 00
𝑡𝑎 where 𝑡𝑎  𝑡  𝑡  𝑡  

If 𝑡  𝑡3    

then 𝑆 = 0% 

 

If 𝑡    

then 𝑆 = 100% 

 

𝑎 

𝑡 

Figure 3.7: Generic s-curve profiled acceleration ramp. 
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 Transition Window Technique 3.4.1

As discussed in section 3.3.2, limiting the jerk in MP is important for producing smooth 

speed transitions and reducing wear. This is no different for LPP than it is for LSP. LPP 

are more common in tracking and servo applications, and limiting the jerk in such 

applications not only smoothens the loads on the motor [61], but also allows for the 

trajectory to be tracked faster and more accurately [62]. To limit the jerk on the LPP 

chosen or built by the user, the MCDES uses the transition window technique developed 

by Parker and Taylor and modified by Lloyd [63]. 

 

 

 Suppose that the load follows a path   ( ) and then switches to a different 

path   ( ). Both paths are assumed to have no discontinuities in position or velocity. 

With no transition applied, a discontinuity will occur at   (    ). To avoid this 

problem, a smooth transition polynomial spanning    [         ] is used to connect 

the two paths. The total transition time    is estimated as:  

   
‖  ̇(    )    ̇(    )‖

  
                         (   ) 

where    is a desired reference acceleration. Since the MCDES will solve for 

accelerations in a wide range of applications, defining a reference application would limit 

𝑥 

𝑡𝑠 𝑡 

𝜏 𝜏 

𝑥  𝑥  

𝐵 

Figure 3.8: One-dimensional path segment transition. 
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the range of actuator candidates. Therefore, in the MCDES,   is estimated as a fraction of 

   instead. 

To determine the equation for the connecting polynomial  ( ), the transition time 

is first normalized to occur between 0 and 1 by defining a new time coordinate   as: 

  
      

  
                                                           (   ) 

The transition polynomial  ( ) and the original paths   ( ) and   ( ) should satisfy the 

position, velocity and acceleration boundary conditions (BC) to ensure that the transition 

is compatible and smooth: 

 ( )    ( )     

 ̇( )   ̇ ( )     

 ̈( )   ̈ ( )     

 ( )    ( )      

 ̇( )    ̇( )      (3.5) 

 ̈( )    ̈( )      

These can be fulfilled with a 5
th

 degree polynomial with coefficients defined by a 

vector  . If the BC defined by (3.5) are used to construct a vector  , then   can be found 

using a Hermite BC matrix   [63]: 

  

[
 
 
 
 
 
      
      
      
      
      
        ]

 
 
 
 
 

 

        

  (       3        0)
            (3.6) 

   (                 )
   

Thus, the components of   can be found as a function of the BC in equation 3.5 and the 

connecting polynomial  ( ) can be evaluated at any point in the transition. Consequently, 

the motion parameters that are needed in the motor selection such as      and      can 

be determined through mathematical manipulation of  ( ). The two main drawbacks of 

this method are not of importance in our MCDES application. The first drawback is that 
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before the transition is created,    must be fully defined. This is true in our case, since the 

original unsmoothed LPP is fully defined in the MCDES. The second drawback is that 

there is no control over the shape of the transition. This is again is not a problem in the 

MCDES, since the user is not interested in the shape of the transition as long as it is 

compatible with the original LPP. 

 Generic and Custom Position Profiles 3.4.2

In the MCDES, the transition window technique is used to find the necessary motion 

parameters for motor selection from the user defined LPP. The equations are developed 

in symbolic form for use with any parameter values in the LPP. To do so, two types of 

transitions are identified and analyzed hereafter: a transition between a zero and a non-

zero velocity path, and a transition between two non-zero velocity paths. The resulting 

equations from these two transition types can be used to fully define any transition in any 

generic (single or double stroke) or custom LPP. 

Single Stroke Profiles: 

Single stroke LPP can be used in positioning applications or in intermittent load motions. 

𝑥 

𝑡 

𝑥  

𝑥  

𝑡𝑗 

1 

2 

𝑥  

Figure 3.9: Single forward stroke LPP. 
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For the user defined single forward stroke LPP in figure 3.9, transitions 1 and 2 are of 

type 1. Half the transition time is defined in the MCDES as         . 

At transition location 1, the BC of equation 3.5 (components of  ) are zero except: 

 ( )    ( )   
 
 

     

  
     

 ̇( )    ̇( )     
     

  
 

Finding the coefficients of the transition polynomial using the Hermite BC matrix   

yields expressions which are a function of the symbolic components of   . However, the 

LPP is only defined by the user through  0    and   . Hence, the equivalent expressions 

of the components of   using these parameters are substituted into  , which yields: 
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These coefficients are used to construct the transition polynomial equations for position, 

velocity, and acceleration:  

 ( )     
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From these equations, the MPP can extract the necessary motion parameters for motor 

selection for this transition,      and     . The maximum velocity does not occur 
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during the transition and is already known to be   . The maximum acceleration     , 

however, occurs during the transition and is: 

     (            3     ) (
  

  
)
 

 

If the position  0 is a zero reference, the expression for      that is used in the MCDES 

selection routine is simplified to (after substituting the coefficients): 

                                                    
     

     
                                        (   ) 

A similar analysis is done for transition 2 in figure 3.9, where all the BC are zero except: 

 ( )    ( )            

                                     ̇( )    ̇( )     
    0

  
                      (    ) 

 ( )    ( )        

As expected, the      is identical to that in equation 3.9 except that it is negative (i.e., a 

deceleration). Single stroke LPP in reverse are also possible in the MCDES, where      

and      values are the negatives of their forward stroke counterparts. 

Double Stroke Profiles: 

The main transition in double stroke LPP is between two non-zero velocity paths, as 

shown at point 2 in figure 3.10. The transitions at 1 and 3 are of type 1 and therefore use 

the same results as developed in the previous section. To develop generic equations for 

the transition at 2 that will work for any    and time input from the user,    is treated as 

not equal to   . Since           this also means that      will not occur at      . The 

value of   where      occurs has to be found first and then substituted into the 
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polynomial that describes the acceleration during the transition. For this case, the BC of 

equation 3.5 are zero except: 

 ( )    ( )            

 ̇( )    ̇( )     
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    0

  
) 

 

 

 

 

The transition polynomial equations for position, velocity, and acceleration are the same 

as in equation 3.8, except the coefficients are: 
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Figure 3.10: Double stroke LPP. 
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From this result, the MPP can extract the necessary motion parameters. Again,      

occurs outside the transition (    (
     

  
 
     

  
)) while      occurs during the transition 

at a location dependent on    and time inputs by the user. The   at which      occurs in 

the transition is found using: 

  
      

  
 

√     
         3

     
                        (    ) 

Since      , the correct sign of the second term is determined based on the 

coefficients, and      can consequently be found through the acceleration equation in 

(3.8). Note that 
  

  
 is a function of   only and is therefore a scalar value. 

3.5 Practical Considerations 

 Effect of Mechanical Structure 3.5.1

The rectilinear           and      values extracted from either the LSP or the LPP 

using MPP cannot be immediately used in the motor torque calculation. First they have to 

be converted into the angular equivalent reflected to the motor rotor. Then, this can be 

used with the overall equivalent inertia of the MS (inertia of the structure reflected to the 

motor rotor plus the inertia of the motor rotor) to find the required motor torque. The 

conversion from           and      to            and      is dependent on the MS 

being motorized. The MCDES identifies the structure and, using the necessary geometric 

parameters, performs the conversion. Table 3.1 outlines the different conversions for the 

different structures. 
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Table 3.1: Effect of MS on profile parameters. 

Generic MS Drive Mechanism 

Direct Drive with Gears 

 Hoisting 

 Belt conveyor 

 Horizontal 

pulling 

 Nip roll 

 Center or surface 

driven winder 

   
 

 
 

     
      

   
 

where   [m]: 

 Pulley radius (hoisting or 

horizontal pulling) 

 Driving cylinder radius (belt 

conveyor) 

 Driver, winding, or support roller 

radius (Nip roll, center, or surface 

driven roller, respectively) 

   
  

 
 

     
       

   
 

where  : 

 Gearbox reduction 

ratio 

and   is the same as for 

direct drive 

 

 Rack and pinion 

    
   

   
 

     
      

   
 

where   [m]: 

 Pitch of the rack’s teeth 

and  : 

 # of teeth on pinion 

 

   
    

   
 

 

     
       

   
 

where  : 

 Gearbox reduction 

ratio 

and     are the same as 

for direct drive 

 Ball screw drive 

 

   
   

 
 

     
      

 
 

where   [ ]: 

 Lead of the feed screw  

 

   
    

 
 

     
       

 
 

where  : 

 Gearbox reduction 

ratio 
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Generic MS Drive Mechanism 

Direct Drive with Gears 

 Rotary table 

 
     

 

  
 

      
      

   
 

 

where   [   ]: 

 Angular step displacement  

and   [   ]: 

 Step time  

Note: the MPP identifies   from the 

LPP in the Rotary Table scenario 

(LSP is not practical here) 

     
  

  
 

      
       

   
 

 

where  : 

 Gearbox reduction 

ratio 

 Flywheel 

 Propeller 

 

There is no conversion process since 

the original motion parameters are 

already angular. Furthermore, servo-

style LSP or LPP are not practical 

here. In the case that these MS are 

chosen, the user is prompted for the 

maximum angular velocity      and 

the ramp up time  . Then   is simply 

    

 
 

      
     

 
 

 

where  : 

 Gearbox reduction 

ratio 

Custom mechanical 

components 

Both direct drive and gear drive scenarios 

 Belt pulley 

transmission 

 Chain sprocket 

transmission 

 Gearbox 

(somewhere in 

the custom design 

instead of a 

motor gearhead) 

 

Depending on the generic MS chosen,            and      

from above are multiplied by the transmission ratio    which was 

found from the geometry of the transmission (table A.2) or the 

known reduction ratio of the gearbox (section 2.4) 
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 RMS Torque 3.5.2

The converted motion parameters that are found from the MP are used with the 

equivalent inertia of the MS to find the required motor torque. In the most conservative 

approach, the maximum continuous torque the motor can supply (nominal torque) is 

compared with the maximum torque of the application     : 

     
     

                  motor candidate   (3.14) 

Even for a single MS and DC, there are several      values. This is because for every 

motor candidate there is a different rotor inertia    and thus a different     and hence the 

torque requirement changes from rotor to rotor. Equation 3.14 must be evaluated for 

every motor and motor-gear combination in the MCDES database and each      result 

must be compared with its corresponding motor nominal torque. However, using 

equation 3.14 consistently results in an oversized motor, since the nature of the load 

throughout the entire DC is not taken into consideration. In the MCDES, this approach is 

modified to be dependent on the DC type discussed in section 3.2. The MCDES finds the 

root mean squared (rms) torque of the application (for every motor and motor-gear 

candidate), as given by equation 3.15, and compares it to the nominal torques of the 

corresponding candidate motor. The efficiencies   of the candidate motors are also taken 

into consideration.  

