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Goal of this lecture M

Mechatronics

» Understand magnetic field and magnetic
circuit

* DC and AC system
» Classification of motors

* Fundamental principle of DC motor and AC
motors
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Value Added
Mechatronics

F motor (force: N )=B *I*L

B: magnetic flux density T(Tesla)

| : current A (Amper)
L: length of conductor (wire) in B (meter)
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Magnetic field I

Mechatronics

* Magnetic field H (A/m) has noting to do with materials

Right-Hand Rule: Ampere's Circuital Law

|: current - .
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™ Electric current 1
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Magnetic flux and Magnetic flux denstty.®

- Magnetic flux F (Wb: Weber )
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Mechdtronics

and Magnetic flux density B (T: Tesla Wbh/m?)

If material in green line is air/lvacuum or steel,
Magnetic flux (magnetic flux density) is changing

— *
B = Ko (air permeability) Ky (relative permeability of material)

Bin ain =

B(in steel) =

*H

/

*
”O (air permeability )
27y

/
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* * . ays
L (@ir permeaility) ~ 4~ (relative permeability of steel)

5/155



Magnetic field NA

Mechatronics

- Magnetic field H (A/m) Magnetic flux density B (Tesla)
* Produced by electric current or magnets
* Direction of the magnetic field is perpendicular to the wire
(Right-Hand Rule: Ampere's Circuital Law)

B

wire(coil) wire(coil)+steel permanent magnets

http://www.whatisamagneticfield.com/magnetic_field_generation.html
https://www.quora.com/Can-we-create-a-magnet-by-placing-a-metal-in-an-electric-field

https://www.topperlearning.com/answer/a-what-are-magnetic-field-lines-how-is-the-direction-o
f-a-magnetic-field-at-a-point-determined-b-draw-field-lines-around-a-bar-magnet-along-its-length/br9v335nn 6/155
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Magnetic field NA

Mechatronics

® Magnetic flux density B with iron core(steel)
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Magnetic field NA

Mechatronics

® Magnetic flux density B with iron core(steel) and air gap

| %
I S S ls
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g
air @ : ‘ (D
,I-\\ cross section Ag <
,I ™ cross section As R, (magnetic resistance in air —gap)
‘~ - -
- Ni=O 2 + '
F - Nl - (RS + Rg) " (D ILISAS Il’loAg
Permeability of steel 1s much greater than that of air in the gap
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DC and AC system M

Mechatronics

® DC
@
'g DIRECT CURRENT
A (DC)
l::ﬂ' —- ||
= I
2 ?
O ,} | ———
Time
® AC
)
-
2.
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i
= (AC)
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If 60 Hz, 0.0166 sec
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https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwi80Mri7YvkAhXNBIgKHeOvCmYQjRx6BAgBEAQ&url=https://www.elprocus.com/main-difference-between-ac-and-dc-currents/&psig=AOvVaw3GmRvh0C5y1aTjfYiUZjSV&ust=1566198174441548
https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwi80Mri7YvkAhXNBIgKHeOvCmYQjRx6BAgBEAQ&url=https://www.elprocus.com/main-difference-between-ac-and-dc-currents/&psig=AOvVaw3GmRvh0C5y1aTjfYiUZjSV&ust=1566198174441548

Np=10
100 V
10 A

1000 W

DC and AC system

® AC: transformer

Primary Secondary Primary

R P Secondary
winding winding winding winding
N, tums R NS_5 Np tum Ng turns

Primary ——) Magnetj N Q — 1 O Primary —— Magneti
current , Flux, qsc = |l =AN7 T/ cumen £, , Flux, q:.c =
_r | \ Secondary 5 O V _ r | \ Secondary
I + p Is current l + d J. curren t
— —
Primary d + Primary 4
vo\lftage p 1 O A voll/tage d
g Secondary A Secondary
. voltage voltage
| s 1000W 1000 W .- ;
o— Transformer 7/ P h 1 N— Transformer 7
Core == = ase Core e ==

® AC: three-phase electric power (page 115, 116)

3-Phase Transmission Line Phase a
1.0

Phase b

NA

Value Added
Mechatronics

Phase c

. I Phase b 0'-5 \/\/

Phase a

o e P N

Phase c: -1.0 \/

lllllllllllllllllllllllllllllllllllllllll

three-phase generator  s-Phase Generator 3-Phase Load

https://en.wikipedia.org/wiki/Transformer

https://len.wikipedia.org/wiki/Three-phase_electric_power
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DC and AC system

THEFREETHOUCHTPROJEC T.com

NIKOLATESLA THOMAS EDISON

Inventor that created Wealthy businessman who
renewable energy and cared created a way to charge money
more about people than for electricity and methods to

making money. control energy resources.

GUESS WHICH ONE YOUR TEXTBOOKS NEVEE TOLD YOU ABOUT.

Tomorrow is Thomas Edison’s
birthday. Let’s steal his day, like he
did Tesla’s inventions and celebrate

Nikola Tesla with memes instead!

Mechatronics

= .

e

stofedon E;:;E tr:?:tatrri;etiat “ERgR, KR e P Fie. SN
the gon‘t A ——— .~ v et ying 5o
y : ¥ y accomplish something.”™
their own

MHikola Teslka Thomas A. Edison
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K
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https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=https://www.pinterest.com/pin/425027283564276894/&psig=AOvVaw0f-wGtu3ibgCKeCuof3H2v&ust=1566119210649241

NA

Value Added
Mechatronics

DC and AC

)

e 1065169

https://www.youtube.com/watch?v=5UYF23C2Hew
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http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi7oYrUyonkAhVxGaYKHS1nB_MQjRx6BAgBEAQ&url=http://www.google.co.kr/url?sa%3Di%26rct%3Dj%26q%3D%26esrc%3Ds%26source%3Dimages%26cd%3D%26ved%3D2ahUKEwjJlYXIyonkAhXMw4sBHVL9CskQjRx6BAgBEAQ%26url%3Dhttp://teslacoloringbook.com/2016/03/13/tesla-vs-edison-best-diet-genius/%26psig%3DAOvVaw0f-wGtu3ibgCKeCuof3H2v%26ust%3D1566119210649241&psig=AOvVaw0f-wGtu3ibgCKeCuof3H2v&ust=1566119210649241
http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi6k8zfyonkAhUay4sBHcLKCtIQjRx6BAgBEAQ&url=/url?sa%3Di%26rct%3Dj%26q%3D%26esrc%3Ds%26source%3Dimages%26cd%3D%26ved%3D2ahUKEwia0t3cyonkAhVFL6YKHUowBRUQjRx6BAgBEAQ%26url%3Dhttps://www.freelancer.com/contest/Line-Drawings-of-Thomas-Edison-and-Nikola-Tesla-306111-byentry-7278150%26psig%3DAOvVaw0f-wGtu3ibgCKeCuof3H2v%26ust%3D1566119210649241&psig=AOvVaw0f-wGtu3ibgCKeCuof3H2v&ust=1566119210649241

DC and AC system M

Mechatronics

WORLD'S _FAIR
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i

2nd match in 1895
first AC power plants
at Niagara Falls

Tesla Edison

: Wi Tesla : wi
(Westinghouse) (General Electric) 16512 * Winner esla : winner
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DC and AC system M

Mechatronics

® Step up transformer : higher voltage

Power line resistance: 0.5 Ohm
Power line resistance loss: 5000*5000*0.50hm= 12.5MW ( 2.5% of power: 12.5MW/500MW)

500MW Power StatlonI 500 MW g:::e:; .,.
100kV 5kA
(25kV 20KA) S ( ) -

R=0.5 opm RS (100KV 50KA)
Loss: 1 2 . 5MW ransformer

® \Without step up transformer : lower voltage
Power line resistance: 0.5 Ohm
Power line resistance loss: 20000*20000*0.50hm= 200MW ( 40% of power: 200MW/500MW)

500MW Power StatlonI 500MW UUUUUU ; F

(25kV 20kA) (25kV 20kA) 500MW

(25kV 20kA)
Loss=200MW

http://www.cmm.gov.mo/eng/exhibition/secondfloor/Morelnfo/2_4 3 HighVoltage.html
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Classification of motors M

Mechatronics

e Electric Motor converts elec. energy into mechanical energy

Mechanical

Electrical | M |
> Motor | > Energy

Energy | L~ M
' 4 Heat

Energy conversion in electric motors is most commonly
based on electromagnetism. AC motors rely on
alternating current to establish the desired magnetic
fields, while DC motors use direct current.

