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WHY DOES THE MOTOR ROTATE?

. . BRUSHLESS DC MOTOR
Windings /poce Vector, Is

* How is the current distributed?

What are the two vectorse

* Which vector is leading and what is the significance of that?2
* How can you physically create this space relationship?2
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THE BASICS

* A magnetic field can be described using lines of flux;
* Such lines form closed loops;

» Such lines do not cross;

* Such lines when parallel repel one another.
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THE BASICS

* Magnetic fields have north and south poles;

* A current carrying conductor lying in a magnetic field
experiences a force;
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\|

THE BASICS

* Varying magnetic flux linking a circuit induces an EMF (Faraday’s Law);
* Induced EMF opposes the change of flux (Lenz's Law).

Reference: Faradays Law in 3 minutes by PhysicsHigh
https://youtu.be/npls3sQP7xk2si=RhtRNFévx1 DMww-I|
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IMPORTANT FORMULAE

» Force F = BIL;

* Flux ® = BA;

* Flux Density B = ©/A;

* EMF = Blu, u is the rate of change;
« EMF = -d®/df;

* EMF = -dN®/dft;
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THE BASICS

» Force on a Current Carrying Conductor, Tm in length

B =0.5T

| = 800A
F = 0.5x1x800 = 400N
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FORCE ON A CURRENT CARRYING WIRE

« F=1ILXB
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AMPERE'S LAW

»>Line integral of a magnetic field in a closed path equals net current enclosed;

j.JB Al =y 21, 00 \
{;H dl = §J.ds @RHN

H I, = Ni

:B(ﬁ‘dS:B(an):p@I:B:

itside  .-77

Lol

Hol
2nr

Reference: Ampere's Law, YouTube, uploaded by Flipping Physics
https://youtu.be/gVr CFlIY2A2si=e UFQsP1ZZObtOjR
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AMPERE'S LAW

* Where B-magnetic flux density in Tesla;

* H- magnetic field strength in AT/m;

* N- Number of turns;

* |- Current flowing in the path in Amperes;

* |- length of the path through which current flows
in meter;

 J-current density in A/m2;
* Smallincremental length-dl and area-ds;
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KEY DIFFERENCE SUMMARY (B VS. H)

Represents Magnetic field effect Magnetic field cause

Depends on Field intensity and material iy @i EUTEly mMEghEne
sources

Units Tesla (T) Amperes per meter (A/m)

Formula B=pH H=B/u

Affected by material Yes (Via Permeability) No (intrinsic to the field source)
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UNDAMENTALS OF MAGNETIC CIRCUITS

« Magnetic flux in the cross section of a core is given
as: ¢=BA

* Where @ is the fluxin the core;

 Magnetic Flux density is defined as: B =

* Where u is the permeability given by: 4= thH,

 The flux can be also expressed as:

H-Ni.A _ Ni

= uH A=
¢ = 7 =

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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UNDAMENTALS OF MAGNETIC CIRCUITS

* Where R is the reluctance given by: R :L
* Niis defined as MMF denoted as ‘F'; w
* Flux can also be written as: ¢:]j

~

* Magnetic circuits are analogous to electric
circuits;

21
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FUNDAMENTALS OF MAGNETIC
CIRCUITS

Electric Circuit Magnetic Circuit

22
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FUNDAMENTALS OF MAGNETIC
CIRCUITS

Electrical Circuit

Magnetic Circuit

V=IR F=PR
R=I/(cA) R=I/(uA)
R=1/G, G> Conductance R=1/P, P >Permeance
SV=YIR (KVL) SF=Y PR (KVL)
Y1=0 (KCL) YP=0

~
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FUNDAMENTALS OF MAGNETIC
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FUNDAMENTALS OF MAGNETIC
CIRCUITS

* Flux linkage (Total Flux in a Coil) is defined as: A=N®;
* Magnetic flux linkages of 2 coils is given by:
A=Ay + 4y
Ay =2y + 4y
* First subscript indicates coil of flux linkage;
» Second subscript indicates coil which is carrying current;
* Inductance is defined as: L=(NP/I)=(A/1);

25

FUNDAMENTALS OF MAGNETIC
CIRCUITS

« Self & Mutual inductances are defined as: ﬂjk
« Self inductance of j coil when j=k; Ly _i_

k
» Mutual inductance of | & k coil when j not equal to k;

/11 = Lllil +L12i2
22 = Lzlil + Lzziz

26
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N

WHAT IS INDUCTANCE®?

» Defines the Geometry of the Magnetic Circuit
o L=u.NZA/

+ (Geometric Parameters Define Inductance)

Can this formula be significant in
determining stator level inductance, Ld

and Lg?

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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WHAT IS RELUCTANCE?®?

Another parameter which defines the geometry of a magnetic circuit;

R=1/(u.A)

« L=N?/R;

* Inductance is inversely proportional to Reluctance.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.
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QUESTION

* If | have a magnet placed in a magnetic circuit that also
includes an air gap —

» and | assume there’s no flux leakage or fringing —

» will the magnetic flux density stay the same throughout the
whole path, including through the magnet, the core, and the
air gap?
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A SAMPLE PROBLEM

* By =0.5 +0.25.8in(wt);

* 0.5T created by the magnet;
» 0.25T created by the current;
* Findd andi.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
Srohibited

distribution is prohibited

31

~

A PERMANENT MAGNET
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BASIC DESIGN CONSIDERATIONS IN MOTOR
DESIGN

Dynamic Modeling of BLDC Motors

BASIC DESIGN CONSIDERATIONS

» Torque Output;
* Weight;

* Size;

» Power Output;
* Noise.

