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Chapter 22

First Quadrant T speed control
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Chapter 22

Speed varied by changing armature voltage
a initially 90°, switch closed, a decreased to
Increase armature Vdc, increasing Id

1.No armature resistors needed (no losses)
2.Power loss reduced, improved efficiency
3.Current limit prevent over current.

4.PF poor during start period
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Chapter 22

A typically 15° at full conduction

Ed > Eo by Id*Ra

To lower speed, a increased, Id = 0, motor
coast to lower speed till Id /=0

Ripple voltage large, but L gives smooth Id
Motor coast to stop (no breaking)
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Example 221

A 750 HP, 250V, 1200 rpm, dc motor is connected to a
208V, 3 phase, 60 Hz line using a 3 phase bridge

converter Fig 22.2a. The full load armature current is
2500A and the armature resistance is 4 mW.

Calculate

a. The reqired firing angle
a under rated full load
conditions

b. The firing angle required
so that the motor
develops its rated
torque at 400 rpm.
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Example 22

Referring to Example 22-1, calculate the
reactive power absorbed by the converter
when the motor develops full torque at 400

rpm.
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Chapter 22

Two quadrant control via field reversal 1
Dynamic Brake T resistor across armature

Regenerative brake i generate power back to line
Procedure follows:

Motor control by field reversal

Ot
o
sphase | gy
line
| converter
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Chapter 22

1.Delay gate pulse by 180° (cause Ed to be neg)
2.Reverse If (Delayed)

3.Reduce a so |Ed| < |EQ|

4.0nce speed lowered, Delay gate pulse again by
180° (cause Ed to be positive

5.Reverse back If (Delay)
6.Increase a so |Ed| > |EO|

Motor control by field reversal

o—..
(44
3-phase o . yl
line |
. Iconverter
UNIVERSITY OF : : .
SOUTH FLORIDA Electric Machines and _Drlves
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com

)




Chapter 22

Two guadrant control via armature reversal (single
converter) 1

Quicker response I La << Lf
Delay gate pulse by 180° (cause Ed to be neg)

Reverse Eo to reverse |0
Reduce a so |Ed| < |EO|

Motor control by field reversal

O-

o
3-phase ' |J
line
converter
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Chapter 22

Once speed lowered, Delay gate pulse again by 180°
(cause Ed to be positive

Reverse back Eo to reverse back lo
Increase a so |Ed| > |EO|

Motor control by field reversal

3-phase
line

(44

oy

converter
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Chapter 22

Two quadrant control via armature reversal (two
converters) 1
Only one operates at a time T quicker response

I gate | [T gate |
inputs ———s triggering [ i triggering j*=— inputs
L _brocessor | | _processor _ |
gates G, to G, v gates G; t0.G,
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Chapter 22

Only one converter gate at a time, other has gate
pulses blocked

Gate circuit for both set to same Ed (converter 1 has
a1, converter 2 hasa 2 =180°1 a 1) even though

one blocked

Converter 2 operation Converter 1 operation
Converter 1 blocked. Converter 2 blocked.

(XX

converter ? converter 2
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Chapter 22

Four quadrant control via armature reversal (two
converters with circulating current) i

Low speed (low Ed operation) current may be
discontinuous i allow converters to operation

simultaneously to overcome
Dc inductors L1 and L2 to limit circulating current.

eeeeeeeeee
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Example 223

The dc motor in Fig 22.8 has an armature
voltage of 450V while drawing a current of
1500 A. Converter 1 delivers a current Id1 of
1800A and converter 2 absorbs 300A. If the
ac line voltage for each converter is 360V,
calculate the following;
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Example 223

a. The dc power assoicated with converters 1
and 2

b. The active power drawn from the incoming
3 phase line

o

The firing angles for converters 1 and 2

d. The reactive power drawn from the
Incoming 3 phase line
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Chapter 22

Two Quadrant (1&2) control T reversing with same

torque direction
Raise I Quadrant 1 7 motoring i 0°<a <9Q°

Ra

o, <90° t+ ;
d
3-phase ‘
i —H— Ly if
ine l :

raise T
Figure 22.9
Hoist raising a load.
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Chapter 22

