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AGENDA

» Motor Sizing - General Considerations.

» Torque-Speed Profile;

* Dynamics of Mechanical Drive Systems;

» Power Transmission Systems;

* Gearing Systems;

Modes of Mechanical Failure and Preventive Treatment
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GENERAL LOAD REQUIREMENTS

* Motor Sizing(%)ﬁ}g( m-y@

® Load inertia (moment of inertia) W
® Required torque and speed {d&/

® Peak torque;

® Root mean square torque;
® Maximum speed. _ Inertia 5:1
® Acceleration and deceleration proﬂles

Inertia 10:1

® Duty cycle and thermal limits -
® Friction and external forces /,‘

® Mechanical losses;

Motor

Inertia 1:1
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® Horizontal Motion axis;
® Gravitational forces don't influence drive torque directly;

® Vertical Motion axis;
® motor must counteract gravitational force.
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TORQUE-SPEED CHARACTERISTIC

Coulomb friction
Viscous friction

Friction due to
turbulent flow
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Gravitational
torque

9

TORQUE

SPEED Vehicle drive

TORQUE-SPEED CHARACTERISTIC
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Newton’s law
d(Mv)
dt

F -F =

d(v) d’x
Fm—Ff:MWZMW:Ma
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DYNAMICS OF MECHANICAL DRIVE SYSTEM

Rotational motion
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DYNAMICS OF MECHANICAL DRIVE SYSTEM

For constant J, T,=T +J do,
d(o,) .

m Torque dynamics — present during speed fransient

M Angular acceleration
dt

J
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DYNAMICS OF MECHANICAL DRIVE
SYSTEM
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GEAR BOXES

Load
Ju

T = T2, o
— - \ 4
T2 — nTI T a Ll a
1,0
N,

Relation b/w the i/p and o/p of asingle stage gear
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GEAR BOXES

Resultant mechanical constants at the shaft are,

L OV :

J=J + % B=B + % B,

2 2

Inertia Frictional Forces
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GEARS

» Spur Gears

* Simplest and most common
type of gears.

 Their teeth are Straight, and
Parallel to the gear axis.

* No significant force is
generated along the shaft's
axis (axial or thrust force)

Spur gears
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» Helical Gears
» High contact ratio

Cheaper, simpler,
noisier

Quieter, stronger,
needs thrust bearings

N

-
—
Produces axial forces o
—
Good for low-cost Ideal for high-speed or 4
systems precision drives v o o
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» Torque thru equally spaced
planetary wheels;

+ Gearbox has no bending moments;
« Smaller size.

PLANETARY GEAR BOX

Planetary gear box
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CYCLOID SPEED REDUCER

* Plain disc rolling around a stationary ring;

* Follows an eccentric path at speed nl;

» Rotation in the opposite direction with n2.

Major components of cycloid speed reducer
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LEAD SCREW

* Lead is equal to the pitch;

» Direct contact between the screw
and the nut;

* |Inefficient Drive.

Lead screw

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

230

230



Day Two Workshop Slides

Ball Screw
» Low Friction;
+ Good Dynamic Performance.
Ball screw
Gomoaon b prenitited o : 21
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" MOTOR MOUNTING TECHNIQUES
AND VIBRATION ISOLATION

232
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* Mounting Principle;

* Mounting methods with applications;
* Role of coupling;

* Drives;
» Torque bar;

+ Vibration isolation.

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

» Axis of stator and rotor and that of
rotation should be the one and same.

Rotor

Axis of
rotation

Stator

234

234
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MOUNTING PRINCIPLE

» Flat Surface
* Rigid Surface

opyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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WHEELCHAIR MOTOR MOUNTING

Mounting surface

» Surface mounting. Gearbox
* Inner runner motor.

Stator

/

BLDC motoi Rotor

236
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WHEELCHAIR MOTOR MOUNTING

+ Critical mating plate;
* Fixed stator.

Fixed mounting
surface Fixed stator

Alignment of axes Axis of rotation

Mating plates

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

237

238

POWER STEERING MOTOR
MOUNTING

* Mounting frame;
* Inner runner motor.
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VIOLATION OF THE PRINCIPLE

» Pulling forces;
» Dynamics of Eccentricity.

Fixed stator

Axis of Stator

Driven shaft is steady

Axis of rotation of & constraint

Rotor

Bolting of stator to -
frame. l Direction of pull

POOR MEHTOD OF MOUNTING
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VIOLATION OF PRINCIPLE

* AXis are not same.

Motor test stand

Motor axis POOR MEHTOD OF
MOUNTING
96‘%'/\}.'6 % CQ(" hnfl
thorized review. , disclosure, or
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ROLE OF COUPLINGS

« Connecting shafts & power tfransmission;
* Mechanical flexibility;

 Reduce transmission of shock loads from one shaft
to anofther.
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ROLE OF COUPLINGS

W“er\é S WVS'Z
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FLEXIBLE COUPLINGS

* Oldham's couplings:
» Shock/vibration
absorber.

i pAip

Angular Misalignment Axial Motion - "
L Gear box /
l [| 1 BLDC Motor
Parallel Misalignment ~ Complex Misalignment Oldham’s

coupling
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DRIVES

» Belts & pulleys;
+ Gear drives;
* Chain & sprockets.
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BELTS & PULLEY'S

* Flexible, shock absorber;
* Efficient;
» Long distance power transmission;
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BELTS & PULLEYS
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BELTS & PULLEYS

C
distribution is prohibited.
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+ Axis of power fransmission is one and same.
+ Rigid mounting.

Copyright 2025-26 PEG This document con
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GEAR DRIVE MOUNTING
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* Employed for long & short distance;
* Load on shafts is less;
* Multiple shaft can work.

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

249

* Mechanical Causes
* Unbalanced loading
= Damaged bearing
= Air-gap
= Loose Hardware
= Foundation/Uneven mounting surface
= Lack of lubrication

distribution

s prohibited
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VIBRATION ISOLATION
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COUPLINGS/GEARING

Toothed Gear Roller Chain Drive Silent Chain Drive

Idler pulley

Flat Belt with Idler Open Flat Belt Drive Friction Drive

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

C
distribution is prohibited.

251

N

POWER TRANSMISSION

*Need for Drives
*Speed
*Torgque
 Different Axis of Rotation

opyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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TYPES OF POWER TRANSMISSION

Mechanical
*Hydraulic
Pneumatic
Electrical

253

~

254

TYPES OF MECHANICAL DRIVES

* Mode of power fransmission
« Transmission by friction
With Direct Contact, e.g., Friction Drive
« With Flexible connection, e.g., Belt Drives

254
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TYPES OF MECHANICAL DRIVES

* Mode of power fransmission
« Transmission by mesh
« With Direct Contact, e.g., toothed and Worm gears
With flexible connection, e.g. Chain Drives

255

TYPES OF MECHANICAL DRIVES

* Mode of power tfransmission
» By the change of the Velocity Ratio
+ Step by Step Change
« No Change
» Variable speed drives e.g., Automotive Vehicles

256
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TYPES OF MECHANICAL DRIVES

* Mode of power tfransmission
» By the position of shaft-
» Parallel shaft
« Shafts at right angles
» Intersecting shafts

257

CONCEPT OF PERIPHERAL SPEED

* Peripheral speed can be calculated by,
v,=wD,/2
or v,=mD;n,/60
Peripheral speed of the driven member,
Vo= W,D,/2

258
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CONCEPT OF PERIPHERAL SPEED

or V,= 11 Dyn,/60

Without slipping, the peripheral speeds
should be same

vi=v2

ie. @D,/2=w,D,/2

or m Dyn,;/60 = 11 D,n,/60

259

CONCEPT OF PERIPHERAL SPEED

Whence,
@;/W,=D,/D;=n,/n,
Where D, and D, diameters
@,(n;) and w,(n,) are angular speeds

Copyright 2025 s document contains privileged information. Any unauthorized review, use, disclosure, or 60
26
distribution is prohibited
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CONCEPT OF PERIPHERAL SPEED

* Angular speed ratio or velocity ratio
(VR)1 2=,/ @,=n,/ny,=D,/D,

« Sign of VR will depend on the directions of the angular velocities

261

EFFICIENCY OF POWER
TRANSMISSION

» Output Power

Po=P; X'

M= torsional moment, Nm
w=angular speed , radians/s
M,=kWx1000/c>

=kW x 1000/(2 17 f)
=9550xkW/rev/min (Nm)

~

262
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| .L- _‘—/7_,
EFFICIENCY OF POWER

TRANSMISSION

Mt.co; =Mt,.w,.N;;

Hence
Mt=Mt,.®,/ @,.N;;
=Mt,.(VR), i.n;;

Mt,=torsional moment on the second shaft
=M .(VR); 2N 2

263

N
| .L- _‘—/7_,
EFFICIENCY OF POWER

TRANSMISSION

*Total Speed Ratio,
(VR); n=(VR); X (VR)y X(VR)5....ev....... (VR),

«Total efficiency of the multistage
drive,

Ny =Ny - No- N3 eeeeeennnnee. Nn

264
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SELECTION OF A MECHANICAL
DRIVE

+ Power transmission
* Angular velocities
» Distance

» Overall dimensions

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 265
distribution is prohibited 265
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VELOCITY RATIO

+ Velocity ratfio obtained by
» Toothed wheel gears
* Worm gears

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 266
distribution is prohibited <00
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\/ARIOUS DRIVES IN SERIAL ORDER

N

ARE

1 |(Toothed Gears Velocity Ratio [From 4 tn(ED;
2 |Roller Chain Drives |Velocity Ratio [From 6 to 10
3 |Silent chain Drives |Velocity Ratio |Up tGQE)A
4 |V-belt Drives Velocity Ratio |[From Svtn(15)
5 |Flat belt with idler |Velocity Ratio |Up to 10

& |(Open flat belt drnive |Velocity Ratio |Up to 5

7 |Friction Drives Velocity Ratio [From 5 to 1

267

+ Centrifugal force increases with s

+ Limiting factors for chain drives

Copyric nformation. Any

G This document contains privileged

distribs

peed

» Belt load increases & tension reduces

* Increased Teeth wear and tear in gear drives

unau

PERIPHERAL VELOCITY IMPACT

« Transmitted Power is Proportional to Peripheral Velocity

\orized review, use, disclosure, or

268
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MAXIMUM PERIPHERAL SPEEDS
FOR VARIOUS DRIVES

* Flat Belts= v, 25 m/s

« Belt (artificial fiber)= v, o ~50 m/s

* V belts= v, o ~ 25 to 30 m/s

+ V belt (steel wire core)= v, =40 m/s
* Chain Drives= v, o =25-30 m/s

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 269
265
distribution is prohibited
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TRANSMITTED POWER

» Power transmission can be increased by
« Worm gear
» Toothed gears
* V belt & chain drives

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 270
2
stributi X
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MAXIMUM TRANSMITTED POWER
FOR VARIOUS APPLICATIONS

Sr.No.| Application |Maximum Transmitted Power { kW)
1 W Belt 735 to 1100
2 Flat Belt 1835
3 Chain Drives 3570
4 Friction Drives 150 to 225

distribution is prohibited.
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LOSSES IN
TRANSMISSION

*  Two parts of losses
« Constant Part
«  Variable Part

Copyright 2025-26 PEG This document con
prohibited.

tains privileged information. Any u
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closure, or distribution s
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LOSSES IN TRANSMISSION
Sr. No. Type of Drive Losses in %

1 Toothed Gears 1

2 Chain Drive 2

3 Flat-belt Drives 2.5 Over time these losses increase

4 V-belt Drives 4

5 Friction Drives -

6 Worm Gear 10 to 25
Cjurthfw 2025 Zréka‘EGJ'us document contains privileged information. Any unauthorized review, use, disclosure, or 273
distribution is prohibitec
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WEIGHT, SIZE AND COST OF DRIVES

» Coupling Sizes (based on distance)

+ Decreasing Centre distances for various Drives

* Flat belf (Largest)

» Flat belt with idler pulley
* V-Belt

+ Chain Drive

+ Toothed Gears

+ Worm Gears (Smallest)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 274
distribution is prohibited
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WEIGHT, SIZE AND COST OF DRIVES

» Coupling Sizes (Based on Width)

« Size in decreasing order of the wheels or pulleys

» Chain (Largest)

» Flatf Belt

« Flat belt with idler pulley
+ Toothed Gears

+ V-Belfs

+ Worm gear (Smallest)

275

WEIGHT, SIZE AND COST OF DRIVES

» Weight of the drives

Worm gear (Least)
Toothed gears (Largest)

Copyrig ent contains privileged information. Any unauthorized review, use, disclosure, or 276
distribution is prohibited
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WEIGHT, SIZE AND COST OF DRIVES

» Cost of the Couplings/Drives

« V-belt drive is taken as unity, then for other drives

Flat Belt- 1.06

Flat Belt with idler pulley- 1.25
Worm gear-1.25

Chain drive-1.40

Toothed gear-1.65

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or 077
distribution is prohibited
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ARACTERISTICS OF BASIC TYPES OF

Type of drive Transmitted | Peripheral Speed SpeedRatio | Efficiency
Power kW m/s
1. Friction upto 20 (100) upto 20 upto 7 (25) 0.80—092
2 Flarbelt uplo 100 (1500) 5—30(100) upto 4(10) 0.92—098
3 Vebelt upto 50 (1000) 530 upto 7(15) 0.87—097
4, Straight tooth upto 10000 25 upto 6(10) 0.92—0.99
gear
5. Helical tooth upto 50000 25 (140) upto 7 (20) 0.94—099
gear
6. Worm gear upto 100 upto 35 2—100(1000) | 0.75—0.50
7. Chain upto 200 (5000) upto 25 upto 15 0.94—0.98
Note : The highest known values are given in brackets.
S‘s‘ﬁli\vﬁnggfjié‘:‘EiTus document contains privileged information. Any unauthorized review, use, disclosure, or 278
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Characteristics Belt Drive GearDrive .~
1. Initial cost Cheaper Costly
2. Maintenance cost Low Considerable
3. Lubrication None Must
4. Shock absorption Better Not 50 good, depends upon gear material.
5. Life 15 years Depends upon materials. Longest service
life if properly lubricated, is generally mare
than 10 years.
6. Environment Can not work underall | 1fproperly iubricated. can work under any
types of conditions condition and alse under high temperature.
7. Noise Low Can be maintained low with proper lubrica-
tion and by adjusting shaft distances.
8. Forceor Loads Very heavy loads cannot | Quite heavy loads can be transmitted as
be rransmitted under nor-| the pear size is practically unlimited.
mal conditions
9. Direction of input Can ba changed but not | Can be chanyed easily.
and output that easily and efficiently :
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited. 279
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MODES OF MECHANICAL FAILURE
AND PREVENTIVE TREATMENT

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

 Mechanical failure;
« Various mechanical failure modes;
« Reasons behind motor failure & prevention.

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

« Complexinteraction of load, time, and environment.
« Corrossive environments

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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MODES OF MECHANICAL FAILURE
« Ductile fracture (High Energy Absorption)
Start of neck formation
Specimen (unloaded)
tb)
End of neck formation F’“‘"’e
Cl
Copyri gM 2025 26 PEG This document c privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.

