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(57) Abstract: A digital control system for performing a durability test with a steering test rig is disclosed. The digital control sys-
tem comprises a learning control device for controlling periodic reference signals in servo actuator systems, such as hydraulic
cylinders and electrical motors. This learning device is referred to as POISON (periodic on-line iterative signal optimum naviga-
tion) controller By iterative learning of a corrected reference signal the POISON controller is able to compensate for control errors
which occur in conventional closed loop control systems. In contrast to existing control systems, the POISON controller is capa-
ble of permanent online operation. Therefore it is able to compensate for certain changes in the controlled system. The POISON
controller can easily be added to existing servo control loops.
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TITLE

Digital controller for an automotive steering test rig

FIELD OF TECHNOLOGY

The application relates to a control device for the control
of periodic reference signals in servo actuator systems, such

as an automotive steering test rig.

BACKGROUND

Hydraulic test rigs for durability tests are commonly used in
the vehicle industry to test components of an automobile. For
example, they serve to perform vibration tests and tests on
the vehicle suspension and the steering mechanism. During a
test run of a typical durability test, the component is sub-
jected to a periodically repeated load for a predetermined
time period. After the test run, the component is examined
for changes or damages. The reference pattern of the load
must be reproduced as accurately as possible to ensure well
defined testing conditions. To this end, a feedback control-
ler compares a reference curve with a feedback signal from a
sensor in a thereby defined controlled system. Subsequently,
the controller generates a control signal and sends the con-
trol signal to an actuator of the controlled system. Thereby,
a control loop is defined which is also called a servo con-

trol loop.
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In servo control loops, there is usually a control deviation
between a reference signal and a feedback signal of the con-
trolled system. This deviation is due to the transfer func-
tion or due to a disturbance reaction of the controlled sys-
tem. The deviation may include overshoots, amplitude or phase

errors.

Conventional servo control loops use a PID controller as a
feedback controller. However, the quality of control for a

conventional servo control loop is often not sufficient.

A known method to correct for the disturbance reactions in a
test rig is therefore to perform a preliminary run of the
test rig and to compute a corrected reference signal from
this preliminary run. During the test run, the feedback con-
troller uses the corrected reference signal instead of the
original reference signal. This cumbersome method makes use

of the repeated nature of a typical durability test.

Another known method is the use of an adaptive controller.

The adaptive controller measures the system response. During
a test run, the adaptive controller adapts its parameter set-
tings accordingly. This method is able to compensate for some

changes in the controlled system.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Fig. 1 illustrates a steering test rig with a controller,

Fig. 2 illustrates reference signals for the operation of
the test rig of Fig. 1,

Fig. 3 illustrates a schematic diagram of the controller

of Fig. 1,
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10

11

12

13

14

15

16

17
18

shows a flow diagram of a simulation run on the
steering test rig of Fig. 1,

illustrates a signal flow diagram of the controller
of Fig. 3 in further detail,

illustrates signals at various points in the con-
troller of Fig. 5,

illustrates in further detail the controller of
Fig. 5,

illustrates a PID lag controller in the controller
of Fig. 5,

illustrates a PID controller in the controller of
Fig. 5,

illustrates the usage of a second PID controller
for an angular correction in the controller of

Fig. 5,

illustrates a stored signal for generating the ref-
erence signal of a steering angle in the test rig
of Fig. 1,

illustrates a reference signal for the steering an-
gle using the stored signal of Fig. 11,

illustrates reference signals for the actuators of
Fig. 1,

illustrates the determination of initial values for
a stored correction signal in the controller of
Fig. 5,

illustrates the computation of control signals for
the controlled systems of Fig. 1,

illustrates the updating of the first and the last
part of the correction signal in the controller of
Fig. 5 during the last cycle of a test run,

further illustrates the update process of Fig. 16,
illustrates alternative ways for the termination of

a test run of the test rig of Fig. 1,
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21

22

23

24

25

26
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28

29

illustrates a reference signal and an actual value
signal for the left torque actuator of Fig. 1 with-
out using the adaptive control components in Fig.
5,

illustrates a reference signal, actual value signal
and control signal for the left torque actuator of
Fig. 1 using the complete controller of Fig. 5,
illustrates a reference signal and an actual value
signal for the steering motor of Fig. 1 without us-
ing the adaptive control components in Fig. 5,
illustrates a reference signal, an actual value
signal and a control signal for the steering motor
of Fig. 1 using the complete controller of Fig. 5,
illustrates the convergence of the control quality
for the left torque actuator of Fig. 1,

illustrates the convergence of the control quality
for the steering motor 2 of Fig. 1,

illustrates reference signals and actual value sig-
nals for the torque actuators of Fig. 1 without us-
ing the adaptive control components of Fig. 5,
illustrates reference and actual value signals for
the torque actuators of Fig. 1 using the complete
controller of Fig. 5,

illustrates further reference and actual value sig-
nals for the torque actuators of Fig. 1 without us-
ing the adaptive control components of Fig. 5,
illustrates reference and actual value signals for
the torque actuators of Fig. 1 using the complete
controller of Fig. 5 for the reference signals of
Fig. 27,

illustrates a further embodiment of a steering test
rig in which a separate controller is used for each

of the control loops,
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Fig. 30 illustrates an embodiment of a controller for the
test rigs of Fig. 1 and Fig. 29,
Fig. 31 illustrates a further embodiment of a hydraulic

test rigqg,

Fig. 32 illustrates a further embodiment of a controller,
Fig. 33 illustrates a further embodiment of a controller,
and

Fig. 34 illustrates a further embodiment of the controller

of Fig. 33.

DETAILED DESCRIPTION

In the following description, details are provided to de-
scribe the embodiments of the application. It shall be appar-
ent to one skilled in the art, however, that the embodiments

may be practised without such details.

Fig. 1 shows a schematic overview of a steering test rig 36.
Comma separated numbers in the following figure description
indicate corresponding elements on the right and the left

side of the steering test rig 36, respectively.

The steering test rig 36 comprises a central steering shaft 1
which is pivoted along its longitudinal axis. An arrow 7 in-
dicates rotation of the steering shaft around its axis. The
upper end of the steering shaft 1 is connected to an electric

motor 2.

A steering rack 4 is mounted at the lower end of the steering
shaft 1 in such a manner that it is movable in a horizontal
direction. The possible horizontal movement of the steering
rack is indicated by an arrow 6. Mounting elements of the

steering rack 4 are not shown in Fig. 1.
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The steering shaft 1 is connected to the steering rack 4 via
a rack and pinion steering gear arrangement. The steering
gear comprises a pinion 3, which is provided at the lower end
of the steering shaft 1, and teeth 5 which are provided on an
upper surface of the steering rack 4. The teeth 5 mesh with

teeth of the pinion 3.

On each side of the steering rack 4 there are provided tie
rods 8, 9. The inner ends of the tie rods 8, 9 are attached
to the steering rack via first ball joints 10, 11. The outer
ends of the tie rods 8, 9 are attached to lever arms 12, 13
of vertical columns 14, 15 via second ball joints 16, 17. The
columns 14, 15 pivot about their respective longitudinal axes
and they are also moveable in a vertical direction. The rota-
tion about their respective vertical axes is indicated by ar-
rows 18, 19. The vertical movement of the columns 14, 15 is
not illustrated in Fig. 1. Each of the columns 14, 15 is cou-
pled to one torque actuator and to one vertical actuator, re-
spectively. These actuators and the way of coupling the col-
umns 14, 15 to the actuators are not shown in Fig. 1. The
torques which are generated by the torque actuators are indi-
cated by arrows 20, 21. Hydraulic servo valves control the
flow of pressurized fluid towards the torque actuators and
the 1lift actuators of the columns 14, 15. Fig. 1 does not
show the hydraulic system that is provided at the steering

test rig 36.

Load cells 23, 24 are attached to the tie rods 8, 9. Cables
25, 26 connect the load cells 23, 24 to a controller 27. Ca-
bles 28, 29 connect the controller 27 to the torque actua-

tors. An angle sensor 30 is connected to the steering shaft



10

15

20

25

30

WO 2009/135498 7 PCT/EP2008/003621

1. A cable 31 connects the angle sensor 30 to the controller

27. A cable 32 connects the controller 27 to the motor 2.

During a test run, the electric motor 2 of the test rig 36
turns the steering shaft 1 periodically to the left and then
to the right. This rotation of the steering shaft is indi-
cated by the arrow 7. A pinion 3 at the lower end of the
steering shaft 1 transfers the rotation of the steering shaft
1 to a horizontal movement of the steering rack 4. When the
steering shaft 1 turns to the left, the steering rack moves
to the right. This movement is indicated by arrow 6. The ball
joints 10, 11 transfer the movement of the steering rack 4 to

the tie rods 8, 9.

Second ball joints 16, 17 transfer the movement of the tie
rods 8, 9 to lever arms 12, 13. The lever arms 12, 13 convert
the movement of the tie rods 8, 9 into a rotation of the col-
umns 14, 15. Torque actuators apply torques to the columns
14, 15. The torques, which are indicated by arrows 20, 21 op-
pose the motion of the tie rods 8, 9. Each time when the
electric motor 2 turns the steering shaft 1 to the left, the
lever arm 12 exerts a thrust force on the right tie rod and
the lever arm 13 exerts a traction force on the left tie rod.
When the steering shaft 1 turns to the right, the forces re-
verse directions. Lift actuators, which are not shown in Fig.
1, keep the columns 14, 15 at a constant lifting height. The
lift actuators simulate the spring deflection at the steering

knuckles of a vehicle.

The load cells 23, 24 which are coupled to the tie rods 8, 9
convert the force on the tie rods 8, 9 into actual value sig-
nals and send the actual value signals to the controller 27

via the connections 25, 26. Similarly, the angle sensor 30
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measures the steering angle of the steering shaft 1, gener-
ates an actual values signal and sends this signal to the

controller 27.

The controller 27 receives the actual value signal from the
angle sensor 30 via the connection 31. The controller 27 uses
the actual value signal to generate a control signal and
sends the control signal via the connection 32 to the elec-
tric motor 2 which turns the steering shaft 1. This defines a
first control loop. All parts which are controlled by the

first control loop define a controlled system 33.

Likewise, the controller 27 receives an actual value signal
via the connection 25 from the load cell 23 which is con-
nected to the right tie rod 8. The controller 27 uses the ac-
tual value signal to generate a control signal and sends the
control signal via the connection 28 to the right torque ac-
tuator. This defines a second control loop. All parts which
are controlled by the second control loop define a controlled

system 34.

Likewise, the controller 27 receives an actual value signal
via the connection 26 from the load cell 24 which is con-
nected to the left tie rod 9. The controller 27 uses the ac-
tual value signal to generate a control signal and sends the
control signal via the connection 29 to the left torque ac-
tuator. This defines a third control loop. All parts which
are controlled by the third control loop define a controlled

system 35.

