SPEEngBt JMAG Users Conference Japan 2025

al-time simulati nd testing

Combining FEM-Based Torque Ripple and Switching Inverter Dynamics

for Electric Drive Controller Validation on Speedgoat Test Systems
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speedgoat

real-time simulation and testing

About Speedgoat
- An associate company of ‘ MathWOI'kS®

=  Founded in 2006 in Switzerland

= Main offices
— Speedgoat GmbH Switzerland (HQ)
— Speedgoat GmbH Germany
— Speedgoat Inc USA

j MITHRE RS

=  MIS Corporation

— Distribution Partner in Japan

www.speedgoat.com/contact-us



About Speedgoat

Provider of real-time test systems,

speedgoat
expressly designed for use with Simulink®

imulation and testing
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speedgoat

real-time simulation and testing

Real-Time Testing with Speedgoat :

MathWorks®
Simulink® Real-Time™ (SLRT) Real-Time Test Systems

W
W

I/0O & protocol support
FPGA-based solutions
Speedgoat I/0O blockset

Modeling ecosystem

v
v

Real-time instrumentation Real-Time

Automated testing oS
> Code generation (C/VHDL)

L
L

v

Complete racks



speedgoat

real-time simulation and testing

Managing Torque Ripples

= Torque ripple is a critical challenge in motor drive developments
— Source of instability for precision controls
— Source of vibrations for NVH optimizations

= Torque ripples have different contributors
— Motor topology (slot opening, saturation)
— Motor manufacturing process
— Switching dynamics of inverter
— Controller algorithm
— System level (load, resonances etc.)

= Torque ripples can be addressed at different stages of the development
— Reduction of spatial harmonics in FEM

— Tuning of controller parameters in simulation
— Controlling and optimizing manufacturing imperfections in RCP
— HIL testing for hardware and production code verification
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real-time simulation and testing

Electric Motor and Sensors

Final Product

Embedded Controller
with PWM and I/0



Development
Journey

N\

System Design

Rapid Control Prototyping

System Requirements —

7/

System Integration
& Calibration

speedgoat

real-time simulation and testing

Hardware-in-the-loop Testing

Hardware/Software
Integration



Development
Journey

System Requirements

System Design

Rapid Control Prototyping

7/

System Integration
& Calibration

speedgoat

real-time simulation and testing

Hardware-in-the-loop Testing

Hardware/Software
Integration



speedgoat

| real-time simulation and testing

Requirement management

= Start by defining the requirements from a system level perspective

M Requirements Editor

REQUIREMENTS

: —fi soe - B ge | EH |@v-a-Q = &
Add e L

External E Import
Requirements . i Profile Editor Add Show Show (& ﬂ » | Search | Traceability Traceability Model Testing | Export
Requirement - Link ~ & Requirements = Links Matrix Diagram Dashboard =
PROFILE REQUIREMENTS LINES VIEW EDIT ARALYSIS SHARE ry
4 | .doc xls
— Summary Verified =
I A
C )@ | - rroperties
heed The motor drive shall reach at least 1000 rpm i r— >
""""""""""""""""""""" and acceleration The motor Drive Shall reach at lest 500 RPM in less than 3s Tnd .
=
ility The speed shall always be within 10% of the command
Custom ID: |5, Max To Rippl
= The Motor shall provide a minimum of 3Mm m | * omue HppE |
e Ripple The torque ripple shall not exeed 0.3Nm at the nomimal speed (rpm). Summary: |Th'E torque ripple shall not exeed 0.3Nm at the nomimal speed (rpm). |
Description Rationale
W p2vo v]B 7 U B E=E=sS[ V&
"Requirements’ NVH requirements for the system
| Management ¥
Tools
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Requirement management

speedgoat

real-time simulation and testing

= Start by defining the requirements from a system level perspective

= Track verification and implementation

M Requirements Editor

- O X
I REQUIREMENTS S c B w B e
ST R 2 % @ SRR %
% af™ = =S | v-m-| Q| B N e
MNew Open = e i Profile Editor Add Add Show shaw @& |El » | Search | Traceability Traceability Model Testing | Export
Requirement Set Requirement - Link ~ & Requirements = Links Matrix Diagram Dashboard =
FILE PROFILE REQUIREMENTS LINES VIEW EDIT ARALYSIS SHARE ry
Inde 1D Summan \erified ®
v B Mot.. C )@ | - rroperties )
E 1 1.MinTop Speed The motor drive shall reach at least 1000 rpm i r— >
E 2. Min Speed and acceleration The motor Drive Shall reach at lest 500 RPM in less than 5s Tnd .
e
E 3. Speed Stability

The speed shall always be within 10% of the command

2

3

4 4 Min Torque The Motor shall provide a minimum of 3Mm
3

5. Max Torque Ripple

The torque ripple shall not exeed 0.3Mm at the nomimal speed (rpm).

