EE2403 SPECIAL ELECTRICAL MACHINES

UNIT IV

PERMANENT MAGNET BRUSHLESS D.C. MOTORS
4.1 INTRODUCTION

Conventional DC motors are highly efficient and their charactenstics make them
suitable for use as servomaotors, However, their only drawhacks that they necd a commutator
and brushes which are subject 1o wear and require maintenance.

When the functions of commutator and brushes were implemented by solid state
switches, mamntenance ree motors were realized. These miotors are known as brushless D
mators. The function of magnets is the same in both brushless motor and the de commutator
motor. The motor obvious advantage of brushless configuration is the removal of brushes.
Brush maintenance is no longer required, and many problems associated with brushes ane
removed.

An advantage of the brushless configuration in which the rotor inside the stator is that
maore cross sectional area is available for the power or armature winding. At the same time
conduction of heat throagh the frame is providing greater specific wigue. The efficiency is
likely to be higher that of a commutator motor of equal size and the absence of brash friction
help further in this regard.

4.1 CONSTRUCTIONAL FEATURESB OF BLI'M MOTORS

4.2.1 Construction
The stator of the BLPM de motor 15 made up of silicon steel stampings with slots m

its interior surface. These slots accommodate either a closed or opened distributed armature
winding usually it is closed. This winding is to be wound for a specified number of poles.
This winding 1= suitably connected to a dc supply through a power electronic switching
circuitry (named as electronic commutator).

Fig 4.1 Arrangement of pemmanent magnet in the rotor

Rotor is made of forged steel. Rotor accommodates permanent magnet. Number of
poles of the rodor is the same as that of the stator. The rotor shaft carries a rotor position
sensor. This position sensor provides information about the position of the shaft at any instant
to the controller which sends suitable signals to the electronic commutator.
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4.2.2 Merits and Demerits

Merits

There is no field winding. Therefore there is no field cu loss,

The length of the motor 15 less as there is no mechanical commutator.
Size of the motor becomes less,

It is possible o nave very high speeds.

Itis sell-starting motor. Speed can be controlled.

Motor can be operaied in hazardous atmosphenc condition,
Efficiency is betler.

R E R

Demerits
% Field cannot be controlled.
< Power rating is restricted because of the maximum available size of permanent
ITh.':!E]'II:‘L"-L
% A rotor position sensor is required.
< A power electronic switch circuitry is required.

4.2.3 Comparison of brushless dc motor relative to induction motor drives

4 In the same frame, for same cooling, the brushless PM motor will have better
efficiency and p.f and therefore greater output. The difference may be in the order of
20 = 50% which is hizher.

¢ Power electronic converter required is similar in topology to the PWM inverters used
in induction modor drves.

“ In case of mnduchon motor, operation i the weakening mode is casily achieved
providing a constant power capability at high speed which 15 difficult in BLPM dc
TR HLIT,

< PM excitation is viahle only in smaller motors usually well below 20 kw also subject
to speed constraints, In large motors PM excitation does not make sense due to weight
and cost.

4.24 Commutator and brushes arrangement

Because of the hetropolar magnetic field in the air gap of dc machine the
ernf induced in the armature conductors is aliernating in nature. This emf is available
across brushes as unidirectional emf because of commutator and brushes arrangement.

The dc current passing through the brushes is so distributed in the armature
winding that unidirectional torgue is developed in armature conductor.

A do current passing through the brushes becauvse of commutator and
brushes action, always sets up a mmf whose axis is in quadrature with the main field axis,
imespective of the speed of the armature.
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4.2.5 Constroction of Mechanical Commuotator

Mr.ﬂ—— i
£ 3

Fig 4.2 Commutator Segment

Commutator Segment

==

Commuiator is made up of specially shaped commutator segments made up of copper.
These seaments are separated by thin mica sheets (ie) Insulation of similar shape. The
comumutator segments are tapered such that when assembled they form a cylinder.

These segments are mechanically fixed to the shalt using V — shaped circular steel
clamps, but are i=solated electrically trom the shaft wsing suitable insulation between the
clamps and the segment.
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L omrumriion i srmatees sundg
Fig 4.3 connection of commutator segments to shaft

4.2.6 Mechanical Commmtator and Brushes Arrangement

Fig 4.4 Mechanical Commutator and Brushes Arrangement

It represents a case with 2poles and 12 commuiator segments.
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To start with the brush X contacts with CSI and brush Y with 7.A dec supply 1s

connected across the brushes X and Y, The de current | passes through brush X.CS1 tapping
|.tapping 7and brush % There are two armature parallel paths between tapping’s 1 and 7.the
current passing through the armature winding aets up a magneto motive force whose axis is
along the axes of tapping 7 and 1 of the brush axes Y and X.

Allow the armature to rotate by an angle in a counter clockwize direction. Then the
brush X contacts CS2 and the tapping’s a and the brush Y. Contact C58 and tapping B.The dc
current passes through the tapping’s 2 and & there are two parallel paths

(i) 2-3-4-5-6-7-8
(i1) 2=1=12=11=10=-9=8

Now the mmf sel up by the armature winding is form tapping & 1w 2 along the brush axis
¥ X Thus the armature mmf direction is always along the brush axis YX. even though the
cufrent distribution in the armature winding gets altered.