Fig. 2 shows graphically a reference signal 40 for the steer-
ing angle of the steering shaft 1 of Fig. 1, a reference sig-

nal 41 for the left torque actuator of Fig. 1 and a reference
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signal 42 for the right torque actuator of Fig. 1. Here and
in the following, the term “reference signal” refers to a de-
sired output signal at a sensor in a controlled system. The
desired output signal is achieved by controlling the output
of an actuator. In the following, a “reference signal” is al-
so referred to as a reference signal for an actuator or a
reference signal for a quantity, here of a force value or of
an angle. A horizontal axis 43 in Fig. 2 indicates the time
in seconds, a left vertical axis 44 indicates the force in
Newton (N) and a right vertical axis 45 indicates the steer-

ing angle in degrees.

During a test run of the test rig 36, the controller 27 of
Fig. 1 has the task of controlling the actuators of Fig. 1
such that the signals measured by the angle sensor 30 and the
load cells 23, 24 of Fig. 1 follow the reference signals

shown in Fig. 2.

Plateaus of the reference signals 41, 42 at +/-1000 N indi-
cate that each of the torque actuators of Fig. 1 is to apply
a force to the columns 13, 14 of Fig. 1 such that the tie
rods 8, 9 of Fig. 1 experience a constant force of 1000 N
which opposes the steering movement. Steep rising/falling
signal portions of the reference signals 41, 42 indicate when
the forces of the torque actuators reverse their respective
direction. The direction reversal takes place before the
movement of the steering shaft begins, after the movement of
the steering shaft ends and each time when the movement of

the steering shaft reverses direction.

Due to friction effects in the two actuators of the columns
14, 15 of Fig. 1, torque impacts arise at times 46 at the be-

ginning of the steering movement, when the steering movement
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ends and at times 47 during a direction reversal of the
steering movement. The digital controller 27 of Fig. 1 is
able to counteract those torque impacts, as will be shown

with reference to the Figs. 20, 23, 26 and 28.

Fig. 3 shows the digital controller 27 of Fig. 1 in greater
detail with a learning controller 50 which comprises adaptive
control components. The provision of the learning controller
50 leads to an improved quality of control for periodic ref-
erence signals. The learning controller 50 will also be re-
ferred to as POISON controller wherein the acronym ,POISON"
stands for ‘Periodic on-line iterative signal optimum naviga-

tion’.

The digital controller 27 further comprises a digital to ana-
log converter (DAC) 61, an analog to digital converter (ADC)
62 and further computation units which are described below.
The DAC 61 has several input channels for reading in a digi-
tized control signal and also several output channels for
sending analog control signals to a controlled system. In the
same way, the ADC 62 has several input channels for reading
in an analog actual value signal from a controlled system and
several output channels for output of a digitized actual val-
ue signal. The input channels of the ADC are referred to as
input channels of the digital controller 27 and the output
channels of the DAC are referred to as the output channels of

the digital controller 27.

An input 51 of the POISON controller 50 is connected to an

output channel of the ADC 62. The input channels of the ADC
62 are connected to inputs of the digital controller 27. An
output 52 of the POISON controller 50 is connected to an in-
put 53 to an adder 54. A second input 55 to the adder 54 is
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connected to an output channel of the ADC 62. The output
channels of a digital analog converter (DAC) 61 are connected
to outputs of the digital controller 27. The POISON control-
ler 50 further comprises memory sections containing - among
others - stored reference signals, correction signals and pa-
rameter settings for each controlled system 33, 34, 35 of

Fig. 1.

An output 56 of the adder 54 is connected to an input 57 to a
system controller 58. An output 59 of the system controller

58 is connected to an input channel of the DAC 61.

Outputs of the digital controller 27 are connected to inputs
of the controlled systems 33, 34, 35 of Fig. 1 via the con-
nections 28, 29, 32 of Fig. 1. Inputs of the digital control-
ler 27 are connected to outputs of the controlled systems 33,

34, 35 of Fig. 1 via connections 25, 26, 31.

For each channel that is connected to one of the controlled
systems 33, 34, 35 of Fig. 1 there is a separate POISON con-
troller 50, a separate adder 54 and a separate system con-
troller 58. They are connected to the DAC 61 and the ADC 62
in the same way as shown in Fig. 3. For reasons of clarity,
in Fig. 3 this detail is shown for one controlled system. A
set of three parallel lines at the connections 28, 29, 32 in-
dicates that there are provided three output channels which
connect the DAC 61 to the controlled systems 33, 34, 35. An-
other set of three parallel lines at the connections 25, 26,
31 indicates the provision of three input channels which con-

nect the controlled systems 33, 34, 35 to the ADC 62.

Figure 3 also illustrates the function of a POISON controller

as part of the digital controller 27 in a control loop.
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The POISON controller 50 receives a digitized actual value
signal from an output channel of the ADC 62. It uses the
stored correction signal, the stored reference signal and the
digitized actual value signal to compute a new correction
signal. The stored correction signal is overwritten with the
new correction signal. The POISON Controller 50 generates a
corrected reference signal from the sum of the new correction
signal and the stored reference signal and sends the cor-
rected reference signal to the output 52 of the POISON con-

troller.

The adder 54 receives the corrected reference signal from the
POISON controller 50 and also a digitized actual value signal
from one of the output channels of the ADC 62. The adder 54
then generates a control error signal by subtracting the di-
gitized actual value signal from the corrected reference sig-
nal. The adder 54 sends the error signal to the system con-
troller 58. The system controller 58 uses the control error
signal from the adder 54 to compute a control signal. The
system controller 58 sends the control signal to an input

channel of the DAC 61.

The DAC 61 converts the control signal into an analog control
signal and sends it to an input of the controlled system. The
controlled system generates a feedback signal. The controlled
system sends the feedback signal back to an input channel of

the ADC 62.

Fig. 4 illustrates a flowchart of a method to use the digital
controller of Fig. 1 in a test run 70 of the test rig 36 of
Fig. 1 to perform a durability test on the steering gear of

Fig. 1. During the durability test, the steering gear is ex-
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posed to a periodically repeated load for a predetermined

number of periods.

After a test run has been started, the test rig 36 enters an
initialization phase 72, as shown in Fig. 4. During the ini-
tialization phase 72, for each controlled system 34, 35, 36

of Fig. 1, the digital controller 27 of Fig. 1 reads in pre-

configured values and carries out preliminary calculations.

In a next step, the test rig 36 enters a settling phase 73.
During the settling phase 73, for each controlled system 33,
34, 35 of Fig. 1, the digital controller 27 of Fig. 1 uses a
first portion of the stored reference signal, hereafter
called head section, for the computation of the corrected
reference signal and sends the corrected reference signal to
the controlled system in order to drive the controlled system

to a predefined state.

In a next step the test rig 36 enters a repeated step 74.
During the repeated step 74, for each controlled system 33,
34, 35 of Fig. 1, the digital controller 27 of Fig. 1 uses a
second portion of the stored reference signal, hereafter
called cyclic section, for the computation of the corrected
reference signal and sends the corrected reference signal to

the controlled system.

In a decision step 75, the POISON controller 50 of Fig. 1
checks if a maximum number of cycles has been reached. If
this is not the case, the repeated step 74 is repeated again.
After the last execution of the cyclic section 74 the system

enters a step of decay phase 76.
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During the decay phase 76, for each controlled system 33, 34,
35 of Fig. 1, the digital controller 27 of Fig. 1 uses a
third portion of the stored reference signal, hereafter
called tail section, to compute the corrected reference sig-
nal and sends the corrected reference signal to the control
loop in order to drive the controlled system to a predefined

end state.

For explaining the steps of Fig. 4 in closer detail, refer-
ence will be made to Fig. 5 which shows in further detail the
components between the input 51 and the output 52 of the POI-
SON controller 50 of Fig. 3. These components provide the
steps of Fig. 4. Components of the POISON controller 50 com-
prise an inverting unit 80, an iteration filter 81 and an it-

eration memory 82.

An input 87 to the inverting unit 80 is connected to an out-
put 84 of an adder 83. The adder 83 comprises input 51 and
input 85. The input 51 is equivalent to the input 51 of the
POISON controller 50 of Fig. 3. The input 85 of the adder 83
is connected to a reference signal 86. The reference signal
86 is generated by a signal generator which is not shown
here. The output 88 of the inverting unit 80 is connected to
an input 89 to an adder 90. A second input 91 to the adder 90
is connected to an output 98 of the memory 82. The memory 82

contains a stored correction signal.

An output 92 of the adder 90 is connected to an input 94 to
the iteration filter 81. An output 95 of the iteration filter
81 is connected to an input 96 to the memory 82. The output
98 of the memory 82 is connected to a first input 99 to an

adder 100. A second input 102 to the adder 100 is connected
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to the reference signal 86. An output 52 of the adder 100 is

connected to an input 53 to the adder 54.

The operation of the POISON controller 50 during the repeated
step 74 of Fig. 4 will be explained first. Modifications to
the operation of the POISON controller during the settling
phase 73 and the decay phase 76 of Fig. 4 will be explained

thereafter.

In the following, k refers to a discrete time index and t to
a continuous time. The symbols w(k], el[k], v[k], yl[k] in Fig.
5 denote digital reference, error, correction and actual val-
ue signals. The symbol y(t) denotes an analog actual value
signal. f[k], f(t) also refer to the value of a function at
discrete time k and continuous time t, respectively. Differ-
ences k-1, k-m and k-n refer to a time index within the cy-
clic section of the reference signal w or in the cyclic sec-
tion of the correction signal v. If a difference results in a
time index before the beginning of a cyclic section, the
length of the cyclic section in discrete time units is added

to the difference.

During the repeated step 74 of Fig. 4, the adder 100 receives
a time-shifted correction signal v[k-1l] from the memory 82
and a reference signal w[k]. The reference signal w[k] is
generated by the output of a stored reference signal. The ad-
der 100 generates a corrected reference signal by adding the
signal v[k-1l] to the reference signal w[k] and sends the cor-
rected reference signal to the output 52 of the POISON con-

troller.

During the repeated step 74 of Fig. 4, the POISON controller

50 further receives a digitized actual value signal y[k] from
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one of the output channels of the ADC 62. The adder 83 gener-
ates an error signal e[k] by subtracting the digitized actual
value signal from the reference value signal wl[k]. The in-
verting unit 80 receives the error signal el[k] and computes a
first output signal. The adder 90 receives the first output
signal at the input 89 and a time shifted correction signal
v[k-m] from the memory 82 at the input 91 and generates a
second output signal by adding the first output signal to the
signal v[k-m]. The adder 90 sends the second output signal to
the input 94 to the iteration filter 81. The iteration filter
81 computes a corrected reference signal v[k]. The signal
v[k] is time shifted by -n and the resulting signal v[k-n] is

stored in the memory 82.

During the next execution of the repeated step 74, the adder
100 uses the stored signal v[k-1] in memory 82 to compute a

corrected reference value in the way described before.

