30 60(90) 90 120
a

.0/ (120) (150)

b

- E H& 0 ™ m mm q W
Q

A

3 Stauonary field flux vector.

TABLE 1
3-Phase Rotating Field — Principal Variations
3-phase Current Stator Flux
Vectors Vector

Normal Mains m:v._u?

Balanced, sinusoidal, Constant magnitude.

constant frequency angd rotating at constant

amplitude angular velocity .
L o |

PWM Supply Changes }
Character of Change; Effect: -
Amplity . :
Plitude Magnitude of current vectors
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TABLE 1 Analysis of waveform In Fig.5 showing
estimation of 5th and 7th Harmonic.
| _._. - N s Order of | Absolute value .— Absolute value
12 - Harmonic of Harmonic - of Harmonic as
| ﬂm W w Coefficient Percentage of
1) z = Fundamental
5 -1
&
| 1 1.1897 100
T . 3 0.2070 | 17.43
“imonic elimination PWM with no fifth and seventh o
“Monics, see table 1. 5 0
7 0.0001 _ 0.01
9 0.1086 9.14
1 0.2421 20.31
13 0.3223 2713
|
17 0.2030 17.09
4 s e R A AR AR 19 0.0514 | ki
- w 21 0.0825 594
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MOTOR DE-RATING \ (.
SYSTEM Ratio Torgue Full Load Low Speed Response - ﬁiEED HULDIHG Speed Starting CS:;:ECHONS
. 00% Loag Linearity Torque il
DC Motor 1:20 150% (with Dependent on As full load i <10ms with 2.09 g to Motor Principal Advanta SUMMARY
+ Converter (Analogue | 4Qadnve] motor rating forced ar 6-pulse bridge % AVEwin | [ ypically 01 % 150% 20-30s AVF: 4 x Principal Disadva
AVF and6, 3 or cooling. nochokein | qoomPensaigq || (Hihdata | @ Wiespeed ange g
1:100 2-pulse bndge: 1:5 speed ratio motor supply 0:0%: An?llachﬂ ' peed feedback 00p:6 | ®Good starting torque ® Expensive motor
(Analogue no ge-rating at 80% nominal : ni’;i Oigita Q01% ® High efficiency ® Brushgear maintenance
di tacho) abi’*’g 10kW torque without er ® Economic cost of cantraller ® Possible commutation failure on
1:400 with 6-puise forced cooling ® Digital communication possible !_-:_bssfdrp of supply
(Temp ® Braking facility ® Torque variation at low lozding
::::dpzn- ® Low/part Iga:ds reduce brush e
tacho of ‘ ® Low protection class (motor)
encooer)
1:1000 ‘ |
(Encoder :
with
digital
lock)
AC Motor 1:20 : - |
approx 100% for 5-15% dependent =
+ Inverter : depencent | Dependent on Dependent onl o 1| Tpeally 0-1%
(VVAVF or PWM) A T on quality of speed range and on torque i 1-2% with sfip pealy Seis Hependsion Openloop:3 | e Maintenance econom -
inverters. sine wavetorm compensati quality of sine | ' ® Possible motor instability at | 24
motor/inverter r on @ High orotect _ ow spesd/
100% (regen) for output s esponse of motor waveform output: gn protection class light load
WM. characteristics. e . ® Motor availability ex-stock 8 Srcahi tesuste ot
90% nominal or 150% FLC oS Lol € acoustic noise
DC braking Ina : imple application and set-up @A )
TG torque over full 20-30s, e et verage speed range avaiiable
: t -150° oy
depending on m range with orque 75-150% | @ Digital communication passible ﬁ
motor: 4 CW'“Q- @ Qverload and fault protection |
- non-linear, also gb?:;peed_ ratio at | ® Speed range to >100% nominal
high losses mrqle “0"_‘*“31“1 | ® Braking facility
Yo |
1 fo i
o or ragen Forced coolingis | <1-Oms : ]| <001% 150% 30s Power: 3 o Ex <
usual: typically 0-05% i Encod- i _CE"E'“ torque respanse e Additional converter reqguired for
95% nominal LSt ® High starting torque regeneration into supply
e ‘ @ \Widest range of applications
range | ® No zero-torque deadband
@ Excellent stability
‘ @ Maintenance economy
_ | @ Qverload and fault protection =
| @ Speed range to >100% nominal
TR | @ High protection class
W | , ‘=
* 1:100 w7 @ Braking facility
Reluctance Drive 53;:[“ ely max Nil - Special . — - fall '
braking motor Nil - Special Typically 40 ” 150% Ss Power: 6 @ High efficiency ® Specialised motor design
lorque motor ) R 0-01% Feedback: 4 ® High standard speed range @ Applications limited
@ Overload and fautt protection @ Cogging tendency at iow speed
| @ High protection class @ Acoustic noise
231 E::EB . 120 = @ § power cables required for mater
Depen Ei Depend e Dependent on Power: 2 @ Economic maintenance o Efficiency low at low speed
nding ent on Not qood 5% : - ® Poor torque respanse
0N number cooling. Typically g 0:5% coupling frame Feadback:2 | @ Good starting torque rque esf
of poles lower speeds not size. @ No braking facility
e —— available at >50% 150% pOSSib[E
— molor torque. /
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VARIABLE w:‘?ci‘fssti;" ‘€Sponse shows a characteristic Rise Time. T -
'S e ime that elapses between el :
: the step-ch -
reference or disturban | ok e g {
e _ Ce variable and the ini -
R L eA AL controlled variable into the datl st initial entry of the {'
SYSTEM T | ” ' qll ‘
VYD cally. an overshoot then occurs, and when the controlled 1
S,anable re-enters the dead space o remain within it. the i
ystem Settling Time. Ts, is considered to have elapsed.. :
FEEDBACK FROM SENSOR OVERSHOOT
_____ i
CONTROLLED [~~~ ~~"~pF==-Nc=-cewoo__ L.l ___
¢ = ERROR SIGNAL VARIABLE ~ F=— e : SETPOINT
| ! ——
2 Closed loop control system with disturbance variable ! i OEAD SPACE
i |
i I
n & 1 i l
system gain reduces the width of the dead space, but i) I
ncreases the tendency of the overall system to become lyy I 'T.
Jnstable, ie to break into oscillation. The time-constant or DISTURBANCE f 1 :
ate of response of the system introduces a delay between Lo : | \
nput and putput. If the delay is such that the output of the . : ? . i
system 1S In gntiphase with the input, the feedback will add =Ty i Ta-RISE TIME : [
0 the error signal rather than reducing it. If the system gain = 13 * Ts-SETTLING TIME ‘
is sufficiently high, oscillation instability will result. Obviously 4 Response of a closed-loop system o 3 step change in '
inis IS undesirable 1n a control system, and the gain must disturbance variable
lherefore be limited in practice. If no overshoot oceurs, the system is said to be overdamped.

