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Motivation

« Traditionally, workflow of the machine design team and the control team

have proceeded separately.

« DoE on a dyno setup requires an understanding of the machine characteristics

and simulation can help determine a minimum number of points to test.

« Accurate torgque ripple profile of a high fidelity machine model facilitates the

development of torgue ripple mitigation algorithms.
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Objective and Workflow Overview
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Objective and Workflow Overview

ANSYS Maxwell generates
Model RawData.txt file

Process raw data into
proper format through

MATLAB scripting

Va

Vb
Outputs =
Ve

Torgue_Load

Bring processed data into
Simulink saturation +
harmonics motor model
structure
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Three Levels of PMSM Model Fidelity
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Lumped-Parameter Model
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Required Parameters

/Electrlcal Model \
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How to Get Those Parameters ?

Back EMF Test Number of Pole Pairs (p) Calculation
Flux Linkage Constant (A)
Torque Constant (K

Friction Test Viscous Damping Coefficient (b) Curve fitting
Coulomb Friction (J,)

Coast Down Test Rotor Inertia (J) Curve fitting

DC Voltage Step Test Resistance (R) Parameter estimation
Inductance (L)

https://www.mathworks.com/company/newsletters/articles/creating-a-high-fidelity-model-of-an-electric-

motor-for-control-system-design-and-verification.html
11



Saturation Model
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Two Ways to Obtain Saturation Data

Current Sensor
Torque Sensor

e els

LPF

Dyno testing FEA
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Nonlinear Flux and Current Tables
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Saturation PMSM Model in Simscape
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Saturation + Spatial Harmonics Model
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Rotor Position Dependency
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How to Obtain Saturation + Spatial Harmonics Data
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How to Obtain Saturation + Spatial Harmonics Data ?

Current

™) Flux Linkage

Rotor Position == =) Torque

Sweep in FEA Tool
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Saturation + Spatial Harmonics PMSM Model Structure
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Saturation + Spatial Harmonics Model Structure in Simulink
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» Introduction of Maxwell Equivalent Circuit Extraction (ECE) Model
* Importing Raw Data from Maxwell Finite Element Result to Simulink
« Comparison between PMSM model in Simulink and Maxwell (FEA)
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» Introduction of Maxwell Equivalent Circuit Extraction (ECE) Model
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What does ANSYS Maxwell do?

* ANSYS Maxwell is a premier low-frequency electromagnetic field simulation
solution which uses the highly accurate finite element method to solve
static, frequency-domain, and time-varying electromagnetic and electric
fields. Typical application of Maxwell includes electric machines,
transformer, actuator, sensor, etc.
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FEA Meshing for Induction Machine 2D FEA PMSM Model 3D FEA PMSM Model

24 © 2016 ANSYS, Inc. May 8, 2017



Objective and Workflow Overview

Va

Vb
Outputs F
Ve

Torgue_Load

ANSYS Maxwell generates Process raw data into Bring processed data into

Model RawData.txt file proper format through Simulink saturation +
MATLAB scripting harmonics motor model

structure

25 © 2016 ANSYS, Inc. May 8, 2017



How to obtain raw data for PMSM model by ANSYS Maxwell?
Steps to Generate ECE Model for PMSM

. Step1 Create Regular FEA Model

[/ ANs¥s Eiectronics W

View Project

muul mem SOLVED - Prius WA

nnnnnn

» Step2: Specify Model Resolution

§
:{
100.00 1
i
5000

Current &
1 Position

< omw

-125.00 |

zom

O ooy s
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ECE3_Model ECER_Model
Name | Value MName | Value | Unit |
_DeviceName ECE3 Maodel DeviceName ECER_Madell
_Windings PhaseAPhaseB PhaseC _Rot.ﬁ.ngl"u’lax 15 deg
_CurrentSwe... (30A,10) _InElecDeg |_
PhAnglinter... 2 —
™ |status Active _Rotﬁnglnter... 15
_ SkewAng 0 deg
| |Poles 8
| [status Active




What is Equivalent Circuit Extraction (ECE) Model in ANSYS Maxwell

* ECE Model - A circuit model based on a lookup table from precomputed
Finite Element Analysis result. It is also known as Reduced Order Model
(ROM).

