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Design of electric machines
Optimized drives: From a few watts to mega watts
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Introduction

Permanent magnet motor for ship propulsion

Vessel with battery and hybrid technology.
At least 30% reduction of greenhouse gases.

Prepared for future installation of zero emission
hydrogen technology.

Fuel sevings: 400.000 liter diesel per vessel and year.

* Power: 1850 kW
* Torque: 240.000 Nm
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Introduction

Permanent magnet generator

* Enables the cost-effective modernization of small
hydroelectric power plants.

* Optimized for each individual hydroelectric power
plant.

* No expensive inverters required.

* Permanent magnet generator directly connected
to the grid.

* Lot size one (first design must fit).
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Introduction
Example of a motor for racing karts
* Acceleration 0-100 km/h within <3.5 sec

* Maximum speed 145 km/h
* Peak power 27 kW
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Introduction

High-performance compressor

For electric fuel cells
Power: 22 kW
Speed: 150.000 rpm

Pressure rise: 2 bar
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Electrical Drive Design

Optimization
| o loop
Efficient multi-physics simulations for optimization

* Different tools are required
* CAD-tool for 3D-model
* FE-solver for electromagnetic solution
* Time-stepping solver for system simulations
* Optimization tool

* Frequent situation
* Different design tools

é

* Different data types

* Different interfaces - S — -
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Electrical Mechanical Thermal Environmental
simulation simulation simulation impact
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SyMSpace Model Setup

Setup of simulation workflow

Create complex workflows from Components

Execute & optimize workflows

Automated documentation

Model and data export
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Optimization

Environmental impact

CAD geometry from
parametrized model

R ! Postprocessing
S plots & results
e 2'}\_,\_,\ |

- Noise Vibration
Harshness (NVH)
W ’ Thermal finite

element simulation

}

Electromagnetic finite
element simulation

Mechanic finite\

element simulation
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Cluster Computing with HTCondor “.HTCond%r

A7 "High Throughput Computing

High throughput computing

* What is HTCondor?
* High-throughput computing software framework

* Developed by the University of Wisconsin-Madison
* Features of HTCondor _

aaaaaaaaa =
* Job queuing and scheduling o
* Priority/preemption for high-priority users I
* Fault-tolerant I
* Benefits of HTCondor in Cluster Computing ” |
* Allows for effective use of idle computing resources ot b A SUURUDIV I
* Provides robust job management and monitoring il RN
* Supports heterogeneous collection of computing resources =l HHM‘u’M”h ‘WMMML i
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Optimization Algorithm

* Grid

Calculates any possible parameter combination.

Requires huge amount of calculation power

* Generational NSGA-II
(Non-dominated Sorting Genetic Algorithm II)
Steady State Async NSGA-II

* Generational SPEA2
(Strength Pareto Evolutionary Algorithm 2)
Steady State Async SPEA2

* DECMO
(Differential Evolution-based, Coevolutionary
Multi-objective Optimization algorithm)
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Optimization Algorithm

Hybrid Optimization Method

For complex simulations, a surrogate model based on
artificial neural networks (ANNS) is created.

front computation

. . . FE-based MOEA FE-based MOEA
This surrogate model is created during the o cution _ xecution
. . . . = Tor enerations « for N, N<M generations
optimization fully automatic on-the-fly. :
Surrogate model ‘ L....
Optimization speed can significantly 5 B
be improved. 5 SO o
Input Hidden Layer Qutput E SR S—
Layer Layer g Surrogate-based Pareto

FE-based re-evaluation

Final Pareto front ’
—

Final Pareto front
computation

computation

Optimization based on surrogate model

Surrogate model
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Multi-Physics Simulation

Efficient simulation models for optimization

* Efficient simulation models are required for optimization

* Simulation models for motor optimization

Simulation time should be a few minutes only.

Thermal simulation
Magnetic simulation including additional losses due to PWM

: Magnetic simulation
harmonics

Transient voltage effects

Thermal simulation:

2D heat conduction problem solved with finite element method
(FEA)

Lumped parameter models

Rotor strength simulation with linear and elastoplastic material.

Noise vibration harshness (NVH) simulation.

Strength simulation NVH simulation
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Magnetic Simulation

* Generic geometry model including
* Wire arrangement in the slot.

- - - - . /
* Parametric models for round wire and hair pin wires are ]

available. ;;_.
* Magnetostatic FEA for different dg-currents X‘/

* Rotor is rotated in discrete steps.
* Time harmonic FEA for different frequencies
* Linearized model with frozen permeability.
* Flux interpolation model based on radial base functions

* Fast post-processing calculation of load points and torque-speed maps is feasible
without FEA.

* Analytical calculation of PWM losses based on time harmonic results
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Simulation Workflow for Permanent Magnet Machines

Specification
Tn=50Nm

n=4000rpm ...

