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@ Feedback control for reduction of cogging torque in controlied current AC motor drives and method.

@ A decogging feedback control for current source inverter
motor drives uses a change of instantaneous torque feedback
signal with no dc component that is a function of only the
instantaneous puisating component of measured torque. The
change of torque signal modulates the voltage applied to the
dc link and therefore the dc link current to materially reduce
the detrimental cogging torque pulsations and stabilize the
motor, and can be switched out at a low frequency above
which it is not needed so that the motor can respond properly
to rapid variations in torque.

. .

L U W

o vourace [T —ld'-— % CONTROLLED
CURRENT

3 o | conventen | ¥ VERTER
0--{AND CONTROL{ ; AND CONTROL

REGULATOR

% PULSATING
Ta Tgeord $a.Tao A | COMPONENT
OF TORQUE
FREQUENCY COMPUTATION

RESPONSE |-—- 7 . CiRcunt
CONTROL b

I f8T | compensaror|2™

-

Croydon Printing Company Ltd.



10

- 15

20

000053¢

-1- 10002-RD-20231

FEEDBACK CONTROL FOR REDUCTION OF TORQUE IN
CONTROLLED CURRENT AC MOTOR DRIVES AND METHOD

This invention relates to controlled current ac motor drives,
and more particularly to a feecdbzck control and method for sub-
stantially reducing the cogging torcue produced by controlled
current drive systems at low frequencies.

Many applications including tract drive systems require the
precise regulation of motor torque. The development of current
source or controlled current inverters, which supply rectangular
non-sinusoidal currents to the motor windings, has resulted in
efforts to apply this device to adjustable speed ac induction motor
drives. One of the weaknesses of nresent cpntrol strategies is
that the torque pulsations due to the harmonic or cogging component
of electromagnetic torque can be severe at very low machine fre-
quencies and result in instabilities and uneven running. For a six
pulse, polyphase full wave bridge inverter, torque ripple occurs
because of the presence of the sixth, twelfth, and eighteenth har-
monic components in the non-sinusoidal motor current in addition to
the fundamental motor frequency, which is the electrical equivalent
of the mechanical speed (RPM) at which the shaft is rotating. The
torque pulsations are especially troublesome upon starting up or
when passing through zero speed to reverse the direction of rotation,
and can be eliminated by mocdulating the dc 1ink current fed to the
inverter.
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In practice, motor parameters vary with temperature and
frequency so that actual real-+ime measuremert of the pulsating
torcun znd clesed="a0T Tendan oanive?l S mecessary “or the pre-
cise reguiation of torque rathler ithan we’vng or ooven icop com-
pensation. An open loop techniaue fov small industria™ drives is
described in U.S. Patent 4,066,238 assigned to the same assignee
as tafs “nvention. A clesed Teon f2chrioue for reducing torque
ripple requiring the continuous ce culation of actual torque from
the sensed motor voltage and current is disclosed in U.S. Patent
3,919,609 to Klautschek et al; in this patenF the actual torque
developed by the machine is ccmnered t0 a predetermined reference
value and the error signal is used to modulate the dc 1ink current
in a corrective sense. One disadvantage with this approach is that
in practice it may be required to regulate a motor parameter other
than machine curren®t by varying the d¢ 1ink durrent magnitude;
another is that it is preferable to bte able to switch out the cogg-
ing torque reduction contro® at higher machine frequencies so that
the machine can oroperly respond to torque pulsations caused, for
instance, by a sudden change in "oad.

It is an object of the present invention %o provide a decog-
ging feedback control for current source inverter motor drives which
uses a change of instantaneous torque feedback signa!Ewith no dc com-
ponent which is a function of only the ins*antaneous puisating com-
ponent of measured torque, and wherein the change of torqdﬁ signal
mocu-a=es the voltage applied to *he dc link and thereforeéthe dc
1ink current to materially reduce the detrimental cogging iorque
pulsations and stablize the motor, and can be switched out at a low
freguency above which it is not needed so that the motor can respond
to rapid variations in torque. N

An moroved method and control system for realizing a sub-
stantial reductic~ ir the cogging forcue nveduced by controlled
zuvvert ac motor drives emeioys a chorg~ 9F instanianeous tdrque
feecback signal, j.e., o=e that is n fumci’on ¢f or”yv the instan-
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taneous pu1§5tiﬁg component of mota- tcr:ve(;%ﬁ has no av-rega
torque or dé component, in a feedback loop to modulate the dc

Tink currené in a sense to e”*minate “ne detrimental tcrque com-
ponent. ThP%controlled currar® ~oéor drive, as is known, com-
prises a volilge converter such 2z ~ chase controlled rectifer

or a chopper\or applying a voltace of variable magnitude to the
dc 1ink, and ¢ polyphase curren* source inverter having a variable
frequency outf't with the dc link current magnitude. The change
of torque fee%ack signal is previded as a correction term to the
means for var?ng the vb1tage applied to the dc 1ink by fhe voltage
converter, an'is summed with a command signal representing the
desired va1ueif a selected motor parameter to be controlled in a
relatively slc' response current level regulating loop and with a
sensed value o%the selected parameter. The selected parameter

can be motor a*{gap flux or actual motor torque as well as dc link
current. :

