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Introduction

= Machine: a piece of equipment with several moving parts
that uses power to do a particular type of work.

= Machine: is a device, having a unique purpose, that
replaces human effort for the accomplishment of physical
tasks. The operation of a machine may involve the
transformation of chemical, thermal, electrical, or nuclear
energy into mechanical energy, or vice versa, or its function
may simply be to modify and transmit forces and motions.

=An electrical machine is a device which converts
mechanical energy into electrical energy or vice versa.
Electrical machines also include transformers, which do not
actually make conversion between mechanical and
electrical form but they convert AC current from one voltage
level to another voltage level.
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Electrical Machme Everywhere

= The washer

= The electric screwdriver
= The vacuum cleaner

= The electric toothbrush
= The hair dryer

= Power windows

= Power seats (up to seven motors per seat)

= Fans for the heater and the radiator

= Most toys that move have at Ieast one motor
= Electric clocks ' :
= The garage door opener
= Aquarium pumps
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Linear Vs Rotational Motion

Linear Motion Rotational Motion

Position X 6 Angular position

Velocity Vv ()] Angular velocity

Acceleration a o Angular acceleration

Mass (linear inertia) F1 [ Moment of inertia | X | 3
Newton's second law F'— 1l T= Ji o Newton's second law e O T O o

Work F d TQ Work

1
Kinetic energy E nv- 5 lw? Kinetic energy

Power Fv Tw Power
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Ma!ﬂ\!!zgnetlc Field Basics
N ) )\ S

= Points in the direction of geometric north and south pole when suspended freely and attracts iron fillings. - -

= Magnets do not come in separate charges, any magnetic/magnetized object has a North and South pole

wood Iron bar

« If you break a magnet in half, each piece will have a North and a South end 2
y 9 P cﬂ%r;: % § g f; %}% ?{
Classification : =
Non-magnetic Magnetic
= Natural Magnets: magnetite or iron oxide (Fe203). molecules molecules
Attracting Poles

= Temporary magnets (ferromagnetic): iron, steel, cobalt, nickel and some of their alloys. } Poles whichRepel

= Non-magnetic materials: water, wood, air, quartz
Magnetic lines of force: - ; Mo N
Closed 3 D path radiating from north pole, passes through the surrounding, terminates at south pole and is

from south to north pole within the body of the magnet.

The density \

=
Properties: i of field linesx k4 44 #
iz B indicates thg \ \| =
i i 3 \\ trefigth-of—\\||[//~—
« Each line forms a closed loop and never intersect each other. ——\\| et Nt/
. ‘ YYYY y |
= Strong near the magnet and weakens at points away from the magnet. \ 2 ‘ |
S
“ JSirono

Field, \

I AL A AN
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Magnetic Field

Four basic principles describe how magnetic fields are used in
these devices:

1. A current-carrying wire produces a magnetic field in the area
around it.(Ampere's law)

2. Atime-changing magnetic field induces a voltage in a coil of
wire if it passes through that coil. (This is the basis of
transformer action.)

3. A current-carrying wire in the presence of a magnetic field
has a force induced on it. (This is the basis of motor action.)

4. A moving wire in the presence of a magnetic field has a
voltage induced in it. (This is the basis of generator action.)
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Ampere’s Law

Mean path length [

The relationship between current and magnetic field intensity can be obtained by

using Ampere’s Law.

Ampere’s Law states that the line integral of the magnetic field intensity, H around a

closed path is equal to the total current linked by the contour.
$H.dl =1

H: the magnetic field intensity at a point on the contour
dl: the incremental length at that point

If : the angle between vectors H and dlI then:

§ Hdl cosO =31
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area A
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Am pe re,s Law Assumption:

«All fluxes are confined to the core

Consider a rectangular core with N winding

*The fluxes are uniformly distributed in the core

The flux outside the toroid (called leakage flux), is so

Z,‘ = Ni small (can

be neglected)

Use Ampere’s Law,

di =1, §H.dl = Ni
H[c = Ni Hl = Nl’ HI=Ni=F
BB o H.21r = Ni F = Magnetomotive force (mmf)
“*  Therefore
Ni
H=— A
l, Cy
—
H - magnetic field intensity !
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Magnetic Circuit

Magnetic Field Strength (H)
»The magneto motive force per
meter length of the magnetic
circuit

»H=(NID/Ic

»Unit : AT / meter

Magnetic Flux Density (B):

» No. of magnetic lines of force created in a
magnetic circuit per unit area normal to the
direction of flux lines

> B=®/A
> Unit : Weber/m? (Tesla)
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Analogy: Electric field strength

Analogy: Current Density




Magnetic Circuit

Permeability (u)

A property of a magnetic material which indicates

the ability of magnetic circuit to carry magnetic flux. lC

u=B/H
Unit: Henry / meter

Permeability of free space or air or non magnetic

material 1,=4*IT*10~" Henry/m
Relative permeability, p, - @/,

Analogy: Conductivity
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Magnetic Circuit

Magneto Motive Force, MMF (F)

» Force which drives the magnetic lines of force
through a magnetic circuit

» MMF, F = @R | where ‘@’ is the magnetic flux and
“ R is the Reluctance of the magnetic path.

» Also, For Electromagnets:

MMF= N | (No. of turns*Current),

where N is the number of turns of the coil and | is the
current flowing in the coil

» Unit: AT (Ampere Turns)
Analogy: EMF, V=IR
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Magnetic flux (®):

»Number of magnetic lines of
force created iIn a magnetic
circuit.

> Unit : Weber (Wb)

Analogy: Electric Current, |

Reluctance (R):

» Opposition of a magnetic circuit
to the setting up of magnetic flux
in it.

>Unit : AT/ Wb

Analogy: Resistance, R



Analogy with Electric circuits

Similarities:
Quantity Unit Quantity Unit
EMF (E=IR) Volt (V) MMF (F=¢R) Ampere-turns
Current (I) Ampere (A) Flux () Weber (Wb)
Current density (J) A/ m? Flux density (B) Wb / m2or Tesla
Resistance (R) Ohm () Reluctance (R) Ampere-turns/\Wb
Electric field \Volts/m Magnetic field Ampere-turns/m
strength (E) strength (H)
Conductivity (o) Siemen/m Permeability, p Henry/m
o=I/RA p=Ic/RA

In electrical circuit current actually flows but in magnetic circuit flux is created, and it is not a flow.

(2]
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Exampie 1
« Find the value of | needed to
develop a magnetic flux of 4 x A=2x]0m?
10 Wb _
‘ N =400 turns P SRS
« The permeability of the A
material is 1.818 x 10-* Wb/Am

( —4
B = 3 = ﬂ =027 )
A 2x107 N
? —
H = E = 0.2 — =110 At/ m =016 m
o 1.818x10°
F - _ZV] — H]C
/= HfC: 110x0.16 44 A
N 400

e
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Example 2

¢ Findthe fuxifthe flux v
density is 10T I

* The current in the coll

_/-}
\\::9

+ The magnetic field ET000 T g
Strength in the air gap and The fringing effect of a magnetic field at an air gap. Note
in the magneﬁg core [p = he increased cross-sectional area of the air gap compared
? U U GU} r with the cross-sectional area of the metal.
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Example 3

=10 cn—| Wem i““‘i

A ferromagnetic core shown in the figure. T
The depth of the core is 5 cm. The other e
dimensions of the core are as shown in |qu ‘
the figure. Find the value of the current AL 1
that will produce a flux of 0.003 Wb. |
= With this current, what is the flux density [ ::’ 500 tums I em

at the top of the core? What is the flux | _~——Hz

density at the right side of the core?
Assume that the relative permeability of IiP
the core is 1000.

15 em
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Extra

|-—|5u11| I e I 15 em—
15em
Tem | Vem I 7em I Wem I 1em
Tem A iy
| — @ T ) A
[ ol
[ PR . A ——
—  — e b
) Shem ) I—— P 0 toms 0w Fommmmms R
_— <~—___ ________ X urms =L lurns P — ]
-] £
0 005 cm 2777 300 wms 0,07 cm—=. — o—
- [ iy | A, ¥, el
9 | am=——— Mo
R my “_'___‘“5 r______,.?
—1 0 1 | —_—_——— e
- L
Tem
15em
core depth = 15 ¢m
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Hysteresis
Material magnetized Retains a large Narrow hysteresis loop implies
o to saluration by fraction of the a small amount of dissipated
Magnetization alignment of domains. saturation fleld | re-r s energy in repeatedly reversing
of material when driving et the magnetization.
y - M pl'.d _59‘: field removed Mmagpelzation
Wihan driving magnetic field drops saEpafe M M
to zero, the ferromagnetic malerial = EFSERA | | Magnetizatony 27 S
relains a considerable degree of The material follows a non-linear
magnetization. This is useful as a magnetization curve when
magnelic memory device. magnetized from a zero field value.
A ! = == B
220 . Applied magnetic 0
= = =57~ 71 H field intensity
The driving magnetic field must be
reversed and increased 10 a large .
valug to drive the magnetization to The hysterasis loop shows the "history
ZR2M0 again. dependent” nature of magnetization of a - (N A
T ferromagnetic material, Once the
= S material has been driven to saturation, Desirable for permanent The area of the Desirable for transformer
= — the magnetizing lield can then be magnets and magnetic hysteresis loop is and motor cores to minimize
Toward saturation in dropped to zero and the material will recording and memory related to the amount the energy dissipation with
SEENGA | retain most of its magnetization (it devices, of energy dissipation the alternating fields associated
the opposite direction remembers s history). upon reversal of the with AC elecirical applications.

field.

Retentivity: It is defined as the degree to which a magnetic material gains its magnetism after magnetizing
force (H) is reduced to zero, it is also called the residual flux in the core.
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Hard

iIsk
SSD vs HDD

(Solid State Drive) (Hard Disk Drive)
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Eddy Current

LAMINATED
MAGNETIC
CORE

EDDY CURRENTS

CHANGING
FLUX
Solid Core Laminated Core
nnn
with no laminations with laminations

high Eddy Currents low Eddy Currents
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Faraday's Law

= Any change in the magnetic environment of a coil of wire will
cause a voltage (emf) to be "induced" in the coil. No matter
how the change is produced, the voltage will be generated.
The change could be produced by changing the magnetic field
strength, moving a magnet toward or away from the coil,
moving the coil into or out of the magnetic field, rotating the
coil relative to the magnet, etc.

= Lenz’s law states that the polarity of the induced voltage is
such that the voltage would produce a current that opposes
the change in flux linkages responsible for inducing that emf.

