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(57) Abrégé/Abstract:

A control system for a momentum wheel device is specified, wherein the momentum wheel device is a real momentum wheel
device and has a momentum wheel which is driven by a motor, and wherein a simulated momentum wheel device is provided
which simulates the behaviour of an ideal momentum wheel on the basis of an ideal physical model. The rotational speed of both
the real momentum wheel device and of the simulated momentum wheel device can be changed by a torque command. A
comparator device is provided for comparing the real rotational angle of the real mo- mentum wheel device and the simulated
rotational angle of the simulated momentum wheel device and for generating a fault signal corresponding to a deviation between
the real rotational angle and the simulated rotational angle. The fault signal can be conducted to a control device, in order to
actuate the motor on the basis of the fault signal, for the purpose of reducing the deviation.
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Abstract

A control system for a momentum wheel device is specified, wherein the momentum
wheel device is a real momentum wheel device and has a momentum wheel which is
driven by a motor, and wherein a simulated momentum wheel device is provided
which simulates the behaviour of an ideal momentum wheel on the basis of an ideal
physical model. The rotational speed of both the real momentum wheel device and of
the simulated momentum wheel device can be changed by a torque command. A
comparator device is provided for comparing the real rotational angle of the real mo-
mentum wheel device and the simulated rotational angle of the simulated momentum
wheel device and for generating a fault signal corresponding to a deviation between
the real rotational angle and the simulated rotational angle. The fault signal can be
conducted to a control device, in order to actuate the motor on the basis of the fault

signal, for the purpose of reducing the deviation.

15
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Control system and control method for controlling a momentum wheel device

for stabilizing a spacecraft

The invention relates to a control system and a control method for a momentum
wheel device for stabilizing the position of a spacecraft, in particular, for controlling

the position of satellites.

Such momentum wheel devices or flywheels or reaction wheels are known to control
the alignment of satellites. The momentum wheel is set rotating by a drive, so that a
stabilizing effect can be achieved by the gyroscopic effect. To achieve an efficient gy-
roscopic effect, it is convenient to position a largest possible part of the mass of the
flywheel outwards as much as possible, so that this mass can rotate around the rota-

tion axis of the flywheel (momentum wheel) at a largest possible diameter.

Such a momentum wheel device is known from DE 39 21 765 Al which, similarly to
the wheel of a bicycle, includes an internal stator, an external rotor, and a hub ro-

tatably supporting the rotor on the stator by means of spokes. The hub is rotatably
supported on the stator by two rolling bearings which can be designed as fixed or

floating bearings.

The rotation movement of the actual momentum wheel {e.g. comprising the rotor, the
spokes and the hub) is effected with the aid of a correspondingly controlled drive mo-
tor. In the following text, the terms “momentum wheel” and “wheel” and thus also, for

example, wheel speed and momentum wheel speed are used synonymously.

Momentum or reaction wheels are usually controlled via torque or speed commands.
An internal control loop then tries to implement the command as fast and as accu-
rate as possible. In this process, the aim is a preferably accurate control of the

speed.

In this process, the requirements for accuracy can be extremely high. For example,
applications are known where the accuracy may not be less than, for example, 0.005
revolutions per minute at 6,000 revolutions per minute. The accuracy is then approx.

10-8 revolutions per minute.
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However, when implementing the control, deviations from the desired rotation be-
havior of the actual momentum wheel are inevitable due to endless control rates,
dead times and delays. These deviations regarding the speed or the rotational posi-
tion (rotation angle) cause the alignment of a satellite not to change precisely as

commanded.

In addition, friction occurs in the real ball bearings of the momentum wheel device
due to the rolling movement of the balls, the movement of the bearing cages, the
bearing temperature, and the lubrication condition of the bearings. This friction is
not chronologically constant, but can change statistically and systematically. The
statistical change in the bearing friction, especially in the case of friction peaks,
can cause disturbances in the speed control which lead to short-term deviations of
the speed. A deviating speed, in turn, directly causes the desired rotational position

or the rotation angle of the momentum wheel not to be achieved.

