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Abstract: The applications using electric motors have increased in the last decade. Some of these
applications encounter the need for tailor-made motors that must meet demanding requirements.
Therefore, the specification stage of an electric motor is a critical part of its development. If this
stage is properly addressed, then future failures in the development process can be avoided.
This paper presents a requirement engineering framework to support small-medium electric motors
designers/manufacturers with the development of their product. The framework identifies the
stakeholders and the tasks that they should undertake to finish a successful requirements specification
stage. The framework is made from the designer/manufacturer’s perspective and it emphasizes the
derivation of specialized requirements (lower-level). The result of the framework is well-defined
requirements that form the design requirements specification of the motor that leads to the beginning
of the design stage.

Keywords: requirement engineering; electric motor; specification; systematic design; manufacturing

1. Introduction

The specification stage is the basis for the efficient development of any product. This stage, if
properly managed, avoids future failures in the development process [1]. The first step in designing
or manufacturing an electric motor is to specify its requirements explicitly. Large manufacturers
usually create guidelines or custom-forms with the specifications customers should take into account.
In this way, they can supply a motor fitting their application (either from stock or tailor-made) [2,3].
In [4], it is stated that a motor technical specification should define performance requirements, identify
reliability indicators describing the environment in which it operates, and state maintenance conditions
to help the user with its management plan. [5] presents some factors that affect decisions making when
purchasing motors: product quality and reliability, price, service quality, brand reputation, energy
efficiency, lead times, and policies. The weight of each factor varies according to the perspective of the
end-users, for example, original equipment manufacturers (OEMs) or distributors.

Literature offers general requirement engineering frameworks [6] as well as specialized in different
disciplines [7-9]. However, there is a lack of specialized frameworks for electric motor development.
Usually, literature regarding electric motors starts with well-defined requirements, so the phase of the
specification stage is not mentioned.

Moreover, large electric motor manufacturers have enough economic resources to develop
new products and to automate their plants and processes. Manufacturers from emerging
countries offer low-cost competitive products. In this context, small-medium size electric motors
design/manufacturing companies have survived due to their offer of specialized tailor-made
products [10].
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Therefore, to support these companies to cope with the specification stage, this paper aims to
contribute to the field of requirement engineering for electric motors by providing a new macro-process
framework with a systematic approach derived from the experience of the authors. The framework is
made from the designer/manufacturer’s perspective and it emphasizes the derivation of requirements
from a higher level to lower level requirements.

The authors have used and proven the approach herein described on several industrial projects.
Furthermore, a use case example is presented to demonstrate the use of the framework.

The remainder of this paper is structured as follows. Section 2 overviews current requirements
engineering approaches on electric motors. In Section 3, the framework is presented. Section 4 shows
a use case example on deriving electromagnetic requirements for an elevator application. Finally,
Section 5 discussed the work.

2. Current Requirement Engineering Approaches on Electric Motors

This section provides a comparison of requirement engineering approaches available on
literature, addressing implicitly or explicitly the specification stage on electric motors. As mentioned
earlier, there are some factors that affect the decision making on selecting motors being dependent
on the perspective of customers or end-users. Therefore, the definition of requirements is
application-dependent. For this reason, the authors of this paper classify the requirement engineering
approaches as off-the-shelf and tailor-made solutions based on the two types of solutions that
manufacturers can offer. The approaches are described from the developer’s perspective.

2.1. Off-the-Shelf Solutions Approach

Standards, such as IEC in Europe and NEMA in the United States, define general characteristics
and performance tests of electric motors to facilitate their interchangeability. In addition,
regulations/policies/directives define mandatory requirements leading to minimum energy
performance standards (MEPS). Large manufacturers have developed off-the-shelf motors satisfying
these standards allowing for a simpler and convenient motor selection for customers. In this case, the
specification stage is a process of sales-purchase transaction of equipment. Classic ways to handle
the specification stage are either to make available the datasheets of motors in stock or to provide
forms (e.g., spreadsheet) with requirements fields that the customers must fill to present motor
solutions [2,3,11]. Due to the interest of customers in factors, such as efficiency, reliability, and quality
of the product [5], some manufacturers offer support to find a solution, which best fit their application,
from their catalog. Customers may demand factory acceptance tests or quality certificates of the motors.
However, the interaction among the stakeholders is typically a sales-customer relationship.

2.2. Tailor-Made Solutions Approach

Applications demanding customized-solutions of electric motors are increasing, common
examples are the automotive and aerospace industry. Automotive manufacturers are even
improving production processes to include electric motors in their value chain [12]. For tailor-made
solutions, design requirements are derived through a detailed analysis, where both, client and
designer/manufacturer are involved during the development process or life cycle of the motor.
Depending on the case, an efficient specification stage may involve different domain experts to
obtain the requirements. In [13], the author acknowledges the need to consider the point of view
of all stakeholders for an integrated design approach. In [14], the author states the objective of the
specifications is to translate the function of the driven-load into the terms of electric drives, providing
a classification of characteristics of the system with examples. An application example demanding
special requirements on electric motors is presented in [15].

In conclusion, from the literature review, it can be stated that there is not a systematic approach
that defines the iteration among the different stakeholders that are involved in the requirement
development process. At the same time, there is a lack of a systematic organization among the different
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requirements. To have a successful design without spending time on redesign tasks, it is highly
recommended that different technical experts check in detail the feasibility of all requirements that
are associated with their engineering domain. The technical reviewing can become hard to do if the
process is not well approached. Typically, an unwanted result is the waste of time due to several
re-analysis of the same requirement. Regarding electric motor design, the absence of requirement
engineering with a systematic approach in the technical literature is mainly due to the fact that the
requirements are presented—as given—with all the details predefined. This level of detail is hard to
achieve in tailor-made solutions and is recommended to have a collaborative approach between the
integrator and developer to define accurate and realistic requirements. Therefore, this paper presents a
requirement engineering framework with a systematic approach describing a collaborative iteration
among the stakeholders (eMotor integrator and eMotor developer) as a contribution to the lack of
literature regarding this problem.