Ag
Emf =—-N —
At
Where N= number of turns
¢ = magnetic flux
The minus sign denotes Lenz’s Law.
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Motor Action

One of the major effects of a magnetic field on its surroundings is that it induces a
force on a current-carrying wire within the field. The figure shows a conductor present
in a uniform magnetic field of flux density B, pointing into the page. The conductor itself
is | meters long and contains a current of i amperes. The force induced on the
conductor is given by

F=i(XB)

where
i = magnitude of current in wire
| = length of wire, with direction of | defined to be in the direction of current flow
B = magnetic flux density vector

The direction of the force is given by the left-hand rule:
= All fingers the magnetic effect (Flux-B)
= Thumb for the mechanical effect (Force-F)
= Outside hand palm for electrical effect (current-i)

The magnitude of the force is given by the equation
F=ilBsin @

where 6 is the angle between the wire and the flux density vector.
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Direction of i required

Left Hand Rule

| com

=

|
Magnetic
ield

Direction
of Current

Direction—
of Force

D 3
I I — —_—
| ) —
" €ind c\ﬁ)
" —_
—_— - | «—— Direction of
I D : opposing flux
¢ |¢ ¢ increasing
T~ T~
(a) (b)
g )
o
X T K\C X X B
X X X
X X X
X { X X
X X F X
i
X I X X
x o O X X

)

=

€



Generator Effect <SR x 3

| vXB
J T
One of major way in which a magnetic field interacts with its surroundings. If a |
wire with the proper orientation moves through a magnetic field, a voltage is Cicd
induced in it. The voltage induced in the wire is given by 4 ® I % %
eindZ(VXB)°| \I—o-\.
x X x X
where \ r
v = velocity of the wire \ -
B = magnetic flux density vector X X — f_}\_, _+ X x

| = length of conductor in the magnetic field

The direction of the force is given by the right-hand rule:
All fingers the magnetic effect (Flux B)
Thumb for the mechanical effect (velocity v)
Outside hand palm for electrical effect (e,q)

The magnitude of the force is given by the equation
€i,q = VBIcosH

where 6 is the angle between the (v X B) result and the flux density vector.
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The Linear DC Machine

SWiieh Magnoetic licld into page
}_,. N
1 B
ey N X X X
.,
— Vg € ind ]
I
< i X
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Example 4

W directed into the page
. . . . . 1=0 — * X b4
The linear dc machine shown in the Figure has a battery voltage of 120 V, an internal f
| —
resistance of 0.3 Q, and a magnetic flux density of 0.1 T. L + ]
— 120V fna| 10m
(a) What is this machine's maximum starting current? What is its steady-state velocity - L
at no load? X X e
. . . . (a} ~
(b) Suppose that a 30-N force pointing to the right were applied to the bar. What would 030 B=0IT,

. ] d ir ¥ @
the steady-state speed be? How much power would the bar be producing or WA — w ;mm n: e pes
consuming? How much power would the battery be producing or consuming? Is this '
machine acting as a motor or as a generator? = 20V Fag=30N * || == Fap=301

T —_—
(c) Now suppose a 30-N force pointing to the left were applied to the bar. What would
the new steady-state speed be? Is this machine a motor or a generator now? X X X
834 (k) B=01T
_'\Jﬂ\"\d direcled into the page
i % b4 %
N
- — 1 — Fyg=300
— 13V Fig=30N e-_n‘d o
L
® ® ®
{c)
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Transformers

Chapter 2
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Introduction

= A transformer is a device that changes ac electric power at one
frequency and voltage level to ac electric power at the same frequency
and another voltage level through the action of a magnetic field. It
consists of two or more coils of wire wrapped around a common
ferromagnetic core. These coils are (usually) not directly connected.
The only connection between the coils is the common magnetic flux
present within the core.

= One of the transformer windings is connected to a source of ac electric “ g
power, and the second transformer winding supplies electric power to mg”‘j;;j;ig,gmg —'; ot
loads. The transformer winding connected to the power source is called | o OB o, -, (Lo

the primary winding or input winding, and the winding connected to the | €~ Windng (R

loads is called the secondary winding or output winding. A\ indcei e
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Why Transformers Are Important To Modern Life

Colour Key: Substation
Black: Generation ﬁ;ﬁgg?ﬂf& Subgagénr:ﬂi‘g?ion
Blue: Transmission Transmission Lines
Green: Distribution 161 kV 33 kV
- N
Generating Station / Primary Customer
11 kV
[
. Transmission Customer Secondary Customer
Generating
Step Up 161 kV 415/230 V
Transformer
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Power Transformer Types

Power transformers are constructed on one of two types of cores: S
- Core types transformer: Simple rectangular laminated piece of T - '_:15 I
steel with the transformer windings wrapped around two sides v == ==EEEA
of the rectangle. == ==
= Shell type transformer: three legged laminated core with the |~
windings wrapped around the centre leg.
e Ry
v
o A ¥ T
==
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The Ideal Transformer

= The relationship between voltage and the number of turns.

— e P ——
Vp(t) _ N p _ Ip’(r) . Ir q}m \I Is(t)
v (t N : ]
s( ) S T\_p ® E1T 5 Np Ns 3 TEz—\vs(r)
where a is defined to be the turns ratio of the transformer. — - :?
= The relationship between current into the primary side, I,(t), of il sl

transformer versus the secondary side, I (t), of the transformer;
Np , number of turns of wire on its primary side.

N | (t) =N S | s (t) | b (t) B 1 Ns , number of turns of wire on its sec_ondary side.
p-p —_— = Vp(t), voltage applied to the primary side.
I s (t) a Vs(t), voltage applied to the secondary side.

= In term of phasor quantities;

Vo _q bt
a

\Y

S S

= Note that Vp and Vs are in the same phase angle. Ip and Is are in the same phase angle too.

= theturn ratio, a, of the ideal transformer affects the magnitude only but not the their angle.
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The dot convention appearing at one end of each winding tell the
polarity of the voltage and current on the secondary side of the
transformer.
: M ,
1. If the primary voltage is positive at the dotted end of the winding ': V/ p
with respect to the un-dotted end, then the secondary voltage * . i
will be positive at the dotted end also. Voltage polarities are the - ng i i
same with respect to the doted on each side of the core.
2. If the primary current of the transformer flow into the dotted end = N
of the primary winding, the secondary current will flow out of the
dotted end of the secondary winding.
iy () N, ¥ i (1) iy () N, N i (1)
— L ] — — [ ] [ ] —
+ + + +
iy (1) v vy () s
- — - - ',/-\.;\;
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Real, Reactive, and Apparent Power

+Vpadc

+Vims

(240V)

DC Voltage

time

. = 0.7071x V,,

— Votage[V)
— iy

Rea
Power (V]

— Votage
— Curent| A

Reactive
Power [VAR]

\
\/

angiebetween V& 10"

AVAVA)
VARV,

/

anglobatwesn V& 2 90°
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The "Power Triangle"

Apparent power (S)

measured in VA Reactive power g))
VA

measured in

Impedance
phase angle

True power (P)
measured in Watts

Voltage

Current

Inductive Load Waveforms
Lagging Power Factor

Complex Power = S = P + jO = V. (L mo)*

= VrmsIm)s ov - 9[
Apparent Power = § = [S| = V., I = VP? + 02

Real Power = P = Re(S) = S cos(0, — 6;)
Reactive Power = Q = Im(S) = S sin(0, — 6;)

P
Power Factor = 3 = cos(0, — 0,

Capacitive Load Waveform
Leading Power Factor

Voltage

Current

Power in an ldeal Transformer

= Power supplied to the transformer by the primary circuit is given by:

P

=V|0Ipcos«9p

where, Hp is the angle between the primary voltage and the primary current.

= The power supplied by the transformer secondary circuit to its

loads is given by the equation:

P

out

=V, cos o,

where, @, is the angle between the secondary voltage and the secondary current.

P

0

VP
ot =;(alp)cost9:>

P

out —

V,1,c0s0 =P,

= The reactive power, Q, and the apparent power, S;

Qin :Vplp
Sn=V,I,
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Consider an ideal, single-phase 2400V-240V transformer. The primary is connected to a 2200V
source and the secondary is connected to an impedance of 2 W < 36.9°, find,

2)  The secondary output current and voltage.

b)  The primary input current. Ip Is

¢)  The load impedance as seen from the primary side.

2400/240V
1200£0°V

d)  The input and output apparent powetr.

I g
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Impedance Transformation through a Transformer

Impedance of the load:

Z, = VI, P

The impedance of the primary circuit:

Z =V,
= @V)/(l,/a)
- . —1
:aZ(VS/IS) Ip Z,L -
= a2 ZL Vp VS
R
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The Equivailent Circuit of a Real Transformer

The losses that occur in transformers have to be accounted for in any accurate model of transformer behaviour.

1. Copper (I2R) losses. Copper losses are the resistive heating losses in the primary and secondary windings of the
transformer. They are proportional to the square of the current in the windings.

2. Eddy current losses. Eddy current losses are resistive heating losses in the core of the transformer. They are
proportional to the square of the voltage applied to the transformer.

3. Hysteresis losses. Hysteresis losses are associated with the rearrangement of the magnetic domains in the core
during each half-cycle. They are a complex, nonlinear function of the voltage applied to the transformer.

4. Leakage flux. The fluxes which escape the core and pass through only one of the transformer windings are leakage
fluxes. These escaped fluxes produce a self-inductance in the primary and secondary coils, and the effects of this

inductance must be accounted for. L Z;
f'—A— J’_'A—\
R Xy o v fa Xz
% VAT : AN A ——
1 2 1 = 2

T —

Zm (I +Z))

V; = f:[zi+m ] A H““{js Es

o

— TURHTr

E [ g —

1
o
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Steps for Selecting the Proper Transformer

SINGLE PHASE LOADS
1. Determine electrical load

A. Voltage required by load.
B. Amperes or KVA capacity required by load.
C. Frequency in Hz (cycles per second).

D. Verify load is designed to operate on a single phase
L ==

supply. i : ‘ : : = il
All of the above information is standard data normally Tup 2S Trams
obtained from equipment nameplates or instruction manuals. : :

2. Determine supply voltage % § 3ii

A. Voltage of supply (source).
B. Frequency in Hz (cycles per second). =, e
The frequency of the line supply and electrical load must be o
the same. Select single phase transformer designed to

operate at this frequency, having a primary (input) equal to

the supply voltage and a secondary (output) equal to the

voltage required by the load.

1
L]
L
0 B
3 il
5 o
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Other Transformers

Iron Core

Primary

turn{Np;].\~
4 Secondary
'p Winding
(Ns Turns)
CURRENT TRANSFORMER

S ...‘ A
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Examplie 2

4
A single-phase power system consists of a 480-V 60- Ig

Hz generator supplying a load Z,,,4 = 4 + j3 Q through
a transmission line of impedance Z;,. = 0.18 + j 0.24
Q. Answer the following questions about this system.

a) If the power system is exactly as described above
(and shown in Figure a), what will the voltage at
the load be? What will the transmission line losses
be?

= Secondary
— Winding

Primary -
Winding —

First Second Third

ISOLATION TRANSFORMER

Nr.: 29.230/28.2
2R 230y
'SEC:230V 043 A
P 100 VA

b) Suppose a 1: 10 step-up transformer is placed at IGI
the generator end of the transmission line and a +
10:1 step-down transformer is placed at the load _>
end of the line (as shown in Figure b). What will
the load voltage be now? What will the

lye 0180 10240
. load
Zijne +
Z
V=480 L0°V Vot R
4+j30
(a)
| I, 0180 jo2Q Lo Iy
1:10 — ~Y 0:1 —=
VWZ + Zload
o o line 4'3'j3ﬂ

L 5
transmission line losses be now~ V=480 20V
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DC MACHINERY
FUNDAMENTALS

Chapter 3
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Table of Content

Introduction

DC Motor Applications
Construction of DC Machine
DC Motor - How it Works
Power, Torque and Speed
Armature

Power flow and losses in DC machines
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Introduction

= DC Motors are widely used in robotics because of their small size and
high energy output.