In a normal dc machine brushes are kept in the interpolar axis. Therfore, the axis of the
armature mmf makes an angle 90 elee with the main field axis,

The function of commutator and brushes armmangement in a conventional de machine is 1o
et up an armature mmf always in quadrature with the main field mmf respectively of the

speed of rotation of the rotor.
4.2.7 Electronic commutator

The armature winding which 15 in the stator has 12 tapping’s. cach tapping 15
connected 1o the positive of the de supply node and through 12 switches designated as 81
52,... 512 and negative of the supply at node ¥ through switches 871,572, .. ... 8712,
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Fig 4.5 Electronic Commutator

When 51 and 871 are closed the others are in open position, the de supply is given 1o
the trappings | and 7.there are two armature parallel path.

(i) -2 —=3<4—5-6-7
(i) 1-12-11-10-9-8-7
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They set up armarure mmf along the axis 7 to 1.

Atfter a small imerval 31 and %1 are kept open and 52 and 572 are closed. Then de
current passes from tapping 2 1o 8 =ets up mmf in the direction ¥ — 2.

T T T T 1T T 1T

Fig 4.6 switching circuit of electronics commutator

Thus by operating the switch in a sequential manner it is possible 0 et a revolving
mmf in the air gap. The switches 51 o 512 and 51 to §°12 can be replaced by power
electronic switching devices such as SCR's MOSFET s 1GBT s, power transistor etc

When SCR's are used sutable commutating circuit should be included. Depending
upon the type of forced commutated employed, each switch requires on or two SCRs and
other commutating devices. As number of devices is increased, the circuit becomes
cumbersome.
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Fig 4.7 Delta Connected Stator Armature Winding

For normal electronic commutator, usually six switching devices are emploved. Then
the winding should have three tapping’s. Therefore the winding can be connected either in
star of in delta
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Fig 4.8 Star Connected Armature Winding

4.1.8 Comparison between mechanical Commutator and brushes and Electronic

Commutator
3. . . .
No Mechanical Commutator Electronic Conumuiator
. | Commutator s made up of copper segment and | Power electronic switching device is used in
mica msulation. Brushes are of carbon or | the commutator.it requires a position sensor,
graphite.
2, | Commutstor arrangements are located in the | It is located in the stator,
oo,
3. | Shaft position sensing 15 inherent in the | Separate rotor position sensor 15 reguired.
arrangement
4, | Numbers of commutator segments are very | Number of switching devices is limited io 6.
high.
5, | Highly reliable, Reliability is improved by specially designing
the devices and proective circuits.
6. | Difficult to control the voltage available across | The voltage available across armature tappings
the tappings. can be controlled by emploving PWM
techniques.
7. | Interpole windings are employed to have | By suitable operating the switching devices,

sparkles commutation.

better performance can be achieved.
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4.3 B - H LOOPF AND DEMAGNETIZATION CHARACTERISTICS

4.3.1 Permanent Magnets Material

MdFeB - Meodymiuvm - iron - boron has the highest energy product of all
commercially available magnets at room temperature, It has high remanence and coercivity in
the motor frame size for the same output compared with motors using ferrite magnets. But it
is costlicr. But bath of the above stated magnets are sensitive 10 temperature and care should
be taken for working temperature above 100° For very high temperature applications, alnico
or rare garth coball magnets must be used.

4.3.2 B - H Loop

It is used for understanding characteristics hysteresis loop as shown.

Fig 4.9 BH Hysteresis loop of hard permanent magnet material

X —axis — Magnetizing force or field intensity H.
Y - axis = Magnetic flux density B in the material.
< Anun-magnetized sample has B =0 and H = 0 and therefore starts out at the origin.

Curve OA

< If it is subjected to a magnetic field, magnetic fixture (an electromagnetic with shaped
pole pieces to focus flux into the magnet), then B and H in the magnet follow the

curve OA as the extemal ampere — tums are increased.
Curve AB

& If the external ampere — tums are switched oft, the magnet relaxes along AB.
The operating point (H, B) depends on the shape of the magnet and permanence of
the surrounding magnetic circuit, If the magnet is surrounded by a highly permeable
magnetic circuit, that is if it is keepered then its poles are effectively shorted together
so that H = 0 and then the flux density is the value at point remanence Br.
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Pemanence: Maximum flux density that can be retained by the magnet a1 a specified

temperature after being magnetized to saturation,
Curve BC

< External ampere tums applied in the opposite direction cause the magnets operating
point to follow the curve from B through the second quadrant to C.

Curve CD
4= If the ampere — tumns are switched off at ¢ the magnet relaxes along CD.

It 15 now magnetized in the opposite direction and the maximum [lux density it can retain

when keepered is — Br.

% To bring B to zero from negative remanence point D. the field +Hc must be applied.
% The entire loop is usually symmetrical and be measured wsing instruments such as

hysteresis grapl.
4.3.3 Soft PM

2 Soft PM materials have Knee in the second quadrant such as Alnico,

% Alnico magnets have very high remanence and excellemt mechanical and thermal
propertics. But they are limited in the demagnetizing field they can withstand,

% These soft PM are hard when compared with lamination steels the hysteresis loop of
tvpical non onented electrical steel is very nammow when compared with Alnico.