Fig.5a, and will tend to respond in a sluggish manner, whilst
multiple overshoots are characteristic of an underdamped
system, Fig.Sb, which is liable to instability. The ideal is the
critically-damped response illustrated in Fig.5c¢.

A development of the basic closed-loop system is shown in
fig.2. where an external disturbance variable is introduced
vetween controller and controlled system. In speed control
systems, the disturbance variable might represent load

fuctuation; in temperature control, the heat loss resulting
Feedback Sources

OVERSHOOT In the closed-loop control of motors by means of thyristor
---------- /T'\- S S i’-- ————— drives, the feedback to the control loop Is from 3 transducer
EE:;EELED _____________ W et | 2252 ) or sensor which converts a non-electrnical quantity (eg
; 4 SREE speed) into an electrical quantity (eg a voltage), or converns
‘. i Lo an electrical quantity to a form which is compatible with _the
: : : requlator input circuits (eg current to voltage). The following
4 CLOSED"LOOP CONTROL :. : are examples of feedback sources which are commonly
| : encountered.
| |
' : i Tachogenerator. This 1Is 2 small permanent-magnet ac
BEFERENCE | . generator, usually driven directly by the mator shaft via 3
: : : coupling attached to a stub shaft at the non-drive end. The
1 :
W A : Tx - RISE TIME output is a dc voltage which is proportional to the speed 0;
4 Ts | Ts=SETTLING TIME the motor, and whose polarity is determined Dy the cirectio
Qr rotation.
I Response of a closed-loop system to 2 step change AC Tachogenerator. Mounted directly to the moto.r in thi
reference same way as a dc tachogeneralor, {h; tCIUIE?Ut IS aare
in Figg1 Thepﬁ“ngﬂle angﬁ::dngognﬁ??;{ﬂ lf-ia;:ustrated HEFgFI;ENCE lom opening the [urnace daor, In liquic ;f;;l t:: T;:wol: ;a;rooomogal to speed. Usually the output (S rectifiec to gafue
- I | 0 - . - - n ; r
drives but also to other electrical. me::hanicala h ﬁE-s::_}eed SETPOINT - ariations in the rate at which liquid 19;Tdrr;1;j directly by the 3 dc signal. The ac tachogeneratar IS Unsugamfan :n
B NG By . B : e adiian controlled SR IS feedback reversing applications. since its output is unipolar. Uoe !
g SRS veridble, causing @ OnETIER T o lee stem at low speeds is often unsatistactory OwWing to the high npple ‘
;f;ia?l%s:'i-;?soiyztem 'S Charactensed by a feedback slanal which results in compensation by the control Sy : e ot st |
: Sensor in % | -
signal monitors the tt_'le controlled system. This The response of a closed-loop system to step ananges. DC Voltage Transtormer (DCVT). This gevice tS‘uS_Ed to
. : actual behaviour of the system : llustrated in Figs.3 oltag : : wre voltage feedback |
compared with (or subtracted from) the referenie Sy elerence and in disturbance variable are fiu orovide an electrically-isolatec armatu |
: | | signal. 3
' magnitude and polarity of the resulting error signgn .aE[ Tha FEEDBACK FROM SENSOR nd 4, | |
dlrlmly "€ /21ed to the difference between required ang aétﬁ C |
values of the contr. i = 0 *
ontrolled variable — which may pe the SO E= ERROR SIGNAL MEITE?_ELED |