Current and Rotor Position Sweeps

Transformation for Sweeping Currents

Field Analysis

Transformation for Flux Linkages

U U U U O

Look-up Table Extension and Creation

(id, iq) ia, Ib, | Aa, Ab, Ac (Aa, Ab, Ac)

(ice, i) m—p (AN L 5 st (Ad, Ac, A0)

(im, B) Transformation 0 FEA T Transformation (Ld, Lg, Am)
o —— — — ::> T

27 © 2016 ANSYS, Inc. May 8, 2017



ECE Models Needed for PMSM — ECE3 and ECER
Equivalent Circuit Extraction (ECE)

Models Needed for PMSM

ECE3_Model - Setup the
sweeping of currents in
three-phase windings

a Maxwell Circuit Components for Sweep Setup

— ECEW_Model: ECE one winding model
— ECES3_Model: ECE three-phase model
— ECER_Model: ECE rotation model

— ECEL_Model: ECE linear motion model <) Model
— ECET Model: ECE transformer model

ECE3_Model1

0 ECE Model Formats ECER_Model - Setup the

— ECE Simplorer model in file .sml sweeping of rotor position

— ECE Look-up table for third parties (Saber, ETAS, NI)
— ECE VHDL model (Future) (@ Model

-- ECE Simulink Model (.txt)

ECER_Model1

28 © 2016 ANSYS, Inc. May 8, 2017




ECE3 Model - Setup Sweeping of Current in Three-Phase Winding

e CurrentSweep: Specify Current Range and Resolution

* PhAngintervals: Choose Current Sweep Coordinate System

U:ECE3_Model Properties: TRF_ECE - MaxCirl =

Farameter Values | General ] Symbol ] Property Displays |

* Value { Statistics
MName | Value | Limit | Evaluated Walue
DeviceMame ECE3_Model Device name for ECE 3phase model @ M Od el
Windings FhaseA PhaseB, PhaseC Comma-separated phase winding list in sequence order
CumertSweeps (1A, 10) Positive cument amplitude sweeping list. Format "1, v2, {dv1. n
PhAnglntervals |2 (0.1, &) for DC sweeps; 3 for 2phasze sweeps; (>=12) for cument ECE3 Model1
Status Active -
Fi 1l 2

| Show Hidden

QK | Cancel

29 © 2016 ANSYS, Inc. May 8, 2017



ECE3 Model - Current Sweep Coordinate System Options
e 1) DQ Coordinate System:
* 0: positived & g.  1: positive g, all d. 2:

q 4 g q 4

d
-;

e 2) ap Coordinate System
 3) Polar DQ Coordinate System

e.g. PhAngintervals=16

30 © 2016 ANSYS, Inc. May 8, 2017
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ECER Model - Setup Sweeping of Rotor Position

* RotAngMax: Maximum rotating angle for sweep for each Id-Iq variation.
In balanced cases, a 60 elec. degree sweep is sufficient.

* Auto d-axis alignment (no need to manually adjust initial rotor position)

* Slots: enable a separate lookup table for cogging torque.

U10:ECER_Model Properties: Prius_Model_ECE_Tutorial - Prius_Model_ECE_ckt ] e S
Parameter Values lGeneraI ] Symbol ] Property Displays ]
® Value (" Statistics
Name | Value | Unit |Eva|uated V| Description | Callback |
DeviceName ECER_Modell Device name for ECE Rotation model
RotAngMax 15 deg 15deg Maximum rotating angle for sweeping in mech. or elec. degrees
I InElecDeg [ Check to define RotAngMax in elec. degrees, uncheck in mech. degrees M Od e I
RotAnglnter... 15 15 Number of uniform sweeping intervals for rotating angle
SkewAng 0 deg Odeg Skew angle ofthe stator or rotor core for 2D only, in mechanical degrees |
Poles 8 8 Number of poles
Slots 48 48 Number of stator slots to determine cogging torque period
Qutput 1 1 0: ABC flux output, 1: DQO flux output, 2: LdLgFm output ECER MOdeI 1
MaxCirNetL...| .MODEL @Devi...
Status Active
b
[v Show Hidden

31 © 2016 ANSYS, Inc. May 8, 2017



Fast Model Generation Technique - Partial Model Sweeping for Symmetric

Structure

* 60 Degree Phase Symmetry - Duplicate Data from 60 degree segments:
PhaseA Reconstruction: A, -B, C, -A, B, -C
PhaseB Reconstruction: B, -C, A, -B, C, -A

PhaseC Reconstruction: C, -A, B, -C, A, -B

)
FquLinkageEPhaseA]
upt:
FquLinkage{Pha&eB)
upt:

aseC)
up : Transien

auto d-axis

alignment | [
0 55 0.50 7 1.0 1.25 R
0.00 o ’ Tirl'e [ms] I
r I N N S . ﬁ
32 © 2016 ANSYS, Inc. May 8, 2017

One 60 elec. Degree Sweep ?’