283

284

MODES OF MECHANICAL FAILURE

* Brittle fracture (Low Energy Absorption)
Fracture

righ 1 2025 26 PEG This document c privileged information. Any unauthorized review, use, disclosure, or
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rb is prohibited.
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MECHANICAL FAILURE
»Yielding Failure

285

stribution is prohibited.
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MECHANICAL FAILURE

» Corrosion

286
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MECHANICAL FAILURE

. Wear » Fatigue (Repeated)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.
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MODES OF FAILURE IN BLDC
MOTORS

« Stator & Rotor Faults.
* Bearing faults.
» Shaft misalignment.

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

» Eccentricity

Center of rotation and center of Statorbore
bore Rotor

. Motor shaft
Air-Ga

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

289

STATOR & ROTOR FAULTS

« Static Eccentricity

Center

of bore

\"-'C
Center /
of rotor

Static air-gap eccentricity

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

* Dynamic Eccentricity
+ Tolerances, Bent Shaft, Bearing Wear

$Yorcele

of rotor

Dynamic air-gap eccentricity

Copyrigh 1 2025 26 PEG This do nt contains privileged information. Any unauthorized review, use, disclosure, or
distributio

is prohibited.
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STATOR & ROTOR FAULTS

Co
distr

pyrigh 1 202 26 PEG This do nt contains privileged information. Any unauthorized review, use, disclosure, or
ibution is prohibited.

292

40



Day Two Workshop Slides

293

PREVENTION

* Preventive tfreatment
v Improve the assembly methods.
v'Balancing the load.
v'Dynamic analysis of rotor & stator.
v Less handling of material.

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

Flaking ‘__r

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

Padial rotor movement due to an inner bearing raceway defect.

jo

Radial rotor movement due to an outer bearing raceway defect.

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

*Preventive treatment
v'Revaluate interference
v'Review the precision of shaft & housing
vImprove assembly methods
v'Prevent misalignment
v Time to time inspection & maintenance

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

= Excessive load

= Improper mounting
Insufficient clearance
= Improper lubrication

distribution is prohibited
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BEARING FAULTS

297

« Cause
= Contamination
= Rust
= Drop in hardness due to variable
= temperature
= Improper precision in shaft & housing

distribution is prohibited
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BEARING FAULTS
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SHAFT MISALIGNMENT

Anguls Dttt Maalignmant

Angular offset alignment

Paradind (ftset Misaligremon)

Parallel offset alignment

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

* Causes:

= Reaction forces and torques in the coupling, and finally torque
oscillations and dynamic air gap eccentricity in the driving machine.

- Effect:

= Cause a slight unbalance in the rotor and produce undesired
vibrations. Such vibrations eventually weaken the coupling and
cause it to fail.

= They also stress the motor bearings thereby lowering their life.

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

* Preventive Treatment

v'Reduce excessive axial and radial forces on the bearings
to insure longer bearing life and rotor stability under
dynamic operating conditions;

v'Maintain proper internal rotor clearances;

v Eliminate the possibility of shaft failure from cyclic fatigue;
v Improve assembly methods & handlings;

v Improve the precision of shaft & housing.
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THERMAL ANALYSIS - PART 7
N\ ) \ m§>\/ V //:—‘//30 / 0/_/2:/“’ 0?
2 \ S VT
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STEADY STATE THERMAL BEHAVIOR
]-;s N SO(AS )_0.7 '})ZOSSO-SS

A, isinin?
T is in degree Celsius;
Poss IS IN Watts.

Note: A;- Surface area of the entire body is to be considered here;

303

STEADY STATE THERMAL BEHAVIOR

A
T, =80.(—>—)".p, "
s (2.542.102 ) Flas

A, is in mm?2;
T is in degree Celsius;
Poss 1S IN Waltts.
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ASSUMPTIONS

Objectis a black body;

Natural Air Cooling;

* Objectis vertical;

Natural air flow is not obstructive;

Prominent heat flow is through natural convection.

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

« Assume Surface Area of 1 in2and 1 Watt of Power Loss
» Temperature Rise = 80 deg. C

» Double the surface area
» Temp Rise = 50 deg. C

* Double it again
» Temp Rise = 30 deg. C

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

306

47



Day Two Workshop Slides Wednesday, April 23, 2025

307

WHAT DOES THIS MEAN®e

* 10 Watts, 50 deg. C Temp Rise
- Surface Area = 32 in? (20,680 mm?)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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ESTIMATE LOSSES BASED ON
MOTOR DIMENSIONS

* D=90mm

* L =100mm
- Surface Area = 636,172 mm?
» For Temp Rise = 50 deg. C
* Max Ploss = 168 Watts
+ Adding ribs could greatly increase power dissipation.
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ESTIMATE LOSSES BASED ON
MOTOR DIMENSIONS TSA

Power Dissipation vs Temperature
350.00
300,00
250.00

A1=98,000 sgmm;
A2=196,000 sgmm;
A3=392,000 sgmm;

200.00

e in degrees cekius

150.00
100.00
50.00 i o
000 Dissipation-A3

Temperature Ris
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TRANSIENT BEHAVIOR

» Temp Rise of the Windings

T;s 3 SO(AS )_0.7 '])losso.85

t

AT =(T, J(1-e ™)
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WINDING THERMAL ANALYSIS

» Estimate Winding Losses
» Copper Losses
« Core Losses

» Estimate Thermal Time Constant

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

* Three modes of Heat Transfer
+ Conduction
« Convection
* Radiation

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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» Through a conduction medium
« Air;
* Metal;
* Liguid;
» Etc.

distribution is prohibited
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CONDUCTION

313

* Natural air;
» Forced Air;
* Natural Liquid;
» Forced Liguid.

distribution is prohibited
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CONVECTION
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Heat Flux

0.4

R=30T
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*« Q= Heat in Watts;

* A=Area of cross section (in contact with source) in sg-meter;
» T= Temperature in Kelvin or deg. C;

L=Thickness in meter;
W=Width in meter;
H=Height in meter;

k=Thermal conductivity of the material in W/m°K;

* Rth=Thermal resistance in °K/W;

Copyright 2025-26 PEG This document contains privileged
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CONVECTION

=h(T1-T2)

L=1300K

=i m E=30C
h=20W/mK]
(Air )

20@1(.(1300—273—30)
m

= /m-]
P la0K k=385 WimK

A A A

~19940
m
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CONVECTION

* h = convective heat fransfer coefficient
» Forced Air Convection = 200W/mZ;
» Free Convection with Water = 1000W/m2K;
« Forced Convection with Water = 10,000W/m2K;

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

P=¢oc.A.T*
& = Emissivity
o = Stefan — Boltzan

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

* The above three are sufficient to define the steady state heat transfer
model.

* How do we build a time dependent model?

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

T G m (N — Yo Vv .C B
YAVAYAY,
Conductive heat transfer;
0 AT L
R l‘h B —
0 Ak
L= = | Convective heat transfer;
AT 1
R th = =
0 A h
Copyright 2 6 PEG T edre
tribution hibite:
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THERMAL NETWORK ELEMENTS

« Q= Heat in Watts;
+ A;=Area of cross section in sg-meter;

Note: A=Surface area in contact with the heat source only;

» T= Temperature in Kelvin;
» L=Thickness in mefter;
» k=Thermal conductivity of the material in W/meK;

oDV
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THERMAL NETWORK ELEMENTS

* Rth=Thermal resistance in °K/W;

« h=Convective heat transfer coefficient in W/m2°K;
« C=Specific heat capacity of the body in J/°K;

» Cp=Specific heat constant in J/Kg°K;

« o=Den:sity of the material in Kg/m3;

« V=Volume in m3;

G This document contains privileged information. Any unauthorized review, use, disclosure, or
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Natural Stainless (Silicon |Steel (Steel
Meaning [Material  |Air Aluminum |steel steel |chr  |carbon |copper|NdFeB
Properties

Thermal

conducti

vity kin W/mK 0.024 230 16 31 16 16|  401) 8.9351

Convecti

ve heat

transfer

co-

eficient [hinW/m2K|5ta 25

Specific

heat

capacity |CpinJ/KgK 287 900 510 4s0] 4s0| 482 3831 502

Density |pinKg/m3 1 2700 go00| 7650 8354 7500
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THERMAL MODEL OF THE EBIKE MOTOR

» eBike Motor Thermal Model;
* Empirical Results;
» P-Spice Simulation;

325
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TR TR
T
1000wW-12/20/37 turns
T1-windings
T2-laminations
T3-stator plates
4-shaft
R P T A :
o
125 %g'" i 8-mirgap
kg;g; T >-uaguot
Lo,
s, | i
Rph=0.065 ohms, Turns=12, Irms/ph=14.14A/ph, Ploss=65W+20%=80W;
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EBIKE MOTOR LUMPED THERMAL
MODEL RESULTS

* Winding Temp=100 deg at 60min with 80W of Ploss considering h=5(worst

case) & D=80%;

* Winding Temp=100 deg at 90min with 80W of Ploss considering

h=25(optimistic case) D=100%;
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MODEL

Rth7
AN~
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—— 02588
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75 543m)] Ay
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1.534m 10105

T1-Windings

c2 = C3

B56.6 10821294 T2-Laminations
T3-Casing
T4-Air

T5-Pole shoes
T6-Airgap/Rotor
T7-Shaft
T8-Bearing
T9-Casing covers

use, disclosure, or
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LUMPED THERMAL MODEL RESULTS

800"

600V 7

400" /
200" /
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POWER STAGE DESIGN - PART 8

331

* Basic Sinusoidal Control;

» 3-Phase Inverter;

* MOSFET Gate Driver Devices;

» Current Feedback Measurement;

* Inverter Design;

» Layout Considerations for Low Voltage Drives;
« EMI Filter Design;

AGENDA

N

332
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» Low Voltage Drives
* Quarter-Bridge (1-Switch per Phase);
+ Half-Bridge (2-Switches/Phase);
* Full-Bridge (4-Switched/Phase);

Wednesday, April 23, 2025

MOTOR DRIVE TOPOLOGIES
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PWM TECHNIQUES - EDGE ALIGN
PWM MODE (INDEPENDENT)

N

Duty Cycle Match

Period

I I 1
3 Il 1
PWMIH 4“ \l—! ‘
| | |
o ToN o ToFF

Inductor charges during TON
ToN versus Period controls power flow !

\“—" \‘ .j I
' New Duty Cycle '
Period !

Timer Resets

| I i )
i | |
PWMxH
| Duty Cycle ‘ ‘
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"PWM TECHNIQUES — EDGE ALIGN
PWM MODE (COMPLIMENTARY)

Duty Cycle Match Timer Resets

Period
Value

i s i |
\ | I
PWMxH '
41 Duty Cycle |—| |—[_
1 i ] |
e ga : ]

' Period '
PVWMNMxL a __._..,- (Period-duty cycle)

I | S (I
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PWM TECHNIQUES — CENTER ALIGN
PWM MODE (INDEPENDENT)

Period

PHASER ~i—rroim i R — oo s R Ry P o

PDC1 | Local Timeﬂ‘Base Value

PDC2 !

,,,,,,,,,,,,,,,,,,,,,,,

PWM1H !

PWM2H TAAA?‘AT““L“‘J ; ; L“‘l““rggggggi
T : ! |

2 x Period
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PWM TECHNIQUES — CENTER ALIGN

339

PWM MODE (COMPLIMENTARY)

| |1
PWM1H ' I
| |
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Dead Time(Y Dead Time("

Dead Time(?

|
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|

| I |
S I |
PWM1L | I |
| I 1 Il
1J |1 o
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Period
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3-PHASE INVERTER
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GENERATING D

Control Loop Output

D_desired

D

Vie Vi
. ON Vm,desired 3

341
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343

3 PHASESINE INVERTER: GENERATING D
s SANREE

b
I~ »
0.5v4 |
PWM CT
0 V(Ve_ctrl:+) © 0.2+V(PHM CT) v VI(X U4.Etri) "
A ] ﬁ\é
0.5V | //
./J
PWM BT |

0 V(Vb_ctrl:+) o 0.2%V(PWM BT) v V1(X_U3.Etri)
1.0V , = Q—. - —
H
L1 T T
.57+ =i
1]
PWM AT
SEL>> L
- T 4 —4 1 —tid — ! L
0s 2ms 4ms 6ms 8ms 10ms 12m 14ms 1éms 18ms 20ms
0 V(Va_ctrli+) © 0.2%V(PHM AT) & V1(X_Ul.Etri)
Time
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"GATE DRIVE CIRCUIT DESIGN FOR
MOSFETS

+ Switching Losses: As the operating frequency of inverter increases, the
MOSFET's required gate voltage must be driven to its final value in as short a
period as possible (within EMI constraints) to minimize switching losses.

+ Drive Circuit Impedance: The driver circuit should act as a low impedance
voltage source, to enable the gate capacitance to be charged and
discharged as quickly as possible.

+ Sourcing and Sinking: It must also have the capability of sourcing and sinking
high transient gate currents - possibly several amps, in tens of nanoseconds.
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PUSH-PULL DRIVE
Sha
o
1.

opto-coup’

~ Drive O/P

ov
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MOSFET DRIVER

Up to 600V
Rﬂ(vﬁ' Dﬁ\'lﬂ T —_—
Voo O —-— P

LIN O— (1)uN

HIN O—— (2)HIN

|
)
(o]
@
Q
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o Voo Vs(6
(4) com

Load
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MOSFET DRIVER

« To apply pulses of exact voltage and time period;
» To avoid misfiring of the MOSFETs;
» To insert dead time;

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

* Most widely used method;

« Significantly positive charge (Vg5 > Vs + Vi) applied to the gate in order to
turn on.
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BOOTSTRAP CAPACITOR

» Simple and low cost;

* Problem when negative voltage is present at the source of the switching
device;

349

~

BOOTSTRAP DRIVER CIRCUIT
OPERATION

Reoor Dsoor

DC SUPPLY

e Boozsirap charge current path
messwoie Booistrap dischange surrent path

VB.-
RG1

o— ) Voo HO —-—|E} 1
il

- H
L & Vslerd »
LOAD
RG2 Q2 i
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DECIDING ITS CORRECT VALUE OF

A BOOTSTRAP CAPACITOR
AVgoor = Vpp — Vr = Vesmin

where,AVgooT = maximum allowable voltage drop depends on
the minimum gate drive voltage for high side switch to maintain;

where,Vpp = Supply voltage of the gate drive IC;
where, Vg = Bootstrap diode forward voltage drop;
where,Vgg\vN = Minimum gate—source voltage;

The Value of Bootstrap Capacitor is calculated as:

Cpoor = QroraL/AVoor
QTOTAL Is total amount of charge supplied by the capacitor;

Qrorar = Urkcap + likes + Igps + Ik + Ikpiope)-Ton + Qs

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

distribution is prohibited
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EXAMPLE

Qtotal = 210 * 10_9

oV, =133V
%k -9
o =10 58 649%10° F
7.33
4 Mosfets for one leg
Cppy =28.649%107° *4
C,poe =0.1uf

we have to choose 10 times of the calculated
C,,.,, =0.1uf *10 =1uf".

boot
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"DECIDING ITS CORRECT VALUE OF
A BOOTSTRAP CAPACITOR

» The suggested values are within the range of 100nF to 570nF, but the right
value must be selected according to the application as, when the
capacitoris too large, the charging time slows and the low side time might
not be long enough to reach the bootstrap voltage.