Momentum wheel devices for satellites are known, which include a motor control
with a corresponding motor current control which, in turn, is controlled via a speed
control for the momentum wheel. Such a speed control can, for example, be con-

trolled via a torque command.

Thus, in the case of such momentum and reaction wheels, a control algorithm is,
in addition to the motor current control (motor power stage), provided, which con-
trols the speed. Such controllers are characterized by a good control and stabiliza-
tion of the speed. However, delays and deviations, which can lead to a deviation of

the alignment of a satellite, inevitably occur in the control.

A device for momentum wheel control of a satellite is known from DE 32 14 378 Al
where an ideal momentum wheel which is determined by computation and is imple-
mented using a model, is constantly compared with the actual momentum wheel,

the actual momentum wheel being slaved to the ideal momentum wheel.

The invention is based on the object to provide a further improved control for a
momentum wheel device with which not only the desired speed can be maintained
preferably precisely, but with which also misalignments (deviations of the rotation

angle) of the momentum wheel can be prevented.

The object is, in accordance with the invention, achieved by a control system having
the features of claim 1, as well as by a control method having the features of the

independent claim. Advantageous embodiments are stated in the dependent claims.
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A control system for a momentum wheel device is provided, where the momentum
wheel device is a real momentum wheel device and includes a momentum wheel driv-
en by a motor. Furthermore, a simulated momentum wheel device is provided which
simulates the behavior of an ideal momentum wheel based on an ideal physical mod-
el. A control device is provided to control the motor of the real momentum wheel de-
vice, where a command device is provided to specify a torque command to change the
speed of both the real momentum wheel device and of the simulated momentum
wheel device. A rotation angle detection device is provided to detect the real rotation
angle of the real momentum wheel device. Furthermore, an integration device is pro-
vided to calculate a simulated rotation angle of the simulated momentum wheel de-
vice due to the specified torque command. Finally, a comparator device is provided to
compare the real rotation angle and the simulated rotation angle and generate an
error signal corresponding to a deviation between the real rotation angle and the
simulated rotation angle, where the error signal can be fed to the control device in

order to control the motor due to the error signal to reduce the deviation.

The designation of the various elements as “real” only serves to conceptually separate
them from “simulated” components. Thus, the term “real” is not used within the

meaning of “actual” or “exact”.

Accordingly, two momentum wheel devices are provided in the control system accord-
ing to the invention, namely the actual real, physically existing momentum wheel
device and a (virtual) simulated momentum wheel device. While the real momentum
wheel device can be structured in the usual manner and, in particular, includes a
motor and a correspondingly supported momentum wheel driven by the motor, the
simulated momentum wheel device is solely a physical (calculation) model. This sim-
ulated momentum wheel device can, therefore, be understood as a “perfect” momen-
tum wheel which is represented by the mathematical or physical equations of state of
the rotational movement without friction. The simulated momentum wheel device is,
therefore, based on ideal Newtonian conditions, so that friction losses, measurement

errors, measurement delays, etc. are disregarded.

In this process, the following applies:

@1 = W0 + dio X Aty {1)
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wherein ® is the rotational speed (angular speed or speed), At a time increment, and
a the angular acceleration which includes the torque inclusive of the moment of iner-

tia.

The moment of inertia is the J of all rotating components of the wheel {bearing unit +
motor rotor + flywheel mass). Internally, different moments of inertia are possible
since it is a modular approach that can be adjusted accordingly. For the control to be
discussed herein, the torques are always translated by M = a / J. The formulas

thereby become independent of the wheel to be used concretely.

With the aid of the integration device, it is possible to integrate this movement equa-

tion twice up to the rotation angle @:

@ =@t o X At; + 0.5 X de X Aty? (2)

wherein ¢ is the rotation angle, ® the rotational speed (angular speed), At a time in-

crement, and a the torque inclusive of the moment of inertia.