Flux Linkage for 60 Electrical Degree  Maxwell2DDesign1 4
N . I S 038 —

360 elec. degree Reconstructed

Phase A reconstruction based on 60 degree data

A
Curve Info ~ |
g —— -FluxLinkage(PhaseB) |
_ Imported
] -
— FluxLinkage(PhaseC)
Imported |
anfz\nginkage(PhaseA)
I — FluxLinkage(PhaseB) v I
I A\
0.bo I the © 7 7 T200 0 7 Tabo 400 5.00
Time [ms]




33

Example — Setups- Takes 3 h 30 min single core

Mame Value

Unit

MName

Value

Unit

DeviceMame ECE3 _Modell

Windings PhaseA PhaseB PhaseC
CurrentSwe... (304, 10)

PhAnglnter... 2

Status Active

Current Sweeps: (10*2+1)"2 = 441 |d-Ig variations

RotAngMax 15
InElecDeg
RotAnglnter... 15
Skewhng 0
Poles 8

DeviceMame ECER_Model

-

Status Active

deg

deg

15 deg/mech. = 60 deg/elec. for

an 8 pole machine

|d = -300A, -270A, ..., -30A,0,30A,..., 270 A, 300A
g =-300A, -270A, ..., -30A,0,30A,..., 270 A, 300A

f]
‘‘‘‘‘‘‘‘‘‘‘‘‘

D
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

nnnnnnnnnnnn

Plot 1

Maxwell2DDesign1 4
100.00

E 7500
/ E 5000
E 2500

0.00
nnnnn

Torque

Rotor Position Sweep: 0 deg (d-axis), 1 deg, 2 deg, 3 deg,...,14deg. 15 rotor positions.

For each Id-Iqg variation, 15 rotor positions will be swept to reconstruct a 360 elec. degree

sweep.

Total number of time steps calculated = 441 * 15 = 6615. (About 2 second/step)

© 2016 ANSYS, Inc. May 8, 2017
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* Importing Raw Data from Maxwell Finite Element Result to Simulink
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Objective and Workflow Overview

0 > v ] _:_ m’“‘.;" T
N
va
Vb
Outputs =
Vi
Torgue_Load
ANSYS Maxwell generates Process raw data into Bring processed data into
Model RawData.txt file proper format through Simulink saturation +
MATLAB scripting harmonics motor model
structure

35 © 2016 ANSYS, Inc. May 8, 2017



Four Steps in Maxwell_to_MATLAB Script.m

Model RawData.txt === Maxwell _to MATLAB Script.m |[==== Simulink Model

e Step 1: Import Original Raw Data from Maxwell ECE Model.

e Step 2: Create (Id, g, Angle) to (Flux D, Flux Q, Torque) Lookup Table (3D Lookup
Table) based on the raw data.

» Step 3: Create inverse lookup table to get current from flux input.
(Flux D, Flux Q, Angle) to (Id, Iq, Torque) Lookup.
* Step 4: Provide additional Parameters.
Initial rotor angle, phase resistance, rotor inertia, friction coefficient.

36 © 2016 ANSYS, Inc. May 8, 2017



n-D Lookup Table in Simulink

* There are three Tabs in the n-D Lookup Table block: 1) Table and Breakpoints; 2)
Algorithm and 3) Data Types.

* As an example, the screen shots below show a Table and Breakpoints setup for d-
axis flux 3D lookup table. Ig_index, Id_index, Angle_index and Flux_d_ofldigTheta
are defined in Workspace already.

' Block Parameters: Fd Lookup Tablel ﬁ1
Lookup Table (n-D) i
Perform n-dimensional interpolated table lookup including index searches. T
representation of a function in N variables. Breakpoint sets relate the input\
3 D Data Ta b I € first dimension corresponds to the top (or left) input port.
FI ux d OﬂquTh eta Table and Breakpoints | Algorithm | Data Types |
— Number of table dimensions: 3 v =
‘ Data specification: [Table and breakpoints ']
I q | n d ex u 1 3_D T( u ) |ﬂ Table data: Flux_d_of _IdIqTheta
- Breakpoints specification: [Explicit values ']
Id_index u2 >» Fd(lg,ld, Theta) Breakpoints 1: Iq_index
ﬁ Breakpoints 2: Id_index
Angle_index u3 Output Breakpoints 3: Angle_index
. lEdit table and breakpoints...]
Input indexes . r
for data looku P J | oKk || cancel || Help Apply

37 © 2016 ANSYS, Inc. May 8, 2017



Set up n-D Lookup Table in Simulink
* Model Structure.