. 4

Geometry P

Model Setup Iﬁl Winding I

A 4

A
Material I

FE-Simulation

AC loss calculation

phase voltage

| Skewing, ... I»

¥

Interpolation model
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Overview of Additional Losses

Efficient simulation method

Based on magnetostatic FEM Based on time harmonic FEA with frozen
Ngteps permeability

f< fy

Proximity and skin losses Proximity and skin losses

Losses in parallel wires

Magnet losses " | :
(slot harmonics, current distortion) ‘ ; _‘_— VERIELE (et el 1o BN

Losses in rotating and stationary @
thin-walled sleeves

Losses in solid materials
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Thermal Simulation

Steady-state and transient simulation

Heat conduction problem is solved in 2D with finite element method (FEA)
—> steady-state temperature distribution.

Parameters for equivalent thermal circuit are calculated from FEA solution.

Thermal elements to consider 3D effects (end winding, ...) are added.

Transient thermal simulation is based on equivalent thermal circuit.
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Mechanical Strength Analysis

Rotor stress under centrifugal load

Simulates a rotor under centrifugal load in 2D.
Evaluation stress, strain, plastic deformation and transmittable torque.

* Linear and elastoplastic materials can be used. Mises
* Various forms of mechanical contact: stress
* Force / interference fit, distribution.
* Contact with friction, ... initial shape
* Plane stress (e.g., for laminated steel stacks) or plane strain model can be used. / plane strain
/ P plane stress

* Analyses of
* Mises stress in the rotor.
* Equivalent plastic strain.
* Maximum transmittable torque for each given force fit boundary condition.
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Noise Vibration Harshness (NVH) Simulation

Coupling of Electromagnetics and Mechanics

* Simulation of magnetic forces acting on the stator surface

* Calculation of magnetic flux density in the air gap of the electrical machins
* Surface stress is computed by Maxwell stress tensor

BZ—B%*/2 BB, B, B.
= 1
S==[ BB, B;-B/2 BB B2 = B2 + B2 + B?
o
B,B. B,B. BZ-—B%/2

* Normal and tangential components of flux densities ;
produce stress in normal and tangential
directions on the rotor surface.
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NVH Simulation

Mapping of magnetic forces onto stator teeth

* Methods of mapping magnetic forces onto stator teeth
* One single force and torque per tooth.

* Forces in radial and tangential directions per mechanical mesh
element on stator surface.

* The magnetic stress in the area of the slot opening must be considered.

120 T '
mofl Zoyrimim] ¢
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NVH Simulation

Examples

2500ke7
1,2527e-7
3,1357e-10 Min
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Force Calculation for Rotor / Stator Displacement

Simplified simulation method

* Two additional FEMM simulations are performed
for the sector:
1. The rotor is shifted upward by the eccentricity to
reduce the air gap.

2. The rotor is moved downward by the eccentricity
to increase the air gap.

* For a stator or rotor displacement, the flux
density as a function of rotor position is
interpolated between the increased air gap, the
nominal air gap, and the decreased air gap.

q q : LINZ
Science becomes reality CENTEROF 23
MECHATRONI



Force Calculation with DC Current Component

Simulation Method

1.|J.|:| ........ ........ ........ ........ ........ ........ ..... .
* A DC offset in the current, introduced by the ~d | i A o

inverter, leads to additional harmonics in the force
spectrum.
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* These include not only even-order harmonics but
also odd-order harmonics, such as the 1st and 3rd.
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Optimization Example

Enhancing motor efficiency by consideration of mechanical sheet material [1]

o —

P T Rotor
e .y ERotorsheet
[JPermanent Magnets

\- Stator

\ M Coils
»iron
\‘

* Motor design similar to Toyota Prius 2010 [2]

* V-shape embedded magnets

* Motor specification / \
* Nominal torque: 70 Nm at 2770 rpm ‘/‘ \
* Peak torque: 200 Nm at 2770 rpm
* Maximum speed: 14 550 rpm \.\ i , /.-/
* Non-operational speed: 17 460 rpm ‘\\ / N 4 //

Minimum DC link voltage: 650 V

[1] Enhancing Electrical Drive Efficiency through full consideration of mechanical sheet material properties in the design phase.
B. Hartl, S. Weitzhofer, J. Passenbrunner, L. Wagner, T. Gross, International Electric Steel Sheet Summit, 2024

[2] Burress; Campbell; Coomer; Ayers; Wereszczak; Cunningham; Marlino; Seiber; Lin; Evaluation of the 2010 Toyota Prius
Hybrid Synergy Drive System. United States. 2011. https://doi.org/10.2172/1007833
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Optimization Example

Problem definition

* |s it possible to improve the efficiency by better utilizing the rotor material?
* Improve efficiency by allowing minimal plastic deformation.

* Objectives (Minimization)
* RMS value of current

* Constraints

¢ Mass of motor * Maximum equivalent plastic strain

e Material costs (PEEQ) at non-operational speed is

* Torque ripple (cogging torque) constrained to a maximum of 0.3%

* Total losses * Temperature within winding must not
* Peak temperature within winding exceed 120K above stator surface
* Plastic strain temperature.
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Optimization Example

Improvements after optimization
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Optimization Example

Comparison of optimized motor designs

Comparison of the motor design with plastic strain (colored)
and the motor design with elastic limits (contour)

The motor design that allows plasticity has

16% lower current

18% less weight

16% material cost reduction
18% less torque ripple

3% lower losses

5% smaller diameter

compared to the motor design with elastic
simulation.
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