Custom ID: | 5. Max Torque Ripple

Summary: |'I'h-& torgue ripple shall not exeed 0.3Mm at the nomimal speed (rpm).

Description Rationale

%o e z 1 W

I
(il
Il
Il
L4

MNVH requirements for the system
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real-time simulation and testing

System Design
and Simulation

system Requirements | () | SYSiem Integraton

Hardware-in-the-loop Testing
System Design I

Hardware/Software
Rapid Control Prototyping

Integration
Software Design

Model-in-the-Loop

[
]

-
- -

Software
Integration
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e simulation and testing

Model-in-the-Loop

System Design
and Simulation

Iyl

Enabled by

=MATLAB
SIMULINK

4\ MathWorks

JMAG-Designer
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SIMULATIOM MODELING FORMAT REAL-TIME

Model-in-the-Loop [ | da D0 - | oE = | Stop Time 4 @ % i =
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g L= 4 Metor_Contrel ¥ = PMSM FOC *  User Interface RCP :
& | ® |[PalEMCK » [Pr|Motor_Control P
]
fla
E3
=
PM Synchronous Molor
: = Current Sensor
Ol
Phases  Phase Current
Controller Algorithm

PMSM

kvest ooy B - "
nverter EI—-;H—,E d s . Position Sensor
5 m e A

[ ‘ . - i 3 i \ Dc_abe B Position
——> 3? ‘ Setpoint |E—B—,i i
TE QY]

i
&7

e

¢

Gate driver — ¥

Sl
- Ly

Position Feedback

Current Feedback

- 2 E



Model-in-the-Loop

SIMULATIOM

MODELING FORMAT

REAL-TIME
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E qp i = el @ P % i =
Project | New ESEVE b Library Log X |\Nc>rma| = Step Run Step Data Sequence Logic Bird's-Eye >
s \ - ~ = Print - Browser Events B Fast Restart Back = - Forward Inzpector Viewer Analyzer scope
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS |
g = 4 Metor_Contrel ¥ = PMSM FOC User Interface RCP E
_ s . EMCK ’ iEIMDtDr_CDntrDl ’
o
, tla
E3
=
PM Synchronous Molor
' & Current Sensor
]
Phases  Phase Current
Controller Algorithm
Inverter m_ PMSM
[ Spdl EE S Position Sensor
: ws BEOC A,,X
s G s — . . » - - Dc_she BfF— - 1+ i ~n R | Shaft Pasition
- Setpoint |E—B—.i _f ST
Gate driver B ik c [ W
Control —» B - -
.-“' . » i ;. = = P
> Angle e S n C
»> = /
. & s
g
» Voo
Sl
= =
Position Feedback
= 7 = Current Feedback
-H



Simulating Torque Ripple Effects

= FEA calculations of saturation and slot opening contributions
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real-time simulation and testing

Angle (Deg)
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real-time simulation and testing

Simulating Torque Ripple Effects

= Including FEA results in Simulink® and Simscape® for controller and multiphysics simulations

[ SIMULATION
=5 L, S Open ~ 12]°] Stop Time | inf = =
@ | - T~ T T 4 @ » 5B OB @
Project | New Esa"e - Library Log ™ | [Normal el Step Data Sequence Logic Bird's-Eye
- ~ & Pint ~ Browser Events 6@ Fast Restart Hackiw e Inspector View Analyz Scop
PROJECT FILE LIBRARY PREPARE SIMU REVIEW RESULTS
§ <« 4 Motor_Drive_Model E
£ | @ |[PaJemck » [Pa]Motor Drive_Model »
HIE
&
- |
=]
] iy
H = Inverter
1]
1] [ .
] ; Disc Brake
I Mechanical
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T
T
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Damping >S5
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Simulating Torque Ripple Effects

= Including FEA results in Simulink® and Simscape®
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real-time sim

tau

Torque

R R

Dynamometer

f(x

[iAiB:C)

FEM-Parameterized
PMSM

Import PMSM Flux Linkage Data from JMAG-RT

1. Load motor data from JMAG (open script, run script)

2. Plot results in motor windings (see code)

3. Explore simulation results using Simscape Results Explorer
4. Learn more about this example

Copyright 2022-2023 The MathWorks, Inc.