The time shift 1 is used to compensate for a time lag in the
response of the controlled systems 33, 34, 35 whereas the
time shifts m and n compensate time shifts that are intro-
duced by the inverting unit 80 and the iteration filter 81.
The inverting unit 80 and the iteration filte; 81 use past
signal values in their computations. Therefore the result of

the computations correspond to an earlier time.

During the last execution of step 74, the correction signal
is also saved to the first and the last half cycle of the
stored correction signal v{k]. This will be further explained

with reference to Fig. 16 and 17.

During the settling phase 73 of Fig. 4, fading in of the cor-

rection signal v([k] with a fade factor F between 0 and 1
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takes place, before the correction signal is written to mem-
ory. This fading occurs for time indices k-1 referring to the
signal portion of the reference signal before the first half
cycle. The time shift 1 in the difference k-1 takes into ac-
count a time lag in the system response. In the same way, the
correction signal is faded out during the decay phase 76 of
Fig. 4 for time indices k-1 which are after the last half cy-
cle of the reference signal. The fading of the correction
signal at the beginning and the end of the test run avoids a

numerical instability.

In a further embodiment which is not shown here, two memory
buffers are provided for the storage of correction signals.
In a repeated step 74, one of the buffers is overwritten with
the correction signal v, of the current cycle and the other
memory buffer holds the correction signal v,-; of the last cy-
cle. In a next execution of step 74, the correction signal v,
is copied to the second buffer and the first buffer is over-
written. In the case of an abnormal termination of the test
run, the last cycle v, of the correction signal may be cor-
rupted, whereas the previous cycle v,.; can be recovered. Sev-
eral options of terminating a test run 70 are explained with

reference to the description of Fig. 18.

Fig. 6 shows signals which result at various input and output
nodes of the controller of Fig. 5. The Fig. 6 further illus-
trates the calculation steps which were explained with refer-

ence to Fig. 5.

A vertical scale 110 for each signal is given in Newton and a
horizontal scale 111 is given in seconds. A curve 112 in the
first row of Fig. 6 shows a reference signal for the left

load cell 24. A curve 113 in the next row shows the input
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signal at the input 85 to the adder 83. The curve 113 is the
actual value signal which is measured by the left load cell
24. A curve 114 in the fifth row shows the control error. The
control error is the difference of the actual value signal
from the second row and the reference signal from the first

Yow.

A curve 115 in the sixth row shows an output signal of the
inverting unit 80. A curve 116 in the seventh row shows the
correction signal v[k-m] at the input 91 to the adder 90 of
Fig. 5. A curve 117 in the eighth row shows the output signal
at the output 95 of the iteration filter 81 of Fig. 5.

During the first cycle, a time segment 121 of curve 113 is
subtracted from a time segment 120 of curve 112. This results
in the time segment 122 of the curve 114 which is the control
error of the first cycle. The time segment 122 is then proc-
essed by the inverting unit 80 of Fig. 5 which results in a
time segment 123 of curve 115. The time segment 123 is then
added to a time segment 124 of the stored correction signal.
As the stored correction signal was initialized to zero,
there is no correction signal present during the first cycle.
The sum of the segments 123, 124 is then processed by the it-
eration filter 81 of Fig. 5. This results in a time segment

125 of the correction signal from the first cycle.

In the next cycle, the time segment 125 appears as a time
segment 126 of the curve 118. The sum of the time segment 126
and a time segment 125 from the second cycle of the reference
signal 112 results in a time segment 127. In the second cy-
cle, the time segment 127 is used as corrected reference sig-

nal.
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Fig. 7 illustrates in further detail the inverting unit 80
and the iteration filter 81 of Fig. 5. The inverting unit 80
of Fig. 5 comprises an inverse system controller 130 which is
also referred to as PD lag (PDL) controller, and a first mov-
ing average filter 134. The PD lag controller 130 is a spe-
cial case of a PIDL controller which will be explained with
reference to Fig. 8. The iteration filter 81 comprises a sec-

ond moving average filter.

The output 84 of the adder 83 of Fig. 5 is connected to an
input 87 to the PDL controller 130. An output 131 of the PDL
controller 130 is connected to an input 132 to the first mov-
ing average filter 134. An output 88 of the first moving av-
erage filter 134 is connected to a first input 89 to the ad-
der 90. A second input 91 to the adder 90 is connected to an
output 135 of a first back-shift element 136 which is in turn
connected to the output 98 of the memory 82.

The output 92 of the adder 90 is connected to an input 94 to
the second moving average filter 81. An output 95 of the sec-
ond moving average filter 81 is connected to an input 138 to
the second back-shift element 139. An output 140 of the sec-
ond back-shift element 139 is connected to the input 96 to

the memory 82.

Fig. 7 also illustrates in further detail the signal process-
ing between the output 84 of the adder 83 and the input 99 to
the adder 100 of Fig. 5. The PDL controller 130, which will
be explained with reference to Fig. 8, receives the error
signal e[k] from the adder 83 and generates an output signal.
The output signal of the PDL controller 130 is smoothed by
the moving average filter 134. As mentioned in the descrip-

tion of Fig. 5, the adder 90 adds the time shifted correction
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signal v[k-m] from the last cycle to the output signal of the
moving average filter 134. The time shift by -m time steps is

symbolized by the time shift element 136.

The moving average filter 81 receives the output signal of
the adder 90 and generates a smoothed output signal at the
output 95. The output signal of the moving average filter 81
is time shifted by -n time steps. This is symbolized by the
time shift element 139. The output signal of the time shift
element 139 is the correction signal which will be used in
the next cycle. As mentioned in the description of Fig. 5,

the memory 82 stores the correction signal v([k-n].

Fig. 8 illustrates the composition of a proportional-
integral-derivative lag (PIDL) controller which is used in the
digital controller 27 of Fig. 5. The system controller 58 and
the second system controller 194 shown in Figures 3 and 10
are configured as PIDL controllers. In the following, both
expressions, PID and PIDL controller are used for the con-
trollers 58 and 194. A PID lag controller without an integra-
tor component will be referred to as a PDL controller. The
inverse system controller 130 of the inverting unit 80 of

Fig. 5 is configured as a PDL controller.

An input 146 to the PID lag controller is connected to an in-
put 147 to a lag element 148. An output 149 of the lag ele-
ment 148 is connected to an input 150 to a multiplier 151.
The output 152 of the multiplier 151 is connected to a first
input 153 to an adder 154, to an input 155 to a differenti-
ator 156 and to an input 157 to an integrator 158. An output
159 of the differentiator 156 is connected to a second input
160 to the adder 154. An output 161 of the integrator 158 is
connected to a third input 162 to the adder 154. An output
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163 of the adder 154 is connected to an input 164 to an out-
put limiter 165. An output 166 of the output limiter 165 is
connected to an output 167 of the PIDL controller.

A lag element 148 receives an error signal e[k] via the input
147. The lag element 148 generates an averaged error signal
e[k] by computing a weighted sum from a current value e[k] and
a previous value e[k-1l] of the error signal e[k]. A weight
factor L of the lag element 148 allows adjustment of the

weighted sum.

The multiplier 151 receives the output signal e[k] of the lag
element 148 at the input 150 and multiplies the signal e[k] by
a factor P. The differentiator 156 receives the output signal
of the multiplier 151, computes a time derivative of the sig-
nal e[k] by a backward differentiation formula and multiplies
the result by a parameter D. The integrator 158 receives the
output signal of the multiplier 151, computes the integral
over past values of its input signal by a numerical integra-

tion formula and multiplies the result by a factor I.

The adder 154 generates an output signal at its output 163 by
summing up the output signal of the multiplier 151, the out-
put signal of the differentiator 156 and the output signal of
the integrator 158. The output limiter 165 receives the out-
put signal of the adder 154 at the input 164. The output lim-
iter 165 limits the output signal of the adder 154 by an up-
per limit and a lower limit and sends the resulting signal
ulk] to the output 167 of the PIDL controller. The output 1li-
miter 165 of the PIDL controller prevents numerical instabil-

ity by integral windup.
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The parameters P, D and I allow the adjustment of the rela-
tive contributions of the three input signals from the inputs
153, 160, 162 of the adder 154.

Fig. 9 illustrates in further detail the signal processing
units between the adder 100 and the DAC 61 of the POISON con-
troller 50 of Fig. 5. In addition to the signal processing
units of Fig. 5, Fig. 9 shows two output limiters 170, 174
which are not shown in Fig. 5. The output 52 of the adder 100
of Fig. 5 is connected to an input 171 to the first output
limiter 170. The output 172 of the first output limiter 170
is connected to the input 53 to the adder 54 of Fig. 5. The
output 59 of the system controller 58 of Fig. 5 is connected
to an input 173 to the second output limiter 174. An output
175 of the second output limiter 174 is connected to an input

channel of the DAC ol.

Fig. 9 also illustrates how a stored correction signal is
used for generating a control signal for the controlled sys-

tems 33, 34, 35 of Fig. 1.

The adder 100 receives a time shifted correction signal v/[k-
1] from the output 98 of the memory 82 of Fig. 5 at its first
input 99. The adder 100 receives a reference signal w[k] at
its second input 102 and generates a corrected reference sig-
nal at the output 52 by summing up the correction signal v[k-
1] and the reference signal w(k]. The output limiter 170 lim-
its the corrected reference signal by a lower limit and an
upper limit and sends the output to the input 53 of the adder
54. The adder 54 receives an actual value signal y[k] at the
input, sums up the input signals and sends the resulting sig-

nal to the system controller 58.
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The system controller 58 computes a control signal and sends
the result to the input 173 of the output limiter 174. The
output limiter 174 limits the output signal of the system
controller 58 to a predefined voltage range and sends the re-
sulting signal to the input to the DAC 61. The DAC 61 con-
verts the output signal of the output limiter 174 into an
analog control signal and sends the analog control signal to

one of the controlled systems 33, 34, 35 of Fig. 1.

Fig. 10 shows the use of additional components between the

output 59 of the system controller 58 of Fig. 9 and the input
173 to the output limiter 174 of Fig. 9. This provides an an-
gular correction to the output result of the system control-
ler 58 of Fig. 9. The angular correction applies to the con-
trol of the controlled systems 34 and 35 of Fig. 1. The angu-
lar correction uses the steering angle and a column angle as
additional information for the control of the servo actuators
in the controlled systems 34, 35. The column angle indicates

the rotation of the respective column.

In Fig. 10, the output 59 of the system controller 58 is con-
nected to a first input 180 to an adder 181. A weighted ac-
tual value signal for the steering angle is connected to a
second input 182 to the adder 181. An output 183 of the adder
181 is connected to an input 185 to an output limiter 186. An
output 187 of the output limiter 186 is connected to an input
189 to an adder 190. A second input 191 to the adder 190 is
connected to an actual value signal from an angle sensor for
a column angle. An output 192 of the adder 190 is connected
to an input 193 to a second system controller 194. An output
195 of the second system controller 194 is connected to an

input 173 to the output limiter 174.
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Fig. 10 also shows the use of additional components between
the output 59 of the system controller 58 of Fig. 9 and the
input 173 to the output limiter 174 of Fig. 9 to apply an an-
gular correction to the output signal of the system control-
ler 58 of Fig. 9. This angular correction is used in the con-

trol of the torque actuators.