     
 √

(   
    

)       
    (   

    
)      

   

           
                    (    ) 

where 

  : Acceleration torque [Nm] 

  : Deceleration torque [Nm] 

  : Constant torque [Nm] 

  : Holding torque [Nm] 

  : Acceleration time [s] 

  : Deceleration time [s] 

  : Constant speed time [s] 

  : Holding time [s] 
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The torques    and    are found easily using     
     

  and    
     

  , 

respectively.    is the torque required to run the application at constant speed, 

overcoming friction and other resistance. The expressions for    vary depending on the 

MS and speed. Finally,    is appropriate only in applications with a holding load during 

sections of no movement (e.g., stationary load in a hoist). With these individual torque 

values available, and since the times associated with each section of any MP are recorded 

during MPP,      can be found for every candidate.  

If the DC is continuous, the rms torque is almost equal to the constant torque for 

any application. The motor selection is thus based on two criteria: 

   
                  

                    
                  (    ) 

Even though the required torque will be larger than    during acceleration and 

deceleration, it is safe to use the above torque criterion for continuous applications. This 

is because every motor has the capability of being overdriven for short periods of time. 

This is not the case for intermittent or varying DC, as the overdriving time becomes 

almost equal to or sometimes more than the constant speed times.  

For intermittent or varying DC, the MCDES uses equation 3.15 to find      for 

every drive candidate, and compares      to               . It should be noted that for 

these DC, there may be many acceleration, deceleration, and constant speed segments. 

Therefore, equation 3.15 includes all the segment times and torques for the entire DC to 

compute the correct     . Also,      is computed for every drive candidate using 

equation 3.14. This is now needed since the overdrive of the motor might not be for short 

periods of time anymore. In addition to equation 3.16, the motor selection criteria now 

include: 



 60 

     
              

                               (    ) 

In the MCDES, the specifications of over thirty Maxon
®
 motors and over 15 

compatible gearheads are used in building the motor and gear database. As explained in 

section 2.4, this database is built in Excel
®
 and is expandable to many more motors and 

gears. Also, it can easily be modified without altering the MCDES code. The values 

for           ,               ,              
, and   for each motor are taken directly 

from this database.  With the selection criteria of equations 3.16 and 3.17, it is ensured 

that the selected motor will operate in the safe region for continuous operation, as seen in 

the example operating range graph for one of the motors, in figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The blue point represents the coordinate of              
 and                of the 

motor. If this motor is chosen by the MCDES, the application will require less speed and 

torque than this point, in the directions of the arrows shown in the figure. Thus, the 

Short-term 

operation 

Continuous 

operation 

Assigned power rating 

Figure 3.11: Operating range of a sample motor from the MCDES database. 
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operation remains in the safe region for continuous operation. Nevertheless, overdrive 

towards the right and top can be accommodated for short periods of time. 

 Thermal Response 3.5.3

The operating efficiency and performance of a motor is significantly affected by the 

operating temperature. Temperature considerations thus affect the power consumption, 

cost of operation, and even the life of a motor. The thermal performance of a motor is 

predominantly determined in the design stage of the motor, through factors such as the 

insulating material, housing type, and heat transfer paths for convection and conduction. 

The thermal performance of a motor does not only depend on its design and materials, it 

is also greatly affected by the operating conditions of the motor [64]. Testing the thermal 

performance (most importantly, the temperature rise) of a motor can be done both 

experimentally and analytically. Experimentally, the temperature rise can be measured 

with the motor running in an environment that mimics the actual operational 

environment. However, a simpler and sufficiently correct alternative is to use theoretical 

calculations. In order to carry out theoretical temperature rise calculations, the following 

motor parameters are needed: 

 Torque Constant    [Nm/A] 

 Terminal Resistance    [𝛺] 

 Maximum running temperature         [◦C] 

 Thermal Resistance     [◦C/W] – the thermal resistance of a motor indicates how 

well a motor can dissipate the generated heat during operation 
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The MCDES motor database includes these parameters for each of its motors. In 

the MCDES, the thermal response of the motor based on the application is not a part of 

the selection process. However, a warning will be issued to the user if the temperature 

rise causes the motor’s running temperature to exceed the motor’s maximum 

temperature        . This temperature rise depends on the torque requirement and is 

calculated using the following steps: 

     
    

  
  

Here      is the rms torque of the load [Nm] and      is the rms current in the motor 

windings [A]. 

       
    

Here    is the power dissipation [W] of the motor. 

            

Here       is the temperature rise of the motor [◦C]. 

                      

The actual temperature of the motor,          , is the ambient temperature       plus 

the temperature rise. For safe operation and for optimal efficiency and performance, the 

motor must run below the maximum operating temperature prescribed by the 

manufacturer:  
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3.6 Implementation and Verification 

The MCDES with the features outlined in chapters 2 and 3 is implemented in the 

Microsoft
®
 Visual C++ integrated development environment. ES shell software, such as 

CLIPS
®
 or Jess

®
, were not used since they were difficult to synchronize with an external 

database and had poor mathematical features (limited operators). 

 Program Segments 3.6.1

The core code of the MCDES is written as a large list of sequential if-then type clauses, 

or rules. Based on the user input in the MCDES GUI (shown in the next section), the 

routine enters through the applicable rules in a prescribed order. The core code of the 

MCDES can be found in Appendix C. In this section, the order of the rules is explained 

and the location of the main groups of rules in the code is identified with line numbers. 

In the simplest case input into the GUI, the MS and DC are generic. This is the 

first set of rules in the MCDES. If the MS is generic, the routine enters the first group of 

rules which process the DC for accelerations, velocities, times, and other related 

parameters. The DC can be a generic or custom LSP or LPP. Then, based on which 

generic MS is input, the routine enters the corresponding group of rules for that structure. 

These rules process the inertia and all related aspects of each structure. If the DC was 

generic, the processed parameters from the DC and the mechanical structure are sent to a 

corresponding rule group for the MS which will determine the torques, perform the 

selection based on the motors and gears in the database, and perform thermal analysis. If 

the DC was custom, these tasks are all done in the same group of rules that processed the 

MS. The locations of the rules described above, in the code of Appendix C, are given in 

table 3.2. 
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Table 3.2: Location of rule groups for generic MS analysis. 

Rule group  Line number 

DC processing for generic MS 1971 – 2143 

Generic MS processing (and motor selection for custom DC) 2155 – 3258 

Hoisting 2155 

Flywheel 2291 

Conveyor-Belt drive 2312 

Horizontal pulling 2458 

Ball-Screw drive 2592 

Rack and pinion 2726 

Nip roll 2866 

Rotary table 3003 

Center/Surface winder 3031 

Propeller 3214 

Motor selection functions for generic MS and DC  55 – 970 

Hoisting 55 

Flywheel 148 

Conveyor-Belt drive 232 

Horizontal pulling 325 

Ball-Screw drive 418 

Rack and pinion 511 

Nip roll 604 

Rotary table 697 

Center/Surface winder 781 

Propeller 888 

 

If the user builds a custom MS in the GUI, the routine enters groups of rules 

which first build the line directly connected to the motor. The custom components in this 

line are chosen and the line inertia is processed. If there are transmission components, 

their corresponding parameters are found and recorded for use in MPP, as given in table 

3.1. If there are no multi-output gearboxes in this first line, the routine enters into the 

rules which process the DC for the line. At the end of the line there must be a generic MS 

which performs the task. So the routine enters into the rules which process the inertia and 

all related aspects of this generic MS. Once again, if the DC was custom, the motor 

selection would be done immediately. Otherwise, all necessary parameters are sent to the 

corresponding function for the MS which will perform the selection and thermal analysis.  

If there is a multi-output gearbox in the line connected to the motor, each output 

line from the gearbox is built separately. Each line comprises of custom components 

leading up to a final generic MS, the final MS itself, and the DC of that MS. Each line is 
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analyzed using its corresponding rule group, and the necessary parameters from the DC 

and the MS are found. The motor selection is performed after the load requirements of all 

lines are joined and reflected to the motor through the line before the gearbox. Table 3.3 

identifies the locations of the rule groups for custom MS analysis in the code given in 

Appendix C. 

Table 3.3: Location of rule groups for custom MS analysis. 