Phase currents

speedgoat

ulation and testing

Current (A)
)
T

T T T = T

™ |

VARWA\

/ /
5 / / -
10 /J L 1 I SN’ I 1 L o
0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Motor shaft torque
12 T T T T T T
11

1 1 1 1 1 1 1 1 1
0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Time (s)

0.01

18



speedgoat

real-time simulation and testing

Simulating Torque Ripple Effects

Typical FOC controllers can be tuned automatically using Simulink®

Encoder Simulation

19
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Rapid Control Prototyping speedgaat

real-time simulation and testing
Rapid Control

Prototyping

Ixle|

Speedgoat Test System
Real-time execution of the control design
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Rapid Control Prototyping

Physical System

Speedgoat Test System
Real-time execution of the control design




FORMAT REAL-TIME

MODELING

SIMULATIOM

Rapid Control Prototypin Copen - | Em B B
2 P @ ko |8 5 3 g ||emlk ¢ @ P o B B B3
Project | New E P Library & Lag c e @ Step Run Step Ctop Data Sequence Logic Bird's-Eye
. ~ &= Print - Brennser Events mE Fast Restart Back ~ » Forn ) Inspector Viewer Analyzer Scope
- PROJECT FILE LIERARY PREPARE SIMULATE REVIEW RESULTS |
Physncal System < 4 Motor_Control RCP X User Interface RCP ;

Model Browser

Speedgoat Test System
Real-time execution of the control design

[Pa|EMCK » [Pa|Motor_Control RCP »

@ |
£ Controller Algorithm
(®)Sinus Open Loop
= (_)FOC with Quadrature Encoder
() Sensorless Observer N
Setpomt () Block Commutation with Zero Crossing Detection
N Via
CAN Bus
Controller Algorithm
il Analog Input Current
CAMN read =
Madule [0: 3 PWM Generation
Channel: 1 CAN Msg
Speedgoat
10324-200k "
Analeg input v
Speedgoat Module ID: 2
12324 200k
EVR D 10 Sync and PWM Generatian
Module |D: 2

Quadrature Decoder

Speedgoat
10324-200k
QAD w3
Maodule ID: 2

Paosition

Position Feedback

Current Feedback
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%i F283790Firmware/.../Contraller Algerithm/FOC - Simulink sponsered third party support use — O X

SIMULATION DEBUG MODELING FORMAT HARDWARE SUBSYSTEM BLOCK

Hardware Board # @ @ . [& @
| Dalfing F222790 LaunchPad _ ] EomET Hardware  Hardware ™ || Stop Time | Inf Monitor Data Legic Performa... |
boardl=: Settings Mapping & Tune ~ Inspector  Analyzer Report
HARDWARE BOARD MODE PREPARE RUN ON HARDWARE REVIEW RESULTS
‘g ~ w Foc E) 3
s | @ 3
s =
. . 5
fla Field-Oriented Control for PMSM i
3 @ :
E =
5
&
lab (1 ) lab
O
Pos ( 2 Pos
Q ModWave 1 )
EnClosedLoop ( 4 )} > = ModWave
> = | Enable
I _m
=N P
g = . Idq_ref_PU
- H -
g En_closedloop =
EnablePWM = P EnablePWM om £t i)
SpeedRef .5 g P SpeedRef
&> W m ldqRef_PU o ko i PWM_Enable » boolean
Speedb ( 3 ) | > o P Spead_Meas_PU = PWM_Enable
Kp S 7 } | P Kp_S
Kis( 8 P K S Ki_ixTepu
Speed Control MLD Current Control
Kpi( 9 )
Ki_ixTepu ( 10 )
i
E Copyright 2020-2025 The MathWorks, Inc.
« |8

Ready 146% FixedStepAuto
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Controller Hardware-in-the-loop speedgoat

real-time simulation and testing

Hardware In the Real-ti Sp'eeclj‘gt'oantozet;tesnggtgrmnd drive
Loop Testing

Ixle|

Physical System
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Setting Up a HIL Test Bench

Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

Encoder Simulation
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real-time simulation and testing