Two diffe nt techniques for calculating the instantaneous
pulsating compornt of torque are disclosed, one involving com-
puting the feedb%k signal directly from the dc 1ink current, the
zero current intt&als, and the instantaneous voltage across each
open-circuited mc}u phase wincing, and the other involving first
computing the actil torq>a developed by the motor and then filter-
ing to remove the }erage :brgue or cc component. An important
feature of the 1nvﬁtion is tiat the change of torque feedback
signal 1is ordinari]ﬁ;witched ou. or disconnected at a predeter-
mined low frequency tove which tﬁ*decogging feedback control is
jneffective and is n: needed. The I\tor can then respond properly
to rapid changes in irque under norna\‘wunn1ng conditions, for
jnstance to respond t: step changes in 10\& The frequency response
control for switching he change of the torgya signal in and out
automatically is respo&gve £o the inverter swtching frequency
or another equivalent -Cbxency The control sf\em and method
are applicable to both nduct1on motor drives and Mpchronous
motor drives. i A
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noarent from the
following descripticr of oreferred embod ments thereof shown, by
way of example, in the accomoanying drawings, in which:

TIE. Y e o2 schemetin block diotram of & controlled current
ac motor crive with provisicn “ov -2 rafuztios of cogring torque
using a change of instantaneous torcue feadback signal;

FIG. 2 is a schematic circuit cdiagram of a controlled cur-
rent ‘nduction motor criva with the addition of sensors for com-
puting the change of torque sigra’ according %o one embodiment;

FIG. 3 is a block diagram of the pulsating component of
torque computation circuit associated with FIG. 2;

FIG. 4 illustrates idealized “nverter current waveforms
assuming the dc 1ink current is constant; '

" FIG. 5 is a sketchassociated with a theoretical explanation
of toraue ca’culation, showing the three-phase stator windings of
an induction metor and the equivalent two-phase windings along the

" direct (d) and quadrature (g) axes;

FIG. 6 is a timing diagram for the inverter thyristors in
FIG.2 and switches in FIG. 3;

FIGS. 7a-7d show the “lux signal waveforms at several points
in the computation circuit of FIG. 3 and the chance of torque
signal at the output; and

IG. 8 is a schematic diagram of another embodiment of a
torque measuring system ‘cr calculating actual motor torque and
deriving therefrom the change of torque “eechack signal.

The adjustable speed, current source inverter ac motor drive
syster in FIG. 1 has a control system with an improved decogging
feedback control for substantially eliminating (a 20:1 reduction
is possible) the cogging o harmonic component of electromagnetic
torcu». The actual torque developed by the ac motor contains both
a ¢c level ’+-e shaft or useful %orgure) and an ac level (the -cog-
ging or pulsc:“~7 toroue). The decogging feecback variable accord-
ing to this invention i3 a change of ins*antaneous electromagnetic
torqus sicmel. i.e., a feedhack signal that s a “unction of only

3
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the instantaneous pu'se*’-r 2220- . -7 +9rque and from which
any average torque or dc ccmoene-y i3 heen removed., The decogging
control is suitable for both induc%ion motors and synchronous
motors, and in either case the mo*or runs smoothly at slow speeds,
upon startup and slowinc Zown *c r=ve»se its direction of rotation.
The decogging feedback cont~o?! s r2vmzlly switched out at a low
frequency, for instance 5 Kz elecirical frequency, above which it
is not needed so that the motor can respond properly to torque pul-
sations that occur under ncrrm2” ruynning conditions.

The controlled curren* zc moior drive is illustrated in sim-
plified block diagram form in FIG. 1 with the addition of the de-
cogging feedback control, and it will be understood that other
details of the control system have been omitted for clarity. The
motor drive is energized by a scurce of three-phase or single-
phase ac voltage and includes an ac/dc voltage coverter 10' which
is connected by way of a dc 1ink including a smoothing inductor 11
to a controlled current inverter 12'. The polyphase non-sinusoidal
inverter output current has a veriable frequency with the dc Tink
current magnitude, and is fed to an adjustable speed ac motor 14.
Controlling the magnitude of the voltage Vd applied to the dc 1link
by voltage converter 10' adjusts the level of dc link current Id’ :
and hence the stator current, while controlling the operating fre-
quency of controlled current inverter 12' adjusts the stator
excitation frequency. Voltage converter 10' is ordinarily a full
wave phase controlled rectifier, but can also be a simple diode
bridge rectifier followed by a thyristor chopper or, if a battery
is the source, only the chopper. Controlled current inverter 12'
is any suitable inverter such as an autosequential commutated
inverter, a third harmonic auxiliary commutated inverter with one
commutating capacitor, or an auxiliary impulse commutated inverter
with three commutating capacitors. A1l of these current source in-
verters have six main thyristors that are fired sequentially. 1In
the decogging feedback contro?,.a pulsating component of torque
computation circuit 27 calculates the change of instantaneous
torque signal £\Te from preselected sensor signals representing

-
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Various_sensed motor or converter parameters. In one form of the
computation circuit, the change of torque feedback signal is cal-
culated directly without first calculating the actual torque deve-
loped by the motor, and in anotkr~ “c+ +he actual motor torque is
first computed and is then high--ass “*?tered to remove the dc com-
ponent, leaving only the pulsatirg component. The change of torque
feedback signa1ATe is processed by being fed to a compensator 28
to increase its gain and provice very 3igh frequency compensation
or attenuation. Output signal kA&Je is applied through a switch
29, for disconnecting the cogging torque reduction control at a
frequency above which it is not needed or is ineffective, to one
input of a summing circuit 3C.