Rule group  Line number 

Building first line of custom components connected to the motor 3277 – 3374 

DC processing for the final MS of a single line custom design 3379 – 3551 

Final MS processing in the line (and motor selection for custom DC) 3556 – 4750 

Hoisting 3556 

Flywheel 3701 

Conveyor-Belt drive 3725 

Horizontal pulling 3884 

Ball-Screw drive 4030 

Rack and pinion 4178 

Nip roll 4327 

Rotary table 4473 

Center/Surface winder 4507 

Propeller 4703 

Multi-output gearbox details  4760 – 4777 

*Building lines of custom components connected to the gearbox 4777 – 4903 

*DC processing of final MS for lines connected to the gearbox 4908 – 5080 

*Final MS processing in the line (and motor selection for custom DC) 5082 – 6261 

Hoisting 5082 

Flywheel 5226 

Conveyor-Belt drive 5248 

Horizontal pulling 5407 

Ball-Screw drive 5552 

Rack and pinion 5699 

Nip roll 5847 

Rotary table 5991 

Center/Surface winder 6021 

Propeller 6216 

Motor selection functions for custom MS and DC  980 – 1942 

Hoisting 980 

Flywheel 1078 

Conveyor-Belt drive 1170 

Horizontal pulling 1268 

Ball-Screw drive 1365 

Rack and pinion 1463 

Nip roll 1559 

Rotary table 1655 

Center/Surface winder 1742 

Propeller 1852 

*: iterated for number of outputs of the gearbox  
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 Synchronization with Microsoft Excel
®
 3.6.2

To facilitate easier input of the geometric and mass properties of the components of a 

design, the MCDES code was synchronized with Microsoft Excel
®
. Ultimately, this 

feature has been added to allow for easier integration of the MCDES with the MEDOS of 

the same domain, as discussed in section 2.1. The MCDES code can interpret the type of 

design that is created by the user (generic or custom MS and DC) and can read the 

required properties from an Excel
®

 spreadsheet. The motor selection is performed based 

on the values. The spreadsheet used by the MCDES follows the structure of a template 

(figure 3.12) which clearly outlines the procedure to input any design that the MCDES 

can handle.  

This method for interacting with the MCDES proves to be much more practical 

than using the compiler’s GUI. Modifications in the design can be made much faster and 

the user builds the whole design at once rather than each stage separately. As will be 

Figure 3.12: Part of the MCDES GUI template in Excel
®
. 
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explained in chapter 4, having the design in an Excel
®
 spreadsheet also allows for 

advanced processing of the design data, such as optimization of custom components like 

shafts and transmissions. The Excel
®

 spreadsheet can be synchronized with optimization 

routines in Matlab
®
 which read the proposed design values, optimize them based on 

imbedded expertise, and then overwrite the proposed values with the optimized values. 

 Verification 3.6.3

The MCDES was verified with the use of pre-evaluated test scenarios. Due to the very 

large number of design possibilities using custom MS and DC, the verified scenarios 

were mainly generic MS and DC. That being said, some custom MS and DC have been 

tested. A custom MS from an existing machine will be presented in this section. For the 

generic MS and DC verification, the MCDES results were compared to motors chosen 

manually by a human from the same motor-gear list of the MCDES database. Many 

different scenarios were run. As a sample, the results for three generic MS are presented 

in table 3.4. During all verification procedures, there were evident differences between 

using the MCDES and the manual selection of the motor or motor gear drive: 

 The ES takes a fraction of the time (especially in custom MS and DC, or selections 

that require a gearhead) 

 Inexperienced individuals have trouble deriving and finding the necessary inertia and 

DC formulas 

 Advanced features such as SCP are often discarded (or the effects exaggerated) in 

manual selection due to the difficulty of exact calculation and time consumption 

 The MCDES does not mistakenly miss selections or lose competence during extended 

selection procedures 
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Table 3.4: Verification of generic MS and DC. 

Mechanical 

structure 

Design details MCDES selection (sample details for first 

design of each MS) 

 

Hoisting 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W = 20 kg; mR = 0.5 

kg; D = 0.15 m;  

mp = 2 kg 

 

Triangular LSP:  

v = 5 m/s; ta = 3 sec; 

td = 6 sec; SCP = 

75% 

 

1.) Maxon Motor model 136210 with 

gearhead model 203115 

(Ta = 0.230 Nm; Td = 0.115 Nm; Jm = 2.09E-5 

kgm
2
; Jd = 0.0056 kgm

2
; Jg = 1.5E-6 kgm

2
; 

Trequried = 0.163 Nm; Tmotor-nom: 0.285 Nm;      

(with gearhead) = 7640 rpm;            =  8380 

rpm; p = 12; Twinding = 32 
o
C; Tmax = 100 

o
C) 

 

2.) Maxon Motor model 353297 with 

gearhead model 110408 

(Ta = 0.739 Nm; Td = 0.369 Nm; Jm = 1.34E-4 

kgm
2
; Jd = 0.0056 kgm

2
; Jg = 1.65E-5 kgm

2
; 

Trequried = 0.522 Nm; Tmotor-nom: 0.746 Nm;      

(with gearhead) = 2356 rpm;            =  3270 

rpm; p = 3.7; Twinding = 36 
o
C; Tmax = 100 

o
C) 

W = 11 kg; mR = 0.5 

kg; D = 0.15 m;  

mp = 2 kg 

 

Triangular LSP:  

v = 0.75 m/s; T = 2 

sec; SCP = 50% 

1.) Maxon motor model 353297  

2.) Maxon motor model 353300 

3.) Maxon motor model 118638 with Maxon 

gearhead model 110135 

W = 100 kg; mR = 0.5 

kg; D = 0.15 m;  

mp = 10 kg 

 

Single Stroke LPP 

(smoothened):  

d = 0.15 m; T = 2 sec;  

1.) Maxon motor model 118628 with Maxon 

gearhead model 110135 

2.) Maxon motor model 118630 with Maxon 

gearhead model 110135 

3.) Maxon motor model 118638 with Maxon 

gearhead model 110135 
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Mechanical 

structure 

Design details MCDES selection (sample details for first 

design of each MS) 

 

Belt 

conveyor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W = 12.8 kg; mc = 1 

kg; n  = 3; Ds & Dd = 

0.15 m; md  & ms = 2 

kg;  

 

 

Single stroke LPP 

(smoothened):   

d = 0.225 m; T = 2 

sec 

 

1.) Maxon Motor model 311535 with 

gearhead model 134163 

(Ta = Td  = 0.0267 Nm; Jm = 8.91E-7 kgm
2
; Jd = 

0.0056 kgm
2
; Jg = 4E-8 kgm

2
; Trequried = 0.0267 

Nm; Tmotor-nom: 0.059 Nm;      (with gearhead) 

= 1518 rpm;            =  15600 rpm; p = 53; 

Twinding = 26.4 
o
C; Tmax = 100 

o
C) 

 

2.) Maxon Motor model 309755 with 

gearhead model 166938 

(Ta = Td  = 0.0427 Nm; Jm = 1.83E-6 kgm
2
; Jd = 

0.0056 kgm
2
; Jg = 8E-8 kgm

2
; Trequried = 0.0427 

Nm; Tmotor-nom: 0.0697 Nm;      (with gearhead) 

= 945 rpm;            =  16800 rpm; p = 33; 

Twinding = 27.2 
o
C; Tmax = 100 

o
C) 

W = 5.38 kg; mc = 0.5 

kg; n  = 9; Ds & Dd = 

0.1 m; md  & ms = 1 

kg;  

 

Single stroke LPP 

(smoothened):   

d = 0.25 m; T = 1 sec 

 

1.) Maxon motor model 136196 with Maxon 

gearhead model 203119 

2.) Maxon motor model 136210 with Maxon 

gearhead model 203119 

3.) Maxon motor model 136209 with Maxon 

gearhead model 203115 

W = 6.6 kg; mc = 1 

kg; n  = 5; Ds & Dd = 

0.15 m; md  & ms = 5 

kg;  

 

Triangular LSP:  

v = 0.9375 m/s; T = 

2.5 sec; SCP = 100% 

 

1.) Maxon motor model 353295 with Maxon 

gearhead model 110410 
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Mechanical 

structure 

Design details MCDES selection (sample details for first 

design of each MS) 

 

Ball screw 

drive 

 

 

 

 

 

 

 

 

 

 

W (load and table) = 

25 kg; P = 0.049 m; 

Jfeedscrew = 5E-5 kgm
2
; 

  = 85%; 

 

Single Stroke LPP 

(smoothened):   d = 1 

m; T = 10 sec 

 

1.) Maxon Motor model 226815 

(Ta = Td  = 0.0235 Nm; Jm = 1.25E-6 kgm
2
; Jtotal 

= 0.00286 kgm
2
; Trequried = 0.0235 Nm; Tmotor-nom: 

0.0299 Nm;      = 245 rpm;            =  

5050 rpm; Twinding = 33 
o
C; Tmax = 85 

o
C) 

 

2.) Maxon Motor model 236644 

(Ta = Td  = 0.0235 Nm; Jm = 3.9E-6 kgm
2
; Jtotal = 

0.00286 kgm
2
; Trequried = 0.0235 Nm; Tmotor-nom: 

0.0331 Nm;      = 245 rpm;            =  

2980 rpm; Twinding = 32 
o
C; Tmax = 85 

o
C) 

W = 10.5 kg; P = 

0.038 m; Jfeedscrew = 

6.2E-5 kgm
2
;   = 

90%; 

 

Triangular LSP: 

v = 3 m/s; ta = 5 sec; 

td = 10 sec; SCP = 

100% 

 

1.) Maxon motor model 136204 

2.) Maxon motor model 136210 

3.) Maxon motor model 136209  

 

W = 50 kg; P = 0.02 

m; Jfeedscrew = 6E-5 

kgm
2
;   = 70%; 

 

Triangular LSP: 

v = 10 m/s; ta = 3 sec; 

td = 4 sec; SCP = 

100% 

 

No motor only or motor-gear drive found suitable 

for the design. The design infeasible with the 

available database. 

  

Verification of the custom MS and DC feature of the MCDES is also performed. 