IQuId in a tank :

angd . ‘ ified by '
50 on. The error signal is amplified by the Closed loop control systemn

the controlier output makes 3 Correction 1o

o make & & SETPQINT

system. reducing the error i) the controlled ‘lﬂhlﬁh (NE control system gain 1s insufficient ing
' - urther correction t tem. resu
As the error signal red: _ O the controlled sysier. ace
gnal reduces, it eventually reaches 3 value 3t bi"dhe”“ﬂ Side of the set point, known as aeadﬂff cont®
“hich no effective requl asing
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=r Vaniable Dilferential Transtormer
A Linear Varnab (L\VD 41 to the current llowin
potential dividers. A 3 inear position transaucer. Naving three The (1 gportond g. and whose PoOlarity

tve to non-isolated

Ninge . " Ol4 :*ﬂends on the direction of current flow. This i

signal as an alterna voltage (molcr _ 5 - _ _ : o1 15 itsalf .
intgemal oscillator modulates e ﬁnfa; ac component s b? ?mne :rﬂ f:r:tjs Ufr:nc?a. f':E’;eThe Gore is 5 . Uy ﬁd a5 4 leedback signalin current control ’0095&9 RISV o mentioning here S:ECau- HG;: :te:e:back“ =/~ But is
rm mpressing upon - The slug of o " S Within - 1inge,. Y : controj — | | aN example . NQirecs

ar:wia;i;agznzalﬁransformer sction to take ﬂ!i-lcges. the shown in Fig.7. The secondary windings ar:ahe 'Ofmg, = purren! rransformers (CT and DCCT). A CT is usually a lension A?:;?Eafosmon COntrol 3as a means of contrmite.
:elzgn:ary voltage. rectified anc smoothed. DECO e gidal transformer. Used for measuring alterating current. ancer arrangement is shown s Fig.11

VTS are available for revgrs:r;g
o feedback is only suitable
critical. because
g varnes {0
se lo load

feedback signal. Bipolar OC

lications. but armature voitag
o p | control 15 noOl

) armature voltag

¢ istance
[owing 10 armature resisia respon

some extent with current. gving
changes.

ain
Incremental Encoger (Pulse Generator). The encoder, ag

the motor shaft, contains a
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—
—
—
h

SECONDARY WINDINGS ?

%hé outpul 1S 3 curren; sianal whose magnitud
. onmary current divided by the turns ratio, Fig. 8a.

ia OC Current Transformer (DCCT) Incorporates an ag-
Jignal winding. connected to an oscillator, which modulates
- (lux in the core produced by the primary, in which direct
rent flOWS. Fig.8b.

i-Effect Current Transducer. The Hall Effect, in which a

g is equal to

14T

usually driven directly from ine M : 5 | : PNEUMATIC ﬂ
transgarem hiad g Imﬁ* A;:—gi;:;t‘:'rﬁ e;r;g | |tege is developed across a current-carrying conductor CYLINDER | T POSITION

> il are aranged near € |
E;iwie;ﬁfmém ﬂmﬁuces a train of pulses whose DEMODULATOR (| | MAGNETIC FIELD ; TRANSDUCER
frequency is proportional to speed. Direction of rotalion cﬁ; AT
be determined if necessary Dy DUf*f;S f:’::‘ L ISEFCOQE . ROLL

otocell, displaced 90° in phase irom g o
g:aadrature detection logic determines Sense of rotation DC OUTPUT SIGNAL QUTPUT VOLTAGE C
from the phase relationship of the two channels. '
J___ a 7 Linear variable differential transformer (L Vo) i ; = 2T POSTIEN
ERROR
_I _ opposition to one another, such that when the ¢q: < DIRECTION OF JV" POSITION REFERENCE AMPLIFIER
L L] _r b the central position. the primary flux is coupled equay - CURRENT FLOW

Eaa KWISE ANTICLOCKWISE bath secendaries., and the output is zero. If the.coe gilzr - R,

e moved towards one end of the LVDT, the Coupling & 11 Dancer tension control

unequal and the secondary voltages have a resultznt yne

6 Pulse trains comresponding to bidirectional rotation of an
encoger.

The encoder has the advantage that its output is a pulse
train wnose frequency is not affected oy temperature or
attenuation of long cable runs as is the analogue signal

is proportional to the distance the core has moved from &
central (null) position.