Setting Up a HIL Test Bench

= Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

S8 Simulink Library Browser

& < [dremmomes < +[ 8 - 3+ @ | =

Simulink Real-Time: Speedgoat /0 Blockset/103/PWM

10171
10172
10183 Speedgoat

10316_100k
10191 FWMDC 10 Syne and PWM Generation
10203

Module 1D; 1
10204

10205
10206
10207
10230 Speedgoat
10281 mmlg:;:.m il
10292 Module ID: 1

> 10301-10304 10311-10314
~103xx

Analog 10

BisS

i Speedgoat

Crank and Cam 10316-100k

PWM Generation v5
Digital Module ID: 1
Dshot

EnDat
12¢ PWM generation (5)
Interrupt

10 Sync and PWM Generation

PWM Capture

Quadrature
Resolver
SENT

Serial
Setup

Pl

ssi
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Setting Up a HIL Test Bench

= Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

Speedgoat
10334-325k

Analog setup v1

speedgoat

real-time simulation and testing

S‘Xﬁ

Module 1D: 1
e »l1
Speedgoat
I > 103xx
fix)=0 [ 2 Analog output v1
Module ID: 1
>3
0 § —
Speedgoat double 9>\L
10334-325k 1 Load & 7z
Digital Input v1 double
Module ID: 1
. 1
D ———
'\_H
PS I
. —I®
O I = e
Speedgoat T ] T
10334-325k Ps W D
DC16 |
PWM Capture v1 > > %L@.’
Module ID: 1 double @ 4r' - b
e3 . K @ D
oL P—te— | o O3 ,
FEM-Parameterized
= PMSM
100
Speedgoat
Voltage 10334-325k
Quadrature Encoder v3

# Speed [RPM]

Module ID: 1
Number of Slots Vector: 16




Setting Up a HIL Test Bench

Speedgoat
10334-325k

Digital Input v1

Module ID: 1

Speedgoat
10334-325k
Analog setup v1
Module ID: 1

Speedgoat
10334-325k

PWM Capture v1

Module ID: 1

b
Il

o

Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

ElEIE
L

]

Lo
1

i

M
=

—» Speed [RPM]

Speedgoat

10334-325k
Quadrature Encoder v3
Module ID: 1
Number of Slots Vector: 16

PWM Capture — Inverter Duty cycle

speedgoat

real-time simulation and testing

Ty

&

Motor
Controller
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Setting Up a HIL Test Bench

= Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

Speedgoat
10334-325k
Analog setup v1
Module ID: 1

Analog current feedback

speedgoat

real-time simulation and testing

F,,s

L -

EIENE

Speedgoat
10334-325k
Setup v3
Module ID: 1
f(x)=0
Speedgoat
10334-325k 1 —
Digital Inputvt [ 4ol e
Module ID: 1
— =
dddddd
Speedgoat 1
10334-325k
PWM Capture v1 pete - S
Meodule ID: 1 double
.|
— = |
dddddd
.|
100
Voltage

o
=

Speedgoat
10334-325k
—» Speed [RPM] Quadrature Encoder v3
Module ID: 1
Number of Slots Vector: 16

38
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Setting Up a HIL Test Bench

= Using Simulink® and Simscape™ for Controller Hardware in the Loop testing

Speedgoat Speedgoat
10334-325k 10334-325k
Setup v3 Analog setup v1
Module ID: 1 Module ID: 1
1
Speedgoat
L R 103x;
f(x)=0 2 Analog output v1
Module ID: 1
Br—3
Speedgoat
10334-325k 1 >
Digital Inputvt — °f  4aupl e
Module ID: 1
Ps
= o

ﬂﬂﬂﬂﬂﬂ

Speedgoat —

10334-325k

‘ s
PWM Capture v1 be1e - TS E—— N }7 .
Module ID: 1 double @ LT

es

ﬂﬂﬂﬂﬂﬂ

)
|
BIBIE
L
3
g
iF;\L ¥
i

Speedgoat
Voltage 10334-325k
¥ Speed [RPM] Quadrature Encoder v3
Module ID: 1
Number of Slots Vector: 16

Quadrature encoder : position feedback 39



Setting Up a HIL Test Bench

Py SimscapePMSMCHI/Three-Phase PMSM System? - Simulink sponsored third party support use