The calculation for the simulated momentum wheel device can be exactly performed.
The underlying software or electronics can, therefore, calculate the desired speed and

the rotation angle for any point in time.

The rotation angle corresponds to the rotational position of the actual momentum
wheel or of the motor rotor or of the motor shaft in the real momentum wheel device.
The motor shaft is firmly connected to the momentum wheel, so that this unit is

jointly also referred to as the (real) momentum wheel device.

In the simulated momentum wheel device, the rotation angle as ¢ according to for-

mula (2) above emerges through two-fold integration of the equation (1).

Due to the two-fold integration, the rotation angle in the simulated momentum wheel
device can be determined from the torque (torque command) via the rotational speed
or speed. In this process, the integration device performing the integration is part of

the simulated momentum wheel device.
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It is important that that information is available at a very precise time. In a preferred
embodiment, a time precision higher than lus is required and achieved. This is nec-
essary to precisely evaluate angular deviations also in the case of a superimposed

speed which can achieve several thousand revolutions per minute.

The two results, namely the detected real rotation angle of the real momentum wheel
device and the calculated simulated rotation angle of the simulated momentum wheel
device, are merged in the comparator device with a very high chronological precision.
In the ideal case, both values are identical, so that a corrective measure is not re-
quired. In reality, however, deviations will always occur, which are due to the influ-
encing factors (bearing friction, etc.) already explained above, but also due to meas-

urement errors in the rotation angle detection device.

Therefore, the comparator device can, due to, e.g., only the time-related deviation
between the two rotation angles, generate a corresponding error signal which can be
fed back to the control device. The control device is then in a position to properly
control the motor through a corresponding correction in order to compensate for the
deviation between the two (the real and the simulated) rotation angle. In this man-
ner, excellent synchronization between the real momentum wheel device and the ide-
al simulated momentum wheel device can be achieved, not only with regard to the

speed (rotational speed), but also the rotation angle {rotational position).

The command device can be designed to transmit the torque command to the control
device for the real momentum wheel, and to the simulated momentum wheel device.
Thus, it is to be ensured that both the real momentum wheel device and the simulat-
ed momentum wheel device receive the torque command at the same time and can

initiate a change of their movement behavior.

A motor control can be provided which can be controlled by the control device and, in
turn, serves to operate the motor. In this process, the motor control can, in particu-

lar, also include a motor current control.

A rotational speed detection device can be provided to detect the real rotational speed
of the real momentum wheel device. The rotational speed detection device and the
rotation angle detection device can also be formed by a common measurement device.

For example, one or more sensors can be provided on the motor or on the real mo-

5
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mentum wheel which detect when the motor rotor, the motor shaft or the momentum
wheel have reached a certain position. Thus, the rotation angle position in that mo-
ment can be determined on one hand. On the other hand, the rotational speed can be

derived therefrom, taking time into account.

An observer combining the rotation angle detection device and the rotational speed
detection device can be provided to determine the real rotational speed and/or the
real rotation angle of the real momentum wheel device, where the observer is de-
signed to perform an error correction of the rotational speed and/or of the rotation
angle of the real momentum wheel device. The observer thus estimates the actual
position or the actual speed of the momentum wheel based on the measured speed or

the measured rotation angle, taking into account additional information.

The observer is therefore in a position to achieve an improved measurement quality
beyond the simple rotational speed or rotation angle detection by reprocessing the
measured values by filters or correction algorithms. In this process, for example,
measurement delays can be compensated for (offset) due to the sensors used so that
the determined measured values reproduce the actual state, i.e. the actual real rota-
tional speed or the actual real rotation angle, as precisely as possible. The observer
can also estimate further physical properties such as bearing friction and tempera-

ture and provide them for better pre-control.

It has been explained above that the integration device is designed to perform two-
fold integration of the equation of state of the rotational movement. In addition, the
integration device can also be designed to calculate a simulated speed or rotational
speed of the simulated momentum wheel device by simple integration of the given
torque command, where a rotational speed comparator device can be provided to
compare the real rotational speed and the simulated rotational speed and generate a
rotational speed deviation signal corresponding to a deviation between the real rota-

tional speed and the simulated rotational speed.