The change of torque feedback signal is summed with a com-
mand Eigna1 representing a command value of a selected motor para-
meter or variable being controlled in the slow response regulating
Toop, and with a signal representing the sensed value of the
selected motor parameter, to generate an error signal for control-
T1ing the output voltage Vd of voltage converter 10'. The controlled
variable car be dc 1ink current Id’ electromagnetic torque Te’
or mutual air gap flux >‘m’ or any other quantity such as speed
which requires regulation, and the command values of these variables
are designated by the starred symbols and the sensed values by un-
starred symbols. The error signal from summer 30 is fed to a
regulator 31 at the output of which is the voltage converter com-
mand signal Vd*. It will be evident that the change of torque
feedH~zk sional is employed as a correction term to the means for
varying the voltage apniied to the dc Tink by voltage converter
10', to thereby modulate the dc 1irk current in a sense to reduce
the detrimental cogging torque pulsations ideally to zero. It js
desirable to open switch 29 and disconnect the decogging feed- ;
back control at a relatively low frequency above which it is no%
needed, for instance a pulsating torque frequency of 30 Hz which
corresponds to a motor electrical frecuency of 5 Hz. Torque pul-
sations occur at normal motor speeds such as when there is a step
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change in load, and these tovcus ~"e3+“anc would result in a
change of torque signal tha*t 9 “~¢ 2azk in a sense to defeat
fast response by the motor to the ranid change in torque.

Switch 29 or its solid s*ate equivalent is operated auto-
matically by a frequency vozzonzz 22-%+»27 29' upon the increase
or decrease of an input feechzc” z°c-~1r3dto a predetermined fre-
quency. The input signal is preferab’y a signal with a frequency
corresponding to the inverter sw?tching frequency, i.e., the fre-
quency at which gating circyst 72 in FIG. 2 supplies firing pulses
to inverter 12. At a switc *r¢ frequency of 30 Hz the switch is
opened or closed depending vpon vhetrer the motor is picking up
speed or losing speed. It is also possible to sense the funda-
mental frequency of the inverter output current or the mechanical

~ shaft speed of the motor by means of a tachometer. The shaft

speed is converted to the equivalent electrical frequency and the
slip frequency is added or subtracted to generate the input signal
W . Manual actuation of switch 29 by the operator controls may
be desirable in some applications.

In FIG. 2, the motor drive system in its preferred form has
at the input side a phase controlled rectifier 10 energized by a
thred-phase, 60 Hz ac voltage source, and at the output side a
controlled current polyphase thyristor bridge inverter 12 such as
the improved autosequential cormutated inverter disclosed in US-Patent
3,980,941 to R.F. Griebel, ass*gned to the assignee of this inven-
tion, the disclosure of which is incorporated herein by reference.
An inverter gating circuit 13 of conventional design generates
gating signals to sequentially fire thyristors T1-T6 in the order
of their numbering. The commutation details are not shown, but
in the autosequential commutated inverter, a conducting thyristor
js turned off by means of the parallel.capacitor commutation mec-
hanism upon supplying a gating pulse to the next thyristor in ,
sequence in the positive bank or negative bank, and blocking dﬁ‘odes
in series with the thyristors serve to isolate the commutating’
capacitors from load 14, which s a three-phase induction motor

BAD G~ 0))
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or other poiyphase motor. This inverter has the capability of
commutating under 1ight load, permits motor reversing by reversing
the phase sequence, and is capable of regenerative operation under
braking mode conditions to return 2ower to the supply provided that
phase controlled rectifier 10 5 2rarated as a2 line commutated
inverter. In this drive configura=icn, Vd* is the rectifier com-
mand signal for gating circuit 32 to determine the firing angle
of the rectifier SCR's. i