SIMULATION

MODELING REAL-TIME

speedgoat

real-time simulation and testing

(Performance_84 - & @ N > @ I % e
W Connected Hardware Target Riin‘on Data Stop Logic TET Import File App Add b
Settings  Platform Tarcet Inspector  Recording ~ Analyzer  Monitor log  Generator Instrument i
CONNECT TO TARGET COMPUTER PREPARE UN ON TARG! REVIEW RESULTS e
@ 4 Userinterface Three-Phase PMSM System Three-Phase PMSM Systeml X Controller_MIL F28379D Firmware Two inputs CRL =
@
&
&
L] Speedgoat Speedgoat
= 10334-325k 10334-325k
O Setup v3 Analog setup v1
Module ID: 1 Module ID: 1
D1
Speedgoat
b > 103xx
f(x)=0 [ 2 Analog output v1
Module ID: 1
Dh—»(3
S_—
Speedgoat double AL
10334925k ; g r— 5 ¢ ﬁ>’—
Digital Input v1 doubla ™
Module ID: 1 , .
N ¢ i “\_{
NG|
PS  — —
T wl——
L v
Speedgoat = e R H c 3 Y
10334-325k Seia r o : A e
PWM Capture v1 > j/—@ L
Module ID: 1 @ [ —: | b
s | o> ()
i ¢ 2 '
Tol——r : 5 T >
FEM-Parameterized
= PMSM
Speedgoat
Voltage 10334-325k
— Speed [RPM] Quadrature Encoder v3
Module ID: 1
Number of Slots Vector: 16
. 40




| spe_edgaa_t
Setting Up a HIL Test Bench

—
——=—0 L 16y
VE—FF &y e
= T =
H
s i‘ Q_r
100 N

Module ID: 1
Number of Slots Vector: 16

:ED.
8
“Q

:
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Setting Up a HIL Test Bench

Development
Computer

Test and
— o

measurement data

Speedgoat Motor Controller
HIL Test System

i Jiﬁ*l |

{\ M

e

m‘

speedgoat

real-time simulation and testing

Motor
Controller

1’0
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Setting Up a HIL Test Bench

Development Computer Motor Controller HIL Test System Oscilloscope

Tektroni ¢
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Controller HIL Testing
Lumped-Parameter Model with Average Inverter

| Torque_AVG_Lumped

= Torque and inductances independent of current | | | | —
and angle

= Current proportional to duty cycle
— Controller imperfections (e.g. hardware noise)

1 -

0.8 7 ~

0.6 ~

0.4 ~

0.2 7 ~

T T T T T T T T T
26 2.65 27 275 28 2.85 29 285 3
Time (seconds)
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real-time simulation and testing

Controller HIL Testing
Import JMAG-RT® Data for Average Inverter Models

4 FEM motor generator - O X
speedgoat

J MAG RT® 1k_S_C_IV.rtt 1 ‘iﬁi
Import I

[ Password Precision | Spatial harmonic v Import

' Motor name ' Motor Type | RTT version
JMAG-Express Online
Log
Help
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real-time simulation and testing

Controller HIL Testing
Import JMAG-RT® Data for Average Inverter Models

4. FEM motor generator = 0
speedgoat
JMAG-RT® [EEEXXE &
] | Import
@ [ ] Password Precision | Spatial harmonic v| | Import
&
i : ‘
2 Motor name | 1k_S_C_IV Motor Type | PMSM 3-Phase RTT version |24.11
Target Workflow
®) SLRT Model In the Loop () Speedgoat FPGA 10336  / Select a target template I | ﬁ
Advanced Options |
Generate
Log
Help
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speedgoat

| real-time simulation and testing

Controller HIL Testing
Import JMAG-RT® Data for Average Inverter Models

4. FEM motor generator — ] X

speedgoat
real-time simulation and testing
’ 1k_S_C_IV.rtt Y (=)
Import

[ ] Password Precision | Spatial harmonic v | | Import \

B Info
> Config
Motor name | 1k_S_C_IV ; Motor Type | PMSM 3-Phase | RTTversion |24.11 PhaseCurr b
9 q
g—
Target Workflow 3 PhaseVolt abc . Torque
- - , - — p
o o J
(®) SLRT Model In the Loop () Speedgoat FPGA (10336 v Select a target template i\ “ ﬁ RotorMechSpd p
S e 3 LdTrq / Spd
| Advanced Options | RotorElecAngle p
1k_S_C_IV FEM Motor
i Generate
Log
| 1’ Help
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Controller HIL Testing
Speedgoat FEM Model and Average Inverter

Torque_AVG_Lumped
Torque_AVG_FEM

= Saturation | | | .
— Torque and flux depend on current 077 -

= Spatial harmonics
— Torque and flux depend on current

Info
) Config
rrrrrrrrr > D. 5 5 —
) PhaseVolt abc Torque P
pd P

0.65 B

i

)
)
<

....... TAYAVAVAAVAVATAY)