Shunt. A shunt is a low resistance connected in seres win;
current-carrying circuit. In accordance with Ohm's law.:

“lzed in @ magnetic field. is illustrated in Fig.9. If a Hall

%t transducer, fed by a constant-current source, is
%eed In @ gap In @ magnetic core having a current-carrying

wding, an output voltage is produced which is proportional

=the flux in the core and therefore to the current in the

voltage is developed across the shunt whose magnituce geding (provided that the core is operating in the linear part

#ismagnetisation characteristic).

the matenal passing over a deflector roll, around the dancer
roll which is free to move vertically, and returning (o the
onginal passline via 2 second deflector roll. The dancer s
lcaded (usually by a pneumatic cylinder] with 2 force which
detlermines the tensicn i the matenal. Attached to the
cancer s 2 position feegback transducer (often a linear
potentiometer] and the position af the dancer s controiled

2; ﬂiﬁ?jgmigéﬁﬁai g@?ajtemmﬁy CC;I-IJ;?OD;-E of 2 124 Cell. There are many types of load cell, some via the line dnives by means of a position loop. If the tension
speed SINGLE TURN PRIMARY woporating strain gauges. others incorporating piezo- alters. the dancer nses or falls. causing a pasition emor
Encoders are available with an additional output known as a CARRYING AC by 3 SECONDARY fezetric transducers or LVDTSs, but the purpose of each is to which s used to restore tension. and therefore the position
marker pulse. which identifies a specific orientation of the WINDINGS  lenct 2 mechanical force into an electrical signal. Load of the gancer.
disc. By counting puises from the datum provided by the OF nTURNS  huse oo often used in weighing, especially of bulk matenals
. marker puise, the angle of rotation can be accurately ~Intoppers, but the most important application in conjunction Cascaded Closed-Loop Control
measured. This f_E&Iure 5 used n angular positioning - ) ¥ thyristor drives is in the measurement and control of Whilst the function of 2 vanable speed gnve i 3 CioSec-ioop
Sysiems. eg machine tool spindle crientation. EE%’:E: #sion in continuous process lines. control system can be considered as the block labelled
t‘ ADsolute Encoder. Tne absolute encoder works in the same I/n  Jinpical arrangement is shown in Fig.10. in which the igz;:‘;kircnmaitc?sf_h;r:;de iﬂgzﬁtfag;r n;;re:igsz:
way as the incremental encoder described zbove, except —0  |%lenal passes over a roll supported on load cells {often \oogs wikin ihe cgnm;l system. For example. 2 dave

tnat multiple channels are used to give 2 discrete code for

€very position increment. By decoding the output the

angular position can be deduced directly, without
o count from 2 datum or marker. Y. the need

CORE /.

“JIrENt tranglormers a (3 C/CTb OCCT

speed control. as illustrated by Fig.12. hasnol only 3 speec
loop but ziso an mnner cumrent 1000, - -

| - AC SUPPLY
a RY CURRENT !
S RIS CURRENT FEEDBACK __{..?T
-
— THYRISTOR
) = LOAD CELL CumRENT CURHFF;; ikl
SINGLE TURN PRIMARY AR e SFEED i
SUMMING :
CARRYING DC
CURRENT FIRING
SPEED MMING :
SPEED AMPLIFIER gReas's
0'1— REFERENCE
RESULTANT FORCE DUE TO TENSION
OSClLLATOR : SPEED FEEDBACK
eNsion measurement by load cell
& | { 3 thynsior dove
d '“mwrmeg N0 the bearing pillow blocks, two are useg, 12 Cascaded closedfoce coniroi of 3 15Yr
MODULATING . nbulea In series 1o compensate for uneven e Taa lrom he summing of
WINDING | en 3cross the matenal). Simple trigonomelry 13 The speed erof signal. resulling i amoiifier.
S 0 caicuiate the magnilude and direclion ol the larenneand teadback. 1S amphhgdcur:lywt _5059“_“‘5 I
b . — 3::1 (€2 on the 10ad cell due (o tension. and m{o:: and becomes nNe reterence 1O ::: magnituge of the current
- P nniiul‘lf'céssary (0 compensate for the lare weigh for imils 10 D8 \mposed upon t
1S Dearings
8 =

!___



t CURRENT
WAVEFORM

r——

: 3-4 PULSE
' RISE TIME

CURRENT REFERENCE

————

13 Opumisation of current 100p gain

I NWW
CURRENT
WAVEFORM

14 Current loop gain too high

FW TN TN TN T ey

WIAVAVAVAVAN

15 Current waveforms a Discontinuous b Continuous
current

t

The current error signal. resulting from the summing of

Current fe!agnce with current feedback (Via current frans-

Optimisation of gains
Excessive gain in 2 closed-ioop <

whilst insufficient gain reate  SYSIem leads 10 ing
as already explained.