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

Master the Art of Motor, Inverter, Hardware & Firmware Design
April 22 — 24, 2025
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CURRENT FEEDBACK
MEASUREMENT

» Sensors for Current Measurement:
» Shunt Resistors;
« Hall Effect Sensors;
» Current Transformers.

355

CURRENT FEEDBACK ' ! !
MEASUREMENT USING ; v
SHUNT RESISTOR 8 35
Methods of Measurement: j

High Side Current ;
Low Side Current;
Phase Current

356
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Rsense

M

< VsenSE —»

Measurement
Circuit

I

High-Side Current Measurement

lLoap = Vsense / Rsense
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HIGH SIDE CURRENT
MEASUREMENT

357

Current Measurement with /_\
AC

a Single Shunt Resistor {

Motor /
N gl
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LOW SIDE CURRENT
MEASUREMENT
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Rsense A

Current Measurement with
Three Shunt Resistors

~

LOW SIDE CURRENT
MEASUREMENT

Vout A | Vout B
vl 4

=
% Rsense g | % Rsense ¢
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PHASE CURRENT MEASUREMENT

SHUNT

‘*"'

Lo

AD8207

TOP VIEW
2 || (Not to Scale)
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361

CURRENT FEEDBACK
wo e MEASUREMENT

G ; @
"‘:‘.%'Eﬁ%i {Aogzo‘,'g {A08207gj!
=

1
| CONTROLLER |

/7
Current Feedback
Measurement ICs
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CURRENT FEEDBACK
MEASUREMENT

+ AD8207

« For measuring the winding current;
» Gain up to 20;
* Bidirectional;

» Rejection of High PWM Common Mode Voltage (-4V to
+65V);

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized revi
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CURRENT FEEDBACK MEASUREMENT
USING HALL EFFECT SENSOR

* An Easy way of sensing
current in which O/P can
be directly fed to ADC;

* EXpensive;

« Accuracy varies with
temperature;

* May Need more space.

363

| " — 6
@ CURRENT FEEDBACK MEASUREMENT
USING CURRENT TRANSFORMER

+ Uses the principle of a Transformer;
» Provides Galvanic Isolation;
» Used only for AC Measurement.

364
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CURRENT FEEDBACK
MEASUREMENT USING
CURRENT
TRANSFORMER

Is=1Ip /N where, N = turns ratio;
VOUT = Is x Rt;

Wednesday, April 23, 2025
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Type Low-side High-side In-line
Current Sensing Fichng
Options Load -
== =
Detects short to GND x v v
Detects short to supply v x v
Asynch with PWM x X v
Voltage rating Low (<20 V) High, depends on supply High, depends on supply

Bandwidth required

Higher than PWM

Higher than PWM

Higher than motor

Polarity Unidirectional or Bidirectional Unidirectional or Bidirectional Bidirectional only

Possible configurations 1 per 1/2-H 1 summing 1 per 1/2-H ‘ 1 summing 1 per 1/2-H bridge
Measures LS brake v X X v
Measures HS brake X v ‘ x v
Measures in coast v (bidirectional only) Vv (bidirectional only) v
Measures in drive v v v

Magnetic solution comparison to
shunt-based current sensing

Smaller solution size
Fail open, protect from
overvoltage siress

Smaller solution size
Basic or reinforced isolation built-in

References: https://www.allegromicro.com/-/media/files/application-notes/an29627 é-current-sensing-in-motor-drives.pdf

Smaller solution size
Basic or reinforced isolation
buiit-in
PWM rejection

366
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COMPARISON

| Method | Shunt | HaliSensor | ____CT______

Accuracy Good Good Medium
Cost Low High Medium
Isolation No Yes Yes
DC Offset Problem Yes No No
Saturation No Yes Yes
Power Consumption High Low Low
Type Both AD/DC Both AD/DC Only AC

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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Selection of Switches
A (IGBTs/MOSFETs);

INVERTER DESIGN 5. Selecting IGBT/MOSFET Drivers;

\/ Selecting Current Feedback
Measurement IC;

Wl Selecting Bus Capacitance;
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INVERTER DESIGN

» Power Stage Layout Considerations
+ Voltage Source Impedance;
» Bus Voltage Capacitance;
* MOSFET/IGBT Placement;
+ Gate Drive Selection;
» Gate Drive Layout;
» Current Sensor Selection;
» Current Sensor Layout.

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

* Layout Considerations;
» Ground Planes;
* How many ground planes should you have?
* How should they be connected?

+ Interfacing with the Digital World
* What is the cardinal rule?
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THE CARDINAL RULE

* |dentify the Current Loops;
» Keep them short and sweet.

Gate Drive Loops
should be well
identified and keep
short

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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27

POWER SWITCHES

Vbus 1
-1 T
Keep these VAV
tfraces Need a Vbus Plane
extremely short

Need Film and Electrolytic
Capacitors Near Each Leg

«———— Need a Ground Plane
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CURRENT SENSING

Vbus

Keep them short and sweet

Do Not
Common this
frace with

gate drive
return \
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SWITCHING FREQUENCY

+ What should be your switching frequency?
» Algorithm Execution Time;
* Input Filter Capacitance;
» Switching Losses;
» Current Ripple;
» EMI/RFI Considerations.
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* How should you select your switch?

Copyright 2025-26 PE
distribution is prohibited
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SWITCH SELECTION

375

* Would you need a snubber?

distribution

s prohibited
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SNUBBER SELECTION
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» Conducted Emissions;
+ Radiated Emission.

distribution is prohibited

* How do you do layout to reduce:

EMI/RFI CONSIDERATIONS
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377

+ 2-Wire input;

+ 3-Wire input;

+ Common Mode Noise;
+ Differential Mode Noise;
* Multi-Stage Filter Design.

distribution is prohibited
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EMI FILTER

Differential Choke

T
_ L = C12 o) E]g ‘
A n |
Source Si = i STy \ Load Side
LG
g ch \ d L
in

Y Caps

5

\ X Caps

Common Mode Choke
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EMI FILTER DESIGN - LAYOUT
CONSIDERATIONS

« If fraces are minimized, the filter requirements are reduced significantly;
« Common Mode Noise created by dV/dt;
« Differential Mode Noise created by di/dt.
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381

EMI FILTER DESIGN

« Measure
« Common Mode Noise;
« Differential Mode Noise;

» Calculate
« Attenuation required;
+ Component Values.
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GATE DRIVER
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Symbol Parameter Min. | Typ. | Max.|Units| Conditions
gfs Forward Transconductance 180 | — | — 5 |Vps =50V, I =75A
Q, Total Gate Charge — | 150 | 210 I =T75A
Qg Gate-to-Source Charge — | 35 | — | nC |Vps=250V
Qg Gate-to-Drain ("Miller”) Charge — | 45 | — Ve =10V ®
Rz Gate Hesistance — 13 | — =]
tajony Turn-On Delay Time —| 25 | — Vg = 65V
i Rise Time — | 67 | — I, =75A
o Turn-Off Delay Time — 78| —]| "™ |R.=260
] Fall Time —| 88 | — Ve =10V @
[ Input Capacitance — | 9620 — Vg =0V
Coee Output Capacitance — | 670 | — Vpe = 50V
- Reverse Transfer Capacitance — | 250 | — | pF |f=1.0MHz
Ces; eff. (ER) |Effective Output Gapacitance (Energy Related)d] — | 820 | — Ve =0V, Voo =0Vto 80V &
Cy eff. (TR) |Effective Output Capacitance (Time Related)® | — | 950 | — Vs =0V, Ve = OV to BOV &
6 PEG This document cc ins privi use, ¢ or
hibited
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DATASHEET

Diode Characteristics
Symbol Parameter Min. | Typ. | Max.|Units Conditions
le Continuous Source Gument — | — | 1703 MOSFET symbol e
(Body Diode) A showing the f(/- -\l\l
le Pulsed Source Current — | — | 670 integral reverse :{@L
(Body Diode) @ p-n junction diode. s
Ven Diode Forward Voltage — | — ]| 13| V |1,=25°C, l:=75A Vg =OVE
tr Reverse Recovery Time —| 50| 75 T,=25°C Vg =85V,
e |o0]| "™ [T=15¢C I, = 75A
Q. Reverse Recovery Charge —| 94 | 140 T,=25°G difdt = 100A/us ©
— 20| 20| "° [L=1m¢
| Reverse Recovery Current —1 35| — A |T,=25°C
L Forward Tum-On Time Intrinsic tum-on time is negligible (turn-on is dominated by L5+LD)
26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, o
ohibited
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faoi — Vgz =0V, f=1MHZ a0
[ Ciec =Cgs ~Cpe. Cgs SHORTED 8
I é
—— Coss =Cus * g 2 25
== T 2
‘5 10000 ull =
“é' 2
£ ~— 8 520
= i ﬁ 2
o - . =
2 Ccz;.;ﬁ LB
o » - =
&) c 915
. 1000 =z
J == = 5
Hrss, i
i e = é 10
@
(=]
13
L 05
1 10 100
Vps, Drain-to-Source Voltage (V)
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DATASHEET

Ip=75A

Vgg=10V J
//

//
//
/ /]
Z
P
-

-60-40-20 0 20 40 60 80 100120140160180
TJ , Junction Temperature (*G)
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~

389

PROBLEMS

» Cross conduction;

» Ph-B & Ph-C have longer(High Impedance) gate return path;
* Ringing effect;

» Body diode getting clamped;

» Extremely fast turn on of gate signals;

* Spikes observed on supply voltages & battery current;

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

Increased the top Rg;

Reduced bottom Rg;

Provided low impedance path;
RC-snubber to damp unnecessary turn ON;
» Diodes included to turn OFF faster;
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oV ileged information. Any unauthorized
prohibited.

301

» Charging
» Safety

distribution is prohibited.

SYSTEM BLOCK DIAGRAM

CAN
transceiver

LDO
24V to 3.3V

Inhibit

B+ Capacitor Bank + Legsense B-
. DUQ| UC ] Main v, Inverter Bridge Resistors
Relay Relay Vi forMotorl &
* Input Relay [ Y — Battery
mad A sense
+ Start up Logic 7| Mchl — e [
Driver Sense
» Sensors v,
Tamperature
LDO Sense
* En r J
COde LDO 15V o3V Main micro
» Communication 28V to15v oo
15V to 3.3V T
+ Power Supply /Encoder

Back Emf
Sense

Wake

Supervisor Supervisory

Micro
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Bridge Drivers
come in many
varieties and
features

For High Voltage,
Isolation
Requirements
may need fo be
addressed.
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PHASE A — BRIDGE DRIVER

PWM_Phaze_M1AB >
PWM_Phaze M1AT

D5
<15v BAS1E

2
«r
75V, SCOmA..H?v Spesd
Diode,dra Swithching Speed
4

Y —

HIN HO

5%

b kopole

vDD Vs - —

c10

10uF, 35/

o s
coM O

FANT3833

Hall Bridge Gate Crive lc,
600V BootStrap 350ma
sourcing curnert £50mA
arking cumant,Vdde15V,
400re Dead Time
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PHASE A — PUSH PULL + MOSFETS

RS (Optional)
—
o
=2
mweTs
(]
[ sov
RE
0 Qas
MMB T29074
15V

~Lagh M1

MMBTZ807A

R3S (Optional)

LaghtG M1
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PHASE A — DRIVER + PUSH PULL +

MOSFETS

o5 -
B et RS (Cptional)
o
Ver
T8V, SCCmi i pead
Diads,dra Swithching Spssd
” oy o st
PAVM _Phass MIA2 e H
M Praas MIAT N T 3
“, 5‘ T2 o] IAF1404pel
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LE 800V BootSirap 250m os
= sourting currert 50 i Phasa Laith.
dirking curtantkde13¥, o_miae
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0z | zzuF” | DzzF | BOOWF 35V | EBOMF, 35 | GO, 360 Lagi M1
"
=02 = A1D RALegH1
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ADCs
* PWMs
* Crystal

* Power
» Position = ——
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MCU WITH PERIPHERALS
(DIGITAL I/OS + POSITION SENSING + JTAG)
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399

DIGITAL IOS + SERIAL
COMMUNICATION

GPIO12/TZ1#/SCITXDA/SPISIMOB BR_AUX =
GPIO13/TZ2#/SPISOMIB Relay
GPIO14/TZ3#/SCITXDB/SPICLKB WL_RTS
GPIO16/SPISIMOA/TZ2# Slave in/Master Out
GPIO17/SPISOMIA/TZ3# [—2& Slave out/Master in
GPIO18/SPICLKA/SCITXDB/XCLKOUT -2 SPICLK
GPIO19/XCLKIN/SPISTEA#/SCIRXDB/ECAP1 CS#
~DINAN/CACEDA A/MANY ACARMDANIITT —6— n1
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MCU WITH PERIPHERALS
(FILTERING FOR POWER SUPPLY PINS)
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401

MCU WITH PERIPHERALS
(FILTERING FOR POWER SUPPLY PINS)
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MCU WITH PERIPHERALS
(CRYSTAL + PWM CONFIG)
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SPI INTERFACE WITH FLASH

+3.3V
+3.3V
S Data Flash )
C139 R354
R353 uz7
100nF 10K
CS# VDD

: 8
2|—’— cs# —
10K Slave out/Master in 2 SO HOLD# 7 =
3 wps  sCK SPICLK
_ﬁ_ V5SS 51 Slave in'Master Cut
= SST25VF080B
8M Bit Serial Flash

1. Any unauthorized review, use, disclosure, or
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409

LAYOUT CONSIDERATIONS

* No. of Layers
» Total No. of Layers have to be 8.

* No. of Planes:
* GND Plane;
« +3.3V, +3.3VA, +3.3VS, +15V, SHUNT (if possible) (Four split planes + SHUNT);
« +5V, +5V§, B+, BAT+, VBR, Motor Connections.

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

* Identifying Power Traces:
* VBR, Motor Phase Connections, Ground.

» Track Width of Power Traces;
* EMI/EMC Related precautions.
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411

PLANES IDENTIFICATION

| Jtop lBoom  [iner |
B+ Yes - Yes

GND Yes Yes Yes
Vbr Yes = Yes
SHUNT Yes Yes --
Motor Yes Yes Yes
Connection
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SECTIONS

~ ‘Battery = (uCl#uC2 - RightDrive
Input- S
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413

IDENTIFYING POWER TRACES
(BRIDGE POWER FLOW)

nformation. Any unauthorized review, use, disclosure, or

413
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CONTINUED....
(BRIDGE POWER FLOW)
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CONTINUED....
(COPPER PLANE)

DI )

tes-sesenes
ses veseres
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CONTINUED....
(SECTIONED POWER PLANES)
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(COPPER PLANE)

417

tribution is prohibited.

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

N

418

CONTINUED....
(COPPER POURS)

418

103



Day Two Workshop Slides

formation

. Any unau

Wednesday, April 23, 2025

419

CONTINUED....
(COPPER POURS)

419

ns privilegea

formation.