B 0.4 — —
T W]
-
- - == 0.35 -

T T T T T T
274 275 276 277 2.78 279
Time (seconds)
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Inverter HIL Simulation
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Controller HIL Testing
Lumped-Parameter PMSM and Switching Inverter

= Lumped-parameter PMSM

= Switching inverter
— Speedgoat FPGA-ready templates
— Simscape™ to HDL -

PuMATIL O
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Controller HIL Testing
Lumped-Parameter PMSM and Switching Inverter

Targque_Switch_Lumped
Torque_AVG_Lumped
Torgue_AVG_FEM

Lumped-parameter PMSM
Switching inverter
— Speedgoat FPGA-ready templates
— Simscape™ to HDL

0.65

WA AW,
.lﬁ};’ {Eﬁ iE;i conte nop lll'.l '|||\||| ‘w ||||| e Bl l WJ |II|IIl|‘I]I]|'I||'I'
Jphasevor PhaseCurrp 05 _ i

"l . ) Reset MurElecAngle 0.45 i

0.4 —

0.35 7

0.3

| | | | | T
274 275 2.76 277 2.78 2.79
Time (seconds)
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Controller HIL Testing
Lumped-Parameter PMSM and Switching Inverter

= Reduce current ripples
— Adjust PWM frequency

— Tune the impedances
— Adapt the controller

= Avoid resonances

- +
T T Confi Inf
I I:':':-" ~JET JConfig nfo[»
St
| PhaseCurr P
T T A PhaseVolt
| PMSM
| +
.y, J HDL Torgue [»
¥ LdTrg/Spd
- — ity Speed p
£ =gs &
Lt JReset MtrElecAngle [»
' -
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Controller HIL Testing
Combine JMAG-RT® Data with Switching Inverters on FPGA

JMAG

[ FEM motor generator = O >

speedgoat

JMAG-RT ® ‘feleu: source file I ||@|

[ Password Precision | Spatial harmonic v| [ Import |

Target Workflow

(@) SLRT Model Inthe Loop () Speedgoat FPGA

JMAG-Express Online

[ Advanced Options |

[ Generate |

Log

| | Help |
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Controller HIL Testing
Combine JMAG-RT® Data with Switching Inverters on FPGA

4 FEM motor generator = O X
speedgoat
JMAG-RT ® JRESSSE J\=
H ‘lmport
i
H [ ]Password Precision | Spatial harmonic v Import
E
- :
- ‘ '
H Motor name | 1k_S_C_IV Motor Type | PMSM 3-Phase RTT version | 24.11
Target Workflow
() SLRT Model In the Loop  (®) Speedgoat FPGA 10336 v | | Selecta target template 2 &
10336
Advanced Options

10334

Generate

Log
Help
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Controller HIL Testing

Combine JMAG-RT® Data with Switching Inverters on FPGA

Generates HDL code for Speedgoat FPGA implementation

4 FEM motor generator

speedgoat

= (] X

1k_S_C_IV.rit

Import

[ ]Password

Motor name |1k_S_C_IV

Motor Type

Precision | Spatial harmonic

v| | Import \

PMSM 3-Phase

| RTTversion |24.11

| Target Workflow
() SLRT Model In the Loop

| Advanced Options |

(®) Speedgoat FPGA

10336 v | ’ Select a target template

=)

@ |

10336
10334

| Generate

Log

T Help

mmmmmm

lwerter_ared_FEM_PMSM_Te_S € IV

speedgoat

e simulation and testing
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Controller HIL Testing
Combine JMAG-RT® Data with Switching Inverters on FPGA

FEM PMSM with JMAG® Data
— Motor torque ripple contributions

Switching Inverter
— Current ripple contributions

Torque_Switch_Lumped
Torgue_AVG_Lumped
Torgue_AVG_FEM
Torque_Switch_FEM

|
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Controller HIL Testing
Combine JMAG-RT® Data with Switchina Inverters on FPGA

FEM PMSM with JMAG® Data

la*_HF
Ib"_HF
le”_HF

— Motor torque ripple contributions - - —la_AVG_Lumped

Switching Inverter
— Current ripple contributions

10 = = =|b_AVG_lumped | [
le_AVG_Lumped
la_Switch_FEM
Ib_Switch_FEM
lc_Switch_FEM

-10

274 275 276 277 278 279
Time (seconds)
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Controller HIL Testing

Manage and Automate Testing

= Simulink® Test Manager
— Autor test cases
— Store results
— Link to requirements
— Applicable to all development stages

4\ Test Manager

e = R =
£

New Open Save Copy Delete TestSpec | Run

- - - - Report -

FILE EDIT

RUN

fii A % im = o
=& Import (o
Parallel Visualize Model Testing | Preferences
= Dashboard
RESULTS

speedgoat

real-time simulation and testing

- O

@
Help

EMVIRONMENT | RESOURCES

*

TESTS

.