Two Quadrant (1&2) control T reversing with same

torque direction i Eo reverses
Lower i Quadrant 27 Braking i 90°<a <180°

oy > 90°

3-phase
~—tH— —”J—

line

Figure 22.10
Hoist lowering a load.
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Chapter 22

TABLE 22A
Four Quadrant Drive | Operating mode
ST QUL Time
UtlllZIﬂg 2 conve rter et int;rval Converter | Converter 2
SySte M 1 2-8's rectifier oft
- 8-15s off inverter
f‘; 15-21 s off rectifier
ﬁ 21-25s inverter off
j’j/.
r/min
N-m Note: Clockwise speed and torque are positive.
1000
800 torque
o o 600
> 2 4001 A XO0 5 1
s 2 200 _‘ ' .
0 1 ] I ‘l-.‘ i ¥ I \ t i T _n: j 3 ; i
T T 200 2 4 6 8 10 12 14 16 18 20° 22 24 26 s speed
400 %, torque N : / 3 4
600 L
800 — fime = trTrrmommmmesmesnemsesmesceened
1000
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Chapter 22

Converter 11 .
Rectifier Mode
Converter 21 @
Inverter Mode

z

Figure 22.13a

% h Polarities when the speed is positive.
. Converter 1 i
! i Inverter Mode
converter 1 converter 2 Converter 2
Figure 22.13b Rectifier Mode
Interval from 21 s to 25 s.
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Example 224

An industrial drive has to develop the torque
speed characteristic given in Fig 22.11. Adc
shunt motor is used, power by two converters
operating back to back. The converters
function alternately (only one at a time).
Determine the state of each converter of the
26 second operating period, and indicate the
polarity at the terminals of the dc machine.
The speed and torque are considered positive
when acting clockwise.
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Chapter 22

6 pulse converter with freewheeling diode 1
Without diode, small values of Ed contain negative
portions of Ed

1.7mH @
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Trans
former

line
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Chapter 22

Due to lag, reactive current large. Also, | line 120°
regardless of a | =0.816 Id

at Q2 Q3 4 95 ﬁ;s
fires fires fires fires fires i
Qs, Q1 Q1, Q2 Q2, Q3 Q3, 04 Q4, Q§+05, 06~I
nnnnnnnnnnnnnnnnnnnnnnn ducting | conducting conducting|conducting|conducting
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Chapter 22

Placing diode prevents Ed from being negative

O—9
3-phase I ldl
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Chapter 22

For same a , increased Id T increase a angle for
same Id, note | line no Ionger 120°

01 02 Qa3 Q4 Qs Q6 ait

1.414 £ 1
1.225 F +

0+ y;
240 10
fN \/ \/ N
. 9 g 9 9,,/ ™ - /_k
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Chapter 22

With Freewheeling diode, calculation of Ed
and | become 1 (note- egn only apply for
reduced voltage (a > 60°) where there is neg
comp of Ed.)

Ed=1.35E[17 cos (120-a)]

| =1d S [(120-a )/90]

Ed = dc voltage (V)

E = effective value of line to line votlage (V)
a = firing angle (between 60° and 120°)
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Chapter 22

Example from Book (22.8) 1

Given:
Rated power = 100 HP
Rated armature voltage = 240 V

Rated armature current = 320 A
Armature resistance = 25 mW

Armature inductance = 1.7 mH
8 = 1.35 X 184 (1 — cos [120 — a])

a = 120 — 14.6° = 105.4°
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Chapter 22

Motor at rest and Eo =0

Ed = IR = 320A * 25m W= 8V
Firing Angle =

8 =1.35 X184 (1-cos[120-a ])
a =1207 14.6 = 105.4°

8 = 1.35 X 184 (1 — cos [120 — a})

a = 120 — 14.6° = 105.4°
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Chapter 22

Line current I, lags VIn by .
Fd=30°+a/2

Fd = displacement phase angle (degrees)
a = firing angle (must lie between 60° and

120° (degrees)

PF (displacement) = cos Fd
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Chapter 22

Effective value of line current :

|=1d S [(1207T a )/ 90]
Reactive Power:

Q=Ptan Fd
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Chapter 22

Half Bridge Converter i
3 diode/3 SCR
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1.225 £