In Fig. 10, the system controller 58 of Fig. 9 is used as an
outer system controller 58 which controls a second system
controller 194 which is also addressed as PIDL controller
194. The PIDL controller 58 of Fig. 8 will generally use dif-
ferent parameter values P, I, D, L when the additional angu-

lar correction of Fig. 10 is applied.

The adder 181 receives the output signal of the system con-
troller 58 at the first input 180 and the reference signal
for the steering angle which is multiplied by a weighting
factor G at the second input 182. The adder 181 generates an
output signal at the output 183 by summing up the input sig-
nals and sends the output signal to the input 185 of the out-
put limiter 186. The output limiter 186 limits the output
signal of the adder 181 between a lower limit and an upper
limit and sends the result to the input 189 of the adder 190.
The adder 190 receives an actual value signal for the corre-
sponding column angle at the second input 191, generates an
output signal by summing up the input signal and sends the
output signal to the input 193 of the second system control-
ler 194. The second system controller 194 computes a control
signal and sends the control signal to the input to the out-

put limiter 174 of Fig. 9.

Fig. 11 shows a stored reference signal 200 for a steering

angle a. A time scale in seconds is indicated by a horizontal
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axis 201. An angle scale in degrees is given by a vertical
axis 202. Positive values on the vertical axis 202 indicate
steering to the right and negative values indicate steering

to the left.

The stored reference signal 200 comprises a head section 204,
a cyclic section 205 and a tail section 206. These signal
sections have been mentioned above in the description of the
steps 73, 74, 76 of Fig. 4. The head section 204 is subdi-
vided into a first portion 207 which contains a linear ramp
and a second portion 208 which contains a half cycle of a pe-
riodic signal. The cyclic section 205 contains one complete
cycle of the periodic signal. As with the head section 204,
the tail section 206 is subdivided into a first portion 209
and a second portion 210. The first portion 209 contains a
half cycle of the periodic signal and the second portion 210

contains a linear ramp.

Fig. 12 shows a reference signal 213 for the steering angle
a . It contains the head section 204 of Fig. 10, four cycles
of the cyclic section 205 of Fig. 10 and the tail section 206
of Fig. 10.

Fig. 13 shows three stored reference signals 215, 216, 217.

The reference signal 215 refers to the steering angle a of
the steering shaft 1 of Fig. 1, the reference signal 216 re-
fers to the force Frignt on the right tie rod 8 of Fig. 1, the
reference signal 217 refers to the force Fiesr Oon the left tie
rod 9 of Fig. 1. A force scale in Newton (N) is given by a
vertical axis 218. Positive values on the axis 218 indicate a
traction force and negative values indicate a thrust force.
An angle scale in degrees is given by a second vertical axis

219. A time scale in seconds is given by a horizontal axis
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220. Each of the reference signals 215, 216, 217 comprises a
head section 204’, a cyclic section 205’ and a tail section

206’ .

The sections 204’, 205’, 206’ of the reference signal 215 for
the steering angle differ from the corresponding signal sec-
tions 204, 205, 206 of the reference signal 200 of Fig. 11.
In the head section 204’ and in the tail section 206’ of the
stored. reference signal 215 the linear ramp portions 207, 210
of Fig. 11 are replaced by a constant value of zero degrees
and the first half cycle 208’ starts at zero degrees. Conse-
quently, the cyclic part 205’ of the reference signal 215 al-

so starts at zero degrees.

The head section 204’ of the reference signal 216 comprises a
nonlinear ramp 221 from 0 to 1000 N. The nonlinear ramp 221
ends before the first half cycle 208’ of the reference signal
215 begins. This results in a traction force of 1000 N which
is to be applied to the right tie rod 8 of Fig. 1 before the

steering motion of the steering shaft 1 of Fig. 1 begins.

The first half cycle 208’ of the reference signal 216 com-
prises a plateau portion 222 at 1000 N, a transition portion
223 in which the signal 216 changes from 1000 N to -1000 N
and a plateau portion at -1000 N. The transition portion 223
is centered around a reversal point 225 of the reference sig-
nal 215 for the steering angle and extends over a small frac-
tion of a period 205’ of the reference signal 215. Conse-
quently, the traction force of 1000 N on the right tie rod 8
of Fig. 1 is to change to a thrust force of 1000 N over a
small time interval which is centered around the reversal
point 225 of the steering motion. This results in a constant

force of 1000 N which is to be applied to the right tie rod 8
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and which opposes the steering motion of the steering shaft 1

of Fig. 1 during most of the time.

The remaining part of the reference signal 216 for the force
on the right tie rod 8 of Fig. 1 and the reference signal 217
for the force on the left tie rod 9 of Fig. 1 comprise the
same signal portions as the head section 204’ of the refer-
ence signal 216 and are therefore not explained in further

detail.

Fig. 14 shows a flow diagram which illustrates the determina-
tion of an initial correction signal v[k] during the ini-

tialization phase 72 of a simulation run 70 of Fig. 4.

After the start 71 of the simulation, in a first decision
step 230, a decision is taken, if the initial correction sig-
nal v[k] will be determined from prior data. If this is not
the case, in step 231, the initial correction signal v[k] is
set to zero. In a second decision step 232 a decision is tak-
en, if the stored correction signal v[k] will be computed. If
this is not the case, in a step 233 the stored correction
signal is initialized with a correction signal from a previ-
ous run. If several correction signals from previous runs are
available, the POISON controller may use a correction signal

from a previous test run with the best matching parameters.

If in the step 232 a decision has been taken to compute an
initial correction signal, a third decision step 234 decides,
if information from previous test runs will be used. If this
is not the case, in a step 235 an initial correction signal
is computed which is based on parameters of the POISON con-
troller. Otherwise, in a step 236 the POISON controller com-

putes an initial correction signal which is based on the con-
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troller parameters and on stored correction signals of previ-
ous test runs. A step 237 symbolizes further steps which are

taken during the initialization phase of Fig. 4.

Fig. 15 shows in further detail the steps which are performed
by the digital controller 27 during the repeated step 74 of
Fig. 4.

In a first step 240, the digital controller 27 reads in the
actual values for each controlled system from the output
channels of the ADC 62 of Fig. 3. In a next step 241, the
digital controller 27 reads in the reference values for each
controlled system. In a computation step 242, the digital
controller 27 computes a control signal ul[k] for the steering
angle according to the description of Fig. 8. In a next step
243, the POISON controller for the steering angle computes a
new correction signal v[k], according to the description of

Fig. 7.

In a next step 244 the digital controller 27 computes a con-
trol signal u([k] for the right torque actuator, according to
the description of Fig. 8. In a next step 245, the POISON
controller for the right tie rod force computes a new correc-
tion signal v[k], according to the description of Fig. 7. In
a next step 246, the digital controller applies an angular

correction to the control signal ulk].

In a next step 247, the digital controller 27 repeats the
steps 244, 245, 246 for the computation of control signal for

the left torque actuator.

In a step 248, the digital controller 27 adds a sinusoidal
wiggle to the control signals for the left and the right tor-
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que actuators. In a step 249 the output is clipped to a pre-
defined voltage range. In step 250, the control values for

the electric motor 2, the left and the right torque actuator
signals are sent to the respective input channels of the DAC

61.

Fig. 16 shows a graphical representation of an update process
for a stored correction signal v[k]. This update process
takes place during the last repeated step 74 of Fig. 4. Dur-
ing the first to the second last execution of the repeated
step 74, the POISON controller overwrites the cyclic section
of the correction signal but it does not overwrite the head-
and tail sections. This leads to discontinuities between the
head section and the cyclical section and between the cycli-
cal section and the tail section of the stored correction
signal v[k]. Therefore, the POISON controller overwrites the
cyclic portions of the head- and tail sections of the stored

correction signal v[k] during the last execution of step 74.

A curve 235 of Fig. 16 shows the reference signal 200 of Fig.
11. The reference signal and the correction signal comprise
three signal sections. This partition can be best seen in the
reference signal 200. Therefore the reference signal 200 is
shown in Fig. 16 for illustrating the partition of the cor-

rection signal vi{k].

A first row 256 below the curve 255 shows the partition of
the curve 255 into head-, cyclic- and tail sections. A second
row 257 below the curve 255 shows a partition of the stored
correction signal v[k] into a corresponding head section 258,
a corresponding cyclic section 259 and a corresponding tail
section 260. The head section 258 of the stored correction

signal v[k] comprises a first portion which corresponds to
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the first ramp portion of the reference signal and a second
portion which corresponds to the first half cycle of the ref-
erence signal. Likewise, the tail section 260 of the stored
correction signal v[k] comprises a first portion which corre-
sponds to the last half cycle of the reference signal and a
second portion which corresponds to the second ramp portion

of the reference signal.

During the last execution of step 74 of Fig. 4, the POISON
controller copies a signal portion 265 from the beginning of
the cyclic section 259 of the stored correction signal to a
first signal portion 266 at the beginning of the last half
cycle in the tail section 260 of the stored correction sig-
nal. This copying process is denoted by an arrow 267. An ad-
jacent second signal portion 268 from the beginning of the
cyclic section 259 of the stored correction signal is faded
into an adjacent portion 269 of the last half cycle of the
stored correction signal. This fading process is shown by an
arrow 270 and will be explained in more detail in the next

figure.

Likewise, the POISON controller copies a first signal portion
271 from the end of the cyclic section of the stored correc-
tion signal to a first signal portion 272 at the end of the
first half cycle which is located in the head section of the
stored correction signal. This copying is shown by an arrow
273. An adjacent second portion 274 from the end of the cy-
clic section of the stored correction signal is faded into an
adjacent part 275 which is in the first half cycle in the
head section of the correction signal. This fading process is

denoted by an arrow 276.
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Fig. 17 illustrates a flow diagram showing the steps during

the copying and fading process of Fig. 16.

In a first decision step 280, the POISON controller decides,
if a predetermined number of cycles has been reached. If this
is the case, the POISON controller determines in a decision
step 281, if the time index k is within one of the copy/fade
ranges of Fig. 16. If this is the case, the POISON controller
determines in a decision step 282 if the time index k is

within one of the copy ranges 265, 271 of Fig. 16.

If the time index k is within a copy range 265, 271, in step
283 a fade factor B is set to 1. If the index is not inside a
copy range 265, 271, the POISON controller determines in a
decision step 284, if the time index k is at the beginning or
at the end of the cyclic section. In the first case, in a
step 285 a variable d is set to the distance of the time in-
dex k to the beginning of the cyclic section. In the second
case, in a step 286 the variable d is set to the distance of

the time index k to the end of the cyclic section.