4.3.4 Demagnetization curve
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Fig 4.10 Demagnetization curve

In the absence of externally applied ampere — turn, the magnets operating point is at the
intersection of the demagnetization curve and the load line.

4+ The slope of the load line is the product of po and the permeance co efficient of the
external circuit,

In a permanent magnet, the relationship between B and H is
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B= [T} H+]

po H = flux density that wouold exist if the magnet were removed and the magnetzing
force remain at the value H

I — contribution of the magnet to the flux - density within its own volume.

4 If the demagnetization curve is a straight line. and therefore its relative slope and
there by the p is unity, Then J i5 constant.

1 — Magnetization of the magnet, unit T tesla

% Hard magnets have p>= 1.] decreases as the <He increases.

4 The magnet can recover or recoil back to 1ts ongimal flux density as long as the
mugnetization is constint.

4 The cocrcive force required to permanently demagnetize the magnet 15 called the
intrinsic coercivity and it is Hei,

4.4 PRINCIPLE OF OPERATION OF BRUSHLESS PM DC MOTOR
Starting

When de supply 1s switched on to the motor the armature winding draws a current. The
current distribution within the stator armature winding depends upon rotor position and the
devices tumed on. An em{ perpendicular to the permanent magnet field is set up. Then the
armature conductors expenience a force, The reactive force develops a torque in the rotor, [IF
this worgue is more than the opposing frictional and load torque the motor stants. It is a self-
starting maotor.

Demagnetization curve

As the motor picks up speed, there exists a relative angular velocity between the
permanent magnet field and the armature conductors. AS per faradays law of electromagnetic
induction, an emf is dynamically induced in the armature conductors. This back emf os per
len’s law opposes the cause armature current and is reduced. As a result the developed torque
reduces. Finally the rotor will attain a steady speed when the developed torgue is exactly
equal to the opposing frictional load torgue, Thus the motor attains a steady state condition,

Electromechanical transfer

When the load - torque is increased, the rotor speed tends 1o fall. As a result the back
emf generated in the armature winding tends to get reduced. Then the current drawn from the
mains is increazed as the supply voltage remains constant. More torgue is developed by the
maotor, The motor will attain a new dynamic equilibnum position when the developed torque
is equal to the new torque. Then the power drawn from the mains ¥V *1 is equal to the

. . ZENT - . : .
mechanical power delivered _:-T = Pm =wT and the various losses in the motor and in the

electronic switching circuitry.
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4.5 CLASSIFICATION OF BLPM DC MOTOR

BLPM dc motors can be classified on the basis of the flux density disiribution in the air
gap of the motor, They are

{a). BLPM Square wave dc motor [BLPM SOW DC Motor|
(b).BLPM smusoidal wave de motor [BLPM SINE WANE DC Motor]

(a) BLFM Square wave motor
These are two types: 1800 pole arc.
12000 pole nre.
Adr gap Nux density distribution in 1807 BLPM SQW motor as shown in fig.

-I:‘ll" Bnp : | o E¥ im ok

Fig 4.11 Air gap flux density distribution in 1800 BLPM SQW mator.

Aur gap density distribution of BLPM DC S5QW motor with 12000 pole arc. as shown

in
fig.
L]
e odaad .
: L]
Fig 4.12 Air gap [Mux density distribution in 1200 BLPM SQW mador
(bIBLPM Sine wave DC Motor

Air gap density distnbution of BLPM dc sine wave motor as shown in fig.

Fig 4,13 Flux density distribution of BLPM DC sine wave motor
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4.6 EMF EQUATION OF BLPFM SOW DC MOTORS

The basic torgue emf equations of the brushiess dc motor are quite simple and
resemble those of the de commutator motor,

The co-ordinate axis have been chosen so that the center of a north pole of the
magnetic 15 aligned with the x-o0s at © = 0 the stator has 12 slots and a three phasing
winding. Thus there are two slots per pole per phase.,

% Consider a BLPM 50W DC MOTOR
Let “p'be the number of poles (PM})
“By" be the flux density in the air gap in whim®,
By iz assumed to be constant over the entire pole pitch in the air gap (180 ! poke arc)
T be the radius of the airgap in m.
‘1" be the length of the armature in m.
“T.” be the number of wurns per coil
"y, be the uniform angular velocity of the rotor in mechamical rad/sec
m=2xN/G0 where M 15 the speed in rpm.

Flux density distribution in the air gap 15 as shown i fig 4. 144 =001 15 assumed that
the axis of the coil coincides with the axis of the permanent magnet af time =({)).

Let at wq=0.the centre of N-pole magnet 15 aligned with x-axis.
AL =0 x-axis is along PM axis.
Therefore flux enclosed by the coli is
[hype=H x 2ur/p x| I (4.1
=tlu/pole
raa=r]o" B(O)E
=B, rl[8]s"
=B,rl|a]
Al =0 1he flux linkage of the coil is

Apm= (B, x 2ar’p x 1JT. ob-T S [ 4
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By

Fig 4.14 Magnetic Flux Density around the Air gap.
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Fig 4.15 Motor Showing two Coils of One Phase.