Electrical Energy In > Mechanical Energy Out

Efficiency = output mechanical energy / input electrical energy
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Classification of motors

e Electrical Motor Technical Requirements

Electric Energy

Power Source

Electric Motor

Mechanical Energy

s

%
2
%

&

Rotary & Linear

Rotation & Translation

-save energy and battery
-Battery for EV 30,000 US$ VS motor for EV 3,000 US$

-motor 5% efficiency up

% High Efficiency (out-put/in-put) : Loss Reduction

‘ save battery 1,500 US$

v High Power Density(power/weight):Weight Reduction
-compact system and save energy

\_ ¥ High Accuracy( nano-micro meter accuracy) : Precision

NA

Value Added
Mechatronics
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https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjovcGX0vLjAhXHOnAKHbU-DGoQjRx6BAgBEAQ&url=https://www.youtube.com/watch?v%3D9a-OyXKqkVc&psig=AOvVaw3SRW0ikCmCqEBSY1aQ6zck&ust=1565331961207027
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https://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjrvojf0vLjAhVGeXAKHSUcCwIQjRx6BAgBEAQ&url=https://kr.lovepik.com/image-400761151/large-battery.html&psig=AOvVaw0jMAQEsEr7xVUi1rO7jNZU&ust=1565332111411640

Classification of motors M

Mechatronics

® AC/DC Motor

Force in motor: Fleming's left hand rule
F=B*I*L

B: magnetic flux density

I: Current direction in coil

L: Coil length

DC motor: B magnetic flux by DC current or permanent magnet
AC motor: B magnetic flux by AC current ( page 117)

3- phase
AC current

Direction of thumb or force

DC motor: B magnetic flux AC motor: B magnetic flux
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A

Classification of motors

Electric Motors

Direction of thumb or force DC Motors AC Motors
Brushed Synchronous
— Permanent Magnet — Reluctance
f7 %
it — Permanent Magnet d D
e '\
" brushes . -
PM Inducti S,
nduction S
—| Separately Excited o
e TS
Brushless

Stepper
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Classification of motors

Electric Motors

Direction of thumb or force DC Motors AC Motors
Brushed Synchronous
— Permanent Magnet — Reluctance
@
Y -9
— Permanent Magnet '4 B )j‘
LY}
S ’ ly E d ‘e ‘0
eparate xcite "
Induction .§§§f";"ﬁz_ﬁ=
— Separately Excited EH
Ky
Brushless
Stepper
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Classification of motors M

Mechatronics

-permanent magnet(no power ) or
-Separately Excited: electric magnet

Commutator

If permanent magnet is magnetized by pulse current,
PM can have magnetic flux without any thing.
But PM can be demagnetized by high temperature and high reverse magnetic flux.

https://www.google.co.kr/search?tbm=isch&q=dc+motor+principle&chips
=q:dc+motor+principle,online_chips:generator,online_chips:magnetic&s

a=X&ved=0ahUKEwjd-

t_3gY7kAhXDJaYKHfrUACMQ4lYIMygJ&biw=2163&bih=1049&dpr=0.8#im

gre=0mLQjwgmIPudsM:&spf=1566186140824 20/155
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Classification of motors M

Mechatronics

® Limit of motor force in coil : F=B*I*L

- B magnetic flux density in motor: 1.5(Tesla) because of saturation

B saturation

/

1 H (I)

—_—

Pure iron (high « )
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Classification of motors M

Mechatronics

® Limit of motor force in coil : F=B*I*L

| Current: is limited by cupper loss (heat)
current density in coil is 4-10 A/mm 2

Max current density in coil depends on cooling system
Water and oil cooling system up to 10-20 A/mm 2

The electric current density is measured in amperes per
square meter

.<\ Insulation

Conductor: cupper
The current density = current in conductor /conductor area

22/155


https://en.wikipedia.org/wiki/Ampere
https://en.wikipedia.org/wiki/Square_metre

DC motor working principle M

Value Added

from Fleming's left hand rule echatronis

-B magnetic field : from N to S

-l current direction in coil:
from battery +, brush, commutator, coil, commutator, brush to battery —

Direction of thumb or force

Commutator .
(insulator) battery
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis

® Function of commutator and brush

Coil A

F=B*I"L F=0 F=BTL
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis

® How to make B magnetic field
-permanent magnet or electric magnet

Commulator

11} brusheas

https://www.google.co.kr/search?tbm=isch&qg=dc+motor+principle&chips
=q:dc+motor+principle,online_chips:generator,online_chips:magnetic&s
a=X&ved=0ahUKEwjd-
t_3gY7kAhXDJaYKHfrUACMQ4lYIMygJ&biw=2163&bih=1049&dpr=0.8#im
grce=0mLQjwgmIPudsM:&spf=1566186140824
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis

® Rotor: mechanical terms

Mechanical Terms

= Rotor: rotating part of the
motor.

= Stator: stationary part of the
motor.

= Commutator: part of rotor in
contact with the brushes

= Brushes: part of electrical
circuit through which current

Motors are actuation devices ) ]
(actuators) that generate torque. Is supplied to armature.
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis
® Rotor: mechanical terms
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DC motor working principle MA

Value Added

from Fleming’s left hand rule echatronis
® Stator : mechanical terms

Mechanical Terms

= Rotor: rotating part of the
motor.

= Stator: stationary part of the
motor.

= Commutator: part of rotor in
contact with the brushes

= Brushes: part of electrical
circuit through which current

Motors are actuation devices ) ]
(actuators) that generate torque. Is supplied to armature.
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis
® Stator : mechanical terms

©2003 HowStuffWorks

Images: hitty 'static.howstuffworks cor‘r.-"gif_.-"rpe Fm a n e nt m ag n et
joh lectric.com/common/en/images/resourceS-for-engineers/automotive-
ior ion-technology/pmdc-motor/basic-configuration-04.jpg
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MA

DC motor working principle _

from Fleming's left hand rule echatronis
® Commutator : mechanical terms

slat’s

Parts: (A) commutator, (B) brush, (C) - ‘W/m ing
rotor (armature) windings, (D) stator (F) W commmtater

(field) windings, (E) brush guides
shaft

https://en.wikipedia.org/wiki/Commutator_(el https://www.technicalbabajan.com/2017/11/w
ectric)#/media/File:Universal_motor_commut hat-is-armature-armature-kya-armature.html

atorjpg 30/155


https://en.wikipedia.org/wiki/Armature_(electrical_engineering)
https://en.wikipedia.org/wiki/Stator
https://www.technicalbabajan.com/2017/11/what-is-armature-armature-kya-armature.html

DC motor working principle M

Value Added

from Fleming's left hand rule echatronis
®Brush: mechanical terms

https://www.indiamart.com/proddetail/dc- https://www.indiamart.com/proddetail/dc-
motor-carbon-brushes-8580964291.html motor-carbon-brush-18403148033.html
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis
®Brush: mechanical terms

vWWindings

Brush

Comutator
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis

® Commutator and brushes : mechanical terms

wikipedia.org/wiki/File:Tiny_motor_windings commutator
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis
®Brush :week point for brushed DC motors

Brushes tend to:

= Wear out
= Generate electrical (and acoustic) noise

- Copper-graphite (cheaper, more current, more noise)
- Precious metal (more expensive, less current, less noise)

= Limit maximum voltage

34/155



DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis

®Field system: electrical terms

35/155



DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis

® Armature: electrical terms
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DC motor working principle M

Value Added

from Fleming's left hand rule echatronis

® Force and torque

-B magnetic field : from Nto S

-l current direction in coil: from battery + to battery —
-F force in coil : F=B*I*L

-T torque = 2(two coils)*F* a

Direction of thumb or force
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DC motor working principle

from Fleming’s right hand rule
® Fleming’s right hand rule: generator

-B magnetic field : from N to S
-F force in coil with speed v
-e Induced voltage: e=B*v*L

Direction of thumb or force

NA

Value Added
Mechatronics
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis
® Force and torque

R® | 0
F Single Phase, Two Pole

No torque at all, what shall we do ???
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis
® Force and torque

Four-segmen
caommutator

rotation

(a): Simple 2-coil DC motor 9
4 segment commutator and two coi

https:/lwww.quora.com/l-could-not-understand-how-does-an-electric-
motor-work-and-why-do-we-use-commutator-how-do-they-reverse-
the-direction-of-the-current 40/155



DC motor working principle M

Value Added

from Fleming's left hand rule echatronis
® Force and torque

Cogging Torque

Cogging Torque

* Effects:
* Vibration, Noise
* Velocity variation

* Skewed stator slots:

— Skew Torque( N.m ) — No Skew Torque( N.m )

Iron core

skewed core

https://www.youtube.com/watch?v=03MpiGL7CoE
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DC motor working principle MA
from Fleming’s left hand rule echatronics
® Energy conversion in dc motor: without coil resistance

B: magnetic field from front to back

wind power= F wind* v(Watt)
X = B*I*L*v

| current direction in coil

Moving conductor bar: cupper

-During working with speed v, F motor = F wind means no acceleration

-Fleming’s left hand rule: F motor = B*I‘L =) motor power = F motor *v = B*I*L*v

-Fleming'’s right hand rule: e ina = B*v*L is induced at moving conductor bar
-Battery power Vg* l=eina* | = B*V’L*| <«

All are same!! very important
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DC motor working principle M

from Fleming’s left hand rule echatronics
® Energy conversion in dc motor: without coll resistance
B
-> wind power= F wind* v(\Watt)
| X X X = B*I*L*v

L£0F b
({1 )|

\}J
c::
/
_’O

| current direction in coil Moving conductor bar: cupper

-During working with speed v 4m/s, F wind=15N s wind power =60W

-Fleming’s left hand rU|eZFmotor=B*|*L~ F motor (15N)=B(1.5T)*I *L(0. m)»l=50 A
motor power = F motor (15N)/ v (4m/s)=60W