In a step 287, the fade factor B is computed as a linear
function of d. In a step 288, the weighted sum B*v[k] + (1-
B)*v[k’] is written to v([k’]. This results in a copying of
v[k}] to v[k’] if B = 1 and a fading to v[k’] if 0 < B < 1.
For copying/fading to the last half cycle, k’ = k+P, where P
is the period length of the signal in time units. For copy-

ing/fading to the first half cycle k’ = k-P.

Fig. 18 shows a flow diagram of different termination options
for terminating a test run 70 during the steps 73, 74, 76 of
Fig. 4. In a decision step 295, a decision is taken if an er-

ror condition is present. For example, this error condition
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can be due to a hardware detected limit error or to an error
condition which i1s detected by programmable logic. If an er-
ror is detected, in a step 296 the power supply for the elec-
tric motor 2 and all servo actuators of the steering test rig
36 is turned off. In a next step 297 the signal playback of
the command signals to the controlled systems stops. Then, in
a step 298 the command signals are ramped down to predefined
values and the steering test rig 36 changes to a stopped

state 299.

If no error condition is present, in a decision step 300 a
decision is taken if the step 76 of Fig. 4 has been com-
pleted. If the step 76 has been completed successfully, in a
step 301 the stored correction signal is saved to a file. In
this case, all sections of the stored correction signal have

been updated.

If, in step 300, it is detected that the step 76 of Fig. 4
has not been completed, the signal playback is stopped in a
step 304. In a next step 305, the command signals are ramped
down. In a next step 306, the stored correction signal is
written to a file. In this case, there are still sections of
the stored correction signal which have not been updated dur-
ing the test run. In a step 302 the test rig 36 changes to a
pause state. The saved file can be used as an initial correc-
tion signal in another test run, as in step 233, 236 of Fig.

14.

In the pause state 302, the steering test rig 36 remains
ready for operation whereas in the stopped state 299 the pow-

er must be turned on in order to start a new test run.
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Figures 19 and 20 illustrate the improved control quality
which is achieved by using the adaptive components of the
POISON controller 50 in the controlled system 35 of Fig. 1.
In Figs. 19, 20 and also in the following comparative Figs.
21, 22; 25, 26 and 27, 28 the POISON controller 50 of Fig. 3
was disconnected in the first figure. This means that in the
first figure of a comparison, the controlled system is only
controlled by the system controller 58 of Fig. 3 whereas in
the second figure of a comparison, the controlled system is
controlled by both the POISON controller 50 and the system
controller 58. A force scale in Newton is given by the verti-
cal axes 320, 320’ and a time scale in seconds is given by

the horizontal axes 321, 321'.

Fig. 19 shows a reference signal 322 for the force at the
left tie rod and an actual value signal 323 from the left
load cell 24 of Fig. 1. The actual value signal 323 shows
control errors at the edges of the reference signal 322. At
locations 324 and 325 the actual value curve 323 lags behind
the reference signal 322. At locations 326 and 327 the actual

value curve 323 shows pronounced overshoots.

Fig. 20 shows a reference signal 329 for the force at the
left tie rod and an actual value signal 330, as in Fig. 19.
In addition, Fig. 20 shows a corrected reference signal,
which is generated at the output of the adder 100 of Fig. 5.
The signals 329 and 330 lie almost on top of each other. Only
at the beginning of the plateaus at +/-1000 N is there a
small deviation visible. At the edges of the reference signal
329, the corrected reference signal 331 shows an anticipating
reaction, a first overshoot 332 and a second compensating
signal peak 333. As can be seen in the Fig. 23, the signal

pattern of the corrected reference signal 331 develops from
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the reference signal 329 after a sufficient number of itera-

tions.

Figures 21 and 22 illustrate the improved control quality
which is achieved by using the POISON controller 50 in the
controlled system 33 of Fig. 1. As in the Figures 19 and 20,
the POISON controller 50 was used in the second figure, but
not in the first. An angle scale in degrees is given by ver-
tical axes 335, 335’. A time scale in seconds is given by ho-

rizontal axes 336, 336’.

Fig. 21 shows a reference signal 337 for the steering angle
and an actual value signal 338 from the angle sensor 30. In
Fig. 21, the actual value signal 338 lags behind the actual
value signal by about 0.5 seconds. The actual value signal

also has an amplitude which is too low by about 2.5 angular

degrees.

Fig. 22 shows a reference signal 339, an actual value signal

340 and a corrected reference signal 341. The reference sig-

nal 339 and the actual value signal 340 lie almost on top of

each other. As in Fig. 20, the corrected reference signal 341
of Fig. 22 shows compensating features. The compensating fea-
tures contain a time advance of about 0.5 seconds and an am-

plitude correction of about 2.5 degrees. The amplitude cor-

rection is not symmetric to the zero degree line.

Fig. 23 and 24 illustrate the convergence behavior of the

POISON controller 50 in the controlled system 35 of Fig. 1.

Fig. 23 shows a reference signal 345 for the left load cell
24 of Fig. 1, an actual value signal 346 from the left load

cell 24 and a corrected reference signal 347. A force scale
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in Newton is given by a vertical axis 320’’ and a time scale
in seconds is given by the horizontal axis 321’’. The Fig. 23
shows the first 9 iterations of the repeated step 74 of Fig
4. In the embodiment of Fig. 23, the correction signal has

been initialized to zero.

During the first iterations, the actual value signal 346
shows a pronounced overshoot 348. During the first itera-
tions, a compensating overshoot 349 of the corrected refer-
ence signal 347 develops. After 9 iterations, the overshoot
348 of the actual value signal 346 has almost disappeared.
The enlarged section shows that after 9 iterations the sig-
nals 345 and 346 lie almost on top of each other. The compen-
sating features of the corrected reference signal 347 can be
best seen in the previous Fig. 20 which shows the corrected

reference signal 347 after convergence.

The corrected reference signal 347 sets in after 1.5 cycles
of the reference signal 345 are completed. At the beginning
of a test run, 1.5 cycles are needed to generate a new cor-
rected reference signal. During the first half cycle, no up-
date of the cyclic section of the correction signal takes
place. During the first execution of step 74 of Fig. 4, the
POISON controller uses the cyclic section of the original
stored correction signal, which has been initialized to zero
in this case. After the first execution of the repeated step
74, the POISON controller uses the updated stored correction
signal which has been computed during the first execution of

step 74.

Fig. 24 shows a reference signal 355 for the angle sensor 30
of Fig. 1, an actual value signal 356 from the angle sensor

30 and a corrected reference signal 357. An angle scale in
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degrees is given by a vertical axis 335’’ and a time scale in
seconds is given by a horizontal axis 336’’. The Fig. 24
shows the first 9 iterations of the repeated step 74 of fig
4, During the iterations, the corrected reference signal 357
shifts to the left and increases in amplitude. Also, as a
consequence, the actual value signal shifts to the left and
increases in amplitude until it lies almost on top of the
reference signal 355. As mentioned before, the POISON con-
troller also compensates for an asymmetric behavior of the
steering gear with respect to steering to the left and steer-

ing to the right.

Figures 25 to 28 illustrate the improved quality of control
which is achieved by using the POISON controller in the con-
trolled systems 34 and 35 of Fig. 1 for a force range of +/-
1000 N at 1 Hz and a force range of +/-250 N at 5 Hz after
convergence to a steady state has occurred. The convergence

to a steady state can be best seen in the previous Fig. 23.

Fig. 25 shows a reference signal 362, an actual value signal
363 from the left load cell 24, a reference signal 364 and an
actual value signal 365 for the right load cell. A force
scale in Newton is given by a vertical axis 360 and a time

scale in seconds is given by a horizontal axis 361.

The actual value signal 363 from the left load cell shows
time lags 366 and overshoots 367 with respect to the refer-
ence signal 362. In the same way, the actual value signal 365
from the right load cell shows time lags 368 and overshoots
369. The overshoots 367 of the actual value signal 363 differ
from the overshoots 369 of the actual value signal 365 be-
cause the reaction of the left torque actuator to a command

signal is different from the reaction of the right torque ac-
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tuator. Fig. 25 also shows that the control error is nearly

identical in every cycle for each of the torque actuators.

Fig. 26 shows a reference signal 370 and an actual value sig-
nal 371 for the left load cell 24 and a reference signal 372

and an actual value signal 373 for the right load cell 23. A

force scale in Newton is given by a vertical axis 360’ and a

time scale in seconds is given by a horizontal axis 361’. Un-
like Fig. 20, Fig. 26 does not show a corrected reference

signal.

In the level of detail provided by Fig. 26 the actual value
and reference signals lie almost on top of each other. A dif-
ference is only visible by a wiggle around the plateaus at
+/-1000 N and a slight deviation before the beginning of each
plateau. This demonstrates the ability of the POISON control-
ler to compensate for errors which are similar in each cycle

of a periodic reference signal.

Fig. 27 shows a reference signal 376 and an actual value sig-
nal 377 for the left load cell 24 and a reference signal 378
and an actual value signal 379 for the right load cell 23. A
force scale in Newton is given by a vertical axis 374 and a
time scale in seconds is given by a horizontal axis 375. The
force range of the reference signal in Fig. 27 is +/-250 N.
This is a quarter of the force range which was used in the

figures 25, 26.

The actual value signals 377 and 379 show large differences
to the reference signals 376, 378 and also large overshoots
which reach a height of 5 times the desired force range. This
demonstrates that, under the conditions of Fig. 27, the sys-

tem controller 58 of Fig. 5 cannot compensate for the control
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error. As in Fig. 25, the control error is nearly identical

in each cycle.

Fig. 28 shows a reference signal 380 and an actual value sig-
nal 381 for the left load cell and a reference signal 382 and
an actual value signal 383 for the right load cell. A force
scale in Newton is given by a vertical axis 374’ and a time
scale in seconds is given by a horizontal axis 375’. Fig. 28

does not show a corrected reference signal, as in Fig 20.

The actual value signals 381 and 383 deviate from the refer-
ence signals 380 and 382 at signal portions 384 at the begin-
ning of the plateaus of +/-250 N and also at signal portions
385 at the end of the plateaus of +/-250 N. The actual value
signals 381 and 383 also show a greater wiggle around the
plateaus than in Fig. 26. However, the force stays within the
range of 250 N and the goal to achieve a constant opposing
force of 250 N at each tie rod during most of the time is
still fulfilled. This demonstrates the ability of the POISON
controller to ensure a sufficient quality of control for the
steering test rig 36 of Fig. 1, even under the conditions of

Fig. 28.

The moving average filters 134 and 81 represent a special
type of a finite impulse response (FIR) low pass filter. The
bandwidths of the moving average filters 134 and 81 are ad-

justable parameters of the POISON controller.

The application provides a method for complying with nonlin-
ear distortions of the controlled system. Automotive steering
test rigs commonly use hydraulic actuators which exhibit such

nonlinear effects, as for example stick-slip friction.
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The POISON controller works on-line. Therefore it is able to
readjust constantly. An improved controller according to the
present application can adapt to changes of the controlled
process. Therefore the improved controller is able to compen-
sate for an aging test sample which could otherwise lead to
an increasing control error that cannot be predicted in a

preliminary test run.