In addition to comparing the results of the MCDES to manual analysis, the MCDES was 
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used to select a drive for an existing industrial scale setup. The following real life design 

data for a conveyor belt used for transporting mining aggregate was input into the 

MCDES. All pictures and design data (Appendix D) are courtesy of Motion Metric 

International Corporation.  

  
  

 

 

 

 

 

  

 

The following geometric dimensions, mass parameters and LPP were used in the 

MCDES. These dimensions and parameters are the real data obtained from the 

engineering drawings of the setup in figure 3.13. The specifications of the motor that was 

selected by the MCDES was compared to the motor being used in the existing setup, 

which had a Tmotor-nom of 2.9 Nm and a            of 2500 rpm. 

 

DC Motor 

Driving side 

cylinder 

Chain-

sprocket 

transmission 

Driven side 

cylinder 

Conveyor belt 

Motor drive and 

control apparatus 

Figure 3.13: Existing conveyor belt setup used for custom verification. 
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Table 3.5: Design data for custom conveyor belt MS (see Appendix D). 

Parameter Value 

Maximum load mass 30 kg 

Belt width, thickness, and mass 0.762 m, 0.008 m, 5.7 kg 

Conveyor length (between cylinder centers)  2.33 m 

Cylinder diameter (driving = driven) 0.3048 m (1 foot) 

Cylinder mass  10 kg  

Large sprocket diameter, mass 0.3 m, 4.54 kg 

Small sprocket diameter, mass 0.06, 0.075, or 0.09 m (use largest), 0.5 kg 

Chain weight ~ 1 kg 

Chain sprocket drive efficiency 95% 

 

 To simulate the largest torque requirement for the motor, the small sprocket 

diameter used was the largest of the three available choices. Also, the DC input was a 

single stroke LPP which moved the load through the complete length of the conveyor 

within 7 seconds. This DC requirement ensures that the load moves at the maximum 

speed specified by the manufacturer (65 feet per minute). Since the DC input is a single 

stroke LPP, the load starts and ends with zero velocity. The large accelerations and 

decelerations associated with this profile are needed to select a motor that can fulfil the 

highest load and speed requirements. With the design data outlined above, the Trequried and 

     were 3.18 Nm and 1044 rpm, respectively. Hence, the MCDES selection is within 

a 10% range of the actual motor for the setup. This discrepancy is mainly attributed to the 

use of “worst-case scenario” design data to simulate the highest requirements that the 

motor will encounter.  
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4 Chapter 4  

Optimization of Mechanical Components 

 

4.1 Introduction 

Shortage of resources and the need for efficiency in today’s competitive world are 

forcing engineers to design better systems with greater economic benefits and higher 

efficiencies. A great challenge in engineering design is to create efficient and cost-

effective systems without compromising their reliability and integrity. In a conventional 

design process [65], shown in Figure 4.1, information is gathered from one or more trial 

designs and prototypes and coupled together with the designer’s experience and insight to 

create a more efficient alternative. The process is highly reliant on the designer’s skill 

and experience. This reliance on a human element requires a highly skilled operator and 

can sometimes result in unsafe and flawed results, especially in the synthesis of 

complicated systems.  

The key advantage of the conventional design process however, is that the 

designer’s experience and intuition can tackle more global and conceptual problems. For 

example, in the MC design discussed in chapters 2 and 3, the designer can determine 

which GA is more suitable for which task, and can make a change based on their better 

understanding of the overall task of the system. They can also add, remove, and replace 

custom components in a custom design scenario, such as transmissions, shafts, and 

bearings, based on their knowledge of various aspects of the overall design like size 

constraints and motion objectives. With increased intelligence of the DES, some of these 
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decisions can be performed without human intervention. Yet, some core inputs that must 

be provided by the designer will remain. The main step of the conventional design 

process is the detailed design. Difficulties arise when particular sections of the design 

need to be analyzed in detail. This analysis might include the handling of complex 

constraints such as limits on stress, deflection, or natural frequencies, as well as complex 

inputs such as multiple loading conditions. In such cases, it is difficult for the designer to 

rely on experience and intuition in choosing the size and properties of a particular section 

of the design to satisfy the constraints. Even if the constraints are satisfied, the design 

might actually be inefficient and uneconomical, which would defeat the purpose of the 

design change itself. For such design changes, the conventional design process is 

modified to an optimal design process, as shown in figure 4.2 (Note: Modifications are in 

green).  

The optimal design process will need an explicit set of design variables, a cost 

function or objective function to be minimized, and the constraint equations for the 

Collect data to describe 
the system 

Estimate an initial 
design 

Analyze the system 

Check performance 
criteria 

Is the 
design 
safe? 

Change the design 
based on 

experience/skill 

Stop 

Yes 

No 

Figure 4.1: Conventional Design Process. 
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system being analyzed. It is seen that the conventional design process is less formal, since 

an objective function measuring the performance of the system is not present, and design 

changes are made based on human judgment and not calculated criteria. Nonetheless, 

incorporating a designer’s expertise in the optimal design process would add undeniable 

value. The best approach would be to have an optimal design process (optimization 

routine) that is assisted and supported through the interaction of a human expert (high-

level system design), and vice-versa.  

 

 

 

 

 

 

 

 

This chapter introduces an interactive Design Optimization Add-On (DOAO) to the 

MCDES discussed in chapters 2 and 3. Using its practical domain-specific expert 

knowledge, the MCDES guides the DOAO in more feasible directions of search and 

optimization. The proposed interaction between the two systems, the developed program, 

and the results serve as a foundation for the full supervision and guidance of the MEDOS 

in the EDF discussed in chapter 1. First, an overview of constrained minimization and 

sequential quadratic programming is presented. Then the integration of the optimization 
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Figure 4.2: Optimum Design Process. 



 76 

routine with the MCDES is discussed with a case study, giving graphical and numerical 

results. 

4.2 Constrained Minimization 

In this section, important concepts related to constrained minimization are briefly 

outlined.  Extensive mathematical derivations and proofs are not included, but can be 

found in the listed references [65-67]. In the DOAO presented in this chapter, custom 

components from the MCDES MS are optimized for weight and cost, while satisfying the 

specified constraints. Constrained minimization problems may be expressed in the 

following standard form: 

minimize  ( ) 

subject to   ( )                (4.1) 

and    ( )             

where   (           )
  is a column vector of   real-valued design variables,   is the 

objective function or cost function,  ’s are inequality constraints, and  ’s are equality 

constraints. Constraints can be linear and/or nonlinear functions of the design variables. 

The notation  0 for starting point,    for optimum point, and    for the current point at 

 th iteration will be used. A point   that satisfies the inequality and equality constraints is 

called feasible.  Furthermore, an inequality constraint   ( )    is said to be active at a 

feasible point   if   ( )    and inactive if   ( )   . Logically, an equality constraint 

  ( )    is active at any feasible point. Two main approaches are used to solve the 

standard constrained optimization problem of equation 4.1: the indirect or optimality 

criteria methods and the direct or search methods. In the indirect methods, such as 
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Karush-Kuhn-Tucker (KKT), a set of optimality criteria must be satisfied to get the 

minimum or optimum point. The direct or search techniques are based on starting with an 

estimate of the optimal design and improving that estimate iteratively until all optimality 

criteria are satisfied. A variety of direct or search methods are available in the literature, 

such as Rosen’s Gradient Projection (linear constraints), Zoutendijk’s Method of Feasible 

Directions, and the Generalized Reduced Gradient method. If the design space is 

constituted of only two design variables, graphical methods can effectively be used. For 

the purposes of this research, the Sequential Quadratic Programming (SQP) method has 

been chosen for the advantages mentioned in its respective section below.  

 Optimality Conditions 4.2.1

For unconstrained minimization problems, the local minimum of the objective function at 

the point    must satisfy the optimality criteria   (  )   . This condition gives us the 

gradient vector of the objective function and is necessary for optimality. For constrained 

minimization however, optimality conditions must be extended to include the effects of 

the constraints. For problems involving equality constraint, the method of Lagrange 

multipliers is used [66]. 

Method of Lagrange Multipliers: 

For an objective function   to have a stationary value, whether a minimum, maximum, or 

saddle point, it is required that: 

    
  

   
      

  

   
        (4.2) 

with the variation of the equality constraint equation  ( )    being: 

    
  

   
      

  

   
        (4.3) 
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If there were no constraint, each     would be independent and would yield the 

optimality condition  
  

   
  . Due to equation 4.3, this is not the case. Equation 4.3 can 

be used though to eliminate one of the design variable increments (e.g.,    ) by writing it 

in terms of the other     and then substituting back into equation 4.2. However, this 

method is not always feasible or practical, and Lagrange developed a more general 

approach to reach the optimality conditions. Equation 4.3 is multiplied by an 

undetermined factor   called the Lagrange multiplier, and added to equation 4.2, 

yielding: 

∑ (
  

   
  

  

   
) 

            (4.4) 

Then, rather than eliminating    ,   is chosen so that the factor multiplying     vanishes 

and the sum in the above equation is reduced to     terms. This process accounts for 

the restriction imposed by the constraint, making     independent, thus eliminating each 

of the coefficients in the equation, to obtain: 

  

   
  

  

   
                           (4.5) 

This method is generalized for a minimization subject to   equality constraints. The 

objective function is modified to include the constraints, resulting in the Lagrangian: 

    ∑                                                                     (   )

 

   

 

If    is a stationary point, then the following optimality conditions must be satisfied: 

  

   
 

  

   
 ∑  

   

   
                                           (    )

 

   

 

  ( )                                                                  (    ) 
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Inequality constraints: 