Any unau

CONTINUED....
(COPPER POURS)

420

104



Day Two Workshop Slides Wednesday, April 23, 2025

421

N

422

EMI FILTER

3300pF 250VAC
o F1_104250V AC &
Line 1 i ] ]
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- common mode choke o 74

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

422

105



Day Two Workshop Slides

Wednesday, April 23, 2025

-
o,
: %
S i«
—fls US1IDICT
S
o I =
i — i - :
conz 10uF 25V 236 300 5% siaw |
W
o D 1D0nF 25V, 20%
1 N e |
! i B
7SRAW & R235 300,5%, 14w 5
i [ S
- g |
390K, 120 = R237 300.5%.14W T C202
= - o =
56 i
W Le0_ReD A usioect cies. sl EER
4 it L Moam, o2
o
:
= 1
e .
| = Al
in ot t
c1e - 2
100nF o al
L7BOSCOT-TR G190 L R30I
e =
R = VI

dinformation. Any unauthorized review,

use, disclosure, or

423

15V

—~ CT

10uF 25V

F.20V

AN4148W-T-F

= c8
T4 Tuf 50V

RELAY S8PST
G2RL-1A-DC12
R178
]
at
FMMT493TA

L

=

C urw?er*t contains privileged information. Any unauthorized review, use, disclosure, or

SLOW CHARGE CUT OFF

424

106



Day Two Workshop Slides Wednesday, April 23, 2025

BRIDGE RECTIFIER

ACV+

BOOST(+ve)

I~
=

BR1
GB.J1506

147
2 2uF 400V

BOOST(-va)

v

use, disclosure, or

425

PFC CURRENT

V AC IPFC OFSET

475F
AiE

PFC SHUNT
Rig

ik TEBK 1%

IPFC+
IPFC-

PISHLUNT - )/_f\)'\/\-
100K

1K

UD

P

u..
-L'\

— 208
40k
AiM

I._|

Ri7 IPFCO

PEHLNT - i
100K

[-0P30

C2d2
a5

-n

L]
IPFCO

;'||—|P'

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

426

107



Day Two Workshop Slides Wednesday, April 23, 2025

AC VOLTAGE
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PHASE CURRENT
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DIGITAL ISOLATION
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433

PFC CONTROL ALGORITHM

i Current Loo Meculatly
Ratelimt | Voltage Loop i Limit { P Limits +
Vo' I e I = PFC
= ‘ - X = = oo
ini1":‘
Ve
PEC Current —
and voltage | 'r%c
samples [ |V, IOV [Vael

Ve
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SENSOR LESS CONTROL
ALGORITHM

Velocity Control Current Control
o [TFZ ' I+ i Ve : Vol 1.6)
I et ) tl:—T; c Pl tl: +o Vo Space =
i e 7 : A KN Fault
V_E,_’ Control
Field s ls* + " ] L]
Vg | weakening = 4’®l . :I: Phase I
Current q&
reconstruction
b,
Ocst ¢— Angle and [#—— Rotor [
Speead flux . 1
Oest PLL ™| catimator [a— % N
e
[ Y LYYy
F «
Start i
up sequencer | el Ili 3ph-2ph
4

Clarke transform
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PFC CURRENT SAMPLE TIME

* Allows reliable sampling of PFC current pulse;
* Ensure proper current correction;

* Typically to set to 2uS for 18Khz PFC switching frequency;

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

435

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized re
distribution is prohibited

436

112



Day Two Workshop Slides Wednesday, April 23, 2025

~

3

PFC GATING PROPAGATION
DELAY

* Set the Propagating delay in gate drive circuit;
* For proper sampling of the PFC current;
* |tissetto 0.3uS;

iPFC
DC bus
€

=y |
>Tf\’
PFC

Gate
L Driver PFC |
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DC BUS VOLTAGE GAP

* Smaller Voltage gap allows PFC PWM to be active;
* PFC greater than 0.95;
* ACinput Voltage is updated at every 50mS;

* Trade off between conduction & switching losses;

* Setto 10V,

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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* No of magnetic poles in full mechanical cycle;

* Check Bemf waveform Positive and Negative peak

electrical = 5 a)mechanical

Wednesday, April 23, 2025

* Electrical cycle for every pair of Magnetic poles;

Back |1
EMF

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

MOTOR PARAMETERS

_F
Oltectricad =~ Orachanical
i 13
t
| 1 I |
121 14
Mechanical
cycle

4 pole motor

439
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MOTOR STATOR RESISTANCE

* Measure per phase resistance of the stator windings;

* For star connected motor express in per phase;

pyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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MOTOR R AND L

* Flux estimator depends on the R and L;

* Flux PPL loops time constant depends on R and L;
* Parking process uses L parameter to determine rotor position ;
* Motor open loop process used R value for start;

* Loop closing depends on R, L values with Rotor and flux information;

1t 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
s prohibited
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MOTOR LD INDUCTANCE

« This is per phase inductance of
motor atf rated current

4 pole motor with saliency

» Important parameter in calculating g
Flux and Torque Parameters; 3 :
E» cycle i |
3 : :
g o 1 in T Jl I E i
0 90 180° 270

Mechanical Angle

6 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
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443

MOTOR LQ INDUCTANCE

 Thisis per phase inductance
measured at rated current;

+ For IPM motor inductance varies
with Mechanical angle Lg > Ld;

» For SPM motor inductance remains

-I-he same Ld == Lq . Surface Magret Maotar Inferipr Pemanent Magnet Maotar
! - unlfgem inductanco -inductanca varios with anghe
* Lgis maximum inductance of 3 i
windings; - NAYNN\S
1
i |
i I
i I
Machanica Angle Mechanical Angle
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distribution is
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MOTOR BEMF CONSTANT KE

* Line to neutral Bemf constant expressed in Volts rms per 1000RPM;

K, =1000*([rmsVoltage]/ \/37) ([ frequency]*120/ poles)

“Euw
; . v FE . ferec =1 /e
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.
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* Ifld == Lg;

e Ktis current dependent parameter;

* Measured in Nm per amps rms of line current;

ES
O*K.) we
! (1 00 * ]___[) Teor=1i,e, +i e, +ie,
2o voits _ volts
? 1000RPASf 183 yggsT!
- volis 9 - -
Ep.=3 - = —— X, NimA™
rads 1007
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MOTOR TORQUE CONSTANT KT
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445

speed regulation;
* Expressedin Kg-mA2;

» Used for start acceleration and

446

MOTORS TOTAL SHAFT INERTIA

Ring

J=Mr?

Solid Cylinder

J =L Mr?

446
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* Maximum speed that Motor can
Run;

+ Speed Regulator will restrict speed
below this value;

+ Also used for Torque scaling;

prohibited.
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Tarque (Nm)

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

MOTOR MAX RPM;
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447

Rated Speed

Maximum

| A Speed
|
| I
| ]
2| |
i !
g I
. | | Woltage limited
| Current kmited | speed range )
1 speed range | (fielc weakening}
| | |
Min MWlax.
e Speed (RPM) Spoed

447

+ Typically, 5% - 10% of rated speed;

 This minimum value is influenced by
motor and Hardware;

+ Reliability degrades at lower
speeds;

prohibited

MINIMUM RUNNING SPEED
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set point

Min Speed——

Target Spesc
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» This set the rate of increase of
speed in regulator reference;

+ This acceleration rate is set to
define the target speed profile;

» Actual acceleration depends on
motor torque capacity

distribution is prohibited
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ACCELERATION RATE

v

Am
(RPM)

449

« This sets the rate of decrease in
speed regulator reference;

distribution

s prohibited
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DECELERATION RATE

A
(RPM)
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451

DRIVE START UP PROCESS

+ Parking;
+ Open loop speed & Bemf build up;
+ Closed loop operation; 100%

-1
o
2

0

10% keascas

]
|(—D|1—}|1— (3) Closed-LOOP == mmmmmm e e e e

(1) Parking J I_ (2) Open-Loop

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized

review, use, disclosure, or
distribution is prohibited.
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PARKING PROCESS

Rotor position is identified by forcing DC current into
motor;

Alignment torque tends to align with stator
magnetizing vector;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use closure, or
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453

PARKING
CONFIGURATION

Maximizes the torque at the start;
Parking current = 0.25*Irated;

-180° A8,

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

* 2 angles are used to complete the parking process

First angle parking = 120 Second angle parking = 90

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

+ Limits the low frequency response;
» Prevents from DC saturation;
e ltissetto 15mS; G(o)

Flux integrator
frequancy response
0]

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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CLOSED LOOP SWITCH OVER
SPEED

+ Angle estimator closes the PLL loop;

* And uses rotor flux estimator as
input;

* This value must be less than i T——
minimum speed; | :
:Star‘uP (R switch over
parking | \ t speed
1
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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CURRENT FEED BACK SENSE

» Specify the value of the DC link
current sense;

» Discrete component infegrated
into power module; € S S|

Gaba
Drivar

ARFALFCE
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Sets the gain of the current feedback
difference amplifier;

%?ggEgKURRENT Gainis ratio of input & feedback

resistance;
AMPLIFIER GAIN

Calculate the current of A/D

converter saturation;

Keep motor current less than A/D
converter saturation current;

For good control minimum current is
25% of A/D current;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited.
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CALCULATION GAIN FOR MOTOR
CURRENT F/B

* Motor current amplifier current feedback amplifier gain = 162k —765
LOGk+5.1%

Coas
COME SHUNT H
3apF
AREF
Vi S
Ross nzss IFBC+
BEND >0z
1.00K SHK %
L ch IFBC-
C= 2.65 [0z
Rass o i IFECO
CISHUNT= P ==-0P20
1.00K s11K 1% 162K 1%
Cezs l Cezs P30
1 100pF —‘—D IFBCO
12 1
SCL|
SOA 33pF
SYNG I =

I | o
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DC BUS FEEDBACK SCALING
* DC bus feedback gain =4095%*( e )/1
« Gain = 8.27 Counts/volts: 1.00M +1.00M +4.99K +4.87K

e 1.2Vinput = 4095 digital counts;

e R199 R200 R2o02

>
1.00M,1%  1.00M,1% 4.99K,1% &
C163
DC Bus Veoltage G162 R201 ::!
2200pF | 4.87K,1% »2200pF

b3
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PFC CURRENT FEEDBACK
AMPLIFIER GAIN

e Amplifier gain is determined from resistor network;
* Gain= =3.847 68k
1.00k +1k

IIIII

>
IIIII —>op
s |  1pFco
A {——>-0P30
3 768K, 1%
C242
470pF TP29
cost IPFCO
I ==
]
47pF
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DC BUS VOLTAGE
REFERENCE ¢

463

In PFC mode DC bus Voltage > peak

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

supply voltage; = ™ _ 105 .,-'i_ W
PF >0.95 is obtained:; T e rflL i e
When supply varies from 220 — 240Vrms, N e Y )

DC reference is 385VDC fooy o P | [

~ r II H [ II 1

Varies between 360 - 385VDC:; £ R ed” X F % INgns
r Vi Wi W ¥
I 1 ¥ ¥ y ¥

463

DC BUS OVER vohg Y b 4
VOLTAGE LEVEL P

If bus voltage crosses this level control
shut down inverter;

Motor speed is reduced to ZERO;

Protect the inverter component
damage;

Typically it is set to 400V; Regenerative

]
1

Mototing |
I
: Braking
I

High voltage input may cause over
voltage;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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465
4 L5
i W T
I \ i | *
i y o | = o
T o
DC BUS UNDER s ki EE A E AR
I 1 | . , E =
VOLTAGE LEVEL oM oM S 19
! i ! i | +
A low ac line will cause under voltage ; 'l L / 1
level; Overload
Under voltage levelis set to 120V;
L i
Shut down the inverter and motor; 4 |
N - ) : | -y Under voltage
VvOIQd pOOor perrormance; E % : '1 | Snutdown
o n,/ b
[r= % | Il |
= e |
[ \
* i i
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DC BUS CRITICAL T
VOLTAGE LEVEL S ESIES &
Conftroller applies zero vector braking;

Motor must be capable to withstand e r’- 'r— @
short circuit current IRMCx T3¢

Turn ON all low side Transistor; - I "|:} ‘| L} ‘|K}

Protect the Boost PFC circuit; ] |
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467

MOTOR PHASE LOSS
DETECTION

Phase faultis detected during parking i
process; i

If missing vector is idenfified, it
generates fault;

Phase connection's fault is recorded; %

e e

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

+ After loop is closed estimated rotor
flux is compared with predefined
limits;

 If fluxis outside it generates the
fault;

* Flux comparison is performed at
every start up;

Low Flux
e
Level %
High Flux
—_—
Level

e
-—

distribution is prohibited
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MOTOR CURRENT
LIMIT

Current limit when motoring is
expressed as percentage rated motor
current;

Current regulator will not allow to go
beyond this point;

Thermal capability for Motor & Inverter
are considered

Dmotor

|l'lil.}|.0F

Wednesday, April 23, 2025

motoring limit

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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469

 This is motor current limit at startup
phase;

+ Itis expressed as %of rated current
of motor;

Set this value to lower for smooth
start;

Current limit applies in closed loop;

Dmotor

|
jclosed loop
I

speed

|m010"

start

limit

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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STARTING CURRENT LIMIT
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» Fault is generated is speed falls to
half of minimum speed value;

*  Minimum time period is 2 seconds;

ight 2025-26 PEG This document contains privile
distribution is prohibited

LERO SPEED DETECTION

nformation. Any unauthorized revie
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Zero Speed rip
Min Speed

Actual Speed

/, use, disclosure, or
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j newl - Notepad

File Edit Format View Help
##MOTORL_PARAMS
mMTr_max_speed 2500
MLr_Rate_Amps 3.75
MEr_Num_Poles
MEr_Ke 35.00
##MOTORL_REGS
mrrctrleits 80
MErCEr1Bits_s 0
sysClk 800
PwmDeadTm 80
PumPeriodConfig 6666
Pwm2HiThr 72
Pwm2LowThr 51
PumGuardeand 0
Activepol 32
Tworhsctrl 0
GCChargePw 240
GCChargePD 40
GCChargeT 100
MotorLim 4095
RegenLim [+]
StartbLim 1229
KpIreg 4597
KpIregD 4597
KxIreg 8056
veLim 722
VgL‘im 1324
vdcCompscale 69
KpSreg 42
KXSre 80
spdsc 768
SpdFiltew 195
speedscale 85
AccelRate 447
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473

MOTOR CONTROL PROBLEMS AND
SOLUTIONS - PART ¢

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for
Permanent Magnet Brushless Motors — A System Approach

April 22 - 25, 2025

473

Winding Overload;

EMI & EMC Problems;

AGENDA Inverter Fault;

Cogging Torque
Torque Ripple

Control Diagnosis

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
prohibited.
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WINDING
OVERLOAD » Does Not Start

 Slow Speed Increase
* Humming

* Smoke

* Smell

* Symptoms

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
prohibited.
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EMI & EMC

Cabling between

PROBLEMS drivers and motors;

Long Cables;

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

w o o J@jﬁ JH
U
TRAGFORMER Tf JH% JK} J%

INVERTER

Ayl
v,

Lzl

i
it

i
i+

RECTIFIER
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INVERTER FAULT
MONITORING
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479

COGGING TORQUE SOLUTIONS

TIMING *Dead Zone
TECHNIQUE « Tooth notching

SMOOTHING
TECHNIQUE

GEOMETRIC

* Sinusoidal magnetization

*Tooth crowning
* Slot skewing

TECHNIQUE

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
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COGGING
REDUCTION BY
NOTCHES
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481

s Torque Causes
/\ Ripple Solutions

Copyright 2025-26 PEG This document contains privileged information. Any unauthorizedreview, use, disclosure, or distributionis
prohibited.
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IMPROVED MOTOR
DESIGN
TECHNIQUES

Skewing;
Fractional slot winding;
Short pitch winding;

Increased number of phases;
Air-gap windings;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclos
prohibited.
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483

IMPROVED CONTROL TECHNIQUES

* Modified PWM control technique;

+ DC bus voltage control;

» Current control-based techniques;

« DTC (direct torque control );

* Phase conduction methods (for 6-step);

483

484

CONTROL SYSTEM
FAULTS/DIAGNQOSIS

Short circuit conditions at motor terminails;

Internal, external power supply voltages and over-
temperature failure Conditions;

484
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485

MOSFET
Diagnosis

Hall
problem
detection

ASIC
Internal
Logic

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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BLDC MOTOR
DIAGNOSIS w ONSM (ON State

Monitoring)

CONCEPTS

OFSM (OFF State
Monitoring)

486
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BLDC Control ASIC O

VDS_TH

rg-——=

»
@
@

B

A

E
-
]

=
VD %__,H. SH1 » U
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Calibration required based on temperature
1.6 —| SC_Typ
14 4 —| SC_min
w—|_SC_max
12
Q
v
1 1.0 1
3
Il
=
E 0.6
9
< 04
02 -
0.0 T T T T 1 /
60 °C 20°C 20°C 60°C 100°C 140°C 180°C_g
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Short Circuit to
Battery (SCB)

distribution is prohibited.
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E|l VDS monitcring _i_l_

/’\/

BLDC Control ASIC

£

$CBa

Tr
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Short Circuit to
Load (SCL)

distribution is prohibited.