- Fleming’s right hand rule: e ina = B(1.5 )*v(4)*J(0. ind =12V

-Battery power Vp-I=eina* | = B*v'L(12V)" [(50A) =60W

43/155
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DC motor working principle MA

from Fleming’s left hand rule echatronics
® Energy conversion in dc motor: without coll resistance
50 A
> 60 Watt  60Watt =F wind(force 15N)*v(speed4m/s)
| i _— Ba e

60W — VB=1.2 Vv +

e ind =1.2 volt

v

==

| current direction in coil:

Mechanical load power : wind power=F wind*v(Watt)  60W
Battery power: Vp- |, Vg= € ind 60 W
Motor power : e ind*| 60 W

Efficiency=motor out- put power / motor in put power(Battery out put power)
= 60/60= 100%
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DC motor working principle MA

from Fleming’s left hand rule echatronics
® Energy conversion in dc motor: without coll resistance
50§
| 60 Watt  60Watt =F wind(force 15N)*v(speed4m/s)
—=_V;=1.2V + \o=

60W _ e ind =1.2 volt

\

é

| current direction in coil:

Mechanical load power : wind power=F wind*v(Watt)  60W
Battery power: Vp- |, Vg= € ind 60 W
Motor power : e ind*| 60 W

Efficiency=motor out- put power / motor in put power(Battery out put power)
= 60/60= 100%
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DC motor working principle MA

from Fleming’s left hand rule echatronics
® Energy conversion in dc motor with coll resistance

If there is R=0.005 ohm, VR=0.005*50 =0.25 V

. 50A

I 12.5W 60 Watt 60 watt

= - sl 3G
—— eind =1.2volt \/g}
Vp=1 .45\1 - -

(1 (( @

\

@

Pb=725( )

SA

Battery power: V= € ind (1.2) +V y (0.25)=1.45V ‘ Vy (1.45)* 1(50)=72.5W

Motor output power: € ind*| =€ ind (1.2)* 1(50) = 60W
Motor input power: power in coil resistance (12.5) +motor output power(60)
=72.5 Watt

Motor efficiency = motor out put power/motor in put power = 60/72.5= 82.75%
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DC motor working principle M

Value Added

from Fleming’s left hand rule echatronis
® |[f motor mover or rotor is locked, what will be happened
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DC motor working principle M

- Value Added
from Fleming’s left hand rule Mechatronis
® |[f motor mover or rotor is locked, what will be happened
—W—>
I X X X
el +
— Ve L €ind
*—_Moving conductor bar is locked
<€ X X X eind=0 volt
Wy——> | locked
R=0.005 ohm I Io.cked = 1.45/ 0.095 = 290A
will burn motor winding

=+ o (""!"""'normal motor operation 50A )
In

V,,=1P5V = 0 volt -immediately turn off motor
o€ -remove the locking
v
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DC generator working principle NA
from Fleming’s right hand rule Value Added

X X X wind power= F wind*v (Watt)

R = =

R,

-During working with speed v, F gengrator = F wind means no acceleration

-Fleming'’s right hand rule: e indy€ed voltage: e ind =B*v*L in moving conductor bar
-Fleming’s left hand rule: F genérator =B*|*L = | =F generator /B*L

-Power in generator: e ind =B*v*L *|_=F generator * v

-Power inload : Vi * | = eAnd*(E-generator IB*L) = B*vV*L (F generator/B*lf)F generator*V

-Power in wind = power in generator = power in load
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DC generator working principle
from Fleming’s right hand rule

1) Fleming’s left hand rule and Fleming’s right hand rule are
working together in energy conversion in motor or generator

2) If there is no losses in winding, efficiency=100%
-motor: electrical power (in-put)= mechanical power (out put)
-generator: mechanical power (in-put)= electrical power (out put)

3) In fact, efficiency will be 85% (depend on size and application)
-motor: electrical power (in-put) > mechanical power (out put)
-generator: mechanical power (in-put) > electrical power (out put)

NA

Value Added
Mechatronics
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DC Motor control

= Increase voltage to increase speed
= Reverse voltage to reverse direction

90

ARMATURE
VOLTAGE

as|

. e . o e — — p— -
‘ . - s ' . - '

—
-~
o,
o
-J
e
-~
O
o

NA

Value Added
Mechatronics
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DC Motor control M

Mechatronics

= |ncrease voltage to increase speed

>
| 50 A 60 Watt  60Watt =F wind(force 15N)*v(speed4m/s)
I ' \ )
60W — V3=1.2V + &
e ind =1.2 volt
< =B(1.5 )*v(4)*L(0.2)
>
| i 50 A 120 Watt 120Watt =F wind(force 15N)*v(speed8m/s)
120W — VB =2.4 V + y . II:,-"_ , {
e ind =2.4 volt
=B(1.5 )*v(8)*L(0.2)
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DC Motor control M

Mechatronics

= Reverse voltage to reverse direction

Commutator BrUSh
Commutator Brush

Commutator
Commutator Brush
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DC Motor control M

Mechatronics

= Reverse voltage to reverse direction

Commutator BrUSh
Commutator Brush

Brush

Commutator Brush Commutator
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DC Motor control M

Mechatronics

® An H-bridge

= Name derived from shape of _J %—

circuit

= Four switches (usually -(!

transistors) control circuit

behavior —‘r

= Two switches turned on at a —_
time GND

= Bipolar operation with
unipolar supply voltage I

= Speed is set by input voltage ~¢OMPUTER
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DC Motor control M

Mechatronics
Vin
—)
0101 17010
COMPUTER COMPUTER

Direction of thumb or force
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DC Motor control M

Mechatronics

Vin Vin
+ +
—(I) (I; —_—0 (@
L -
GND GND
1001 0110
COMPUTER COMPUTER

Braking Operation-1 Braking Operation-2 57/155



DC Motor control M

Mechatronics

| 1. Motor force by inertia

1001 2.Current by Fleming’s right

COMPUTER hand rule: Generator
3. Force by Fleming’s lef

hand rule

Battery b

1. Motor force by inertia ~ 3. Force by Fleming’s left
hand rule in short circuit at generator
Braking force
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DC Motor control M

Mechatronics

Vin

| 1. Motor force by inertia

2. Current by Fleming’s right
hand rule: Generator

3. Force by Fleming’s left
hand rule

b Battery

1. Motor force by inertia ~ 3. Force by Fleming’s left
hand rule in short circuit at generator
Braking force
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DC Motor control M

Mechatronics

Vin Vin

1100 0011
COMPUTER COMPUTER

"Shoot thru” (not desirable) "Shoot thru"” (not desirable)
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DC Motor control M

Mechatronics
Vin a

COMPUTER

I=V,/R ®Ep R=0 Ohm mmp | =infinite
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DC Motor control M

Mechatronics

17100

COMPUTER

I=V,/R ®Ep R=0 Ohm mmp | =infinite
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DC Motor control MA

Value Added
Mechatronics

® A DC motor can be driven using a PWM signal

= Can run PWM signal through an H-bridge to drive
the DC motor

= PWM behaves most linearly near 50% duty cycle;
linearity drops off at the extremes.

= Arduino Uno supplies 6 PWM output pins
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Mechatronics

Nominal voltage is the input voltage used to
establish published specifications. You can apply
higher and lower voltages, but watch out not to
exceed max. current ratings!

118749 118750 EREERN RRELE7] 118753 118756 118757 |

Motor Data - | ! ! | [ | |
1 Assigned power rating W 20
2 Nominal valtage Volt 24.0
3 No load speed rpm 9660
4 Stall torque mNm 240
5 Speed /torque gradient rpm / mNm 41.2
6 No load current mA 37
7 Starting current mA 10300
8 Terminal resistance Ohm 2.32
9 Max. permissible speed rpm 11000
10 Max. continuous current mA 1230
11 Max. continuous torque mNm 28.4
12 Max. power output at nominal volitage mW 58400
13 Max. efficiency %o 85
14 Torque constant mNm /A 23.2
15 Speed constant rpm [V 412
16 Mechanical time constant ms 5
17 Rotor inertia gcm? 10.3
18 Terminal inductance mH 0.24
19 Thermal resistance housing-ambient K/W 14
20 Thermal resistance rotor-housing K/W 3.1
21 Thermal time constant winding s 12
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Mechatronics

® Factors to consider when selecting a motor

While the nominal voltage is not an absolute definition
of the operating voltage, it’s a pretty good guideline:

= |f you apply a voltage far above the nominal
voltage, you risk overheating the motor (due to
too much current).