Let the rotor rotating in cow direction and when wg=n2, the flux enclosed by the coil @,
Therelore 4=

The flux linkages of the coil vary with 8 varation of the flux linkage is as shown above.
The flux hinkages of the coil changes from B Ten/p at w,=0 (1e) t= 0 10 8 at t=x/po,,.
Change of flux linkage of the col (1.e) AR 15

ANAL=Final Mux linkage — Initial Aux linkagetime.

=0- (2B, riTen/pl {n/pung)

= -(2Bgri Tewm VLR INORIPORIRIN. | . |
The emf induced in the coil = - dA/dt
e. =2B,rlTcm,, A Berses S s D)

Distribution of e. with respect to tis shownin fig 4.16

5CE DEPARTMENT OF ELECTRICAL AND ELECTROMICS ENGIMEERING

Scanned by CamScanner



EE2403 SPECIAL ELECTRICAL MACHINES

Fig 4. 16 Emf waveform of coil 1

It i seen that the emf waveform is rectangular and it toggles between + e, to - .. The
penod of the wave 18 2ar/pem,, sec and magnitude of o, is

e, =2B. i Te,, volts LT Tl R Mt P g St [ B

Comsider two coils al Al and aZA2 as shown in fig 5.15.Coil a2A2 15 adjacent to al Al is
displaced from alAl by an angle 30 (i.e.) slot angle Y.

The magnitude of emf induced in the coil al Al
g2 =Byt Tewm,, volts R - ¥ .3 |
The magnitude of emf induced in the coil a2A2
e =B, Tow, volts P AN RN TR, | - 7. |

Its emf waveform is also rectanpular but displaced by the emf of waveform of coil e, by
slo angle Y.

If the two coils are connected in series. the total phase voltage is the sum of the two
separate coil voltages.

ecy +22 =2B sl Toun, R B

Let ne be the number of coils that are connected in series per phase  n.T. =Ty be the
number of turns/phase.

e= 0 [2B AT oy, | At S A AR SR e PP LR (1
ew= 2B I Tphw, volts R i e e e e T O

eqp—resultunt emf when all n, coils are connected in series.

The wavelorms are as shown in fig 4,17
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“H

Fig 4.17 Emf waveform of phase a

The waveform of ey, is stepped and its amplitude is 2B rITphe,, volis,

At any instant 2-phase windings are connected in series across the supply terminals as
shown in fig 4.18.

[=1°]

Fiz.4.18 converter of brushless dc motor with star connected phase winding.

Assumption

Armature winding is Y connected.
Electronic switches are so operated using rotor position sensor that the resultant

emfs across the winding terminals is always = 2 eph,
o Amplitude of back emf penerated in Y connected srmature winding E =2

eph.
4.7 BASIC VOLTAGE EQUATION OF BLPMDC MOTOR
Let ¥ be the de supply voltage
[ be the armature current
Ry be the resistance per phase of the L connected armature winding,
Vg be the voltage drop in the device (it is usually neglected)

g be the back emf generated per phase of Y connected armature winding .
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V=2em+ MR+ 2Vy

If Vaais neglected

VZEEphIEIRFh

(a)l Starting condition
Speed 18 Zero o, =0
Supply voltage is V
Snce =k en=0

e DO A |
ZRph ZRph R

Starting current I, =

R =2 Ruis ¥ connected

This current is also known as siaring current.

(h) NO Inad condition
Current is very very small
Then V=2ey+2 1K 4
21 Ry — megligible

‘“r = : |3||||||
=2[2B;r 1 ey, Ty ]
= 4 [By 11 o Ty |

V =k tho

v
4 Hg riTph

No load speed, iy, =

I
El=

Mo losd cument 1,=0

(1 ON load comdition:
¥ =2eph+ 2 I1Rph
=4 Bgrlwmtph+ 21 Rph
O lead current
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1 V=Zoph  W-4Bgrlwmiph
ZHph ZRph
V-l i
ZHph
i ¥ -k wm
2 Rph
[ vswm curve isshown in fig 4.19

Figd.191 Vs wm Curve

4.8 TOROQUE EQUATION OF BLPM SQUARE WAVE MOTOR

Power input = V1
=| 2 eph+ 2 1 Rph + 2 Vdd] I
VI=[ 2 eph + 2 1 Rph + 2 Vdd] |
V= electnical power input
2 eph | = power converted as mechanical
2 12 Rph = power loss in the armature winding
2 Vdd I = power loss in the device
Mechanical power developed=2 eph |
eph= 2{2BgzrITphwam)]
eph= 4Bgrl Tphum
Mechanical power = (2aN/&a0)T
=wmT
Where N=Speed in rpm
T=Torque in N-m
mm=5peed in rad/sec
Theretore T=4B8griTphl
=KtT
Where kt = 4BgrlTph=Ke

(a) Casel: Starting Torque

5CE

woame={}

Istg=(V/2Rph)

Tstg=4BeriTph( ¥V 2Rph)

Tstg=KyV/2Rph)

Staning wwrgue or stalling torque depends upon V.
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To vary the starting torque the supply voltage is o be varied.