4%0

V0S_TH

/—\/

BLDC Control ASIC

+Vaarr

DH1

sL2
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‘.“‘ H % }ElEI3 }ﬂé} BLDC Mosor H_,,%}
L v > o "-; Yy, B

ol

i [ w L< )
11 I;EI} IiEI.}TI‘—)T L1

Lo FSCTH 3
L= R (a) PWM ON phase (b) PWM OFF phase
S ~VBAT
e 2
(i BLDC Met
Weak Short Circuit (WSC) (v = = B |5 =
—— ot e i )7‘ .
- U e

40 | S

I \

w |\ A

L ‘ ';'ﬁ} U*u

~
L

c) WSC current
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Vint (from charge pump)
loswm
w1
[
|
w
sw2 sw3 SCB_Woswu
Rosu Rosu SCG_Woswu
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49:
Vint (from charge pump)
losm
Phase Voltage Monitoring
U W
These voltages will change under
SCB
SCG R
0SM
WsC Rosm
Winding Fault
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494
Supply voltage Hall sensor monitoring Logic clock monitoring Over Temperature
monitoring unit unit unit sensing

1. Battery voltage
2. logic supply

1. Hall pattern error detection
2. Hall sequence error detection

Bridge over current sensing

righ
ution is prohibited
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Vbﬂ“ Over-voltage, Under-voltage and Bridge Disable Command
UHEF_‘J{}att_D‘«."
R » \/batt OV
1
- Bridge DIS
R- » \batt UV
1"'-"IIHEF_'-.n'h.'iltt_L.l'-.-'
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497

100

»7 ¥

497

498

Invalid!

Sequence 1

Sequence 2

Sequence 3

Sequence 4

Sequence 5

Sequence 6

Invalid!
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000 & 111... Due to the missing power supply or if the hall cells are damaged ||
—_—
Latch
OR1
"0 B
FLBL PAT
\— Q
CLK
R

C-R_ERRO‘!-—I
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.

>

500

Transition
detector
Latch

FLEL_SEQ
Transition
detector

Transition

— )" e von [
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H2

TD1_OUT

TD2_OUT

FLBL_SEQ

CLR_ERROR
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OVER TEMPERATURE
SENSING

1. Powerinverter block;
2. Controller;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorizedreview, use, disclosure, or distributionis
prohibited.
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FIRMWARE DEVELOPMENT - PART 10

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for Permanent
Magnet Brushless Motors — A System Approach

April 22 - 24, 2025

504
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505

AGENDA

* Driving Algorithms;
+ Six Step Control using 8-bit uC;
* Basic Sinusoidal Control;
+ Field Oriented Control;
» Space Vector Modulation.
- Stability Analysis;

Copyright 2025-26 PEG This document contains privileged information y un
distribution is prohibited
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FIRMWARE DEVELOPMENT

e -

LANGUAGE BASED MODEL BASED

506

147



Day Two Workshop Slides

prohibited.

Altera;

Renesas;

Infineon;

ST

Microelectronics;

Wednesday, April 23, 2025

LANGUAGE BASED

Microchip;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distribution is
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508

MODEL BASED DESIGN

Tool Control Motor Power Code  [HIL Supporl] Real-Time Domain Focus Supported Processors
Design | Modeling Electronics Generation Sim
ir Activate v v v ulfi-Domain IDepends on Modelica backend
Embedded Motor Control, Real-Time System
Itair Embed v 4 N 4 4 v rototyping Il C2000, STM32, ARM Cortex-M
SHplus v v v Fluid Power, lics
ISPACE v v v A v Embedded Systems, HIL [l C2000, ARM Cortex-M, others via Simulink
Dymola v v IMulti-domain via Modelica ia Simulink or external fools (T, ARM)
v v IConfrol Design JARM, DSPs (specifics less known)
v |EM Sir fi Export models to Simulink/C code
v v v ulti-Physics ia Simulink infegration
v v v ymbolic Modeling [l C2000. ARM (via connectors)
[l C2000, STM32, ARM Cortex-M, NXP, Infineon, Microchip,
v v v e & industry Standard enesas
v v IOpen Modeling Language epends on foolchain (Dymola, O lica, efc.)
v A v lest & Measurement | PXI, CompactRIO (x86, FPGA)
v v IOpen Source Modeling epends on i ), not direct
PLECS (Plexim) v v v A v Power Elecironics [l C2000, STM32, ARM Cortex-M (via PLECS Coder)
ilab, v IOpen Source Modeling ICustom C code generation possible
[si v v v ulfi-Domain ia co-simulation with Simulink
[Synoy SaberRD v v v lixed-Signal Systems FPGA/DSP/ASIC (indirect via HDL tools)
TwinCAT 3 v A v Industrial Automation 86, Beckhoff IPCs
fyphoon HIL v v v v eal-Time HIL o direct farget code gen, Hil-focused
[VisSim (Altair Embed) v v A A v Embedded Systems [l C2000, STM32, ARM Cortex-M
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ALGORITHM DEVELOPMENT

1. Real-Time

Determinism 2. Modular 3. Efficient Use of 4. Accurate

(Timer Based Architecture MCU Resources Current Sensing
Loop Execution)

5. Position 6. Speed 7. Pl Loop 8. Duty Cycle

Estimation Estimation Procession Computation

9. Error 10. Testing,
Detection & Tuning and
Response Maintenance

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

509

N

510

8-BIT MCU VS. 32-BIT DSP

. lsBitMcu______ [32.BitDSP |
Timer Based Functions Highly Critical Less Critical
Code Efficiency High Low
ADC Execution Time 2uS 80nS
ADC Execution Serial/Sequential Parallel
Pl Processing 20-40uS <2uS
Active Filtering 80 to 90uS <2u$
Wave shaping Table Based Function Based
Overall Execution Time (Scalar Control) ~90uS ~4uS
Scalability Low High
Cost Low High
Algorithm Adaptation Low High
Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
disfribution is prohibited.
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511

BASIC BLDC CONTROL
ALGORITHM

* One Shot Inverter State Determination;

» Choice of PWM Schemes (Top Side Vs. Bottom Side PWM etc.);
» Sensor-less Possible;

+ Single ADC Channel Scan Requirement per PWM Cycle.

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

100 110 010 011 001 101

B, 1 1
Cr 1 1
Ag 1 1
Bs 1 1
Cs 1 1
0 60 120¢ 180 240 3007 360" 60° 120° 180
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BASIC SINUSOIDAL CONTROL

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for Permanent
Magnet Brushless Motors — A System Approach

April 22 — 24, 2025

513

N

3 PHASE SINE INVERTER: GENERATING D

514

Lo D
Vdc/2 h | W
& ;
D
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515

3 PHASE SINE INVERTER: GENERATING D

— Vm
a_VV
2
Smwt

l
a ctrl 2 Vdc/ 2 o "
A
A Sinlow, £ 1207+
ctr 2 Vd,;/
Smwt 240”)

1
g ctrl = 2 Vdc/ 2 + ‘ /'

Amplitude Modulation Ratio:

m
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3 PHASE SINE INVERTER: GENERATING D

516

1.0v: m m m
\\ /
w »
- //
0.5V I~ 1
PWM CT \\ L+
-~ /‘/
0 V(Ve_ctrli+) o 0.2%V(PWM CT) v V(X U4.Etri)
1. = A Wl ,
He
- 2
PWM BT | ] N
0.5v: |1 I~
- [~
L \\
]
-
0 V(Vb_ctrl:+) ¢ 0.2%V(PWM BT) v VI(X U3.Etri)
1.0v4 A s M 1 m —
PWM AT i i
|1 \‘_\
. // [~
. - =
- -
I~ L1
\. /—
SEL>> [
0s 2ms ams 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

0 V(Va_ctrl:+) © 0.2%V(PWM AT) & V1(X_UL.Etri)

Time
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FIELD ORIENTED CONTROL

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for Permanent
Magnet Brushless Motors — A System Approach

April 22 - 25, 2025

MREF ,—, laReF =
—» T — { Z
\\__./' e
%

BLOCK DIAGRAM
FOC CONTROL

e o

“ /

s
/ ofi abe
Park Clarke
Transform  w Transform

Position and ¢ v,
Spead
Estimator

—
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519
’
’

Quick response
Accurate position control

ADVANTAGES

Phase Correction Alignment;

Machine Models valid in Steady & Transient
State;

Independent Torque & Flux Control;

Pl Regulators neither Damage References nor

infroduce High Bandwidth noise.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis
prohibited.
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520

COMPARISON OF SCALAR &
VECTOR CONTROL

Controls only magnitude. Controls both magnitude and
phase.

Have sluggish response. Have fast fransient response.

Torque and flux are functions  Torque and flux are independently

of frequency. conftrolled.

Accurate position control is Accurate position control is

not possible. possible.

Easy to implement. Complex to implement.

520
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Motor is modeled into Synchronous
Reference Frame;

] Stator Currents Serve as an input to these
FOC

Models;
FUNDAMENTALS

Speed & Position are estimated from the Hall
code;

Excitation flux & Rotor flux are decoupled for
Contfrol;

Objective is to control the motor similar to
Separately excited DC motor;

srohibited

521

FOC FUNDAMENTALS

|4 Flux producing component (direction of rotor flux
phasor);

If?&)Torque producing component (orthogonal to rotor

srohibited

522

155



Day Two Workshop Slides Wednesday, April 23, 2025

~

523

FOC FUNDAMENTALS

b

» The 3-phase currents are given by:

I, =1, sin(wt)
I, =1, sin(wt—120)
I, =1, sin(wt—240) iy

* For a balanced system:

I, +1,+1I,=0

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

» The complex stator current vector is represented by:

i, =i, +ai, +a’i

S a
p = jarn/3

* Where (¢ Ser2 4 and g“= ¢ are the spatial operators.

distribution is prohibited
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TRANSFORMATIONS

?ﬂr
525
TRANSFORMATIONS

fa
Clarke's transformation fa =(2/3) L Wi 'k
1 0 \3/2 —3/2 ;

(6

£ | cos@,) sin@) || f,
Park’s transformation fq - —sin(@e) COS(@e) i fﬂ

Where ‘f' can be either Voltage or Current.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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Projection of phase
quantities onto stationary
reference frame.

The converted quantities
still depend on time &
speed.

527

COMPARISON OF PARK'S &
CLARKE'S TRANSFORMATION

Projection of phase
quantities onto rotating
reference frame.

The converted quantities
are time independent.

N

527

* Elecftrical equations:

=V cos( wt)

a

v
14

Copyright 2025-26 PEG This document con
distribution is prohibited.

W =V cos(wt —27m/3)
V., =Vcos(wt—4r/3)

528

BLDC MOTOR: FOC MODEL

I, =1cos(wt)
I, =1Icos(wt—2rx/3)
I, =1cos(wt—4m/3)

v:Ri+ﬁ:Ri+i(Li+/’tm(9))
dt dt

ains privileged information. Any unauthorized review, use, disclosure, or
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BLDC MOTOR: FOC MODEL

» The BEMF is given by:

E,(9) sin(6),)
E=|E,0) |=—w,4 |sin@ -27/3) |=wo,4,.[k6)]
E.(6) sin(0, —47/3)

*  >Magnetic flux of permanent magnet.

A

m

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distribution is prohibited
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530

BLDC MOTOR: FOC MODEL

T zgg(zdi -2, T,=plI, Y2, 1k,

e
Since Rotor flux is oriented with d-axis, Id=0.
A, =4,
T = iﬁ(i i ) Hence by controlling Ig, Torque can be controlled.
e m - q
2 2
* Mechanical equations:
do,
dt

Ir, =T, +k,o, +J

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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BLDC MOTOR: FOC MODEL

Clarke's transformation

c _ 2 . lb ic

la - 3 ‘(la 2 2 ) Va, - I”Sl'a + p/la
: 2 Iy i V, =ri, + A
i, = —. - — B slp PAg
a0l

A,=Li +A, =Li +A cos@,)
Ay =Liy+ A, =Li,+4,sin@),)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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532

BLDC MOTOR: FOC MODEL

Park’s transformation

. . d
ids = ias COS(@E) +lﬂs‘ Sln(ee) Vds = Tlge — a)eﬂ’qs + Eﬂ'ds

i =—i_sin(@,))+i,cos(O
s = oy SIN(6,) +i 5,COS(6,) 14 =riqs—coe/1ds+i/1

qs s dt qs
As=Li,+4

6 =tan’ ﬁ >Rotor position
A AL .

a
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cos(@) —sin(f)
sin(@) cos(@)
1 0

=|-1/2 B2
~1/2 —+3/2

[
7

B

fa

Copyright 2025-26 PEG This document contains privileged

distribution is prohibited

} Anti-Clarke's fransformation

Where ‘f' can be either Voltage or Current.

nformation. Any unauthorized review, use, disclosure, or
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533

TRANSFORMATIONS

} Anfti-Park’s tfransformation

533

+ Sinusoidal BEMF modeling

=

Rotor position is added
with an offset

— |
Speed feedback is
multiplied with K

S

1 Position based
Sinusoidal Signal

| BEMFsignal

distribution is prohibited
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P-SPICE IMPLEMENTATION

» Developing a per phase Motor model

Tttt
wacd L1 {L_MOTE {R_MvD\"I'}v
W _p

Motor Inductance per phase

Motor Resistance per phase BEMF signal

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

e Clarke's Transformation.