Sops. Ine inner curtent 160 s the more eren - (690aCK

Mﬂ'ﬂ'ﬂﬂﬂe 'S 10 Be obtained. The

(A prent 1000 depends an the elegtnoa - CAUr€d in
TR CieuR andtherefore vargg (o

oy i 50880 100D 15 acusiga i .08

motor to mator. Customarnly. the gain s
connecting the mator field supply ang mecamms,Eﬂ
the shaft to prevent rotation. then applyin anica),
the current loop whilst observing the Cﬁrre Ste
means of an oscilloscope. The current shq, . Vel -
value after three 1o five pulses. Fig. 13 a"h;.u "ISE (g 4o
waveform IS seen. as i Fig.14, the 9ain ll..l h”anu;;‘ii
should be reduced somewhnat. The prOCE‘G‘UrS 1o 'ﬂn‘:‘
deahng with modermn. dlgltal G”VES_ Slnceﬁiﬁ aS‘IE-r-,..:_E
precise digital quantity which can pe calcuﬁhe_galn "%
value of current reference required for Canting dteg Onge 1.
has been ascertained. This is usually achiey Ous COnGige.
current limit with the motor stalled as agd b s
cesired waveform Is obtained. Fig.15. N o

f o
Y e *

"-‘!
-

Qve

PID Loop Control l.

Two. or sometimes three distinct types of Gai
encountered In the speed loop of variable SDeedn;rE 10 fe
flves

PID loop centrol 1S not restricted to variable spe
servodrive control. Any one of all of the functions Ed {ir
found in hydraulic. temperature and m any Dmera?qme;.-:
closed locop control. Orms o

|IH'E :.l

The pnnciple is illustrated by an exampie from s,
speed drive technology to show how PID fUnC"Onm—_.aa;.'
velocity loop of a servodrive. and how it can o E ':,1
improve and optimise the control of the speed of the frbr .:4
PID i1s a series of signal gains. each making a dlﬁ-u.,r;.
adjustment 1o the feedback.

Proportional

“2 perivative -

Proportional gain i1s the factor Oy which the speed e«
multiplied to produce the proportional speed congﬁ-;
lerm. Increasing proportional gain gives faster trans:-::-;:
response and increased system gamping, but leads &
instability if carried to excess.

P
COMMAND
INPUT v M
| f
I
a Y
)
L -
iy
a
) =
-
=
a.
=
S |
o
b INPUT VOLTAGE

6 Propomionalgain: a Schemanccicuit, b X

relationships of s/gnal 1o outpul speed

-

j wil o

:I-_’h's 'S Ine simplest of the three functions. The ou"f o I

€ system, (e the speed. s made p,-ogomoﬂﬂ a1
external command signal input into the system. The#

Sthematc for thig function 1s shown in Fig.163. .

;:"‘E _relanqnsmp Detween the inpu!l signal and (1€
'9nalis inear. as shown in Fig.16b

—

.Irit.egra'! = 1 p
. ri
Inieg o1t

egral 92N is necessary (o eliminate the speed eapgﬂﬁ'j

wouldg o'ihﬁ.'"m'se_ exist due to tre lact thal the P/

a0 15 nnite. By Integrating the speed error with respect i
Q;ne. 4 correction lerm IS produced which COmpensates [c:i
[ s initial speed error during steady-state operation. Increzs-

I
astalt

s function Is Incorporated 1o
sition-stiffness. In other words, when the drive s &t stand-
4, the integral function provides the contro| necessary to
wevent rotation being induced by outside loads. n,g IS

pieved Dy Incorparaling a capacitor in the fee
ﬁromry loop amplifier, Fig.17. dback of the

|

{1 Integral gain schematlic circuit.

‘| alow speeds the reactance of the integrator capacitor is

nan. It therefore has more _e;jfect al zero and low speeds

— -

nzn at high speeds. . o' ./ WA= 31848 L v

o - -5 4 p ] ity

Eavative gain, also known as -fcrcing_ﬁ iS sometimes
atountered. The error signal is differentiated to obtain its
ae of change, which is then multiplied Dy the derivative
@n lo give a term which corrects for sudden transient
slurbances. However, modern drives respond so rapidly
rat derivative gain is seldom necessary, and in addition. it
% e undesirable effect of amplifying noise and ripple in
e feedback signal, often contributing to instability.

inederivative function of the feedback loop helps to prevent
iershoot when reaching the required speed, including zero
peed. This is achieved by introducing as kind of feed-
ward. which “predicts™ the approach of the desired
speed. .

rofile D Fig.18a. is the sum of the derivative induced
| frent plus the tacho feedback induced current.

¢

COMMAND SiGNAL

LN

o N
&
7]
§ VELOCITY PROFILE
= WITHOUT DERIVATIVE
= 3 FUNCTION
|
oo ! ,
a INPUT VOLTAGE B
' P
Vv

D .
_.-
l-| ADJUSTD
C :
b =

18 Denvativegain: a Effecton control stabilicy:

b Schematic circuit

The electrical schematic for this function is shown I
Fig.18b. In practice, the derivative function is adjustable so
that the system can be optimized and incorporates the filler
circuit as shown.