Current to Flux Lookup - Maxwell Direct Result
Current Excitation, Frequency = 2 Hz, 30 rpm
No Mechancial Dynamic

D AfrePla Fluxa
250
Q Bre® b Fluxb o Lk
ux_Linkage
Speed_RPM4 D_angle C Ic Fluxc
DQ2ZABC3 D_angle Torque _IT—,_’
1 o orque Scopel
30 o Current2Flux1 l pe
~— —_
Speed RPM3 Integrator1t  Gain9
//____________ —_—————————————_—_—_______—_————
4
/ E ©
g o e
B flu)
Ic FenT
| @Dﬁangle Fen
| Fq Lookup
| Tablet
| L L[ nDTw)
I i
I g A
| FO Lookup
Table2
| L1yl n-DTw
| b -
\ » < Torque
\ Torque Lookup
N Table3
~

e e e e e e o e e e e e e e e e, e e e e e e e, e e e e e e e e, e e e e e e, e e e e e

38 © 2016 ANSYS, Inc. May 8, 2017

: Id_index
rTBreakpoints 3: Angle_index ‘

Workspace ]
MName = Value
Angle_index 1x33 double
Flux 0 of IdigTheta 21x21x33 double
Flux_d_of IdIlgTheta 21x21x33 double
Flux_g_of_IdIgTheta 21x21x33 double
- FluxD_index 1x100 double
Eluyv() indey 137000 dohle
1 Id index 1x21 double
] IdLookupTable 100x100x33 double
] Initial_D_angle 0
1 Initial_FluxABC [0.1547-0.0774,-0.0774]
1 Ig_index 1x21 double
IglookupTable 100x100x33 double
K_friction 0.0050
E MNum_poles 8
- Res 0.0690
- Rotor_Inertia 0.0540
15 1.0000e-05
E Torgue_of_IdIqTheta 21x21x33 double
Block Parameters: Fd Lookup Tablel @1
Lookup Table (n-D) il

Perform n-dimensional interpolated table lookup including index searches. T
representation of a function in N variables. Breakpoint sets relate the input v
first dimension corresponds to the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types ‘

umber of table dimensions: 3 -

N !

lTabIe and breakpoints '] S
Flux_d_of IdIqTheta

ta specification:

IEpricit values ']

Ig_index

IEd[t table and breakpoints...l

< | I} | 3

Q [ 0K H Cancel H Help Apply
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« Comparison between PMSM model in Simulink and Maxwell (FEA)
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Objective and Workflow Overview

o > ~‘., _:_ mm.{" | T
N
N
Va
Vb
: Outputs F
Ve
Torgue_Load
ANSYS Maxwell generates Process raw data into Bring processed data into
Model RawData.txt file proper format through Simulink saturation +
MATLAB scripting harmonics motor model

structure
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Comparison between Simulink model and Maxwell FEA model:
Four cases to compare current, flux, and torque waveform.

1. Open circuit

2. Sinusoidal winding current input

3. Voltage input under constant rotor speed

4. Voltage input with mechanical dynamic (Starting of PMSM)

Simulink model

Current to Flux Lookup - Maxwell Direct Result
Current Excitation, Frequency = 2 Hz, 30 rpm
No Mechancial Dynamic

L ——

»

o alebn Flua
250

Mo Bfedn Pl »f

" 4 o Uinkage:
poed D_anga C|e—b{ic i

—Gin7 | “bozaaca B_angle “ -
30 KTs Toraue Scopat
Current2Fiux]

21
Speed RPM3  Discrate-Time
Intagrator2

Flux to Current Lookup - Inversed Maxwell Result

Electrical Transient Display

Voltage = 30 V (Steady State), Frequency = 20 Hz. (300 rpm).
Phase Resistance = 0.069 Ohm.NO Mechanical Dynamic

p f Al e
Voltage_Mag Saturation! b | . Outputs P R
Gaint DQZABCT {Speed_rpm P—.
1PM Motor ECE Model_Dyno - Scoped

Discrete-Time
Integratard

Speed_RPMZ

41 © 2016 ANSYS, Inc.