(hy Case 2: On load condition

T =K, R s D)
=4 Br [ |

I = (V-2ep)/(2Rp) T T (4.35)

Jeey =V-21 Ryg

4By r 1 Ton 1= V-21 Ry R e (436)

K. oy = V=21 B
Wy = (V-2 Rl Ke R s )
wp= ¥/ K R L By SR | 1 (.|
! 0 =1 (V-21 Rl K} (VK )
=(V-21 Ryl V
! W =1- ((V-21 Rl V) Ve {4.39)
I Teg) =CK K L)

L2RwV)
T/ Tag=21 RV g 1 e
substtuding eqn. 5.40 1n eqgn. 3,39
0/ =0 T/ Tag) s s ATy
W yn=1-{TLg) ERE Rl SR e (| ¥ 5
4.9 TORQUE- SPEED CHARACTERSISTICS OF BLPM SOM DC MOTOR

Let the supply voltage V be constant. A family of torque speed charactenstics for various
constant supply voltages is as shown in figure 4,20

L 3
I

A .

Bmn

T-:n
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Fig 4.20 T-ty, curve for various supply voliages

Permissible region of operation in T-w,, plane

Torgque speed charsctenstics of BLPM square wave motor 15 shown in fig.4.21. The
constraints are

. The continues current should not exceed the permissible current limit I, (.e) Torques
should not exceed K, 1,

2. The maximum permissible supply voltage = W,

3. The speed should not exceed (.

Wieme L) Wiy

Fig. 4.21 Torque-speed characteristics
Line AB

Parallel to X-axis represents maximum permissible torque line which cormmesponds 1o
maximum permissible current I,

Line FG

It represents T-ty characteristics comesponding (o the maximum permissible ¥V, B
and C are points in Fg, B is the point of intersection between AB and FG.

Line NH

[t represents constant maximum permissible speed line (1e) vy, is constant. DH
intersects FG and x axis at .

The area QOABCDO is the permissible region of operation. To obtain a particular point
P cormmesponding o given losd-torque and speed condition the only way (o operate the motor
at P is by suitably adjusting the supply voltage fed to the motor,
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Fig.4.22 Torque speed characteristics of ideal brushless DC motor

< If the phase resistance is small as it should be in an efficient design, then the
characteristics to that of a shunt de motor. The speed is essentially controlled by the
voltage ¥ and may be changed by changing the supply voltage. Then the current
drawn just to drive the torgue at 1ts spead.

% Az the load torque is increased, the speed drops and the drop is directly proportional
to the phase resistance and the torque.

4 The voltage s usvally controlled by chopping or PWM. This gives nse to a family of
torque speed charactenstics as shown in fig. 4.22. The boundartes of continwous and
intermiitent limits are shown.

Continuous limit - determined by the heat ransfer and temperaiure rise.
Intermittent limit — determined by the maximum ratings of semiconductor devices in circuit.

In practice the torque speed characteristics deviates from the ideal form because of the
effects of inductance and other parasitic influences.

Alse the speed range can be extended by increasing the dwell of conduction period
relutive o the rotor position,

410 COMMUTATION IN MOTORS WITH 1200 AND 1300 MAGNET ARUC

BLPM dc motor with 180° magnet arcs and 120° square wave phase currents arc
shown im fig. 4.23 and 4.24,
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Fig.4.24 BLDC motor with 1207 magnet arcs and 1807 square wave phase currents

In Fig. 4.26 the rotor magnet poles are shaded 1o distinguish north and south. The
phase belts are shaded us complete 60° sector of the stator bore. There are two slots in cach
of these phase belts, The current in these two slots are identical and conductors in them are in
SETIeS

180° 360°

Fig4.25 Flux density around air gap
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Fig.4.26 Converter of brushless DC motor for star connected phase winding

Between the rotor ring and the stationary belt ring in fig. 4.26 there is a third ring called the
“mmf rimg”. This represents the mmf distribution of the stator currents at a particular instant.

4= At the instant shown wi=(), phase A is conducting positve current and phase C is
conducting negative current, The resnlting mmf distribution has the same shading as
the N and 5 rotor poles to indicate the generation of torgue,

4 Where the mmf distnibution has like shasing. positive torque 15 prodoced. Where mmf
and flux shading are unlike, negative torque is produced. Where one is zero, no torque
15 #ero, no torque 15 prodeced. The total torgue 15 the integral of the contnbutions
from arcund the entire air gap periphery.

The rotor is rotating in the clockwise direction. Afier 60" of rotation, the rotor poles
start to ‘uncover the C phase belts and the wrque contribution of phase C sians o decrease

lincarly.