Chapter 22

Note i 3 pulse rectifier 1 again | line < 120°

a3

Q5 a1

je— a = 135° 45°

165°

7%,
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Chapter 22

Half Bridge Converter 1

Ed=0.6/5E (1 +cosa)

Ed = dc voltage across the load (V)

E = effective value of line voltage (V)

a = firing angle (angle (must lie between 60°

and 180° (degrees)
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Chapter 22

Converter AT 3phase, 6 pulse
Converter BT 3phase, 6 pulse w/ FW diode

Converter C 1 3phase, 3 pulse half bridge

TABLE 22B  PROPERTIES OF SOME RECTIFIER CONVERTERS (RESISTIVE LOAD)

Heme Converter A Converier B Converter C
3-phase, 6-pulse
3-phase, 6-pulse + freewheeling diode Half-bridge
firing angle («) limits 0 to 90° 60° to 120° 60° to 180°
dc output voltage (E,) 1.35 E cos « I35 E(1 — cos [120 — «]) 0.675 E(1 + cos a)
displacement angle (P) o 30 + af2 of2
PF (displacement) = cos ®, COoS & cos (30 + a/2) cos a/2
effective line current (/) 0.816 1, I N’m I, V(180 — ) /7 180
Total apparent power (5) EIV3 EIV3 EIV3
Total active power (P) Eqly Eql, Eyly
Total reactive power (Q) P tan @, P tan &, P tan @,
PF (total) P/S P/S P/S
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Chapter 22
DC Traction Example of simple DC to DC Chopper:

Eo=EsfTa=D Es

Note, either F or Ta or both can be varied to vary D
and thereby trolley wires

vary Eo E, '\_,yi,\ L e I

L, series
beeeresroenensd H fieid
+

C, o= Es DA e

x Figure 22.17

U | ) |
SOl Direct-current series motor driven by a chopper. =3 and Drives
oo 1as Blair, P.E.

The chopper is not a switch as shown, but a force- ,
commutated SCR. pe.com )




Example 225

A trolley bus is driven by a 150 HP, 1500 rpm,
600V series motor. The nominal full load
current is 200A and the total resistance of the
armature and field is 0.1 W. The bus is fed
from a 700V dc line. A chopper controls the
torque and speed. The copper frequency

varies from 50 Hz to 1600 Hz but the on time
Ta Is fixed at 600 mS. Calculate
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Example 225

a. The chopper frequency and the current
drawn from the line when the motor is at
standstill and drawing a current of 240A.

b. The copper frequency when the motor
delivers it rated output.
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Example 226

Referring to Example 22-5 and fig 22.18a,
calculate the peak value of currents Is and |
when the motor is at standstill.
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Chapter 22

Motor Drive via DC to DC switching converter
Operation in all 4 quadrants -

T Ly T + -
Ed=1.35E . 121 P UL Y P VY
_— 3-oh + Q1 A _C B Q3
o T recF:’ti- C T~ +—
ELL=Eh(2Di 1) _|r R
¥ A Y "f
Q2 Q4
&
2
Figure 22.20
DC motor controlled by a 4-quadrant dc-to-dc
converter.
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Example 227

A 25 HP, 250V, 900 rpm dc motor Is connected
to a dc to dc converter that operates at a
switching frequency of 2 kHz. The converter is
fed by a 6 pulse rectifier connected to a 240V,
3 phase, 60 Hz line (Fig 22.21a). A 500 mf
capacitor C and an inductor Ld act as filters.
The armature resistance and instance are
respectively 150 mWand 4 mH. The rated dc
armature current is 80A. We wish to
determine the following:
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Example 227

a. The required duty cycle when the motor
develops its rated torque at rated speed

b. The waveshape of current |1, 12, and la

c. The waveshape of voltages E12 and Eab.
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Chapter 22

Example 22-7
I4=61.7 A Ep=324V  Ecg=250V
s > 14
o—I ") >~
Ly + -
IZl # A 4 150 |./W\J # A
—240 v . Qi AmH ~mo 5| &
—1 3-ph C == ,_,_f"\.._[':_p_@ *——9
recti-| g0 |- N +238 V’
B 4 80A 4
fier uF P, * I P
Q2 Q4
t
2
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Chapter 22