= |f you apply a voltage far below the nominal
voltage, you may not overcome the motor's
internal friction (too little current and, hence, too
little torque).
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® DC motors function using two fundamental principles

- (+) Armatire
- cireuit

= Torque Production: current-carrying conductor in magnetic field
will induce electro-magnetic force acting on the conductor

= Back EMF: electric potential will be generated across moving
conductor in magnetic field

NA

Value Added
Mechatronics

66/155



DC Motor specification M

Mechatronics

Torque in coill € Induced voltage:
-F force in coil : F=B*I*L e= B*v*2L (2 sides)
-Torque in coil = B*2a ;t * rps*2L
T=2F* a = (B* 2a* L)*2;*rps

=2*B*I*L*a — za*B*L * (1)

= *| = KemF * W

= *

KEMF: Back-EMF constant

‘Direcﬂnn of thumb or force
b3

Direction of thumb or force
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DC Motor specification

Assigned power rating

Nominal wvoltage

MNo load speed

Stall torque

Speed / torque gradient

MNo load current

Starting current

Terminal resistance

Max. permissible speed

Max. continuous current

Max. continuous torque

Max. power output at nominal voltage
Max. efficiency

Torque constant

Speed constant

Mechanical time constant

Rotor inertia

Terminal inductance

Thermal resistance housing-ambient
Thermal resistance rotor-housing
Thermal time constant winding

o T ntE e T T

Volt

rpm
miNm
rem S miNm
mA

mA
Ohm
rpm

mA
miNm
mvW

Yo

mMNm S A
rem /S WV
ms
gcm?
mH

K /W

K /W

s

Mechatronics

118750 118753 118756 118757 |
_________I

24-0
9660
240
41.2
37
10300
2.32
11000
1230
28.4
58400
85
23.2
412
5
10.3
0.24
14
3.1
12
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Mechatronics

® Torque and speed are linearly related for DC motors

Torque, T,,

-TsIALL

Speed, ®

Do LoAD
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Mechatronics

® Torque and speed are linearly related for DC motors
| f i \ X X X g
—. ¥i | eind ' ‘

T | stall F motor
<€ X X X

Moving conductor bar: stall (locked)

-Speed =0 e ind=0 |[stall=Vgz/R mmp Fstall =B* | stall *L

—p ﬂfiﬁyﬁ Torque, T,

Y que, Ty,
i = gy R oL
T Ya +_ Oe ind = 0 wvolt

e

) Spee:
“NO LOAD 70/155
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Mechatronics

() noLoap: motor speed at no load means no current

—_—
1=0 fL xoX X B Magnetic flux density

=V L Snd J_r )
-‘V F motor
: > X X X

Moving conductor bar:

-Fmotor=0 1=00/22  €ind= B* V (speedNOLOAD ) *L=V§

-V (speed NO LOAD ) =V 5 / (B *L) N

—l V(speed NO LOAD)
\| Tsmaut
=gl (B*L)

= " Oe ind =18 ’
T

Spee:

@
V (speed I«o Loan) — WB/(B*L) NO LOAD
| 71/155



DC Motor specification M

Mechatronics

) noLoap: motor speed at no load means no current
—_——>
1=0 fL X X X B Magnetic flux density
= L ed+ )
-‘V F motor
: > X X X
Moving conductor bar:
-Fmotor=0 1=0 and €ind = B* V (speedNO LOAD ) *L=V

-V (speed NO LOAD ) =V 5 / (B *L)

Torque, Ty,

. 70 v(speed NO LOAD)
MY > Tsran
oo =V, (B*L)
— Vi +
- & _ eind =18 ’

Do oap  SPE®

— *
< V (speed|NO LOAD) = WB/(B*L) 72/155




DC Motor specification M

Mechatronics

. Q at 0.5*T stall

! | 0.5stall = 0.5*| stall \ X X F o.5stal =0.5F stajl -~

- C/ BB
Vs IL €ind —) ___g _—

/ F (0.5stall)
£ X X X

1) F (0.5stall) = B* | 0.5stall *L = B* 0.5%] stall *L by Fleming’s left hand rule
F (0.5stall) = B* 0.5 V3/R *L

2) Vg=R"Il 0.5stall™F e ind at F o.sstail = R *0.5*] stall+ e ind at F 0.5stal
€ ind at F o.5stall = VB - R *0.5%] stall = VB - R *0.5* VB/R - 05VB

B* v (0.5stall) *L = 0.5V; by Fleming’s right hand rule

V (0.5stall)= 0.5V 3/ (B *L) 731155
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Mechatronics

e Q at 0.5*T stall

B* V5/R *L
0.5*1 stall Torate, T
R ’ "1/ F (0.5stall) = B* 0.5 Vz/R *L
M >
0.5Vve Tstant V (0.5stall)= 0.5V 5/ (B *L)
. e ind =
— Vs 0.5V,
- V(speed NO LOAD)
V (speed 0.5 LOAD) =Vl (B*L)
=0.5V5/(B*L) .
Ono 1oap P
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Other actuators have very different speed/torque curves

Torque, Ty, Internal
Combustion
TSTALL Eﬂgir"le

Speed, @

o LOAD
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Torque, T,

TSTALL

DC Motor specification

Torque, Ty,

P=1w| Tsuy

Low Power

Speed,

Ono LoAD

Low Power

MA

Value Added
Mechatronics

®no 10AD

Speed, ©
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Mechatronics

Torque, T,,

Ts7a11 Max Power ‘ P=1-w

T=0.5Tgra

-

Speed, @

i o LOAD
® = 0.5 oy
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Mechatronics

Important to remember if you want to optimize your
vehicle’s acceleration!

Torque, T,,

Power Curve

TSTALL

[

Speed, @

Do LOAD
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DC Motor specification

Mechatronics

Torque, T,

TSTA L

Do LOAD Speed, @

(118749 118750 118753 | 118756 118757 |

_________I
1 Assigned power rating
2 MNominal voltage Volt 24.0
2 No load speed rpm 9660
4  Stall torque mMNm 240
5 Speed /torque gradient rpm / mNm 41.2
6 MNo load current mA 37
7  Starting current mA 10300 H :
8 Terminal resistance Ohm 2.32 The dlfference from 9660rpm Is
9 Max. permissible speed rpm 11000 . = . .
10 Max. continuous current mA 1230 mechanical friction and wind loac
11 Max. continucus torgque mMNm 28.4
12 Max. power output at nominal voliage my\v 58400
13 Max. efficiency Yo 85
14 Torque constant miNm /A 23.2
15 Speed constant rom [/ 412 \
16 Mechanical time constant ms 5
17 Rotor inertia cm2 10.3 * —
18 Terminal inductance gmH 0.24 41 2 24(V0|t)_9888 rpm
19 Thermal resistance housing-ambient K /W 14
20 Thermal resistance rotor-housing K /W 3.1
21 Thermal time constant winding s 12

Shelton — 26 February 2015
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 Motorbata | [ | | [ | | | |

1 Assigned power rating W 20
2 Nominal voltage Volt 24.0
3 No load speed rpm 9660
4  Stall torque miNm 240
5 Speed /torque gradient rpm / mNm 41.2
6 No load current mA 37 Istall= VB/R = 24/2.32 =10.3 A
7 Starting current mA 10300 €&—
8 Terminal resistance Ohm 2.32 How Iong can you run
9 Max. permissible speed rem 11000 .

10 Max. continuous current mA 1230 with a stalled out

11 Max. continuous torque mNm 28.4 motor?

12 Max. power output at nominal volitage mW 58400

13 Max. efficiency Yo 85 .

14 Torque constant mNm / A 23.2 Not long if you're

15 Speed constant rem / V 412 : .

16 Mechanical time constant ms ) running ap p|vlng a

17 Rotor inertia gem? 10.3 igh load torque!

18 Terminal inductance mH 0.24

19 Thermal resistance housing-ambient K/W 14

20 Thermal resistance rotor-housing K/W 3.1

V)
-

DC Motor specification

Stall torque is a test parameter, not a upper bound on the torque you should
expect from your DC motor during continuous operation!

Thermal time constant winding

S

118749118750 BRI EREEER) 118753 EEEEEAEREEE 118756 [118757||

12 10.3 A*23.2 =239 mNm

Value Added
Mechatronics
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Torque, T,,

TSTA Le

Our theoretical peak power output is:

P=wT=2 mt* rps*T =2 1t * ((9660/2)* 1/60)*(0.24/2)= 60.7W

[118749] 118750 FREXEIRREEE 118753 RREXATRREYE (118756 118757
---------l

Speed, @

1 Assigned power rating -« The manufacturer is
2 Nominal voltage Volt 24.0

3 No load speed pm 9660 ~ being conservative in
4 Stall forque mNm 240 assigning a power level
5 Speed/torque gradient rpm / mNm 4.2 for continuous

6 No load current mA 37 :

7 Starting current mA 10300 operation.

8 Terminal resistance Ohm 2.32

9 Max. permissible speed rpm 11000

10 Max. continuous current mA 1230 Note that the max.

11 Max. continuous torque mim 28.4 power output listed

12 Max. power output at nominal voltage mW 58400 here is closer to our

13 Max. efficiency % 85 theoretical calculation

81/155



DC Motor specification M
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This manufacturer is conservative in its recommendations...

