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Share the EXPO experience 

#MATLABEXPO
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Megatrend: Electrification of Everything
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From Grid to Vehicle 

Clean Energy
Low-carbon fuels

Energy efficiency 

and electrification

Battery storage



44

Design Challenges

Every bit of energy wasted reduces efficiency/ range

Improperly sized components can add weight or waste energy

Overly complex solutions may reduce efficiency if not optimized

Analysis becomes important to predict issues
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On the Grid Side

IEEE1676 – Control Architecture for High Power Electronic

System Control

Application Control
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• Voltage/Frequency Regulation

• Transient Smoothing

• Reactive Power Control

• Peak Shaving/Load Leveling

• Energy Markets

• Integration of Renewables

• Islanding Operation (No Grid)

m/µ-Seconds

• Switched-Mode Control

• Harmonic Analysis

Converter Control

Switching Control

Hardware Control
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Design Flexibility

Low Fidelity
Architecture Design

Component
(sizing, integration, etc.,)

Operation
(EMS, Trading)

Fault, Degradation, 

Stability
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Design Flexibility

Low Fidelity High Fidelity

Battery Cell

24h 0.2s
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Systems Engineering: System Composer

System Architecture ComponentRequirement
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Motor ControlPower Electronics

On e-Mobility Side

Battery Management
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Electric Vehicle System

BMSBTMS MCUCCM
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Common Challenges with Motor Control Development 

▪ Developing accurate motor models with varying model fidelity 

▪ Motor constraint curves and Identifying optimal operating condition

▪ Tune Control loop gains to get the desired performance

▪ Code generation and Deployment to a target hardware  
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ebm-papst Develops Electric Auxiliary Oil Pump for 

Automatic Transmissions Using Model-Based Design

Challenge
Develop, verify, and calibrate an automotive auxiliary oil pump 

without a pressure sensor

Solution
Use Model-Based Design to model and simulate the controller, 

and use Simulink Real-Time to validate the design and automate 

system identification and calibration

Results
▪ Overall development time halved

▪ System investigation time cut by 60%

▪ Deployment on specified microcontroller supported

“Given the time pressure we faced, Model-

Based Design was our only chance to design a 

controller that satisfied our customer’s 

pressure regulation requirements, build a test 

rig to automate labor-intensive tests, and 

rapidly set up a calibration process in 

production to maximize performance.”

‒ Jens Löffler, ebm-papst

Link to user story

ebm-papst’s automotive auxiliary oil 

pump without a pressure sensor.

https://www.mathworks.com/company/user_stories/ebm-papst-develops-electric-auxiliary-oil-pump-for-automatic-transmissions-using-model-based-design.html?s_tid=srchtitle_PMSM%20control_3
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Select motor 

type & spec

Motor 

parameteriz

ation

Design 

motor from 

external tool

Motor from 

ext vendor

Plant (Motor 

+ Inverter) 

modeling

Motor parameterization and Plant modeling

Workflow for Motor Control Development

Define 

Control 

Architecture

Control gain 

tuning

Linearize 

Plant Model 

Control algorithm implementation

Requirements

Embedded 

Software for 

Motor Control

Motor 

parameterization 

and Plant 

modeling

Control 

algorithm 

implementation

Code generation 

and deployment

Processor 

driver code 

generation
Sensor 

calibration
Deployment

Code gen and deployment

Code 

generation
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Motor Parametrization

From Motor Datasheet From Pre-parametrized Motors
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Parameter Estimation by Running Instrumented Tests

▪ Instrumented tests running 

on the target 

▪ Sensor-based and 

Sensorless modes available

▪ Supports PMSM and 

Induction Motor

Figure : gif showing parameter estimation capability with TI C2000 hardware

https://www.mathworks.com/help/mcb/gs/estimate-pmsm-parameters-using-recommended-hardware.html
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Motor Parametrization using FEA tools