As the POISON controller adjusts itself during a test run,
there is no need for an iterative adjustment before the start
of a test run. There are only a few parameters that users
need to adjust in advance. Therefore, a system identification
is not required. However, a system identification or itera-
tions to initially adjust the POISON controller may be per-

formed in advance, if desired.

Moreover, the signal processing algorithm of the POISON con-
troller can be implemented by using only computations in the
time domain, thereby avoiding the overhead for additional

transformations to the frequency domain and vice versa.

Furthermore, the POISON controller acts as a feed forward

controller during a cycle of a periodic reference signal and
is able to take corrective action before a control deviation
occurs. This ability is due to the use of a stored correction

signal from a previous cycle of a periodic reference signal.

Moreover, the computation in the POISON controller uses com-
putationally efficient building blocks. This leads to a fast
algorithm allowing for execution on a real time processing

unit at high time resolution.
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As the POISON controller is always on-line during the opera-
tion of the test rig, convergence is fast and adaptation to
changed system conditions takes place from one cycle to the

next.

An improved controller according to the application only
needs a simple model of the controlled system whose parame-
ters remain fixed during the test run. The parameters may al-
so be allowed to vary with time. The application avoids the
difficulties of matching the parameters of an adaptive con-
troller with a large number of degrees of freedom. These

adaptive controllers cannot be applied easily.

A further advantage of the application is that no detailed
knowledge of the controlled system is required for adjusting
the parameters of the controller, as it is the case with
adaptive controllers. Once the parameters of the inverse sys-
tem model have been determined, the controller will adjust
itself during the operation of the test run. The filters
which are provided in one embodiment of the application can
easily be adapted with basic control theory knowledge for
providing a convergent control strategy. Simple online tests

can help to improve the function of the filters.

In the embodiment of Fig. 5, which uses a serial arrangement,
the POISON controller can be easily integrated into an exist-
ing control loop of a test rig, simply by using the output
signal of the POISON controller as input signal to an exist-
ing system controller. The serial arrangement of Fig. 5 has
an additional advantage compared to a parallel arrangement of
a learning controller as shown in Fig. 33, 34 in that it pre-

vents the emergence of an undesired contribution in the it-



10

15

20

25

30

WO 2009/135498 41 PCT/EP2008/003621

eration memory which counteracts the integration component of

a PID system controller.

The learning controller according to the application com-
prises a first learning controller input for receiving an ac-
tual value signal. In the embodiment of Fig. 5, this first
learning controller input corresponds to the input 51 of the
adder 83. The actual value signal is derived from a con-
trolled system, e.g. generated by a sensor of a controlled
system 33, 34, 35. The controlled system further comprises an
actuator for applying a control signal and also all parts

which interact with the sensor and with the actuator.

The learning controller according to the application also
comprises a second learning controller input for receiving a
reference signal from a reference signal generator which is
not shown in Fig. 5. The second learning controller input
corresponds to the input 85 of the adder 83 of Fig. 5. The
learning controller also comprises a learning controller out-
put. In the embodiment of Fig. 5, the learning controller
output corresponds to the output 52 of the adder 100.

The output signal of the learning controller is used as an
input signal for a control unit. In the embodiment of Fig. 5,
the control unit corresponds to the adder 54 and the control-
ler 58. The control unit derives a second input signal from
the actual value signal of the controlled system. In the em-
bodiment of Fig. 5, the control unit reads in the second in-

put signal from the input 55 of the adder 54.

An inverse system unit in the learning controller uses the

deviation between the actual value signal and the reference
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signal to derive a first correction signal. In the embodiment
of Fig. 5, the inverse system unit corresponds to the adder
83 and the inverting unit 80. The first correction signal

corresponds to the output signal of the inverting unit 80.

A filtering unit uses a previously stored signal from an it-
eration memory and the first correction signal for deriving a
filtered correction signal. In the embodiment of Fig. 5, the
filtering unit corresponds to the adder 90 and the iteration
filter 81. The filtered correction signal is then stored in
the iteration memory for use in one of the next calculation

cycles.

The learning controller further comprises a correction signal
unit for deriving a correction output signal from the stored
correction signal and from the reference signal. In the em-
bodiment of Fig. 5, this correction signal unit corresponds
to the adder 100. The correction output signal is the output
signal of the learning controller. It corresponds to the cor-
rected reference signal at the output 52 of the adder 100 in
the embodiment of Fig. 5. The deriving of the correction out-
put signal can be done with analog means or with digital
means. The expressions “computing” and “deriving” are not re-
stricted to the calculation with a digital computer but they
are also applicable to generation of the correction signal
with an analog circuit. Both options can be combined to use
analog/digital means for computing the output correction sig-

nal.

A controller or according to the application comprises one or
more features of the aforementioned learning controller and
of the aforementioned control unit. This is best seen in Fig.

3, which shows a an embodiment of a controller 27 which com-
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prises a learning controller 50. The controller derives an
input signal from the actual value signal of the controlled
system. The output signal of the controller is derived from

the output signal of the control unit in the controller.

In a broader sense, a control device according to the appli-
cation can itself be made up of several control devices, each
one performing a dedicated task. An example is shown in the
embodiment of Fig. 29, which provides separate controllers
for computing the motion control signal and for computing the

force control signals.

A learning controller according to the application may be de-
signed in various ways. The arrangement of the learning con-
troller according to Fig. 5 in which the system controller 58
derives its input from the output of the learning controller
50 is called a serial arrangement. In the serial arrangement,
the correction output signal of the learning controller is
also referred to as first reference signal and the aforemen-
tioned reference signal is also referred to as second refer-

ence signal.

The embodiments can be carried out with other means which are
adapted to the needs of the person skilled in the art. For
instance, the motor 2 of Fig. 1 can also be any other form of

motor, such as a hydraulic drive.

The computation of a control signal may be carried out in pa-
rallel for two or more of the controlled systems 33, 34, 35.
For parallel computation, a scheduler of the digital control-
ler 27 of Fig. 1 attributes time slices to each parallel
process. If the digital controller 27 has several processors,

the time slices may be attributed to different processors. A
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global memory section is used for the exchange of data be-

tween the control loops.

The learning controller 50 may also comprise an adaptive pro-
cedure which readjusts the parameters during the operation of
the test rig. Alternatively, the controller may further com-

prise an adaptive controller.

A reference signal generator is used to generate the refer-
ence signal from a stored signal. A controller according to
the application may comprise a reference signal generator,
but the controller may also use an externally generated ref-
erence signal. In the durability test on the steering rig 36,
the reference signal generator generates a periodic reference
signal during the repeated step 74 of a test run. In other
situations, for example if the learning controller 50 is used
for compensating an undesired periodic system response, a
non-periodic reference signal may also be used. The periodic
reference signal may be given by a cyclic signal and also by
a periodic repetition of a signal. A cycle or repetition may
also begin after the end of the previous cycle or repetition.
The addition of the reference signal to the output of the it-
eration memory 82, as shown in Fig. 5, is typical for the se-

rial arrangement of a learning controller.

In the embodiment of Fig. 5, for reasons of numerical stabil-
ity, the inverse system controller 130 of the inverting unit
80 is realized as PDL controller without integration compo-
nent. However, an integration component may be used in the

inverse system controller 130, if desired.

Instead of moving average filters, general finite impulse re-

sponse (FIR) low pass filters may be used for the iteration
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filter 81 in the filtering unit and the filter 134 in the in-
verse system unit. The iteration filter 81 may also be ar-
ranged between the output 98 of the memory 82 and the input
91 to the adder 90. There may also be an additional anti-
aliasing filter between the input of the digital controller
27 and the ADC converter 62. Further, the two adders 54 and
100 of Fig. 5 may be combined into a single adder having

three inputs.

An additional system identification based on test signals or

initial iteration may be performed previous to a test run.

In a further embodiment, a controller according to the appli-
cation may also comprise a learning controller and a control
unit in a parallel arrangement, as shown in Figs. 33 and 34.
A controller with a parallel arrangement further comprises a
correction signal unit. The correction signal unit derives an
external control signal from the correction output signal of
the learning controller and from an internal control signal
which is derived from the control unit. In the figures 33 and
34, the correction signal unit corresponds to the adders

54’’’ and 54’’'’', respectively.

In Fig. 34, the control unit corresponds to the adder 83’’’
and the controller 58’’’’., In Fig. 34, the inverse system
unit corresponds to the adder 83’’’ and the inverting unit
80’’’, whereas in Fig. 33 the inverse system unit corresponds

to the adder 83’’, the ADC 62’’’ and the inverting unit 80'’.

In the Fig. 33 the filtering unit corresponds to the adder
90’’ and an iteration filter which is not shown. This itera-
tion filter could be arranged between the output 98’’ of the

iteration memory 82’’ and the input 91’’ of the adder 90''.
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It could also be arranged between the adder 90’’ and the in-

put 96’’ of the iteration memory 82’'’'.

Especially in the description of Fig. 4, a method for per-
forming a test run on a steering rig according to the appli-
cation is disclosed. This method comprises a repeated step
74. During the repeated step, a control signal is derived
from a reference signal, from an actual value signal and from
a stored correction signal. The control signal is used for
actuating the steering test rig according to the control sig-
nal. In the embodiment of Fig. 1, this is accomplished by
sending a control signal to an actuator of the steering test
rig. The actuator acts on a steering device which, in the em-
bodiment of Fig. 1, comprises a steering gear, a steering
rod, tie rods and the joints between the parts of the steer-
ing device. In principle, a steering device can be any mov-

able part of the chassis of a vehicle.

The method for performing a test run may be performed on a
first controlled system comprising a motor and a position
sensor and a second controlled system comprising a force ac-
tuator and a force sensor. In this case, the steps of the
method are performed for both of the controlled systems. In
the embodiment of Fig. 1, the motor corresponds to the steer-
ing motor 2, the position sensor corresponds to the angle
sensor 30, the force actuator corresponds to a hydraulic ac-
tuator and the force sensor corresponds to the load cell 23
and the controlled systems are given by the controlled sys-
tems 33, 34. There may be also more than two controlled sys-

tems, as shown in the embodiment of Fig. 1.

In the serial arrangement of Fig. 5, the reference signal oc-

curs at the input 102 of the adder 100, the actual value sig-
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nal occurs at the input 55 of the adder 54 and the stored
correction signal occurs at the input 99 of the adder 100. In
the parallel arrangement of Fig. 34, the reference signal oc-
curs at the input of the adder 83’’’, the actual value signal
occurs at a first input of the adder 54’’’’and the stored

signal occurs at a second input of the adder 54''’’.

The stored signal is in turn derived from a reference signal,
an actual value signal and a previously stored correction
signal. In the serial arrangement, as shown in Fig. 5, in an
intermediate step, a corrected reference signal is derived
from the stored correction signal and the reference signal
and, in a further step, the control signal is derived from

the corrected reference signal and the actual value signal.

