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Abstract

This paper presents a systematic approach to multidisciplinary design automation in electric motor
engineering, focusing on component design. Existing work in this field is often limited to a single level and
lacks portability and reusability. The approach aims to enable simultaneous component and system design,
with comprehensive models capturing specifications and architecture. Feasibility is demonstrated through the
automated design of additive manufactured hairpin windings.

Keywords: design automation, multi-/cross-/trans-disciplinary approaches, electric machine,
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1. Introduction

Electric motor engineering is a field which displays intricate interconnections between the different
engineering domains such as electro-magnetic, thermal, structural, and manufacturing. Consequently,
the field of electric motor engineering has witnessed a significant rise in the application of
multidisciplinary design automation approaches (MDDA\) in recent years. These approaches allow for
the simultaneous optimization of various properties in the design process, leading to improved
performance and efficiency of electric motors. However, a recent review has revealed that despite its
growing popularity, systematic approaches to set up MDDA processes for electric motor engineering
are lacking. (Umland et al., 2023)

Furthermore, existing MDDA applications often are limited to very specific cases, like high-speed
motors or they integrate all knowledge into geometric models or hard coded procedural rules. This
hinders the transfer of these approaches to other applications or motor designs (Umland et al., 2023).
The same review also underscores the absence of strategies that integrate the various architectural levels
of electric motor engineering, particularly the interaction between system-level and component-level
design (Umland et al., 2023). Moreover, it is common for design automation to be set up by engineers
who, while experienced in application-specific domains, may lack formal training in software
engineering, which suggests a potential gap in expertise that could benefit from additional support
(Vidner et al., 2022).

This work aims to bridge these gaps by proposing a systematic approach for deep diving into the design
automation of a specific component of an electric motor. The proposed method enables to set up a design
automation for detailed component design, with the goal to link it to the system's design procedure in
future work. To highlight the applicability of the proposed approach, it is employed for the design of an
additive manufactured hairpin winding.
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2. Related work

In this section we provide an overview of the state of the art for setting up design automation workflows,
component design in MDDA of components for electric motors and design automation (DA) for hairpin
windings.

2.1. Setup of design automation workflows

Design automation represents a transformative approach in various engineering disciplines, utilizing
computer-aided tools and methodologies to enhance and streamline design processes. Cederfeldt and
Elgh (2005) define DA as reusable design engineering support which utilises computerized methods to
automate the design process. This includes different methods and applications aimed at automation of
repetitive and non-creative tasks (Verhagen et al., 2012) with the common goal to increase efficiency
and reduce the risk of errors (Rigger and Vosgien, 2018). DA can be utilised by using knowledge-based
engineering, which is a concept connecting artificial intelligence and CAD (La Rocca, 2012). According
to Colombo et al. (2014) creation of DA systems involves three steps: knowledge capturing,
formalization and representation. More detailed steps to setup a DA framework is presented by Rigger
et al. (2018), who try to identify tasks that need to be performed in order to identify relevant inputs,
outputs, formalization and DA methods. Recent work focusing on hands on development of DA systems
has shown how the formalized steps in knowledge collection and formalization also can be used to
divide components into subunits used to build a DA framework. For instance Biedermann and Meboldt
(2020) show how a knowledge capturing based on part architecture can be used to break down parts into
design elements which then are used in a design synthesis step to build new variants of the design. The
parts architecture is derived from an abstract system model and serves to define the different design
elements and their functional and geometrical interactions. A similar approach including a more detailed
description of tasks for the different steps is presented by Wiberg et al. (2023).