In practical optimization problems, many of the constraints are inequalities. Thus, 

optimality conditions for minimization subject to constraints  ( )    must be 

discussed. A method that is used to handle inequality constraint is to change it to an 

equality constraint by adding a slack variable. This expands the design space due to the 

addition of the slack variables. Then, optimality criteria are developed as discussed 

before.  However, it is more common to use direct search techniques for standard 

optimization problems with equality and inequality constraints. In these techniques, we 

find two vectors in the design space: a descent direction vector and a feasible vector. In 

any design variable space (          ), a vector   is a descent direction at iteration 

point    if: 

(  )          (4.8) 

where the gradient    is evaluated at   . This condition ensures that for a finite 

small    , the inequality 

 (      )   (  )     (4.9) 

is valid. Similarly, a vector   is a feasible direction if: 

(   )
                          (4.10) 

       (  )                    

This ensures a relationship for feasibility that is similar to equation 4.9 and defines, for 

each    , a half-space or feasible region. The intersection of all the half-spaces from 

multiple inequality constraints forms the feasible cone or domain as shown in figure 4.3 

[67], where the vector   should lie.  
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According to this discussion, if a direction   is found that is both descent and 

feasible, then travelling in that direction would reduce   and satisfy the constraints. This 

means that    at such an iteration is not a minimum. Therefore, for a point    to be an 

optimal solution to the objective function, there should not exist any vector   at the point 

which is both descent and feasible. Graphically, the intersection of the descent-feasible 

cone should be empty. This statement can be expressed using Farkas Lemma, which 

yields (derivation not included): 

 (  )  ∑  (   ) 

   

                                                    (    ) 

where    are Lagrange multipliers and    are the active inequality constraints of the 

problem. Equation 4.11 means that a vector   cannot be both descent and feasible if     

lies in the convex cone spanned by the vectors        . Inactive constraints can be 

included by assigning a zero Lagrange multiplier to each of them. Now, the optimality 

conditions taking into consideration the inequality constraints can be formulated. A point 

   is a local minimum of   subject to              only if: 

Figure 4.3: A feasible region and direction in nonlinear multi-constraint minimization. 
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 ∑   

   

   
                    

    

                                  

                                

  ( )                          

KKT Optimality conditions and sufficiency conditions: 

In light of equations 4.7 and 4.12, the optimality conditions (KKT) for equation 4.1 can 

be given as: 

Optimality:   
  

   
 

  

   
 ∑   

   

   

 
    ∑   

   

   

 
                       

Non-negativity:                           

Complementarity:                         

Feasibility:                              and                              

 If a point    satisfies these equations, it can be a local minimum or a saddle-point. 

There remains a sufficiency condition which ensures that the point is a local minimum 

and not a saddle point. Let 

   (  )     (  )  ∑   
   ( 

 )

 

   

 ∑   
   ( 

 )

 

   

                (    ) 

The LHS of equation 4.14 is known as the Hessian matrix. The sufficiency condition 

requires that the Hessian matrix is positive definite on a subspace of   . In practical 

optimization problems, the Hessian matrix may be quite difficult to calculate and many 

approximate methods are used for the assessment of equation 4.2 and the approximation 

of the Hessian matrix. Further discussion of this condition is beyond the scope of this 

thesis. 

(4.12) 
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 Sequential Quadratic Programming 4.2.2

Sequential quadratic programming (SQP) methods are a class of gradient-based methods 

of optimization which offer a superior rate of convergence over other methods [66, 67]. 

In the case study examples presented later in this chapter, SQP was the optimization 

method of choice. In addition to a better convergence rate, SQP methods have several 

other advantages: 

 Infeasible starting points may be used  

 Method can be proved to converge under certain conditions 

 Equality and inequality constraints can be handled 

 Gradients of only active constraints are needed 

SQP methods may be interpreted as Newton’s methods as applied to the solution 

of the KKT conditions which were discussed previously. For the equality constrained 

portion of equation 4.1, subject to equation 4.7 optimality conditions, the problem is 

simplified into: 

[   

  
] {

  
  

}  {       
  

}   (4.15) 

where: 

  
   

         

                         
  

  
  (4.16) 

The direction vector at a given iteration point    is determined by solving the Quadratic 

Programming (QP) sub-problem (with both inequality and equality constraints): 

minimize  
 

 
         

subject to (   )
     

                       (    ) 

     (   )
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where            are increments of the design variables in this QP, the solution is 

denoted as   , and the gradient vectors are all evaluated at     If     , it can be shown 

that    is a KKT point. Also, the iterative process is terminated if there is no change in   

for three consecutive iterations. Constraint violations must be checked since SQP iterates 

through infeasible regions. The solution algorithm used in the case study presented later 

in this chapter follows the following four steps: 

1. A starting point  0 is chosen to satisfy the bounds     0    . Choose scalars 

     and   (typically, 0.05, 100, and 0.1, respectively). 

2. Determine the active set, evaluate gradients of active constraints, and obtain    

by solving the QP of equation 4.17. 

3. Check for convergence criteria. 

4. If convergence criteria not met, determine step size    and update design point 

to          . Set         and return to step 2. 

4.3 Case Study and MCDES Integration 

To show the function of the interactive design optimization add-on (DOAO) as developed 

for our MCDES, a design scenario is set up and selected custom components are 

optimized. The first GA of our MCDES is a vertical hoisting mechanism application, 

which can be attached to the motor rotor directly (the pulley of the hoist is fitted onto the 

motor rotor). However, the MCDES allows the user to build a custom design comprising 

multiple mechanical components before the hoist pulley. The high-level structure of the 

custom design is determined by the human user; however, the detailed design analysis of 
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the individual components is done by the DOAO. For this case study, we assume that the 

human user builds the high-level custom design shown in figure 4.4. Aside from the belt 

pulley transmission, the user wishes to add a hollow shaft simply supported by two 

bearing housings between the driven pulley wheel and the rope winch (to reach loads 

farther away from the belt-pulley plane). A gearbox between the motor and the driver 

pulley wheel is also needed for further speed reduction. The role of the DOAO in this 

case study is to minimize the weight, complexity, and consequently, the cost of each of 

the modification components (or the original design, the belt-pulley transmission in this 

case) without sacrificing the structural or functional integrity of the system. The required 

parameters for this optimization are taken from the MCDES GUI, and the optimized 

design parameters are returned to the MCDES automatically for motor selection. In other 

words, when the user builds the high-level design in the MCDES GUI, the DOAO will 

run an optimization routine which will give the user the option of safely choosing more 

optimized components (reduced size, weight, cost, etc.), then, the MCDES will use the 

optimized components in the motor selection routine.   

Figure 4.4: High-level custom hoister design with modification components. 

Gearbox 

Simply supported 

hollow shaft 
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The DOAO has built-in expertise of the numerical values required for each 

component according to various design scenarios. For each component that can be 

optimized, it also contains the objective function, relevant constraints (such as stress, 

buckling, deflection, etc.) and the practical ranges for each design variable. The practical 

ranges for each design variable are pre-coded into the optimization routine. For example, 

it is impractical to have the outer diameter of a hollow shaft smaller than 1 cm, or larger 

than 15 cm. If needed and depending on the application, these ranges can be changed. 

Table 4.1 outlines what is taken from the MCDES and what already exists in the DOAO 

for the hollow shaft case. 
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MCDES 

4.) Optimized design results 
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Figure 4.5: Flow of a design process with integrated DOAO and MCDES. 
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Table 4.1: Sources of required parameters of optimization. 

Hollow shaft in hoisting application 

Design variables: inner radius    and outer radius    

From MCDES Coded into DOAO 

Mass of load Objective function (w.r.t. design variables) 

Material (with corresponding tensile 

strength, shear strength, Young’s modulus 

and shear Modulus, and Poisson’s ratio) 

Stress level, deflection, and twist constraint 

equations (w.r.t. design variables) 

Length of shaft Practical numerical ranges of design 

variables 

Winch pulley radius Calculation of maximum static torque 

Starting design variable values (non-

optimized and may be infeasible since SQP 

methods are used) 

Calculation of maximum moment (simply 

supported) 

\ Practical numerical values of constraint 

limitations (e.g., maximum allowable 

angular twist of shaft) 

4.4 Problem Formulation and Results 

In this section, the formulation of the important equations coded into the DOAO, such as 

the objective function and the constraints, is demonstrated for each case. The numerical 

and graphical (if applicable) optimization results are presented for select cases, and their 

implication on the size of the motor selection is discussed.  

 Hollow shaft under static torque 4.4.1

Problem Formulation: 

If the hoisted load is static, the hollow shaft connecting the driven side pulley of the belt 

pulley system and the rope winch is under constant torque. The torque depends on the 

radius of the winch pulley and the weight of the hoisted load. If the shaft is simply 

supported, the vertical force is balanced by the bearing reactions. The weight of the shaft 
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itself is not considered in this case study (it will be considered in section 4.4.2). Since the 

side of the shaft that is connected to the belt-pulley transmission is fixed (the weight of 

the load alone should not rotate the pulleys and motor rotor) and the winch pulley is 

applying a constant torque, the problem is simplified to a hollow shaft cantilever under 

torsion (case 1). The weight of the shaft is to be minimized, which would also minimize 

the material cost. The objective function is 

minimize   
 

 
( 0

    
 )                                               (    ) 

There are three constraints limiting the reduction of the design variables ( 0 

and   ) beyond structural limits, as given below. 

Stress: 

     
   
 

              
 (

 0

 )

 (
 0

    
 

  )

                         (    ) 

Twist: 

  
 

  
               

      

   ( 0
    

 )
                              (    )    

 

Buckling: 

  (   )                             
  0

  

  √ (    )0   
(  

  

 0
)
   

               (    ) 

 The limits on the design variables are established based on human judgment and 

expertise in the DOAO. To avoid getting a thin-walled shaft as the solution, a constraint 

is placed on how close the inner diameter of the shaft can be to the outer diameter 

          
         

       

                   
         

        (4.21) 
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Results: 

Since there are only two design variables in this case, a graphical solution is possible. 

