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[57] ABSTRACT

In a field orientation-controlled asynchronous ma-
chine which is fed by a converter with impressed sta-
tor current, the regulation of the magnitude of the
current is brought to the highest dynamic quality of
anticipatory control of the control loop, by letting an
anticipatory control of the control loop take place via
the set-point value and the deviation value. Through
the action of these two anticipatory controls, the ac-
tual magnitude of the current follows its set-point
value without delay, so that during dynamic transients
the pre-set relation between the current angle and cur-
rent magnitude is maintained at any point in time.

11 Claims, 3 Drawing Figures
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APPARATUS FOR FIELD-ORIENTED CONTROL
OR REGULATION OF ASYNCHRONOUS
MACHINES

BACKGROUND OF THE INVENTION

Pending U.S. Pat. application, Ser. No. 63,073, filed
Aug. 12, 1970, concerns apparatus for the field-
oriented control or regulation of the stator current vec-
tor of an asynchronous machine which is fed by a con-
verter operating with impressed DC link current, with
a link current control acting on the control paths of the
rectifier and an angle switch for the control paths of the
inverter acted upon by the components of a control
vector. The control vector and the direct current of the
link are determined here by two components of the de-
sired stator current, of which one is pre-set parallel and
the other perpendicular to the instantaneous axis of the
rotating field. The phase angle and the magnitude of
the stator current vector are here the controlled quanti-
ties. '

It is an object of the present invention to improve the
above apparatus in such a manner that the field-
oriented determination of the stator current vector is
achieved with decoupled adjustability of the torque and
field producing components of the stator current not
only under steady-state operating conditions, but also
at any point in time during the transition from one
steady-state operating condition to another. This in-
volves that the stator current can follow, as far as possi-
ble without delay, any change of its field-oriented, pre-
set control or set-point values.

According to the present invention, a converter is
provided for variably presetting the field-oriented sta-
tor current components and an anticipatory control
quantity which acts on the control paths of the rectifier
and which is dependent on the derivative of the set-
point value fed to the link current control. A basic idea
of the invention is to slow down the rate of change of
the field-oriented, pre-set stator current components-in
such a manner that through a lead-forming anticipatory
control quantity the inertia inherent in the control of
the impressed direct current of the link can be canceled
exactly, and the change of the phase angle and the mag-
nitude of the stator current takes place equally fast, i.e.,
practically without delay.

A particularly simple embodiment of the invention
consists of the feature that for the setting of each of the
two stator current components an integrator with nega-
tive feedback is provided and that, for forming the an-
ticipatory control quantity, the respective input voltage
of the one integrator and a quantity proportional to the
output voltage of the other integrator are fed to the,ip~
puts of two multipliers, whose outputs are connected
with the input of a summing amplifier, whereby sepa-
rate differentiating members for forming the anticipa-
tory quantity become unnecessary.

In order to be able to quickly counteract distur-
bances caused by the load, there is provided, according
to a further embodiment of the invention, additional
action upon the control paths of the rectifier by a quan-
tity which corresponds to the mean value of the in-
verter input voltage.

The invention will be explained more fully in the fol-
lowing with the aid of an example of an embodiment.
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2
DESCRIPTION OF THE DRAWINGS

The example is schematically illustrated by the ac-
companying drawings, in which:

FIG. 1 is a vector diagram showing stator current
components;

FIG. 2 is a diagram of the circuitry of the invention;
and

FIG. 3 diagrammatically shows details of components
in FIG. 2.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the vector diagram, FIG. 1, the components of the
stator current vector I, which rotate relative to the sta-
tor with the angular velocity dé/dt = ¢ and which are
present in an asynchronous three-phase machine in
three axes displaced in space by 120° are designated
with I, I, and 1. This stator current vector could also
be described in an orthogonal, likewise stator-
referenced coordinate system with the axes R and j,
whose origin lies in the axis of rotation of the machine.
Let the axis designated with R of this orthogonal coor-
dinate system coincide with the direction of the axis of
the winding of the phase R. The field-oriented control
or regulation, respectively, of the stator current vector
according to the said pending application, comprises
the feature of pre-setting the latter by means of two or-
thogonal components I, and L, which are referenced to
the rotating-field axis f which rotates with the angular
velocity DB/dt =R relative to the coordinate system R,
j, which is stationary with respect to the stator, where
the quantity I , is parallel and L, perpendicular to the
instantaneous rotating-field axis f. For any steady-state
operating condition of the asynchronous machine, the
components I, and I, are uni-directional quantities; I,
corresponds here to the reactive current, i.e., the field-
producing component of the stator current, and |, to
the active current, i.e., the torque-producing compo-
nent of the stator current.