Dla=A/La
Iy=617A 1
> 1:BOA EAC=324—250=74V
— -
rf:? '__\‘ ECB=+250V
) r YQIA 4
\ 150 555y
C =<
BOOUF | e T
80 A
b—~—-<— __________________________
2
Figure 22.21b

Circuit when Q1 and Q4 are “on” Current /, is increas-
ing. ECA — ""74 V
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Chapter 22
Dla=A/La

Figure 22.21c
Circuit when D2 and D3 are conducting. Current /, is

decreasing.
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Waveshapes of current / voltage in example 22- 7

BAA F-moimnt o b
T6A P e

+324 i%

EYYIRESERNNN C REEE .

pEAZeY IS A i i N
_84A .--/

332A b '
BI6A foromner =l

500 us
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Example 228

We now consider the question of cynamic
braking. The same motor is used in example
22-7 and we assume it is running at 900 rpm at
the moment that braking is applied. Further
assume that the inertia of the motor and its
load is very large. As a result the speed can
not change quickly. The connection between
the convert and 6 pulse rectifier is removed
and a braking resistance of 20W s connected

between terminals 1 and 2 along with the 500
mF capacitor (fig 22.22).
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Example 228

We assume that a braking torque equal to 75%
of nominal torque is sufficient. Consequently,
the required armature current iIs

0.75 X 70A = 60A

The switching frequency remains unchanged
at 2 kHz. We wish to determine the following
a. The voltage across the resistor

b. The duty cycle required

c. The braking behavior of the system
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Example 22-8
1 Ey
IRl ! J J
_. 150 l A l
00| | oot [ i C Mo %03
T * ':‘(+ }_
-
iOFO 60A 238V )
2 l Q4
-
; | _
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Ir —> 60 A
26 A TBGA
200 | ==
500 60A 238V
uF (140 ps)
2
1
.4—
Ig 34l GQJ
6A | AV A
200| | c==
500 60A 238V |
nF D4
60A (360 us)
. a8
2
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Special
Current Fed
DC Motor
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rotation
’-——-._..

'/- coil B
@
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Chapter 22

Brushless DC Motor

DC current source ->

Torque in direction shown ->
Commutator - DC->AC

6 segments -> 60° conduction
T=kIB

T = motor torque (N m)

| = current in conductor (A)

B = average flux density surrounding
conductor

k = constant dependent on # of turns per cooll
and size of armature
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DC current in source converted to AC source In
armature winding, frequency 0=

f=pn/120

Commutator generatesAC LT [ T1]
current in armature to N
cause rotation |
Speed is balance between -

Tland Tm

| .-:-:-:r1
0 80 120 180 240 300 360
0 60 120 180 240
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Replace
Commutator with slip
rnngs i

Reversing switch
between source and

rng | ]

Synchronize YAV VA VA I

switching to rotation < > < > < >

Same effect as WALE AL AL |

commutators Source
Figure 22.27

The commutator can be replaced by an array of me- !
chanical switches and a set of slip-rings.
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Slip Rings would be
maintenance i

If put Field on rotor
/Armature on stator,
reduced slip ring
maintenance
reguirements

UNIVERSITY OF
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slip rings

Figure 22.28
Circuit showing how current is controlled in coil A.
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Armature on stator
GTO switches

GTO synched to
rotor speed "

Reduce switches by
using converter

The armature Is now
stator and switches
are thyristors. g

Coil A

.-/

Coil €

, A
so@
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Important properties:

Never dpull out o when
triggering related to Brushless motor
rotor position driven by converter.
GTO device PF lead, e

lag or unity (not for “synchronous”
LCl) Fo ¥

Can be motor or () ==
generator Jf ’Y %

gates G, to G,

T !
gate rotor

triggering position
processor ra— other inputs
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Chapter 22

If AC source frequency
Fixed, speed fixed.
Now can nsl
(when switching related
to rotor position i closed
loop

When switching fixed,
open loop)
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Figure 22,32
Th!e: m|n|atur§a blowgr, r'ated at 1 W, 12V dc, 2500 r/min, is driven by a brushless dc motor. The 7-blade impelier on
the u_aft contair_‘ls a circular 4-pole permanent magnet that constitutes the revolving field. The stationary armature on
the rr.ght consists of four coils that are commutated by an electronic switch. The switch is timed by a position-
sensing detector; together they behave like a pair of brushes ridina on a 4-seamant cammitatar

