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Sensors

Actuator

Command SignalSensing signal

Microprocessor
or

Microcontroller

PLANT

(Robot, Autonomous Guided vehicle, Numerical Controlled Machine,
Vehicle engines, Consumer products, Conveyor systems, Assembly systems,

Cranes, Defense equipments, Air craft engines, Other machines, 
consumer products, etc)

Control code

Parameter, variables Actuation

Mechanical 
components

Physically, a mechatronic system is composed of four prime 
components. They are sensors, actuators, controllers and 
mechanical components. Figure shows a schematic diagram of a 
mechatronic system integrated with all the above components. 
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Electrical Actuation
• Switching devices

– Mechanical switches
• Keyboards, limit switches, 

switches
– Relays
– Solid-state switches

• Diodes, thyristors, Triacs
transistors, MOSFET

• Solenoids
– Starter solenoid, pneumatic 

or hydraulic valve

• Drive systems
– D.C., A.C., or stepper motors
– Usually under specific 

control element e.g position , 
torque, or speed control 
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Figure 9.1 (a) A relay, (b) a driver circuit

Relays are electrically operated switches in which changing a current 
in one electric circuit switches a current  on or off in another circuit.

In the shown circuit when the solenoid is energized , a magnetic field is 
produced, which attracts the iron armature, moves the p ush rod and in 
result: closes the normally open contact and open the normall y closed 
contact

Relays are normally used 
in the control circuit 
together with transistor 
circuit to increase current 
from microcontroller 
system.

Diodes are used to protect 
against back voltage 
generated in the coil circuit 
during switching 

Relays-1
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Figure 9.2 Relay-controlled system

Relays In control system Example-1
-When start switch is closed, solenoid A and B will be energized, thus in 
both A and B extending (A+, B+)

--switches a+ and b+ are then closed, the closure of  a+ energized relay 
coil 1 which in turn operates relay contact 1, thus co il C is energized and 
result in extending of C (C+) 

- extension of C operates switch c+ and thus operates c oils A- and B-
and retraction of cylinder A and B start 

Operation of 
switch a-
energizes Relay 
coil 2 and thus 
operates contact 
2 which allow 
cylinder C to 
retract…etc
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Figure 9.3 (a) Diode characteristic, (b) half-wave rectification

Solid state switches: Diodes
Unidirectional uncontrolled switch used to rectify or 
permit current flow in one direction  
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Figure 9.4 (a) Thyristor characteristic, (b) thyristor circuit

Solid state switches: Thyristor
Unidirectional controlled switch used to control the f low 
of currents by controlling the gate circuit 

• Linearly proportional POWER
• Gate controls when current flows
• Commonly used in heating control and motor speed 

control
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Figure 9.5 Triac characteristic

Solid state switches: Triacs
Triac is similar to the thyristor and equivalent to a p air of thyristors
connected in reverse parallel on the same chip
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Figure 9.6 Voltage control: (a) thyristor, (b) triac

Solid state switches: Triacs & thyristors
The figures shows types of effect that occurs when a 
sinusoidal alternating voltage is applied across a thyristor
and across a triac. Forward breakdown occurs when v oltage 
reaches the breakdown value and then the voltage ar oss the 
device remains low 
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Figure 9.7 Thyristor d.c. control

Solid state switches: Triacs & thyristors
The circuit shows how these elements can be used to control 
the flow of dc power through a load in a form of chopper circuit
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Figure 9.8 (a) Phase control, (b) snubber circuit
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Figure 9.9 (a) Transistor symbols, (b), (c), (d), (e) transistor switch

Solid state switches: BJT Transistors 
Current Amplifier,  Gain on order of 50-100, On-off, Like diodes, 
current flows only one direction

Darlington pair – higher gain, higher current
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Motor Control Example
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Figure 9.10 (a) Switching a load, (b) and (c) Darlington pairs

Solid state switches: BJT Transistors 
Darlington connections to increase drive current
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Figure 9.11 Control of d.c. motor

BJT is implemented by base currents and higher frequencies of switching 
are possible than with thyristors. The power handling capability is less than 
that of thyristor

The circuit shows 
how a buffer might 
be used when 
transistor 
switching is used 
to control a dc 
motor by on/off 
switching