= Key characteristics of DC motors include:
1. High Speed
2. Low Torque

3. Reversibility
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DC Motor Applications

= Cordless hand drill . -'

= Electric lawnmower B Vicdical I Entertainment R Mediur It css BLCo mmercia
Equipment Equipment ¢ Industrial Equipment Device

= Fans
= Toys

= Electric toothbrush N
= Servo Motor E-Shifter

Seat Positioning Power Lift Gate

= Automobiles

= Windshield Wipers Head-up Display

= Door locks i

= Window lifts -\
= Antenna retractor i &

= Seat adjust
= Mirror adjust
= Anti-lock Braking System

—_——

‘ Window Lift
— @j Sun roof, Sliding Door

Door Lock/
Deployable Door Handle

Electric Mirror

Prepared by Dr. Musa Alyaman  Electrical Machines (0908321)

©



DC MACHINES o™

Oputge GENERATOR

A DC machine is an electro-mechanical energy
conversion device. It can convert Mechanical power
into Electrical Power. When output electrical power is
DC , it is called DC Generator. When it converts DC [
electrical power into mechanical power , it is known > ELECTRICAL
as DC Motor. ®

FIELD
YOKE WINDING
BRUSH \ ARMATURE
AXIS ©

______ e o)l
< @

BRUSH ' ARMATURE
FIELD / CONDUCTORS

POLES
MAIN FIELD AXIS
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Construction of DC Machine

Bearing, Brush

Body / Yoke
Pulley

End Housing

ZZZ

7,

S
\\\\\\\\\N‘\\\

Shaft
V———— -_/'\g\
Commutator /. ; ~ Armature FIELD POLE
Brush / - i Field Core BRUSH & COIL
holder " Field Winding -e

Iron core
Insulation
between
segments

Coil commutator
\, interconnection

Insulation
between
segments
Commutator

Coil insulation ~ COPPer segment
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DC Motor - How it Works| ™

A DC Motor has 4 major components:
= A permanent magnet that doesn’t move, called the stator.
= An electromagnet (usually wound bare wire)
= A frame on which the electromagnet is wound, called the armature
= A set of brushes for transferring voltage to the armature

If a loop of wire were placed within a magnetic field, and current were applied to it, a
magnetic field would be induced in the loop and it would try to rotate until both magnetic
fields lined up.

As the loop of wire rotates, its connection with the brushes is broken, but because of
momentum, the loop will continue to rotate until, after 1809, the other sides of the loop Armature
are in contact with the brushes. e

As long as current is applied to the brushes, the loop of wire will continue to rotate again
and again and the rotor will continue rotation.

Direction of rotation depends upon the polarity of the applied voltage.

To change the direction of a DC Motor, simply change the polarity of the applied voltage.
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DC Motor - How it Works

A - A - A - >
iy e — -
— - - A e
ke e - -7 B
- e -2 Z
-~ = Z B =z B Z
- z =z -
{\ = = {/‘_.' '
P P P /a
- - - /.-’
- 2 - \
- B s B - B -
= - - K
- - - K
A_7"B . ~ —
- - - e
7 Z A I A -
7 2 - z A
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Power, Torque and Speed

The power of a DC Motor is proportional to the product of its torque and its speed.

As the speed of the motor decreases, the torque increases proportionally until D.C. Motor Torque/Speed Curve
maximum torque is achieved. At this point, the motor is stalled, meaning that the
motor is not turning even though power is being supplied to it. This is known, X Stalltorque, 7,

appropriately, as the “Stall Torque.”

The DC Motor has two “End States”- the Unloaded Speed (maximum speed, no
torque) and Stalled Speed (zero speed, maximum torque). No load speed, o,

Current ratings of DC Motors are given at the stall torque, since this is the point of
maximum current.

Rotational Speed

Maximum power is achieved at a point between Stall and Unloaded Speed, where
the speed and torgue curves intersect.

The speed of the DC Motor is directly proportional to the applied voltage. Increase
the voltage for higher speeds and decrease the voltage for lower speeds
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EMF Equation Torque Equation
E=Fk ¢w:k'¢n 17:60—@
A 4
2 —
” T'=Fk,gl,
E = EMF induced in armature (V) ROt
k, = geometry constant T = torque of armature (N-m)
o= flux/pole (Wb) k, = geometry constant
® = speed of rotation (rad/s) ¢= flux/pole (Wb) !
n = speed of rotation of armature (rpm) 1, = armature current (A) comarron GRS WIKGIRG COMMUTATOR
Power Equation
q Geometry Constant (8)

P=El, =T

N . N .

. k=L (rad 1)K, = 22 (rpm) |

P=power (W) — not counting losses 2aM M
E = EMF induced in armature (back EMF) 4

I, = armature current (A) p = number of field poles ’ -
T = torque of armature (N-m) N = number of active conductors on armature Advance Loops
= speed of rotation (rad/s) . L _ WL

Note that P, = V, I, which will be higher than P M= numbgr of Earallel paths in grmature winding (=p for
lap winding, =2 for wave winding) | ‘ ‘ r

Single Loop

2 T T

because of ross in the field and armature windings as
well as rotational (friction) losses.

Z=12CN,

== E Z = number of conductors on rotor
Prepared by Dr. Musa Alyaman  Electrical Machines (0908321) 2ma € = number of coils on rotor @
N¢ = number of turns per coil v



The following figure shows a simple rotating loop between curved pole faces connected to a battery

and a resistor through a switch. The resistor shown models the total resistance of the battery and
the wire in the machine. The physical dimensions and characteristics of this machine are:

r = 05m ! = 1l0m
R =030 B =025T

Commutator

Vp = 120V i e

(a) What happens when the switch is closed?

(b) What is the machine's maximum starling current? What is its steady-state angular velocity at no
load?

(c) Suppose a load is attached to the loop, and the resulting load torque is 10 N- m. What would the
new steady-state speed be? How much power is supplied to the shaft of the machine? How much
power is being supplied by the battery? Is this machine a motor or a generator?

(d) Suppose the machine is again unloaded, and a torque of 7.5 N « m is applied to the shaft in the
direction of rotation. What is the new steady-state speed? Is this machine now a motor or a
generator?

(e) Suppose the machine is running unloaded. What would the final steady-state speed of the rotor
be if the flux density were reduced to 0.20 T?

m
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Armature

Slotted metal core

= More loops of wire = higher rectified voltage sl /l\ -
W e
. . : . A \‘
In practical, loops are generally placed in slots of an iron NG @ > @
core )
. . » K 2
= The iron acts as a magnetic conductor by providing a low- \\ ) per
reluctance path for magnetic lines of flux to increase the < > \&/
inductance of the loops and provide a higher induced =
VOltage. Loops of wire are wound around slot in a metal core
= The commutator is connected to the slotted iron core. (Ll

= The entire assembly of iron core, commutator, and
windings is called the armature.

= The windings of armatures are connected in different ways
depending on the requirements of the machine.

Insulation
between
segments
Commutator

Coil insulation  “OPPT Sexmeat

DC machine armature
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Armature Windings

Lap Wound Armatures

They are used in
machines designed for
low voltage and high
current

The windings are
connected in parallel.
This permits the current
capacity of each winding
to be added and provides
a higher operating current

They are used is in the
starter motor of almost all
automobiles

Wave Wound Armatures

= They are used in

machines designed for
high voltage and low
current

The windings connected
in series. This permits the
voltage of each winding
added and provides a
higher operating voltage

They are used is in the
small generator in hand-

Frogleg Wound
Armatures

They are designed for
use with moderate
current and moderate
armatures voltage and
they most used in
practical nowadays

The  windings are
connected in series
parallel.

Most  large DC
machines use frogleg
wound armatures.

cranked megohmmeters

Y YO Y

YL
- ! e =)
: i * {\MA -
AATAAA AT

Frogleg wound armatures
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Armature Reaction

Solutions to the Problems with Commutation
1. Brush shifting

2. Commutating poles or interpoles

3. Compensating windings

Magnetic neutral plane

& Armature
@‘ field @
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Power flow and losses in DC machines

The efficiency of a DC machine is:
PC‘D

£ [ i

i

|

|

nv

n=—22x100%

P, ‘

n= Ijm _Ijlm ¥100%

in

P

out= Tapp @

Py, =Vl ‘
" T Eqly =Ting wp
I

There are five categories of losses occurring in DC machines. Mechanical
IC"n"’ losses
. . . . . 2 0SSes

1. Electrical or copper losses — the resistive losses in the armature and field I Rlosses

windings of the machine.

Fcor.v

2. Brush (drop) losses — the power lost across the contact potential at the = : \\

brushes of the machine. ! \

. : \ P:".II - v‘-: f!.
3. Core losses — hysteresis losses and eddy current losses. b Tint Om = Ey Ty
in= Tapp O 1

4. Mechanical losses — losses associated with mechanical effects: friction | ~

(friction of the bearings) and windage (friction between the moving parts - ! U

of the machine and the air inside the casing). j j\, i

I0SSCS
. Core
. e . Mechanical

5. Stray (Miscellaneous) losses — losses that cannot be classified in any of Steay Tosaet e ogses

the previous categories. losses
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DC Motors and
Generators

Chapter 4
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Introduction

—

Types of DC motor

]

.

Separately Excited

Self Excited

!

|

'

Permanent Magnet

|

'

|

:

Shunt Excited

Series Excited

Compound excited

'

[

'

;

Cumulative Differential
Compound Compound
[
_ I
'
Long Shunt Short Shunt
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DC Motor Types ) j s

= In a dc motor, the stator poles are supplied by dc excitation 3 1
current, which produces a dc magnetic field. ’

= There are four major types of dc motor in general used, ) W = ..
(1) Separately Excited DC Motor. Luocped | g
(2) Shunt DC Motor. (Z) g K, )
(3) Series DC Motor. o

v

(4) Compounded DC Motor. f
Ay F

(a) Separately excited

Ay F

———%A
L5 S5 !

() Series (d) Cumulatively compound (4) JE J
MW —
r;\ /g Hu
E. g o v
on
gf.
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Speed Regulation (SR)

DC motors are often compared by their speed regulation (SR) which is defined as; S -

2l torque, l’5

D.C. Motor Torque/Speed Curve

@, — Wy
SR =———x100%
Wy

SR is the measure of the shape of the motor’s torque-speed characteristic.
(a) Positive SR means that the motor’s speed drops with increasing load.

(b) Negative SR means that the motor’s speed increasing with increasing load.
(c) The magnitude of the SR tells approximately how steep the slope of the torque-speed curve is

Rotational Speed

On application of load the speed of a DC motor decreases gradually. This is not at all desirable. el speettorqusporformance ofvarousdemoter pes

So the difference between no load and full load speed should be very less. [
\<—|— Universal — series-wound

\

The motor capable of maintaining a nearly constant speed for varying load is said to have good
speed regulation i.e the difference between no load and full load speed is quite less.

Speed

The speed regulation of a permanent magnet DC motor is good ranging from 10 — 15% whereas
for DC shunt motor it is somewhat less than 10 %. DC series motor has poor value of regulation.

In case of compound DC motor for DC cumulative compound the speed regulation is around 25 |—-

i

]
% while differential compound has its excellent value of 5 % e s Spcadons

o
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Separately Excited and Shunt DC Motors

= The armature circuit is represented by the E, and R,.
= The field colil is represented by the L and R.

!'1 \ i 1
[ -
— [ AN o +
Ry § Sometimes Iy |I
lumped Lumped

L
§ together an togrether and 2
R; called Ry _ alled R,
3 V- cilled E; R,
E, : vy
| |
|
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A4
= The internal generated voltage, E,.
V; =E,+1,R, E, =Kgw T
= Solving for the above equation yields; w,
_Vr=LRa S
K¢
= The loss of field excitation results in over speeding for a shunt motor. _
Thus, care should be taken to prevent the field circuit from getting open. 5\___31____ .
= The armature current may be expressed as follows: 3 T o
| = Find.
A K¢
= The speed-torque equation of a DC shunt motor. i . -
V; R, The actual machine, as the load increases, the
m =7 7 2 %ind flux is reduced because of armature reaction. Since
K¢ (K¢) the denominator terms decrease.