In a modification developed further by the present
invention, the controlled quantities of the stator cur-
rent vector consists of the magnitude I and the angle €
of the latter relative to the rotating-field axis f. If, for
instance, the field-orthogonal component 1, is to be
increased, as shown in the vector diagram of F1G. 1, by
setting a new desired value I,**, the individual con-
trolled-quantity changes A¢ and Al should change to-
gether in such a manner that the end of the sum vector
1 + Al always moves only in the field-orthogonal direc-

. tion, and that therefore no change of the field-parallel

component I, of the stator current vector takes place.
The same must, of course, apply in a similar manner for
the case that only the field-parallel stator current com-
ponent is changed. Generally, the end of the stator cur-
rent vector is to move, as viewed in a field-axis related
coordinate system, on a straight line, for whose angle
v relative to the rotating-field axis f the relation

vy = arc tan [([,** — IL)/(L** — I)]

holds, where I,** and I,** denote the newly set de-
sired values for the stator current, as referred to a pre-
viously reached steady-state condition described by I,
L.
FIG. 2 shows two possibilities of realizing the above.
Shown in dashed boxes are here in each case the ele-
ment which have been added to those of the arrange-
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ment according to the said pending U.S. application.
An asynchronous machine 1 is fed at its stator phase
terminals R, S, T with impressed stator currents I, I¢
and 1, from a three-phase system via an intermediate-
link converter 2 which consists of a rectifier 2a and an
inverter 2b. By two Hall probes, which are displaced on
the armature circumference of the asynchronous ma-
chine by 90 electrical °, the air gap field is imaged by
two voltages ¥,, ¥;, which are displaced in phase by
90°, and fed to a component computer 4. The latter
consists of two vector analyzers and a vector rotator, or
converter, and has the purpose of forming from two
field axis-references, i.e., field-oriented, stator current
components [,,* and I,* and from the information ob-
tained by the voltages ¥,, ¥; regarding the angular po-
sition of the rotating field in the stator-referenced coor-
dinate system R—j, two corresponding, normalized, sta-
tor-referenced component voltages cos 8* and sin g*
of a control vector, as well as at the output terminal 9
a quantity I* which is proportional to the magnitude of
the stator current vector formed by the components
I,* and I,*, and which serves as the setting value for
the link current control 10. Its output signal acts upon
the input terminal 43 of a control unit which is pro-
vided for changing the rectifier output voltage U;, but
is not shown in detail.

From the component voltages cos 8*, sin 8* informa-
tion is generated in an angle switch WS via six discrete
angle positions per revolution of the control vector and
is transformed into corresponding control commands
for firing the valves of the inverter 2b. At the output
terminals of the angle switch WS, firing pulses are gen-
erated which control the valves of the inverter 2b in
such a manner that the stator current vector always fol-
lows six discrete angle positions of the control vector
described by the component voltages cos 8* and sin
B*, practically without delay. Based on the field-
orthogonally or. field-parallel pre-set components [,,*
and I,* of the stator current, the latter is therefore
changed as to magnitude (/*) and phase (8*).

As the arrangement shown in FIG. 2 involves a con-
verter with impressed DC link current, in the DC link
of which an inductance 12 is arranged, a change in the
output voltage U,, of the rectifier 2a will take effect
fully as a corresponding change of the link current I,
only after a certain delay, while such a delay does not
exist in the angle adjustment of the stator current vec-
tor, when the control quantities cos 8* and sin 8* are
changed. With the arrangement described so far, this
would lead to the situation that in principle with every
change of the components pre-setting the stator cur-
rent vector, the corresponding angle value is reached
sooner than the associated magnitude value. An unde-
sirable coupling would therefore exist between the
field-producing and the torque-producing component
of the stator current during the transition to the new
pre-set value. In order to avoid this, the control unit of
the rectifier 2 is now acted upon directly by an antici-
patory control quantity /*, which consists of the output
signal of a differentiating member 13 connected to the
output terminal 9 of the component computer 4, and
which is added to the output signal of the link current
control 10 in a mixing stage 14. The anticipatory con-
trol quantity is proportional to the time derivative
dI*/dt of the set-point magnitude value I*. The induc-
tance 12 corresponds, seen from the point of view of
control theory, to an integrating member with the driv-
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ing voltage as the input quantity and the current as the
output quantity: As it is driven by the differentiated set-
point value of the magnitude value, a DC link current
corresponding to the instantaneous set-point value of
the magnitude I'* is immediately forced thereby and is
maintained in a steady state through the action of the
link control 10. ‘