During this penod. the magnet poles, have been “covering” the B phase belts. Now if
the neganve current 15 commuiated from C to B exactly at then point 60°, then the torque will
be unaffected and will continue constant for a further 60°. After 1207, positive current must

be commutated from A to O,

Commutation tables for three-phase brushless dc motors,

TABLE 4.1 180° Magoet-Star Winding. 120° Square wave phase Currents

Roostor

s A B C | aw(l) | alid) | bu(3) | bL(&) | cul® | cLi2)

(1 — 6l +1 ] -1 | 0 (] i 0 1

80— 120 | +1 | -l 0 ] 0 00 | 0 0

120-180:| O | -1 | +1 0 0 0 ] 1 0

180 —240 | -1 0 +1 ] 1 (l i i Ll

;;ﬂ] ) 21 bl 0 1 1 0 0 0
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300 -
] +1 | 0 0 | 0 ] |
i)

% The production of smooth, ripple free torque depends on the fact the magnet pole arc
exceads the mmf arc by 6",
% Here only 273 of the magnet and 2/3 of the stator conductors are active at any instant

R AT R A R

1=

-

L
AC ' AD ' BE :M::,hlfl: f
Fig. 4.27 phase current waveforms of BLDC motor with 180° pole arc.

In a practical motor the magnet Mux-density distribution cannot be perfectly
rectangular as shown in fig.4.27. for a highly coercive magnets and full 180" magnet
ares there % a ransitien section of the order of 10-207 in width, This is due 10

fringing effect. Likewise on the stator side, the mmi distribution 15 not reclangular
but have a stepped wave form as shown in fig.4.28 that reflects the slotting.

'TVW -
"].H"' T3 60"

Fig 4.28 Air Gap Flux Density on Open Circuit

To some extent these effects cancel each other so that & that satisfactory resalts are
obtained with a magnet arc as short as 1507, and two slots per pole per phase.

But there is always dip in the torgue in the neighborhood of the commutation angles.
This torque dip occurs every 60F elec degrees, giving mise to a torgque npple
component with a fundamental frequency equal o 6F times the romation frequency
wherg P is the number of pole pairs. The magnimude and width of the torque dip
depends on the time aken (o commutate the phase current.

Phase current waveforms cormesponding to high speed and low speed operations are as
shown in fig, 4.29(a & b)
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Phase ct

g *> B
(a) (b)
i) High speed, full voltage. Note the dip caused by commutation of other 2 phases,
{b) Low speed with current controlled by chopping.
Fig.4.29 Phase current wave forms.

¢ The back emf is of equal value in the incoming phase and is in such a direction as o
oppose the current build up.

< While the Mux distribution of the magnet rotates noa continuows fashion, the mmf
distribution of the stator remains stationary for 60° and then jumps to a position GO0
ahead.

Similar analysis 15 made with a motor having 120 ° pole are magnets with delta connected
armature winding,

Table 4.2 120" Magnet Delta Winding, 180° Square Wave Phase Currents,

Rotor Position gbu | ablL | bcu | be L | cau | cal
A B C

(1) (4) (3) i) (5) (2)
(1= ad +1 +1 -1 0 0 1 f 0 1
60— 120 +1 -1 -1 I (h L 1l () 1
124 = 180 1 -1 +1 I iy 0 | il 0
Lt — 240 -1 =1 +1 0 (0 L 1 1 0
240 - 300 -1 +1 +1 i I 0 0 | 0
300 - 36l -1 +1 1 0 1 1 i 0 1]

i ._.. ]H" l & 5§

Ll 0 O = o
TR T - :

el 'l = I— '|__

Fig.4.30 phase currents wave forms of BLDC motor with 1207 pole arc
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Fig 4.31 converter of brushless de motor for delts connected phase winding

4 C phase belt remains covercd by the magnet poles. While the coverage of A phase
belt increases thereby decreasing that of B phase belt,

<= Since all the conductors are varying same current the increasing torgque contribution of
phase A is balancing by the decreasing contribution of phase B. Therefore, the woial
LOGUE FEMAIng CONnsLLnL.

< Similarly there is o lincar increase in the back emf of A and equal and oppoaine
decrease in the back emf in phase B, Therefore the back emf at the rerminals rémains
constant.

4 Line current divides equally between two paths
One-phase C Second-phase A & B series.

This balunce is not perfect in practice because of the resistance and inductance of the
windings.But the current balance should be maintsined, otherwise circulating current may
produce excessive torque Apple and additional losses.

When compared with 1807 pole arc machine.

< For the same ampere-conductors per slot and Tor the same peak flux density, the 1207
pale arc machine has 1.5 times copper losses, but produces the same torque,

4+ Also the ampere-conductors per slod would have to be reduced because the duty cycle
is 1.0 instead of 273,

Merits

< For the zame magnet flux density the total flux 1= only 2/3 of that of 1800° pole arc
muMor, so that only 273 of the stator yvoke thickness s required. IF the stator ootside
diameter 15 kept the same, the slots can be made deeper so that the Inss of ampere
conductors can be at least partially coverad .consequently the efficiency of the motor
may not be very much less than that of 1807 pole arc machine.

4+ In this machine also, the effects of fringing flux, slotting and communication overlap
combine to produce torgue Apple.

% Only emf and torque are discussed, The concept of hanging flux-linkage and energy
balance can also be used to analyze the operation.
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4.11 MAGNETIC CIRCUIT ANALYSIS ON OFEN CIRCUIT

Cross section of a 2 pole brushless de motor having high energy rare earth magnets on
the rotor and the demagnetization curve are as shown in fig 432 {a & b)
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{a) Motor cross section and flux pattern (b)magnet demagnetization curve
Fig 4.32 magnetic circuit analysis of BLDC motor

First step o analyze a magnenic circuit is 1o identify the main Mux paths and the reluctance or
permeinces assigned o them.