2.2. Component design in MDDA of electric motors

Component design in this work refers to MDDA processes where singular components are designed in
detail, in contrast to system design, where the main parameters of all relevant components of the system
are designed at once. Both can be found in the literature of MDDA for electric machines (Umland et al.,
2023). Farhan et al. (2020) poses an example for system design in the scope of a MDDA by designing
the active parts, i.e. stator, rotor and winding of the electric motor and analysing it from an
electromagnetic, thermal and a mechanical view. For this, the system has to be simplified and the amount
of design variables taken into account is limited. Most similar approaches focus on active parts design,
passive parts and geometries are often neglected, but can have a significant influence on certain
optimization objectives (Golovanov et al., 2019). In (Di Nardo et al., 2016) a component specific design
is reported for the design of a rotor for a synchronous reluctance motor. Here only parameters of this
specific component are considered, thus fixing parameters of other machine components, e.g. the stator.
Consequently however, certain interdependencies between the components must be neglected. Thus,
both system-centric and component-centric design approaches are constrained by their inherent
limitations. Although some authors, such as Dai et al. (2019), adopt strategies that consider both
component and system design aspects, the review by Umland et al. (2023) highlights that multilevel
approaches are often overlooked in electric motor design, thus missing opportunities for parallel
optimization processes and indicating a need for further methodological support.

2.3. Design automation for hairpin windings

A hairpin winding in electrical motors is a type of winding configuration where the individual wire turns
are bent into a hairpin shape. This winding design allows for a more compact and efficient motor design,
caused by improved heat dissipation and higher power density. However, the conventional production
of hairpin windings requires a complex manufacturing process and is therefore only suitable for high
volumes. (Du-Bar et al., 2018)

Design automation of hairpin windings is subject of current research. For instance England and Ponick
(2019) propose an approach for automatic design a hairpin winding scheme considering limiting factors
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from an electromagnetic point of view, without considering the 3D geometry of the winding head. To
deploy the benefits of additive manufacturing the 3D geometry must be designed in detail. Putz et al.
(2023) demonstrate the automated design of a hairpin winding. The presented application is standalone
and not integrated in to the motor's development process. This prevents the feedback of winding head
design parameters into the system design, potentially resulting in additional design iterations or
suboptimal winding designs.

In conclusion, existing approaches that partially address the setup of DAs have not been widely adopted
in the field of electric machine engineering. This paper introduces a systematic approach to establish a
DA specifically for a component of interest. This approach allows designers to effectively connect
detailed component design with the overall motor design.

3. Approach

In (Umland et al., 2023) a framework is presented that aims to include the detailed design of a
component of interest in to the overall motor design process.

System and process context
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Figure 1. Framework for the MDDA of electric motors including component design aspects

The framework addresses the lack of guidance in setting up Multidisciplinary Design Automation
(MDDA) processes for electric motor development. The framework consists of two main components:
The System Design Model (SDM) and the Component Design Model (CDM). The SDM describes a
modular framework for the design of electric motors at the system level, allowing for adaptation to
specific application scenarios and design process stages. The SDM includes system level analyses from
different domains, e.g. electromagnetic or thermal. For computational reasons, these models are strongly
simplified, often preventing to consider component design aspects. For this reason, the CDM focuses
on the design of individual components of interest within the motor. (Umland et al., 2023).

The framework also provides methodological support for preparing and adapting the implementation of
the CDM and SDM. This includes knowledge acquisition, formalization, analysis, optimization, and
adaptation steps.

In this work the focus is put on the preparation and setup of the CDM, which is marked by the dashed
line in Figure 1. Starting from inputs from the SDM regarding the component's system and process
context, this involves systematically acquiring and formalizing knowledge about the manufacturing
constraints, evaluations and possible variations of the component.

Overall, this paper aims to answer the following research question:

What are the necessary steps and considerations for engineers to set up component-
specific models within a Multidisciplinary Design Automation (MDDA) framework for
electric motors?

DESIGN METHODS AND TOOLS 817

https://doi.org/10.1017/pds.2024.84 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2024.84

3.1. Component design framework

The general CDM framework for establishing and executing a CDM can be divided into three primary
domains: CDM Implementation, knowledge formalization, and implementation specification.