Solid state switches: BJT Transistors 
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Figure 9.12 MOSFETs: (a) n-channel, (b) p-channel, (c) used to control a d.c. motor

Solid state switches: MOSFET  
Here no current flows into the gate to exercise the control, 
the gate voltage is the controlling signal. Thus drive circuitry
can be simplified, e.g. no need to concerned about the size of 
the current

With MOSFET, 
higher frequency 
switching is 
possible, upto 1 M 
Hz level voltage 
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Stator

(a)

Magnetic poles

Rotor

Magnetism is basis of their  princi ples of operation. They use 
permanent magnets and/or  electromagnets, and exploit the 
electromagnetic phenomenon in order to produce the actuation. 
Electromechanical actuators are DC, AC and stepper motors. 

Drive actuators are essentially
Electro-mechanical actuators;  are 
used to efficiently convert 
electrical energy into mechanical 
energy. 

Drive systems
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Energy transducer
(Generator)

Mechanical Energy/Power Electrical Energy/Power

Energy transducer
(Motor)

Electrical Energy/Power Mechanical Energy/Power

Self-excited field energy

A DC motor converts the electrical energy to mechanical 
energy. The torque is produced due to input current. In reverse 
situation, the torque, which is equivalent to mechanical energy,
can produce current that is equivalent to electrical energy. This 
reverse process is utilized for the design of DC generator. 
Figure-7.4 illustrates schematic diagram of typical DC motor 
and DC generator. 
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Figure 9.13 D.C. motor: (a) basics, (b) with two sets of poles

Basics of DC Motor
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Figure 9.15 D.C. motors: (a) series-wound motor, (b) shunt-wound motor, (c) 
compound motor, (d) separately excited motor, (e) torque–speed characteristics

Types of DC Motor
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Figure 9.16 PWM: (a) principles of PWM circuit, (b) varying the armature voltage
by chopping the d.c. voltage

Control of brush-type dc Motor
The speed of the dc motor depends on the current through the armature coil

τm T aK i= ⋅ E Kemf b= ⋅ω
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Figure 9.17 (a) Basic transistor circuit, (b) H-circuit, (c) H-circuit with logic gates

Control of brush-type dc Motor
-Two direction control of 
DC motor

-direction and speed 
control of dc motor (with 
additional logic circuit)
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Figure 9.18 Speed control with feedback

Control of brush-type dc Motor
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Figure 9.20 (a) Single-phase induction motor, (b) three-phase induction motor,
(c) three-phase synchronous motor
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Figure 9.21 Variable speed a.c. motor
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Servomotors
• Sometimes called control motors, are electric 

motors that are specially designed and built for 
use in feedback control system as output 
actuators.

• Ratings: fractional of watts to several 100 watts
• Higher speed response, smaller in diameter 

and longer in length
• Normally operate at low or zero speed
• Used in robots, radar, computers, tracking and 

guidance systems and in process control.
• Both DC and AC servomotors are used at 

present
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• They are separately excited DC motors or PMDC
• The armature is designed to have large resistance s o 

that the torque speed characteristics are linear an d 
have a large negative slope.

• A step change in armature voltage results in a quick 
change in position or speed of the rotor.  

DC Servomotors



Slide 9.27

Bolton, Mechatronics PowerPoints, 4th Edition, © Pearson Education Limited 2008

• Most ac servomotors in control systems are of 
the two-phase squirrel cage IM

• Operating frequency normally 60 or 400Hz higher 
frequency is preferred in airborne system.

• A two phase ac servomotor is shown below:

AC Servomotors
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Depends on the sign of the phase shift angle
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Application: Radar Position Control



Slide 9.30

Bolton, Mechatronics PowerPoints, 4th Edition, © Pearson Education Limited 2008

Analysis of ac servomotors
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Analysis of ac servomotors
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AC servomotor Example:
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AC servomotor Example:
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AC servomotor Example:1



Slide 9.37

Bolton, Mechatronics PowerPoints, 4th Edition, © Pearson Education Limited 2008

AC servomotor Example:1
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AC servomotor Example:1
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AC servomotor Example:
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AC servomotor Example:
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AC servomotor Example:
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• A stepper motor rotates by  specıfıc number of 
degrees ın response to an ınput electrıcal pulse. 
Typical step size are 2 0, 2.50,50, 7.50, and 150 for each 
electical pulse

• It is electromechanical increamental actuator that 
can convert digital pulses into analog output shaft  
motion.