1717

Parameterizing the motor models

17

From datasheet From Pre-parametrization
From FEA tools such as ANSYS 

Maxwell, JMAG, Motor-CAD

Lumped Parameters Saturation + Spatial Harmonics

From Instrumented tests 

running on the Hardware 



1818

C
o
m

p
u
ta

ti
o
n
a
l 
T

im
e

Model Complexity & Detail

Computational Time vs. Model Complexity

Ideal 

Actuators
Linearized

Systems Averaged

Voltage

Realistic

Actuators
Switching 

effects

Nonlinear

Effects
S1

S2S3

Right model fidelity for Motor & Inverter Model

Configure your model to balance

simulation speed and model fidelity. 
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Motor Constraint Curves and Characteristics

Ref: https://www.mathworks.com/help/mcb/ug/pmsm-characteristics-constraint-curves.html

▪ Display Motor Constraints such as  

‒ MTPA curve (Maximum Torque per Ampere)

‒ MTPV curve (Maximum Torque per Voltage)

‒ Voltage Limit curve

‒ Current Limit

▪ Exploration Motor Characteristics

Figure : Dependency of curves and characteristics on parameters changes

https://www.mathworks.com/help/mcb/ug/pmsm-characteristics-constraint-curves.html
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Control loop gain tuning

Empirical Computation FOC Autotuner Online frequency estimation 

and PID tuner app

Motor Control Blockset Motor Control Blockset and

Simulink Control Design

Simulink Control 

Design

Classical Control 

Theory
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Control loop gain tuning with FOC 

Autotuner

Target model deployed to 

the hardware

Host model reads the tuned 

gain values from hardware

Motor control kit with 

evaluation board

Deployed in hardware
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Control loop gain tuning Online Frequency 

Estimation

Target model deploy in 

target

Motor control kit with 

evaluation board

Deployed in hardware

Host model reads the frequency 

spectrum data from hardware

Online plant frequency 

response Input frequency 

response data to PID 

Tuner App 

Compare frequency response data in Sim and 

hardware testing

Serial 

communication
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Code Generation and Deployment on embedded device

Hardware Support 

Package for Driver code
Hand-written Driver code 

for peripherals
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Summary

✓ Discussed various methods to parameterize the motor and achieve different 

fidelity levels

✓ Utility to display constraints curves as a function of motor parameters 

✓ Discussed systematic approaches to tune loop gains

✓ Deploy to the hardware and validate

Requirements
Embedded 

Software for 

Motor Control

Motor 

parameterization 

and Plant 

modeling

Control 

algorithm 

implementation

Code generation 

and deployment
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Electric Vehicle System

BMSBTMS MCUCCM
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Challenges in developing a BMS

Long Iteration Cycles Safety Critical SystemCollaboration Gap

Simulations 

and Code Generation

Model V&V and Hardware-

In-Loop Testing

Multi-Domain Modeling 

Environment

System Analysis

Scaling up from cell to 

pack using automation
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Exponent Energy Develops 15-Minute Fast-Charging Battery System 

for Electric Vehicles Using Model-Based Design

Using Simulink, Stateflow, and Embedded Coder, 

Exponent Energy designed a battery system with a fast 

charger that accounts for state of charge, state of health, 

and impedance faster and more accurately than existing 

systems. After 3,000 cycles, its residual capacity was still 

over 80%

Key Outcomes/Advantages

▪ Accelerated the development, testing, and verification 

of the entire solution by at least five times using Model-

Based Design

▪ Accelerated product prototyping through code 

generation with Embedded Coder and TSP for TI 

C2000

▪ Developed an accurate and responsive BMS with 

improved thermal management, resulting in more than 

80% state of health after 3,000 fast-charging cycles

“In just a month, Exponent Energy successfully 

integrated the battery with the vehicle and conducted 

multiple charging and discharging tests on the road. We 

reduced development time significantly using Model-

Based Design and MATLAB and Simulink products.”

