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機電系統原理與實驗⼀（ME5126）

Electrical Actuation Systems
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Solid-State Switches -1

 Driving a relay using a NPN BJT
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Common

NO NC



機電系統原理與實驗⼀ ME5126 林沛群

Solid-State Switches -2

 BJT
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“OFF” “ON”
“OFF” “ON”

VCE(sat)
VCE(sat)
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Solid-State Switches -3

 BJT

4

NOT gate

Enlarge 
current to 

switch 
BJT
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Solid-State Switches -4

 MOSFET

5

To raise the voltage level 
to that required for the 

MOSFET
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Motor Drive -1

 Using pulse-width-modulation (PWM) to 

modulate “equivalent” DC voltage between motor terminals 
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Motor
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GND

Control
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Motor Drive -2

 Using a H-bridge to switch the polarity of a voltage 

applied to a load

7

From: http://www.mcmanis.com/chuck/robotics/tutorial/h-bridge/index.html

High side left High side right Low side left Low side right Motor motion

ON OFF OFF ON Clockwise rotation

OFF ON ON OFF Counterclockwise rotation

ON ON OFF OFF Brake

OFF OFF ON ON Brake

OFF OFF OFF OFF Free rotation
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Motor Drive -3

 H bridge using four BJTs

 One input controls two BJTs

o PWM, control output voltage

 Both inputs must NEVER be HIGH

 THREE modes: forward, reverse, 

free fun
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From: http://www.talkingelectronics.com/projects/H-Bridge/H-Bridge-1.html
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Motor Drive -4

 The H bridge using four BJTs

 Using logic gates to transform control inputs to Forward/reverse 

(low-speed DIO) & Chopper signal (PWM, high speed DIO)

 THREE modes: forward, reverse, free fun
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Motor Drive -5

 L298N full bridge driver

 Block diagram
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Motor Drive -6

 L298N full bridge driver

 Pin connections

 Bidirectional motor control
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Enable B, PWM 

In 4In 3
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Motor Drive -7

 L298N full bridge driver

 Many modules available
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Schematic diagram
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Motor Drive -8

 L298N full bridge driver

 Many modules available
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Schematic diagram
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Motor Drive -9

 Ex: Revisit shaft speed control (Chap 1)

 Using digital controller

 Using microcontroller
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Digital
Controller

Digital
Controller

ADC

Microcontroller

From W. Bolton, Mechatronics, 5th edition, Pearson

Modified from W. Bolton, Mechatronics, 5th edition, Pearson
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Motor Drive -10

 Electric speed controller (ESC) for RC vehicles

15

3.3V
or
5V Microprocessor

Other peripheral 
circuits

Motor Speed Control

PWM control signal

S
5V

GND

GND
6-8.4V

Voltage 
regulator

-
+

Power switch
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Motor Drive -11

 Electric speed controller (ESC) for RC vehicles

16

To battery

Power switch

To RC receiver
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Motor Drive -11

 Brushed

 Two power wires

 Brushless

 Three power wires

 Brushless sensored

 Three power wires

 Six sensor wires

17

Tamiya TBLE-02S
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DC Motors

 Brushed DC motor                   Brushless DC motor

18

 The stator: The stationary 
outside part of a motor, 
permanent magnets

 The rotor: The inner part which 
rotates, windings

 Just as the rotor reaches 
alignment, the brushes move 
across the commutator 
contacts and energize the next 
winding

 The rotor: permanent magnets
 The stator: windings
 The control electronics replace 

the function of the commutator 
and energize the proper 
winding
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 Motors for RC vehicles

Brushed DC Motor -1

19

Standard 540 TAMIYA RS-540 Type-BZTAMIYA RS-540 Type-RZGWS EM400

資料來源： http://www.brushlessrcmotor.com/brushed-rc-motor-information/
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 DC motor diagram