• In normal situation No position sensor or feedback is 
required to make the output response

• Typical applications: printers, tape and disk drive s, 
machine tools, process control, X-Y recorders or 
motion, and robotics

Stepper Motor
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• Stepper motors have been built to follow 
signals as rapid as 1200 pulses per 
second with power ratings up to several 
horsepower

• Types of Stepper motor:
• 1- Variable reluctance:

a- single stack 
b- multistack

• 2- Permanent magnet type

Stepper Motor
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• Single stack Stepper Motor
• A basic of 4 phase – 2 pole, 

single stack stepper motor is 
shown

Variable Reluctance Stepper Motor

When the stator phases are excited with dc current in  proper sequence , 
the resultant airgap field steps around and the rotor fol lows the axis of 
the airgap field by virtue of reluctance torque. This re luctance torque is 
generated because of the tendency of the ferromagnetic rotor to align 
itself along the direction of the resultant magnetic  field
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Single stack Stepper Motor
• Figures show the mode of operation for 450 step in the clockwise 

direction. The windings are energized in the sequence A, A+B, B, 
B+C, and so forth

• The direction of rotation can be reversed by reversing the sequence 
of switching the windings, that is A, A+D, D, D+C, etc
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• In order to obtain 
smaller step sizes, 
multipole rotor 
construction is 
used. 

• Figure shows four 
phase, six pole 
stepper motor

Single stack Stepper Motor

When phase A is excited pole P1 is aligned with the  axis of phase A, next 
phase A+B is excited, the resultant field axis move s in the clockwise 
direction by 45 0 and pole P2, nearest to this new resultant field ax is is 
pulled to align with it. The motor therefore steps in the anticlockwise 
direction by 15 0. 

So, if the windings are energized in the sequence A, A+B, B, B+C, etc, the 
rotor rotates in step of 15 0 in anticlckwise direction .

Setp size= 360 / (No. Of phases X no of rotor teeth ) 
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• They are widely used to give smaller step sizes
• The motor is divided along its axial length into 

magnetically isolated sections (“stacks”), and each  
of these sections can be excited by separate windin g 
“phase”

• Three-phase arrangements are most common, but 
motors with up to seven stacks and phases are 
available.

Multistack Stepper Motor

Longitudinal 
cross section of a 
three-stack 
variable 
reluctance 
stepper motor  
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Multistack Stepper Motor
The stator of each stack has a 
number of poles. Both stator 
and rotor has the same 
number of teeth. Therefore 
when a particular phase is 
excited, the position of the 
rotor relative to the stator in 
that stack is accurately 
defined.

When stack A is energized, 
the rotor and stator teeth in 
stack A are aligned but those 
in stacks B and C are not
Next if excitation is changed 
to B, the stator and rotor 
teeth in stack B are aligned, 
this is made possible by a 
rotor movement in the 
clockwise direction.

TeethRotorN
sizStep

×
=∆ 360θ
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Permanent Magnet Stepper Motor
• It has a stator construction similar to that of the single –stack variable 

reluctance type, but the rotor is made of permanent magnet material.
• Figure shows two pole permanent magnet stepper motor.
• The rotor poles align with two stator teeth (or poles) according to the winding 

excitation
• The current polarity is imoprtant in the pm stepper motor.

PM two-phase stepper motor with 90°steps. (a), (b),
(c) and (d) show the positions of the magnet rotor 
as the coils are energised in different directions
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Hybrid Stepper Motor
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Figure 9.26 (a) Bipolar motor, (b) H-circuit

Stepper motor control: Drive circuit
When a two phase motor have 4 connecting wires for 
signals to generate the required signals, it termed  
bipolar motor

Switching sequence for full-stepping bipolar stepper Half-steps for bipolar stepper
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Figure 9.27 Unipolar motor

Stepper motor control: Drive circuit

Switching sequence for full-stepping unipolar stepper

Switching sequence for Half-steps for unipolar stepper

When a two phase motor have 6 connecting wires for 
signals to generate the required signals, it termed  
bipolar motor, they can be switched with just 4 
transistor
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Analysis of Stepper Motor Drives
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