Operating Range Comments Details on page 49
n [rpm] B Recommended operating range
12000
20 Watt " continuous operation
10000 o In observation of above listed thermal resistances

- (lines 19 and 20) the maximum permissible rotor

S temperature will be reached during continuous ope-
6000 ration at 25°C ambient.
= Thermal limit.
4000
Shor eration
2000 The motor may be Dri verloaded (recurring).
20 40 60 80 M [mMNm] 240

This manufacturer recommends keeping the torque at about 1/8' of stall torque
for continuous operation! A more common rule of thumb is limiting continuous
torque from 1/3 to 1/2 the stall torque. The higher the continuous torque, the
closer you need to watch the motor temperature!
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lorque, I,

Tstau kY,
O,O@

Do LOAD Speed, @

118749) 118750 ERFXZZIEREEEF]) (118753 118756 118757|

---------I
1 Assigned power rating
2 Nominal voltage Volt 24.0
3 No load speed rpm 9660
4 Stall torque mhNm 240
5 Speed /torque gradient rpm /fmiNm 41.2
6 MNo load current mA 37
7 Starting current mA 10300
8 Terminal resistance Ohm 2.32
9 Max. permissible speed rpm 11000
10 Max. continuous current mA 1230
11 Max. continuous torque mNm 28.4
12 Max. power output at nominal voltage mwW 58400
13 Max. efficiency Yo 85 Slope=9660l240
14 Torque constant mNm / A 23.2
15 Speed constant rem /v 412 _40 25
16 Mechanical time constant ms 5 — "
17 Rotor inertia gcm? 10.3
18 Terminal inductance mH 0.24
19 Thermal resistance housing-ambient K/wW 14
20 Thermal resistance rotor-housing K/wW 3.1
21 Thermal time constant winding s 12

Value Added
Mechatronics

83/155



DC Motor specification M
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How can the motor speed be greater
than no load speed?

118749 118750 EREGIEREYLE] 1 187528 ERELEARREEYL T 118756 (118757 |

Motor Data

1 Assigned power rating W 20
2 MNominal voltage Wolt 240
32 No load speed rprnm 9660
4 Stall torgque mMm 240
5 Speed /torgue gradient rem S mNm 41.2
& Mo load current A 37
7 Starting current s 10300
8 Terminal resistance Ohm 2.32
9 Max. permissible speed rpm 11000
10 Max. continuous current A 1230
11 Max. continuous torgue mhm 28.4
12 Max. power output at nominal voltage mif 58400
13 Max. efficiency o 85
14 Torque constant mism A 23.2
15 Speed constant rpm £ W 412
16 Mechanical time constant ms 5
17 Rotor inertia gcm= 10.3
18 Terminal inductance mH 0.24
19 Thermal resistance housing-ambient KWW 14
20 Thermal resistance rotor-housing ST 3.1
21 Thermal time constant winding s 12

If the input voltage is greater than 24V, the speed can be greater than no load speed.
But, do not exceed Max. permissible speed
because the commutator and brushes wear more rapidly
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Value Added
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Torque in coill € Induced voltage:

-F force in coil : F=B*I*L e= B*v*2L (2 sides)
-Torque In coll = B*2a 1t * rps*2L
T=2F* a = (B* 2a* L)*21t*rps
=2*B*I*L*a — Za*B*L * w
= *| = Kevr *

1

KEMF: Back-EMF constant

‘Uirecﬂnn of thumb ar force

Direction of thumb or force -
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This spec sheet gives the inverse of K¢ ,¢

(118749 118750 TN ERIXE] 116758 KREXETARRELEE 116756 116757

---------I

1 Assigned power rating

2 Nominal valtage Vo\t 24.0

3 No load speed rpm 9660

4 Stall forque mhm 240

5 Speed /toque gradient rom /miim M2 Speed constant

6 No load current mA 37

7 Starting current mA 10300 -41 2 — rpmlv

B Termindl resistance Ohm 2.32

9 Max, permsshle speed om 11000 -412/60 = rps/V (1rpm =1/60 rps )
10 Max. continuous current mA 1230

11 Max. continuous torque mhm 284

12 Max. power output at nominal voltage mW 58400

1 Max efrcy " " Back-EMF constant

14 Torque constant mNm /A 232

15 Speed constant rpm/V 412 60/41 2=V/rps

16 Mechanical time constant ms 5

17 Rotor inertia gom? 103 ( ) — ( ) ( —
18 Terminal inductance mH 0.24 60/41 2 I 2 T[' VI rad/s 1 rps Zn
19 Thermal resistance housing-ambient K/W 14 )

20 Thermal resistance rofor-housing K/W 31 rad/ S

21 Thermal time constant winding 8 12 2 3( mV/ (1) )

Torque constant = Back-EMF constant
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From a control view of a DC motor

=  We treat the “motor” as a box that is lossless and
stores no energy. In reality, power losses exist due to
internal resistance and friction.

Voltage, g ] Motor Speed,

Current ge———m—m—rd Torque
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MA

DC Motor operating characteristics £.".5

= At steady state, power flow on the mechanical and
electrical sides instantaneously match (why?)

P = Vi1 = T - w
'h__—.,,,.—._.-’_

Electrical Mechanical
power power

— * )

4,
JM
K28 2K X >
AU

During constant speed operation, the input voltage is equal to the back-EMF
generated by the motor, since T'" = K+ - i and Kgpyr = K. Hence, by
maintaining a constant supply voltage of V;y = Kgyp - @, we achieve a

constant output speed
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Equivalent circuit:

. a
Vin = 1ta " Rq +Vgpyp + L, 'F‘{A

At steady-state:

T

Vin = 1ta - Rqg + VignyF :K_'RA_I_KEMF gy
T
T
= Ty = R_(VIN — Kgyr @ )
A
= Stall Torgue (@ = o):H Torque, T,
- .
I'starL = R, Vin V,, increase
- No-Load Speed (T,, = 0): Tstan
Vin
Wyno LoAD — K
EMF

5 Speed, @
o LOAD
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Torque, T,,
'
V,, Increase
Ts7au1
" XP2
P1 ) V2
-
( }-J,-“-..u' O LOAD Speed, @

V1 mpV2 B P1wmpP2

means same torque (same current/same winging loss)
with higher speed (more power with same current)
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* No load
For a step voltage input, rapid . —M/’*—-_J_—Qj'ﬁ‘(j“——— 7., 6o
acceleration occurs as motor starts Rsy iy, Ly + |
from a standstill. As more and more Vin (O Vense 2 Y
back EMF is generated, the motor - — A TLLRARRRRRRRRNY

torque decreases, and acceleration
slows, with the speed eventually

Settling at WNO LOAD-

Torque, T,,
voltage step at Vi

Speed,

r s

WNO LOAD f-—---————f———— oo @

Tstann \\

Time, t

. Speed, @
DNno LOAD
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 With load

Q: Does the load on the
mechanical side affect the
steady-state speed?

Torque, T,,
rs /"'{)"p

TSTfi‘lLL

Acceleration
Torque, T;, = Jo

.

Wss

Do LOAD

MA

Value Added
Mechatronics

' 1 ¥
) VW—000—1 7;,, [~®
Ry 1,4 LA + }'1
Vin O Vewr C —
T, = Ja + bw
2
_d‘
D 4
=3 voltage step at V;y
wNO LOAD __________________________:::___-_:::::______:::::_—-_—_—_—_;-_—_—'-"."_
wgg 4o 1 R ———
Time, t

Speed, @

92/155



DC Motor operating characteristics N

Mechatronics

The mechanical time constant tells us the time it takes an
unloaded motor to reach 632% of its no-load speed under a
constant voltage, when starting from rest

118749118750 118753 118756 118757

Motor Data - [ -/ ' [ | |
1 Assigned power rating w 20
2 MNominal voltage Volt 24.0
3 No load speed rpm 9660
4  Stall torque mim 240
5 Speed /torgue gradient rem / mMNm 41.2
6 MNo load current mA 37
7 Starting current mA 10300
8 Terminal resistance Ohm 2.32
9 Max. permissible speed rpm 11000
10 Max. continuous current mA 1230
11 Max. continuous torgue mMiNm 28.4
12 Max. power output at nominal voltage my\ 58400
13 Max. efficiency Yo 85
14 Torque constant mNm [ A 23.2
15 Speed constant rem [V 412
16 Mechanical time constant ms 5
17 Rotor inertia gcm? 10.3
18 Terminal inductance mH 0.24
19 Thermal resistance housing-ambient K /W 14
20 Thermal resistance rotor-housing K/W 3.1
21 Thermal time constant winding s 12
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Why doesn't the no load current go to

Zero?
118750 |t 11
----l

1 Assigned power rating

2 Nominal voltage Volt 24.0

3 No load speed rpm 9660

4 Stall forque mNm 240

5 Speed /torque gradient rpm / mNm 1.2

6 No load current mA 37

7 Starting current mA 10300

8 Terminal resistance Ohm 2.32

9 Max. permissible speed rpm 11000 Beca use Of

10 Max. continuous current mA 1230 = = =
11 Max. continuous torgue mNm 28.4 mEChanlcaI fr|Ctlon |OSS
12 Max. power output at nominal voltage mw 58400 -

13 Max. efficiency % s and wind loss load
14 Torque constant mNm [ A 23.2

15 Speed constant rem [V a12

16 Mechanical time constant ms 5

17 Rotor inertia gem? 10.3

18 Terminal inductance mH 0.24

19 Thermal resistance housing-ambient K/W 14
20 Thermal resistance rotor-housing K/W 3.1
21 Thermal time constant winding S 12
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I

Maximum efficiency in converting electrical power
to mechanical power usually occurs at high speeds
and low torques

[118749] 118750 (XN RELA 11

----l
1 Assigned power rating
2 Nominal voltage Volt 240
3 No load speed rpm 9660
4 Stall torque mNm 240
5 Speed /torque gradient rpm / mNm 41.2
6 No load current mA 37
7 Starting current mA 10300
8 Terminal resistance Ohm 2.32
9 Max. permissible speed rpm 11000
10 Max. continuous current mA 1230
11 Max. continuous torque mNm 28.4
12 Max. power output at nominal voltage mW 58400
13 Max. efficiency %o 85
14 Torgue constant mNm /A 23.2
15 Speed constant rpm/V 412
16 Mechamcalhme constant ms <)

Mechatronics

-
>

M, Torque M

Because major losses of motor is
copper winding loss by current
Less torque less current

But mechanical loss will be
increase by higher higher speed
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TB
(,(@ Vemr = Kgyr * @
\bé TM =K T lr].