The deriving of the stored correction signal comprises the
deriving of a first correction signal. In the embodiment of
Fig. 5, this is accomplished by the adder 83 and the invert-
ing unit 80. A further part of the method of the application
is the deriving of a second correction signal. In the embodi-
ment of Fig. 5, this is accomplished by the adder 90. Filter-
ing the first correction signal and storing the correction
signal for later use as a stored correction signal is also
part of the method of the application. In the embodiment of
Fig. 5, this is accomplished by the filtering unit 81 and the

iteration memory 82.

The deriving of the first correction signal may further com-
prise deriving a difference signal from the actual value sig-
nal and the reference signal. In the embodiment of Fig. 5,
this is accomplished by the adder 83. The deriving of the
first correction signal may also comprise the computation of

a derivative of the difference signal and the computation of
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a weighted sum of the difference signal and the derivative of
the difference signal. In the embodiment of Fig. 7, this is
accomplished by the P component and the D component of the
PDL controller 130. In Fig. 8 these steps are accomplished by
the multiplier 151, the differentiator 156 and the adder 154.

The deriving of the control signal from the corrected refer-
ence signal and the actual value signal may further comprise
the computation of an integral and of a derivative of the
corrected reference signal and the computation of a weighted
sum from the derivative and the integral of the corrected
reference signal and the corrected reference signal. In the
embodiment of Fig. 9, this is accomplished by the PID con-
troller 58. In Fig. 8, these steps are accomplished by the
multiplier 151, the differentiator 156, the integrator 158
and the adder 154. In place of a PID controller a PD control-
ler without integration component may also be used and the PD
or PID controller may also comprise a lag component, as shown

in Fig. 8.

As a further step, the deriving of the control signal may
also comprise deriving a position signal from a position sen-
sor at the steering device and deriving a second control sig-
nal from the control signal and the position signal. The sec-
ond control signal is then used for actuating the steering
device. In the embodiment of Fig. 10, the position signal oc-
curs at the input 191 of the adder 190 and the control signal
occurs at the input 180 of the adder 181.

The method may also comprise phase compensation steps. The
phase compensation may be used in conjunction with any unit
which uses past values of an input signal for the computation

of an output signal and thereby introduces a phase lag. In
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the embodiment of Fig. 7, the phase compensation is accom-
plished by the backshift elements 139 and 136. The phase com-
pensation of the backshift elements 139 and 136 is accom-
plished by a cyclic backshift operation which is explained in

connection with the repeated step 74 of Fig. 4.

During the first loop of the repeated step 74, the stored
correction signal is taken from initial values. As shown in
connection with Fig. 14, there are several possibilities to

generate such initial values.

The stored correction signal in the iteration memory may be
portioned into a head section, a cyclic section and a tail
section, as shown in Fig. 16. In this case, the cyclic sec-
tion is updated during the repeated step 74. The tail and the
head sections may further contain half cycles. In this case,
during at least one loop of the repeated step 74, the head
and tail sections of the stored correction signal are updated
by a cross fading step. An example of a cross fading step is

given in the embodiment of Fig. 17.

An update of the stored correction signal may take place each
time when a new sample of an actual value signal is gener-
ated. The correction signal may also be derived from several
signal values at a time, from signal values of one repeated
step 74 or even from signal values of multiple repeated steps
74. In the latter case, a trend over multiple cycles of the
correction signal may be derived to speed up convergence. It
is also possible to calculate several values of the control
signal in one computation step, in order to cope with high

speed requirements of the test rig.
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The embodiment of Fig. 1 also discloses a steering test rig
for performing a durability test with a steering device. A
steering test rig according to the application comprises at
least one controlled system which has at least one actuator
and at least one sensor. The test rig also comprises at least
one controller. The at least one sensor is provided at the
steering test rig. This is understood to be anywhere on the
steering test rig or on the steering device. Likewise, an ac-
tuator for actuating the steering test rig is understood to
act on a part of the steering test rig or on a part of the

steering device.

For example in the embodiment of Fig. 1, the at least one ac-
tuator and the at least one sensor may correspond to the
steering motor 2 and the position sensor 30 or they may cor-
respond to the right torque actuator and the load cell 23.
The steering test rig comprises one or more controllers ac-
cording to the application. In the embodiment of Fig. 1, the
controller corresponds to the controller 27. In the embodi-
ment of Fig. 29, the controllers correspond to the control-
lers 390, 391 and 392. For each of the controlled systems the
controller or the controllers generate a control signal from

a reference signal and an actual value signal.

Another test rig according to the application comprises at
least two controlled systems. In one of the controlled sys-
tems there is a motion actuator and a position sensor pro-
vided. Instead of a position sensor, a motion sensor may also
be used. In another controlled system, there is a force ac-
tuator and a force sensor. In the embodiment of Fig. 1, the
motion actuator corresponds to the steering motor 2 and the
position sensor corresponds to the angle sensor 30. In the

same embodiment, the force actuator and the force sensor cor-
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respond, for example, to the right torque actuator and the

right load cell 23.

The control signal, the reference signal and the actual value
signal for the first controlled system are referred to as mo-
tion control signal, motion reference signal and actual mo-
tion signal. Similarly, The control signal, the reference
signal and the actual value signal for the second controlled
system are referred to as force control signal, force refer-
ence signal and actual force signal. Similarly, other signals
are attributed to one of the controlled systems by the quali-

fier ‘motion’ or ‘force’.

In Fig.s 29, 30, 32, 33 and 34, components with similar func-
tions have the same reference numbers as the components in
the aforementioned figures and prime symbols have been added

to demonstrate this.

Fig. 29 illustrates a further embodiment of the steering test
rig 36 of Fig. 1. Similar parts have similar reference num-
bers. In the embodiment of Fig. 29, the controlled systems
337, 34', 35’ are controlled by separate digital controllers
390, 391, 392. Each of the digital controllers 390, 391, 392
is realized according to Fig. 3 of embodiment 1. Unlike the
controller of Fig. 3, each of the controllers 390 and 391
uses two input channels and one output channel and the con-

troller 392 uses one input channel and one output channel.

Input cables 25’, 26’ connect the load cells 23', 24’ to
first input channels of the digital controllers 390, 391.
Output cables 28’, 29’ connect the digital controllers 390,

391 to inputs of the torque actuators. Additional input ca-
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bles 393, 394 connect the output of the angle sensor 30’ to

second input channels of the digital controllers 390, 391.

An input cable 395 connects the angle sensor 30’ to the digi-
tal controller 392. An output cable 32’ connects the digital

controller 392 to the electric motor 2’.

The remaining parts of the steering test rig 36’ are ex-

plained in the description of Fig. 1.

Fig. 30 shows a third embodiment in which the POISON control-
ler 50 of Fig. 3 is realized on a separate digital controller
which controls a control loop with an analog adder 54’ and an
analog PID controller. Like parts have been given like refer-
ence numbers. This embodiment can be combined with the steer-
ing test rig 36 of embodiment 1 as well as with the steering

test rig 36’ of embodiment 2.

Referring now back to Fig. 5, in the embodiment of Fig. 30
the output 52 of the adder 102 is connected to an input chan-
nel 60 of a DAC 61’. The input to the adder 83 is connected
to an output channel of an ADC 62'. The adder 54 and the sys-
tem controller 58 are not part of a digital controller. They

are realized as separate analog components 54’, 58'.

In Fig. 30, a first input 53’ to an analog adder 54’ is con-
nected to an output channel of the DAC 61’. A second input
55’ to the analog adder 54’ is connected to one of the con-
trolled systems 33, 34, 35. An output 56’ of the analog adder
54’ is connected to an input 57’ to an analog system control-
ler 58’. An output of the analog system controller 58’ is
connected to an input of one of the controlled systems 33,

34, 35.
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Similar to Fig. 3, there is one adder 54’ and one system con-
troller 58’ for each controlled system. The components inside
the digital controller, which are shown in Fig. 5, are real-
ized for each controlled system, as in Fig. 3. The same ap-
plies to the corresponding connections. For reasons of sim-

plicity only one controlled system is shown in Fig. 30.

It is also possible to use the embodiment of Fig. 30 in the
steering test rig 36’ of Fig. 29. In this case, there is a
POISON controller 50’ for each controlled system. Likewise,
the digital controllers for the torque actuators then use 2
input channels and one output channel and the digital con-
troller for the electric motor uses one input channel and one

output channel.

Fig. 31 shows a further embodiment of a test rig in which a
controller 400 comprising a POISON controller is used in the
control of a controlled system 401. The controlled system 401
comprises a four way servo valve 402, a double acting hydrau-
lic cylinder 403 and a tested component which is not shown in
Fig. 31. An output 404 of the digital controller 400 is con-
nected to a control input 405 of the four way servo valve
402. The four way servo valve 402 has four ports 406 (A), 407
(B), 408 (P), 409 (T). Port P is connected to hydraulic pump
and port T is connected to a hydraulic tank. Port A is con-
nected to a front o0il chamber 410 of a double acting hydrau-
lic cylinder 403 and port B is connected to a rear oil cham-
ber 411 of the double acting hydraulic cylinder. The double
acting hydraulic cylinder contains a piston 412 and a shaft
413 which is mounted to the piston. The movement of the shaft
is indicated by an arrow 414. A tested component, which is

not shown in Fig 31, is in mechanical contact with the outer
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end of the shaft 413. A load cell 415 is connected to the
shaft 413 and an output 416 of the load cell 415 is connected
to an input 417 of the digital controller 400.

The controller 400 of Fig. 31 receives an actual value signal
from the load cell 415 and computes a control signal from an
actual value signal and a periodic reference signal. The con-
troller 400 sends the control signal to the input 405 of the
servo valve 402. The four way servo valve 402 distributes the
pressure of the hydraulic pump according to the control sig-
nal of the controller 400. The pressure difference between
the front chamber 410 and the rear chamber 411 results in a
force on the piston 412. The piston 412 transmits the force
via the shaft 413 to the load cell 415 and to the tested com-
ponent. The force on the piston 412 also results in a hori-
zontal movement of the shaft 413. This movement is indicated

by an arrow 414.

Fig. 32 shows a further embodiment of a controller according
to the application. As in Fig. 30, the POISON controller 50'’
is realized as a digital controller. Fig. 32 uses an analog
system controller 58’’ instead of the system controller 58’
of Fig. 30. The controller 58’’ of Fig. 32 represents any
type of analog controller. The parts between the adder 83’
and the adder 100’ of Fig. 32 are similar to the parts be-
tween the adder 83 and the adder 100 of Fig. 5. Unlike in
Fig. 5, there is no iteration filter in Fig 32 and the in-
verting unit 80 of Fig. 5 is replaced by a general digital
filter 80’. The output value of the general digital filter
80’ is given by a sum of a linear combination of present and
past values of the input values of the general digital filter
80’ and a linear combination of present and past values of

the output signal of the general digital filter 80'.
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Figs. 33 and 34 show two further embodiments of a controller
according to the application. Unlike in the previously shown
embodiments the learning controller is used in a parallel ar-
rangement. In the parallel arrangement, the correction signal
is added to the output signal of a system controller and not
to the input signal. In a serial arrangement, as in Fig. 5,
the correction signal is added to the input signal of a sys-
tem controller 58. The parallel arrangement is easier to im-
plement if the system controller is part of a digital con-
troller, as in Fig. 34, because in this case it is not neces-
sary to insert an analog adder between the system controller
and the controlled system. The serial arrangement of Fig. 5
has the advantage over the parallel arrangement of Figs. 33,
34 that it can be used with an existing controller 58 without

the need to reconfigure the existing controller 58.