- Richard Davis, lead system architect, Exponent Energy

(Above) Exponent Energy’s flexible energy stack with the e^pump

fast charger and e-pack battery in the vehicle. (Below) A graph 

measuring battery health across fast charging cycles.

Link to user story

https://www.mathworks.com/company/user_stories/exponent-energy-develops-a-15-minute-fast-charging-battery-system-for-electric-vehicles-using-model-based-design.html
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Battery Pack and BMS Design Workflow Tasks

5. Thermal Management System Design3. Battery Pack Design

6. Deployment and HIL4. Battery Management System Design & 

Deployment

1. Cell Modeling

2. Cell Parametrization
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Where do we start?

Gain insight into cell behavior and model it
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Cylindrical Cell Prismatic Cell Pouch Cell

Hexagonal Square Single Stack Multiple Stack Single Stack

Cell Geometry
Available geometries

▪ The cells can be disposed in different topologies, depending on their geometry

▪ Battery pack volume, mass, and dimensions are scaled automatically as new 

cells are added
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Understanding the Cell Model
Electrical and thermal model

▪ Electrical model for RC circuit

– Look-up table based

– Dependency from SOC and 

Temperature

▪ Thermal lumped model

▪ Thermal resistances that account 

for different thermal paths

▪ Power losses calculated from 

Ohmic losses
R1

C1

R0

RSDEm

12

11

12

RthermMcell

P
o

w
e

r 
lo

s
s
e
s
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Two possible cases for RC circuit (Em, R0, R1…) parametrization:

▪ Look-up tables are known

▪ Look-up tables must be estimated

Parametrizing the Cell Model
RC circuit parametrization

iCell

New iteration
=

Simscape model 

(Em,R1,R0,C1)

Vmodel

Done

Em

R1

C1

R0

Vreal
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Electric Cell to Battery Pack

Cell

Parallel 
Assembly

Module

Module 
Assembly

Pack
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Number of cells
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Battery Builder
App-based battery pack generation
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Choose Model Fidelity
Find tradeoff between calculation speed and precision

Detailed Grouped Lumped
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Battery pack: Thermal Paths WITHIN the Pack
Model conduction, convection, and radiation between cells

Inter cell path Inter cell radiative path
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Battery pack: Thermal Paths WITHIN the Pack
Model conduction, convection, and radiation between cells

Inter cell path Inter cell radiative path
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Thermal path to ambient

Battery pack: Thermal Paths OUTSIDE of the Pack
Model conduction, convection between pack and environment

Thermal path to cooling plate
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Thermal path to ambient

Battery pack: Thermal Paths OUTSIDE of the Pack
Model conduction, convection between pack and environment

Thermal path to cooling plate

1

21

1
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Battery pack active cooling
Cooling plate topologies

▪ Model heat transfer between battery,

liquid cooling system, and environment

– Control cell-to-cell temperature variation

– Tradeoff of pumping costs

and cooling efficiency

▪ Different cooling plate topologies

– Edge, parallel channel, U-shaped channel

– Single- and double-sided plates

▪ Adjust resolution of thermal model

– Define quantity and placement of nodes
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X

Y

Cooling plate model
Parallel Channels plate with two channels, lumped

Lumped plate with one 

temperature value

Number of partitions in X: 1

Number of partitions in Y: 1
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Number of partitions in X: 1

Number of partitions in Y: 1

Cooling plate model
Parallel Channels plate with two channels, two plate elements

Two different temperature 

measurements on the plate

Number of partitions in X: 2

Number of partitions in Y: 1

X

Y
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Cooling plate model
Parallel Channels plate with two channels, six plate elements

Six different temperature 

measurements on the plate

X

Y
Number of partitions in X: 2

Number of partitions in Y: 1

Number of partitions in X: 2

Number of partitions in Y: 3



4545

Cooling plate model
Find tradeoff between calculation speed and precision
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Connecting Pack and Plate
Combine plate and pack module fidelities