Rotor

- <+> Armature o
— circuit
1

= Voltage (velocity) mode: control voltage across winding
= Current (torque) mode: control current through winding
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» Motor - Electrical power in — mechanical power out.

| HEEN .
Electrical Energy | D MCL’EDF I Mechanical

Ener
- L> Heat 2

» Generator - Mechanical power in — electrical power out.
When operated for its output power, it is called a generator.

Electrical Energy <,1: GenErat-:::r Mechanical Energy

~L> Heat
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* Factors to consider when selecting a motor

We often want more torque, but we can't increase
torque without increasing current. However, too much
current will destroy the motor windings! Thus, we must
take a look at the following constraints when selecting
a DC motor:

" Torque limits
= Current limits
= Rotational speed limits
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* Factors to consider when selecting a motor

Even if we don't burn out the windings, we can
overheat the motor:

= Heat is primary performance limitation for DC motors

= Sources:
- Electrical losses in windings
- Eddy current
- Hysteresis
- Friction
- Brush contact resistance

= Transient temperature limit is very different from
steady-state limits (what is on the specifications)
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* Factors to consider when selecting a motor

If you need more torque, however, do
not fear...

As we will see shortly, you can trade
speed for torque using a gearbox!
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Electric Motors

Direction of thumb or force DC Motors AC MOtOI’S
Brushed Synchronous
‘@“_;‘ -, ‘0,’
—1 Permanent Magnet ] Reluctance ) .
""'l}l““‘
& i
—1 Permanent Magnet 'g e 3‘
e I8
\ -’
S ly E d —
eparate xcite
. Y i S,
L Induction Sl
Separately Excited "'51‘:;-.-.';‘3“'
Brushless
Stepper
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 BLDC(brushless DC) motor

TN
@% e\}‘ @(\ b

(a2

http://4.bp.blogspot.com/-9q50-d2NK_M/VztxoGsaBbl/AAAAAAAAA40/vG_S193LnBOYFYt30gUijUons63QD-00ACK4B/s1600/BLDC-brushless-dc-motor-animation.gif

Compared with a brushed DC motor, the has many advantages:
Higher efficiency and reliability

Lower acoustic noise

Smaller and lighter

Greater dynamic response

Better speed versus torque characteristics

Higher speed range

Longer life
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Classification of motors NA

Value Added

Mechatronics
« Stepper motor
Phase 1 ° 1 0 0 o [T
Phase 3 °
o Tme o
(b) _._._._._l
0 R
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« Stepper motor

A stepper motor, also known as step
motor or stepping motor, is a brushless
DC electric motor that divides a full
rotation into a number of equal steps.
The motor's position can then be
commanded to move and hold at one of
these steps without any position sensor
for feedback (an open-loop controller),
as long as the motor is carefully sized
to the application in respect to torque
and speed.

Switched reluctance motors are very https://en.wikipedia.org/wiki/Stepper_motor#/media/
large stepping motors with a reduced File:StepperMotor.gif

pole count, and generally are closed-

loop commutated.
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https://en.wikipedia.org/wiki/Commutator_(electric)
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« Stepper motor

Rotor Section b

Rotor Section
Front

Endcap

Shaft

Rear
Endcap

Stator

Bearing
Winding
https://www.islproducts.com/designnote/ste

pper-motor-fundamentals/
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Classification of motors M

Mechatronics

« Stepper motor

www.pololu.com

https://www.youtube.com/watch?v=eyqwLiowZiU

https://www.youtube.com/watch?v=bkqoKWP40Oy4 106/155
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Classification of motors

« Stepper motor : specification

24.0s

)

Value Added
Mechatronics

34MAX.
(0.95:0.019) (1.34MAX.)

M O D E L SINGLE SHAFT —951 42(1.65) S
31+0.2(1.22+0.008) D; ((|) 0728;‘(?:)‘2(;);1')‘_
DRIVE METHOD BI-POLAR - R
=2 B
NUMBER OF PHASES 2 & P = e,‘ I
- T o T | gf 1
STEP ANGLE deg./step 8 g /(Jjﬁ S| 8 z i:
VOLTAGE v 12 = ST il | & g
S | 247 - —
CURRENT A/PHASE 0.35 ey O o R = 8 |l
i = S T
WINDING RESISTANCE | /PHASE 34 © 2 “'
(=]
INDUCTANCE mH/PHASE 4.3 PES s
HOLDING TORQUE MmN = m 200 DEPTH 3.5(0.14)MIN
= BI-POLAR
OZ = In 28 I 230mm+48(1 1 -8 +1A5c7) )
DETENT TORQUE MmN = m 11.8
3.5 (0.13)
oz = in 2.1 i
ROTOR INERTIA g = cm? 38 _
oz = in? 0.21 g -
WEIGHTS g 200 e
P—
Ib 0.57
INSULATION CLASS JIS Class E (120°C 248°F) (UL VALUE : CLASS B-130°C 266°F)
INSULATION RESISTANCE 500VDC 400MS2Mmin.
DIELECTRIC STRENGTH SOOVAL SO i
OPERATING TEMP. RANGE i B
0 to 50
ALLOWABLE TEMP.RISE deg.
70

https://www.google.co.kr/search?q=stepper+motor+specification&source=Inm
s&tbm=isch&sa=X&ved=0ahUKEwirrMqvzZXkAhXtyosBHURHDtsQ_AUIESg
B&biw=2163&bih=1049#imgrc=QwbnLWhrO2T2JM:&spf=1566446882665
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DC Motor operating characteristics
« Step

Ty

N\

2

per

g (o)

Specifications
Specification PFC10-20R6
Type of Winding Bipolar Torque Curve Characteristics
Excitation Mode* Full step (2-2) 0-35
Steps/Revolution 20 \
0.30

Step Angle 18 \\\
Holding Torque mN-m 1.0 0.25
Rated Voltage v 2.7 5 \ \ pull-out torque

= 020
Rated Current mA/phase 135 = \ \A/

4]
Resistance Q/d 20 g o1s \

'9
Inductance mH/ 3.2 \ \

\
Coil R 010 /
Starting Pulse Rate pps 960 - puliin toraue
Slewing Pulse Rate pps 1600 \\ \
Rotor Inertia kg-m? 0.03x107 \
0 200 400 600 800 1000 1200

Operating Temp. Range °C -10 to +50 Frequency (pps)
Storage Temp. Range °C -30 to +80
Insulation Class E
Temperature Rise K 70 Pin Coil Phase
RoHS Compliant Yes 1 468
Weight 5

motor : specification

Fulse Speed
f2

A

:I"\-I'JI-

=

MA

Value Added
Mechatronics

L]

Operation for pull-out torque

Pulsa Spead

F il

-

—_——a o e

Operation for pull-in torque
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Classification of motors M

Mechatronics

Electric Motors

Direction of thumb or force DC M Otors AC Moto s

Brushed Synchronous

— Permanent Magnet — Reluctance H

- Ry A
Permanent Magnet v ‘g

(]
{ 18

Separately Excited

L Induction

Separately Excited

e
2%
-
-

&S

4,
0%
oL

\)
-

A
\)

..

s
R,
\)

“\

W
ST
L1

USRS
g

Brushless
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Classification of motors M

Mechatronics

= AC motors: Generation of 3 phase AC current

When these windings are kept stationary, and the magnetic field is rotated as shown in
the figure A below or when the windings are kept stationary, and the magnetic field is
rotated as shown below in figure B, an emf is induced in each winding. The magnitude
and frequency of these EMFs are same but are displaced apart from one another by an
angle of 120 degrees.

In a 3 phase system, there are three equal voltages or EMFs of the same frequency
having a phase difference of 120 degrees.

These voltages can be produced by a three-phase AC generator having three identical
windings displaced apart from each other by 120 degrees electrical.