Copyright 2025-26 PEG This document contains privileged informa tion. Any unauthorized review, use, disclosure, or 34
distribution is prohibited. b
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~

DESIGN CONSTRAINTS

 Specifications
* Bus Voltage;
+ Rated Speed,;
* Rated Torque

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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DESIGN CONSTRAINTS

* Number of Phases;

* Number of Poles;

* Number of Slofts;

» Air Gap Thickness;

* Motor Aspect Ratio;

* Maximum Outer Diameter;
* Maximum Length.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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* Rotor Parameters
* Rotor Location;
» Rotor Type;
* Rotor Temperature;
+ Rotor Magnet Material.

Copy
distribution is pro

hib

ted

right 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
Srohibited

Tuesday, April 22, 2025

~

DESIGN CONSTRAINTS

37

» Stator Parameters
« Stator Type;
» Stator Temperature;
« Stator Coil Material;

Copyric
distribution

s prohibited
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DESIGN CONSTRAINTS

38
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DESIGN CONSTRAINTS

» Sizing Parameters
» Torque per Unit Volume (TRV);
» Rated Current Density;
« Fill Factor;
» Rotor Stator Diameter Ratio;
- Stator Flux Density;
* Back-EMF limit;
* Magnet air gap ratio;
* Magnet Coverage.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 39
distribution is prohibited 7
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DESIGN CONSTRAINTS

» Contfroller
» Size;
» Current;
* Location;
» Conftrol Methods.

distribution is prohibited
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DESIGN CONSTRAINTS

* Mechanical Interfaces
» Geared or Gearless;
* Mechanical or Electromagnetic Brake Interface;
* Very Low Cogging Torque.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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DESIGN CONSTRAINTS

» Manufacturing Considerations
+ Winding Method & Design;
* Lamination Method & Design;
* Magnet Method & Design;
» Shaft Method & Design;
* Metal Housing + Cover Method & Design;
» Thermal Limitations.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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EXAMPLE

 Specifications
» Bus Voltage = 24V;
* Rated Speed = 155 rpm;
* Rated Torque = 22Nm.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited 43
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EXAMPLE

* Number of Phases = 3;

* Number of Poles = 28;

* Number of Slots = 24;

» Air Gap Thickness = Tmm;

* Motor Aspect Ratio = 0.1;

* Maximum Outer Diameter = 200mm;
* Maximum Length = 20mm.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited 44
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~

EXAMPLE

* Rotor Parameters
» Rotor Location = External;
» Rofor Type = Surface Mount w/ Radial Magnefs;
» Rotor Temperature = 50 deg. C Max;
+ Rotor Magnet Material = NdFeB 36MGOe.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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EXAMPLE

» Stator Parameters
« Stator Type = Square;
» Stator Temperature = 100 deg. C;
« Stator Coil Material = Copper;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited 46
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EXAMPLE

« Sizing Parameters
» Torque per Unit Volume = DNC (Do Not Care);
» Rated Current Density = DNC;
+ Fill Factor = 40% Minimum;
+ Rotor Stator Diameter Ratio = 0.65;
+ Stator Flux Density = 1.2T Max;
* Back-EMF limit = 0.9 Max;
* Magnet air gap ratio = 3.5;
* Magnet Coverage = 0.95.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 47
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EXAMPLE

» Contfroller
» Size = Small;
» Current = 50A peak;
* Location = Internal;
» Conftrol Methods = FOC+SVM.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 48
distribution is prohibited h
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EXAMPLE

* Mechanical Interfaces
» Gearless;
» Brake = None;
* Very Low Cogging Torque.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 49
distribution is prohibited

~

49

DESIGN CONSTRAINTS

* Manufacturing Considerations
* Winding Type, Method & Design;
* Lamination Type, Method & Design;
- Magnet Type, Method & Design;
+ Shaft Type, Method & Design;
* Metal Housing + Cover Type, Method & Design;
» Thermal Limitations.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited
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MOTOR AND MAGNETIC
ARCHITECTURES - PART 2

o i
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* Radial

+ Axial

* Transverse

* Halbach Array

Copyright 2025-26 PEG This document contains privileged information. Any un
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MOTOR ARCHITECTURES

53

.
Magnets

Axle

/

Stator
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MOTOR ARCHITECTURES
(OUTER ROTOR - GEARLESS)

Axial with Halbach

Radial Axial  Transverse Windings
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N
RADIAL FLUX MOTOR

I Rotor core [l Stator core I Shaft
W MagnetsT—] Winding

Direction of
airgap

Direction of rotation
and flux in core

Reference: Ballestin-Bernad, V.; Arfal-Sevil, J.5.; Dominguez-Navarro, J.A. A Review of Transverse Flux Machines Topologies and Design. Energies 2021, 14, 7173. hitps://doi.org/10.3390/en14217173

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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AXIAL FLUX MOTOR