3. The Framework

In this section, the requirements framework is presented through the Systems Modeling Language
(SysML) diagrams. It is broken down into five subsections: the stakeholders, classification of
requirements package, activities, qualification of requirements, and tools. This requirement engineering
framework aims to provide a specialized guideline to electric motor developers. Users may adjust,
add, or skip any aspect of the framework to suit their project.

3.1. Stakeholders

The framework identifies two stakeholders, the integrator and the motor developer
(designer/manufacturer). The integrator is the actor or actors that are interested in integrating the
developed electric motor into the application for which it is designed. The integrator is considered
the expert in the particular application; in other words, the integrator has a complete knowledge
in the application system, but usually no expertise regarding electric motor design. The electric
motor developer is the actor or actors responsible for the design/manufacturing of the motor
satisfying the integrators’ requirements. The generalization of the latter actor is shown in Figure 1.
This generalization shows that the developer can be represented by several actors with expertise in the
different fields that are involved in the electric motor development process. The framework is made
from the electric motor developer’s perspective.

uc [Package] Specificationtage [Electric Motor Manufacturer or Designer Generalzation]

eMotor Developer Zr

,,,,,,,,,,,,,,, S I
KR—=="="~"="~"~"~="~"~"""""71|IF - - T T
TMechanical Engineer Electrical Engineer T Control Engineer
y I . Electromagnetic Expert EMC Expert
Insulation System Expert | Vibrations and Noise Expert
Structural Expert Thermal or Cooling System Expert —Insulation System Expert Vibrations and Noise Expert

Thermal or Cooling System Expert

Figure 1. Generalization of the electric motor developer.
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The use case diagram shown in Figure 2 illustrates both actors with their implications within the

context of this framework. In summary, it can be seen that the integrator defines the motor requirements
from the application point of view, which includes a clear description or explanation of the application
system. On the other hand, the electric motor developer must derive the integrators’ requirements
into the different technical domains to develop the motor following an efficient process. This includes
the process of interpreting each requirement; it may also include an engineering assessment of the
application system, i.e., to model the application system to obtain its operating characteristics. Finally,
both actors are involved in the approval, editions, or rejections of requirements during the entire
development process.

uc [Package] SpecificationStage [IntegratorManufacturerUseCases]
Generate Motor Design Requirements Specification Context

Develop motor
Integrate the motor
into the application

Explain the application
system

«include» . " :
Derive requirements into

) . the different technical
Define motor requirements domains
related to the motor
application integration

A
«include»

«extend»  «include» :
«extend», 7 Asess integrator with
! the system 1..%
application
Approve requirements
specification change
Interpret integrator's
requirements

eMotor Integrator eMotor Developer

Definition, additions,editions or
rejections by either actors

Figure 2. Use case diagram of stakeholders in the specification context.

3.2. Classification of Requirements Package

In order to facilitate the requirements analysis, the proposal is to divide the requirements into

three general packages representing different levels, as it is shown in Figure 3 and described below.

1.

Application essential requirements from the integrator. The requirements contained in the
initial specification are classified into different non-functional groups, such as operability,
serviceability, reliability, comfort, special, and standards/regulations/policies requirements
packages. The satisfaction of these requirements ensures that the motor correct performance in
the system application.

Technical derived requirements. These are derived or copied from the essential requirements
into the different disciplines: mechanical, electrical, control, manufacturing engineering, also
additional requirements and cross-domain objectives. The satisfaction of these requirements
ensures the correct design and performance of the motor during the development process and
the system application integration tests.

Specific-domain derived requirements. These are derived or copied from the technical
derived requirements into the different domains that are involved in the motor development;
herein emphasizing: structural, electromagnetic, vibro-acoustics, insulation, thermal,
and electromagnetic compatibility (EMC). The satisfaction of these requirements ensures the
correct design and performance of the motor during the development process.
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Table 1 shows examples of requirements that fit on each group. However, the developer (experts
in their field) should decide this internal classification. The essential requirements may be found in
compound form in the initial requirements specifications. If this is the case, to better define them,
these ought to be decomposed into more requirements. Some may be implicit; nevertheless, if an
analysis is carried out, these should be categorized as derived and put inside one of the technical
derived disciplines group. Regarding the domain-specific requirements, these are the ones that
each domain need to design its respective partition. Some requirements may only be copied from a
higher-level group.

Table 1. Examples of Requirements for each Package.

Package Requirements Examples

Application Essential Requirements Package

Power sources, ratings, torque, speed, efficiency, service factor, duty cycle, environmental conditions, insulation,

ili . .
Operability mounting, frame size.
. - Requirements related to ease of maintenance, ease of recycling, monitoring sensors (e.g., resistance temperature detectors
Serviceability
(RTDs)).
Comfort Noise and Vibrations, dynamic smoothness control, continuous operation smoothness.
Reliability Life expectancy, permissible design or manufacturing tolerances, lead times, fault tolerances, tests.
Special Transportation, training, mounting, assembly (e.g., on site), commissioning.

Regulations/standards/policies Regulations, standards or policies that the motor must accomplish or follow.

Technical Derived Requirements Package

Shaft torque, vibration and noise levels, types of bearings, rotor inertia, speed, shaft design, frame design, stresses, thermal
Mechanical constraints, cooling systems options, mounting constraints, enclosure type with the environment, insulation, size
constraints, materials, sensors, related standards/regulations/policies, and others.