Brushed DC Motor -2

42

or magnet

or magnet𝑣

𝜏 = 𝑘ଵ∅𝑖 = 𝑘ଵ𝑘𝑖𝑖 = 𝑘ଵ𝑘𝑖 𝑖 = 𝑘𝑖
Motor constant (torque constant)Air-gap flux

L 𝑇(𝑠) = 𝑘𝐼(𝑠)
Armature-controlled

𝑅
𝐿
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 Modeling

Brushed DC Motor -3

𝜏 = 𝐽𝜃ሷ + 𝑏𝜃ሶ= 𝐽𝜔ሶ + 𝑏𝜔
L𝑇 = 𝐽Θ𝑠ଶ + 𝑏Θ𝑠𝑇(𝑠) = 𝐽𝑊(𝑠)𝑠 + 𝑏𝑊(𝑠)

𝑣 = 𝑅𝑖 + 𝐿 𝑑𝑖𝑑𝑡 + 𝑘𝜔
LV = 𝑅𝐼 + 𝐿𝐼𝑠 + 𝑘𝑊𝐼(𝑠) = 𝑉 𝑠 − 𝑘𝑊(s) 𝑅 + 𝐿𝑠

Back emf

𝐽𝑊(𝑠)𝑠 + 𝑏𝑊(𝑠) = 𝑇(𝑠) = 𝑘𝐼(𝑠) = 𝑘 𝑉(𝑠) − 𝑘𝑊(𝑠)𝑅 + 𝐿𝑠    
42

Mechanical Electrical
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Brushed DC Motor -4

22

𝐺 = Θ𝑉 = Θ𝑊𝑊𝑉 = 1𝑠 𝑘𝑅 + 𝐿𝑠 𝐽𝑠 + 𝑏 + 𝑘𝑘
power:     mechanical electrical𝜏 · 𝜔 = 𝑘𝑖 𝜔 = 𝑘𝜔 𝑖𝑘 = 𝑘

1𝑅 + 𝐿𝑠 𝑘


+
-

𝑉 𝐼 1𝐽𝑠 + 𝑏 1𝑠𝑇 𝑊 Θ

𝑢𝑛𝑖𝑡:  𝑁 −𝑚𝐴     ( 𝑉𝑟𝑎𝑑 · 𝑠)

MechanicalElectrical
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Brushed DC Motor -5

23

𝜏 = 𝑘ଵ𝑘𝑖𝑖 = 𝑘ଵ𝑘𝑖 𝑖 = 𝑘𝑖 , 𝐼(𝑠) = 𝑉 𝑠  𝑅 + 𝐿𝑠
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Brushed DC Motor -6

 Motor model

 Transfer function

 Voltage to Torque, s-domain

24

𝑇(𝑠) = 𝐾(𝑉(𝑠) − 𝐾𝑊(𝑠)) 𝑅 + 𝐿𝑠

Electrical Mechanical

𝑘
𝑘
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Brushed DC Motor -7

 Assumption: steady-state or ideal inductance (L=0)

25

𝑇(𝑠) = ோ 𝑉(𝑠)-್ோ 𝑊(𝑠)
ோ -್ோ

L -1

Torque Voltage Speed

Affine function

𝑣𝐾

𝐾𝑣𝑅
Torque

Speed

Continuous operation

Intermittent
operation

Stall 
torque

No-load
speed
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Brushed DC Motor -8

 GWS EM400

26
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Brushed DC Motor -9

27

Torque Current

Speed

Joule Heat Current2Mechanical power
= Torque x Speed

Efficiency = 
Mechanical power

Mechanical power + Joule Heat (= Electric power)

Note！Motors outputs: high speed and low torque
If low speed and high torque needed: Add gear box
If both needed: Use a motor with higher power

L=0
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Brushed DC Motor -10

 DC Brushed Motor + gearbox

 Adding gearbox: decreasing speed and increasing torque

 Gearbox efficiency

28
Torque

Speed

Motor curve

+ 1:2 gearbox

+ 1:4 gearbox

+ 1:0.8 gearbox (overdrive)

Increase power
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Brushed DC Motor -11