A simpler way to understand the denvative function s tg
imagine the lemperature control of an electric oven. If the
control of the oven were left until the desired temperature
nad been reached. then the temperature would nse above
the set point. It however a denvative offset were introduced.
then the control can be turned oft befare the set pamt IS
reached and the temperature will rise only to the required

level.
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MOTORS

Principles of vector control

The first part of a two-
steady-state and dyn

vector-

he induction motor is the most
widely used electrical machine in
industrial applications, mainly for

s powerline. Induction motors have
«ny advantages over dc motors, such
« g simple and rugged structure, low
ost, and reliability. However, for vari-
| 7= speed applications, induction mo-
gs have only recently found favour.
wtead, dc motors have dominated be-
suse of relatively simple dc voltage con-
pl. For example, permanent magnet

PM) dc motors have been widely used

or servo drives, and separately excited

i-motors have been used in wide-speed-
snge applications, like machine tool
pindles.

The popularity of dc motors in vari-
| #le speed applications is not because

the motor itself is inherently superior to

o motors. It is simply because the volt-
| iz¢ and current of an ac power source 18
§fcult to control, and proper control
nethods had not been developed.

With proper ac power control, ie, vec-
ur control, the induction motor can be
% good as, or better than dc motors in
uigh-performance, variable speed appli-
wtions. For example, the ac motor has
tigher peak torque capability. The rapid
wolution of power semiconductor and
microprocessor technology has made in-
duction motor with proper drives econo-
mically feasible. They can be applied in
many applications, including machine-

By Dr Dal Y Ohm

tool spindles, steel mills, etc. They can
now challenge servo drives and traction
motors.

Usually, high-performance drives use
feedback control for fast dynamic re-
sponse and to obtain accurate position
or velocity. The motor and drive set in a
motion control system serves as a torque
amplifier. High-performance motion
control can only be achieved if the torque
characteristics of the motor and drive
are stable and linear. Before discussing
vector control, we’ll compare the oper-
ational characternistics of dc and induc-
tion motors.

Dc motor

Figure 1 is a schematic of a PM dc
motor connected to a load. Upon injec-
tion of voltage, V, armature current, la,
flows in the rotating armature coil
through the commutator and brush as-
sembly. Mutual reaction between the sta-
tor’s permanent magnet flux (F) and the
rotor’s armature current, la produces
torque. Here:

\HAS - mﬁm H.., HmA.S ﬁ:

Back EMF, Vb, is produced as a load
to the electrical system as:

.

Part article which discusses the

amic operating characteristics of
controlled induction motors compared with dc

motors for variable speed applications.

Vb =KeFo (2)
Where:

Ke = Constant determined by the mo-
tor structure

w = Angular speed of the motor

The relationship between V and la is:
V(t) = L dla(t)/dt + Rla(t) +
Nb(E)- (3)

Where:
. = Motor inductance

R = Armature resistance

From Equation (1), torque is propor-
tional to armature current if flux stays
constant. When supply voltage, V, is
controlled, la has a time delay of L/R,
and its magnitude is dependent on speed
(due to back EMF term). If la is directly
controlled, these problems can be elimi-
nated. Therefore, most high-perfor-
mance drives use a current amplifier that
is either a current source or PWM
amplifier with high gain current feed-
back. .

From Equation (2), Vb is proportional
to motor speed. If this voltage ap-
proaches the supply voltage, current (and
torque) can no longer be controlled be-
cause of the small potential difference
available to the amplifier. Usually this is
the operational speed limit of a PM dc
drive: it is called “base speed™.

Next. consider a separately excited dc
motor whose flux is supplied from field
current connected from the independent
power source, instead of a permanent
magnet. Here, flux 1s proportional to
field current, If. Equation (1) can then be
expressed, with a different constant:

T(t) = Kd Ifla(t) (4)

When field current is fixed at the high-

est designed value, its operational char-

acteristics are identical with that of a

r, and speed 18 limited by sup-
W@ﬁ%ﬂmﬁm. But, if field current 1s m:oﬂ%
to change, higher wﬁm& ..uumﬂmso: 18 wm_ﬂ :
sible with a reduction 1n field anmwnu 3
For example, if field current (an

i
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tion applications re tire Ly, cut'w po'yph&l! iﬂdﬂﬂ’-ﬂm -
D e oy is vt | 810, B conecta s b e
mﬁtch g Widely uyed, i transformer action induces rotor
ind mbm ﬁ? SUll widaly (ke "d from the stator. Mutual reaction

ustey, but their commuyg,y, o SIS0 teting magnetic s g
D ability and are a: they sl patit § REC) rent produces torque, Consider
ervironmenta. Anothey dests oe, | kb 1ol 18 turing at & spesd n
the dc motor is that ilt._q.dm‘hmk y | stich is less than no during normal

tantiom liwmtee 1o ARON aoring operation. Fr fs (sli

Besides these drawbacks, high-g " ﬁlﬂ:yy deter-
motarlf are much more “Wnr:?i ﬂd ¢

Three-phase Induction mgy,,
Three-phase induction motor b,
ac winding on the stator 5o thay g, -
distributed magnetic flyy m;;:;

ﬂwnd the aifgﬂp 18 generated from 6" B ) .