As shown in Figure 2, CDM Implementation encompasses a reasoning engine, a geometry generator,
and CAE evaluations utilizing the generated geometry. To establish this implementation, an
implementation specification is required, comprising a DA requirements model and a DA architecture.
The DA architecture describes the structural composition of the DA blocks, their respective functions,
and the interconnections between them, resembling a software architecture.

Implementation CDM Implementation Formalization linked
specification Reasoning to CDM
= Parameters
—% || Geometry '
considered generator Constraints
Component
i omponeryy
configuration

Figure 2. Component design model setup framework

The review in (Umland et al., 2023) revealed, that current implementations of multidisciplinary design
automations for electric motors are lacking other forms of formalization other than shape based or
procedural rules, which limits the reusability of approaches. Thus, in this work additional knowledge
formalization models are proposed that are directly linked to the implementation of the CDM. This
includes a requirements model mainly to link constraints and manufacturing restrictions to the CDM
implementation as well as a physical architecture model, where the physical architecture of the
component and the electric motor can be modelled. This allows to adapt the CDM according to a
changing motor configuration as well as the analysis of different configurations of the component of
interest. Modelling the variability of the component and the system context can enable the engineer to
reuse parts of the design automation in a different application, e.g. by reusing the component architecture
model in a different motor or by reusing the system context architecture for the detailed analysis of a
different component.

3.2, Set-up process for the CDM following a breakdown structure

To set up the models presented in the CDM framework, we use an approach that is oriented along the
breakdown of the component of interest, adapting an approach proposed in (Biedermann and Meboldt,
2020). Overall, our approach aims to standardize and guide the knowledge acquisition, formalization,
implementation, and testing of the design automation of the component of interest.

For the breakdown structure, we suggest the levels depicted in Figure 3.

>

System integration level

Component assembly level

Subcomponent level

Implementation
Testing

Knowledge acqusition

Geometry level

<

Figure 3. Breakdown structure of the approach given for the example of a hairpin winding

For the knowledge acquisition this breakdown structure is used in a top-down approach. Starting from
the component's context, necessary knowledge to build the models and architectures will be collected
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on each level down to the geometry level. For each level a set of tasks, corresponding knowledge items
as well as their proposed formalization in the framework will be presented. After the knowledge
acquisition the breakdown structure will be revisited for the implementation and testing of the design
automation, according to the implementation specification that was created during knowledge
acquisition. This time however, in a bottom-up fashion. Starting from a geometry level to build the
design automation of the subcomponent before integrating them to assemble and evaluate the
component. In the following each level will be presented in more detail.

3.2.1. System integration level

The system integration level focuses on integration of the component into the system's MDDA. As
shown in Figure 4, the knowledge to be collected at this level includes the component's physical context,
current consideration of the component in the system-level MDO, inputs/outputs of the component
design model (CDM), necessary CAE evaluations, requirements for the component's design derived
from system requirements, as well as objectives and constraints derived from the system level.

Tasks Conduct physical Conduct MDO Break down system Break down SDM Derive necessary
on this system context process analysis for requirements to objectives and CAE evaluation for
level analysis CDM component constraints to CDM CDM

Knowledge

to be architecture of
JIlSve =Wl component context

i Inputs / Outputs of Component CDM objectives and Sz Bl e b

be specified and

CDM requirements constraints implemented

Formalization Physical DA architecture Physical Reasoning engine DA requirements
architecture model (black box view) requirements model maodel

Figure 4. Tasks, knowledge items and formalizations for the system integration level

The DA architecture model on this level captures this information in a black box view of the CDM. For
this framework it was chosen to adopt the SIPOC (Supplier, Input, Process, Output, Customer) analysis,
as proposed by Rigger (2019).