Electromagnetic torque, winding arrangement, power factor, efficiency, voltage constraints, current constraints, size
constraints, number of phases, insulation, thermal constraints, losses, torque density, electric motor type, materials, duty

Electrical . .
cycle or speed vs. torque curve, inductances, electromagnetic interferences, sensors, converter type, converter power
ratings, related standards/regulations/policies, and others.

Control Control strategy, switching frequency, converter type, sensors, phases, related standards/regulations/policies, and others.

Machined lamination, stamped lamination, coil formation, encapsulation, impregnation, interference fit, rotor balancing,
Manufacturing winding process, magnets mounting, magnets retention, magnetization, winding process, machined shaft, forged shaft,
stack assembly, tolerances, related standards/regulations/policies, and others.

Motor General or Cost, materials, efficiency, lead time manufacturing, lead time design, motor type, life cycle, and others not included in
Specific Objectives other requirements classification.

pkg [Package]

eMotor Requirements Specification

Essential i from
The satisfaction of
Comfort R L Operability Reg dars/Policies these ensures the
correct performance of
the motor in the system
application.
Reliability Requirements Serviceability Requirement: Special Requirements

Technical Derived Requirements

Additional Requirements Control Requirements Motor General or Specific Objectives [
The satisfaction of
these ensures the
correct design and
performance of the

L motor during the
ingRequit ical Requirements Electrical Requirements development process.

Specific Domain Derived Requirements

ic tructural Thermal Requirements

Vibro-acoustic Requirements Insulation Requirements. EMC Requirements

Figure 3. Classification packages of requirements.
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3.3. Activities

The main activities of the proposed framework are shown in Figure 4. The process starts when
the integrator makes and handles the requirements specification of the application to the developer
usually with explicit or implicit objectives. In this document, the regulations/standards/policies to
be taken into account are also commonly included. After a quick inspection, if the developer finds
the need for any information not available in order to start the requirement analysis, a request for
information must be made. Otherwise, the next activity is to analyze the application requirements.
Generally, in this first stage, ambiguities are found, these must be avoided and well defined with
the approval of both parts. For instance, “the motor must be highly efficient”. This statement is not
quantifiable; therefore, a measurable quantity should be assigned either by a standard nomenclature
(E2, E3, E4) or a restriction (>80%). The activity, analyze the application requirements, is composed of
the different actions that are shown in Figure 5. First, the developer should verify all the requirements
and objectives from the integrator are within the application context in order to state the changes or
to avoid additional work. Once this is done the requirements must be classified into the different
generalized non-functional groups that are described in Section 3.2.

act [Package] SpeciicalonSiage [Gaerate molor requrements design specicatins] Regulatoins / Standards / Policies

Electric Motor Integrator Electric Motor Developer
}
< - — 1 Request information
- v 1 s
/ AN — meeaa
‘\ \ /_"_> ——> <
Define application Define motor objectives Specifications & Objectives
specifications

Analyze the application requirements
5 Specifications & Objectives L
> Requirements Specifafion of Itegrator l

Specifications & Objectives /

Requirements

MotarType.

Requirements

Validate Requirements and Motor Type for Application Select Motor Type
L)

Motar Type

Defirte are Revised Requremert
5 Definite and Revised Requirements

N —

Definite and Revised Requirements [revised reqs egist] J
q N i

Document with detailed specifications
for the different domains focus on

/ motor development. Here is where
—  —reviedress mtedsy) derivations of requirements into the
different domains should take place.

Defiite Requirements J Defirite Requirements

Create definite Create detailed Outaed Reqremerts Sclicaion__,
for the motor application integration ° ifi for motor dev
Requirements Specification by Integrator
(=] Detaled Requirements Specification
Requirements document defined from the
motor integrator's perspective. Make Sizing and Performance Results Estimations

Sazing and Performance Rests

Sizing and Performance Resuls Detaled Requiremerts Spectication
Prioritize objectives Priorized Objectives. Define general objective to
Priorized Objectives | Optimize

Motor Requirements Design Specification

Figure 4. Main activity diagram of the framework.
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Specifications & Objectives
act [Package] SpecificationStage [Analyze the application requirements]

Specifications & Objectives
Verify requirements are within
the application system scope

= Specifications & Objectives
- Operation requirements . . o [within application context]
- Senice requirements Specifications & Objectives
- Comfort requirements [within application context]

- Reliability requirements

- Special requirements Classify requirements into generalized

non-functional groups
X/Requremenls & Objectives
Requirements & Objectives
Verify technical viability of requirements

Requifements and Objectives [verified]

Requirements & Objectives [verified]

Requirements [Approved]
Approve requirements

Requirements

[not approved]
Requirements [with changes or rejections]

Make rejections, additions or

changes to requirements
Requirements

Figure 5. Analyze the application requirements activity.

The next activity is to verify the technical viability of the requirements that contain the actions
shown in Figure 6. To verify the technical viability of the requirements is necessary to derive
requirements into the different disciplines involved in the project, these disciplines were described in
Section 3.2. The analysis to derive requirements into the different disciplines is application dependent.
This process may involve meetings, measurements on-site, testing, simulations, and all the activities
that lead to obtaining the operating characteristics of the driven load. An example is presented
in the use case example in Section 4. When the requirements are defined, their technical viability
and cost feasibility must be verified. Once this is done, the result is a set of revised and verified
requirements. Resuming the activities of Figure 5, the requirement identification considering its
approval, rejection, or modification takes place. The requirements must have an attribute that states
one of the aforementioned options.