o vt 4 s [ o o
tors magnetic flux is not rotating 5., | 4z Sometimes per-unit ship, s, may be
stationary and pulsating Foor perir | sed as defined by: :

ance pt single-phase induction rtem |

especially at low speed, preti o Jo_ 10 = 1

use in most variable speed applicatie. L 70_ = e (7
From now on, only polyphase (th, " = J
phase in particular) motors will be ds | Steady-state characteristics of an in-
cussed. If ac voltage (with constars b | betion motor are best described by its

quency, f,) is supplied to the stator wid | rphase equivalent circuit shown in
ing of an induction motor, the stauligure 7. In this equivalent circuit, rotor
generates rotating magnetic flux, revh §—

ing at a speed, no, (RPM) determidd

by: ‘ Rs Lis it Lir R

o = &% (RPM) | 15 |
P ( :

Wl s, Rr: Slalor, Rolor resistance

18, L1r: Stater rolor Weakage inductancs
| Lm: Magnetizing induciance

This speed is called synchronssl 3.8kp

P = Number of motor pole pairs

ed, and induction motor speed 2 SRS
l‘g::l s very close o this speed. E02% Y igwe 3. Steady-state equivalent clrcult

(5) also is a general equation 1945 R iinduction motor.

e

point (marked as “M") and the rated
mwpohnmbdw&han'ﬂ”.m

in the figure, the stable operating
speed is about 90% w 100% of synchro-

quency is allowed to change, this stable
operating range can be moved up and
down. Flux current im(t) is roughly de-
termined from:

imlt) = Vi)
(0w, Lm) (%)
Constant flux can be maintained if the

ratio of supply voltage per frequency
(known as V/H) is preserved, and the

electrical frequency to mechanics

r—
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| motor can run up to twice the !;.we:r characteristiss ﬂf-ajﬁ?e:;ee& can industry, but their com;;de}}' Ueq | grent from the stator. Mutual reaction

speed because of edditional md_‘-"dwﬂ- cited dc motor- mm % in practice periodic maintenance: the\.tamf‘% teqs, | perween the rotating magnetic flux and T - K, - _ |
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induction motors compare

ector control principles are based
on the synthesis of ac induction
motor current. Consider equations

(4) and (8):

t) = KdIfla(t) (dc Motor) (4)
%‘(i Ka lm(t) It(t) sim a (Induction)(8)

where:
o — Phase difference between Im(t)
and Ig(t)

For two different types of motors, tor-
que equations are very similar except the
term sin @ In the dc motor, this angular
relationship is still present but is fixed to
90° by the motor design. If the angular
position of brushes is allowed to vary.
corresponding sinusoidal terms can be
applicable in a dc motor, too. The pnna-
ple of vector control is to synthesise
stator current so that these two compo-
nent currents maintain orthogonality
and are controlled independently mn all
dynamic situations. Decoupling these
two current components maximises the
efficiency of the produced torque, and
provides operational characteristics
similar to the dc motor.

The difference between the dc motor
and the induction motor is that in the
induction motor the airgap flux rotates

V

of an article discu
perating character

ssing steady-state and
stics of vector controlled

d with dc motors for variable
speed applications.

By DrDal Y ohm

whereas it is stationary in the dc motor.
Because rotor current, 0OI rotor mmf,
produced from this current travels past
the rotor at slip speed, and slip fre-
quency EMTF is generated in t.l:_xe rotor
circuit by the transformer action, t_he
relative angular position of rotor mmi 1S
stationary relative to the stator mmf.

If we use a synchronously rotating
reference frame as a reference co-
ordinate system, both the stator and
rotor fluxes are stationary and their mu-
tual interaction generates continuous
torque. :

A mathematical linear transformation
is possible between a three phase sta-
tionary reference frame and a two phase
rotating reference frame with d and g
axes. In the rotating reference frame,
variables like voltages or currents are
purely real quantities (like dc quantities)
without modulation. In this synchronous
frame, we can define Id and lg, which
correspond to rms values of lm(t) and
|t(t) if leakage inductances are neglected.
Thus, equation (8) can be written as:

'/‘d-a xls

% 2

FIXED FRAME

Flgure 5. Vector dlagram of sector
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current components

T = K ld lg sina
(10)

Here, an analogy to the _
possible, where Id mnespuigsm;t‘“ﬁ
current, and lq correspongs t, :

| : R
;mts dent upon slip, which is based on

imated T'r is not matched to the
Tr, the two current components
ggtuﬁﬂt orthogonal. Therefore, the pro-
’]f::-e 4 torque will be less than expected.

| ' ting in poor efficiency and the in-

ﬁ;}lit\’ to produce maximum torque. So,
B ector control, correct tuning of par-
I.l:ﬂ oter Tr is very important. With cor-

i«{ti}' tuned Tr, produced torque is;:

ghere.