3.2.2. Component assembly level

As it can be seen in figure 5, this level primarily emphasizes the identification of subcomponents,
including their variants. This level also involves the breakdown of component requirements to the
assembly level and the determination of requirements and constraints that arise from the manufacturing
process at this level. The assembly level is the first level, where a white box view of the design
automation becomes necessary. For this architecture diagrams are created, using the enterprise
architecture modelling language ArchiMate. The modelling approach for the design automation
architecture proposed by Rigger (2019) allows to model the different artifacts of the DA, as well as their
interconnections with external models and applications, thus guiding the subsequent implementation.
The last step aims to design tests for the design automation on the assembly level. The design automation
on this level mainly aims to combine individual units of code. Consequently, we propose to use
integration testing on this level as described in (Leloudas, 2023).

Task_s Req_ulrements Derive Derive reference Derive CAE Create DA Bl s E
on this elicitation assembly

geometries from evaluations for "
| I level architecture assembly level
eve

subcomponent;
P e system context assembly level

Knowledge Requirements to be Component Reference Specification of
to be considered on architecture on geometries on CAE evaluations on
collected assembly level assembly level assembly level assembly level

Test specification for
integration tests on
assembly level

DA architecture for
assembly level

Formalization Physical Physical CDM DA requirements DA architecture DA requirements

requirements model architecture model Implementaiton model (white box view) madel

Figure 5. Tasks, knowledge items and formalizations for the component assembly level
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3.2.3. Subcomponent level

On this level each of the subcomponents and their variants will be specified further, by again breaking
down the requirements from the upper level to the subcomponent level and deriving manufacturing
constraints that arise from the manufacturing process for this level. Dependencies between
subcomponents and their variants and other parts of the system are searched for.

Analyse
subcomponents and
variants regarding
dependencies

Derive reference Derive CAE
geometries from evaluations for
assembly level subcomponent level

Tasks Requirements
on this elicitation
level subcomponent level

Knowledge Requirements to be Component Reference Specification of
to be considered on architecture on geometries on CAE evaluations on
[+7s]|I=Te1 lo B s ibcomponent level assembly level subcomponent level il subcomponent level

Physical Physical CDM DA requirements
requirements model architecture model Implementaiton model

Formalization

Figure 6. Tasks, knowledge items and formalizations for the subcomponent level

The subcomponent level describes the smallest part of the overall design automation, performing a very
clearly defined task of generating and evaluating the geometry of the subcomponent. To make sure that
each subcomponent of the design automation works as intended we propose to design unit tests on this
level, following the approach in (Leloudas, 2023).

3.2.4. Geometry level

As displayed in Figure 7, for each of the subcomponents on this level a modelling strategy must be
found. Furthermore, as the design automation is supposed to be part of a MDO, computational time is
of highest importance, which should be considered as well.

Tasks e ?ec]?;s?ry Derive parameters Derive parameters
on this gzi?;rgdtlalii ity controlling the controlling the
level S 9 geometry assembly
Knowledge DA architecture and . . Design variables for
to be requirements on 022 A e A il component

each subcomponent

collected subcomponent level assembly

DA architecture DA requirements Reasoning engine
(white box view) model

Formalization

Figure 7. Tasks, knowledge items and formalizations for the geometry level

Overall, for the modelling strategy both the required geometry for CAE evaluations and the geometry
fidelity to consider manufacturing constraints must be considered. Based on the modelling strategy
parameters controlling the geometry will be identified, which then must be transferred upwards again,
to derive the parameters controlling the assembly.

4. Application to hairpin winding

The proposed framework will be applied to design an additively manufactured (AM) hairpin winding
for a permanent magnet synchronous motor, which serves as a component within the drive axle of an
electric truck. Given the limited axial and radial dimensions of the motor in this specific application, the
framework addresses the challenges of achieving high efficiency and flexibility, despite the relatively
small production volume. By specifying and automating the design process for this component, the
framework enables the evaluation and creation of multiple variants that can be integrated into the overall
MDDA of the motor.
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4.1. Knowledge acquisition

4.1.1. System integration level

For the physical system context of the hairpin winding head the surrounding components were identified
and modelled in the architecture model. Neighbouring components of the hairpin winding are the stator
lamination, the housing, the power connection, necessary sensors and the cooling system.