FIG. 4 illustrates “he icealizec *nree-phase nonsinusoidal
inverter'output currents ia’ ib, and 5c assuming that the dc Tink
current Id is constant. The stator current supplied to each phase
winding 14s of the induction motor, of course, corresponds to the
inverter output current and has the same magnitude as the dc 1ink
current Id; since in effect the inverter thyristors operate to
switch the dc iink current among the three output lines. The out-
put current in each phase ideally has a rectangular waveshape with
a 120° duration in each ha’f-cycle, neglecting commutation. Since
the per phase rectangular wave output currents are 120° displaced
from <& another, at any moment two stator windings 14s are con-
ducting while the remaining phase is open-circuited. The combina-
tion of conducting and open-circuited nhases changes every 60° or
six times per cycle. Since the motor current is a 120° square or
recta~guiar wave, because of the phase-to-phase comutation, the
fifth and seventh harmonics of the motor frequency are present in
the motor current in addition to the fundamental motor frequency,
and a’so the eleventh and thirteenth harmonics, and so on. Some
harmorics, including the third, ninth, and fifteenth harmonics,
are eliminated by the inverter configuration, and it will be re-
alized that the higher orcder harmonics do not present as much of
a probiem because of their small magnitudes. The reverse phase
sequence fifth harmonic and the forward phase sequence seventh
harmonic interact with the fundamental to produce a sixth har-
monic torque component in the moter's developed torque, and in
simiiar fashion the eleventh and thirteenth harmonics interact
to produce a twelfth harmonic torque component, and so on. For

ELqE)(j o
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torques is given by an integra’ mul*iple cf ilx number ¥ pulses.
The cogging torque pulsations are objectionable at very low fre-
quencies because it is at these "ow fraguencies that the machine
can respond to the harmonics i~ *he motor curreat; Ly modulating
the dc Tink current Id, the harmoric pulsiations are substantially
eliminated.

The torque measuring system in FIGS. 2 and 3 for generating
the change of torque ;19na1 Te cacuiatas only the pulsating or
cogging component of torque, is exact and independent of changes
in motor parameters, and does not require additional search or
flux coils in the machine. For further information, reference

may be made to concurrently filed application(applicant's file no.

10001-RD-8973) entitled "Measurement of Pulsating Torque in a
Current Source Inverter Motor Drive", and assigned to the assignee
of this invention. Before givine the equation for electromagnetic
torque and explaining the theoretical basis for calculating the
feedback signal, it is mentioned briefly that analysis of the
steady state and transient performance‘of a balanced three-phase
induction motor is simplified by transforming the three-phase ac
quantities into equivalent two-phase variables along two perpen-
dicular axes, referred to as the direct (d) axis and the quadra-
ture (q) axis. Thus, in FIG. 5, the wye-connected three-phase
stator winding of an induction motor, assuming that phase winding
a is open-circuited while phase windings b and ¢ are conducting
current, can be replaced by two mutually perpendicular phase
windings along the d and q axes.

In per unit, the instantaneous electromagnetic torque can
be expressed by the relation

T =}~-md1'qs ‘-).mqfds. , (1)

where )\ md and xmq are the ¢ and q axes air gap flux linkages
mutually linking the stator and rotor windings, and 1qs and ids
are the q and d axes stator currents. Although equation (1)
is valid for the synchronously rotating or any rotating refer-

BAD ORIGINAL y"‘i
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grce Frove sogtpnionavy, TRt e .
ey S. S_ys; & s
\Te =Anc T g '}\mq e 2, (2)

2o r
=R TV -k

where +hﬂ nrperscwnt s denotes *he :‘a“ciarv reference’ frame.

It can be shOWﬂ that in £71°s veferrmge Swama. the ¢-ax“5-can be
1ocated 1n the axis of maximum cunrent, i e.. mayvm um MMF. In

a current source inverter motor drive, one of +he inverter output
phases %¢ concucting pos’tive current, one phase is conducting
negative current, and one phase is "floating" or not conducting.
Over a typical interval, for instance, over the 300° +o 360°
interval of FIGS. 4, 6, and 7, ia =0, ib =-Id, and ic = Idé If

- the q axis is now aligned with rhase a as *n FIG. 5, it can be

determined that

S _
Tgs = Ta° (3)
where Id is the dc 1ink current. Ir this case, the current in

the axis normal to this d<rection, namely the g-axis, is identic-
ally zero or

.S _ - '
"qs = 0. (4)

Substituting equations (3) and (4) inte (2),
.:A-; 5 S _ s o
Te : f\*mq " ds '-Amq Iq (5)

Equation:(ﬁ)‘indicates a means of calculating. the instan-
taneous pulsatjng component of electromignetic:tergue.;,py defi-
nition, the stator'current component iriZthe:d-axis (nonmé1 to
the g-axis) is Id' In gene*‘a1 one 0f- the:three- stator phases
is alwavs zero so that the oper circu*® ¥oltage across this
phase is the t*me derivative of the Flux An this axis. Integra-
tion of this cren circuit voltage y‘elds the c-axis flux which
when multiplied with *ha o-axis current,” i.e., th2 dc link
curre~, y'e"¢s the torcue.

PO —t—— ... . .
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follows. At any one time, cha- c7ac 23 207 %ovvely, iwd [hasz

A simple~, inty’ iv:

windings are conducting and the current ir the ather is rero.