',/-\\
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Series DC Motor

= The induced or developed torque is given by: Tig = K(D|A

= The flux in this motor is directly proportional to its armature current.
Therefore, the flux in the motor can be given by d=cl
—~A

= where c is a constant of proportionality. The induced torque in this
machine is thus given by 7,4 = K®I, = Kcl A2
in

= This equation shows that a series motor give more torque per VT = EA + IA(RA + RS)
ampere than any other dc motor, therefore it is used in applications
requiring very high torque, example starter motors in cars, elevator

T, K
motors. Iy = I'T"g Tind :?(DZ <I>:\/%\/ﬂ
= One disadvantage of series motor can be seen immediately from
this equation. When the torque on this motor goes to zero, its
speed goes to infinity. If no other load is connected to the motor, it

_ Tind
can turn fast enough to seriously damage itself. Vi =KOw+ Kc (Ra+Rs)

= However, if no other load is connected to the motor, it can turn fast

enough to seriously damage itself. z ) ) = c T
- 'VV\! IV\A/ ~ A il VT:K erinda)+ }2; (RA+RS)

. " V. 1 R,+R
Q . R

_ Y _
JKc \Tind Kc

- '@
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Compound DC Motor

= The shunt field is always stronger than the series field in a cumulative compound motor the mmf of the two fields add in
a differential compound motor the series field is connected so the mmf opposes the mmf of the shunt field

Fra=FpxFgp - Fagr
= Where,

F- = magnetmotive force (shunt field) VT — EA + | A(RA + RS)

Fse = magnetomotive force (series field)

Far = magnetomotive force (armature reaction)
= The positive (+) sign is for cumulatively compound motor IA = ||_ — IF le =

= The negative (-) sign is for differentially compound motor

! 4 & Ra & ] .

T AAM-—AM .NW\. - == o+ M+§'l MWV A AR —
] R L : . L
series a4 § series

: § Ry ) Q ) . § R, ;
E, -+ Vy E. -
g o ® Cumulatively g on
_q g I compounded Fq § L,
e W Ditterennally (%))
e o compounded ] S
o s (b
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Torgue Speed Characteristic

The cumulatively compounded motor has a higher
starting torque than a shunt motor (whose flux is
constant) but a lower starting torque than a series motor
(whose entire flux is proportional to armature current).

It combines the best features of both the shunt and the
series motors.

Like a series motor, it has extra torque for starting; like a
shunt motor, it does not over speed at no load.

At light loads, the series field has a very small effect, so
the motor behaves approximately as a shunt dc motor.

As the load gets very large, the series flux becomes
quite important and the torque speed curve begins to
look like a series motor’s characteristic.
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Example 1

A 50-hp, 250-V, 1200 r/min de shunt motor with compensating
windings has an armature resistance (including the brushes,
compensating windings, and interpoles) of 0.06 Q. Its field circuit
has a total resistance R,y + Re of 50 Q, which produces a no-
load speed of 1200 r/min. There are 1200 turns per pole on the
shunt field winding

(a) Find the speed of this motor when its input current is 100 A.
(b) Find the speed of this motor when its input current is 200 A.
(c) Find the speed of this motor when its input current is 300 A.

(d) Plot the torque-speed characteristic of this motor.
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Cumulatively
- compounded

Np=
1200 turns

Vyp=250V
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Example 2

A 50-hp, 250-V, 1200 r/min shunt dc motor has a rated
armature current of 170 A and a rated field current of 5 A.
When its rotor is blocked, an armature voltage of 10.2V
(exclusive of brushes) produces 170 A of current flow, and a
field voltage of 250 V produces a field current flow of 5 A. The
brush voltage drop is assumed to be 2 V. At no load with the
terminal voltage equal to 240 V, the armature current is equal
to 13.2 A, the field current is 4.8 A, and the motor 's speed is
1150 r/min.(Assume stray losses are 1 percent of input power)

(@) How much power is output from this motor at rated
conditions?

(b) What is the motor's efficiency?
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DC Generators

= DC generators are dc machines used as generator.

= There are five major types of dc generators, classified according

to the manner in which their field flux is produced:

(1) Separately Excited Generator: In separately excited generator, the field flux

is derived from a separately power source independent of the generator itself.

(2) Shunt Generator: In a shunt generator, the field flux is derived by
connecting the field circuit directly across the terminals of the generators.

(3) Series Generator: in a series generator, the filed flux is produced by
connecting the filed circuit in series with the armature of the generator.

(4) Cumulatively Compounded Generator: In a cumulatively compounded
generator, both a shunt and series field is present, and their effects are
additive.

(5) Differentially Compounded Generator: In differentially compounded
generator: In a differentially compounded generator, both a shunt and a series
field are present, but their effects are subtractive.
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0 +
R:ndj l I'L
Vp=250V
Lp
c -
//-\\
|\ 12
|'-;|

Types of DC Generators
1

Self Excited DC Generator
[—t—! Hi o
Series Compound Fa A
¢ 2 = =
Sy
2 'J—‘
L o

Long Shunt Compound ~ Short Shunt Compound

1

ly Excited DC

— s, B
Fy Sz
| Y i
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A
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Motors and Generator in Cars

STARTING SYSTEM DIAGRAM
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£ { ) BATTERY
IGNITION SWITCH
> =

SOLENOID L

VOLTAGE ﬂ \

REGULATOR

) STARTER

o

Brushed DC Motor Type Comparison

Speed Control

Characteristic | Permanent | Shunt | Series | Compound
Magnet

COST Low Moderate Moderate High
Loss of Magnetism Worst None None None
Torque vs. Speed | Good at low speed Good, Greatat | Bestatlow speed

Less at high speed | consistentat | low speed
low speed.

Safety No chance High chance High Low chance

( Motor Runaway ) chance
Excellent Excellent Poor Great
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Iy R. A 1A
=

Sometimes
lumped

w3
together and
R; § called Ry
E, Vy
I' §

o | S ©

Speed control methods for dc motors
are simpler and less expensive than
those for ac motors. The speed of a
dc motor can be changed by using
the following methods:

(a) Field control method

(b) Armature resistance control method

(c) Armature voltage control method

o



Switching Circuitry

DRAIN COLLECTOR

} :1:&___{,/ } \] GATE —| { Bt
T \-T-—/ Vae
_ EMITTER
Voo
Virawen
AN Voo
VooumaLen '_"‘I | : f
i Az 0
D + B
Q Modor 3 G | VOUT
Viy
- ) . -
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Puise Width Modulation (PWM)

With an electrical switch, the controller can turn a motor’s current fully on or fully off. But what
if you want the motor to rotate at 75% of its full speed? What if you want the motor’s speed to
ramp up gradually?

Instead, controllers govern the motor’s behaviour by delivering pulses that open and close
the switch for precise amounts of time. This pulse delivery is referred to as pulse width
modulation, or PWM.

Pulse Width Modulation is used when the amount of power delivered to the DC Motor is to be
reduced without decreasing the input voltage. sty oo
% duty cycle

on

T off

LN
| | | | | | 75% duty cycle

o Motor . .
Controller awitch of

25% duty cycle

La

Duwity cycie = }_ =

o
off
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Veowen Veowen

Control Circuitry e

R2
e Veonmmousn 1, Wy Ve /‘
T

Veowtrouen ] ?ﬁ. Ve L &
.—rfv.ﬂ V_Hi L -

R1

I |I\‘]|'

1}
[
I

Controlling a brushed motor is straightforward
because the motor’'s operation is so easy to

|||—/lI

understand. Direction
E‘l T CR1-1
il # I
= Single-direction control— If the motor only needs to i !é A A
turn in one direction, the circuit can be easily +o———=  CRi-1
constructed with a transistor.
B B
= Dual-direction control— If the motor’s direction needs - CR1-2 CR1-2 =
to be changed, an H bridge should be added to the g
circuit. _O
CR1
+V
Control of DC Motors —E q, o, 4
« Switch ON-OFF ha
= Speed +@_
= Direction - +
f&g
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L293D H Bridge

L293D motor driver shield

Control

Control Input-1 to M2

Input-1

DC motor 4 (M4)

REMOVE THIS POWER
JUMPER AS YOU WILL
USE 2 DIFFERENT POWER
SUPPLIES

Control
Input-2

Control
Input-2 to M2

Arduino Uno powered
from USB port DC +5V

Dual DC Motor Controller

OR

GND

External power supply -

battery DC +9V Dual H-Bridge Circuit using L293D !

All inputs Low: Motor M1 & M2 = OFF.
Input-1 is High and Input-2 is Low: Motor M1 = Forward Direction.
Input-1 is Low and Input-2 is High: Motor M1 = Backward Direction.

e

Prepared by Dr. Musa Alyaman  Electrical Machines (0908321)



Brushliess DC Motors

BLDCs are more complex and more expensive than brushed motors, but because
there’s no mechanical contact between the rotor and stator, they’'re more reliable
and efficient.

The controller delivers positive and negative current to different windings in a
sequence, and the rotor spins to follow the change in current.

The windings’ names are important because windings with the same name are
connected. That is, both windings hamed A receive current at the same time, as do
both windings named B and both windings named C. In this manner, the controller
only has to deliver three inputs to the motor. For this reason, this BLDC is called a
three-phase motor . More phases are possible, but most BLDCs are three-phase
motors.

BLDCs can be divided into two categories depending on the relative positions of the
rotor and stator.

= |f the rotor turns inside the stator, the motor is an inrunner.
= |f the rotor turns outside the stator, it's an outrunner. ==y e

N s S N N s
+ # +
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DC FAN 3 Wire DC Fan - RPM reading
Brushless DC Notors l
Hall effect \/\ *pull-un
. . Sensor (‘: Res stoﬁ
. Appl|cat|on§ A s ] L]
= CPU cooling fans
= CD/DVD Players
. . Gnd (black)
= Electric automobiles theoryCIRCUIT.com

= Pros
= Higher efficiency
= Longer lifespan, low maintenance
= Clean, fast, no sparking/issues

fan parts >>

ball bearing
NS

_____motor G
{ ;

= Cons
= Higher cost
= More complex circuitry and requires a controller

PCB par

D - %

copper wire oil seal gasket IC part clip steel sheet

Prepared by Dr. Musa Alyaman  Electrical Machines (0908321) :@
A




Controf

A three-phase BLDC has three inputs that deliver current to the
windings. At any time, one input will be set high (V+), one will be
set low (V-), and one will be left floating.

iling BLDC

For a three-phase BLDC, there are only six unique phase states
before they repeat. As the controller energizes the windings
through these states, the rotor makes a complete rotation (360°).
Therefore, each phase state corresponds to one-sixth of the
complete turn, or 60°.

If the controller delivers more current, the motor will exert more
torque as it rotates. If the pulses’ order and timing is reversed, the
motor will turn in the reverse direction. For this reason, BLDC
control circuits don’t require the H bridges needed to reverse
brushed motors.