Requirements & Objectives
act [Package] SpecificationStage [Verify Technical Viability]

- Electrical
- Mechanical
- Control

- Manufacturing Derive requirements into disciplines
- Additional

may be necessary in order to

An application system assessment Requirements & Objectives [derived]
derive requirements l/

Requirements & Objectives[derived]
Verify technical viability of requirements

Requirements & Objectives[Technical Verified] l/

Requirements & Objectives[Technical Verified]
Verify cost feasibility of requirements

Requirements and Objectives [verified]

Figure 6. Verify technical viability activity.

The next step in the main activity diagram (Figure 4) is to handle the requirements that are
of interest to the integrator to approve, reject, or modify them. In addition, the motor type must
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be selected if it is not explicitly defined in the initial document. This is done by comparing costs
and technical criteria among the different motor technologies considering the one that best fits the
application system. Examples can be found in [16,17]. The integrator must validate the requirements
and motor type. This activity is illustrated in Figure 7. Definite or revised requirements are the
output of this activity. Revised requirements must be transferred to the developer to be approved,
rejected, or changed. This is a cycle that must end when both parts agree with the requirements
(definite requirements) and when both parts consider the project is well-defined in order to start the
design phase.

act [Package] Specificationstage [Validate Requirements and Motor Type for Application]

[not Valid]

Requirements \9 Validate requirements % R

Revise requirements

N Requirements
. Ivald]

MotorType [not Valid]

\> Validate motor type MotorType
} Definite and Revised Requirements

e >

Figure 7. Validate requirements and motor type activity.

Once the definite requirements are available, it is good practice for the integrator to redo the
requirements specification from his perspective. The next step is to create a detailed requirements
specification for the motor development. It is here where the derivation of requirements to the
specific-domains that are mentioned in Section 3.2 take place. This derivation of requirements is done
from the different disciplines to each specific-domain. For instance, in the case that the design needs to
have low levels of vibrations and noise (mechanical requirements), a requirement that limits the torque
ripple can be derived to the electromagnetic domain. The integrator may specify the vibration or noise
level but not a torque ripple constraint (if he is not aware of the term), so this job must be carried out
by the developer.

The next activity (make sizing and performance results estimations) involves checking the
possibility to make an early virtual prototype with previous designs or with analytical models to give
the integrator an idea of what is possible to be achieved. What this step tries to accomplish is the
validation in a preliminary way (not definite) of the space constraints, costs, materials, or any other
parameter of interest. However, this is not always possible more so when the project is innovative.
If it can be done, the integrator can develop new requirements or prioritize objectives. If objectives
are prioritized, then the developer can better define general objectives to be optimized. At the end
of the process, the developer has a motor requirements design specification that allows him to start
the design phase. Obviously, the requirements, during the development process may be subjected to
modifications or new requirements may appear. Therefore, the appropriate step must be retaken.

3.4. Qualification of Requirements

The term qualification refers to the testing activity that ensures the solution has its conformance
to requirements [6]. During the specification stage, tests that verify the satisfaction of the requirements
and validate the design and manufacturing stages should also be defined. The tests are generalized
into five different types:

1. Virtual prototype performance testing: These tests are done through simulations to the motor by
the different domains. It should be carried out in the conceptual design phase.
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2. Virtual system application performance testing: These tests integrate the motor into the
application, but they are also carried out through simulations during the conceptual design phase.

3.  Prototype performance testing: These tests are carried out on the manufactured prototype in a
laboratory. These tests include type testing, routine testing, or any research testing.

4.  Manufacturing tolerance testing: These tests are done to components when interested in
mass production.

5. System application performance testing: These tests integrate the motor into the application
and ensure the correct performance of the motor with the load system. Previously, factory
acceptance tests may be included only if the manufactured motor is considered to be the final
solution. Figure 8 illustrates the relationship among these generalized tests and the requirements
packages. The realization of these tests should verify the satisfaction of the requirements within

each package.
req [Package] SpecificationStage [Verification and Validation]
Application Essential Requirements from Integratc
G L____=_ N
System Application Performance Testing «erify»
/|
I
«werifyb
Technical Derived Requirement |
|
e
Virtual System Application Performance Testing
™~
N
N
N
Specific Domain Derived Requiremen N
i verify» N
N if
| p weriys
| _ verify»
| | /)
I | 7
I «erifyp , «erifys
«erify» ,
| - | va .
ot o o
Virtual Prototype Performance Testing Prototype Perfomance Testing Manufacturing Tolerance Testing
Figure 8. Generalized tests and verification of requirements.
3.5. Tools

To carry out the framework, requirement management tools are recommended and, if available,
model-based systems engineering (MBSE) tools. Regarding requirement management, several
open-source and commercial tools are available, such as ReqlIF Studio and Rational Doors, respectively.
Available MBSE tools are also offered as open-source, like Papyrus, and commercial ones, like Rational
Rhapsody, Enterprise Architect, Magic-draw, and others. The tools allow for the creation of matrices
and tables that facilitate the view of relationships and the traceability of requirements.

4. Use Case Example: Deriving Electromagnetic Requirements for An Elevator Application

A use case example is presented regarding the request for a tailor-made electric motor for an
elevator system application. The tools used are IBM Rational Doors 9.5 and IBM Rational Rhapsody
8.3.1. The mechanical system of the elevator consists of a 2:1 roping ratio with one cabin, one
counterweight, a set of cables, and two pulleys. In this example, we focus the framework only
on electromagnetic requirements derivation from given requirements handled by the integrator for the
design of a surface permanent magnet synchronous motor. Herein, all requirements identification (ID)
are described with the prefix elevSysPM, which belongs to the project name followed by the package
owing the requirement, as shown in Table 2 and finally a unique number, e.g., elevSysPM-InRS-01.
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Table 2. Requirement Package IDs.