Il Rotor core [l Stator core M Shaft
B MagnetsT] Winding

Direction of
airgap
Direction of rotation
and flux in core

Full machine One section of AFM

Reference: Ballestin-Bernad, V.; Arfal-Sevil, J.S.; Dominguez-Navarro, J.A. A Review of Transverse Flux Machines Topologies and Design. Energies 2021, 14, 7173. hitps://doi.org/10.3390/en14217173
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TRANSVERSE FLUX WITH RADIAL GAP

I Rotor core [l Stator core WM Shaft
I Magnets[] Winding
Direction of
flux in core

Direction of rotation

Direction of
airgap

Full machine One pole pair

Reference: Ballestin-Bernad, V.; Arfal-Sevil, J.5.; Dominguez-Navarro, J.A. A Review of Transverse Flux Machines Topologies and Design. Energies 2021, 14, 7173. hitps://doi.org/10.3390/en14217173
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I Rotor core M Stator core M Shaft
Bl Magnets[ ] Winding
Direction of
airgap
Direction of rotation

Direction of
flux in core

Full machine One pole pair

Reference: Ballestin-Bernad, V. Artal-Sevil, J.5.; Dominguez-Navarro, J.A. A Review of Transverse Flux Machines Topologies and Design. Energies 2021, 14, 7173. hiips://doi.ora/10.3390/en14217173
|
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RADIAL FLUX

» 2D Magnetic Structure;
» Largely used in the industry;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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AXIAL FLUX

+ 3-D magnetic structure;

» Lamination manufacturing is tricky;

+ AFMs can outperform RFMs under a set of narrow conditions;
* Number of poles must be high;

Axial length must be short;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited 60
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TRANSVERSE FLUX

+ 3D magnetic structure;

 Jury is out on the effectiveness;
Perfect for SMC application;
Limited research in the industry.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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HALBACH ARRAY

* Emerging Interest;

« Exciting possibilities with precise arrangement of magnets and magnetization
direction;

« Demonstrated utility for very high speed applications.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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HALBACH ARRAY
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Carbon Fiber
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Carbon Fiber
Spokes

Three Phase,
Litz Wire Winding

Halbach Array
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VARIOUS MOTOR ARCHITECTURES

Architecture Flux Direction Key Feature Application Focus
Radial Flux Motor Common, mature General industry, Mature, good performance,  Limited cooling, longer
(RFM) Radial design EVs, fans easier to manufacture motor for high torque

Manufacturing
Axial Flux Motor Compact, high eBikes, High forque density, better complexity, tight
(AFM) Axial torque density aerospace, EVs  cooling, compact tolerances
Transverse Flux Motor High torque, Direct-drive, Very high torque density, Complex design, higher
(TFM) Transverse modular robotics direct-drive suitability losses
Flux Switching PM Robust rotor, stator EVs, high-reliability High core losses, complex
Motor (FSPM) Radial/Switching magnets systems High reliability, robust rotor flux paths
Hybrid Excitation PM Automotive, field- Wide speed range, tunable  Added complexity,
Motor Radial PM + wound field weakening field heavier
Linear Permanent Automation, No conversion loss, precise
Magnet Motor Linear Straight-line motion maglev motion Costly, niche applications
This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
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CURRENT STATE OF THE ART

Inverted, or Non Inverted

Half-Bridge, Full Bridge,
Matrix, Multi-level etc.

PM Propulsion
Motor

Axial, Radial, Transverse, or
Halbach

Inverter
Architecture

Trapezoidal, Sinusoidal,
Field-Oriented, Space

Vector, Sensor-less, Fuzzy
Control Logiete
SMC, Lamination, NdFeB,
g Methods

Winding
Phases Methods

Distributed, or

Concentrated

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distribution is prohibited. 66
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2-Level VSI

3-Level NPC 3
Multilevel (MLI) 5+
Matrix AC-AC
Csl 2
Z-Source / qZSI Variable
Dual Inverter 2x2-Level

Multiphase Inverter N-Phase

prohibited.
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INVERTER ARCHITECTURES

Architecture Voltage Complexity
Levels

General motor drives, EVs

High-power industrial
applications

HVDC, wind/solar farms
Aerospace, compact systems
Constant torque applications
Solarinverters, EVs

Aerospace, EVs

Fault-tolerant, high-performance

N
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2-LEVEL INVERTER

2 Level Converter

Ve

mid-point
(neutral)

68

» O

m of synthesized voltage

Level Converter

68
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3-LEVEL NPC 2 l'ﬂ_jﬂ il

T-Type Inverter

3-LEVEL NPC T & ok Ak K3

I-Type Inverter
C:) YYY
+
I
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3VS.5VS. 7

* Advantages:

» 5 Phase can help reduce motor size;

* 5and 7 phases can help reduce inverter size.
» Disadvantages:

» Controller Complexity

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited

~

71

WINDING METHODS

* Fractional Slot Concentrated Winding
+ High Power Density;
+ High Efficiency;
» Short End Turns;
 High Slot Fill Factor;
» Low Cogging Torque;
* Flux Weakening Capability;
« Fault Tolerance.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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* N, = Number of stator slots
* N,, = Number of magnets
* Nipp
* R, = Rotor outside radius

* R, = Stator outside radius

* Ro/Rss = Radius Ratio

* K., = Motor constant = N.m/~yW
* O« = Skew Factor

* Neog = Cogging factor

~

distribution is prohibited
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OPTIMIZATION