L Resulis and Artifacts

|Fi|tertests by name or tags, e.g. tags: test

- E TestCazes
~ [ Baseline_CAN_HIL Tests
=] Speed_Step_500rpm_FOC
@ Speed_Step_500rpm_Sinus_Fault
* [0 Real_Time_MIL
[E] RT_MIL_500rpm_SINUS
[El RT_MIL_500mpm_FOC
~[3 ML
[El miIL_500rpm_SINUS
[l MIL_500rpm_FOC

PROPERTY VALUE
Mame [£] Speed_step_500rpm_FO( =
Tvpe Real-Time Test (Baseline T...

(1)

[Z] Speed_Step_500rpm_FOC  x

+SYSTEM UNDER TEST*

Load Application From | Model |v
Model: | FEAPMSMCHILsystem

Target Computer. |v
~ TEST HARNESS*

Harmess: | PMSM3FP2LInverterCHILsystem_Harness1 |v

» SIMULATION SETTINGS OVERRIDES*

» PARAMETER OVERRIDES

» CALLBACKS™

» INPUTS

» SIMULATION QUTPUTS

~BASELINE CRITERIA®

Include baseline data in test result
SIGNAL MAME ABS TOL RELTOL

b+ SpeedStep500rpm.... 0 0.00% 0

[ Start Page  x B Dashboard  x

muhAC

0

[E] MIL_500rpm_F¢ ®

LEADING TOL LAGGING TOL
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|
Controller HIL Testing [
Cut =+ ;
M d Aut te Testi #}ﬁﬁc T 5 > Om = A & impor
a n a g e a n u o m a e es I n g New Open Save = Lapy Delete TestSpec | Run Runwith Sic Parallel Visualize
bl b - - Report *  Stepper -
FILE EDIT RUN RESULTS
. . Test Browser [\ startPage x| [5] MIL_500rpm_FOC x| B Das
. S|mU Iln k TeSt Manager |Filtertests by name or tags, e.g. tags: test
Author test e MIL_500rpm_FOC
- utnor test cases = [ Baseline_CAN_HIL Tests TestCases » MIL » MIL_500rpm_FOC
5] speed_step_300rpm_FOC .
o Sto re resu ItS @ Speed_Step_500rpm_Sinus_Fault e
o - - - - Create Test Case from External File
H H i Real_Time_MIL
— Link to requirements B) s S00rpm SIS » TAGS
[E] RT_MIL_500rpm_FOC + DESCRIFTION
— For all development stages o  REQUIREMENTS:
[El miL_500rpm_SINUS +SYSTEM UNDER TEST*
ﬂ B Openin Tab ;
. . . Maodel: | FEAPMSMCHILsystem
= Convert simulation test cases to real-time tests >R cueT
TEST HARNESS
[> Runselectedin ’
R » SIMULATION SETTINGS AND RELEASE O\
EN
Expand Al » PARAMETER OVERRIDES
Collapse All » CALLBACKS*
~ Move Up » INPUTS
» SIMULATION OUTPUTS
o » CONFIGURATION SETTINGS OVERRIDES
& cut CHrl+X.
B CirleC » FAULT SETTINGS
+ BASELINE CRITERIA®
Enabled Include baseline data in test result
il Delete SIGNAL NAME
Rename £ » || MIL500rpm_FEM.mat
PROFERTY Convert fo v | Equivalence Test
Name Bl T2 gimulation Test
Type Baseline Test
Real-Time Test
Model FEAPMSMCH
Simulation Mode MNormal




speedgoat

Controller HIL Testing
Manage and Automate Testing

- Final HIL test verifies torque ripple requirements with all contributing components