Requirement Package ID Package Name

InRS Integrator’s requirements

MechRS Mechanical engineering requirements

ElecRS Electrical engineering requirements
ControlRS Control engineering requirements

ManufRS Manufacturing engineering requirements
ObjRS Set objectives during the development process
ElecmgnRS Electromagnetic requirements

4.1. Requirements within the Elevator System Application Scope

The initial requirements specification was provided in a word document. After its acceptance,
this is imported to Rational Doors and a classification is made separating the non-requirements from
requirements. Figure 9 shows a screenshot of Doors where some requirements can be seen with their
attributes. The same figure shows a classification of the requirements into the six non-functional groups:
operability, reliability, comfort, serviceability, special, and standards/regulations/policies. The status
attribute shown comes posterior to the verification of the technical viability of the requirements;
nevertheless, it is shown as an example.

0 ot St cu 5 il sty Spcecaions G- 500 o5

Archive Editar Ver Insertar Enlace Analisic Tabla Hemamientas Discusiones Usuaric RG8.21 Change Management Ayuda
HaBaw | o= FEEFEs || = )
Ver [InFiS - itered al requiremen » | [Todeslosni ~| = 4, 7 o, | [FZoF < E[T)F AL 4

5 I1RS - tal Speciications D | integrators' Requirements 2] Stz is Requrement Generalzed Group e
1GENERAL
1.1 Scope elevsysP | [The equipment, and materials provided in accordance with this True Standards/Regulations/Polic
1.2 Gearless PM Motorfor E| | M-InRS- | Specification shall comply in design, construction, rating and performance ies
- A complete molor shal £ 275 | with the latest version of the relevant International Standards and Codes of
£ Unless othenwise specfi practice in particular the following standards:
2 SITE CONDITIONS IEC 60034: Rotating electrical machines. -
3STANDARDS IEC 60072: Dimensions and output series for rotating electrical =
4QUALITY ASSURANCE machines.
5 ELEVATOR SYSTEM IEC 60085: Electrical insulation — Thermal evaluation and
5.1 Description: designation.
i The clevatorhas 2 2.1 ¢ IEC 60529: Degrees of protection provided by enclosures (IP code).
- The masdmum ek is of 150 281: Rolling bearings — Dynamic load ratings and rating life.
£ The elevatorshal be av| | elevSysP | |Motors shall be manufactured under a Quality System certified by an True Standards/Regulations/Polic
The elevatorshallbe ca| | M-InRS- | Accredited Authority to be in accordance with ISO 9001 or an approved ies
- The elevtor shall trave! 72 equivalent.
; I:“'T'”;‘” characterstis| | 1ovysp BiThe elevator has a 2:1 suspension configuration as detailed in drawings, True Operability
abla
M-InRS- | fthe maximum capacity of 8 persons with a speed of 1.6 m/s. The cabin
g;%:ﬁ;“:g LY T0 MoTOf 75 |lweight is 1200 kg and the counterweight i dimensioned to half of the
BTN L SPEED A maximum weight including cabin and load (persons). The total weight of
4 TORUE VERSUS sPernd] cables from the cabin side is 90 kg and the total weight of cables from the
counterweight side is 18.75 kg.
10 EFFICIENCY AND POWER |
11 DIRECTION OF RoTATIN | | €1evSysP BThe maximum jerk is of 2 m/s2. The elevator shall accelerate from 0 m/s to True Operability
12 TYPE OF COOLING M-1nRS- |maximum speed of 1.6 m/s within a time period of 2.85 seconds. The time
13 ENCLOSURE 76 |Jacceleration shall reach its maximum value is 0.35 seconds. The efficiency
14 FRAME SI7ES AND DIMEN of the entire elevator system is 82.5%.
15 TYPE OF MOUNTING elevsysP HThe elevator shall be available for continuous operation for 24 hours. True perability
16 ASSEMELY WITH BRAKE || M-InRS-
17 SHAFT 7
12 NOISE EMISSION elevsysP HThe elevator shall be capable of making 180 starts per hour in efther True Operability
15 VIBRATION LEVEL M-InRS- | Wldirection, without overheating.
20 MOTOR TERMINAL BOX 78
21 WINDINGS elevSysP MThe elevator shall travel at a minimum rated average speed of 1 m/s, True Operability
22 THERMISTOR m-InRs- |Wirrespective of travel distance.
23BEARINGS 79
24 LIFTING LUGS elevsysF M The main characteristics of the elevator system are presented in the True Operability
25 PAINTING M-InRS- | Hfollowing table:
26 NAMEPLATES 80 Elevator isti Value [units]
27 PERFORMANCE TESTS Fulley diameter 160 [mm]
28 ROUTINE TESTS
29 PERFORMANCE TESTS ON Maximum speed 1.6 [m/s]
30 DELIVERY Jerk 2 [/s°]
Acceleration time 2.85 [s]
Maximum acceleration 0.7 [m/s?]
Number of persons 8
Mean weight per person 78.75 [kg]
Cabin weight 1200 [kg]
Counterweight weight 1515 [kg]
Cables weight (cabin side) 90 [kq]
Cables weight (counterweight 18.75 [kg]
side)
Efficiency of the system 82.5%
< m 3 4 » B

Figure 9. Initial requirements classification in Rational Doors.
4.2. Deriving Requirements into Disciplines

The requirements are imported from Doors to Rhapsody to illustrate the process of derivation.
In order to derive requirements into the different disciplines for this customized motor design, first,
the operation characteristics curves (speed, torque, acceleration, jerk, and position) of the system
must be obtained. A system assessment is carried out due to the initial specification not presenting
these curves. The initial specification does present the important parameters to derive these curves.
The equations that model the behavior of the system were obtained and agreed among the stakeholders
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and stored as constraint properties, as shown in Figure 10. These were processed through parametric
diagrams to derive the curves shown in Figure 11.