Lumped module

Lumped plate

Grouped module

Discretized plate

Detailed module

Discretized plate
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Battery Management Algorithms
Block overview

▪ Charge and discharge

– CC-CV, current limits

▪ Passive cell balancing

▪ Estimators

– SOC, SOH

▪ Protection

– Current, voltage, temperature monitor

– Fault qualification

▪ Thermal management

– Coolant and heater control
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Pouch Module with Cooling Plate & BMS Blocks
Demo implementation
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Pouch Module with Cooling Plate & BMS Blocks
Simulation results
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Pouch Module with Cooling Plate & BMS Blocks
Simulation results
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Generate C/C++ Code From BMS Algorithm Models  
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Hardware-In-Loop Testing of Battery Management System

Wiring and Signal Conditioning

Automatic 

Code Generation

Main Controller
Measurement & 

Diagnostics
Battery Emulation

Testing BMS with Emulated Battery Cells

– Reduce testing time

– Test fault conditions safely

– Automate testing
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Battery Pack and BMS Design Workflow Tasks

5. Thermal Management System Design3. Battery Pack Design

6. Deployment and HIL4. Battery Management System Design & 

Deployment

1. Cell Modeling

2. Cell Parametrization
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Challenges in developing a BMS

Long Iteration Cycles Safety Critical SystemCollaboration Gap

Test your design 

iterations every step of 

the way through 

simulations and 

Hardware-In-Loop 

testing

Gain confidence in design 

and work towards safety 

certification

Leverage models to 

communicate technical 

specifications, design 

implementation, results 

and maintain traceability

System Analysis

Use Simscape Battery  

framework that is 

assembled specifically to 

create a bridge between 

cell and system.
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Electric Vehicle System

BMSBTMS MCUCCM
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Challenges for Power Electronics Engineer

▪ Understand the impact of the power source and 

load

▪ Testing for a complete range of operating and 

fault conditions

▪ Designing and implementing digital controls 

using only SPICE simulator tools

▪ Catching errors during software-hardware 

integration testing

▪ Compliance to industry standards

▪ Development Time
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VONSCH Speeds the Development of Control Systems for

Solar Inverters and Battery Chargers

Challenge
▪ Develop solar inverter and battery charger control 

systems amid frequently shifting market requirements 

Solution
▪ Use Model-Based Design with MATLAB and Simulink 

to model power electronics and control systems, 

run simulations, and generate embedded code 

for a TI microcontroller

Results
▪ Product development time reduced by one year 

▪ New product R&D accelerated via model reuse 

▪ Number of hardware prototypes reduced 

Development and testing of FOTO CONTROL 1f 

and FOTO CHARGER products.

Link to user story

“Model-Based Design enabled us to quickly adapt to 

changing legislation and requirements. Before 

prototype hardware was available, we designed and 

simulated the entire system in Simulink and generated 

embedded code for the controller, which was working 

on the prototype within a day or two after the hardware 

was available.”

Dr. Jakub Vonkomer

VONSCH

https://www.mathworks.com/company/user_stories/vonsch-speeds-the-development-of-control-systems-for-solar-inverters-and-battery-chargers.html
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Power Converter Control Design Workflow Tasks

Switching 

loss

Conduction 

loss

Size Components

PID Tuner

Losses Analysis

Controller Design One-Click Embedded Deployment Analyze Harmonics

Model Fidelity
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On-Board Charger for Two-Wheeler Electric Vehicle

>> ee_onboard_charger_two_wheeler
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Power Converter Model Fidelity 

System-Level Behavior Component Validation Component Design

Abstracted Waveform Controlled Individual

SwitchesSemiconductor Converter Models

High FidelityLow Fidelity Composition

PWM Controlled
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On-Board Charger for Two-Wheeler Electric Vehicle
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DC-DC Converter - Variant Subsystem

Three Variant Implementation:
• Average Converter 
• Averaged Switching Converter
• Switching Converter
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DC-DC Converter - Variant Subsystem