= Ns/Nm/Nph = Number of slots per pole per phase

N
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K VS. Rro/Rso

Yy =-0.2229x + 1.2612

78
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N

TAKE AWAYS

« Small Tweaks can make a big difference in Motor performance;
+ One must engage in the Optimization effort diligently and judiciously;
* One must have a well thought out design of experiments.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.
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MAGNETIC ARCHITECTURES

Brushless PM Motor Design Workshop with System Focus
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ARCHITECTURES

» Rotor Architectures (Interior)

» Rotor Architectures (Exterior)
« Stator Architectures (Interior)
« Stator Architectures (Exterior)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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ROTOR ARCHITECTURES (INTERIOR)

* Surface Mount Magnets
* Radial magnets;
* Two radial magnets per pole;
* Three radial magnets per pole;
* Four radial magnets per pole;
* Parallel magnets.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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ROTOR ARCHITECTURES (INTERIOR)

* Surface mounted with radial magnets

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited
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ROTOR ARCHITECTURES (INTERIOR)

* Surface mounted with parallel magnets

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

distribution is prohibited

84

42



Day One Workshop Slides

N

ROTOR ARCHITECTURES (INTERIOR)

* Surface mounted with four radial magnets per pole

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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ROTOR ARCHITECTURES (INTERIOR)

Inset radial magnets
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ROTOR ARCHITECTURES (INTERIOR)

* Spoke Magnets
* Embedded Magnets;
* Non-Embedded Magnets.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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ROTOR ARCHITECTURES (INTERIOR)

* Spoke with embedded magnets
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* Spoke with non embedded magnets
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ROTOR ARCHITECTURES (INTERIOR)

1t 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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* Bread-loaf Magnets
* Non-Embedded Magnets (NEMs);

Two NEMs per pole;
Four NEMs per pole;
Six NEMs per pole;
Eight NEMs per pole;
Ten NEMs per pole;
Twelve NEMs per pole;
Sixteen NEMs per pole.

his document contains privileged information. Any unauthorized review, use, disclosure, or
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* Bread- loaf with non-embedded magnets
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* Bread-loaf with two non-embedded magnets per pole
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~

ROTOR ARCHITECTURES (INTERIOR)

Lateral Magnets;

Curved Magnets;

Inset Lateral Magnets;

Angled Barrier;

Angled Barrier (2 Layers);

Angled Barrier (3 Layers);

Angled Barrier (4 Layers);

V-Shaped Barrier (2 Layers);

Variable Orientation Magnets;

Embedded Variable Orientation Magnets.

ument contains privileged information. Any unauthorized review, use, disclosure, or
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* IPM with lateral magnets
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ROTOR ARCHITECTURES (INTERIOR)

* IPM with angled barrier

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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ROTOR ARCHITECTURES (INTERIOR)

* IPM with V-shaped barrier ( 2 layers )
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* Wound square type
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ROTOR ARCHITECTURES (INTERIOR)
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distribution is prohibited
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ROTOR ARCHITECTURES (EXTERIOR)

Surface Mount

* Radial Magnets;

* Two Radial Magnets per pole;

* Three Radial Magnets per pole;
* Four Radial Magnets per pole;
* Parallel Magnets.

Wound square
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ROTOR ARCHITECTURES (EXTERIOR)

Surface mounted with radial magnets

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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ROTOR ARCHITECTURES (EXTERIOR)

Surface mounted with 4 radial magnets per pole
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ROTOR ARCHITECTURES (EXTERIOR)

Wound square

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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STATOR ARCHITECTURES (EXTERIOR)

* Square;

* Square with curved tangs;
¢ Round;

* Parallel tooth;

* General square;

* General round.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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* Parallel square;

e Parallel round;
* Parallel;

¢ Slotless.

distribution is prohibited
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STATOR ARCHITECTURES (EXTERIOR)

distribution is prohibited
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* Square with curved tangs
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¢ Parallel tooth

distribution is prohibited
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* General round

distribution is prohibited
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¢ Parallel
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STATOR ARCHITECTURES (EXTERIOR)
* Slotless
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited 109
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STATOR ARCHITECTURES (INTERIOR)

* Square;

* Square with cylindrical tange;
e Round;
* Parallel tooth;

* General square.
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STATOR ARCHITECTURES (INTERIOR)

* General round;

e Parallel round;
* Parallel;

¢ Slotless.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited

111

~

STATOR ARCHITECTURES (INTERIOR )

* Square
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distribution is prohibited
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* Square with cylindrical tangs
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STATOR ARCHITECTURES (INTERIOR )
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STATOR ARCHITECTURES (INTERIOR )
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STATOR ARCHITECTURES (INTERIOR )

* Parallel

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 15
distribution is prohibited 7
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STATOR ARCHITECTURES (INTERIOR )

¢ Slotless
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AGENDA

* Magnetic Circuit Concepts;
+ Air Gap Modeling;
+ Slot Modeling;
* Magnetic Materials
» Core Loss;
+ Permanent Magnet Magnetic Circuit Model

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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AIR GAP MODELING

A * The calculation of the air gap
permeance using approximation
utilizes the fact that permeances add
in parallel just as electrical
conductances do.

dA Ld
P = 2 ‘“OT= 2 ”_[x
5

=\ X
&= | ol g by g R
P . 0 g+rmx T g

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 19
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AIR GAP MODELING

» As we move further from the air gap the
contribution of differential permeances
decreases.