US
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Chapter 22

Example of Brushless DC motor
12V, 1W brushless DC motor. Coll stationary. Hall
detector H triggers coils A on and B off

triggers AA on
BB off
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| Chapter 22

8,8 H pickup provides
3 trigger signal to Q1
and Q2

UNIVERSITY OF
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Eog i In .
Ia
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Chapter 22

AC synchronous motor / generator natural transition
between DC motor control theory and AC motor
control theory
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Chapter 23 Control of AC Motors
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Chapter 23

Where DC motors controlled by controlling
Voltage and Current, AC motors controlled with
Voltage and Frequency

Types of AC drives 1

Static Frequency Changers

Static Voltage Changers

Rectifier / Inverter Systems with Line
Commutation

Rectifier / Inverter Systems with Self
Commutation

PWM Systems
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Chapter 23

VED standards i

NEMA nApplication Guil de
Speed Drive Systemso
Avallable Free at: http://www.nema.org/

| EEE Std 958 nGuide for
Adjustable-Speed Drives for Electric Power
Generating Stationso

| EEE Std 1566 nStandard
Adjustable Speed AC Drives Rated 375 kW

and Larger 0

Avallable at: http://www.ieee.org/standards

UNIVERSITY OF

-| SOUTH FLORIDA Electric Machines and _Drlves
POLYTECHNIC Thomas Blair, P.E.

(tom@thomasblairpe.com

F ol

AD |

f o

)




Chapter 23
IEEE Std 1566 T sample datasheet (purchaser)

Annex A — Technical Data Sheet
(To Be Completed By Purchaser)

Project Reference: Spec. Reference: Date:

System of units: [ | SI [ ] SI plus US standard

Power System One-Line Diagram Provided [] Yes [l No Details

Supply system voltage:

[]2400v []3300V []J4160V [ ]6900V []13200V [ ]Other V4 %
Short circuit level MWA Line frequency: [ ]60Hz [ ]50Hz

Point of common coupling (PCC) Required Telephone Influence (I.T) at PCC

Average Demand Current (I;) Other harmonic requirements :
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Chapter 23

IEEE Std 1566 T sample datasheet (Vendor)
Annex B — Technical Data Sheet

(To Be Completed By Vendor)

Project Reference:

Spec. Reference:

General Information:

Vendor:

Manutacturing location:

Nearest available service reps location from customer site?

Weight of heaviest component removable for maintenance/troubleshooting kg

Drive weight kg Drive dimensions (WxDxH) mim

Transformer/reactor weight kg Transformer /reactor dimensions (WxDxH) mim

Other auxiliary equipment (list)

Device Weight kg Dimensions (WxDxH) mm
kg Dimensions (WxDxH) mm
kg Dimensions (WxDxH) 1111
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Static Frequency Changer - convert f

Chapter 23

tof

line load

3-phase
source

appropriate voltage | {n n| | appropriate frequency
upper/lower | control and desired speed

limits firing unit “Teal values

E I n etc
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Chapter 23

Static Voltage Controller T Vary AC voltage to motor to
control torque / speed (also used to softstart)

3-phase —| static | "M
source _| switches iy

appropriate voltage |nf

upper/lower|  control and
limits firing unit

oy

desired speed
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Chapter 23

Redctifier / Inverter w/ line commutation T AC to DC to
AC conversion. Redctifier uses Line to commutate.
Inverter uses Motor to commutate (LCI). Used on
Synchronous and Wound Rotor Motors. (why not

Induction machines?)

LCI VFD
i}])

3-phase —| controlled dc inverter MS
source _| rectifier link | (line-comm) A,

appropriate current (! 1L 1 appropriate frequency

upper/lower | controland —— desired speed

limits firingunit  [real values
E I nT, et

Figure 23.3

trolled rectifier and a line-commutated inverter fed
from a dc link current source (see Section 23.2).

n Variable-speed synchronous motor drive using a con-

Wound Rotor Motor

RO
source )\ rectner

: —

dc

link

inverter
(line-comm)

LAAL

appropriate voltage {1

upper/flower | control and |——

desired speed

limits firing unit real values
E ILnT, etc
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