This simply means that the (interim) result of the integration device following the
first integration, namely the simulated speed or rotational speed thereby determined,
is already used to provide information, for example, for the control device. The infor-

mation about the simulated rotational speed or the comparison between the simulat-
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ed rotational speed and the real rotational speed and the rotational speed deviation

signal resulting therefrom can also be used to improve the control.

Finally, a control method for controlling a momentum wheel device for stabilizing a
spacecraft is provided, comprising the steps of:

- providing the momentum wheel device as the real momentum wheel device
comprising a momentum wheel driven by a motor;

- providing a simulated momentum wheel device based on an ideal physical
model;

- concurrent feeding of a torque command to the real momentum wheel device
and to the simulated momentum wheel device to change their particular rotational
speed;

- controlling the motor to change the rotational speed dependent on the fed
torque command;

- detecting a real rotation angle of the real momentum wheel device;

- calculating a simulated rotation angle of the simulated momentum wheel de-
vice by two-fold integration of the fed torque command;

- comparing the real rotation angle and the simulated rotation angle and gener-
ating an error signal corresponding to a deviation between the real rotation angle and
the simulated rotation angle; and

- controlling the motor due to the error signal to reduce the deviation.

As explained above, the (real) momentum or reaction wheel is, in accordance with the
invention, controlled via a torque command. At the same time, the torque command
also controls the simulation of a perfect momentum wheel and the controller (the
control device) of the real momentum wheel. The control of the real momentum wheel
is not only adjusted to maintaining the speed, but also to the parallel running of the
wheel rotation angles, i.e. to a preferably small difference between the rotation angles

of the real momentum wheel and of the perfect simulated momentum wheel.

The control error is determined by the difference of the rotation angles between the
simulated perfect wheel and the movement of the real wheel estimated by an observ-
er. A deviation of the speed between the simulated wheel and the real wheel is admit-
ted to minimize the difference in the wheel rotation angle between the simulated
wheel and the observed real wheel. Thus, the topmost control object is to harmonize

the wheel rotation angles of both wheels.
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Due to limits for the speed deviation and the wheel angle deviation, the maximum
alignment deviation on a satellite level can be described and calculated in advance.
The control accuracy of a momentum or reaction wheel is described by a maximum
deviation of the angle between the simulated perfect wheel and the observed real

wheel.

These and additional advantages and features are explained in more detail in the fol-
lowing text, based on an example with the aid of the accompanying figure. The only
figure shows, in a schematic form, the structure of a control system for a momentum

wheel device for stabilizing a spacecraft.

The control system essentially consists of a real momentum wheel device 1 and a
simulated momentum wheel device 2. The real momentum wheel device 1 is that
momentum wheel device which is to be controlled by the control system within the
actual meaning and which is used for the stabilization or alignment of the satellite.
In principle, it is structured in a known manner and includes an actual momentum
or reaction wheel not shown in the figure, which is set in rotational motion by a mo-
tor which is also not illustrated. Due to the rotation of the momentum wheel and the
gyroscopic effect arising in this process, the desired stabilizing effect is achieved. A
similar flywheel device with regard to the mechanical structure of the real momentum

wheel device 1 is known from DE 39 21 765 Al.

The real momentum wheel device 1 includes a control device 3 to control an actual
motor control 4 which, in turn, includes the power electronics or current controller

for the motor, etc.