For sudden changes of the desired values I,,* and I*,
and thereby also of the desired magnitude value /*, the
differentiation of the latter is technically impossible to-
day, for which reason a converter for the continuously
variable setting of these desired values is provided.
Such a device for a variable presetting of a desired
value is known per se and has been proposed, accord-
ing to the German Pat. No. 1,126,487, for the starting
and braking of speed-controlled electric motors. Its na-
ture is that of a delay member; in the case presently
under consideration, it acts in particular to transform
sudden setting commands I,,** and I,**, such as can be
generated by the superimposed speed regulator 18 or
the field regulator 19, respectively, into the continu-
ously varying stator current setting values I,*, I,*,
which are fed to the input terminals 20 and 21 of the
component computer 4.

A second variant for forming the anticipatory control
quantity I* is obtained with the arrangement according
to FIG. 2 if the switch arm designated with 22 is placed
in its left-hand position, so that the mixing stage 14 is
connected with the output terminal 23 of a multiplier
24. This multiplier forms, in a manner to be explained
later, the anticipatory control quantity /* from the dif-
ferentiated stator current set-point components /,*
and I,* as well as from two field axis-referenced com-
ponents cos e* and sin €* of a unit vector pointing in
the direction of the stator current vector, which are
available at the terminals 27 and 28 of the component
computer 4. In case the converter 15 contains negative-
feedback integrators for the continuously variable set-
ting of the desired values, the output signals of which
are the set-point values I,* and I,*, no separate differ-
entiating members are necessary in this variant, since
then the required differentiated values of the stator
current set-point components /,,* and I,* are already
available as the input quantities of these negative-
feedback integrators. Here also, an extremely exact dif-
ferentiation is achieved, as the parasitic time constant,
which must be tolerated in otherwise customary differ-
entiating members, is not present.

In order to be able to counteract rapidly disturbances
caused by the load, the voltage U; at the end of the
smoothing choke 12 connected to the converter on the
line side is made to follow the voltage U, appearing at
its other end. Through such decoupling of the circuit
portion that foliows the smoothing choke 12, the latter
acquires the character of an integrator operating with-
out reaction, with the result that its current can be de-
termined, i.e., impressed, exclusively by its input quan-
tity. This is done by applying a voltage U,
corresponding to the input voltage of the inverter 2b,
which however, is not taken now from the DC input
voltage of the inverter 2b, which is very rich in harmon-
ics; but is computed by means of two series-connected
multipliers 30 and 31 from the magnitude ¢ of the field
vector delivered at the output terminal 29 of the set-
point computer 4, the speed-proportional voltage n of
a tachometer generator 32 coupled with the three-
phase machine 1 as well as from a voltage which corre-
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sponds to the field axis-referenced component sin e* of
the unit vector pointing in the direction of the stator
current vector; for it has been found that, assuming a
sufficiently fast angle control, i.e., practically inertia-
less agreement of the instantaneously prescribed angle
setting value with the angle value actually assumed by
the stator current, the formulation U,~U’, = n-¢-sin e*
applies, where the quantity U’,, in contrast to the input
voltage U, of the inverter 2b, is practically free of har-
monics and therefore requires no longer any smooth-
ing, which in principle delays the speed of the control.

FIG. 3 shows further details for the instrumentation
of the functional groups designated as 4, 10, 14, 15 and
24 in FIG. 2. The set-value converter 15 consists of two
integrators 34 and 35 in the form of amplifiers with ca-
pacitive negative feedback, which are preceded by
delay members 36 and 37. The output signals of the
two integrators 34 and 35 are negatively fed back via
the inverter amplifiers 38 and 39, respectively, to the
respective inputs of the delay members 36 and 37. In
the overall view, the circuit arrangements consisting of
the elements 34, 36, 38 and 35, 37, 39, respectively,
constitute second-order delay members.