To gather information regarding the inputs and outputs of the CDM a SIPOC analysis as proposed in
(Rigger, 2019) was conducted. From a process perspective the inputs are mainly the geometry from the
surrounding components of the motor, as well as the winding scheme of the winding, which dictates the
connections that have to be established in the winding head. For this, a dedicated tool, named Hairpin
Winding Configurator (HairpinWiC) was developed to handle the complexity arising from the vast
number of possible variants and constraints to be considered. The tool generates zone plans that depict
the possible configurations of the individual phases and parallel branches. These plans serve as the basis
for creating feasible winding schemes. The Hairpin Winding Configurator takes into account essential
rules for the hairpin winding layout according to England and Ponick, 2019 and Zou et al., 2022. The
HairpinWiC produces variants of winding head connection combinations, which act as an input for the
CDM. The main optimization objectives of the motor, maximizing the efficiency and minimizing the
axial length, translate to minimizing the electric resistance, maximizing the thermal active surface as
well as reducing the height of the hairpin winding head for the hairpin winding. In terms of CAE
evaluations these objectives make a loss analysis, as well as an analysis of winding head surface area
and height necessary. Furthermore, based on the application, requirements from the system level were
broken down to the component and captured in the physical requirements model for the component.

4.1.2. Component assembly level

For the component assembly level four subcomponents were identified: Repeating connectors, special
connectors, the star point connector as well as the connection terminal. In the next step the requirements
were elicited, by breaking down higher level requirements as well as analysing the manufacturing
process regarding requirements for this level. As reference geometries stator, winding in the slot and
housing of the electric motor were identified. In order to represent the different views of the component
model including the requirements, architecture, and constraints relevant for the DA, a SysML model is
used, as depicted in Figure 8. The modelling follows the SYSMOD (Weilkiens, 2020) approach and
addresses the different configurations that can be realized at the different levels.

Figure 8. Excerpt of the component model realized using SysML to represent the architecture
of the additive manufactured winding head including variants and essential constraints
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Furthermore, the variants possible to realize the hairpin winding are represented using a class diagram
using the VAMOS approach (Weilkiens, 2016) . Due to the formalization of the modelling language the
different knowledge items can be transferred into XML and assigned to the elements, namely geometry
and rules used within the DA. Moreover, the effect of specific manufacturing technologies, here additive
manufacturing, is represented by refinement of specific constraints like the minimum distance required
between conductors. Based on the gathered information a DA architecture was derived and modelled in
ArchiMate following the modelling paradigm presented in (Rigger, 2019).

4.1.3. Subcomponent level

For each of the subcomponents it was analysed, how requirements from the higher level must be
transferred to each subcomponent. The main reference geometries identified on the subcomponent level
are the positions and the cross sections of the conductors to be connected by the different connectors.
On subcomponent level restrictions stemming from the AM process must be considered. Since support
structures should be avoided, minimum allowable overhang angles as well as overhang and fillet radii
were identified as requirements on the subcomponent level. The exact parameters for each repeating
connector, special connector as well as the connections to form the star point and the terminal are
dependent on the winding scheme and must be identified with a custom script every time a new winding
head is generated. Furthermore, on the subcomponent level the AM process enables further variants of
the connectors, in contrast to the conventional process which is limited by the bending process. The new
variants were also modelled in the component architecture model.

4.1.4. Geometry level

A strategy for modelling the various subcomponents was developed at the geometric level. A similar
modelling concept as shown in (Putz et al., 2023) was used, which models the path of the connectors,
transfers the cross-sections to the geometry and then sweeps to form the 3D-geometry, as depicted in
Figure 9.