Clarke's transformation

lalpha_fdbk
TN 203

e _J I&ém%g 5> lalpha_tdbl
NI 103D
/ IfdbkB fie; l/
3-Phase feedback currents TR AR
lo Ig
Ibeta_fdbk
“AETHTT
— bR ibata_tdbk

distribution is prohibited
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P-SPICE IMPLEMENTATION

~

537

Id_fdbk

Park's transformation

o |5 S| ralpha bk

R THTTCos W N3
Iheta itk :Bl(’&lNlj‘sm AN 90d_fdble
Position ) J/
lgIg
lq_fdbk
lalpha_fdbl | [FRETTFEmE NG
i i AUINEcosCLHINE) S5lq.fibk
Position Il \.

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

P-SPICE IMPLEMENTATION

sooea A
pee ]
SIN

t-> varies from 0 to 360 degrees

t

Rdg
1k

il—

TAN function

Tas ﬂf-‘
aan o
LEIN 45112) R i
R0 L™ 1

ATAN function
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P-SPICE IMPLEMENTATION

Tou qvord oY

P the speed gives

T out you the torque OUTpUT power
— 2
Torque 3
I0) M p
(BN =
IBIND) H) SReet
[ VTRINTY
W — Tl . i) |b
_ —1 f_maT : YOFF =20
o, UMOTE || VAL = an
J Angular H_Load_sense| FC208

Acceleration: Load

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

» Developing Speed Pl loop

Pl loop
T IN) O]
g et~
5peed Reterence & fin 1 AT~ |
(EER) aref
Ref. speed 0 T
<]
[ worr-0 o
i P
wao=i | — Speed feedback
L Speed_Feedback 1

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

164



Day Two Workshop Slides Wednesday, April 23, 2025

~

541

P-SPICE IMPLEMENTATION

* Pl loop implementation

3)Ea_0m_0

1d_fdb: h; -
Idref equal to zero
B
=0
q_wb,P E:Kn
lqret . S{KI) %l Ea_Ou_0

Igref after Speed Pl loop

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

* Anti-Park’s transformation

Anti-Park's transformation
Ea_alpha

Ea_Ow D ¥ s
Ea_Ouwt_0 1 -W%\Nzggiwws%

~»vEa_Out_alpha
Rotor Position <«————] Fstn  ——'
Ea_beta
Ea e D | [FRTATFEmA S N2
BonQ Y :D\{'{sINZ)"cos N3 S T
Pacition ¥ [l
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Anti-Clarke's transformation
Ea_Out_alpha S—1| el
| [THEINTFTS
W N2 70 66 3 SSEA Outh
Ea_Out_beta 2
| [FAENTITS
R ECEEELE SSEA OutC
P-SPICE IMPLEMENTATION
Anti Clarke's transformation
“‘((i 025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distribution is
543
544

* Generating Duty Cycle v
Duty Cycle/ Vv, =-%[2.D-1]
/ 2
{utax Duty}
AR N -TT A e
EA_Outs
{in_Duty}
{utax_ Duty}
[ N -TT DA
>_I—|I =
EA_OutB
{in_Duty}
Mutax_Duty}
AR N -TT A e
J e
Ef_Outl
{in_Duty}
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‘\r‘ l‘;l‘f"%g:w\
L LTSS § ‘ﬂ
s hE) L )
»{ |r J\If\/\/!v \A‘J‘ﬁ\" 'B\J \"l*d\\:
..... ‘:f“; - '\Jr\‘r
.‘J"\, ¥

SIMULATION RESULTS

Feedback phase currents |,.1,.l.

prohibited.

0Os E 100ms
o V(IFDBKA) - V(IFDBKB) « V(IFDBKC)

Copyright 2025-26 PEG This document contains privileged information. Any unauthorizedreview, use, disclosure, or distributionis
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545

s 50ms
o V(IALPHA FDBK) < V(IBETA FDBK)

SIMULATION RESULTS

Clarke's transformation

lo

prohibited.

100ms
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547

SIMULATION RESULTS

Park’s
\ﬁ fransformation
{ | Idllq

0s 100ms 200ms 300ms A00ms. 500ms 600m
3 V(ID FDBK) o V(IQ FDBK)

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

=
A [{\I : : A f\‘\“ BEMF of phase-A
0 N - . S H— -
. - fﬁ_l oA Ay
Y Y 7 S/ VI w [ i-’! o)
| / (=7 {f . ;4\ 8 A
MMM wr \ﬂ L, Phase-A current
V- \/ Y JEmet ) \\ 3 |
‘\ / \f . ] \" \‘\ I
\/ v
-«A:\Ehn 470ms 440mn A60ma A80ms S00ma 520ma H40mn H60ma HH0mn H00m
o V(VA_P,VN) 1L
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SIMULATION RESULTS

Anti-Park’s transformation

Copyright 2025-26 PEG This document contains privileged information. Any unauthorizedreview
prohibited.
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7 ok S T
LA}
[ | 7~
! ‘ |
¥ 1§ I
i 1 |
f | /
'/ DN
J
A
-20KV T T T T
20ms 50ms 60ms 10ms 80ms 90ms 100ms 110ms 120ms
V(EA OUTA) « V(EA OUT BETA)
Time

use, disclosure, or distribution s

549

-20KV
40ms
V(EA OUTA)

60ms

* V(EA_OUTB) = V(EA OUTC)

SIMULATION RESULTS

Anti-Clarke's transformation

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review
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]
I
{ LML U 18 TV o I
! 1Y
I .
20V- [[ “ ? l A
I | II A
I | Il
w | !
i ] i
ov- T T T
5V 1ov 15v 20V 25V 30v 35V 40V
o V(TORQUE_OUT)
V(Speed_Feedback)
Torque-Speed characteristics
i}o:)vv‘?m 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distribution is
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SPACE VECTOR MODULATION

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for
Permanent Magnet Brushless Motors — A System Approach

April 22 - 25, 2025

552
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SPACE VECTOR REPRESENTATION

V,=V, sin( wt) b
V, =V, sin(wt—120)

V.=V, sin(wt+120) 5 e
Va + Vb I8 Vc = 0 T V

_ ] "3 |
Vi=V,+V,e ° +Ve

175 = %Vm (sin wt — j cos wt)

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

V

s

00N A & S
£ [0 V372 —\B/z'fj

* Where ‘f' can be either voltage or current &  is the resul’rorﬁt-vec’ror.

N

1 3
=V, ——(V,+V.)=>V
a 2(b c) 2 a

V_=£(
2

B Vb_Vc)
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SVM FUNDAMENTALS

 For a 3-phase total number of combinations are 23 =8

» Out of 8 states two are called null states;
» All of the TOP switches (or) all of the BOTTOM switches ON at a time.
* Remaining 6 states are called Active states.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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» Each switching state is freated as a Sector;
» Each Sector is framed by 2 vectors which are 60 degrees apart;
* Upper switch ON=>"1";
» Lower switch ON->'0’;
» 6 active vectors & 2 null vectors;

Amplitude of all the vectors =V 4.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
distributiol ws;v ohibited

557
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U, (100) U,(010)

T ey

U, (110) T, 011)

Eﬁﬂ%

1 to 6 Active states.
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Null states

U, (111)

SVM FUNDAMENTALS

N
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U, (000)

fo

I

—
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-
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V;(000)
\ | Vy(111)

(t/Ts)V4

\\
\ :; V4(100)
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SVM FUNDAMENTALS

Volt second balance equation along a-axis

V,.T, =V 2.cos(60).T, =

Volt second balance equation along B-axis

V,.sin(60).T, =

Vi

T, .cos(a)

Vi

T, .sin()
Solving for T;,T, & T,
V.

N

[Vl sin@0-c) _
LV, sin60)
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SVM FUNDAMENTALS

Where  varies from 0 to 60
Degrees.

2 I,
“HeF ' F| coeae
T,=T,~(T,+T,) s
dy = Sn(a)
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SVM FUNDAMENTALS

(000) (1000  (110) (1) (1) (110)  (100)  (0o0) Sector-1

To/2 T T To/2 To/2 T, T To/2

+Vyc/2

'Vdc/ 2 | | = |

+Vg /2
Vbo

Vge/2

+Vyc/2

c0
-Vge/2

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

563

N

564

SVM FUNDAMENTALS

(000) (0100  (110)  (111) (1) (110)  (010)  (oo0) Sector-2

To/2 T T, To/2 To/2 T, T To/2
T T

+Voe/2

Vo2
*Vae/2
Vio
Vac/2

+Vgc/2

VCO
Vac/2
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SVM FUNDAMENTALS

(000) (010) . (011)  (111)  (111) (011)  (010)  (000) Sector-3

To/2 T T To/2 To/2 T T To/2

+Voc/2

-Vgc/2
+Vool2

-Vac/2

+Vgc/2

VcO
Vo2
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SVM FUNDAMENTALS

() (011) (0o1)  (ooo) Sector-4

(000) (001)  (011)  (111)

To/2 T T, To/2 To/2 13 T To/2

T T

+Voel2

Vac/2
+vdc/ 2

’Vdc/ 2
V)2

c0
Vool2
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SVM FUNDAMENTALS

(000) (001)  (101)  (111)  (111) (101)  (oo1)  (ooo) Sector-5

To/2 T T, To/2 To/2 T T To/2
T T

+Voc/2

Veel2
+Vool2
VbO
Veel2

+vdc/2

VcO
Vac/2
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(000) (100) . (101)  (111) (1) (101)  (100)  (ooo) Sector-6é

To/2 T T To/2 T/2 T T, To/2

+Voe/2

Vo2
*Vae/2
Vio
Vac/2

+Vgc/2

VCO
Vac/2
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Sector Number PWM Formula

1 A (1-dx-dy)/2
B (1+dx-dy)/2
© (1+dx+dy)/2

2 A (1-dx+dy)/2
B (1-dx-dy)/2
C (1+dx+dy)/2

3 A (1+dx+dy)/2
B (1-dx-dy)/2
(o (1+dx-dy)/2
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SVM FUNDAMENTALS

(1+dx+dy)/2

(1-dx+dy)/2

(1-dx-dy)/2

(1+dx-dy)/2

(1+dx+dy)/2

(1-dx-dy)/2

(1-dx-dy)/2

(1+dx+dy)/2

0O ®| > O @ > O ® >

(1-dx+dy)/2
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* Angle a generation.

alpha varies from 0 to 60 degrees

El

Ioh
F%

—> Position Ramp input

ETABLE
W N, 1N

(0,0) (60,60 (60.1,0) (120,60) (120.1,0) (180,60) (180.1,0) (240,60) (240.1,0) (300,60) (300.1.0) (359.9.60) (360.0)
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» Duty cycle dx & dy generation.

Ein{B0- R THW13072. 112)
alpha - iy dx
Fdd
10k R4
10k
L
= il
“o

Eincs INT3. 14121307

alpha 4 >>dvdv
Ref? Rz
1k 10k
L L
= =

%0
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P-SPICE IMPLEMENTATION

Hall code Identification

ETABLE
sode << OUT+N+ <t
a1
REO Lol
Tk
(0,5 (50,50 (B0, 13119, 1) (120,3) (178,3) (10,2 ¢239,2) (2405 (299 5 (300 ,4) (359 4)

B
Sector Identification

£ oode

sector %

(IDEAHEHNEEED G
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P-SPICE IMPLEMENTATION

9 (1-du-dv) /2
» Duty cycle generating formulae. n o LEWEED ]
eSS

dy 2 | INER 22

{1+du-dy) /2
g 1 [ETND . o
gy o MEINZMDZE
{l+dstdy) /2
dx w1 [WEINTY . s
gy 2 NI ZE
(1-ds+dy) /2

s 1 FREETTY .
gy L PMEINZR 2D E—
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dx

1 Position

——~| > Apha
T ’/‘,A'" 1

7 A~ A v N d
& / Pl
7 / S 74l T . i =1 Y
7 7 7 7 5 i
7 743 7 4
SHLS> | % / L
VoK) . Vi)
400V
e e L | -
4.%ms 6.0ns #.0ms 12.0ms 11,00
VIT) o+ VIALPHA)
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v+
| !
| .|— Hall Code
} 't 3
| [
o V(CODE)
10v-
o e I
5V - — 1
| I T 1 |—> Sectors
I} ]
SEL>>
av4
4.8ms 6.0ms 8.0ms 10.0ms 12.0ma 14.0ms
V (SECTOR)
i
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Wi =
S VIUGIED) « V{UG2:D) + ¥(LINIT23:00T)

~
~

!
LIRSS N
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1R« 1(R2) . 1R3)
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Phase Currents-lg, I, lc

s

=1
de

V., =36V, =36V

c

VS

577

0.0 - e _ _ — _
EEL 25 AN 3 S
~ / 7 TS S
: = P s P4 Y S
e e s e o
N N i N b
w - = = o B @
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5
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— \""*-..___. T e S i - \\,___‘____,,
SEL>>
4.4ns 6.0ms §.0ms 10.0ns 12.0ms 14.0ms 16.0ms 16. Ons 20.0ns
o T(R1) + 1(R2) » 1(R3)
Time
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PWM-A,PWM-B,PWM-C

s

For =0.5
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578

183



Day Two Workshop Slides

Wednesday, April 23, 2025

5-Phase Drive
(Scalar Control)

distribution is prohibited

SCALAR VS. VECTOR CONTROL

=%
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3-Phase Dual
Drive
(Vector Control)
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ic Hb

VECTOR DIAGRAM - ACW
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distribution is prohibited
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VECTOR DIAGRAM - CW

CW Motion

Hb

Hc

Ic
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" KEY POINTS DIFFERENTIATING TWO
SYSTEMS

5-Phase Drive 3-Phase Dual Drive

o
st

C
di

Scalar Control
No Direct Speed Control
8-bit uC operating at 20 MIPS

Simultaneous ADC Registers
scanning not possible

pyright 2025-26 PEG This document con
ribution is prohibited.

Vector Control
Direct Speed Control

32-bit uC operating at 80
MIPS

Simultaneous ADC Registers
scanning possible

ains privileged information. Any unauthorized review, use, disclosure, or
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5-PHASE MOTOR DRIVE

 System Requirements:
* Run the system using Throttle, Speed sensor, Pressure sensor;
+ Scalar confrol;
* Regeneration/Braking;
» System Lock as a security feature;
+ Wireless Interface;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, o
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System Block Diagram

NBEE E‘
Inverter ,
Power Battery
Circuit ) Supply
/L Power Wireless
Supply Dongle
Stages
$ Speed . .
a-bit Sensor Wireless Display or App
Micro- T
Controller | ——— Jordue
Sensor
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. . Batt
Algorithm Block Diagram Sf.pﬁryy
PI ‘ ‘
L—‘ S
Duty cycle 5-phase Half -

e | S generation with
PI < complimentary

pIL 3] signals

Bridge Inverter

5-phase
Iref
Command Al
Throttle/To|
que senso
Calculate Ie
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5-PHASE MOTOR DRIVE

~

585

Copyright
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» Challenges Faced: Hardware;
» Problem with Hall-sensors installation;
« Alignment problem of BEMF & Hall sensors;
» Leg Current sensing;
* PCB Layout;
» Power Supply design;
* Mechanical design;

26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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5-PHASE MOTOR DRIVE

~

586
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» Challenges Faced: Firmware;

Different Current Profiles;
Timing;

Current sensing;
Stabilizing the Pl loop;
Duty Cycle Calculation;

Limitations in floating point calculations;

Lower switching PWM frequency;

S5-PHASE

Wednesday, April 23, 2025
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MOTOR DRIVE
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» Features of 8-bit uC.