BLDCs receive power through special switching circuits called
voltage source inverters, usually shortened to inverters

Sensored motor control is easier to implement and more reliable
than sensorless control, but sensored BLDCs require additional
circuitry, which means larger motors and higher cost.
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Stator

3-Phase Outer Rotor

Holzer

« (g o

Rotor

+Wrawen

Nrowen

DC Motors Comparison

Feature Brushless DC Motor Brushed DC Motor
. ectronic commutation based on Ha rushed commutation
C tat El 1 ion based on Hall Brushed i
-ommutation position sensors
Maintenance Less or no maintenance Periodic maintenance
Life Longer Shorter
Enable operations on all speeds with At higher speeds, brush friction
Speed / Torque rated load increases and reduce torque
Efﬁciency High Moderate
Speed Rance Higher — No mechanical limitation due to | Lower — Mechanical limitations due to
p g contact brushes
Electric Noise G i Low — because it has permanent magnets | Arcs in the brushes will generate
ccuic Noisc LaCneration on the rotor, improves dynamic response | electric noise
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Brushed DC Motor

Rotor

Commutator

Stator

Brushless DC Motor
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AC MACHINERY
FUNDAMENTALS

Chapter 5
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Introduction

= AC induction motor is the most widely used type of electric
motor in the modern world.

= AC motors are primarily used as a source of constant-
speed mechanical power but are increasingly being used in
variable speed-control applications.

= Advantages: They are popular because they can provide
rotary power with high efficiency, low maintenance, and
exceptional reliability all at relatively low cost.

= Disadvantages: there is a problem with using AC motors in
control systems: These high-efficiency AC motors are by
nature constant speed, and control systems usually require
the motor speed to be controllable.
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DC/AC Comparison

= AC motors can use the AC power “right off the lines.”—DC motors
require the added expense of a rectifier circuit;

= Most AC motors do not need brushes as DC motors do. In most
cases, the AC power is connected only to the motor’s stationary field
windings. The rotor gets its power by electromagnetic induction, a
process that does not require physical electrical contact.

= Maintenance is reduced because brushes do not have to be
periodically replaced. Also, the motor tends to be more reliable and
last longer because there are fewer parts to go wrong and there is no
“brush dust” to contaminate the bearings or windings

= The speed of a DC motor can be controlled by simply adjusting the
applied voltage. For complete speed control of an AC motor, both
voltage and frequency must be adjusted, which requires using
special electronic speed-control circuitry, such as the volts-per-hertz
(V/Hz) drive or the vector drive
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AC MOTORS DC MOTORS

which are powered by altemating current which are powered by direct current

ADVANTAGES

@ &
Low startup power c - ()
demands that also N -
protect components L B i !
Son ior
e

on the receivingend | 2 High startup

power and torque

VFD or VSD add-ons High durability

D G ®

imes  Availability in
ing, several standard
voltages

¥ Capabilities for multi-phase
a configurations
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AC Basics
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AC Waveform Characteristics

* The Period, (T) is the length of time in seconds that the
waveform takes to repeat itself from start to finish. This
can also be called the Periodic Time of the waveform for
sine waves, or the Pulse Width for square waves.

* The Frequency, (f) is the number of times the waveform
repeats itself within a one second time period. Frequency
is the reciprocal of the time period, ( f = 1/T ) with the unit
of frequency being the Hertz, (Hz).

* The Amplitude (A) is the magnitude or intensity of the
signal waveform measured in volts or amps.

1 1
Frequency,(f)= —— =1 Hertz [ w
Periodic Time T Radians — | x degrees
180
ar
lu}
F’eriodicTime,(T)=;=1 seconds Degrees = 180 x radians
Frequency f T

® = 2nf (rad/sec)

o

Blue

Mradfs
Direction
of Rotation

_120°

240
Phase 3

1/
L Common
”~

XAX

TIME

Phase 2

Phase 1

120

moOod>2Nroc<
=)

8

1/180
second

to—1/60 second———»|
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AC NMotor Applications

0%

= AC motors are used worldwide in many residential,
commercial, industrial, and utility applications.

= Motors transform electrical energy into mechanical g
energy. NDUCTION MOTOR )

=An AC motor may be part of a pump or fan, or

connected to some other form of mechanical
equipment such as a conveyor, or mixer.

= AC motors are found on a variety of applications
from those that require a single motor to applications
requiring several motors.
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AC Motor - How it Works

Principles of Operation

The principle of operation for all AC motors relies on the interaction of a revolving magnetic
field created in the stator by AC curent, with an opposing magnetic field either induced on the
rotor or provided by a separate DC current source. The resulting interaction produces usable
torque, which can be coupled to desired loads throughout the facility in a convenient manner.

Two major classes of Machines: s w s som————
(i) Synchronous machines. EIec:'fric:_'i\/lo*lcdrsd > :.; +F
-_‘—yamepaiean a(.mgs xplained &4

(it) Induction machines. R g~ G Wysacch

Working Principle of AC Motor

-
ll’df};
Al &
1=

-

N-end
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ROtating MagIIEtiC Field Synchronous speed

P 50 Hz 60 Hz
+ Balanced three phase windings, i.e. .
mechanically displaced 120 degrees form : 3000 3600
each other, fed by balanced three phase 2 1500 1800
source 6 1000 1200
« A rotating magnetic field with constant 8 730 900
magnitude is produced, rotating with a speed 10 600 720

12 500 600

el 9000000

Where f, is the supply frequency and P is the
no. of poles and ny,. is called the
synchronous speed in rpm

(revolutions per minute) M/
€
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constrHCEion Of an Ac Motor 3. Motor Case 8. Paint

2. Stator

_ 4. Rotor
1. Flange bracket die cast aluminium bracket with a machined F
1. Flange Bracket .

.. . . 6. Ball Beari
finish, press-fitted into the motor case ey~

2. Stator comprised of a stator core made from electromagnetic

steel plates. 5. Output Shaft

3. Motor case made from die cast aluminium with a machined
finish inside
4. Rotor electromagnetic steel plates with die cast aluminium

5. Output shaft available in round shaft type and pinion shaft
type.

6. Ball bearing

7. Lead wires with heat-resistant coating

8. Painting baked finish of acrylic resin.
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Introduction to a Synchronous Generators

= Synchronous generators or alternators are
synchronous machines wused to convert
mechanical power to ac electric power,
depending on the mode of operation of the

machine.
= A machine has two modes of operation;

(@) motor : an electric motor converts
electrical energy into mechanical energy.

(b) generator: an electric generator is used
to convert mechanical energy into electrical
energy. For this reason, electric machines are
also called electromechanical energy converters.
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Terminal

AVR Outgoing

Fan Rectifier

i b Rotor
A
Flywheel —\“if

Connection Platg' .
WL

Stator

Electrical Mechanical
Source Load
p=vi— (a) Motor p=to—
Power Input Power Output
p=TwO— p=vi—
e
Shaft +
Mechanical : Electrical
Source v Load
W T —
(b) Generator

Induction Motors

Chapter 6
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Introduction

= The machines are called induction machines
because of the rotor voltage which produces the
rotor current and the rotor magnetic field is
induced in the rotor windings.

= No dc field current is required to run the
machine.

= Induction generator has many disadvantages
and low efficiency. Therefore induction machines
are usually referred to as induction motors.
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Induction Motor Types

Induction motor has the same physical stator as a
synchronous machine, with a different rotor
construction.

(3) Rotor bars and rings (6 Rotor

There are two different types of induction motor rotors ; g embmided
(&) Squirrel Cage rotor: Cage induction Motor rotor v s ot
consists of a series of conducting bars laid into slot carved J

in the face of rotor and shorted at either end by large

shorting ring

(b) Wound rotor: A wound rotor has a complete set of
three-phase winding that are mirror images of the winding
on the stator. Schematic Isometric View

The three phases of the rotor windings are usually Y-

connected, the end of the three rotor wires are tied to slip R External Star
ring on the rotor shaft. Rotor windings are shorted through /\ Stip Rings il
brushes riding on the slip rings. Wound-rotor induction '

motors are more expansive than the cage induction o <, TT TS )l\' ==

motors, they required much more maintenance because ' o‘—L ﬁ B ‘ o

the wear associated with their brushes and slip rings. oB (

Stator Rotor Brush

y
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Wound-rotor vs Squirrel cage

Wound-rotor or slip ring induction motor Squirrel cage induction motor

Construction Complicated due to the presence of slip rings and brushes Simple due to the absence of slip rings and brushes

The motor requires slip rings, brush gear, short-circuiting device

Starting Method and starting resistance, efc....

The motor can be started with a star-delta starter.

High starting torque can be obtained due to the presence of

Starting Torque external resistance in the rotor circuit.

Poor starting torque and cannot be improved.

The rotor is wound rotor type with its terminal ends connected to 3 |The rotor is skewed rotor type with its terminals are

Rotor slip rings on the output shaft. short-circuited at end rings.

Speed cannot be controlled by the rotor resistance

Speed Control Speed control by rotor resistance method is possible method

Frequent maintenance is required due to the presence of brushes

Maintenance o
and slip rings

Less maintenance is required

Copper Losses High Less
Efficiency Low due to power loss in external resistance High
Cost High Cost Cheaper in cost
Applications Used where high starting torque required such as cranes, hoist, Used in Iathg machines, drilling machines1 blowers,
elevator, etc.... Rarely used (about 5%-10% of the industry) fan, etc....Widely used (about 90% of the industry)
Wound Rotor Skewed Rotor

Rotor
Windings

Shaft

Slip Rings Brushes
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Basic Induction Motor Concept

The Development of Induce Torque in an Induction Motor.

The three-phase of voltages has been applied to the stator, and three-phase set of stator current is

flowing . These currents produce a magnetic field B, rotating counter clockwise direction.
Flux due to T Rotating stator field

The speed of the magnetic field’s rotation is given by; 120 f induced
e rotor

Nsyne = P current \

where, f, is the system frequency in hertz. and P is the number of poles in the machine. Rotor

©)

= (Vx B) o N yStator

The rotating magnetic field B, passes over the rotor bars and induce a voltage in them. \

The voltage induced in a given rotor bar is given by the equation;

AN

where, v = velocity of the bar relative to the magnetic field, B = magnetic flux density
vector and | = length of conductor in the magnetic field.

The relative motion of the rotor compared to the stator magnetic field that produces induce voltage in
a rotor bar.

The induce torque in the machine is given by;

Tnq = KBy x Bg

The rotor induced torque in counter clockwise, the rotor accelerates in that direction.

©
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Rotor Slip

The voltage induced in a rotor bar of an induction motor depends on the speed of
the rotor relative to the magnetic field.

Slip speed is defined as the difference between synchronous speed and rotor speed;

N, =N —N

slip = "'sync m
Where,

Laminated  Malad
Cere Ring

ng;, = slip speed of the machine. copo

Laminaled
Core Coils

n,,. = speed of the magnetic fields.

sync

n, = mechanical shaft speed of motor.

1]

R

Another term used to describe the relative motion is slip; . _: -
nsllp 3 E:= i
S= x100% o~

nsync \\\

SQUIRREL CAGE ROTOR | | WOUND ROTOR (SLIP RING)

ninp —n,
s=———x100%
n

sync
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Torque Speed Characteristic

= There is a finite upper limit to the motor speed.

- If the induction motor rotor were tuning at synchronous speed, then the rotor bar would 1 0rque-speed characteristics

be stationary relative to the magnetic field (no induce voltage). _/breakdown torque
25T

= If g4 is zero, there would be;

- no rotor current,
/Iocked-rotor torque
|

- no rotor magnetic field,

- the induce torque is zero, pull-up torque 5 full load

T nominal torque T

- and the rotor would slow down as a result of friction lost.

= The induction motor works by inducing voltages and current in the rotor of the machine.

= If the rotor of a motor is locked so that it cannot move, the rotor will have the same 0 20 4 mm“w:g STO
frequency as the stator.