29
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Brushed DC Motor -12

30
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Brushed DC Motor -13

31
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Brushed DC Motor -14

 Brushed DC motors with field coils

32

Series wound motor
- High starting torque
- High no-load speed

Shunt-wound motor
- Low starting torque
- Low no-load speed
- Good speed regulation𝜏 = 𝑘ଵ𝑘𝑖𝑖 = 𝑘ଵ𝑘𝑖ଶ𝐾(𝑣𝑅)ଶStall torque

Compound motor
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Brushless DC Motor -1

 Rotor

 2-8 pole pairs that alternates between N and S

 Stator

 6-24 pole pieces

 Phase

 Number of individually controllable coils

33

N S
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Brushless DC Motor -2

 Coil energizing methods

 Single pole

o 6 phases

 Two poles

o 3 phases

o Double attraction force

 Four poles

o 3 phases

o Attraction & Repelling 

34
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Brushless DC Motor -3

 Commutation sequence: each sequence has

 One winding energized positive (current into the winding)

 One winding energized negative (current out of the winding)

 One winding non-energized

35
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Brushless DC Motor -4

 Commutation sequence

 Digital control

 Sinusoidal control

36
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Brushless DC Motor -5

 How do we know when to activate which phase?

 Method 1: Using hall-effect sensors

37

H1 0 0 1 1 1 0

H2 0 1 1 1 0 0

H3 1 1 1 0 0 0
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Brushless DC Motor -6

 How do we know when to activate which phase?

 Method 2: Sensing the back EMF of the coil that is not

active

38



機電系統原理與實驗⼀ ME5126 林沛群

Brushless DC Motor -7

 Sensored

motor

39

𝑆 = 2𝑝𝑁௦= 2 × 3 × 2 = 12
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Brushless DC Motor -8

 Sensored motor

40

Hall sensor readings

Motor drives
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Brushless DC Motor -9

 Sensorless motor

 Monitoring back 

EMF

41
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Brushless DC Motor -10

 Circuit example

42
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Brushless DC Motor -11

 Increasing the number of poles of the both 

the rotor and the stator

 Still three-phase

 The number of intervals will increase in order to 

complete a full cycle

43
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Brushless DC Motor -12

 BLDC types

 Inrunner vs. outrunner

44
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Brushed vs. Brushless DC Motors -1

45

http://www.thinkrc.com/faq/brushless-motors.php

Simple and inexpensive control
No controller is required for fixed 
speeds
Operates in extreme environments

Periodic maintenance is required
Brush friction & arcing

High output power to size ratio
High speed range
Quiet acoustically and electrically
Safe in explosive environment 
Easy to cool

Control is complex (electronic 
commutation)
Expensive

http://hubpages.com/games-hobbies/whats-the-
difference-between-brushed-brushless-rc-motors
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Brushed vs. Brushless DC Motors -2

 Motor comparison

46
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Brushed vs. Brushless DC Motors -3

 Motor comparison

47
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RC Servo Motor -1

 Characteristics

 Swing motion

 Gearbox, motor, potentiometer, control circuit

 Feedback controlled

48

資料來源：
http://www.societyofrobots.com
/actuators_waterproof_servo.s
html

FUTABA S3003

FUTABA BLS351

Sense

Think Motion
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RC Servo Motor -2

 3 pin wiring

 Fool-proof design

 Middle pin: power supply (Vcc, red)

 Ground pin (black), signal (white or yellow)

49
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RC Servo Motor -3

50

資料來源：http://www.mitchr.me/SS/batteriesRequired/RCcontrolTheory/index.html

 Controlled using PWM (Pulse Width Modulation)

2.5%

7.5%

12.5%

Duty cycle
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RC Servo Motor -4

 Some examples

51

standard mini

High-endlarge
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RC Servo Motor -5

 GWS S03T-2BB

52
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Stepper Motors -1

 Definition

 A device that produces rotation through equal angles (i.e. the 

steps)