The control device 3 can be elaborately designed and take appropriate control
measures in a known manner such as accelerating or decelerating the momentum
wheel, as well as corresponding start and stop functions. In addition, it is possible to
store information {e.g. tables) in the control device 3 at which conditions (rotational
speed, temperature, etc.) which bearing conditions (e.g. bearing friction) exist on the
momentum wheel. If, for example, the satellite moves in a very cold area {shadow),
the momentum wheel bearings will be cooled, whereby the bearing friction can in-
crease. To compensate for this effect, the control device 3 can take corresponding

control measures.
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A command device 5 which, for example, can be part of the actual satellite control, is
upstream of the control device 3. In this case, for example, a desired movement or
alignment of the satellite is preset, which leads to a corresponding commanding of
the momentum wheel device 1. Correspondingly, the command device 5 gives a
torque command 6 to the control device 3. In this process, the torque is the physical
basic command of the speed and underlies the change in the rotational speed of the

momentum wheel.

The control device 3 can supply appropriate status information 7 to the superordi-
nate satellite control from which, for example, information about the wheel status,

the wheel speed or the wheel angle is obtained.

The motor controlled by the motor control 4 effects the rotational movement of the
real momentum wheel. The rotational movement can be measured in a suitable man-
ner. For example, it is known to provide Hall sensors (e.g. three Hall sensors) on the
motor rotor in order to lock the rotational position of the rotating wheel. Taking time
into account, also the wheel rotational speed can be directly derived from the rota-
tional position (the wheel rotation angle). For this purpose, an observer 8 is provided,
which includes a rotation angle detection device and a speed or rotational speed de-
tection device. In addition, the observer 8 can also provide further correction or esti-
mation methods to detect the actual position of the wheel {the wheel rotation angle)
or the wheel speed as precisely as possible. Due to the high rotational speed of the
momentum wheel {e.g. 6000 revolutions per minute) on one hand and the extremely
high requirements for the measurement accuracy on the other hand {e.g. an accuracy
of 0.005 revolutions per minute is to be achieved for this high rotational speed of,
e.g., 6000 min-1), the results of the observer 8 is usually never exact information, but

best possible estimations at all times.

As a result of the observer 8, the real rotation angle 9 on one hand and the real rota-

tional speed 10 {(wheel speed) on the other hand is output.

The real rotation angle is delivered to a comparator device 11 to be explained later.

Parallel to the real momentum wheel device 1 thus described, the simulated momen-

tum wheel device 2 is provided.
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It is solely based on an ideal physical model 12, namely the equation of state for a

rotational movement which, for example, can have the following form:

Q=@+ X At; + 0.5 X awx A2 {2)

wherein ¢ is the rotation angle, o the rotational speed (angular speed), At a time in-

crement, and a the torque inclusive of the moment of inertia.

Thus, the simulated momentum wheel device 2 is solely realized with software, with-
out requiring “real-world” mechanical momentum wheel components. The same
torque command 6 from the command device 5, which is also fed to the control de-
vice 3, serves as an input variable for the physical model. The torque command 6
must naturally be fed to the real momentum wheel device 1 and to the simulated
momentum wheel device 2 at the same time. In the physical model 12, a first integra-
tion 12a occurs initially, so that, as a result, a simulated speed or rotational speed

13 is obtained.

The simulated rotational speed 13 is subjected to a second integration 12b, whereby
a simulated rotation angle 14 is obtained. This simulated rotation angle 14 is an ide-
al value due to the ideal physical model. Thus, it is a target value at the same time

which is to be achieved by the real momentum wheel device 1.

For this purpose, the simulated rotation angle 14 is also fed to the comparator device
11, where a comparison between the simulated rotation angle 14 and the real rota-
tion angle 9 is made. The difference identified in this process is fed back to the con-
trol device 3 as an error signal 15. The control device 3 is then, in turn, in a position
to control the motor control 4 and thus the real momentum wheel in order to change
the rotational speed of the real momentum wheel and reduce the error between the

simulated rotation angle 14 and the real rotation angle 9.

The simulated rotational speed 13 can, together with the real rotational speed 10, be
fed to a rotational speed comparator device 16. The rotational speed comparator de-
vice 16 determines a deviation between the values and can, accordingly, supply a
rotational speed deviation signal 17 to the control device 3. This signal can be fur-

ther processed as information by the control device 3. However, for the actual mo-

10
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mentum wheel control it is subordinate since it is solely performed due to the deter-

mined rotation angles 9, 14 or their deviations from one another.