When the current in a phase wincirc 7s zero, there is a sinusoidal
voltage impressed across the windinc which corresponds to the air
gap voltage. The integral o€ this voltage is the motor air gap
flux. Instantaneous torque is the product of the mutually per-
pendicular air gap flux and stator current, where the stator current
corresponds to the dc link current. This technique computes only
the instantaneous pulsating component of torque, and does not com-
pute average torque because the point of starting the integration
is a function of the inverter thyristor switching and is arbitrary.
The shape of the integral is the pulsating component, however, and
is independent of the average value of tcrque. '

The sensed information needed tou calculate the instantaneous
pulsating component of electromagnetic torque by means of the com-
putation circuit in FIG. 3 is indicated ir FIG. 2. The instantan-
eous sinusoidal voltage across an open-circuited phase winding is
sensed at the motor terminals and requires bringing out the neutral

~N. Transformers 15a, 15b and 15c are connected between the appro-

priate motor terminals and generate sicnals €, € and e. The
magnitude of the stator current and the zero current intervals in
each motor phase winding can be measured directly from the inverter
output current, but it is more convenient to sense the level of
dc 1ink current Id; using any suitable sensor 16, and to process
the inverter thyristor gating pulses to generate signals repres-
entative of the zero current intervals. .Motor phase winding a

is supplied with current whenever either of series-connected
thyristors T1 and T4 is conductive, and there is a 60° period

in each half cycle when the current is zero (also see the timing
diagram'of FIG. 6). To generate a signal, hereaffer designated
T1', corresponding to the conduction interval of thyristor T1,
the gate pulse for T1 is fed to the set input, and the gage pulse
for T3 to the reset input, of a flip-flop or latch 17.

| BAD CRIiG .-.L .«-‘é‘i)
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In 3 7. 7 ooy malre o7 g2t tulsasiione Intfcatirg turn-on

+ . -

of ahe 42v.ce and the other the initiation of turn-off by the;
"ara}1e1 co nmJtatlon ‘mechanism, are fed %0 a serves of flip- rops.

t0 r-'m'\v"s"'n "‘0 S cna"< T2' - Ts"

S

. AS. WOS menbwone“,'tﬂ?"e s 2 eTavenida” yeringo 2cross a

. phase winding during the zero currert “niarva” wh'ch corresponds

to ,the motor air gap voltage, and the integral of this voltage is
the':ir ca™ “Tux. By mul*nlying the dc link current Id'by flux,
the pulsating component o* torque ‘s computed but not the average
value. Phase winding voltages e,s €ys and e, are applied, re-
spectively, through switches S1, S2, ancd S3 to ar integrator 18
which is reset after each commutation by means of a reset signal
derived in inverter gating circuit 13. The opposite polarity
air'gap flux signals are fed directly through a switch S4, or
through an inverter gate 19 and switch S5, to a summing circuit
20. The summed flux signals are high pass filtered in a capacitor
21 (or its operational equivalent) to remove the dc portion of
the signal, and the filtered flux signals (AN) are multiplied
with dc Tink current Id in a multiplier 22. The circuit output
is the pulsating component of e’ectromagnetic torque or change
of torque signallﬂ;Te. FIGS. 7a-7d illustrate the waveforms at
several stages in the éomputatior circuit. The flux signal at the
1ntegrato" output is a cosine function, and changes polarity at
60° intervals as the. integrator 1is rese* The s* ‘nusoidal instan-
tenecus phase winding voltages are succnss~ve1y ntecrated'dur1ng
the iqterval the.current in that phase w1nd1ng 15 zero A% the
summer output the flux signals have the same po;ar1ty, ‘and’ high
pass filtering the flux signals re} ects the dc component’ If the
dc Tink current Id is modulated rather than baing constant the
mocu:ation aiso shows up in the pulsating comoonent of torque
signal AT, ' |
Ir TIG 2, signals T1' and T4' are apolied to a NOR logic
gate 23, which procduces an outout closing switch ST during the

 nenconcucting intervals oF thyristors 77 and T4 when phase wind-

ing a is open-circuited. The %iring diacram in FIG. 6§ clarifies
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the operation. Switch S%Z %~ -2 "-r yol<age ey to the integrator,
and switch S3 for gating volizcz 2., are controlled in the same
manner by other NOR gates. A* thec integrator output, signals
T1', T3', and T5' are the inputs %o an OR logic gate 24, so that
switch S4 is closad by 2 co-7uc“'2~ oF ~hyristors supplying posi-
tive polarity currents tc *he o
associated with inverter ca*e 19 “s closed, on the other hand, by
the conduction of thyiristers supplying negative polarity currents
to the phase windings. In “he case that the gating pulses are co-
extensive with the conduct*on of the thyristors, it will be recog-
nized that the gating pulses cer be applied directly to NOR gates
23 and OR gates 24. Integrator 18, summer 20, and multiplier 22
are preferably implemented by operational amplifier circuitry,
but any conventional components can be used.