bdd [Package] ElevatorStructure [Elevator System Operation Constraints]

D H{Mcw_relationship} Mcw = Mcb + F*Qmax}

{0} {{amax} amax = jk * tj}

Ports
F:Real

|amax: MeterPerSecondSquared
:MeterPerSecondCubed
Second

Ports

Mg

F: counterweight load coefficient
Mgl Mass of cabin

Mass of counterweight

Qmax: Maximum load

m

: maximum acceleration
ik jerk in meter per second cubed
1 time of jerk

1 «ConstraintProperty » 1 «ConstraintProperty » 1 «ConstraintProperty » 1
WeightRelationship AccelerationRelationship ElevCharacteristics
Constraints Constraints Constraints

1D} {{elevCharacteristics} [Tr, Tpeak, Nrpm, Trms] = elevSys(ropi...

Ports

Dp:Meter

jerk: MeterPerSecondCubed

Nrpm:RPM

«ConstraintProperty »
RatedTorqueRelationship

«ConstraintProperty»
InertiaRelationship

Constraints

{DH{RatedTorque} Tr = 1/4 * Mdiff * Dp * g / eff}

{D}{{Imex} Jmex = 1/16*Msum*Dp~2/eff + Jmaq)

Constraints

Q:Kio

roping_ratio:int

Tpeak:NewtonMeter
Tr:NewtonMeter
Trmms:NewtonMeter

ports
Dp:Meter

g:MeterPerSecondSaquared

| Tr:NewtonMeter

=

Q

- rated torque
Mdiff: mass difference between cabin and
counterweight with cables

: pulley diameter

g: gravitational acceleration

eff efficiency of the elevator system

Ports
Dp:Meter

Jmax: maximum inertia of the system

Msum: total mass

Jmag: motor inertia

&ff gfficiency of the system
Dp: pulley diameter

Vrated:MeterPerSecond
Webcable:Kiogram
Wewcable:Kiogram

check hypertink to file

The rules are declared and used in a matlab script file,

1 «ConstraintProperty >
SpeedRelationship

{03} {{Nrpm} Nrpm=2*vmax*r/Dp*60/(2*pi)}

{DH{Mdiff} Mdiff = Mcb + Q + Wcbcable - Mcw - Wewcable}
{D3}{{Msum} Msum = Mcb + Q + Wcbcable + Mcw+ Wewcable}

(D {{PeakTorque} Tpeak = J * amax/Dp + 2 *r + Tr + ..

1 «ConstraintProperty » 1 «ConstraintProperty »
MassRelationship PeakTorque Fx] Dp:Meter
Consvains Consraits %Nmmm
rint.

Mcb:Kilogram
Mow:Kiogram
Mdiff:Kiogram
Msum:Kilogram
Q:Kiogram
Webcable:Kiogram
Wewcable:Kiogram

amax:MeterPerSecondSquared
D:NewtonSecondPerMeterSquared
Dp:Meter

J:KiogramMeterSquared
Nrpm:RPM

rint.

Tpeak:NewtonMeter
Tr:NewtonMeter

BXJvmax:MeterperSecond

rroping ratio

Dp:Pulley diameter

ygx:elevator speed in m/s
Nrprotational speed

mass of cabin

ass due to counterweight and cables
counterweight mass

Wewsable: mass of cables of counterweight

Mdifl: mass diflerence due to cabin, ¢w and cables
Msum: total mass due to cabin, g and cables
Meby
Q: load of the elevator

Wabeable: mass of cables of cabin

Tmax: maximum torque
J:maximum inertia

a.max: maximum acceleration
Dp: pulley diameter

. roping ratio

rated torque

D: viscosity
Nipmy: motor speed

Figure 10. Equations modeling the elevator system operating characteristics.
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The operating characteristics curves were obtained for a trip distance of 7.2 m, i.e., two floors of
3.6 m in height. The trip ends in 8 s, and at that distance, the brake is activated releasing the motor
from doing work. The minimum time that is required by the elevator system to stop is 12 s, time for
doors to open, people to get in/off, and doors to close. Therefore, the worst case scenario thermally
speaking is to study a cycle of 20 s. All the aforementioned information is captured in the diagram to
illustrate the derivation of mechanical requirements.

The requirement diagram in Figure 12 shows the relationships of this elevator operation
characteristics requirement derived as a mechanical requirement from the initial requirements.
Figure 13 shows the parametric diagrams that refine this requirement. Although not being shown in
the figure, for each characteristic curve a mechanical requirement is also created, i.e., this requirement
contains five mechanical requirements one for each curve. These are used later to derive the
electromagnetic requirements.

req [Package] Mechanical [Elevator Operation Characteristics Reqs]

«fromDOORS Basic>
elevSysPM-InRS-80

«fromDOORS Basic»>
elevSysPM-InRS-75

ID = elevSysPM-InRS-80

ID = elevSysPM-InRS-75

«fromDOORS Basic»
elevSysPM-InRS-76

The main characteristics of the elevator systemare
presented in the following table:

Elevator characteristicValue [units]
Pulley diameter160 [mm]

Maximum speed1.6 [mys]

Jerk2 [nys3]

Maximum Acceleration time2.85 [s]
Maximum acceleration0.7 [nys2]
Number of persons8

Mean weight per person78.75 [kg]
Cabin weight1200 [kg]
Counterweight weight1515 [kg]
Cables weight (cabin side)90 [kg]
Cables weight (counterweight side)18.75 [kg]
Efficiency of the system82.5%

The elevator has a 2:1 suspension
configuration as detailed in
drawings, the maximum capacity of
8 persons with a speed of 1.6 mys.
The cabin weight is 1200 kg and
the counterweight is dimensioned
to half of the maximum weight
including cabin and load (persons).
The total weight of cables from the
cabin side is 90 kg and the total
weight of cables fromthe
counterweight side is 18.75 kg.