The component computer 4 comprises two vector
analyzers VA1l and VA 2 as well as a vector rotator
VD. The internal circuits and the operation of these
functional blocks may be found in the German Pub-
lished Patent Application 1,941,312. Therefore, if the
input terminals 5 and 6 of the vector analyzer VA1 are
fed voltages ¥, and ¥, which are proportional to the
components of the rotating-field vector that fall into
the axes R, of the stator-references coordinate system
(FIG. 1), a quantity proportional to the magnitude ¢ of
the rotating-field vector is generated in the manner
known per se at the output terminal 29, and at the
other two outputs of the vector analyzer VA1 are gen-
erated two voltages cos ¢ and sin ¢ proportional to the
stator-referenced components of a unit vector pointing
in the direction of the instantaneous rotating-field axis,
where the relation ¢ = arc tan ¥,/¥, applies. In a simi-
lar manner, there appears at the output terminal 9 of
the vector analyzer VA2 a quantity which is propor-
tional to the magnitude set-point value I* of the stator
current I, and at its output terminals 27 and 28, two
voltages cos e€* and sin €* which correspond to the
components of a unit vector, which in the revolving,
field axis-referenced coordinate system, always points
in the direction of the stator current vector, where the
relation applies :e*= arc tan (I,*/1,*).

For a steady-state operating condition of the asyn-
chronous machine, I,*, I,*, I*, cos €* and sin €* are
uni-directional values. The quantities cos €*, sin €*,
and cos ¢ and sin ¢ are fed to the vector rotator, which
consists in a manner known per se of four multipliers
and two summing amplifiers, in such a way that at the
output terminals 7 and 8 of the vector rotator VD two
voltages cos 8* and sin 8*, respectively, appear, which
indicate the angle position of the field-orientation pre-
determined stator current vector in the stator-
referenced coordinate system, where the relation
holds: 8* = ¢ +€*. The component voltages cos 8* and
sin B* represent a control vector and can act on the
angle switch 11 either directly or, as already proposed
elsewhere, with the interposition of an angle control
circuit.
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The output terminal 9 of the set-point computer 4 is
connected with the set-point input of the link current
control 10, which consists of an amplifier with resistive-
capacitive feedback. Its input terminal 11 has applied
to it the actual value of the DC link current 1,,, which
is supplied by a DC transformer arranged in the DC
link circuit.

The anticipatory control quantity /* which, as al-
ready mentioned, is to correspond to the time deriva-
tive of the magnitude setting value I*, is now formed in
the device 24, which contains two multipliers 40 and 41
as well as a summing amplifier 42. On the input side,
the multipliers 40 and 41 are connected with the termi-
nals 25 and 26 of the set-value converter 15, at which
the input voltages of the integrators 34 and 35, i.e., the
differentiated output quantities I,,* and I,*, appear.
Addition of the output quantities of the multipliers 40
and 41 yields at the output 23 of the summing amplifier
a quantity in the form I,*-cos €* + I,,*sin e*, which, as
can be shown, corresponds exactly to the time deriva-
tive of the magnitude set-point value /*. This anticipa-
tory control quantity is fed to an input of the mixing
stage 14 (which has the form of a summing amplifier),

whose other inputs are connected with the output of

the link current control 10 and with the terminal 33.
The output of the summing amplifier 14 is connected
with the input terminal 43 of a control unit associated
with the control paths of the rectifier 2a.

Overall, the present invention constitutes an advanta-
geous way, if the field-oriented set-point value is given,
to make the corresponding actual values follow exactly
at any point in time their set-point values, while cancel- .
ling to a large extent disturbance effects caused by the
structure of the control path.