I—
-
8
®

nd "l
= If the rotor turns at synchronous speed, the frequency on the rotor will be zero. Typical torque-speed characteristics of induction motor
= For n,= 0 r/min & the rotor frequency f, = f, 2> slip,s =1

Np=Ngyne & the rotor frequency f, =0 - slip, s =0

= For any speed in between, the rotor frequency is directly proportional to the difference f

between the speed of the magnetic field n,,. and the speed of the rotor n,,. r

>
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Examplie 1

A 208-V, 10-hp, four-pole, 60-Hz, Y- connected induction motor has a full-load slip of 5 percent.
= What is the synchronous speed of this motor?

= What is the rotor speed of this motor at the rated load?

= What is the rotor frequency of this motor at the rated load?

= What is the shaft torque of this motor at the rated load?

e

=
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The Equivalent Circuit of an Induction Motor

= The induction motor is similar to the transformer with the exception that its secondary windings are free
to rotate

= As we noticed in the transformer, it is easier if we can combine these two circuits in one circuit but there
are some difficulties

= R1 is the stator resistance and X1 is the stator leakage reactance.
= The flux in the machine is related to the integral of the applied voltage E1.

L K X, I ar L
S — —
o W\( Y Yy Y Y Y
1, l + +
—
Y Re Xy E Ep gﬂn
- _ -

e
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The Equivalent Circuit of an Induction Motor

Now as we managed to solve the induced voltage and
different frequency problems, we can combine the stator
and rotor circuits in one equivalent circuit

Where Ik i, Lo
Y YL YY"
ro——AM .
S I
I=I_R
] Grﬁ _
_ iy S—
N
a, =—=
NR
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Power flow in induction motor

F AG P conv

N

‘Pill = ‘JEVTIL cos ﬂ

P core (Rotor
L (Core copper

(Stator jogses) loss)

copper

loss)

Prepared by Dr. Musa Alyaman  Electrical Machines (0908321)

Example 2

Puut = Tload@n

Pe:Be P,

A

I:

)

Power relations

—_— 2 fr N —_ 2 Ir
P = 3 Vi cos@=3V,I cosd
_ a7l
P =3LR

P.=P.-(P,+P,)

in SCL core

_ a7l
Py, =3LR,
R‘om-‘ - PAG N BECL
PP —(p_+P ) 1 =lem
out — *conv few " sty ind
o,
\ 4

= A 480-V, 60 Hz, 50-hp, three phase induction motor is drawing 60A at 0.85 PF lagging.
The stator copper losses are 2 kW, and the rotor copper losses are 700 W. The friction
and windage losses are 600 W, the core losses are 1800 W, and the stray losses are

negligible.
= Find the following quantities:
1. The air-gap power P,g.
2. The power converted o, -
3. The output power P;.
4. The efficiency of the motor.
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P AG Pcnnv
; ' \

Air—gapI power

Pil'|= 'JEVTIL cos ﬂ

P

PSCL core
(Core

(Stator  Jogses)

copper

loss)

Poy = Tloadtvy

P Patmy
PreL mﬁ;f:znmt (R misc_)
(Rotor
copper
loss)
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Example 3

machine has four poles, fine
1- The slip,

2- The operating speed,

3- The developed torque,

4- The output torque.
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If the frequency of the source in example 2 is 60Hz, and the P P
AG canv
1 E \ l[: 1-s
Prer
S

PPy P

e

1: 5 :ls

e

NEMA Classification based on Speed Torque Curve

350

Class D
Class A

3 250
s
=
=l
S 200f
=-=' |
s Class B
g 1501
~
z
3
S 0
50 |
0 - L
0 20 40 60 80 100

Percentage of synchronous speed
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» NEMA = National Electrical
Manufacturers Association

» Classification based on T-
o characteristics

® Class A & B — general
purpose

» Class C — higher T, (eg:
driving compressor
pumps)

» Class D — provide high T,
and wide stable speed
range but low efficiency
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Starting induction Motor

= We know that the induction motor is self starting (i.e when the supply R T B  STAR-DELTA STARTER
is given to the motor it starts to rotate without any external help). /l//
= When an induction motor is started as there is no resistance initially [— THERIAL OVER LOAD RELAY
(i.e, during starting), there is a tendency of huge current flow through \f 'f-
the rotor circuit which may damage the circuit permanently. omna Sonmacron
= To overcome this problem various methods have been introduced to : el 13 w . TELIT
limit the starting current. one of the methods is Star delta starter b| "l ’I I " . |
2 el.Qle ‘ale0 14 ? ¢
= The induction motor drives are normally designed to run on delta - "
connection, but during starting the supply is given from star it |
connection because then the starter voltage and current reduces by
1/N3 times than the delta connection. When the motor reaches a U1=R Phase
. U2=Y Phase
steady state speed the connection changes from star to delta wlw W] [weluz]ve
i Vi=Y Pha
connection. V2=B Phase
{ W1=B Phase
& MOTOR
— ——
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Variable-Speed Control of AC Motors

* In order full ntrol th f Ficad f T Ca. Ea?:ifor- """""""" .
order to fu y control the Speed 0] [g&mnl!ﬁerwi I:iii::rr;:;[{;_th".Igl—.ln-.renrn;:runrt :E;?ﬁ;rﬁ';r

an AC motor, you must be able to " AFALE !
change the frequency. @::1: - — @
) ) ~— . ”— 1 r:“ﬁ‘: 1KT_I
= This can be done with off-the-shelf onersRy | A E———
power-conversion units that are . P contdl__.#
capable of converting the line

voltage at 60 Hz into a wide range
of voltages and frequencies.

220V
= A motor-control unit (or the control 1.5KW
unit plus the motor) is called a drive inverter

(inverter).
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Single Phase Induction Motor

- A single-phase induction motor comprises a single-phase distributed winding

on the stator and normal squirrel-cage rotor.

- Availability of a wide variety of small-size motors of fractional kilowatt

ratings.

- Motors are employed in fans, refrigerators, mixers, vacuum cleaners; washing

machines, other kitchen equipment, tools, small farming appliances, etc.

- Behaviour of single-phase induction motor can be explained on the basis of

double-field revolving theory and cross magnetic field theory.

- Single phase induction motors are simple, robust, reliable and cheaper for

small ratings. They are available up to 1 KW rating
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Single Phase Induction Motor Types

Auxisary
winging
+ A

1. Split phase induction motor
2. Capacitor start induction motor = =
3. Capacitor start capacitor run induction motor - o

Stator crcuit of a split-phase motor

Auxitary

Input Main — Stant
power winding S Capactor

Swatch

Stator dircuit of a capacitor-start motor

Auxtary
winging

+ e
nput Mar z e Run J_ Stant
power winding 3 S Capaaitor j Capacior

SPLIT PHASE MOTOR —~

Stator drcult of a capacitor-run motor
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AC-DC Motors Comparison

AC Motors

DC Motors

Ac motors are powered from AC current.

DC motors are powered from DC current.

AC motors can be single-phase or three phases.

All DC motors are single phase.

Repairing of DC motors is costly.

Repairing of AC motors is not costly.

AC motor does not use brushes.

DC motor uses brushes.

AC motors have a longer life span.

DC motors have not longer life span.

The speed of AC motors is simply controlled by varying the frequency of the
current.

The speed of DC motors is controlled by varying the armature winding’s
current.

AC motors require effective starting equipment like a capacitor to start

DC motors do not require any external help to start operation.

operation.
_ Torminal box DC Motor Frame Stator
AC Motor tnd Bracket
oy ot :! “ Cooling fan | Commutator
3 = i\ Brush
— - J! ) Assembly
3 AV
7] ;" Shaft
Drive shaft i 2

D-end N-end
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Synchronous Mac

Chapter 7
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Introduction

. . . . Synchronous machine
= Alternating current (ac) is the primary source of electrical energy. 4

salient-rotor (field)
structure

Field
= It is less expensive to produce and transmit alternating current (ac) windir&>
than direct current (dc).

= For this reason, and because ac voltage is induced into the
armature of all generators, ac machines are generally more
practical.

= May function as a generator (mechanical to electrical) or a motor
(electrical to mechanical)

. . ) Stator (armature)
= The ability to control the power factor is one of the major strueture—anmature

advantages of the synchronous motor.. windings in slots

= In the synchronous motor, the speed remains constant irrespective
of the loads. This characteristic helps in industrial drives where
constant speed required irrespective of the load it is driving.

,/-\\
9]
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Synchronous Machines

Origin of name: syn = equal, chronos = time

Synchronous machines are called ‘synchronous’ because their mechanical shaft speed
is directly related to the power system’s line frequency.

The rotating air gap field and the rotor rotate at the same speed, called the
synchronous speed.

Synchronous machines are ac machine that have a field circuit supplied by an external
dc source.
120- f,

= DC field winding on the rotor, ng = > (rpm)

= AC armature winding on the stator

Synchronous machines are used primarily as generators of electrical power, called
synchronous generators or alternators.

They are usually large machines generating electrical power at hydro, nuclear, or thermal
power stations.

Synchronous motors are built in large units compare to induction motors (Induction
motors are cheaper for smaller ratings) and used for constant speed industrial drives

Application as a motor: pumps in generating stations, electric clocks, timers, and so forth
where constant speed is desired.
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Stator
e ]
D.c —o3F
e | o supply
Stator winding
Field
winding Salient pole rotor

SYNCHRONOUS MOTOR

Synchronous Generator Construction

Yoke

cAor (Bekd)

winding N . Stator
B

DC excitation

Stator

armatursa)winding

Synchronous Machine Construction (Stator)

= The main part in the synchronous machines are
i)  Rotor
iy Stator

= AC windings are mounted on the (stationary) stator resulting in

three-phase AC stator voltages and currents

= The stator of a synchronous machine carries the armature or load

winding which is a three-phase winding.

= The armature winding is formed by interconnecting various conductors in

slots spread over the periphery of the machine’s stator.

= Often, more than one independent three phase winding is on the stator.

An arrangement of a three-phase stator winding.
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Synchronous Machine Construction (Rotor)

= DC field windings are mounted on the (rotating) rotor which is thus
a rotating electromagnet

= There are two types of rotors used in synchronous machines:

) Cylindrical (or round) rotors: Machines with cylindrical rotors are
typically found in higher speed higher power applications such as
turbogenerators. Using 2 or 4 poles, these machines rotate at
3600 or 1800 rpm (with 60hz systems).

; . . . . . Cylindrical rotor
i) Salient pole rotors: Salient pole machines are typically found in

large (many MW), low mechanical speed applications, including SALIENT POLE ROTOR
hydrogenerators, or smaller higher speed machines (up to 1-2 ‘
MW). Salient pole rotors are less expensive than round rotors.
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Salient Pole vs Cylindrical Pole

The air gap is non-uniform. The air gap is uniform due to the smooth cylindrical
periphery.

Diameter is high and the axial length is small. Small diameter and the large axial length is the
feature.

Mechanically weak. Mechanically strong.

This is preferred for low-speed alternators ranging This is preferred for high-speed alternators ranging

from 125 rpm to 500 RPM from 1500 rpm to 3000 RPM.

Stutor shots with
rotating ficld
winding

(o
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Equivalent Circuit of Synchronous Machine

= The internally generated voltage in a single phase of a 1,

synchronous machine E, is not usually the voltage .
appearing at its terminals. s R,

= It equals to the output voltage V4 only when there is no E, Y
armature current in the machine.

= The reasons that the armature voltage E, is not equal to the
output voltage V4, are:
1. Distortion of the air-gap magnetic field caused by the current

flowing in the stator (armature reaction); iXs Ry
2. Self-inductance of the armature coils;
3. Resistance of the armature coils; Yo
Rs X, X 1/86 —> gen
_/\/ — <~ motor I
= — . — iXg Ry '
@D ’ V, = E, — X1, = R, /
t Ey Vo3
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Basic Synchronous Machine Concept

| N \1 magnetic field 57 S ‘\
v:_fr = E.‘:l - --‘IXSI.-". - RﬂIﬁ : : W,
= The voltages in a synchronous generator are AC
voltages, they are usually expressed as phasors.