The three-dimensional plot of the weight as a function of the design variables is given in 

figure 4.6. The only practical region of the plot is the left half, where the outer radius is 

larger than the inner radius. Without the constraints however, this plot cannot show the 

feasible region where an optimal solution may occur. Figure 4.7 shows a plot of the 

projected contours of the objective function contours along with the constraints 

developed for this case. It should be noted that the axes are diameters and that the blue 

rectangle border represents the limits or range of the design variables (upper and lower 

limits for each). The necessary parameters given in Table 4.2 were taken from the 

MCDES GUI or inferred based on the choices by the user. The allowable twist of the 

shaft was set at     .  

 

Figure 4.6: 3D plot of the objective function for Case 1. 

𝑅𝑖 𝑅0 
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Table 4.2: Parameter values for Figure 4.7. 

Parameter Value 

Length of shaft   0.3 m 

Mass of load   1000 kg 

Radius of winch pulley   0.15 m 

Shaft material: 4140 Alloy Steel  

Material density   7850 kg/m
3
 

Allowable shear strength        275 MPa 

Young’s Modulus   210 GPa 

Shear Modulus   80 GPa 

Poisson’s Ratio   0.3 

  

It can be seen that the limiting factor on the design when using 4140 Alloy Steel 

and the parameters in Table 4.2 is the twist constraint and sometimes the diameter 

relation constraint (equation 4.21). Any design variable choice below the top twist 

(Inferred from 

material) 

Figure 4.7: Objective function contour and constraint plot for Case 1 

using 4140 Alloy Steel. 

Feasible Region 
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constraint, the stress constraint, or the diameter relation constraint violates the structural 

integrity of the shaft. The feasible region is between the top twist constraint, the diameter 

relation constraint, and the top and left design variable range constraints. To illustrate the 

importance of the DOAO, the material choice was switched from 4140 Alloy Steel to 

Magnesium Alloy A261 (which changes all the inferred parameters), the mass was 

increased to 1500 kg, and the allowable twist of the shaft (which ultimately determines 

the accuracy of the design in positioning the load) was increased slightly to       . 

With these relatively simple design adjustments, the active constraints are 

overwhelmingly different than before. Figure 4.8 demonstrates these changes. 

In figure 4.8, the limiting factor on the design throughout the design area is the 

stress constraint. In addition, the feasible region is significantly smaller than in figure 4.7. 

It would be very difficult and time consuming for a designer to determine such changes 

Feasible Region 

Figure 4.8: Objective function contour and constraint plot for Case 1 using 

Magnesium A261 Alloy. 
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in constraints and determine optimum design variable values for any simple change in the 

details of the design. For more complicated constraints and objective functions, such a 

process would be almost impossible. That being said, although the graphical 

representations presented above can be useful for a human designer, a single optimal 

solution cannot be easily identified. A feasible solution can be chosen within the feasible 

region; however, the optimum solution requires some extra analysis. This extra graphical 

and numerical analysis cannot be afforded in the integrated system of figure 4.5. For this 

reason, numerical optimization routines were used for the integrated system.  

The SQP method was used for the advantages listed in section 4.2.2. To initiate 

the optimization process, a starting point for the design variables must be identified. 

Since this starting point is not the optimized value and may be infeasible (if SQP method 

is used), the values are taken from the MCDES. The following tables show the results 

obtained from running simulations with varied design specifications (such as material 

choice) from the MCDES. The starting points for the routine were randomly chosen to 

simulate a real design scenario where the user does not know the constraints and design 

details. It should be noted that the stopping criteria used (equation 4.17) only ensures that 

a local minimum is reached. Thus, depending on the starting point, the final solution 

might or might not correspond to the global minimum. Nevertheless, an improvement 

will often be made on the starting point, and numerical results for the design variables 

that do not violate the constraints will be found. These can be automatically fed into the 

MCDES for motor selection, and the impact the component optimization has on the 

torque requirements is evident.  
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Table 4.3: Parameter values for results of Table 4.4. 

Parameter Value 

      0.3 m, 1500 kg, 0.15 m 

                Inferred from material choice 

[                            ] [0.02, 0.025, 0.1, 0.15] 

          

 

Table 4.4: Case 1 optimum solutions vs. shaft material & impact on required       . 

Starting Point 

[       ] 

Material Optimum Solution 

[       ] 

       change (all else 

constant) 

[0.06, 0.07] 4140 Alloy Steel [0.035, 0.047] -13.4% 

[0.06, 0.07] Aluminum Alloy 

24 ST4 

[0.05, 0.067] +1.96% 

[0.06, 0.07] Magnesium Alloy 

A261  

[0.058, 0.077] +5.69% 

[0.06, 0.07] Beryllium [0.047, 0.063] ~ 0% 

[0.06, 0.07] Titanium [0.045, 0.061] -2.98% 

 In table 4.5, the material is kept the same (4140 Alloy Steel) and the core design 

parameters (     ) are increased at varied rates. The starting point values are increased 

at a steady rate.  This is because the user knows that larger diameters will be needed if the 

core design parameters are increased. The optimal solution for each case is simulated. 

The difference between the starting points determined by human judgment and the 

optimized points from the simulation is more than 50%. The effect of this reduction in 

size on the required motor torque is found through integration with the MCDES. 

Figure 4.9 shows graphs of key optimization performance indicators versus 

iterations during an optimization routine, such as constraint violations and step size. For 

each iteration, the values of the design variables are displayed. The stopping criterion of 

the algorithm depends on the number of constraint violations, the step size of the 

upcoming iteration, and the optimality conditions. As seen from iterations 6 to 11, even if 



 93 

there are no constraint violations, the optimal solution is not identified if the step size and 

the optimality conditions are larger than a determined threshold. On a final note, the 

excellent convergence rate of the SQP method is evident from figure 4.9 and is an 

important feature of the DOAO. 

Table 4.5: Case 1 optimum solutions vs. human judgment and impact on 

required       . 

Starting Point 

[       ] 

Core design 

parameters [     ] 

Optimal 

Solution 

[       ] 

       

change (all 

else constant) 

[0.05, 0.08] [0.1, 500, 0.05] [0.02, 0.027] -11.9% 

[0.06, 0.09] [0.15, 750, 0.1] [0.025, 0.033] -4.86% 

[0.07, 0.1] [0.175, 980, 0.105] [0.028, 0.037] -5.63% 

[0.08, 0.11] [0.18, 1500, 0.145] [0.044, 0.058] -2.68% 

[0.09, 0.12] [0.3, 2500, 0.16] [0.046, 0.061] -2.96% 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Sample screenshot of Case 1 numerical optimization. 
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 Hollow shaft with combined loading 4.4.2

Problem Formulation: 

In case 1, the hollow shaft connecting the driven side pulley of the belt pulley system and 

the rope winch was subjected to a constant torque only. The weight of the shaft itself was 

not considered. In reality, the weight of the shaft is important and should be accounted, 

especially for large shafts used in heavy-duty applications. In case 2, the objective 

function of the problem remains the same, but a constraint which accounts for the 

combined loading effect is added. The shaft is still simply supported on bearing housings, 

so the vertical force from the hoisted load is supported by the nearest bearing and is not 

felt by the shaft. It is assumed that the nearest bearing is sufficiently close to the hoisted 

load application point so that it takes the majority of the load. The winch pulley is still 

applying a constant torque to the shaft, but there is also an added constant distributed load 

along the length of the shaft, representing the weight of the shaft. This creates a 

transverse shear and a moment in the shaft as a function of position  . 

  
       

 
(   )     &       

       

 
 

 
(   )   (4.22 & 4.23) 

Assuming a uniform cross-sectional area, the maximum moment occurs at half-length 

and is given by   
         

 
. The constraints are formulated on this basis, as shown in 

figure 4.10. 
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Figure 4.10: Problem basis of Case 2 optimization. 
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 In the constraints, the maximum normal stress in the shaft due to bending moment 

and the maximum shear stress due to torque are: 

  
3    

 (  
    

 )
      &        

     

 (  
    

 )
        (4.24 & 4.25) 

The principal stress for this 2D stress state is found and the Tresca failure criterion is 

applied to find the nonlinear inequality constraint (equation 4.27) as a function of the 

design variables (     ). 
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The limits on the design variables and the dimension relation constraint are the same as in 

equation 4.21. 

Results: 

The number of design variables has not increased, so a graphical representation is still 

possible. Figure 4.11 gives a plot of the weight contours and the new combined loading 

stress constraint for case 2. It should be noted that in this comparison graph, two 

objective function contours are plotted on the same plane. This is because the objective 

function is not only dependent on the design variables; in this case, it changes for 

different materials due to the change in density.  
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Numerical results were also obtained for case 2, and are presented in table 4.6. 

Here, the starting point was chosen randomly (infeasible to simulate worst case scenario) 

and kept constant. The change in optimal solution based on the material choice is 

observed, along with the effect the optimization has on the required       . Compared to 

a conventional design process, the interactive MCDES with the DOAO is significantly 

faster in evaluating design changes. Also, it is fully autonomous from the moment the 

user builds the high-level structure and chooses a starting point for the design variables. 

Further simulations can be performed for different parameter changes. Many 

times during the analysis of the simulation results, it was observed that the values for the 

optimal solution depended on the initial values. That is, the algorithm will give back the 

feasible local minimum of the objective function nearest to the initial point. Further work 

on this algorithm may attempt to record all local minimum results for a range of initial 

points and return the least value. In many cases, this can further optimize the values and 

Figure 4.11: Graphical comparison of 4140 Alloy Steel and 

Magnesium A261 Alloy in Case 2 optimization. 
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Figure 4.12: Sample screenshot of case 2 numerical optimization. 

provide even better torque reduction and cost benefits. Another possible avenue for 

tackling this problem will be to build extra heuristic rules into the DOAO which can 

determine the most promising initial point which the existing routine can start at. 