The equivalent magnetic circuit 1s shown in fig 4.33.only half of the equivalent circuit is
shown & the lower half is the mirror image of the upper half about the horizontal axis, which is
at equipotential. This assumption is true only if the two halves are balanced. If not the horizontal
axis might still be an equipotential but the Muxes and the magnetic polentials in the two halves
would be different and there could be residual Aux in the axial direction .along the shaft, The
axial Mux is undesirable because it can induce current (o fow in the bearng.

1 s

Fig .4.33 magnetic equivalent circut.
The steel cores of the stator and rotor shaft are assumed to be infinitely permeable.

Each magnet is represented by a "Norton™ equivalent circunt consisting of a Tux generator in
paralle]l with an internal lcakage permeance pPu.

pr=BrAm v 443

Pmo=p0precAm/Im e A4 A4d)

where Am - pole area the magnet

Im — length of the magnet in the direction of magnetization (in this case its radial thickness)
Br- remanent flux density

prec- relative recoil permeability (the slope of the demagnetization curve)

In this case the outer pole area is larger than the inner pole area but to keep the analvsis simpie
average pole area is considered.
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with a magnet arc of 120°
Am=2/3m[rl—g-Ims2]1 L1445
rl- radivs of the rator
g- wir gap length
most of the magnet flux crosses the air gap via the air gap reluctance Kg
Re=g"/phAg N . 1)
g'- equivalent air gap length allowing for slotting,
the slotting can be taken info account by means of carter’s coefficient, which case,
g=kcg f v st s s A )

Ag- air gap area through which the flux passes as 1t crosses he gap . the precise boundary of this
area is uncertain because of fringing both at the edges of the magnet and at the ends of the
rotor An approximate allowance for fringmg can be made by adding ‘2" mt each of the four
boundaries ,giving

Ag=|2/3 mirl- g/2p2g](1+2g) 448

Z the remaiming permeance in the magnetic circust | the rotor leakage permeance prl, which
represents the paths of the magnet flux components that fails to cross the air gap. this can
be conveniently incleded in a modified magnet internal permeance by writing
prn=pmotpr e (4. 481a))

pm=pmo( 1+prl) o (4.49())
pri-normalized rotor leakage permeance

4.12 A controller for BLPM SOQW D(C Motor

4.12.1 Power Circuit

Power Circuit of BLPM de motor is as shown fig consisis of six power semiconduoctor switching
device comnected 1n bridge configurabion seross a de supply. A suitable shunt resistance is
connected in series to get the current feedback. Feedback diodes are connected across the device.
The armature winding 15 assumed to be star connected. Rotor has a rotor position sensor and a
techo-generator is coupled to the shaft to get feedback signal.

SLE DEFARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Scanned by CamScanner



EEZ2403 SPECIAL ELECTRICAL MACHINES

Fig 4.34 structure of controller for brushless PM DC Motor
4.12.2 Control circuit

The control circuits consist of a commutation logic unit. Which get the information abaout
the rotor shaft position and decides which switching devices are to be turned on and which
devices are to be wrned off. This provides six owtput signals out of which three are used as the
base drive for the upper leg devices. The other three output signal are logically AND with the
high frequency pulses and the resultant signals are vsed to drive the lower leg devices.

A comparator compares the tachogenerator output with reference speed and the outpat
aignal is constdered as the reference current signal for the current comparator which compare the
reference corrent with the actual current and the error signal output is fed to the monostable
multivibmator which is excited by high frequency pulses. The duty cyele of the output of
monostable is controlled by error signal. This output signal influences the conduction period and
duty cycle of lower leg devices.

Rotor Position sensors for BLPM motor

It converts the information of rotor shaft position into suitable electrical signal. This signal is
atilized to switch ON and OFF the various semiconductor devices of eleciric switching and
commutation circuitry of BLPM motor.

Two popular rotor sensors arc
Optical Position Sensor.
Hall Effect Position Sensor.

{a) Optical position sensor
This makes use of six photo transistors. This device 15 tomed mto ON state when light
rays fall on the devices. Otherwise the device is in OFF state the schematic representation
is shown in fig.
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Fig 4.35 Optical position sensor

The phototrunsistors are fixed at the end shield cover such that they are mutually
displaced by 60 degree electrical by a suitable light source. The shaft carries a circular
disc which rotates along the shaft. The disc prevents the light ray falling on the devices.
Suitable slot are punched in the disc such turned into on state suitably turns the main
switching devices of electronic commutation circuitry into on state.

As the shaft rotates, the devices of electronic commutation which are mmed into ON are
successively changed,

(b} Hall effect position sensor
Consider a small pellet of n-type semiconducting material as shown in fig 4.36.

le
A ] B _
- ;\\
i c
B O :
]
EpoepassTN
H e

|

Fig 4.36 Hall Effect

A current icis allowed to pass from the surface ABCD to the surface EFGH., Let the surface
ABEF be subjected to a North pole magnetic field of flux density B tesla. As per Fleming left
hand rule, the positive charge in the pellet get concentrated near surface ADHE and negative

charges near the surface BCFG, Since n-type materidal has free negative charpes, there electrons
gets concentrated near the surface BOGE. This charge in distribution makes the surface ADHE
more positive than the surface BCGF. This potential known as Hall emf or emf due o Hall
Effect.
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It has been experimentally shown that emf due to hall eftect 1s Vy 15 given by

Vi = Byl d) volts

Where i, current through the pellet in amps

B- Flux density in tesla

d- Thickness of the pellet in m.