Flux to Current Lookup - Inversed Maxwell Result
Cogging Torque Waveform Display,

Voltage = 0, Frequency = 0.4 Hz. (6 rpm),

Phase Resistance = 3.45 Ohm. NO Mechanical Dynamic

<Cument>

; Outpuits
Voltage_MagShlurations e <Flux_Linkage>

Spead <Torque>

1M Motor ECE Model_Dynat ‘Scape’

Discrete-Time
Integratart

Speed_RPM1

Flux to Current Lookup - Inversed Maxwell Result
Mechanical Transient Display

Voltage = 50, Frequency = 20 Hz (300rpm Steady State),
Load Torque = 250Nm, Rotor Inertia = 0.054

Phase Resistance = 0.069 Ohm

Al
>
. Outputs L
Voltage_Mag > <Flux_Lirkage>
Torque_Load
Ramp!  Saturaiond  Discrete-Tirm IPM Motor ECE Model Scoped
Integratord

Ramp3 ~ Saturation3

May 8, 2017

Maxwell FEA model

Project Manager Y = = soiias

E-(E] Prius_Model_ECE_compare_Simulink -5 Sheets
B 1 Prius_ECE_transient (Transient, XY) -l Coordinate Sy
i--[if4 Prius_Model_ECE_ckt 4 Planes

Simulink_Cogging_Torque_Inversed (Transient, XY) & Lists
Simulink_Electrical_Transient (Transient, XY)
Simulink_Masxwell_Direct_Result (Transient, X¥)
Simulink_Mechanical_Flectrical_Transient (Transient, XY)
(2 Definitions

Properties X
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Example — Prius IPM motor -

Open circuit — Cogging torque & Back EMF,

Flux to Current Lookup - Inversed Maxwell Result
Cogging Torque Waveform Display,

Voltage = 0, Frequency = 0.4 Hz. (6 rpm),

Phase Resistance = 3.45 Ohm. NO Mechanical Dynamic

P-K- D A P \Va >
_/ > / - <Current=>
Q B P Vb
) - K- Outputs | |
Voltage_MagZaturation5 D_ange C Ve <Flux_Linkage>
p @ J DQ2ABC2 P Speed_rpm
z-1 =Torgue>

Discrete-Time IPM Motor ECE Model_Dyno1 Scope5
Integrator1

6

Speed_RPM1

e Simulink result is compared with Maxwell
result. The results are very close.
* Inverse lookup is successful.

© 2016 ANSYS, Inc. May 8, 2017
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Simulink Result

<Current>

<Flux_Linkage=>

<Torque>

0 0.2 0.4 0.6 0.8 1

Maxwell Result

Current

Simulink_Cogging_Torque_Inversed 4

040 _
Time [s]

Flux_|

Linkage Simulink_Cogging_Torque_Inversed 4

0.60 0.80 1.00

040 _ 0.60
Time [s]

Torque

0.80 1.00

1.00+

0.00 |

ving1.Torque [NewtonMeter]
2
o

g-Z,DO .

0.20

Time [s]

0.60 0.80 1.00



Sinusoidal winding current input Simulink Result Maxwell Result

=
Current Current Simulink_Maxwell_Direct Resuft 4
i 300 T T T 300.00
Torque ripple
100 | 100.00 4 &
Current to Flux Lookup - Maxwell Direct Result . £ o0
Current Excitation, Frequency = 2 Hz, 30 rpm g
- - 1001 -100.00
No Mechancial Dynamic
-200 -200.00 ]
-300 ' ' ' ' '300'0%.00 0.20 0.40 Time [510.60 0.80 1.00
Flux_Linkage Simulink_Maxwel_Direct_Resull 4
0.30
Current\_b
’7 0.20
250 b D A ‘ la Fluxa
- Q B * b Fluxb I Linka ﬁom
Speed_REAM b D_angle C l e Fluxc e ‘%0'00
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Voltage input under constant rotor speed ~>'MUIinkResult Maxwell Result
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Simulink Result Maxwell Result
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Voltage input with mechanical dynamic
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* Simulink result is compared with Maxwell
result. The results are very close. o
 Mechanical dynamic is considered.
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Key Takeaways:

* ANSYS Maxwell can perform sweeping and generate raw machine data.

 Raw machine data can be processed and brought into Simulink for high fidelity
machine modeling.

* High fidelity machine model is an accurate representation of the actual machine and it
runs really fast in Simulink.
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