* The exact value chosen are noft that critical.

» As X increases beyond about 10g, there is little
change in the total air gap permeance.

Copyric
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AIR GAP MODELING

+ Discuss its implications with respect to the motor design.
 Thin Stack Designs
» Stack Height vs. Air Gap

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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SLOT MODELING

W, =Slot Width
- ‘ W; =Tooth Width
g PP P | Ts = Slot Pitch

* Crude approximation

¢ Ignore the flux crossing the gap over
the slot

Pg'_“ﬂu(A ‘As)/g

W, K W, 1 * A=swL
* Not accurate

right 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
ution is prohibited
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SLOT MODELING

* Accurate Methods to determine air gap permeance

* The flux crossing the gap over the slot travels a further
distance before reaching the highly permeable material
across the gap

Ij(g’z'uo'i ge:kc'g

e

e K> 1is an air gap length correction factor and is known as
Carter's coefficient

ght 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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SLOT MODELING

* Conformal Mapping Technique
* Carter was able to determine an analytic magnetic field solution
* Analytical expressions for Carter's coefficient

-1
-1
1 2 1w, )
w, 4| w, w,
Ka=|1- K, =|1-—:dtan™| = ~Z |1+ X
T 58 9 T, 28 | w, 4| ¢
w, | w,
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 124
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SLOT MODELING

* Air gap permeance calculation utilizes the circular arc,
straight line modeling

* The permeance of the air gap over one slot pitch T,

: -1
4 :
P, =2P, +PB, = y,L ﬂ--}-i]n 16 5% K3= i B % (B
g 4g T Wlg 4g ||

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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Tor iV U Ka
s W
\ —r =
» AT
108 N\
K, * K dictates a larger correction factor
than either of the historical Carter's
1.04 coefficient expressions
W
~ =it =10%
T
1.02
4 e e o L e S g e
-1 | 0 1
107 | W, 10 10
T‘ = 5% &
%
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SLOT MODELING

* The correction factor increases as the slot percentage w,/t,
increases (Slot Width Increases).

* Correction factor decreases as the relative gap length g/t increases
(Air Gap Increases).

* Smaller slot openings and larger air gap lengths require less
correction because the influence of the longer flux path length in
the slot area is decreased.

This document contains privileged information. Any unauthorized review, use, disclosure, or 12
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SLOT MODELING

* The presence of a permanent magnet across the air gap from the
slotted structure changes the computation of Carter's coefficient.

* The air gap length g must be replaced by g+l _./p;

his document contains privileged information. Any unauthorized review, use, disclosure, or 128
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SLOT MODELING

* The presence of slots squeezes the
air gap flux into a cross-sectional
area (1-w,/t,) times smaller than the
cross-sectional area of the entire air
gap over one slot pitch.

Ix

Base of Tooth

* The average flux density B=¢/A at
the base of the teeth is greater by a
factor of (1-w/t/)?!

s document contains privileged information. Any unauthorized review, use, disclosure, or
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SLOT MODELING EXAMPLE

* Average flux density crossing the airgap is 1.0 T
* Slot fraction, a.= w,/t, is 0.5

* The average flux density in the base of the teeth is 2.0 T.

Since this flux density level is sufficient to saturate most magnetic
materials, there is an upper limit to the achievable air gap flux
density in a motor.

Copyrigh
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WHAT IS AN AIR GAP LENGTH
CORRECTION FACTOR®?

« Discuss its implications with respect to the motor design
» Consider Small Air Gap (<0.5mm)
» Discuss Manufacturing Implications;
» Discuss Performance Implications.
+ Consider Small Slot Width
» Repeat the above exercise

131

MAGNETIC MATERIAL ANALYSIS

* Assumptions
* Magnetic field direction;
* Flux path lengths;
* Flux uniformity over cross-sectional areas.

132
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* Permanent magnets are magnetic materials with large hysteresis
loops
* Alnico
* Ferrite (ceramic)
* Somarium-cobalt
* Neodymium-iron boron (NdFeB)

* Ferrite types are the most popular because they are inexpensive.

* NdFeB magnets are more popular in higher performance
applications because they are much cheaper than somarium cobalt

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.

PERMANENT MAGNETS
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* The remanence is the maximum flux density that the magnet can
produce by itself

B
(T)
1. Which quadrant is Second
significant for motor Quadrant B
design? 5
. What is the )
significance of the first Hi First
quadrant?2 Quadrant
Pc
~#,H, o 2,H(T)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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PERMANENT MAGNETS

* At B=0, the magnitude of the field intensity across the magnet is
equal to the negative of the coercivity or coercive force, denoted H,
because H_ is stated as a positive value on permanent magnet
specifications.

* The magnitude of the slope of a line drawn from a point on the
curve to the origin is known as the permeance coefficient, denoted
Pc.