Table 4.6: Case 2 optimum solutions vs. shaft material & impact on required       . 

Starting Point 

[       ] 

Material Optimum Solution 

[       ] 

       change (all 

else constant) 

[0.06, 0.07] 4140 Alloy Steel [0.056, 0.062] -11.5% 

[0.06, 0.07] Aluminum Alloy 

24 ST4 

[0.052, 0.06] -3.79% 

[0.06, 0.07] Magnesium Alloy 

A261  

[0.058, 0.07] +0.78% 

[0.06, 0.07] Beryllium [0.052, 0.06] -2.62% 

[0.06, 0.07] Titanium [0.046, 0.051] -9.59% 
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 Belt Pulley Drive 4.4.3

Problem Formulation: 

In the high-level design structure shown in figure 4.4, a belt pulley drive (BPD) connects 

the motor rotor (or gearbox) to the hollow shaft optimized in the two previous sections. 

The design of the BPD is essential to the whole system, and minimization of its weight 

does not only reduce its individual cost but also reduces the size of the motor and thus the 

overall cost of the system. In order for the DOAO to optimize the BPD, it must contain 

knowledge of proper design procedures and the necessary constraints.  In BPD design, 

many parameters are empirical and can be highly interdependent. Thus, some design 

constraints are modified to reduce difficulties in the optimization. For example, some 

equality constraints are converted to inequality constraints within small ranges, due to the 

difficulties equality constraints create in the optimization. These modifications do not 

significantly affect the overall performance of the design.  
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Figure 4.13: Geometric and design parameters for flat BPD design and 

optimization. 
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Table 4.7: Case 3 geometric and design parameters. 

      Radii of pulleys 

      Angular velocities of pulleys 

        Horsepower and belt tensions 

    Angle of contact and distance between centers 

      Torques at driver and driven pulley 

   Centrifugal force and coefficient of friction 

      Belt thickness, width (into page), and specific weight  

     Coefficient of friction and friction development 

 

 The design variables for optimization are      ,       and  . Other parameters in 

Table 4.7 such as   are excluded due to their dependency on one or more of the chosen 

design variables (they should be as independent as possible). The immediate objective of 

the optimization is to minimize the weight of BPD 

minimize          (     )                          (    ) 

where    and    are scalar weights which can be excluded, especially since the belt 

weight is not affected by the design parameters.  The main assumption here is that the 

overall weight of the BPD is a linear function of the individual pulley geometries. The 

constraints which ensure the minimization of the pulleys does not violate the design 

integrity are: 

Speed ratio: 

  
  

 
  

  
                                                             (    ) 

Power: 

(     )  (    )                                            (    )    

Belt strength: 

(
  

  
)   0                                       (    ) 



 100 

Balance of belt forces: 

(
   (

 
   

 )   
 

   (
 
   

 )    
)                                   (     ) 

          (
     

 
)                                       (     ) 

                                                                          (     ) 

Central Distance: 

    (      )                                        (    ) 

Friction: 

                                                                                 (     )  

            
 

 
   (

(  )    
     

)                                         (     )  

               
 

 
(
     

   
)
 

                                             (     ) 

 In the optimization routine, Equation 4.32a is converted into two inequality 

constraints which allow for a small region of feasibility, rather than a strict equality. 

Otherwise, it has been observed that the optimization might stall or fail to return a 

feasible solution. Finally, the range or side constraints for each of the design variables 

must be set. For the belt tensions, this range depends on the chosen belt material and size. 

For the driving pulley, the lower bound also depends on the belt material and size (found 

in design tables). The upper bound of the driving pulley and both bounds of the 

remaining two design parameters are not limited by anything except that they must be 

nonzero and must satisfy the applicable constraints given by equations 4.33 and 4.29. 
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Results: 

For this case, there are five design variables. Hence a graphical representation of the 

objective function contours and the constraints is not possible. The objective function and 

all the constraints were used in the numerical optimization routine. The source of the 

necessary design parameters such as the input angular velocity    and the required speed 

ratio were taken from the MCDES GUI. Some of these values were inferred based on the 

belt material and size chosen by the user. An example of this is shown in table 4.8. 

Table 4.8: Parameter values for BPD optimization. 

Parameter Value 

Input angular velocity    1750 rpm 

Output angular velocity    583 rpm 

Speed ratio (input : output) 3:1 

Belt width   6 in 

Power 1 hp 

Belt: Polyamide A-2  

Specific weight   0.037 lbf/in
3
 

Allowable tension per unit width        60 lbf/in 

Coefficient of friction   0.4 

Belt thickness   0.11 in 

Minimum driving pulley diameter       2.4 in 

 The ranges of the design variables or side constraints are once again defined 

beforehand in the optimization routine. These can be changed by the user, depending on 

the application. For the results presented later in this section, the side constraints were: 

     
(                   )          

       

          
         

       

                                 

(Inferred from 

belt spec.) 
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 Numerical results were obtained for the BPD optimization with the constraints 

and formulation presented above. The starting point was chosen randomly (infeasible to 

simulate worst case scenario) and kept constant: 

[             ]  [                                 ]  

The change in the optimal solution based on the chosen belt (material and specification) 

is observed, along with the effect the optimization has on the required       . The effect 

on the motor torque is determined by running the MCDES with the starting point design 

and comparing the required torque with its counterpart after the optimization and 

MCDES is run. The optimization using the DOAO and the consequent selection of the 

motor using the MCDES are found to be significantly faster. 

Table 4.9: Case 3 optimum solutions vs. belt specification & impact on       . 

Material Optimum Solution (rounded) 

[  
    

    
    

    ] 

       change (all 

else constant) 

Polyamide F1 [1.2, 3.6, 210, 110, 4] -14.0% 

Polyamide F2 [2.5, 7.5, 360, 315, 7.9] -10.4% 

Polyamide A2 [2.45, 7.35, 360, 318, 7.8] -10.6% 

Polyamide A3 [4.5, 13.5, 600, 577, 13.9] -8.7% 

Polyamide A4 [10, 30, 1050, 1040, 30] -3.8% 

Polyamide A5 [14, 42, 1650, 1643, 42] +11.6% 

Leather 2-ply 
  

  
 [9.3, 27.9, 360, 350, 28.4] -4.8% 

Leather 2-ply 
  

  
 [6.2, 18.6, 300, 284, 19.3] -6.6% 

Leather 2-ply 
  

  
 [4.7, 14.1, 246, 223, 14.6] -8.4% 

Leather 1-ply 
  

  
 [4, 12, 198, 173, 12.6] -9.1% 

Leather 1-ply 
  

  
 [3.1, 9.3, 180, 147, 9.8] -10.0% 
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5 Chapter 5  

Conclusions 

 

5.1 Synopsis and Contributions 

This thesis developed a Design Expert System (DES) which is able to guide the evolution 

of optimal design alternatives for a motion control (MC) system and assess the feasibility 

of these alternatives. A comprehensive knowledge base (KB) for the DES was generated 

by using principles and procedures of MC design and motor selection and representing 

them in a proper if-then rule format. A systematic motor selection methodology which 

can incorporate generic or custom mechanical structures together with generic or custom 

duty cycles of the load was proposed and incorporated into the DES. 

Practical design features such as s-curve profiling, geometric trajectory blending, 

and motor thermal response were systematically integrated into the DES. A knowledge 

acquisition (KA) facility for the DES was created to allow for automatic retrieval of 

specifications for commercially available motors and gears from an external database 

which can be easily updated and modified. Implementation of all the DES features in a 

coherent program with a convenient graphic user interface (GUI) was performed using a 

commercial software package. The DES results were verified against examples of human 

designer results and the specifications of an existing practical engineering setup. It was 

found that the DES offered significant benefits in time reduction, completeness, and 

decision explanation, while the results obtained through it were within 10% of the 

compared values. 
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  The DES was built for smooth integration within a larger Evolutionary Design 

Framework (EDF). In the EDF, along with other prescribed duties, the DES is intended to 

guide the automated evolution process based on its built-in heuristic rules and design 

expertise. A model guidance process was proposed to achieve this specific task. Using a 

Sequential Quadratic Programming (SQP) optimization technique, a pilot version of this 

process has been developed. In this development, the MC design parameters are 

optimized using practical design constraints and criteria supplied by the DES. The 

optimized data are then used by the DES for further design analysis and actuator 

selection. The entire process was found to flow seamlessly between the developed 

systems. The performance of the developed guidance process was studied using a 

practical design case, and benefits of the developed process were discussed. The 

influence the guided optimization has on the final motor-gear selection was quantified.  

 The main contributions of this work may be summarized as follows: 

 Development of an extensive computer KB related to MC system design and 

motor selection by incorporating practical and applied design principles. 

 Successful implementation of technologies of design analysis and motor selection, 

with the developed KB, in a DES complete with a KA scheme, explanation 

facility, and GUI. 

 Creation of a guided design evolution system using a SQP routine in Matlab
®
 and 

the developed DES, where SQP optimization is steered using practical design 

constraints and knowledge supplied by the DES. 

 Verification of the DES using hypothetical and actual design cases, and of the 

guided design evolution system using a practical design case-study.    
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5.2 Significance 

The contributions of this research are useful in the area of automated engineering design, 

optimization, evaluation, and industrial automation at large. The benefits of the 

contributions of the thesis are highlighted below: 

 Increasing the breadth or coverage of digital rule-based knowledge to include a 

vital new domain: MC design and actuator selection.  

 Using computer-based systems instead of human experts to guide and set up 

iterative optimization processes and assess the practicality and real-world 

feasibility of the results. 