= A vector plot of voltages and currents within one
phase is called a phasor diagram.

= A phasor diagram of a synchronous generator with a
unity power factor (resistive load)

= Lagging power factor (inductive load): a larger than for
leading PF internal generated voltage EA is needed to
form the same phase voltage.

= Leading power factor (capacitive load).
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Power flow in Synchronous Machines

]
: \ PI::JI!\'
i ! \
| T
| 1
P = Tty Fina Wy 1 Py =3Vl cos Bar :
: V;jvﬂj cas @ Pip =3Vl cos @ : 140, L o A
1 ’ = \/jVLIL cos @ i
’ |
1 | _
3 R Tosses
e Core Mechanical Stray
Stray HilfLJ].HIllL.ﬂ lasses PR Dosses Core. i A
loases Bosses losses

_,E,sind

out
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Torque Speed Characteristic

Synchronous Motor Torque-Speed Characteristic Curve

Tind
1pullout -------------------
SR = "ﬂn;"ﬂ x 100%
SR = 0%
fnwd ———————————————————
"m
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Starting Synchronous Motor

Starting Method
of Synchronous
Motor

External Prime
Mover

Damper
Windings

Damper Bars

Field Winding
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Synchronous and Asynchronous

BASIS
Definition

Slip
Additional power source

Slip ring and brushes
Cost

Efficiency
Power factor

Current supply
Speed

Self starting
Affect in torque

Operational speed

Applications
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SYNCHRONOUS MOTOR

Synchronous motor is a machine whose rotor speed and the
speed of the stator magnetic field is equal.
N= NS = 120f/P

Does not have slip. The value of slip is zero.

It requires an additional DC power source to initially rotate the
rotor near to the synchronous speed.

Slip ring and brushes are required

Synchronous motor is costly as compared to Asynchronous
motor

Efficiency is greater than Asynchronous motor.

By changing excitation the power factor can be adjusted
accordingly as lagging, leading or unity.

Current is given to the rotor of the synchronous motor

The Speed of the motor does not depend on the variation in the
load. It is constant.

Synchronous motor is not self starting

Change in applied voltage does not affect the torque of the
synchronous motor

They operate smoothly and relatively good at low speed that is
below 300 rpm.

Synchronous motors are used in Power stations, manufacturing
industries etc. it is also used as voltage controller.

Electrical Machines (0908321)

Short circuiting
ring

®

Motor Comparison

ASYNCHRONOUS MOTOR

Asynchronous motor is a machine whose rotor rotates at the
speed less than the synchronous speed.
N < NS

Have slip therefore the value of slip is not equal to zero.
It does not require any additional starting source.

Slip ring and brushes are not required.
Less costly

Less efficient
Asynchronous motor runs only at a lagging power factor.

The rotor of Asynchronous motor does not require any current.

The Speed of the Asynchronous motor decreases with the
increasing load.

It is self starting

Change in applied voltage does affect the torque of the
Asynchronous motor

Above 600 rpm speed motor operation is excellent.

Used in Centrifugal pumps and fans, blowers, paper and textile
mills, compressors and lifts. etc

(&)



SPECIAL-PURPOSE
MOTORS

Chapter 8
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Introduction

= Motors and generators of three-phase ac machines are the most common ones in larger commercial
and industrial settings.

= However, most homes and small businesses do not have three-phase power available. For such
locations, all motors must run from single phase power sources.
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Universal Motors

= The universal motor is a type of electric motor that can operate — Brushes
on either AC or DC power. ‘ iy

- It is a commutated series brushed DC motor where the stator's J a Rotoy s TJJ e
field coils are connected in series with the rotor windings through = e
a commutator.

AC OR DC Supply Anmature core

= |t is often referred to as an AC series motor.

= The universal motor is very similar to a DC series motor in
construction, but is modified slightly to allow the motor to operate
properly on AC power.

= Universal motors have high starting torque, can run at high
speed, and are lightweight and compact.

= They are commonly used in portable power tools and equipment,
as well as many household appliances.

= However, the commutator has brushes that wear, so they are
much less often used for equipment that is in continuous use. In
addition, universal motors are typically very noisy.
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U n ive rs a I M Oto rs COMPANSATING WINDING

= If an ordinary series wound DC motor were connected to an
AC supply, it would run very poorly.

= The universal motor is modified in several ways to allow for
proper AC supply operation.
= There is a compensating winding typically added, along with
laminated pole pieces, as opposed to the solid pole pieces found
in DC motors. e :
= A universal motor's armature typically has far more coils and =
plates than a DC motor, and hence fewer windings per coil.

Universal electric motor

o
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Reluctance Motors

= A reluctance motor is a type of electric motor that induces non-permanent magnetic poles on
the ferromagnetic rotor. The rotor does not have any windings. It generates torque through

magnetic reluctance.

= Reluctance motor types:
= Switched Reluctance or Variable Reluctance

The most fundamental form of SRM has the lowest construction cost of any electric motor because of its simple
structure, and even industrial motors may have some cost reduction due to the lack of rotor winding or permanent
magnets.

Common uses include applications where the rotor must be held stationary for long periods, and in potentially
explosive environments such as mining because it operates without mechanical commutator.

Stator

Winding

Rotor

= Synchronous Reluctance Shaft

Synchronous reluctance motors have an equal number of stator and rotor poles. The projections on the rotor are
arranged to introduce internal flux “barriers”, holes that direct the magnetic flux along the so-called direct axis.

= The rotor operates at synchronous speeds without current-conducting parts. Rotor losses are minimal compared to a
Switched Reluctance Motor (SR

those of an induction motor.

= Until the early twenty-first century, their use was limited by the complexity of designing and 007

controlling them. s \"Q‘ ( ’ (\ ’\ ‘,f " outersibs
= Microcontrollers use real-time computing control algorithms to tailor drive waveforms according P ' Y P\ ™
to rotor position and current/voltage feedback. Before the development of large-scale integrated /. o :
circuits, the control electronics were prohibitively costly. ==

Segments Q;ZA \ ~ o —

|\ s> e

\@-

LGS (6
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Reluctance Motors

= The stator consists of multiple projecting (salient) electromagnet
poles, similar to induction motor.

= The rotor consists of soft magnetic material, such as laminated
silicon steel, which has multiple projections acting as salient
magnetic poles through magnetic reluctance.

= Reluctance motors can deliver high power density at low cost,
making them attractive for many applications. Disadvantages
include high torque ripple (the difference between maximum and
minimum torque during one revolution) when operated at low
speed, and noise due to torque ripple.
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Residual
magnetism

Hysteresis Motors

= The hysteresis motor is an alternating current motor of rotating
magnetic field type.

= A Hysteresis motor is self-starting synchronous motor with a .
uniform air gap and without excitation that uses the hysteresis
characteristics of magnetic materials to make torque.

= It widely finds use in synchronous motor applications where very
smooth soft torque and simple construction with conventional
three phase stator windings are required.

= A Hysteresis motor is a type of synchronous motor in which the
rotor consists of central nonmagnetic core upon which rings of
magnetically hard material are mounted.

= Hysteresis motors are durable and reliable in operation and are
noiseless and capable of running at various speeds.
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Stepper Motors

= A stepper motor is a special electrical machine which
rotates in discrete angular steps in response to a
programmed sequence of input electrical pulses. =

= A stepper motor is a unique type of DC motor that
rotates in fixed steps of a certain number of degrees.

]

= Step size can range from 0.9 to 90°. \

= It consists of a rotor and stator. : I““““l @ H“‘HH 1
= The rotor could be permanent magnet, and the stator e

. . Rotor Stator
iIs made up of electromagnets (field poles).

consists of field poles

g / (electromagnats)
= The rotor will move (or step) to align itself with an =

energized field magnet. s

2
= If the field magnets are energized one after the other

around the circle, the motor can be made to move in
a complete circle.

O
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Importance of Stepper Motor in Control Application

Can know the exact position of the motor shaft without the
need of position sensors. This is done by simply counting the
number of steps taken from a known reference position.

Most stepper motor systems operate open-loop—that is, the
controller sends the motor a determined number of step
commands and assumes the motor goes to the right place. A
common example is the positioning of the read/write head in
a floppy disk drive.

Steppers have inherently low velocity and therefore are
frequently used without gear reductions. A typical unit driven
at 500 pulses/second rotates at only 150 rpm.

Stepper motors can easily be controlled to turn at 1 rpm or
less with complete accuracy.
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Stepper Motor Types ‘

Types of Stepper
Motor

There are three types of stepper motors: " I _ .

1 -Permanent Magnet.

Variable Permanent :
Reluctance Magnet Stepper Hybrid Stepper
- Motor
2- Varlable ReIUCtance' Stepper Motor Motor
) L
3- Hybrid.
Ball bearings
Shaft
/
Covl = .

(winding)

—~ Rotor

} \ (steal core)
. ' "
N ‘\“/ Magnet

\\ ;F [ (permanent magnet)
N

Stator
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Unipolar and Bipolar

Unipolar
3
= Stepper Motors can be further subdivided:
i
i i
4 w11 —is
= Unipolar
-- A centre tap added between the two leads P
-- Unidirectional current flow
= Bipolar Bipolar

-- Each lead taken separately
-- Bidirectional current flow through entire winding
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s

1- Phase ON (Full Stepping)

Modes of Control (Excitation)

= N Clockstate-> |[R|1]2|3[a|s5[6|7][8
BAY Phase A 11 1
a) 1 Phase ON Phase B 1 1
Phase C 1 1
b) Two phase ON mode Phase D 1 1
. Step (Degrees) | 0 | 0 |15] 30| 45| 60| 75| 90 |105{120
c) 2-1-2-1-Phase ON (Half Stepping) Steps of 15

d) Micro-stepping

Full Stap Operation Half Step Operation 8 Microstep/Step Operation
STEP
STEP
wer JLILILILLLILILL HUYULUUUULYYL - oo nonnmanannmnsnnannanannn,
INPUT
o .§§..g§..§g..g§..§§..;‘é §§§‘. o e
b4 | 28 | @ 30 | @0 | 28 | @ 38 MIXED sLow
DeCAY [ 100% 4 Hw [*~ ecay 7% pEcay 1% pEcay [ pecay —*]
07% 707% 100%
o
PHASE 1 38.3% —f
PHASE 1 CURRENT PHASE 1
CURRENT CURRENT
~100% L] —707% —LL
—70.7% -100%
ox |22 | ax | 22 | oz =
DECAY 100% e [*— DECAY T DECAY 1% pecay —"[* DECAY ™|
07% 07 +— 100%
w4 i
PHASE 2
‘CURRENT PHASE 2
PHASE 2
‘CURRENT CURRENT
~70.7% I . "
-100% J ~70.7% —
o — L— oo = Stepsof 7.5

/4
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Stepper Motor Control Circuits

motor power supply Stepper motor supgly
(8-35V)
+
I | I Ut MG1
ENABLE T I 100 pF
MS1 Controllerpin4 ¢——11 18 & 1o 18 N
MS2 Confrallerpin 2 <4———=— 2B 2C 1: 1 3
VDD ks Contraller pin 2 <4———2— 3B 3C 33
MS3 Cantraller gin 1 — 2 C
—=2 1 5R C 2
. RESET — & ol
microcontroller sieep P 7% o MOTOR STEFPER
SLEE 5
——STEP z
I_ GND > DIR

logic power supply
(3-5.5V)

-
e
=
[

-

-

-

s
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EXAMPLE

A 15°/step stepper motor is given 64 steps CW (clockwise) and 12 steps CCW (counter
clock wise). Assuming it started at 0°, find the final position.