* Pc=0 is operation at the coercivity B=0, H= -Hc, and Pc=infinity is
operation at the remanence B=Br, H=0.

s document contains privileged information. Any unauthorized review, use, disclosure, or
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PERMANENT MAGNETS

* Permanent magnet materials such as somarium-cobalt and NdFeB
materials have straight demagnetization curves throughout the
second quadrant at room temperature

* The slope of the straight line demagnetization curve in the second

quadrant is equal to pg, where p;is the relative recoil permeability
of the material.

Do Magnets store energy? Why is this energy
not dissipated like in a battery?

his document contains privileged information. Any unauthorized review, use, disclosure, or
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+ At higher temperatures, the

nereasing d€Magnetization curve shrinks toward

lTe’"“'a‘“’e the origin, the flux available from the

magnet drops, reducing the
performance of the magnet.

NN

* This performance degradation is
reversible as the demagnetization curve

N returns to its former shape as
HH temperature drops

2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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* The maximum energy product (BH)max of a magnet is the
maximum product of the flux density and field intensity along the
magnet demagnetization curve.

* Even though this product has units of energy, it is not actual stored
magnet energy, but rather it is a qualitative measure of a magnet's
performance capability in a magnetic circuit.

* By convention, (BH)max is usually specified in the English units of
millions of Gauss — Oersteds (MG-Oe).

* 1MG-0e=7.958 kJ/m?3
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PM MAGNETIC CIRCUIT MODEL

. P * When motor windings are
‘l : L energized, the operating point
= dynamically varies following
minor hysteresis loops about
the static operating point

_—--B!n

1, H, Ht, HH

2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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PM CIRCUIT MODEL

* Loops: These loops are thin and have a slope essentially equal to that
of the demagnetization characteristic.

* Trajectory: The trajectory closely follows the straight line
demagnetization characteristic

Bn: = Br +HR#DH

m

* Demagnetization: If the external magnetic field opposes that
developed by the magnet and drives the operating point into the third
quadrant past the coercivity, it is possible to irreversibly demagnetize
the magnet if a knee in the characteristic is encountered.
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PM MAGNETIC CIRCUIT MODEL

Rectangular magnet Flux leaving the magnet is

tﬁ = Bm Am e BrAm + HR My AmHm

141

PM MAGNETIC CIRCUIT MODEL

¢:¢r+P I

m=m

¢, =B.A

reom

B e AuR.qum
m I

i

* Uniform Magnetization: It is important to recognize that this model assumes
that the physical magnet is uniformly magnetized over its cross section and is
magnetized in its preferred direction of magnetization

142
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PM CIRCUIT MODEL

* Uniformity: During magnetization the same amount of flux
magnetizes each differential length.

* Br: The achieved remanence decreases linearly with increasing
radius because the same flux over a increasing area gives a smaller
flux density.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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_i_ dr
A F”'Bm"“'

dR

» Because reluctances add in
series just as resistors do, the
net reluctance of the magnet
is given by the sum, i.e,
integral, of each differential
reluctance
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PM MAGNETIC CIRCUIT MODEL

'{m H ﬂ
oty n 4, 1 ]ll(]+ /r') m - R al
Ry= [, k=] Hr = 1n(1+ /)

HrHo Lgm ¥ HrHyo Lem

Hr Mo LO,,T;
sz R! =

m

» Which is equivalent to the permeance of a rectangular block
having width 8, and length | .. That is, the magnet appears to
have a constant width given by the arc width at r;

145

0

Wq wd

AtWgq, I, =01, =1V, =E_;Vy,=-X_1

AtWd, I=1,=-1I, =

146
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V=E+(R+jX/)I
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For a given speed

2.7 N
-p

W =

60
E, =2Aw ,
X,=w,L,
X,=w_L,

N, rpm

DESIGN

Field Weakening Equation

V 2
(qu L Ldz)—{xz _[vhJ ) quzJ

distribution is prohibited
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At Base Speed
I,,I[,V,V, etc
I, = —Icsin(O)
I, =1.cos )

V=R, I,-w.L_ I

e ~“ph™q

V,=R, I, +w.L_, I, +

0 = tan {ﬁJ
Vq

Tuesday, April 22, 2025

W, KWNpthDrLstk

PERFORMANCE

V2
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2
I'R=mI R,
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AN INTRODUCTION TO SPACE
VECTORS - PART 4

N

155

Beware of ©

lg = 14.C0sB-14.Sin®
lg = 15.Sin©+l,.Cos6

156
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SPACE VECTOR FUNDAMENTALS

o

Iy =la
I, = -1 a.Cos60+IB.Cos30
I = -10.Cos60-IB.Cos30

lg=1la
l, =-1a.0.5+1p.0.87
I =-10.0.5-13.0.87

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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SPACE VECTOR EQUATIONS

lg =14.C0s6-1,,.Sin®
Ig = 14.SinB+1,.CosO

l,=la
l, = -1 0.0.5+Ip.0.87
|, = -10.0.87-1B.0.5

l4.-C0s0-1,.Sin®
-(14-Cos6-1,,.5inB).0.5+(14.Sin6+l,.C0s6).0.87
-(14.C0s6-1,.5in8).0.5-(14.Sin6+,.C0s0).0.87

lg
ly
le
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SPACE VECTOR EQUATIONS

la Sin@ Cos@ .
b= Sin(@—z'Tﬂ) cos(e—%”) { }
Ic

Sin(6 + 2'7”) Cos (0 + 2'7”)