 Facilitating the development of fully autonomous engineering design and redesign 

methods, where existing engineering systems are systematically monitored for 

faults or design weaknesses, diagnosed, and redesigned according to feasible 

alternatives. 

 

5.3 Suggestions for Future Work 

The creation of efficient and robust automated design and optimization systems is a 

complex undertaking which requires continuous investigation and research. The 

following points are suggested as directions and areas for future research and 

development: 

 Using the DES to assist the MHMS in identifying design weaknesses (not only 

faults) in the monitored machine. For this task, the DES must be updated with 
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practical knowledge of the trends and indicators observed by human experts to 

recognize design deficiencies. Such knowledge must be acquired for a range of 

design domains (e.g., structural or electrical) for the system to be beneficial. 

 Improvement of the interaction between the DES and the MEDOS by: 

o Developing the GP further to output more concrete design parameters such 

as specific component sizes or weights. 

o Implementing an autonomous method of translating a proposed design 

alternative by the MEDOS from BG or LG models to parameters that the 

DES can handle. 

 Expanding the KB of the DES to other domains such as hydraulic system design 

and increasing the breadth of the current DES for the selection of other actuators 

such as hydraulic motors or cylinders and transmissions such as fluid 

transmissions and continuously variable transmissions (CVT). 

 Additional experimentation, verification, and validation on existing engineering 

designs with the main purpose of smoothening collaboration between the 

components of the EDF, which were developed separately.  
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Appendix A – Inertia Equations 

Table A.1: Equivalent polar moments of inertia of MCDES GA.  

Generic application Equivalent polar moment of inertia     [    ] 

Hoister     
    

      (    ) 

 

                        [    ] 

                   (   
 

 
   

 ) [    ] 

                       [  ] 

                        [ ] 

                      [ ] 

               [  ] 

                (               ) [  ] 

 

Flywheel     
    

              

 

                        [    ] 

                     (   
 

 
   

 ) [    ] 

                   [  ] 

                    [ ] 

                             (             )[    ] 

Belt Conveyor     
    

         (     ) 
 

                        [    ] 

                             (   
 

 
    

 ) [    ] 

                           [  ] 

                             [ ] 

                           (   
 

 
    

 ) [    ] 

                          [  ] 

                            [ ] 

              

                          [ ] 

                                

               [  ] 

                         (               )[  ] 
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Generic application Equivalent polar moment of inertia     [    ] 

Horizontal puller     
    

       (   ) 

 

                        [    ] 

                   (   
 

 
   

 ) [    ] 

                 [  ] 

                  [ ] 

                [ ] 

               [  ] 

                         

Ball screw drive/ 

Linear actuator 

    
    

    
(     )

   
(

 

    
)
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                          [  ] 

                    [ ] 

                       

Nip roll 
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)
     

 

  
 

 

                        [    ] 

                             [  ] 

                               [  ] 

                            [  ] 

                              [ ] 
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Generic application Equivalent polar moment of inertia     [    ] 

Rack and pinion 

 

    
    

 
    

 

 
 

(     )

   
(  )

 
 

 

                        [    ] 
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                [  ] 

                       

Rotary table 
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                (                       ) [    ] 

Center Driven Winder/ 

Surface Driven Winder 
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Generic application Equivalent polar moment of inertia     [    ] 

Propeller/Fan 

 

[56 - 58] 
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Table A.2: Equivalent polar moments of inertia of MCDES custom components  

Component Polar moment of inertia   [    ] 

Solid shaft Along longitudinal axis 

  
   

 
 

   

  
 

     

  
 

 

                  [m] 

                [kg] 

Hollow shaft Along longitudinal axis 

  
 

 
(  

    
 )  

 

  
(  

    
 )  

   

  
(  

    
 ) 

 

                         [m] 

                         [m] 

                [kg] 

Coupling Same as hollow shaft above except that the inner radius of the 

coupling equals the outer radius of the shaft. The outer radius of the 

coupling and the new material density are entered accordingly 

Chain-sprocket 

transmission 
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Component Polar moment of inertia   [    ] 

Belt-pulley 

transmission   
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Multi-output 

gearbox   
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Component Polar moment of inertia   [    ] 

Roller bearing                     
 

  
      

 
(  

    
 )         

 

For spherical roller element,    = 
          

 

  
 

For cylindrical roller element,    = 
         

 

 
 

For needle roller element,    = 
         

 

 
 

                                  [kg] 

                                               [m] 

                                               [m] 

                                           [m] 

                                              

Note:  

- Outer race and housing are stationary and thus not considered 

- Inner race, outer race, and rolling elements are assumed to have 

equal masses = 
      

3
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Appendix B – Motor and Gear Data 

Table B.1: Full specifications list of motors used in MCDES.    

Motor #                                              

118628 
6.77E-

08 11300 0.00122 0.68 0.544 0.00219 33 65 7 85 

118630 
5.27E-

08 11300 0.00195 0.66 0.98 0.0027 33 65 7 85 

118638 
5.37E-

08 10300 0.00244 0.67 14.1 0.0104 33 65 7 85 

110143 
3.97E-

07 5550 0.00582 0.65 2.2 0.0059 20 85 6 125 

110151 
4.11E-

07 7430 0.00697 0.73 21 0.0212 20 85 6 125 

226801 
1.43E-

06 6690 0.011 0.79 0.571 0.0109 15.8 85 4 125 

226805 
1.09E-

06 7760 0.0197 0.85 1.69 0.019 15.8 85 4 125 

226806 
1.35E-

06 7680 0.0269 0.87 2.36 0.0258 15.8 85 4 125 

226815 
1.25E-

06 5050 0.0299 0.87 19.7 0.0747 15.8 85 4 125 

236644 
3.90E-

06 2980 0.0331 0.75 1.76 0.0171 7.5 85 2.1 125 

236645 
4.33E-

06 2860 0.036 0.77 3.02 0.0241 7.5 85 2.1 125 

236666 
4.39E-

05 3140 0.0384 0.77 0.577 0.0116 7.5 85 2.1 125 

236668 
4.14E-

06 3100 0.0421 0.8 2.23 0.0243 7.5 85 2.1 125 

236670 
4.40E-

06 4710 0.0444 0.83 7.17 0.0461 7.5 85 2.1 125 

323219 
5.54E-

07 14700 0.0505 0.87 1.24 0.0211 9.08 100 0.904 155 

311535 
8.91E-

07 15600 0.059 0.89 0.202 0.0102 8.01 100 1 155 

311537 
8.91E-

07 16700 0.0631 0.89 0.61 0.0192 8.01 100 1 155 

309755 
1.83E-

06 16800 0.0697 0.86 0.135 0.00958 7.95 100 0.831 155 

310006 
3.57E-

06 7900 0.0755 0.87 0.362 0.0199 6 100 1.7 125 

310008 
3.29E-

06 7810 0.0834 0.87 1.53 0.0398 6 100 1.7 125 

310009 
3.45E-

06 7750 0.0882 0.88 2.52 0.0538 6 100 1.7 125 

148866 
1.39E-

05 6370 0.0949 0.88 0.117 0.0164 4.65 100 1.93 155 
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Motor #                                              

305013 
3.33E-

06 16200 0.112 0.88 0.102 0.0135 5.3 100 0.209 155 

136204 
1.19E-

05 9360 0.163 0.79 0.308 0.0214 1.9 100 0.9 125 

136196 
1.19E-

05 4430 0.182 0.77 0.262 0.02 1.9 100 0.9 125 

136210 
2.09E-

05 8380 0.285 0.85 0.143 0.025 1.7 100 1.1 125 

136209 
2.09E-

05 5770 0.323 0.85 1.01 0.0704 1.7 100 1.1 125 

323772 
3.06E-

04 2650 0.387 0.83 0.363 0.0705 1.89 100 2.99 125 

370357 
5.60E-

05 2470 0.452 0.92 3.9 0.242 3.81 100 1.24 125 

353295 
1.29E-

04 3640 0.51 0.843 0.0809 0.0567 1.3 100 1.85 125 

353296 
1.38E-

04 3550 0.654 0.873 0.173 0.0891 1.3 100 1.85 125 

353297 
1.34E-

04 3270 0.746 0.885 0.363 0.13 1.3 100 1.85 125 

353300 
1.28E-

04 2820 0.83 0.891 1.06 0.219 1.3 100 1.85 125 

 

Table B.2: Full specifications list of gears used in MCDES.    

Gear #      Gear group   

110313 2.50E-09 4.1 1 0.91 

110314 1.50E-09 17 1 0.83 

110315 1.50E-09 67 1 0.75 

134516 5.00E-08 3.8 2 0.84 

134158 4.00E-08 14 2 0.7 

134163 4.00E-08 53 2 0.59 

166930 1.50E-07 3.7 3 0.8 

166933 8.00E-08 14 3 0.75 

166938 8.00E-08 33 3 0.75 

203113 1.40E-06 3.5 4 0.9 

203115 1.50E-06 12 4 0.81 

203119 9.10E-06 26 4 0.81 

223080 2.07E-06 3.5 5 0.91 

223083 1.76E-06 12 5 0.83 

223089 1.73E-09 43 5 0.75 

110408 1.65E-05 3.7 6 0.8 

110409 1.55E-05 14 6 0.75 
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Appendix C – MCDES Code 

Due to the exceedingly large size of the MCDES code (~ 100 pages), it will not be 

included here. The core part of this code can be found using the internet link below. 

Please contact the author for auxiliary sections of the code. 

http://www.sites.mech.ubc.ca/~ial/docs/MCDES_core_code.pdf 

 

 

 

 

 

 

 

http://www.sites.mech.ubc.ca/~ial/docs/MCDES_core_code.pdf
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Appendix D – Conveyor Specifications 

 

Figure D.1: Geometric parameters of custom conveyor setup used for verification. 
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Figure D.2: Engineering drawing of custom conveyor setup used for verification. 