Stator

€a1a2 €hpib2 €cic2

Figure B

Figure A

https://circuitglobe.com/generation-of-3-phase-power-in-3-phase-circuits.html 110/155



Classification of motors M

Mechatronics

® Induced voltage and magnetic flux
B:magnetix flux density

| X X wind power= F wind*v (Watt)
R L emd
VR -
F generator
x/
| current dlrectlon in coil Movmg conductor bar: cupper

-Fleming’s right hand rule: e induced voltage: e ind =B*v*L in moving conductor bar
-v(speed)=dx /dt eind=B*(dx/dt)*L =B*(dx)*L / dt = d ® / dt
- Here @ is magnetic flux in coil loop

Il Remember e ind = B* v *L (Fleming’s right hand rule ) = d® / dt

111/155



Classification of motors

® Induced voltage by magnetic flux change
- Induced voltage 1: by speed

> B
| X X X
R L . eind 4— |
VR Z
F generator
£ X X / X

| current direction in coil

Moving conductor bar: cupper

- Induced voltage 2: by AC

Magnetic
core
Transformer rima seconda
— P Iy J ry 1'u'fp
Secondary VP 1'\1"'5 ar
Prima Circuit
Circu
Vg
Transformer
Symbols

https://www.electronics-
tutorials.ws/transformer/transformer-basics.html

- Induced voltage 3:by speed

NA

Value Added
Mechatronics
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Classification of motors M

Mechatronics

® Induced voltage by magnetic flux change
- Induced voltage 4: by speed

Coil A

1) F=max

Induced voltage
and Flux linkage =a=-

= Eg

http://www.schoolphysics.co.uk/age16-
19/Electricity%20and%20magnetism/Electromagnetic%20induction/text/| 113/155
nduced_emf_in_a_rotating_coil/index.html
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Mechatronics
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Classification of motors

= AC motors: Generation of 3 phase AC current
- 3 phase voltage is generated by d® / dt in the coil loop

Stator

e

Figure B

i Figure C
Figure A

https://circuitglobe.com/generation-of-3-phase-power-in-3-phase-circuits.html

NA

Value Added
Mechatronics
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e Ly Phase a ..:—r_’f,-“'} ‘h,_
1] Phase ¢
I -FPhhaoe e ratasr H-FPhasae Laoach
2440
Phase 1 Phase 2 Phase 3

120
o

-120

—-240

Classification of motors

= AC motors: 3 phase AC current and load at 60Hz

F-Fihase Tramsamiissilcre Lirme

ComiImon

X

T 1 /60 second—

r I T e

NA

Value Added
Mechatronics
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Classification of motors M

Mechatronics

= AC motors: rotating magnetic field by 3 phase AC current
= Remember 111111

ib it

L4

60° 120° 180° 240° 300°

(7
va

http://electricalacademia.com/synchronous-machines/synchronous-machine-construction-working/attachment
Irotating-magnetic-field-created-by-a-three-phase-winding/
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http://electricalacademia.com/synchronous-machines/synchronous-machine-construction-working/attachment
http://electricalacademia.com/synchronous-machines/synchronous-machine-construction-working/attachment

Classification of motors

If coil b and c is changed each other, what will be happed ???
Home work
rotating magnetic field is rotating to reverse direction.
motor is rotating reversely

X

L

[ .:.ll.
<J

1800 240° 300°

NA

Value Added
Mechatronics
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Classification of motors M

Mechatronics

= Speed of rotating magnetic field

- 2pole 1Hz=1rps
2 pole 2Hz= 2rps
2 pole 60 Hz= 60 rps Stator Core

r \ Rotor
- 4pole 1Hz= 1/2 rps ,)
4 pole 2 Hz= 1 rps Shaft
4 pole 60 Hz= 30 rps > oore 1 pole 6 pole
- 6pole 1Hz= 1/3 rps Rotation by 1 Hz

6 pole 2 Hz= 2/3 rps
6 pole 60 Hz= 20 rps

motor speed=120f (frequency)/ P (potes) rpmM !
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Classification of motors M

Mechatronics

= AC motor stator for rotating magnetic field

Stator core

Stator winding (copper)

120/155
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Classification of motors M

Mechatronics

Electric Motors

Direction of thumb or force DC M Otors AC Moto s

Brushed Synchronous

— Permanent Magnet — Reluctance H

- Ry A
Permanent Magnet v ‘g

(]
{ 18

Separately Excited

L Induction

Separately Excited

e
2%
-
-

&S

4,
0%
oL

\)
-

A
\)

..

s
R,
\)

“\

W
ST
L1

USRS
g

Brushless
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Classification of motors

= Synchronous motor: reluctance motor
-magnetic levitation

Attraction t"_

force itati
N Levitation force attraction force attraction force

by electro-magnet by electro-magnet

Guidance force( be used as motor)

NA

Value Added
Mechatronics

122/155



Classification of motors NA

Value Added
Mechatronics

Synchronous motor: reluctance motor
- Reluctance=inverse of magnetic resistance=1/R,,
- Core(motor) is moving to be minimum magnetic resistance

- Core(motor) is moving to be maximum magnetic reluctance
Reluctance motor is named after magnetic reluctance

_Rm= 5

H A,

Rail

.

q
——z

f_‘,_j 77777777
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Classification of motors

= Synchronous reluctance motor:
—rotating magnetic field is rotating by 3 phase AC current
—rotor is rotating according to rotating magnetic field

Radial force
Attraction force
Tangential force makes torque

— If rotor is , there is no force
- Radial force is 4 -6 times higher than tangential force.
- If air-gap length is not equal, more noise and vibration by unsymetric

radial force

NA

Value Added
Mechatronics
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Classification of motors M

Mechatronics

= Synchronous reluctance motor:

—Shape of rotor
good for

good for magnetic flux
magnetic flux Not good for

magnetic flux

; ., )é S

Not good for
magnetic flux

Air
—Advantage : no magnet or no cupper in rotor (%)
—Disadvantage: bigger motor reluctance motor
https://new.abb.com/motors-generators/iec-low-voltage-motors/process- rOtOr

performance-motors/synchronous-reluctance-motors
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Mechatronics

Electric Motors

Direction of thumb or force DC Motors AC Motors
Brushed Synchronous
— Permanent Magnet — Reluctance

—1 Permanent Magnet :ﬁ

Separately Excited

£/
%
-
-
3
>

‘f
\\
W

A
ik
Lt
ty
e,
I
L)

N

o

‘\\| 1 1y, 'y
s,

L Induction
Separately Excited

I
T

o

Brushless
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Classification of motors

NA

Value Added
Mechatronics

» Permanent magnet motor:

-A permanent magnet is an object made from a material that is
magnetized by high impulse current and creates its own persistent

magnetic field

-The magnetic state (or magnetic phase) of a material depends on
temperature and other variables such as the reversely applied

magnetic field.

-Magnetized Magnet

3

z"’f ’

! N r
. Ty . < e ¥ s
) s .I--- o M -’..

s o

1 face/1 péle 1 face/2 pole

Inner side/outer side pole

skew pole
127/155
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Classification of motors M

Mechatronics

= Permanent magnet motor
-SPM and IPM

Stator

Stator

|
Permanent | winding  Permanent | winding
magnet magnet
Surface mounted permanent Interior permanent magnet
magnet motor (SPM). motaor {IPM).
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Classification of motors

* Permanent magnet motor

—IPM motors have the permanent magnet imbedded
into the rotor itself. Unlike their SPM counterparts,
the location of the permanent magnets make IPM
motors very mechanically sound, and suitable for
operating at very high speeds

-SPM and IPM rotor

e\%

NA

Value Added
Mechatronics
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Classification of motors M

Mechatronics

Electric Motors

Direction of thumb or force DC M Otors AC Moto s

Brushed Synchronous

— Permanent Magnet — Reluctance H

- Ry A
Permanent Magnet v ‘g

(]
{ 18

Separately Excited

L Induction

Separately Excited

e
2%
-
-

&S

4,
0%
oL

\)
-

A
\)

..

s
R,
\)

“\

JT1
(11}

£\
¥,

N

USRS
g

Brushless

130/155



NA

Classification of motors

Mechatronics

* |nduction motor
- Arago's disc is frequently used for explaining AC induction motors.

The principle of Arago's disc goes that, when a disc made of copper or
aluminum is sandwiched between magnets and the magnets are moved,
eddy current is generated on the disc. And this eddy current causes the
force that tries to move the disc in the moving direction of the magnets

https://www.youtube.com/watch?v=g0eASL79PIc
https://www.youtube.com/watch?v=e7ms3ewN_Qw

1. Magnet is
- moving

Copper disc moving direction
IS same as magnet moving direction 1311155



Classification of motors M

Mechatronics

= |nduction motor

1. Magnet is
moving

2. Force direct of disc copper
for Fleming’s right hand
(reverse to magnet moving)

3. Magnetic flux (X)
O )@from top to bottom

4. Induced Current by Fleming’s right hand
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Classification of motors M

Mechatronics

= |nduction motor

1. Magnet is moving

3 Induced Current by
Fleming’s right hand
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Classification of motors M

Mechatronics

= |nduction motor:
— Stator is same as the reluctance motor and the PM motor
— Rotor has the copper or aluminum bar and iron core

Copper bar
— Copper ring: connection of copper bars
Iron core

—Rotor is rotating by the induced current in rotor bar (Arago's disc) 1341155



Classification of motors

Rotor structure

Induction motor

SPM, IPM and induction motor

Synchronous motor

SPM motor

The magnet is attached
to the surface of the rotor

IPM motor

The magnet is
embedded in the rotor

Principle

An electric current flows through
the rotor and rotates with a
delay of the slip speed from the
rotating magnetic field speed.

A magnet torgue is generated,
and the rotor rotates at the
same spead as the rotating
magnetic feld.

A magnet torgue and reluctance
torgue are generated, and the
rator rotates at the same speed
as the rotating magnetic field.

