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’ Electric Drive System Definition

« With the push to replace physical testing with simulations, opportunities exist within the electric drive space to virtualize
development work

« MathWorks tools, and particularly the Simscape blockset, provide a great platform for modeling both the hardware and
software components of electric drive systems.

 These models can then be used for a wide range of both analysis and calibration work.
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Electric Drive System Virtualization — Virtual Dyno

« Shown below is the architecture of a Software In The Loop (SIL) model of an electric drive system.

* Included are both the hardware components modeled using Simscape blocks; as well as software components compiled
as FMUs.

« The entire simulation can run natively in Simulink, or compiled as an executable to run in other simulation environments
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Motor Model Overview

Characteristic Torque Comparrison

SIL Model
Physical Test

« FEM-Parameterized PMSM block allows for implementation of spatially
dependent machine parameters including saturation effects, core losses, and AC
effects.

« Parameters can come either from FEA data, or physical testing —

« Model matches well physical test data both in terms of average, and harmonic
torque.

RPM

SIL Model
Physical Test

£
Block Parameters: FEM-Parameterized PMSM b4 Torque Map =
FEM-Parameterized PMSM Auto Apply @
Settings Description
Time
Modeling option 3-D flux linkage data | No thermal port =
¥ Electrical
Flux linkage data format D and Q axes flux linkages as a function of D-axis curre = o
‘Winding type Wye-wound = = ‘ '
Expose neutral port No ~ - SIL‘Trq . .
—— Offline Simulation
Number of pole pairs PP
Park's convention for tabulated data Q leads D, rotor angle measured from A-phase to D-ax ~
Direct-axis current vector, iD |IdArray_FEM | A ~|L
Quadrature-axis current vector, iQ | IgArray_FEM | A w
Rotor angle vector, theta |R0t0rAngIe_FEM | deg ~ 1d S
Iq z
D-axis flux linkage, Fd(id,iq theta) | FluxD_FEM | Wh w é-
Q-axis flux linkage, Fq(id,ig,theta) | FluC)_FEM | Wh w =
Torque matrix, T(id,ig,theta) |Torq ue_FEM | N*m ~ldg
Interpolation method Linear = R
Stator resistance per phase, Rs | Rs_FEM | Ohm -
Iron Losses T
Mechanical I c
Initial Targets T @ | | | | |
Nominal Values 0.31 0.315 0.32 0.325 0.33 0.335 0.34
Time - Sec 4
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Inverter Model Overview

* Inverter devices and circuits can be modeled with various levels of fidelity
depending on simulation needs and balancing required model accuracy with ___H
execution time. e

« Device parameters can be specified including dependency on current and

™ Main

Block Parameters: IGBT (ldeal, Switching) K

temperature | e ——
* Models can be connected electrically with other circuit components as well as of e crsene e e —

electric machines ——

Block Parameters: D1 X

Diode Auto Apply @

Settings  Description

Madeling option Mo thermal port
¥ Main

Diode model Piecewise linear
Forward voltage |Vf_Diude | 3 v
On resistance |RUH_D\QdE | ©hm v
Off conductance [1e8 [s ~
Mumber of series diodes 1
Mumber of parallel diodes 1

Breakdown

Capacitance

Faults

Initial Targets

Nominal Values
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Utilizing Simscape Models in a Virtual Calibration Process Flow

Given these high fidelity electric drive system models along with the appropriate software to run them, calibrations can be developed and verified
in a virtual environment enabling a significant amount calibration work to be done prior to hardware availability.
Additionally, by creating a digital twin to align with physical hardware, evaluation of calibration or system changes can be performed without the

need for physical testing.
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| Using SIL Models To Enable Virtual Calibration

* Prior to any physical testing and utilizing only FEA generated machine parameters and the SIL
model for calibration development, a virtual calibration can achieve ~95% performance targets both

in terms of peak performance and calibration accuracy

« Enables significant reduction in product development time by being able to deliver a working
calibration immediately at hardware delivery

Physical Calibration vs. Virtual Calibration

SE——
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Coupling Electric Drive SIL Models With Driveline Models

Electric drive models can be further coupled with mechanical driveline models to enable
a full driveline simulation including the effects of motor torque ripple, gear lash, and

driveline resonance.

Critical mechanical frequency orders are accurately modeled

Control mitigation and calibrations can be modeled and tested using these complete
system models well before hardware availability to identify and mitigate any potential

issues
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’Coupling Electric Drive SIL Models With Other Electrical Models

« The electric drive system (including multiple systems) can be connected electrically to circuit
models of other components on the high voltage bus (battery, charging module, etc...)

« This allows for modeling of electrical interactions between the different components.

« Calibration strategies can be modeled and simulated to optimize desired bus behavior; while
avoiding critical resonance points any minimizing current/voltage ripple.
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Using SIL Models to Model Fault Response Behavior

« Control system fault response testing is one area in which the Simscape blockset offers great
benefits over other modeling approaches. Highly transient events; such as modeling of inductive
kickback during a 3 switch short to 6 switch open transitions is well captured due to the electrical
coupling between the motor and inverter models.

« Coupled with the software modeling, various fault case scenarios can be modeled without the
need of physical hardware tests
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Virtual ECU Overview

4 Simulation Tasks
and Test Cases

Level O
Controller Model
MIL

Simulink model
SWC Build

Level 3
Production BSW Level 4

Application SW Target Binary
Real-Time Environment yH|L

Basic SW GM Levels: 4.x
Non-target Binary

GCC Windows Executable

Linux Executable

Level 2
Real ECU

Simulation BSW

Non-target Binary
GCC Windows Executable o 3 .
Level 1 Linux Executable L TEVER i S V-ECU m
Application Level el e
SWC Build e, /‘ (App code + BSW + RTE)
+ Unit Test Framework LTSRN L0hee) :
Compiled as FMU e Simulated MCAL
- (Bus drivers, HWIO)
DR sy El
Interface API (FMI)
f N1t -l' l—' | b ‘ Data Exchange
FMI Simulator

Closeness to reality
>
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Simulation Setup

« Two possible implementations available to achieve Level 3 vECU.

Co-Simulation Native Simulink

- Software and plant models compiled as FMUs and run in *  Controller FMU can run directly in Simulink with
Co-Simulation engine. native Simulink components.

 Allows for interfacing with external models/tools but can be * Generally better for development purposes when
slower depending on required synchronizations speeds. frequent software/model changes are planned

» Generally better for mature models being distributed to a
large amount of users

4+
MATLAB
SIMULINK®
Motor
TPIM Invertor Plant vecu  fmi
Controller model m
| =
Phase Currents
Speed Sensor Signals PWM Duty Cycles
Simscpae Plant Model
{Modor, IFrverter, Resolver, etz )
4+

MATLAB
SIMULINK®
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Summary /Conclusion

« Using Simscape components inside of Simulink; combined with a virtual
ECU enables virtualization of many critical electric drive development tasks
Including:

« Calibration

 Algorithm Development

e Simulation

« Software Development / Regression Testing

« Simscape electric drive components offer the right mix of options to balance
high fidelity system modeling with easy to integrate components to enable a
complete simulation package.

« Using high fidelity electric drive plant models, combined with SIL packages
has been able to cut in half the amount of time needed on a dynamometer
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