Connector b) Assembly
side view

a) Assembly
wire model 3D Model

Figure 9. Hairpin-winding modelling: a) Single connector, b) assembly wire model of exemplary
design, c) assembly 3D model of exemplary design, coloured to show the phase of the conductor

To keep the computational effort required by the CDM as low as possible within a MDDA, it was
determined that a 3D geometry would not be used to evaluate the hairpin winding head. Instead, a
skeleton model is used, which can be employed afterwards for the 3D geometry creation as depicted in
Figure 9. The most important parameter for controlling the geometry is the skew angle of the conductors.
The skew angle significantly affects both the height of the winding head and the distance between the
conductors in the assembly. Also overhang angles and radii of the created connectors need to be
considered in the requirements model and linked to the implementation.

4.2. Implementation and testing

The various levels of the component design model were implemented using Synera® software. The
software utilizes a node-based editor and is capable of creating CAD models in a similar way to the
Grasshopper® software used in (Biedermann and Meboldt, 2020) and (Putz et al., 2023). Synera®
further extends this concept by acting as a process integration and design optimization (PIDO) platform
via the integration of various tools, e.g. for evaluation purposes. For the evaluation based on the skeleton
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model custom Python scripts were developed to calculate the resistance, height and surface area of the
winding head. To prevent invalid designs resulting from design automation at the assembly level,
integration tests have been executed with various input parameters. The purpose of these tests is to
ensure that the connectors do not interfere with each other and maintain a certain distance for post-
processing after the additive manufacturing of the winding. In addition, unit tests were conducted for
each subcomponent. For the hairpin connector, we tested whether the created connection path passes
through the intended starting and ending points for different connectors.

4.3. Results

Using the proposed approach, it was possible to set up a working design automation workflow for an
AM hairpin winding. With the implementation of the CDM, it is possible to create and evaluate different
designs for different winding schemes. Further variation points stem from changing the product
architecture configuration via the product architecture model, which is linked to the implementation of
the CDM. This allows to create different component designs for the same winding scheme. For this,
further variants of the different subcomponents will be added in future work. Additionally, a comparison
of the conventional reference motor winding and a selected automatically created design, as it is shown
in figure 9c, is made. The design study was limited to winding schemes resembling the scheme of the
reference motor. With the generated design it was possible to reduce the total winding head height by
15 % in comparison to the reference motor. Furthermore, the Hairpin-CDM evaluates the surface area
and the resistance of the winding head, which can be fed back to the analysis models in the SDM.

5. Discussion and conclusion

The proposed approach provides a systematic way of setting up the design automation process. The DA
architecture model acts as a blueprint for creating the design automation and also serves as
documentation for future reference and reuse in different contexts. This makes it easier to understand
the software created and enables its reuse in various developments. The breakdown structure employed
in the approach allows for systematic knowledge collection, enabling the consideration of in-depth
component requirements. Additionally, by separating the product architecture from the code and linking
it to the CDM, it becomes possible to capture knowledge outside the code. This knowledge can then be
accessed and reused in different developments. Furthermore, the design automation of specific
components, such as the hairpin winding head, allows for a more detailed design that would otherwise
be neglected in traditional electric machine design.

In conclusion, this article presents a comprehensive framework for the systematic establishment of a
component design automation for electric motors within the framework of Multidisciplinary Design
Optimization (MDO). The framework incorporates models that capture specifications for the physical
component and the implementation of the design automation, allowing for efficient and effective design
processes. The proposed approach, being application-independent, can be adapted for a variety of
applications and components of interest.

To demonstrate the feasibility and applicability of the approach, the framework was applied the design
of additive manufactured hairpin windings. Multiple variants of hairpin windings were generated and
evaluated, showcasing the framework's ability to explore diverse winding schemes and product
architecture configurations. The framework proved instrumental in optimizing the hairpin winding
design within the MDDA framework.

Future research will focus on showing the framework's adaptability to other components of electric
motors, both active and non-active. Furthermore, the utilization of additive manufacturing for hairpin
windings opens up possibilities for more intricate and complex designs, which will be a subject of
investigation in future studies. Overall, this framework provides a valuable contribution to the field of
electric motor design and optimization.
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