Copyright 2025-26 PE
distribution is prohibited
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SPACE VECTOR EQUATIONS

Beware of ©

1b

; | 27 ] 2
{Id} 2 Sing Sin(@==-)  Sin(0+=7) la
3| Cos® cos(a—%”) cos(9+%”) 1o

Iq
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SINUSOIDAL STEADY STATE

Space vector decompaosition
Sinusoidal steady state

Stationary o p frame Synchronous dq frame

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 161
distribution is prohibited ’
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SPACE VECTORS

Torque =k A® I,

R [ =k|1l||ls|sin5 B |
S - k1 sd lsq f
A
r
3
Synchronous dq frame Synchronous dq frame
(arbitrary orientation) (oriented on rotor flux linkage 1|]
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Set up the equations b
such that Ig must lead
Id

NS Hb

SPACE VECTOR FUNDAMENTALS

Ha

distribution is prohibited
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Set up the equations b
such that Ig must lead
Id Ha

SPACE VECTOR FUNDAMENTALS

Hc

distribution is prohibited
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ESTIMATING MOTOR PARAMETERS
— PART 5

d

165
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AGENDA

* Assumptions;

* Modeling of PMSM motor;

* Estimate actual motor parameters;
* Example;
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ASSUMPTIONS

 Stator windings produce sinusoidal MMF;
* Space harmonics in the air-gaps are neglected;

» Air-gap reluctance have a constant & sinusoidally
varying component;
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ASSUMPTIONS

» Balanced 3-phase supply voltage;
« Eddy currents & Hysteresis effects neglected;
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MODELING OF PMSM MOTOR

« Stator reference axis for phase-A is chosen in the
direction of maximum MMF when a positive phase
A current is maximum;

» Stator self inductances are maximum when rotor
g-axis is aligned with the particular phase;

» Mutual inductances are maximum when rotor g-
axis is midway between two phases;
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MODELING OF PMSM MOTOR

Self Leakage Magnet
Inductance  |ntergetion

/

Ly =L+ Ly+L, cos(20) 26 is the ferms infroduced
Lbb = LsO an, le + Lx COS(29 +120) due to saliency

L,=L,+L,+L cos(20-120)
Wh -axis is ali d
L, =(-1/2)L, +L.cos(20~120) | witihe perficulcs phase,

self-inductance is

L, =(=1/2)L,+ L _cos(20) MaxXimuUm.
L,= (-1/ 2)Ls0 +L, cos(260 +120) When g-axis is midway

between phases, mutual-
inductance is maximum.

Inductance
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MODELING OF PMSM MOTOR

V. = R I, + pAi,
V, =R, I, + pi,
V.= R, I, + pA,
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MODELING OF PMSM MOTOR

ﬂ“a - Laa[a + Lablb + Lac[c + ﬂ‘ma
Ay =Ly I, + LI, +L, I +4,
ﬁ’c — Lca]a ¥ ch]b + Lcc[c + ;i'mc

Copyright 2025-26 PE
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MODELING OF PMSM MOTOR

A=A, cos(0)
A=A, cos(0—120)
A=A, cos(0+120)
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MODELING OF PMSM MOTOR

Park’s fransformation

Sq cos(6) cos(O —120) cos(6 + 120) b
Sd =(2/3) [sm( 6) sin(6 —120) sin(6 + 120)]
So 0.5 0.5 0.5 Sc

Anti-Park’s fransformation

cos(0) sin( 6) 1] |54
Sb = |cos(8 —120) sin(6—120) 1 Sd
cos(0 +120) sin(6 +120) 1| |S,

Beware of 6
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MODELING OF PMSM MOTOR

V,=RJI, + pl, + w4,
V=R, +pl, —od,

Why thisis—ve?
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MODELING OF PMSM MOTOR

/If] = Lq[‘]
2. = Ml e

Synchronous inductances are effective inductances seen by phase
winding during balanced operation.

177

1is prohibited

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or

MODELING OF PMSM MOTOR

~ (3/2)(Ls0 + Lx) + le
= (3/2)(LS0 B Lx) + le

N

Leakage
Position Inductance
Average Value Dependent
Component
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MODELING OF PMSM MOTOR

V,=(R,+L,p) +al,l,+wok,
V=R +L,p)l,—al I,

179

MODELING OF PMSM MOTOR

* Synchronous inductances are effective
inductances under balanced conditions;

P =@/ 2V, I, +V,1,}
P = (/2 @A, I, - ok 1,}

T =(3/2.(P/2) AL, (L, ~ L)1}
7 l

Mutual reaction Torque Reluctance Torque

Lg>Ld, Hence Id must
be -ve fo produce
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or TOI’C{UG
distribution is proh C
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» Equivalent circuit of PMSM:

MODELING OF PMSM MOTOR

+ Rs Lqg R Ld
+ S
S ANV F A2
g —
Vv g WAm |+ Id
g vd
wldld wlglg
+ ‘_ + 1
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[
1
D_J His
sLambda_m} —&"“b"a_"'
i
g
i % wlhlq
_L 1 wlglg
158 ROTOR _POLESLY(({lambda_m} KL 0{LA-{LalF IEL1FILE Py
(&3 :
Tore . Torque
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MODELING OF PMSM MOTOR