The change of instantaneous torque feedback signal AELTE
is also derived by measuring the actual torque developed by the
motor and filtering to reject the dc component. One basic scheme
is shown in FIG. 8. In this ‘mplementation, the d-q axis currents
are computed as '

tcr nhase windings. Switch S5

.S _ .
1qa = Tas ‘ (6)
1.d: ='(ics'ibs)/ V3 (7)

The d-q axis air gap fluxes are computed by locating search coils
in the effective d-q axes of the machine. The coils may be con-
centrated around one tooth or distributed in order to eliminate
voltages due to saturation and rotor tooth harmonics. The
search coils produce a voltage which is then integrated to pro-
duce the two flux signals. Having computed the current and flux
signals, the torque is then calculated by means of the equation

_3pP S .« S S S): (8) ;
Te*77 (de1 gs mqids X

where P is the number of poles.

Mf;-, L,
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The current signals in Equations (6) and (7) are generated
by current transformers 33 and 34, both having sécondary windings
with N turns; 1in the latter, the two single turn primary windings
are in the opposing sense and the output signal-ics - 1bs is passed
through a proportional gain circui® 35. Search coils 36 and 37
are located in the effective ¢ =7 ¢ ~ves of the machire wound
about one or more stator teet-, 2-¢ cenerate voltages preportional
to air gap flux which are “rfegrated by iniegrators 32 anq 39 to
provide a d-axis and a g-zx’s flux sicnal. To ca culate the electro-
magnetic torque T, accorc’ne to Zeuvatior 3}, mu?tipliers 40 and 41
respectively have the “--“cated current and flux signals inputs,
and the products are -:ssed through gain circuits 42 and 43 and
then algebraically a-cad in a summer 44. The average torque or
dc component of sic 37 Te is rejected by a high pass filter capaci-
tor 45 (or its overational equivalent), leaving only the pulsating
component of tcwque or change of instantaneous torque signalz&,Te.
For braking m>de cperation, it is necessary to change the polarity
of;ﬁ;Te by mz.rs of an ‘nverter 46. 7o generate flux amplitude
signal)im, a rectifier and filter circuit 47 has as inputsj\n;
and )“:;i Tha search coils and integrators may be as taught in
United States Patent 4,011,489 to J.P. Franz and A.B. Plunkett,
assigner to the assignee of this invention.

The circuitry for calculatirg torque signal Te in FIG. 8 is
the cle’med subject matter of United States Patent 4,023,083 to
A.B. Plunkett, entitled "Torque Regulating Induction Motor System",
assigned to the same assignee as this invention, the disclosure
of whi<k s incorporated herein by reference. In that patent,
howev~r, the torque measuring circuit includes means for‘smoothing
out torque ripple so that an average value of torque feedback
sigral is derived. In the present invention a high pass filter
is used %o derive the change of torgue signa3¢§;Te which is fed
E -k in such manner as to regulate this quantity of zero.

Wi
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An exerpiarsv apn™irac T oL the cogr
control and mathod is its adc 7 . trme Lo 5100 sen nnion
drive described and claimed in U.S. Paten: 4.788,234 assigned
to the same assignee as this invertion. In this contro! sirategy
the frequency of the stator exci“a“ion is controlled as a function

of the torque angle feechack si

“

grei. Toraue regulation is entirely
in a fast response regulating loop for determining the operating
frequency of the controlled current inverter and therefore the
fundamental stator excitatfon frequency. The command signal in

the slow response regulating ioop for determining the rectifier
output voltage, and therefore the level of dc link current, can
take various forms and is illustrated as representing a desired
magnitude of stator excitation. «ith the addition of the decogging
feedback control, the change of instantaneous torque feedback
signal is summed with the command signal excitation magnitude or
alternatively with a signal representing the error between desired
and actual magnitudes of excitation and the rasulting signal is
processed by a regulator and fed to a rectifier gate pulse genera-
tor to control the rectifier output voltage Vd applied to the dc
1ink. '

In the absence of the change of torque feedback signal des-
cribed herein, there are large cogging torques, especially as the
machine approaches zero speed. With the feedback signal, on the
other hand, the pulsating component of torque is greatly diminished
although the net system performance is substantially the same. As
was explained in the discussion of FIG. 1, switch 29 is opened at
a pulsating torque frequency of about 30 Hz, because the detrimental
cogging torque pulsations are not present at higher speeds and by
disconnecting the change of torque feedback signal the motor drive
system makes the proper response to torque pulsations occurring at
the higher motor speeds. Signa][&Te is, of course, generated at
the higher motor speeds and would be fed back unless switched out
and interact with the torque regulating loop in a detrimental
manner.

CAv Ciae
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fooooarol systen fov g conirotled current wotor drive
compri-ing & “oltage converter (10,11,12) is connected by way of a
dc link (71} including a smoothing inductor (11) to a-tontrolled
current T-vawtew (72Y for “rnd"c4ﬂ"'5"*ﬁ"+ current wi*h the dc 1link
cur-ent megnitude anc 2 vare ab 2 'rmf_c“:v 0 32 ‘ad *0'an ac moicr
(14}, the control system 1nc]udAng means £32) For varying the mag--
nitude of the voltage applied to the dc 1link by said voitage con-
verter, improved means for reducing ceggirg torque in said motor
comprising ' _

means for generating (27 a charge of instantaneous torque
feedhack signal that is a function of only the instantaneous pui-
sating componen* of electromacnetic torque and which has no dc com-
ponent, and

means (28) for providing said torque feedback signal as a
corraction term to said means for varying the magnitude of the
voltage applied t¢ the dc link to thereby effect a reduction in
cogqing torque pulsations.