Copyright 2025-26 PEG This document contains privileged information. Any unauthorizec
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5-PHASE MOTOR DRIVE

Functionalities 8-Bit MCU

Timer Based Functions
Code Efficiency

ADC Execution Time
ADC Execution

Pl Processing
Active Filtering
Waveshaping

Overall Execution Time (Scalar
Contrl)

Scalability
Cost
Algorithm Adaptation

disclosure, or distribution s

Highly Critical
High
2uS

Serial/Sequentia
|

20-40uS

80 to 90uS
Table Based
~90uS

Low
Low

Low
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5-PHASE MOTOR DRIVE

* Milestones:

Hall Signals generation code;

Applying Sinusoidal currents into windings;
Linearization of Hall codes;

Open loop;

Closed loop;

Phase Advance Implementation;
Integration & system response optimization;

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

* Lessons Learnt:

Proper Capturing of Requirements;
Hardware Design Analysis;

Clear Strategy on Algorithm;

Flow Chart development;
Software Design Documentation;
Flexibility;

Smart Thinking;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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 System Requirements:
» Dual Brushless Motor Drive;
+ Joystick Controlled;
» Operated from +24V Battery;
* Hardware to handle 60A of peak current;
» FOC to control motors in either directions;

Copyright 2025-26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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3-PHASE DUAL MOTOR DRIVE
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System Block Diagram

—

A | Bl C Battery Al B| C

Suppl {
Inverter <)) PP K Inverter

Power
Power Supply
age

{ Circuit-2
DSP

Controller

Power
Circuit-1

Hall Signals

L Joystick

592

3-PHASE DUAL MOTOR DRIVE

Hall Signals

592
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3-PHASE DUAL MOTOR DRIVE

. o Batte
Algorithm Block Diagram Supplryy
“ Igre; Vg ‘ ‘
Speed M “ 2-phase to 2 Duty cycle 3-phase
command m vd 3-phase generation Inverter
T.® —
Idref
Phase ©-Ramp N
Advance 3-phase
Table PMpSM
Id
Iq 3-phase to < a
2-phase
Ic
Hall signals - ©-Ramp
speed estimation Halll signals
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ADVANTAGES OF DSP

Timer Based Functions Less Critical
Code Efficiency Low
ADC Execution Tme 80nS
ADC Execution Parallel
Pl Processing <2uS
Active Filtering <2uS
Waveshaping Function Based
Overall Execution Time (Scalar Contrl) ~4uS
Scalability High
Cost High
Algorithm Adaptation High
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ALTAIR EMBED

3-Day Workshop on Motor, Inverter, Hardware, and Firmware Design Techniques for
Permanent Magnet Brushless Motors — A System Approach

April 22 - 25, 2025

595

High level model-based programming;

WHY ALTAIR
EMBED?
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"EXAMPLE OF DUAL BLDC MOTOR
DRIVE USING FOC

L e WheelChaiControWithandWithoutField

CANModule ake
M2SpeedCmdl—y —{Gpeed it~ Speedhd2—MISpeed MZHal

— P EpeedthECumehdi Speedii—JshiEpeed MIHaIIt

L Main FOC Algorithm

Elec’rronic Brake apply logic
Direction Determination logic

——> Speed command obtained from Joystick via CAN
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HALL CODE GENERATION

GPIO 11,15 & 9 for motor1

FOR0Ea-GRIOTT =p"
i 1@fx4.15|_'—_[fi 16.16
| [FZE0B2.GPI0T5 -
2@fx4.16|£§ 16.16 16.16
F28062-GRI0g - g / e :=
A 16 IJ—_E; 1B.16 (D@32}

-
|

T @hd
peedCmd
[HallArranged—|
o iHalCode HallToHallArangedhd 1 IMiHalICodeinPL—
I DirectionDetermination—|
Hall codes for motor
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HALL CODE ARRANGEMENT

0. 1B6EE7 (8. 32
M1HallCode
Ol B+
- 16.16
Arranged hall
Codes(0 to 5) or (5 to 0)
I+ M1 DitectionDetertination
Gain of 0.166667 is needed to get PU Direction determination

values for ramp to vary from (0 to 1)
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MOTOR DIRECTION DETERMINATION

M1 DirectionDeterrnination

I
N
v edgell1@327 iy - Interp Pos ~ mitheta—
M1lsNeg S&H neg1@327 pos
" ) T SspeedMt. win—
oxd b > In Fwd direction equals 0;
a1 a2 oty i .
2222 > In Rev direction equals 1;
10,0 =
sight1
Arranged hall code is delayed (unit delay) to
P——plsan- get previous hall code value;
26 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or
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Time s
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SPEED CALCULATION

Interp Pos Mithets

P comedl b
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SPEED CALCULATION

= Micnt

B 010000
Ox1 x 1z
100;0,0
P —
» Hret [ B[]
s {500

W1RESET "|¥ —[Tanesz {

b ? (1@naz3z] * 250 » Shows number of counts
g . between the hall codes;
§ 0 5 10
i Time (sec)
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SPEED CALCULATION

5000

Counter Value
4 Counter output
] Plot 4/’ =T
%0 PV
65
40
15
'mﬂ 005 0 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 03 095 1
Time (sec)
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Rezet M1Counter ce|

= Plot = |[[=|[==]
P M1edge o410 |
oos -l- | B
1
] 5 10

v ¥

- 532 [ — 1

16 to generate PU angle

*0.166667 @fx8.32

M1isMeg
-

merge

:M1HallPos
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Theta is required for vector fransformations;
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THETA CALCULATION
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(@fx16.16

> ADC reading is delayed by 100 clock
cycles @ 80 MHz =1.25us;

» It is done to allow the values  to

settle (read offset values);

»The moment o/pis 1, ADC sampling

starts.

P ADCstartuphlt
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ADC SAMPLING
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ADC OFFSET CALCULATION

coffsethd 1A

-+ M1laa
S e

.+
coffsethd1A - 1.16

FZBDEZ-ADCRESUL
0.5 x4 16

nformation. Any unauthorized review, use, disclosure, or
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ADC OFFSET CALCULATION

Read ADC register

Subtract 0.5

Multiply gain of -0.5

Add with a delayed
read value multiplied by
05

Generate Offset value

Subfract the Offset value
from value of 3 step.
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3-PHASE TO 2-PHASE
TRANSFORMATION

Il |
Currents read —:MI ‘::: win— !d feedback
from ABC S AECToDQM
Theta e ! mio— la feedback
Calculated ——————————>JM{hll ThetainRad

5 sin(@) sin(6-120) sin(@-240) || 1,
[ "}=— cos(6) cos(6—120) cos(6—240) || 1,
! 1/2 1/2 1/2 I

Theta is used from the calculation seen before;

(4

G This document contains privileged information. Any unauthorized review, use, disclosure, or
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SPEED PI LOOP

Speed Ref

Motortld. map

re—
MICmd
M|PV 11 SpeedPID Misnarspesd

Id & Iq reference values from Phase advance tables based on speed;

Id Reference

Speed Fdbk Iq Reference
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CURRENT PI LOOP

Id Reference Miemd
+ Pl MterrarD D correction
Id feedback  |HMMFY
1q Reference +|'\-"|1Cmd ; .
Q correction
lateedback |l W1 PIDviithF eedF anward enoci i

PIDM1 Properties

Upper Bound [-128..127.933)1
Lower Bound [-128..127 .999]-
P [-128.127.999)
| [-128..127.999);

D [-128..127.999):

ak I Cancel

pury

=

=
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2-PHASE TO 3-PHASE
TRANSFORMATION
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D correction  effllemarki i — Ve Scale & apply to
Q correction  frdtemar D Ta ABCKT mib— Vb opwm blocks:
Theta | —>{m1 ThetainRad Milsf— ve
Calculated }
Vv, cos( 0) sin( @) v
. d
V,|=|cos(8—-120) sin( 6 —120) '[V }
V. cos(@ —240) sin(@ —240) |- ¢

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

614

201



Day Two Workshop Slides

o oN N

2025-26 PEG Thi:
ibution is prohibited

Wednesday, April 23, 2025

615

DUTY CYCLE CALCULATION

0.56fx1.16

Al

faultl

ePWM Block

nable(t. 5]

Dty Cyele B1IE]

»0uty Cyele A(1.16) F28062-EFWWTA/EPWIMTE
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Hardware In Loop for BLDC Motor control using FOC;

616

HIL

F28x Config: F28062@80MHz = P . P —

p Elpiet [= (=] 3 Hleet [ (BT

Setpthal 4+ 076723195612431 # B

Hall o P # 4 w

. > » 2

JoystickwithSCurve.out £ .076723195612431 = 0 -
lqfbk iy 0 1 g 0 & 1
» Time (sec » Time (sec)
L
P usage 1
5 e —
i—o‘gps‘“ N » Dbt [= o]
- —I —
R 0 M .1 il .02
o1 [|Display inputs in coler coded twe-dimensional plot. Ctrl+Left mouse drag on plot
- I T =
I+ -005 i
P 0 5 1 g
> Time (sec) Y Time (sec)
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MICRO-CONTROLLER
CONFIGURATION

CPU: F28062 —f1—> Different MCU'’s selection
I™ Enable Interactive Peripheral Mo | S Enables HIL simulation

CPU Spesd (MH2) [a0 =l Clock source selection
Clock Source: Internal Oscilstor 1 ~| +———> Pre-scaling of clock source
Multiple of Crystal Freq B -

HSPCLK: [1/5vSCLE 80 MHz
LSPCLE:  |4/5VSCLE. 20 MHz

JTAG connection ———> JTAG Debugger selection
ol sbiime2 =11 5 Eventon Inferrupt
EPwM Intenupt Event.  [ETR -0 =
—>Clock source Pre-scaling
Contral Clk Prescale: 1 L]
Chl Clk Count Mode: | > Clock Mode (up/down)
DLLASD Wersion:

Wis5im/ECD for F280- 80 Build 2185
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280x ePWH Properties N

618
Pr/M Unit - I Use High Res Timer
Time Base

FRate Scaling: None - Caunt Mods: Up/Down - V M
Timer Perind 10000 I Change Period Dynamically

[~ TBCTR=TBPHS on 5 pulse TEPHS [phass):
o |
NCO: |EPwWMSYNCI v | EPWMSYNCO pin: | Unused =

CMPA Load O |CTR =Zero v| CMPEBLoadOn  |CTR =Zero -

ualifier

PWM unit selection

ChPa CMPE
2 up  down up  down P GFIO Fin

PWM switching Frequency

Count Mode selection
Compare Registers

L " Deadhand
Action Qualifier Delay Made [Disabled =l
" Palarit
Dead Band Settings —— il ) | El
Input Select: I |
Option also available for Individual Fising Edige Delay (0-1023] Faling E dge Delay (0-1023)
ePWM settings working independently.
i Send Start ADC C Puise A (SOCA -
Start Of Conversion for ADC channels-at————————— FREREIRAER Y| R
ey Send Start ADC. Canversion Pulse B (SOCB]  [DCBEWTY =
i . Fault Handirn
Fault handling Enable/Disable «~— 2

EPWwMA output on Fault High impedance hd
Digital Compare..
EPwMEB output on Fault High impedance -

I Add Enable Pin (0 value farces Fault ]
< Euternal TZxFaultSouree: [ 1 [ 21 3 4 51" 61 DCa [T DCB
Autoreset T2« Faulk Source: [~ 1 [~ 27 3" 4 51 61 pea [ DEB
Tzuferoiz | Tzz [ePiots v Tz3 [GPote -
ormation. Any unauthorized reviel@ smle 125 [ ~| 128 | =l

Reset options on
Fault clearance
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EPWM CONFIGURATION

« Switching Frequency settings
» Fs=20kHz:

« Tpwm=2*Tbprd*Tbclk;

« 1/20k=2*1/80M*Tbprd;

« Tbprd=2000;

Count Mode: up/down;
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ADC CONFIGURATION

ADC E28062 Properties

Interrupt settings for SOC &—M&n\ﬁmﬁ\
Sump"ng Period se"ings Interrupt on Cornreersion Start .
\~ADEELK svsoiks [l [13.33Mhe
.. " <« | Trigger Set
Start Of Conversion trigger settings i Sarmple Clks
ADCRESULTD: [80 =] [Timer2 = [F =l DusiSsmpls
SOCRESULTY: (81 =] [Timera— =1 |7 -
A 172 v |Timer2 = 7 =l pualSanpe
Sumplingsforiwodiﬁere’m/ ADCRESULTS: |43 w) |Timer 2 il =
sequences ADCRESULT: |44 ~| |Timer2 = [7 =l bisisampe
ADCRESULTS: |45 +| [Timer2 - [F —
ADCRESULTE: |46 ~| |Timer2 - |7 ~| I Dusl Sarpie
~ Paaich = Bl s
Different ADC Result Reg d BDCAESULTZ (A7 =] |Timer2 - [7 -
ADCRESULTE: [BD w| |Timer2 = [F = pudlsande
ADCRESULTS: [B1 | [Timer2 = [F 5
ADCRESULTID [B2 | [Timer2 =7 =T DualSampe
ADCRESULT1T: [B3__v| [Timer2 = B =
ADCRESULT12: [B4 | [Timer2 | 7 | DuslSanpe
ADCRESULT13 [B5 | [Timer2 ERE -
ADCRESULT14: [BE v | |Timer2 ~| |7 < I Dual Sample
ADCRESULTIS: [B7 v| [Timer2 B
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CAN Receive Properties

CAN Device: ]A fud
Daia Pins [ -

Mailbox Murnber:
tessage 1D[17 bits)

1Dx7FS

=00

GRI030 -

I Receive extended frames

Mazking Reagister
[enter zera for no masking):

i Fin:

I Set address dynamically

— Data Pin Configuration 1
R 1 =] Type: [ sigred 2-byte |
| Fradix Pairt: m ‘wiord Size: m |
| Byte offset into C&M packet: [0 =] '

.