A 4
]
i
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Servo Motors

The word "servo™ are used for the situation that objects move to the target position or follow a moving objective.
The word "servo™ comes from the Latin word, servos, which means slave, and a "servomechanism"{ "serva” for short).
Servo is a control system that contral machine as issued commands.

Servo mechanism enakles the position, speed, torgue control or combinations of these controls.

A Servo Motor is a DC (or AC) motor which uses a feedback control system to move to specific
angles of rotation.

A Servo Motor requires a PWM signal to move the rotor to a particular angle.

SERVO MOTOR CONTROL

wns

H oveges

-

1ms (0.5ms)

90 Degrees.

=

1.5ms

180 Degrees

~ =
2ms (2.5ms)

POTENTIOMETER

i)

i BN
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Linear Motors

Various

Quiet Motor
Kelvar-Polyurathane Options
Drive Belt

O-Ring Seal

Wiper Seal

Polished
Stainless
Steel Shaft

Adjustible
Slip Clutch

Low: Inertia High-Load
Composite Bearing
Pulley Assembly

Potentiometer
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Force (F) is generated when the

current (I) (along vector L) and | ﬂ___n_ ,_,,_,/l 7
the flux density (B) interact '

F=LIxB

Analogous to Unrolled DC Motor @
FLUX DENSITY (B), I T—

r 7

FORCE {F)

MAGNET ASSEMBLY < L MAGNETIC
./ ATTRACTION (Fa)

P

Advantages and Disadvantages of Linear Motors

= High Maximum Speed
= Limited primarily by bus voltage, control electronics

= High Precision
= Accuracy, resolution, repeatability limited by feedback
device, budget

= Zero backlash: No mechanical transmission components.

= Fast Response

= Response rate can be over 100 times that of a mechanical
transmission > Faster accelerations, settling time (more
throughput)

= Durable
= Modern linear motors have few contacting parts - no wear
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= Cost
= Low production volume (relative to
demand)

= High price of magnets
= Linear encoders (feedback) are much
more expensive than rotary encoders, cost
increases with length
= Higher Bandwidth Drives and Controls
= Heating issues
= Forcer is usually attached to load = I°R
losses are directly coupled to load

Operating pitch circles Va

AlEiiia

Backlash
(transverse operation)

o



Components of Linear Motors

Magnets

= Forcer (Motor Coil) Fojeer
= Windings (coils) provide current (1)
= Windings are encapsulated within core material
= Mounting Plate on top
= Usually contains sensors (hall effect and thermal)

= Magnet Rail /

= Iron Plate / Base Plate Magnet Track
= Rare Earth Magnets of alternating polarity provide flux (B)
= Single or double rail

Windings
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Motor Sizing Principles

Chapter 9
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Table of Content

= Introduction
= Sizing Process
= Motor Sizing Design Considerations

= Motor Nameplate Data
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Introduction

= The vast majority of automated manufacturing systems
involve the use of sophisticated motion control systems

electrical components such as servo motors, amplifiers
and controllers.

. . . L d Ti )
that, besides mechanical components, incorporate e g «

= The first straightforward task for the motion system
design engineer, before tuning and programming the
electrical components, is to specify preferably the
smallest - motor_and drive_combination that can
provide the torque, speed and acceleration as Torque
required by the mechanical set up. comman

= The importance of motor sizing should not be
underestimated. Proper motor sizing will not only result
in significant cost savings by saving energy, reducing
purchasing and operating costs, reducing downtime,
etc.; it also helps the engineer to design better motion
control systems.
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A2 \\

Feed roll Winding roll

Servo amplifier

|

Servo motor

D
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Why Motor Sizing?

The motor represents the most influential cost factor in the motion control system design, not
only during the purchasing process, but especially during operation.

A high-torque motor will require a stronger and thus more expensive amplifier than smaller
motors.

The combination of higher torque motor plus amplifier results not only in higher initial
expenses, but will also lead to higher operational costs, in particular increased energy
consumption.

It is estimated, that the purchase price represents only about 2% of the total life cycle costs;
about 96% is electricity.

Oversizing a motor is naturally more common than under sizing. An undersized motor will
consequently not be able to move the load adequately (or not at all) and, in extreme cases,
may overheat and burn out, especially when it can’'t dissipate waste heat fast enough. Larger

Energy Costs - 96%

motors will stay cool, but if they are too large they will waste energy during inefficient
operation. After all, the motor sizing process can also be seen as an energy balancing act.

= The main reasons to oversize a motor are:
= Uncertain load requirements

= Allowance for load increase (e.g. due to aging mechanical components)

= Availability (e.g. inventory)

Prepared by Dr. Musa Alyaman  Electrical Machines (0908321)

Sizing Process

The sizing process involves the following
steps:

1. Establishment of motion objectives
2. Selection of mechanical components
3. Definition of a load (duty) cycle

4. Load calculation

5. Motor selection
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willlbe|using Ilased
onithe frame;size:

R
Determine "

motor Stator
sizebased
onpropsize

Purchasing Costs - 2%

Service/Maintenance Costs - 2%

Stator Size
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w06
20
208
208
210
216

More info at QuadQuestions.com
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8 amps drawn at full throttie by the
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Sizing Process

1.

Establishment of motion objectives
= Required positioning accuracy ?
= Required position repeatability ?
= Required velocity accuracy ?
= Linear or rotary application ?
= If linear application: Horizontal or vertical application?
= Thermal considerations — Ambient temperature ?
= What motor technologies are best suited for the application

Input

Output

a leadscrew or a conveyor. For speed transmission a gear or a belt drive may be used.

Direct Drive ?

Special application or standard mechanical devices ?

If linear application: Use of linear motor or leadscrew, conveyor, etc. ?
Reducer required — Gearbox, belt drive, etc. ?

Check shaft dimensions — select couplings

Check mechanical components for speed and acceleration limitations
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Sizing Process

3.

Definition of a load (duty) cycle

= Define critical move parameters such as velocity, acceleration rate
= Triangular, trapezoidal or other motion profile ?

= Does the load change during the duty cycle ?

= Holding brake applied during zero velocity ?

. Load calculation

Calculate inertia of all moving components

Determine inertia reflected to motor

= Determine velocity, acceleration at motor shaft

Calculate acceleration torque at motor shaft

Calculate constant torque at motor shaft
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Determine non-inertial forces such as gravity, friction, pre-load forces, etc.

Input Output

Output

2. Selection of mechanical components: The engineer must decide which mechanical
components are required for the application. For instance, a linear application may require

Temperature

Load

Time of one load cycle T

t1

Pref}------- | S

L3

t2

P1

P2

P3

reref

Time

tl

t

e

|t T (time in sec)

'

o



Sizing Process

5. Motor Selection

= Decide the motor technology to use (DC brush, DC brushless, stepper, etc.)

= Select a motor/drive combination

acceleration (peak) and RMS torque

Does the motor’s performance curve (torque over
and speed requirements?.
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Use rotor inertia to calculate system (motor plus mechanical components)

use of a gearbox or increase the transmission ratio of the existing gearbox.
Servo motors should not be operated over a ratio of 10:1.

l ’8‘ -

: I -\ \fzo
% B E s \:—:’—-
o :
. g A
o b o
=3 Vg Q
Vwg lﬂ$§ am
Qo S—3 Qo
§’§§ (Eh_é 55
3 ) »
speed) support the torque R &

Motor Sizing Design Considerations

v'Power Source
-AC (120V, 220V...)
-DC (batteries, etc)
v Torque Requirements (Power)
-Constant Torque
-Variable Torque
-Stall torque characteristics
v RPM Requirements
-Built in gear reduction
-External gear reduction

v Controls
-How will the motor be controlled?

-To what extent will control be an issue?
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v'Positioning during Rotation

-Precision

-Braking

-Reversibility
v'Operating Environment

- Temperature

- What atmosphere will the motor be operating in?
v'Physical size / Mounting position

- length

- diameter

- What mounting options are there?
v'Continuous or Discontinuous Operation
- Will the motor operate for long periods of time?




Choosing the Right Motor

Some points to consider when specifying a new motor:

*Horsepower

*Speed (poles)

*\/oltage

«Efficiency

*Torque (design letter)

*Dimensional constraints (frame size)
*Unusual service conditions
*Enclosure

*Coupling vs. Pulley drive
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Motor Nameplate Data

HP- Horsepower

Voltage

Amps

NEMA Design
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Choosing the Right

Industrial Motor

S.F. - Service Factor

The number by which the
horsepower rating is multiplied to
determine the maximum safe
load that a motor may be
expected to carry continuously

« Example - a 10HP motor with a
service factor of 1.15 will
deliver 11.5 horsepower
continuously without exceeding
the allowable temperature rise
of its insulation class



Motor Nameplate

SIEMENS

HP- Horsepower

oNEMA

NEMA PREM'UMo EFFICIENCY | s1-77a-164
Voltag s 0.1 20 s Mokt =1 12y FRAME Zl’-.':
= DAL LAL {3 PH| connecrion
P 34 VoLTS | = 1
- ‘- /' > Em -'. L /
Amps PM Ak WEIGHT | B3
D CONT A °C AMB | - YAS —
NEMA Design h : ’-.' ’  "~'. 7 YR
. 1R - ' -
RPM : - :
T \@ o

‘ Made in Mexico by SIEMENS bus

i
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When the motor can start the load?

In order to get the load up to speed the motor must start off from zero speed and accelerate the
load up to desired speed.

Torque is what causes acceleration.

The motor torque will cause the load to accelerate but the load produces its own torque which
resists acceleration.

The torque produced by a motor varies with speed and the torque produced by a load also
varies with speed.

If the motor torque is greater than the load torque then the load will accelerate.
If the load torque is greater than the motor torque then the load will decelerate.
Accelerating Torque: = T ot0r = Tioad

In order for the motor to start the load and get it up to correct speed then the motor torque must
be higher than the load torque at zero speed (starting torque) and at every speed up to the
desired operating speed.

If the load torque ever exceeds the motor torque at any intermediate speed the motor will stall at
that speed and the system will not start up correctly.
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Motor
Torque

/\ Load
- Torque

A

Torque

Operating Spead
Speed
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Torque Torque
//—\ Load
/ \ Torque
\
Operating Speed
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Motor
Torque Torque
¢/" Load

Torque
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Stall Operating
Point Speed
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o



Exampie
The following load torque profile was measured for a constant speed load. Choose an appropriately sized

motor to drive this load assuming a service factor of 20%. You do not need to consider starting
performance.

Sizing the mofor

1. Peak Load Power requirement = 6kW. | Lowd

Peak load power must be less than Rated Motor Power x Service Factor e .
== 6](\“\)- < Pmomf X 12 : : , ;
=> Por6/12 = SKW | N o
2. The RMS load power should ideally be between 75% and 100% of Rated Motor "W
Power. ‘ :
| pl Pl 2 2 12 1.z 2 | i
Bt +Pt,+Pt+...+ Pt 4" %5467 x5+2°x10 ‘ ‘ ‘ 8 !
RMSLoadpover = |42 21723 % 1o S416kW R A |
| A A A \ 5+5+10 | ' : me |

If we choose Py, =3k W then RMS load power = 4.16/5¥100% = 83% of Py, which Answer: Choose a SkW motor.

is acceptable.

)

=sn

¢
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