2. The control system according to claim 1, further includes
switch means (29) for disconneciing said change of torque signal in
rasponse to the switching frequency of said inverter increasing to
a3t least e predetermined Tow frequency above which a decogging feed-
back conirol is not needed.

2. The cortrol system according to claim 2, wherein said
maans fcr generating a change of torque feedba¢k signal comprises
means {Fig. & left side input) coupled to the motor For producing
a signa? irdicative of the instan:aneous torgue aééﬁéxty develeped

by Zhe iotor, ard:means (21) for filtering said actual forque sig¢nal
to remove the dc component.

"4, -The.contrel system according to claim 1, wherein said
means for ‘generating a chance of torque feedback signal comprises
means coupled o the motor for preducing a signal indicative of the
instantaneous-tcrque actua?]y deve’oped by the motor, and means
for filtering said actual torgue signal %o remove the dc component,

‘means for cenerating a sgra’ representirg the sensad value
(Id) of a selected motor parameter %o be controlled,
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t "+ 4 .said,means for provi< -7 o:77 chenge of torque signal as a

cdhhetiion,term,to said voltage varying means comprising means

i for summing (30) said chénée of torque signal with a signal re-
~'opresenting a command va]ua o‘ “-2 zelected motor parameter and
5-:~said signal representing the censed va'ue of the selected motor
d parameter'to;thereby generate an error signal for controlling said
- voltage converter and the’output veltage thereof, and

switch means (29) for d%sconnecting and connecting said

change of torque signal at a dredetermined low frequency above
10 which a decogging feedback control is not needed.

5. The control system according to claim 1,wherein said
means for generating a change of torque feedback signal comprises
means (36,37) coupled to the motor for producing a signal repre-
senting sensed air gap flux and a signal indicative of the instan-

5 taneous torque actually developed by the motor, and means (47)
for filtering said actual torque signal to remove the dc component,
said means for providing said change of torque signal as a
correction term to said voltage varying means comprising means for
summing (30) said change of torque signal with a signal representing
10 a command value of motor air gap flux and said signal representing
sensed air gap flux to thereby generate an error signal for control-
1ing said_voltage converter and the output voltage thereof.
P fm§?3_Thgucontrol system according to claim 1, wherein said -
-means, for. generating a change of torque feedback signal comprises
means (27), coupled to the motor for producing a signal indicative
2 . f the. instantaneous torque actually deve1oped'by the motor, and
5 means for filtering (21) said actual torque signal:to- rempve the
dc componen;, o eyiae. o

said means for providing said change of: torque s1gna1 as a
correction term to said voltage varying eans comprising means for
summing (30) said change of torque signal with,aUSignal represent-

10 ing a command value of actual motor torque dnd'the signal repre-
senting sensed actual motor torque to thereby ‘generate an error

signal for controlling said voltage converter and: the output vol-
tage thereof
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7. The control system according to claim 1, wherein said
voltage converter (10) is connected by way of a dc Tink including
a smoothing ‘inductor to a contr2iled current polyphase bridge in-
verter for preoducing output cu-~~~% w'th the dc 1ink current mag-
nitude and a variable frequency “c 2 “ed to the ac motor, said
means for reducing cogging torque in saic motor comprises

means (input to 27) for generating sensor s®gnals.effect-
ively representing the a=nii*uvde of the current fed to the motor
phase windings, the zero current intervals in each phase winding,
and the instantaneous oltage across each phase windingy

a computation ~ircuit (18) for processing said sensor signals
and deriving a change of instantaneous torque feecback signal that
is a function of orly the instantaneous pulsating component of elec-
tomaénetic torg:z and from which the dc component has been removed.

8. The method for reducing cogging torque in an ac motor
having a cor:rol system comprising a voltage converter which is
connected by way of a dc Tink including a smoothing inductor to
a control’ed current inverter for producing output current with
the dc "=k current magnitude and a variable frequency to be fed
to the ac motor, the control system including means for varying
the magnitude of the voltage applied to the dc 1ink by said volt-
age convaerter, said method comprising the

generafing a feedback signal that is a function of only the
instantaneous pulsating component of electromagnetic torque and
from i+hich any dc component has been removed,

oraviding said feedback signal as a correction term to said
means for varying the magnitude of the voltage applied to the dc
Tink- to thereby effect a reduction in cogging torque pulsations,
ang

switching out said feedback 'signal at a predetermined Tow
frequency above which a decogcing feedback control is not needed.