Ry ~ Constant which depends upon the physical dimensions or physical properties of the pellet.
If the polarity of B is changed from North Pole to South Pole the polanty of the emf due to Hall
Effect also get chanzed.

4.12.3 Hall Effect Position Sensor

Hall effect position sensor can be advantageously used in a BLPM motor. Consider a 2 pole
BLPM mator with twao winding wl and w2 as shown in fig.

Eﬁg] HEF-"_. gl FIUECT A S50 Nl

A N
", |f."r Ay ” =L
—w— H H =
Elllr'r __ﬁ_.f‘f | =

Fig 4.37 2 pole BLPM motor

When wl carries a current on closing 51 it set up a North Pole flux in the air gap. Similarly when
52 15 closed w2 is energized and sets up a North Pole flux.w1 and w2 are located in the stator
such that their aves are 180 degree apart. A Hall Effect position sensor is kept in an axis of the
winding.

When Hall Effect position sensor is influenced by North Pole flux the hall emf is made 1o
operate the switch S§1. Then wl sets up North Pole flux. The rotor expenences a torgue and
South Pole of the rotor tends to align with the axis of wl.because of interia.it overshoot the rotor
hence rotates in clockwise direction. Now HEPS is under the influence of § pole flux of the
rotor. Then the polarity of hall emf gets changed. This make the switch 51 in off state and 52 is
closed. Now w2 sets up N pole flux in the air gap, the rotor rotates in clockwise direction. So that
the s pole gets aligned with w2 axis Then this process continuous. The rotor motates continuous |y,

4,13 Tvpes of BLPM motor

BLPM motor is classified on the basis of number of phase windings and the number of pulses
given 10 the devices dunng each cyvele.

SLE DEFARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Scanned by CamScanner



EEZ2403 SPECIAL ELECTRICAL MACHINES

4.13.1 One phase winding one pulse BLPM motor
The stator has one phase winding as shown in figd. 28,

It is connected 10 the supply through a power semiconductor switch. When the rotor position
sensor is influenced by say n pole flux, the stator operates and the rotor developed a torque,
When the RPS is under the influence of § pole, the transistor is in off state. The rotor gets torgue
whenever the rotor position is under the influence of n pole.

B

=

Fig. 4.38 one phase one pulse BLPM motor.

The current and torgue are approximated as sinusoidally varying as shown in fig, 4.39,

A'EE o\

,r/-_.\\i l.r’_\,li “

Fig.4.39 Current and torque wavelorm

Advantage

% One transistor and one position sensor is sufficient.
% Inertia should be such that the rotor rotates continuously,
@ Utilization of transistor and winding are less than 500%.

4.13.2 One phase two pulse BLPM motor

Stutor has only one winding. It 15 connected to DO three wire supply through tao
semiconductor devices as shown in fig. 4,440,
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Fig. 4,40 One phase two pulse BLPM motor

There is only one position sensor. When the position sensor is under the N-pole
influence. T 15 in on-state and T is in off-stae. When it 15 under the influence of 5-pole, T2 15 on
and T is off,

Fig. 4.41 Torque waveform

In the first case, the winding carries corrent from A o B and when T 15 on, the winding

carries current from B to A, The polanty of the flux setup by the winding gets alerted depending
upan the position of the rotor. This provides the unidirectional torque as shown in fig. 4.41.

Advantages

¢ Winding utilization is better.
% Torque developed is more uniform.

Demerit

% Transistor utlization is less
% The current needs a 3-wine do supply,

4.13.3 Two phase winding and two pulse BLPM motor

Stator has two phase windings which are displaced y 180° electrical. Electrical
connections are as shown in fig. .42, [t makes vse of two semiconductor switches.
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Fig. 4.421 two phase winding and two pulse motor
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Fig. 4.43 wrque waveform

Performance of this type is similar to one phase 2 pulse BLPM motor. Torgue waveform
are as shown in fig. 4.43. However it requires two independent phase windings.

Merit
< Better orque wavetorm.

Demierit

< Their uilization is only 50% which is less.
2 Ciabling with rowr position sensor should be made proper.

4.13.4 Three phase winding and three pulse BLPM motor
The stator has 3@ windings as shown in fig. 4. 44, Whose areas are displaced by 120%ec.

apart. Each phase windings is controlled by s semiconductor switch which is operated depending
upon the position of the rotor. Three position sensors are required for this purpose.
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BIE

Fig. 4.44 3 phase, 3 pulse BLPM motor.
4,13.5 Three phase six pulse BLPM motor

L]
*

Cra-

Most commonly used. It has 3 phase windings and six witching devices as shown in [ig.
4,45,

Fig. 4.45 3-phase six pulse BLPM motor.
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