Cancel ] Help ]
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Controller Area Metwork Configuration

Linik: iA 71

Bus Rate [EPS in MBits]: E.EEEEEY

Baud R ate Prescale [1-255): 1

TSegl: TSegs:

E =l E £

Sample Paint: Sync Jump Wwidth:

|1 Paint | I -]

Synchronization Eypte Order:

|Falling i | |BigEndian =]
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» Port Specification;

> Selection of GPIO to Mux;

» Tx/Rx Queue length
selection;

nt 2025-26 PEG This document contains privile
distribution is prohibited

nformation. Any unauthorized reviewv

622

12C CONFIGURATION

L

I2C Port Properties

Port:

-

Prescale [I2CPSC): ;D—‘ 0.285
High Time (2CCLKHE [100 1 65535
Low Time (12CCLKLE  [100 165535
=

iD
IGF'ID28.-’GF'ID29
J‘IE
i‘IE

I~ Use Freeform Mode [no addressing):

o]

Data Bits:
Address Mode:
Own Address:

b Pin:

Tx Queue Length:

F= Queue Length:

Cancel ‘ Help
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> Bit Rate settings;

» Clock polarity settings;

» Network Mode settings;
» Mux pin assignments;

> FIFO option;

» TX/RX soft Queue option;
> Interrupts for TX/RX
settings;

distribution is prohibited
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SPI CONFIGURATION

5P1 Configuration Properties

LI rit: Transrmitted Bits: 16 -

Clk Sro LSPCLE -

Eit Rate: |LsPCkra ~1 |5 tAH =
Sync Data: ]cm cllk edge -

CLE. Palarity: ]Send on rigedatch on fall |51
MHetwork kMode: ] Slave o

STE mode: [&ctive Low ¥

I Use FIFO
EETw s el iete L ergti 16

16

iy

— b= Pin Azsignment

SF'ISIMD:;GF'IDE | SFPISOMI: |GFRIDZ v!
SPICLE: iGF’ID18 ~| SFISTE: |GFIO13 Vi

Cancel ] Help ]

623

» Baud rate settings;

> Data bits, stop bits;
» Tx/Rx Queue length;
» Mux pin assignments;
> Parity setftings;
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UART CONFIGURATION

I Serial Port Config

(e

Pait: "1 Parity: 1N0ne -

Baud Rate: 300 71 Data Bits: 1? -
Stop Bits: m

T Queue Length: 16
F# Queus Length: |16

i Mur Pin Azsighment

SCR¥: [GPID7 =] SCIT%  [GRIo12 -

0K | Cancel ‘ Help J
4
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eCAP Configuration

Pre-scaling option of the input

280x eCap Properties

Capture Unit. [\ +| Input Prescale:  |Nore
MMWPM GRS -

Eventt— |higger onrisingedge v| [ Reset Counter on Capture

Maximum of 4 events can be captured for the / Evert? |tiggeroniisingedge w| [ Reset Counter on Capture
SEUDEEER Evert3 |higgeronrisingedge w| [ ResetCounter on Capture

Pre-scaling option of the input

Mux GPIO pin which is to be used as eCAP; <]

Event 4 |lligger0nrisingedge j [ Reset Counter on Capture

0K Cancel ‘ Help
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BUFFERS

+ Can assign a variable or a Buffer, which is to be monitored for every trigger signal;
« Canread the Buffer for every trigger signal;
« Triggering can be given by number of different ways;

F28062-Monitor Buffer Read 0 "9

Buf f er

P trig(16.16
P signal

)F28062-Monitor Buffer Write
0

Monitor Buffers Read/Write
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Convert To

Al

et
b atriz COMPLEX

Used for conversion of the variables
to different data types

Animation
Annotation
Arithmetic
Audia

Boolean

DDE

Fixed Point
Integration
Linear System
Matrix Operation
Norlinear

Optimization

Random Generator

Real Time

Signal Consumer
Signal Producer
StateTransition

Time Delay
Transcendent
embed
userFunction
exprassion
OlLEabject
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OTHER EMBEDDED BLOCKS

T State Charts  Digital Power I

3 FRES
}<== #

Different Blocks set used in Embedded:
« Arithmetic;

* Boolean;

« Fixed Point;

* Matrix operations (2D/3D Tables);
« Time Delay;

» Non-Linear Block sets:

« If Else;

* Case switch;

* Gain;

- efc;

« Fixed point block sets:

« Atan;

« Cos, Sin;

* Multiply, Divide;

« PI, PID Regulators;

» Summation;

- Signed / Unsigned integers;
* Abs;

* Sample & Hold;

- efc;
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+4.1
Fixed Point Sum Properties

RadisFoint btk [4 |  WordSizefbisk  [16 v
Representable Range: -8.0000000000..7.9397558594

[ Auto scale Minal Seen: ]D—
W Wam on overflow  Makal Seen: |0

Input Sign
Input Caunt: |2 = Te i & 1 =
11 | Cancel | Help ]

2" 2 0+ (2 = 1) /27

4

AN N N

8
12
16

32
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OTHER EMBEDDED BLOCKS

Representable range

-8to7

-8.0to 7.5

-8.00to 7.75

-8.0000 to 7.9375
-8.00000000 to 7.99609375

-8.0000000000 to
7.9997558594

-8.0000000000 to
7.9999999963
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cmi(116]
feedback[116]

PI1 0.008) owt&)

1

fied. 16

I{emeL)
eetec 18] PID{1 0.005,0.0074) e

[+ fiCos1.16

[+ "1 Efxd. 16

[=fx Shift PE = 7
[={ zhift dist Right PLATE] | 415
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Can Compile & check for the errors &

give inputs to the block in run mode.

CODE GENERATION

download the code into MCU using JTAG; Code GeneratiarEiuie e
Result File |muh:Rate c I
Result Dir:  C:\VisSim80cg
MCU target selection  <——— Target: ¥
Option to minimize the _ Fa808
RAM usage; - Include Block Nesting as Comment
Flashlng the ¥ Embed Meps it Code Minimize: RAM Lsage
code directly " Make Caal Pop ™ OnChip RAM Only

Observe the variables behavior during run & can <——— ¥ Include VisSim Commurication fnfeiac
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Target FLASH

Stack size 128 Heap size: IG-‘.
« Stack size depends on no. of functions, ;
interrupts, variables etc., Perodic Function Name:
* Heap size used only when JTAG
debqulng' Quit Code Gen | Browse.. | Compile... Download...
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TOAT

Different types of Sources

Note: These block sets can also be used
as Embedded blocks;

producer

Square
wave
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EX:T MATRIX & COMPLEX

[ 1] 1] il 1]
1. G| 1 1
L 1. 1 1 if|
0 i ] 0
[zeros(3 41 } 0 i 0 |
0 i i 0|
B 0 0]
[diag{[1-3]) f———p] 0 v 0l
0 i 3]
1 0]
1 0
[diag{[1-5-31) F——bs] z
5
3
1
1
) f————p| 0 T .
e ; 5 ; Matrix Examples
0 0 0 1
extaReim "
A complexToRelm &
TET05E Complex Numbers
magPhase ' )
Hhae 576058 Examples
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Valpha

209311

3-PHASE TO 2-PHASE ge

Tleot | o &5

B [~ ‘

YV v |7*{*’_‘*¢'VV
|

4 18661 Beta conversion
CONVERSION & HALL ¥l
cta 0 - 10
CODE GENERAT'ON Time (sec)
3-Phase to 2-Phase conversion & L e ot [ = =X
generation of Hall code; e ATTTTT T |

et [ o [&][=]

Hall Generator

Time (sec)

6 PEG This document contains privileged information. Any unauthorized review, use, disclosure, or distributionis

634

211



Day Two Workshop Slides

Wednesday, April 23, 2025

DUTY CYCLE GENERATION USING
VI METHOD

cument contains privile

jht 2025-26 PEG This
distribution is prohibited

Jinformation. Any unauthorized review, use, disclosure, or

0.668 conwvert o se ParkTi fi o
b . SWGEN - Quad Ctrl 1
Vary Slider to = W
Changs Iparl D—input = Ramp Generator +Anajug0u.tﬁmp
to Inverse Parlk Transform =
8| Ramp Generator Gutput = || E[E=RT] |-
1.0 e
conwert =l B
=1
Wary Slider to o ! L L =}
Change Freguency Input o 2 1 8 8 10 =t
to Ramp Generator Time (sec) -
B WHz - vout = [ =l E=] |*
1.0
R -
&l e iy
4 |
2 1] -«
ol H
-2 z
= :fre e 8.5 D[&.32 Inverse d[5.52) —={d[5.32 8.32
= = Eale ) Ramp [2.02) .22) 2.22) Space Vector Generator le0)
-4l i@ fx8.32 [ offzet(8.52) Generatora? ouk[E.32) theta[5.32) Park (5.32) (552) (Quadrature Control}32 [T | S—
-8 1i@fxe.32 [ gain[5.52) E[s.sz} Transform32 i il 4 e (8,52 f——
0@fxs.32
i @ ! |

635

FOC FOR ACIM
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=
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Stator Inductance [per phase] [H]:
Stator Resistance [per phase] [Jhms):
Stator Leakage Inductance [H):
1 Rator Resistance [Jhme):
Rotor Leakage Inductance [H]:
| Rator Morment of Inertia (Ka-m™2):
Rotar Shaft Coularmb Friction b agnitude (M-m]:
Fiotor Shaft Stiction Factar [M-m]:
Rator Shaft Viscous Damping Factor (Kg-m™24z]].
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3 Phase AC Induction Motor Model (Machine Reference) Properties E]
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FOC FOR ACIM

Cammiand (Speed amd fradtsec) Figld  =phase (s ol “Rotor Displacement (radj—
Speed mesz [radz) Orientated & phaz: (r: (b phaze [volta] 3F‘ha]39 AC Induction  Beter anguisr velacity [radtzec)f—
a phaze current sense (4mp) - CORTrOllEr | hotar hodel 2 phase current famps) —
< phiase P s R
b phase currant zenze (amp)  (FOC) (Machine Reference) b phase currant [amp) |—
r{Load Reustion Torque Yectar

= phaze surrent [amp]—

Field Orientated Controller (FOC) Properties @
Number of Pales: 2 Direct Axiz Current Cantral Upper Sat limit [Amp); 220
Sampling Rate (Hertz): 10000 Direct Axis Current Contral Lower Sat Limit (Smp): -220
Irveerter DC Bus Waltage [vaolts]: 310 Quadrature Axiz Cunent Control Integral Gain: 000625
Statar Inductance [per phase] (H). 165 Quadrature Axiz Curent Control Proportional Gain: .8
Stator Leakage Inductance [H); 016 Quadrature Axiz Cunent Contral Upper Sat limit [Armp):| 220
Rotor Leakage Inductance [H]: 013 Quadrature iz Curtent Control Lower Sat Limit [&Amp])-220
Rataor Resistance [Ohms| 5.365 Speed Control Integral Gain [Amp/rad): Be-5
Direct Auxis Current Control Integral Gain: 000625 Speed Control Proportional Gain [&mp-s/rad): 45.1
Direct Auxiz Current Control Propartional Gain: .8 Speed Cantral Upper S at limit (Amp]: 50
Speed Caontral Lower Sat Limit [Amp) -50
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FOC FOR ACIM

=
=

L pf
Command 200 —Actual Measured Matar Speed

——Commanded Motor Speed
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1] i) 1 148 2 248 3 ot 4 44 i

Time (sec)
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T
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REFERENCE FRAMES IN VECTOR
CONTROL

r i
(] Pk |
|pers |

Tra -

Time (sec) Time (sec)

£
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0 502655 @ component
| =

e ST (T e
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o 2 a8 10

> Time (sec
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SYSTEM PROPERTIES

= . r —
System Properties [C Syt Pronetes =)

Range | iegration Method | implici Solver | Preferences | Defauts | Range Integration Method | implict: Selver | Preferences | Defauits |

Start (sec) 0 : Euler ' Adaptive Adsms-Mouiton
Trapezoidal (&

Time Step o007 [seconds  ~| e

@ Runge Kiitta 2nd order et
(8

S [Functional kergtion =
" Adaptive Runge Kuitta 5th order

= " Adaptive Bulish-Stosr
[~ Auto Restart ™ Retain State " Backward Euler (Stiff}

End seck: [

™ Runin Real Time

1e-006
1e-005
Max lteration Count: 250

OK | Cancel Apply Help ok | Cacd | aph | Heb
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System Properties

_x ]

Range | Integration Method  Implictt Solver | Preferences ] Defauts |

+ None
" Newton-Raphson
" User Defined

™ Suppress Converge Wamings

e

Emor Tolerance 0.0001

Max lteration Court:

Refmation 1
Perturbation 1e-007

System Properties
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SYSTEM PROPERTIES

|25

o |

Cancel || Apply Help

Range | Integration Method | implicit Solver  Preferences | Defauts |

[ Check Connections

™ Wam Numeric Overflow
[ Propagate Integer Types
™ Raise Realtime Priority
[~ Optimize matrix usage

™ Checkpoirt State

™ Notify Simulation End
¥ Wam Nonintegral Clock
¥ Wam Nenintegral Delay
I™ Checkpoint During Sim

10
Startup Scipt Fle: | =
_Goen..|
Frequency Units 1
RandomSeed: [0 | o ‘

" Hertz

[ ok | cancal | | Heb |
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i

B ° Optimization Setup

e

(" Fetcher Reeves
" User Method

i~ Method | I~ Perform Optimization
(* Powel Max Iterations: 50]
(" Polak Fibiere

Emor Tolerance:

—
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SYSTEM PROPERTIES

Optimize the simulation;

Minimize convergence problems;
Set the error tolerance;

Change the step size;

Various methods of optimization
are available;

Various ready-made blocks
available;

Various Examples of different
concepfts readily available;
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PLOT PROPERTIES

Plot Properties =

Plot Properties

S pic properties

[

Options. | Labels | Ads | Appearance | Traces |

[ Foeed Bounds ™ LogX

m Frequency Domain I LogY

[ O

I~ Plot AvErEg\ng Past Value Weight {0-1)
[™ Extemal Trigger dT "

[~ Geometric Markers

Marker Court: |1 Read Coordinates...
[~ XY Plot

I™ Retain Coordinates

Xads: |1 -
| I Snapto Data
I™ Mutiple XY traces :
[V Grd Lines ™ Over Plet

Line Type: {ine  ~| | Plot Court: |5
Max Plotied Points: [1096 Clear Overplot

Actual Foint Count: (0 Save Datato File

0K | Cancel | Brsl ‘ Help

|

Options | Labels At | Appearance | Traces |

¥ Upper Bound: [F1

Y Lower Bound: |0

XUpperBound: 005
XlowerBound: 0
TimeScalng:  [Nore <]
sbPetCowt: 1 ]

~Retrace Options
I™ Retrace Enabled

Start Time: [0

End Time: (005

17 eva: i

s Divisions

I Foced Tick Court

oK el | ooy | b |

Options | Labels A

¥ Upper Bound
¥ Lower Bound

X Upper Bound
X Lower Bound
Tine Scaing:

Sub Pt Court

[~ #ods Divisions

I™ Fieed Tick Count

| Aopearance | Traces |

o]
—

pe—
e
=

Retrace Options
[™ Retrace Enabled

Start Time: |0

End Time: [T05
eval: 1
0K Caneel J ” J Help ]
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» Features:
» Maximum of 8 plots can] =
be plotted;
» Grid lines;
» Co-ordinates reading;
»Save data to file;

5 o =il o
——— \——__4
5 f
I——l
)
5
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