9. The method according to claim 8, wherein the step of
w2nerating a2 feedback signal is performed by sensing the inverter
output current and motor air cap flux and deriving therefrom a
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° “ne-o~ Zoveloped by the motor,
* «'rm2” to remove the dc com-

signal representing the az%u2
and filtering said actua® *orcu

ponent. sy
1o at3Qe;yThe method accordwng to c’aim 8, wherein the step of

@eherat;ns a feedback qwﬂ"a "s zev"rwmad by sensing the dc
F 141k current, the zero CU““°” i~*ewva’s. in)each motor phase
et

- siwinding,, and the 1nstantan°chs vo™tagce across each open-c1rcu1ted
5 biphase wipding. and der1v1ng there‘rom said .feedback signa]

i
'

«...,q

o oRe g



o

- Y3 :

n\____ !2:' B

0000530

10002-RD-9031

| VOLTAGE et St | 3
i - .‘ o ¥ ) v.:_-, - 'i ;-
3¢ o | converTer | W " SORRIAT ) E?; ~
ac INVERTER ——L&”') W
AND CONTROL l 'AND CONTROL 1 AN
1 ] |
3 ¥y
REGULATOR SENSOR ‘-4‘ /
~ tA [ 4}
Slo'\fys R /27 lg:
* % % PULSATING
Igp Teror A COV>ONENT
OF TORQUE
MPUTAT
FREQUENCY 29 @ cz;cu:%ON
RESPONSE |—-\—"" g
CONTROL N
; -
l k2% | cOMPENSATORIA™
w

FLIP '
2 B 44 LE Tl "
RECTIFIER INVERTER P
GATING CIRCUIT GATING Z!RCUIT P
J -
3, vk i T
RESET il BN X
REGULATOR SIGNAL fTe |, FLOP
30
s Fir 2
) Y
kAT,
BAD ORIGINAL .
<



VS

RESET

éé ‘L’/{

, 23
T'o

4o @ ©
T3 '
T6'a W
T5'

T2o

i

(b)

(c)

(d)

INTEGRATOR
OUTPUT

SUMMER
OUTPUT

FILTERED
OUTPUT(AX)

AT,

18

INTEGRATOR
I

10003530

10002~RD-9031

* 22

20
i '4)" /
: feadd-wl SUM MULTIPLIER -
. \ 7
1o
! _ AX DT
‘-imv 5'5/\
“. a2
- L% J
! OR g
—
24
i PP
i
O 60 120 180 240 300 360
' ELECTRICAL DEGREES
E -
iq =
ib ‘
ic
Id X
]
04
(0]
VA
(s}
r/”—/' o I
i
i / _/
0] 60 i2D 180 240 300 360



0000530

- 3/3 - 10002-RD-9031
a q
< ( ~ Vo :
; N . Cgd
b c

TIMING DIAGRAM
60 120 180 240 300 360

~f-o

TI
T2 - -
T3 - -

6 T -

T6 —=

)

s2 -— -~

Sq —= -

2. . 33
] N .
fo'zm\-L 5%
T4 | CONTROLLED 34U
CURRENT , /47
INVERTER RECTIFER]
1 & FILTER m
_L_ 46\ -ATe
T x -l
L INTEGRATOR md
40 42 44 Te 45
Fg S o N IRt
Ig: 35, A X k {sum
| ‘d§\ X K - Ale
V'3 _ a1~ U3




JWRE e Bolamd ' Applicarion aunin
g 3% Eﬁ,!?;'f'}?l“f”?z\'\"“’““g"' nngFT
J R v EP 78 10 0415
y 1
DOCUMENTS CONSIDERZD ?f::’ 3 TELWEVANT giﬁgf%:ﬁgxgj::o{;-j‘ne '
Category| Citation of document with indication, w=--- -~ =~ - ~a 0’ relevant Relevan: e
passages to ciaim H
H 02 P 7/62 _!
JEEE TRANSACTIONS ON INDUSTRY 13,4, )
APPLICATIONS, vol. 1a-13, nr. 2, 16,9 |
March/April 1977,
New York,
A.B.PLUNYQBTT "Direct Zlu: =i torque
regulation in a PWM irvernter-~induction
motor drive", pages 132 “o 145
* Page 140, left-hand coluvumm, line 25
to page 144, left-hand column,
- line 14 *
A FR — A — 2 193 285 (SIENENS A.G.) 1
A FR — A - 2 308 137 (GENTZRAL ELECTRIC | 1 SEXRCHED (1ne.Cin
US — A -~ 3 593 083 (SIENENS A.G.) 1 H 02 P 7/62
) HO02P 0
US = A = 3 800 199 (SIEMENS A.G.) 1 >/4
A FR -~ A = 2 1;2 491 (V.G.YATSUK, 1
CATEGORY OF
CITED DOCUMENTS
X: particularly relevant
A: technological background
O: non-written disclosure
P: intermediate document
T: theory or principle underlying
the invention
E: confiicting application
D: documentcited in the
application
L: citation for other reasons
&: member of the same pe "m
“ The present search report has been drawn up for all niaima fReiy.
o eapindiag
B’Tﬁﬁm?:i:mh Ine*s of compleiion of the search A T e ey

b mp.eLono t 'g_m e S
ke Lo i CRe - TG ' ..:..B.ﬁ’% ORIGINAL w v



	bibliography
	description
	claims
	drawings
	search report