A Test Manager

- O x
TESTS DATA INSPECTOR FORMAT
23] = AR
Legend Highlight
- in Model
VIEWS MEASURE & TRACE ANALYSIS TOOLS ry
Results and Artifacts MIL_500rpm_FOC x [ff} StartPage x @) Dashboard x  [E] HIL_500m_FOC x Visualize x Comparison  x
Filter results by name or tags, e.g. tags: test T N = ' &+ [T [N
NAME STATUS ' _
W Motor_Torque:1 (Baseline) W Motor_Torgue:1 (Sim Output) Tolerance
v Results: 2025-Nov-28 16:31:13 1@
» Results: 2025-Nov-28 17:19:37 1®
~ [E] HIL_500rpm_FOC ° o7
« [[&] Baseline Criteria Result o
® Motor_Torgue:1 (] 0.5 -
v [[E Verify Statements o "l "“I I““ I““ l"““ I"““ ”“"“
» P Sim Output (FEAPMSMCHILsy \ ) L | ' i Il i hl.- “l .‘ \
05 4N ‘|W‘ l‘w H‘w i ””m
0.4 -
0.3 -

2425 2.430 2435 2.440 2.445 2.450 2.455 2.460 2485 2.470 2.475 2.480 2.485
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Controller HIL Testing
Manage and Automate Testing

- The requirement is verified automatically to enable full traceability

speedgoat

real-time simulation and testing

(%% Requirements Editor — [m| X
REQUIREMEMNTS = A =2 e
% 38 - =y ; 5 6
2 O = e v-m- Q KN &
rt
Mew Open = Pl & Profile Editor Add Add Show Show @ ﬁ ~ | Search | Traceability Traceability Model Testing | Export
Requirement Set Requirement ~ Link ~ & Requirements = Links Matrix Diagram Dashboard ~
FILE PROFILE REQUIREMENTS LINKS VIEW EDIT ANALYSIS SHARE e
Index D Summary Verified Implemented @
v [ Mot.. @ OGS - rroperties -
=y 1 | 1. Min Top Speed The motor drive shall reach at least 1000 rpm :_ e ional v
=, 2 2 Min Speed and acceleration The motor Drive Shall reach at lest 300 RPM in less than 5s : _ - 5
=\ 3 3. Speed Stability The speed shall always be within 10% of the command : _ ' I
Custom ID: (5. Max To Ri
=L 4 4 Min Torque The Motor shall provide a minimum of 3Mm :_ m | x lomue T |
5 5 Max Torque Ripple The torque ripple shall not exeed 0.3Nm at the nomimal speed (rpm). o S Summany: |T""E tomue ripple shall not exeed 0.3Nm at the nomimal speed (rpm). |
Description Rationale
& R RN I
In stable load and speed command conditions, the torque ripple at
500rpm shall not exceed 0.3Nm
Keywords:
» Revision information:
~ Links
B ¢= Implemented by:
FEM-3dDQ-Flux-Torque-PMSM
FEM-3dDQ-Flux-Torque-PMSM
F 4= Verified by:
= HiL_s00mm_roc @
v
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me simulati nd testing

Automating HIL Testing for Continuous Integration
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Controller Hardware-in-the-loop speedgoat

real-time simulation and testing

Hardware In the Real-ti Sp'eeclj‘gt'oantozet;tesnggtgrmnd drive
Loop Testing

Ixle|

Physical System
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Power HIL

: Physical System Physical System

Controller Hardware-in-the-loop Power Hardware-in-the-loop

Speedgoat Test System

and Power Emulator
Real-time simulation of electric motor
including power emulation

Speedgoat Test System

Real-time simulation of the motor and drive

speedgoat

real-time simulation and testing

Ixle|

-
Ig-—
| —
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Power Hardware-in-the-loop 5peedggat
FEM Motor model deployed

Speedgoat Test System on the
and Power Emulator

Real-time simulation of electric motor Speedgoat teSt SyStem

including power emulation

real-time simulation and testing

Power device under test:
inverter and controller

Speedgoat
motor and sensor

emulation rack

Physical System Mor = §F -
y y ..



Development
Journey

AN

System Design

Rapid Control Prototyping

7/

system Requirements | () | SYSiem Integraton

l Hardware-in-the-loop Testing

speedgoat

real-time simulation and testing

Hardware/Software
Integration
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speedgoat

real-time simulation and testing

Key Takeaways

=  Speedgoat accelerates motor drive developments through real-time testing
— Rapid control prototyping
— Controller hardware in the loop
— Power hardware in the loop

= High fidelity models increase the test coverage for torque ripple challenges
— Import JMAG-RT® models into Speedgoat HIL test systems with new workflows

— Combine spatial harmonics and switching inverter dynamics on the FPGA to detect
high frequency torque ripple components before production

- Speedgoat and Mathworks® provide end-to-end development environment

www.speedgoat.com/contact-us
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real-time simulation and testing

www.speedgoat.com/contact-us
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