Average Converter:
• Fastest simulation 
• Slight reduction in accuracy during transient
• Capture system level behavior 
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DC-DC Converter - Variant Subsystem

Averaged Switching Converter:
• Faster simulation time
• Better accuracy and capture switching events
• Verify the operation of the converter



6666

DC-DC Converter - Variant Subsystem

Fully Switching Converter:
• Slower simulation
• Capture complete switching details
• Calculate converter losses and to estimate its 

efficiency
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MOSFET Parametrization
Manufacturer Specific SiC MOSFETs

▪ Database with parameter values​

to match vendor-specific motors
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Import Spice Subcircuit
Buck Converter Subcircuit Import

>>subcircuit2ssc(BUCK_SUBCKT.CIR)

subcircuit2ssc

ssc_build
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Parametrizing from datasheet
IGBT Module
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Parametrizing from datasheet
IGBT Module
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Parametrizing from datasheet
IGBT Module
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Parametrizing from datasheet
IGBT Module
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Heatsink Block

▪ Model a heatsink used to dissipate 

heat from power electronics

– Model conduction through fins and 

convection to environment

▪ Flexible parameterization

– Datasheet

– Tabulated heat transfer properties

– Geometry assuming an empirical 

convection correlation
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Calculate Power Loss and Efficiency

>> ee_getEfficiency

>> ee_getPowerLossSummary

>> ee_getPowerLossTimeSeries
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On-Board Charger for Two-Wheeler Electric Vehicle
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Component Sizing using Simulation
Discontinuous Conduction ModeContinuous Conduction Mode
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Totem Pole Converter for Power Factor Correction
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PID Tuning



7979

Compensator Design

Model Linearizer
Control System Designer
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Simulation Output
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FFT Analyzer
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MATLAB

C Code

Replace Hand Coding with Code Generation

Simulink

Stateflow

Optimizations
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Include TI C2000 Driver Blocks 

Simulink 

Model

Embedded 

Coder
CCS Project

Run on 

C2000

C2000 

Blockset 

Introduced 

in R2023a
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Test Digital Communication Protocols

SAE J1772 protocol for basic charging and ISO15118 protocol for high level communication (HLC)
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Xilinx Kintex®-7 FPGA

Floating-point 

support

Hardware-in-the-Loop Simulation of Power Converter

Target Computer

with FPGA I/O Module

DAC - Analog output

• ~ 500 ns settling time

• 16-bit 

• ±10V voltage range

PWM signal 

100 kHz

PWM Capture - 200 MHz

• 5 nanosecond resolution

Development 

Computer

Output voltage
Device Under Test

Linearized Converter used to 

deploy to FPGA I/O module 

via Simcape HDL Workflow

Model sample time = 500 nanoseconds (2 MHz)
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Power Converter Control Design Workflow Tasks

Switching 

loss

Conduction 

loss

Size Components

PID Tuner

Losses Analysis

Controller Design One-Click Embedded Deployment Analyze Harmonics

Model Fidelity
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Challenges for Power Electronics Engineer

▪ Understand the impact of the power source and 

load

▪ Testing for a complete range of operating and 

fault conditions

▪ Designing and implementing digital controls 

using only SPICE simulator tools

▪ Catching errors during software-hardware 

integration testing

▪ Compliance to industry standards

▪ Development Time
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Electric Vehicle System

BMSBTMS MCUCCM
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Key Takeaways 

▪ Speeding up journey from an idea to implementation!

▪ Iterating on new ideas faster using Model Based Design 

– Design with simulation

– Prototype on real-time hardware

– Generate code for production

▪ Varying model fidelity based on your needs 
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Enable Your Team For Electrification
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Visit the Power Electronics Control Community on

MATLAB Central to find Models, Answers, and How-to Videos

https://www.mathworks.com/matlabcentral/topics/power-electronics-control.html

https://www.mathworks.com/matlabcentral/topics/power-electronics-control.html
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