Relatively bigger than

Motaor valume Very small Small
synchragnous maotor
Effectiveness
and power factor Good Very good Very good
Speead Yery fast Fast YVery fast
. - Big except for the case of .
FEEELRIL O 2 0 vyl serva that is very big Big
Torgue component Induction Magnet Magnet and reluctance

https://www.yaskawa-global.com/product/mc/glossary

Value Added
Mechatronics
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 Speed changing for AC motor

—motor speed=120f (frequency) / p (poles) rpm !l
—For changing motor speed

—Changing in put current(voltage) frequency

Fixed voltage and AC ! The voltage and frequency
frequency | AC of DC electricity vary as needed.
—[ Inverter ]7

AC DC AC
Power Inverter Equipment
supply - (Motor)

AC is converted into AC is generated by turning on and off
DC. semiconductor switches.
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Speed changing for AC motor

DI [D3 |D5i ¢ Trl | T2 | T3
A R’ KA K2 4K XK 3

3 phase 60 Hz
from power line Ed-

I+

5 zrm 1:[)6 K -K%-ﬂ(%

Tr4 Tr5 | Tr6

Ty
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Classification of motors M

Mechatronics

= |nner rotor motor and outer rotor motor

» 1
|

| ‘
\ \ Rotc}r{Core+PM}

Bearing Stator
(Winding + Core )

structure (good)
general purpose

Bearing

\ Rotor
Statﬂr '['::':l re + Fllll'n"n'

(winding +core)

structure (not good)
low speed and high torque
(washing machine or fan)

138/155



Classification of motors M

Mechatronics

= |nner rotor motor and outer rotor motor

Windings

Windings
(Stator)

Tooth tip
(Stator)

-l

Tooth
(Stator)

Tooth
(Stator)

- Back iron
/ otr) Back iron
ack iron _ Rotor
B;Stztor} ’ Alr gap S B — f‘-ir gap _R o
T(torque ) = Tangential force * r

F.; *Rotor surface area(2mrLg, )* r
K * 1?2
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Classification of motors M

Mechatronics

= |nner rotor motor and outer rotor motor

—Surface force density Fsd (N/m?2) is Tangential force per Rotor surface area

/

\

Ly

Tangential force

F., =
s4 ™ Rotor surface area(2nrL )

T(torque ) =Tangential force * r
=F .4%Rotor surface area(2mrLg)*r
=Fgsq * mLg *rZ
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Mechatronics

= |nner rotor motor and outer rotor motor

Stator
outer rotor

Inner rotor

Inner rotor motor Outer rotor motor
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Classification of motors M

Mechatronics

= Radial flux motor and axial flux(disk) motor

Radial Flux Motor Axial Flux Motor

| Bearings

0 |
' Iron Cores |

| Magnets |

. Coils

; Beanngs;

Direction of
Magnetic Flux

https://www.nidec.com/en-NA/technology/rd/innovative_motor/
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Mechatronics

= Radial flux motor and axial flux motor

Stator
windings

stator

https://www.researchgate.net/figure/8-pole-24-siot-axial-flux-PM-reference-
motor_fig2 224393995

https://endless-sphere.com/forums/viewtopic.php?t=14260
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Classification of motors M

Mechatronics

= Linear motor

A linear motor is an electric motor that has had its stator and
rotor "unrolled” thus instead of producing a torque (rotation) it
produces a linear force along its length. However, linear motors
are not necessarily straight. Characteristically, a linear motor's
active section has ends

CONVENTIONAL MOTOR LINEAR MOTOR
Magnets are fixed to magnet plate Armature
Stators =] ’/[wimliugh not visible)
g “ Magnet plate
RN N (usually
\! = = stationary ]\ /
4 >

Armature travels along magnet path
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Classification of motors M

Mechatronics

= Linear motor

Advantages of linear motors:

- There is no mechanical contact,

- The structure is simple

- Its operation can provide a wide range of speed operation, covering a few microns to several
meters per second, especially at high speed is one of its outstanding advantages

- Acceleration, up to 10g

- Accuracy and repeatability are high due to the elimination of the intermediate links that
affect accuracy.

- Easy to maintain, due to the small parts, no mechanical contact with the movement, thus
greatly reducing the wear and tear of parts

Disadvantages of linear motors:

-One side (on board or in guide way ) has long length.(expensive.)

-The dynamic stiffness of the linear motor is extremely low, can not play the role of buffer
damping, high-------
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Mechatronics

= Linear motor: application
- XY stage

=

= " 1 "‘.A

Superconducting a magnetic levitation
train in Japan

Transrapid (500km/h)in Shanghai
German-developed high-speed train
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Classification of motors NA

Value Added
Mechatronics

= motor + gear

- Load asks speed 600rpm and torque 40Nm

- Motor 600rpm and torque 40Nm is too big because of big-torque
- Solution : high-speed motor + gear

High speed motor

Motor direct drive Motor 2400 rpm torque 10Nm
for 600rpm and torque 40Nm Gear 600 rpm torque 40Nm
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Classification of motors

» Electrical and mechanical system analogy

System Potential Flow Resistance Capacitance Inductance
Electrical voltage current R C L
Mechanical force velocity damper spring mass
Fluid head vol. flow flow res. surf. area flow inertia
Magnetic MMF(N*I) @, flux  reluctance

(magnetomotive force)

NA

Value Added
Mechatronics
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Sensor NMA

Value Added
Mechatronics

MECHANICAL SYSTEM

system model dy namic response
ACTUATORS SENSORS INPUT SIGNAL
. - i CONDITIHONING
- sixlemoids, wodce cols . i
- DC motors e rmtintaicy Thorae e AND INTERFACING
- wheppear ;
ra® m.:"'—'::::“ !E:ETE:-E;IEr uttle:umeh:-r - s e -
- Ipydranhics, pooumancs — - applifers - AT, DD
OUTPUT SIGNAL MGITAL CONTROL
CGRAPHICAL CONDITHONING ARCHITECTURES
DISPLAYS | | ANDINTERFACING [ | 0 oo e
- LFTs - LT -[I¥4 I¥D : - mmocopmllar - logic and anthmete
- digital displms - CRT - T - BB - comvirel algorithms
ey - PO Op amps -PLC - CoErmyomic aion
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Sensor NMA

Value Added
Mechatronics

= Hall sensor

A Hall effect sensor is a device that is used to measure the
magnitude of a magnetic field. Its output voltage is directly
proportional to the magnetic field strength through it.

Hall effect sensors are used for proximity sensing, positioning,
speed detection, and current sensing applications.

Hall sensor

H2

i

'H Decoder Circuit |5

https://upload.wikimedia.org/wikipedia/commons/7/7e/Hall_sensor_tach.gif 150/155
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Sensor PA

Value Added
Mechatronics

» Hall sensor

https://blog.naver.com/nissei-gtr/221599187446 151/155



Sensor NMA

Value Added
Mechatronics
= Hall sensor
Wheel Speed Sensor - RPM

Permanent Trigger

Wheel

oo it Hall Effect \

Sensor

]
\rI Gap
N —
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Sensor NMA

Value Added
Mechatronics

» Rotor position sensor : Rotary Encoder

LED Light sewes

S0 00 TS

Sensing shaft

LED light source
Transparent \
assembly
segment
InstrumentationTools.com

Encoder disk
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Principle of Transistor

Figure2

Figure1

Vs P - JR V. =EL8 + Vg

Ve = V.. — LR,

e T
- s ! HE
B =

Explain based on Figure 2. Set the Iy to 300pA and interpret it.

1) Flow 300pA of I in the circuit shown in Figure 2.
I;= YBB=YBE —(3.7.0.7)V /10000 Q = 0.0003A = 300pA

Rp

2) In Figure 2, increase the V.. until I reaches 30mA.

As the I value increases, the V.zvalue also increases linearly. (=resistance)
resistance to V5 = 0.7V / 0.03A = 23.3 Q (Figure3 saturation region)

and Vg = Vg, +Veg = 220%0.03 [V ]+ 0.7 [V] =7.3V

3) if Ic =10 mA -> V¢ = Vg, +Vep = 22070.01 [V] + 23.370.01 [V] =2.433V

If lc =20 mA -> V¢ = Vg, +V¢g = 220%0.02 [V] + 23.3%0.02 [V] =4.866V

If lc =30 mA -> V¢ = Vg, +V¢g = 220%0.03 [V] + 23.3"0.03 [V] =7.3V
This means that the V.. value up to 7.3 Volts increases the current linearly as voltage
increases. (Figure3 saturation region)

NA

Value Added
Mechatronics

60 Operating Poin

L) 1..
B8 S L =400 A
N / NG e
=T\ [ \__ B
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14 b1
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S

4) If V. is increased by 7.3 volts or more

4-1)if Voo = 8V

4-2)if Voo =9V

4-3) if Vo = 10V
(Figure3

TR does amp

Vee = Vre Ve
-> 8V =220%0.03V + 1.4V
-> 9V =220%0.03V + 2.4V
-> 10V =22070.03V + 3.4V

)

lification. In other words,

we can get a large 1-(30 mA) by

flowing a small I (300uA)

154/155



Principle of Transistor NA

Mechatronics

Figure3

The resistance is very low
R— Vi because it increases linearly very steeply.

Saturation
region

I‘I-r*-

L

Breakdown
region

The saturation area of the graph has a resistance component.
This part corresponds to 0.7V /0.03A = 23.3 Q in the preceding content
and the larger the slope, the smaller the resistance. 155/155