Ky = (3/2)P(Lm/Lr). Clearly, the
jpove equation is analogous to the dc
sichine equation (equation (4)). Torque
paracteristic curves are depicted in Fi-
qgre 6. Note that the stator current is
jizhtly reduced as speed increases above
wee Speed. This is due 1o the vector

current. Because the two curren?;m“"‘
nents are orthogonal to each uth::l
lags lg by 90°), stator :
vector sum, 1e:

15 — U/]£12 'F 1(12 (“|

These vector relationships are g
in Figure 5. In the induction m
and slip are mutually dependent q
ties. Once 1q is set by the torque req;
ment, angular slip frequency o,
satisfy:

] (1
Tr Id

where
Tr = Rotor time constant (Lr/Ri
determined by the motor design. Asin
separately excited dc motor, the mi
nitude of magnetising currert, ld, is i
to a constant value below base speedan J
reduced inversely proportional to sps
above base speed. Torque producing ot
rent lq is controlled to meet the torg*
requirement of the load.

L

To supply synthesised stator CUfl'EIﬁl_J?
the motor, Id and Iq must be t*
formed back to three phase smusﬂﬂ%
phase currents. This inverse transfﬂli
ation requires information OD thefhﬂ
stantaneous angular position of the ik
Two methods can be cansys.?r;dﬂm_
taining this airgap flux posiuof: &
vecto?gcontrol” actually measures tﬂwl}
ing flux sensors. The “ir}chrect 111'-’5
estimates it by integrating row:n eﬂ:ﬂf
and generated slip. The indirect i
is more popular because meaSéﬂwﬁa "
flux requires additional har gy
complex signal processing. le? o
discussions will be limited to f-‘us o
method. Here, the instant&ﬁ;:

of stator current is calculate
(10}

¢ = [ (0 + @) dt + 8

where: (4
6 = Atan (lqs/lds)

nf glationship 1n equation (11). The major

]

Current is f sotor and a vector-controlled motor is

jfference between an inverter-driven

hat vector control charactenstics are
yt limited to steady-state, but applica-
% in a dynamic situation like the dc
stOT.

With vector control, you can obtain

ofor, lfymamic operating characternstics corm-
'-parable to a dc motor. The major advan-
ige of the vector-driven induction mo-
dlr is 1ts rugged construction, reliability,

ww cost and simple construction for
ligh-speed machines. In addition,
snstant-power operation is somewhat
smpler than a separately excited dc mo-
1wt because it 1s embedded in the vector

control.

Vector control system

implementation

We can present a practical vector con-
0l design with Baldor's ASBTS-20
eres spindle drive. This system uses

‘hat stator current phase current

owledge of Tr in Equation (12). If

EONITANT

tonoue 'i— COMITAMT FOWr A af mica

e Caong Vawe
"
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o
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r\g

BASESPELD P

Figure 6. Vector controlled motor
characteristics

indirect vector control to get Very ac-
curate speed and positional controllabil-
ity throughout its wide speed range. Of-
ten, this is required in high-performance
machine tool spindle applications. Figure
7 shows a functional block diagram of
the vector control used in the drive.
Except the motor and mounted encader,
all electronics are packaged inside the
drive. The drive includes many other
functions — handshake logic with NC
machine, protective functions and the
operator interface etc — but discussions
will be limited to vector control.

For vector control, which involves
many arithmetic calculations of ex-
tended resolution, at least a 16-bit
microprocessor, or signal processor Is
required. The ASBTS-20 uses a NEC
78312 16-bit microcontroller wath many
functions handled by hardware, either
through built-in microcontroller logic or

on-board logic.

This effectively relieves software bur-
dens required with fast sampling time.

From the speed command Ve from a
host {either CNC or operator), velocity
profile, Vr. is generated for every control
:.merrupt cvcle. The rate of change in the
profile velocitv depends on acceleration

rate and speed. Vr is then compared to
the actual speed of the motor, and
closed-loop compensator determin s

es tor-
que command, Te, based on the present
and past speed errors. Vector control
starts from this point. Flux current com-
ponent ld is calculated from the flyx
calculator process that simply modifies
command flux Idc inversely proportional
10 the speed above base speed. Because
the Tc command is directly proportional
to lq (torque-producing current compo-
nent), we are ready for vector caleulation.
From two vaniables 1d and lg, magnitude
and phase of stator current vector can be
calculated from equations (11) and (14),
and produced slip from equation (12).
Rotor flux angle can be estimated by
equation (13), so the eppropriate arith-
metic and digital integration process re-
sults in & rotor flux angle of the current
interrupt cycle. Based on the magnitude
and flux angle, the frame transformation
process can be done via a combination of
hardware and software. The resulting
three phase stator current commands
are transformed to an analogue format,
filtered and amplified to feed motor cur-
rent. To eliminate current phase lag due
to inductance, a PWM amplifier with
high gain current feedback is used.

There are two open-loop parameters
that must be tuned properly. These are
Idc and Tr (rotor time constant). To
optimise performance, these must be
tuned correctly with a load test. Because
motor parameter Tr varies as motor
temperature changes, peak torque capa-
bility msy be deteriorated as tempera-
ture vanes. Fortunately, for sizes of mOst
spindie motors, its effect is not so cntical
in performance as in much larger size
motors.

Dr Ohm s with the Bolagor motwn
products group
* For further information contact Aust-
ralian Baldor, 6 Stanton Rd, Seven Hills
NSW 2147
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