ID = elevSysPM-InRS-76

The maximum jerk is of 2 mys3. The
elevator shall accelerate from 0
nys to maximum speed of 1.6 nys
within a time period of 2.85
seconds. The time acceleration
shall reach its maximum value is
0.35 seconds. The efficiency of the
entire elevator systemis 82.5%.

«fromDOORS Basic»>
elevSysPM-InRS-79

D= «fromDOORS Basic»
elevSysPM-INRS-79 elevSysPM-InRS-78
ID = elevSysPM-InRS-78
«deriveReqt» The elevator shall travel
«deriveReqt» at a minimum rated
«deriveReqt» average speed of 1 I:;?aiivgftﬁﬂsg ?;0
nys, irrespective of
- travel distpance starts per hour in either
«deriveReqt» ) direction, without
overheating.
«Requirement»
Elevator Operation Characteristics

ID = elevSysPM-MechRS-01 «deriveReqt»

The motor shall satisfy the elevator operation «Requirement>

characteristics. . Time of Cycle

«deriveReqt»
ID = elevSysPM-MechRS-08
Minimum time required for
The time cycle for each start is 20 seconds. doors to open, people to get
on/off and doors to close
«Requirement» «Requirement»
Moving Time Stop Time
ID = elevSysPM-MechRS-09 ID = elevSysPM-MechRS-10
«Requirement»

Distance of Travel

ID = elevSysPM-MechRS-11

The distance traveled is 7.2 meters
regarded to two floors of 3.6
meters.

«deriveReqt:
) i Time of motion is of 8 seconds.

Stop time is 12 seconds

Figure 12. Mechanical requirements derivation.
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b L, «Parametric Diagram»
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R
kit «refine» ID = elevSysPM-MechRS-01
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Figure 13. Elevator operator characteristics refinement: (a) Parametric diagram to compute operating
characteristics curves; and, (b) Requirement refinement through parametric diagrams.

Figure 14 shows some electrical requirements derivation relationships; it can be seen that some
requirements may just be copied from the initial requirements. However, with a different id, to know to
which specialized package it belongs. In summary, the converter is specified; due to its specifications,
the motor shall be a three-phase motor with a current less than or equal to 15 A and the rated line-to-line
voltage is limited to 400 V. The converter has the option of using space vector pulse-width modulation
(PWM). Accordingly, a control requirement is derived stating to use this type of modulation because
the operating voltage obtained from it is a maximum, thus lowering the operating current.

ID = elevSysPM-ControlRS-04

ID = elevSysPM-ElecRS-02

«deriveReqt

The modulation shall be Space Vector The rated line-to-line voltage

PWM. fimit of the motor is 400 V.
The voltage shall be as a
close to 400 V as possible.

The higher woltage the lower
current,therefore, lower joule losses.

«fromDOORS Basic»
elevSysPM-InRS-208

«Requirement>
«deriveReqt» Winding Thermistors
«fromDOORS Basic» 1D = elevSysPM-ElecRS-09
elevSysPM-InRS-277 A
«deriveReqt>» The motor shall have a PTC
thermistor embedded in each winding
«fromDOORS Basic» with a trip value of 1000 ohm
elevSysPM-InRS-278 «deriveReqt»

ID = elevSysPM-ElecRS-10

The motor shall be 3-phase

«fromDOORS Basic>
elevSysPM-InRS-203
«fromDOORS Basic>
elevSysPM-InRS-205

«deriveReqt»

«copy»

Figure 14. Electrical requirements derivation.

req [Package] Electrical [Electrical Requirements Derivation]
«<Reguirement>
Motor Efficiency
«fromDOORS Basic> «fromDOORS Basic>
elevSysPM-InRS-276 elevSysPM-InRS-146 ID = elevSysPM-ElecRS-04
«copy»
ID = elevSysPM-InRS-276 The motor shall be high
efficient, having an efficiency
The motor shall be suitable for operation from converter supply which is not less than 85%.
fed by a 3 phase 4 wire 400 +10 % 50 Hz power supply having a solidly «fromDOORS Basic»
grounded neutral and a phase sequence of UVW. The converter is a elevSysPM-InRS-148
Unidrive M701 from NIDEC, model 06500150 with the following ratings:
DC Bus: 575V
Rated Current: 15 A “<Requirement»
Shaft Power: 7.5 kW <Requirement> «copy» Rated Power Factor
Peak Current open loop: 22.5 A «deriveReqt» Rated Current
Peak Current RFC: 30 A ID = elevSysPM-ElecRS-05
ID = elevSysPM-ElecRS-03 The power factor at full rated
load of the motor shall be not
«deriveReqt> «deriveReqt> The rated current shall be less fess than 0,80 peruat
A than or equal to 15 A.
«deriveReqt»
«Requirement> «Requirement>
Space Vector Pulse Width Modulation Rated Voltage o
Number of Phases

«Requirement»
Winding Insulation

ID = elevSysPM-ElecRS-07

The winding insulation shall be class F.

«Requirement>

Winding Temperature Rise

ID = elevSysPM-ElecRS-08

The winding shall not exceed a class B
temperature rise under normal
operating conditions.
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The motor selected for this particular case is a surface permanent magnet motor, selected due to
the ease of manufacturing leading to lower costs and because the required speeds are considered that
can be satisfied by this type of motor.