What is claimed is:

1. Apparatus for the field oriented control of the cur-
rent vector of an asynchronous machine comprising:

a. a controlled rectifier coupled to a source of AC
power;

b. a controlled inverter providing outputs to the sta-
tor windings of the asynchronous machine;

c. a DC link including a smoothing choke coupling
the output of said controlled rectifier to the input
of said controlled inverter;

d. means to sense the two components of the field
vector of the machine referenced to a fixed stator
axis;

e. means to provide as inputs two components of a
desired current vector referenced to the field vec-
tor;

f. means having said field vector components and
said current vector components as inputs to de-
velop therefrom a quantity representing the abso-
lute magnitude vector of the desired current and
the angle of said current vector with respect to said
slator axis;

g. means responsive to the current magnitude to con-
trol said controlled rectifier;

h. means responsive to the angle of said vector to
control said controlled inverter; and wherein the
improvement comprises:

i. means for smoothing said input components of a
desired current vector, and

j. means for developing an anticipatory control quan-
tity which is a function of the derivative of said cur-
rent absolute magnitude and for providing said an-
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ticipatory control quantity as an additional input to
said means responsive to the current magnitude.
2. The invention according to claim 1 wherein said
smoothing means comprise first and second means for
integration. i
3. The invention according to claim 2 wherein each
of said first and second means for integration comprise:

a. delay means having a desired current component
as an input;

b. an integrator coupled to the output of said delay
means and providing its output as the smoothed
output; and )

c. feed back means negatively coupling the output of
said integrator to the input of said delay means.

4. The invention according to claim 3 wherein said
means for developing the angle and magnitude of said
current vector also include means for developing a rep-
resentation of the sine and cosine of the angle of said
field vector with said stator reference axis and said
means for developing said anticipatory control quantity
comprise:

a. a first multiplier having as inputs the input to one

of said integrators and said sine representation;

b. a second multiplier having as inputs the input to
the other of said integrators and said cosine repre-
sentation; and

¢. a summing amplifier having the outputs of said first
and second multipliers as inputs and providing said
anticipatory control quantity as an output.

5. The invention according to claim 4 and further in-
cluding means to develop a quantity representing the
input voltage at said controlled inverter and means to
add said quantity as an additional input to said means
responsive to current magnitude.

6. The invention according to claim 3 and further in-
cluding means to develop a quantity representing the
input voltage at said controlied inverter and means to
add said quantity as an additional input to said means
responsive to current magnitude.

7. The invention according to claim 6 wherein said
assynchronous motor has a tachometer associated
therewith, said means for developing said current mag-
nitude and angle further includes means for developing
a quantity proportional to the sine of the angle between
said current vector and said field vector and a quantity
proportional to the magnitude of said field vector and
wherein said means to develop said quantity represent-
ing said input voltage comprises means having as inputs
the output of said tachometer, said sine and said field
vector magnitude and providing an output proportional
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8

to the product of said quantities, said means compris-
ing: .

a. a first multiplier having two of said quantities as in-

puts; and

b. a second multiplier having the output of said first

multiplier and the third quantity as inputs.

8. The invention according to claim 2 and further in-
cluding means to develop a quantity representing the
input voltage at said controlled inverter and means to
add said quantity as an additional input to said means
responsive to current magnitude. -

9. The invention according to claim 8 wherein said
assynchronous motor has a tachometer associated
therewith, said means for developing said current mag-
nitude and angle further includes means for developing
a quantity proportional to the sine of the angle between
said current vector and said field vector and a quantity
proportional to the magnitude of said field vector and
wherein said means to develop said quantity represent-
ing said input voltage comprises means having as inputs
the output of said tachometer, said sine and said field
vector magnitude and providing an output proportional
to the product of said quantities, said means compris-
ing:

a. a first multiplier having two of said quantities as in-

puts; and

b. a second multiplier having the output of said first

multiplier and the third quantity as inputs.

10. The invention according to claim 1 and further
including means to develop a quantity representing the
input voltage at said controlled inverter and means to
add said quantity as an additional input to said means
responsive to current magnitude. .

11. The invention according to claim 10 wherein said
assynchronous motor has a tachometer associated
therewith, said means for developing said current mag-
nitude and angle further includes means for developing
a quantity proportional to the sine of the angle between
said current vector and said field vector and a quantity
proportional to the magnitude of said field vector and
wherein said means to develop said quantity represent-
ing said input voltage comprises means having as inputs
the output of said tachometer, said sine and said field
vector magnitude and providing an output proportional
to the product of said quantiﬁes, said means compris-
ing: .

a. a first multiplier having two of said quantities as in-

puts; and

b. a second multiplier having the output of said first

multiplier and the third quantity as inputs.
*k ok  k  k  k
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