IfelkD
Kpis—
Pl loop
ik}
= - S _OUD
=0
fcloké
HpF—
A [
Iref ‘ = - SEA,_OutG
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MODELING OF PMSM MOTOR

b
Ik

Large signal model of Half bridge inverter
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Torgue Toroue
Speed (owm)
Rl T]
Y m— Rl YR
Hd_MOTY Ty
Angular H_Load_sens
Acceleration: Load
.||_
GAIRN = 1 17@
Omech
Motoxr Load 1A = 1km of
. Toargue:
L 53
1k
K 1
PR SC307 A TR 20
- “Load_Torques
PUYRiLoad_ R PR32
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MODELING OF PMSM MOTOR

Mechanical Speed in Rad/s

Speed_Feedhack

Omena_gels
C

Y%l | > Electricalrad/s

e ad NE7]
{ROTOR_PALES/2)
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SIMULATION RESULTS

nformation. Any unauthorized r

use, disclosure, or
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SIMULATION RESULTS

~

t
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200V
-100V
-200V T T T T T T T T T
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o V(VD) < V(VQ)
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~

SIMULATION RESULTS

1d &1
& 1q
4
+
f
/
|
oA T
|
|
I
0A
0s 10ms AOr‘ns SOr'ns &Or'ns 100ms
s q(d)  © 1(lq)
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MODELING OF PMSM MOTOR

1,=1 cos(0,)

=V +V;
2, 12 1, =~1sin(0,)
=1, +1;

T=(3/2).(P/2){4,1, cos@),)+0.5(L, ~L )1, sinR6),)}
T=(3/2)(P/2)(4 I cos@,))

Vs
IS
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- Ld Flux Linkage
Zero Rotor Position .« ._
Shaded Plot (Wh,/mm})
-5.09s-06 1e-06 -2.54e-06 27e-06 3.81e-09 1.28e-06 2.55e-06 3.82e-06 5.0%-06
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Zero Current

90 degree Rotor Po gl linaigs

4.75e-06
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shaded Plot (Wh/mm)
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Ld Flux Linkage

Shaded Plot (Wh/mm)
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Zero Current

Lg Flux Linkage
90 degree Rotor Po

ux function
-1.4e-07 Wh/mm

S

Shaded Plot (Wb/mm)
545006 30006 25306 -1.06e06  398e07 18606 %3206 47806 625006
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LUMPED PARAMETER ANALYSIS

Zero Rotor Position + 45 degree phase advance
SPM - 180 céggrr;ae Magnet SPM -90 dsepgorﬁe magnet IPM - Laterial Magnets

Ld (d-axis inductance) (mH) 0.102 0.089 0.429

Lg (g-axis inductance) (mH) 0.103 0.0867 0.929

L average (mH) 0.102 0.0879 0.679

Phi_m (zero-current flux) (Wb) CUllS 0.00853 0.00617

Phi_d (flux used for Ld) (Wb) 0.000508 0.000445 0.00214

Phi_q (flux used for Lq) (Wb) 0.000517 0.000434 0.00464
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ESTIMATION OF PARAMETERS

» Resistance:

 Line to line R is measured with an RLC meter;
« Half the value gives R/phase;

* Neglecting skin effect R is given by:
R =R,(K+T)/(K +T,)
* Where Ro is the resistance measured at To;
* Rtis the value at different temperature;
» K=243.5 constant of the material (copper);

201

ESTIMATION OF PARAMETERS

» Synchronous Inductances Lda & Lo:

L

V={B/2)R +(/L,p}, A
L, =(2/3)LO=0") y
L, =(2/3)L(@=90") - c

202
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DC Supply
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203

Circuit for general Inductance
Measurement

Lock the rotor, keep the currents
balanced and measure
inductance for various values of
current and position. Position is
simulated by different current
magnitudes.

ESTIMATION OF PARAMETERS
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ESTIMATION OF PARAMETERS

* Permanent magnet flux linkage;
A, =~2/3)V, /o

* Where, w=w,, (P/2);

* BEMF const Ke=Vn/w;

* Maintaining orthogonal at stand still Am can be
foundas: A, =(2/3)(2/P)T /1,

* Where Isis peak current value;

205

ESTIMATION OF PARAMETERS

* Let Lqo, Ldo & Amobe the values in the linear region;
* Inlinearregion |lg|<|lo];

» But at high currents |lq|>]|lo];

* Lqis subjected to saturation;

* Ld & Am are subjected to armature reactions;

» At high currents Frolich’s formula can be used for
calculating Ld, Lg & Am;

206
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ESTIMATION OF PARAMETERS

* Frolich’s formula:
L,(I)= Ly (a+1,)/a~+]|l,]
L,(1)=Lyo(b+1)/(b+]|I,]
Ay (1) = 2,0 (b + 1) (b +]|1,])
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ESTIMATE

. P:é,

* Ru=1.9Q at 25 degrees celsius;
* VnI=106.8V at 1000rpm;

* Orthogonal Torque=17.6Nm at 10A rms & 31Nm at 20A
rms;

* L(0)=21.15mH up to 10A rms & 16.08mH at 20A rms;
* L(90)=12.20mH up to 10A rms & 10.73mH at 20A;
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« Ld=8.13mH;

* Lg=14.1mH;

* Am=0.2765 Wb-T;
* Rs=0.95Q;
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