 Characteristics

 Open-loop control

53

Variable reluctance Permanent magnet
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Stepper Motors -2

 Variable reluctance stepper

 Rotor: soft steel

 Fewer poles on the rotor than on the stator

 Number of steps per revolution

o 𝑆 = 𝑝𝑁௧௧
• 𝑝: phases

• 𝑁௧௧: number of teeth

 Coils ccw → rotor cw

 Example

o 𝑆 = 3 ∗ 4 = 12
54
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Stepper Motors -3

 Permanent magnet stepper

 Number of steps per 

revolution

o 𝑆 = 2𝑝𝑁௦
• 𝑝: phases

• 𝑁௦: number of poles of 

the rotor

 Example

o 2-phase, 𝑝 = 2
o A stator with 4 poles

o 𝑁௦ = 1
o 𝑆 = 4

55
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Stepper Motors -4

 Specifications

 Phase

o Number of independent winding on the stator

 Step angle

o The angle through which the rotor rotates for one switching change for 

the stator coils

 Holding torque

o The maximum torque tat can be applied to a powered motor without 

moving it from the rest position and causing spindle rotation

 Pull-in torque

o The maximum torque against which a motor will start, for a given 

pulse rate, and reach synchronism without losing a step
56
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Stepper Motors -5

 Pull-out torque

o The maximum torque that can be applied to a motor, running at a 

given stepping rate, without losing synchronism

 Pull-in rate

o The maximum switching rate at which a loaded motor can start without 

losing a step

 Pull-out rate

o The switching rate at which a loaded motor will remain in synchronism 

as the switching rate is reduced

 Slew range

o The range of switching rates between pull-in and pull-out within which 

the motor runs in synchronism but cannot start up or reverse

57
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Stepper Motors -6

58

The motor can start and stop 
at will without missing steps 

The motor can be operated 
in this region, but It may not 
be started and stopped 
without losing steps 
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Stepper Motors -7

 Two-phase motor control

 Bi-polar – 4 connecting wires, full-stepping

59

step transistor

1 & 4 2 & 3 5 & 8 6 & 7

1 ON OFF ON OFF

2 ON OFF OFF ON

3 OFF ON OFF ON

4 OFF ON ON OFF

AB

Full-stepping

P.S. Wave drive: only one phase is actuated at a time, less torque
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Stepper Motors -8

 Two-phase motor control

 Bi-polar – 4 connecting wires, half-stepping

o Same circuit, different actuation sequence

 “mini-stepping” – applying different currents to the coils
60

step transistor

1 & 4 2 & 3 5 & 8 6 & 7

1 ON OFF ON OFF

2 ON OFF OFF OFF
3 ON OFF OFF ON

4 OFF OFF OFF ON

5 OFF ON OFF ON

6 OFF ON OFF OFF
7 OFF ON ON OFF

8 OFF OFF ON OFF

Half-stepping

AB
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Stepper Motors -9

 Four-phase motor control

 Unipolar – 6 connecting wires

o Each coil has a center-tap

o Only need 4 transistors

61

step transistor

1 2 3 4

1 ON OFF ON OFF

2 ON OFF OFF ON

3 OFF ON OFF ON

4 OFF ON ON OFF

Full-stepping
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Stepper Motors -10

 Four-phase motor control

 Unipolar – 6 connecting wires

62

step transistor

1 & 4 2 & 3 5 & 8 6 & 7

1 ON OFF ON OFF

2 ON OFF OFF OFF
3 ON OFF OFF ON

4 OFF OFF OFF ON

5 OFF ON OFF ON

6 OFF ON OFF OFF
7 OFF ON ON OFF

8 OFF OFF ON OFF

Half-stepping
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Stepper Motors -11

 Circuit example

63

(Enable)

(High-ccw; Low-cw)

(Low-to-high: change state)

Three control pins
6 connecting wires
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Stepper Motors -12

 Permanent magnet stepper

 Full-stepping

 Half-stepping

 Micro-stepping

o Current control: sine wave

64
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End

 Questions?