4.3. Deriving Electromagnetic Requirements

This phase is reached when the aforementioned requirements are considered to be good enough
by both parts to start the design phase. However, the designer/manufacturer must derive more into
specific-domains in order to detail better his objectives with the design. Following the framework, these
requirements must be derived from the technical requirements of the different disciplines, not directly
from the integrator’s requirement, if the need exists, first a copy should be made into a discipline
before deriving into a domain-specific package. The same process backward if the creation of a new
requirement needs to go to a higher level package.

Figure 15 shows an example of electromagnetic requirements derivation. In this case, the decision
to use an already available design by selecting the stamping die for the stator and rotor laminations is
taken based on the motor frame dimensions, type of motor, and cross-domain objective of comfort.
This contains three requirements specifying the laminations for the stator, rotor, and type of steel.
The stator and rotor laminations instances, also shown with its attributes in the diagram, satisfy
these requirements. As a consequence of this requirement, the air gap is fixed to 1 mm. In addition,
this requirement affects other domains; therefore, a copy is made to the manufacturing package.
The torque ripple shall be less than 2% of the rated torque, because comfort is one of the main
objectives and the requirement of the noise level. Finally, mechanical and electrical requirements,
such as rated voltage, speed, torque, and others are copied.

req [Package] Electromagnetic [Electromagnetic Requirements]

Requrement “Requrements “Requirement>
Motor Frame Dimensions Surface Permanent Magnet Motor Comfort Motor Noise Level
1D = elevSysPM-MechRS-18 1D = elevSysPM-ElecRS-06 1D = elevSysPM-ObjRS-01 ID = elevSysPM-MechRs-23
The motor frame dimensionsis imited to the The motor ty pe shall be a Surface The noise of the motor shall not exceed 70
following dimensions: ype
Permanent Magnet Synchronous The dcr:ams shall design aiming low dB(A) measured at 1 m from the motor. = ™
levels of vibrations and noise. st
Widtham [rnn) Motor (SPMSM). Reted Speed
Length145 [mm] _
Height400 (mm] ID = elevSysPM-ElecmgnRS-07
Shaft height from floor170 [mm; «Rearement D
o tmm] Rated Speed pY
«deriveRead  geriveReqts equremen
Peak Shaft Torque
«deriveReqt> A «aopy» _
«deriveReqb» “Requirements Requirements | 1D = elevSysPM-ElecmgnRS-08
Torque Ripple Peak Shaft Torque
«deriveReqt»
ID = elevSysPM-ElecmgnRS-06
Requirements “Requirement
Airgap Length “Requirements - " o Rated Shaft Torque
Stamping Die Q 18P 16M80065D The motor torque ripple on rated operation e ej“es"ha;"‘_er"o"r e ] «opy»
1D = elevSysPM-ElecmgnRS-05 shall be equal or less than 2% of the rated q 1D = elevSysPM-ElecmgnRS-09
ID = elevSysPM-ElecmgnRS-01 torque.
The airgap length shall be 1 mm. |«deriveReqt> " | The motor shall be design using the stator <Requirements R 5
and rotor die Q18P16MB0065D. Requirement: S Requiremen
ony» Stamping Die Q 18P16M80065D orque opy» RMS Torque
1D = elevSy PM-ManufRS-03 ID = elevSysPM-ElecmgnRS-10
Requirement> |
Rated Voltage «Requirement»
«“py> Rated Voltage
e Requirement> Requirement>
Stator Lamination Q 18M80065D Rotor Lamination P16M80065D Lamination Steel Requirementr ID = elevSysPM-ElecmgnRS-11
Shaft Torque Characteristic
ID = elevSysPM-ElecmgnRS-02 ID = elevSysPM-ElecmgnRS-03 ID = elevSysPM-ElecmgnRS-04
N R «aopy> Requirement>
Use stztor lamination die id: Q18M80065D Use rotor lamination die id: P16MB0065D LEAIZ‘E?‘"’“"“ steel shall be —— Shaft Torqus Chamctertic
Speed Characteristic
ID = elevSysPM-ElecmgnRS-12
«apy»
«satisfy» .
«satisfy» satisfy » Requrement Requirements
«satisfy» i Number of Phases | Speed Characterisic
StatorQ1 RotorP1 1D = elevSysPM-ElecmgnRS-13
InstanceSlots InstanceSlots RO
[ «parameter» materialtype:RhpString = M80065D = «parameter» materialtype:RhpString = M80065D Nw;;*gﬁ":}";",:;ﬁs
= «parameter» insulationtype: RhpString = mixed coating = «parameter» PolePairsiint = 8
= «pa i = Die Stamped = «parameter» ManufacturingProcess: RhpString = Die Stam... 1D = elevSysPM-ElecmgnRS-14
= «parameter» OuterDiameter:RhpReal = 300 mm = «parameter» insulationty pe: RhpString = mixed coating
= «parameter» InnerDiameter :RhpReal = 215 mm = «parameter» OuterDiameter :RhpReal = 213 mm

Figure 15. Electromagnetic requirements derivation.
5. Discussion

The specification stage is a critical part for the correct development of electric motors.
The application of appropriate requirement engineering methods is compulsory to sufficiently carry
out the process. This paper offers a requirement engineering framework from the perspective of the
designer/manufacturer of electric motors. The framework puts special emphasis on the derivation
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of specialized requirements. The framework identifies the stakeholders, presented a classification of
requirements, and shows the activities involved in requirement analysis to end with well-defined
requirements in the context of motor development. This work attempts to provide a practical guideline
to the small-medium industry of electric motors to cope with the specification stage.

The requirement engineering process involves good cooperative and communication skills
among the stakeholders. Therefore, it is worth outlining that this framework lacks guidelines on
this communication process. The paper only provides the developer proper contextual means to
perform the process successfully. Nevertheless, the users of this framework may adjust it according to
their needs.
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