11

Date Recgue/Date Received 2020-12-23



10

15

20

25

30

35

Claims

1. A control system for a momentum wheel device for stabilizing a spacecraft,
wherein

- the momentum wheel device is a real momentum wheel device and has a mo-
mentum wheel driven by a motor;

- a simulated momentum wheel device is provided which simulates the behavior
of an ideal momentum wheel based on an ideal physical model,

- a control device is provided to control the motor of the real momentum wheel
device;

- a command device is provided to specify a torque command to change a speed
of both the real momentum wheel device and of the simulated momentum wheel de-
vice;

- a rotation angle detection device is provided to detect a real rotation angle {9)
of the real momentum wheel device,

- an integration device is provided to calculate a simulated rotation angle of the
simulated momentum wheel device due to the given torque command;

- a comparator device is provided to compare the real rotation angle and the
simulated rotation angle and generate an error signal corresponding to a deviation
between the real rotation angle and the simulated rotation angle; and wherein

- the error signal can be fed to the control device to control the motor due to the

error signal in order to reduce the deviation.

2. The control system according to claim 1, wherein the command device is de-
signed to transmit the torque command to the control device for the real momentum

wheel device and to the simulated momentum wheel device.

3. The control system according to claim 1 or 2, wherein the simulation of the
behavior of an ideal momentum wheel is conducted based on the ideal physical mod-

el, without accounting for friction.

4. The control system according to any one of claims 1 to 3, wherein the ideal

physical model corresponds to an equation of state of a rotational movement.

S. The control system according to any one of claims 1 to 4, wherein the equation

of state has the following form:

12
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Q= @Qp+ 0w X Aty + 0.5 X aw x At?

wherein ¢ is the rotation angle, o the rotational speed (angular speed), At a time in-

crement, and a the torque inclusive of the moment of inertia.

6. The control system according to any one of claims 1 to 5, wherein the integra-
tion device is designed to calculate the simulated rotation angle by two-fold integra-

tion of the torque command.

7. The control system according to any one of claims 1 to 6, wherein a motor con-
trol is provided which can be controlled by the control device and, in turn, serves to

operate the motor.

8. The control system according to any one of claims 1 to 7, wherein a rotational
speed detection device is provided to detect the real rotational speed of the real mo-

mentum wheel device.

9. The control system according to any one of claims 1 to 8, wherein

- an observer combining the rotation angle detection device and the rotational
speed detection device is provided to determine the real rotational speed and/or the
real rotation angle of the real momentum wheel device; and wherein

- the observer is designed to perform an error correction of the rotational speed

and/or of the rotation angle of the real momentum wheel device.

10. The control system according to any one of claims 1 to 9, wherein

- the integration device is designed to calculate a simulated rotational speed of
the simulated momentum wheel device by simple integration of the given torque
command; and wherein

- a rotational speed comparator device is provided to compare the real rotational
speed and the simulated rotational speed and generate a rotational speed deviation
signal corresponding to a deviation between the real rotational speed and the simu-

lated rotational speed.

11. A control method for controlling a momentum wheel device for stabilizing a

spacecraft, comprising the steps of:

13
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- providing a momentum wheel device as the real momentum wheel device com-
prising a momentum wheel driven by a motor;

- providing a simulated momentum wheel device based on an ideal physical
model,

- concurrent feeding of a torque command to the real momentum wheel device
and to the simulated momentum wheel device to change their particular rotational
speed;

- controlling the motor to change the rotational speed dependent on the fed
torque command;

- detecting a real rotation angle of the real momentum wheel device;

- calculating a simulated rotation angle of the simulated momentum wheel de-
vice by two-fold integration of the fed torque command;

- comparing the real rotation angle and the simulated rotation angle and gener-
ating an error signal corresponding to a deviation between the real rotation angle and
the simulated rotation angle; and

- controlling the motor due to the error signal to reduce the deviation.

14
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