In the parallel arrangement of Fig. 33 an adder 54’’’ is pro-
vided for adding the stored correction signal to the output

of the controller 58777.

Fig. 34 shows a further embodiment of a controller according
to the application which is similar to the embodiment shown
in Fig. 33 but in which the controller 58’’’’ is a part of a

digital controller 27'''.

The controllers 27'’, 27’’’ of Fig. 33 or Fig. 34 may also
comprise an iteration filter between the adder 90’’, 907’"’
and the input 96’’, 96’’’ of the iteration memory 82’'’, 82’’’
or between the output 98’’, 98’’’ of the iteration memory

82’’, 82’’’ and the adder 90’’, 90'"".
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CLAIMS
1. Steering test rig for performing a durability test with
a steering device, the steering test rig comprising

at least one motion actuator for moving the steering
test rig according to a motion control signal,
at least one force actuator for actuating the steering
test rig according to a force control signal,
at least one position sensor for deriving an actual
motion value signal of the motion of the steering de-
vice,
at least one force sensor for deriving an actual force
value signal of a force on the steering device,
a control device for receiving the actual motion value
signal and the actual force value signal, for comput-
ing the motion control signal and the force control
signal, for outputting the motion control signal to
the motion actuator and for outputting the force con-
trol signal to the force actuator, the control device
comprising
- a control unit for computing the motion control
signal from a motion reference signal, from a mo-
tion actual value signal of the position sensor
and from a stored motion correction signal and
for computing the force control signal from a
force reference signal, from a force actual value
signal of the force sensor and from a stored
force correction signal, and
- an inverting unit for computing a first motion
correction signal from the actual motion value
signal and from the motion reference signal and

for computing a first force correction signal
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from the actual force value signal and from the
force reference signal,

- a filtering unit for computing a second motion
correction signal from the first motion correc-
tion signal and from the stored motion correction
signal and for computing a second force correc-
tion signal from the first force correction sig-
nal and from the stored force correction signal,

- an iteration memory for storing the second motion
correction signal as a stored motion correction
signal for later use and for storing the second
force correction signal as a stored force correc-

tion signal for later use.

Steering test rig according to claim 1, wherein the con-
trol unit comprises a correction signal unit for comput-
ing a corrected motion reference signal from the motion
reference signal and from the stored motion correction
signal and for computing a corrected force reference
signal from the force reference signal and from the
stored force correction signal, and wherein the control
unit comprises a controller for computing the motion
control signal from the corrected motion reference sig-
nal and from the actual motion value signal and for com-
puting the force control signal from the corrected force

reference signal and from the actual force value signal.

Steering test rig according to claim 1, wherein the con-
trol unit comprises a controller for computing an inter-
nal motion control signal from the motion reference
value signal and from the actual motion value signal and
for computing an internal force control signal from the

force reference value signal and from the actual force
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value signal, and wherein the control unit further com-
prises a control signal unit for computing the motion
control signal from the stored motion correction signal
and from the internal motion control signal and for com-
puting the force control signal from the stored force
correction signal and from the internal force control

signal.

Steering test rig according to claim 1, wherein the fil-

tering unit comprises a low pass filter.

Steering test rig according to claim 1, wherein the in-

verting unit further comprises a low pass filter.

Steering test rig according to claim 1, wherein the con-
trol unit of the control device comprises a first PID

controller.

Steering test rig according to claim 6, wherein the con-
trol unit of the control device comprises a second PID
controller, wherein the steering test rig comprises a
device position sensor at the steering device and where-
in the input signal of the second PID controller is com-
puted from an output signal of the device position sen-
sor and from an output signal of the first PID control-

ler.

Steering test rig according to claim 1, wherein the con-
trol device comprises a reference signal generator for
generating the motion reference signal and for generat-
ing the force reference signal and wherein the force
reference signal and the motion reference signal com-

prise periodic signal portions.
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9. Steering test rig for performing a durability test with
a steering device, the steering test rig comprising
- at least one actuator for actuating the steering test

rig according to a control signal,

at least one sensor at the steering test rig for de-
riving at least one actual value signal,
- a controller for receiving the actual value signal and
for deriving the control signal and outputting the
control signal to the actuator, the controller com-
prising
- a control unit for deriving the control signal
from a reference signal, from the actual value
signal and from a stored correction signal,
- an inverting unit for deriving a first correction
signal from the actual value signal and from the

reference signal,

a filtering unit for deriving a second correction
signal from the first correction signal and from
the stored correction signal,

- an iteration memory for storing the second cor-

rection signal as a stored correction signal.

10. Method comprising

|

providing a steering device in a steering test rig,

computing a control signal from an external reference
signal, from an actual value signal of a sensor on the
steering test rig or on the steering device and from a

stored correction signal,

actuating the steering test rig according to the con-

trol signal,

computing a first correction signal as a difference of

the actual value signal and of the reference signal,
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- computing a second correction signal as a sum of first
correction signal and of the stored correction signal,

- filtering the second correction signal,

- storing the second correction signal as a stored cor-

rection signal for later use.

11. Method according to claim 10, further comprising
- deriving of a corrected reference signal by adding the
reference signal to the stored correction signal,
wherein the control signal is derived from a corrected

reference signal and from the actual value signal.

12. Method according to claim 11, the deriving of the con-

trol signal further comprising

- computation of a derivative of the corrected reference
signal,

- computation of an integral of the corrected reference
signal,

- computation of a weighted sum from the derivative of
the corrected reference signal, from the integral of
the corrected reference signal and from the corrected

reference signal.

13. Method according to claim 11, wherein the computing of
the first correction signal comprises
- computing a difference signal from the actual value
signal and from the reference signal,
- computing a derivative of the difference signal,
- computing a weighted sum from the derivative of the

difference signal and from the difference signal.
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14.

15.

16.

Method according to claim 11, wherein the filtering of
the second correction signal comprises filtering with a

low pass filter.

Method according to claim 11, wherein

- deriving of the control signal comprises reading out
an iteration memory and the reading out of the itera-
tion memory comprises determining a read position by a
cyclic backshift operation,

- deriving of the second correction signal comprises
reading out the iteration memory and the reading out
of the iteration memory comprises determining a second
read position by a second cyclic backshift operation,

- storing of the second correction signal comprises
writing to the iteration memory and the writing to the
iteration memory comprises determining a write posi-

tion by a third cyclic backshift operation.

Method according to claim 11, the method further com-

prising

- turning a steering shaft by a motor,

- measuring the movement of the steering shaft by a po-
sition sensor, wherein the motor and the position sen-
sor are part of a first controlled system,

- exerting a force on the steering device by a force ac-
tuator,

- measuring a force on the steering device by a force
sensor, wherein the force actuator and the force sen-
sor are part of a second controlled system,

and wherein the steps of the method are performed sepa-

rately for the first controlled system and for the sec-

ond controlled system.
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17.

18.

19.

Method according to claim 16, wherein

deriving of a control signal for the second controlled
system further comprises

- deriving a position signal from a position sensor at
the steering device,

- deriving a second control signal from the control sig-
nal of claim 11 and the position signal,

- actuating the test rig according to the second control

signal.

Method according to claim 11 wherein

the stored correction signal comprises

- a head section,

- a cyclic section,

- a tail section,

the method further comprising

- deriving a first cross faded correction signal from an
end portion of the cyclic section of the stored cor-
rection signal and from an end portion of the head

section,

replacing the end portion of the head section by the

first cross faded correction signal,

deriving a second cross faded correction signal from a
beginning portion of cyclic section of the stored cor-
rection signal and from a beginning portion of the

tail section,

replacing the beginning portion of the tail section by

the second cross faded correction signal.

Method comprising

- providing a steering device in a steering test rig,
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20.

21.

deriving a control signal from a reference signal,
from an actual value signal of a sensor at the steer-
ing test rig and from a stored correction signal,
actuating the steering test rig according to the con-
trol signal,

deriving a first correction signal from the actual
value signal and from the reference signal,

deriving a second correction signal from the first
correction signal and from the stored correction sig-
nal,

filtering the second correction signal,

storing the second correction signal as a stored cor-

rection signal.

Method according to claim 19, further comprising

deriving of a corrected reference signal from the ref-
erence signal and from the stored correction signal,
wherein the control signal is derived from the cor-
rected reference signal and from the actual value sig-

nal.

Learning controller comprising

a first learning controller input for receiving an ac-
tual value signal, the actual value signal being de-
rived from a controlled system,

a second learning controller input for receiving a
reference signal,

a learning controller output for outputting a correc-
tion output signal to a control unit of the controlled
system,

an inverse system unit for deriving a first correction
signal using the actual value signal and the reference

signal,
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- a filtering unit for deriving a filtered correction
signal from a stored signal in an iteration memory and
from the first correction signal, the filtering unit
storing the filtered correction signal in the itera-
tion memory,

- a correction signal unit for deriving the correction
output signal from the stored correction signal and

from the reference signal.

22. Learning controller according to claim 21, wherein the

inverse system unit comprises a PD controller.

23. Learning controller according to claim 21, wherein the
inverse system controller of the inverse system unit

further comprises an FIR low pass filter.

24. Controller comprising

- a control unit for deriving a control signal from an
actual value signal and from a first reference signal
and for outputting the control signal to an actuator
in a controlled system, the actual value signal being
derived from the controlled system,

- a learning controller for receiving a second reference
signal and for outputting a correction output signal
to the control unit which is provided for controlling
the controlled system, the learning controller com-
prising

- an inverse system unit for deriving a first cor-
rection signal from the actual value signal and
from the second reference signal,

- a filtering unit for deriving a filtered correc-
tion signal from a stored signal in an iteration

memory and from the first correction signal, the
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filtering unit storing the filtered correction
signal in the iteration memory,

- a correction signal unit for deriving the correc-
tion output signal from the stored correction
signal and from the first reference signal,

the control unit deriving the first reference signal
from the correction output signal of the learning con-

troller and from the actual value signal.

25. Controller comprising
- a control unit for deriving an internal control signal
from an actual value signal and from a reference sig-
nal, the actual value signal being derived from a con-
trolled system,
- a learning controller, the learning controller com-
prising

- an inverse system unit for deriving a first cor-
rection signal from the actual value signal and
from the reference signal,

- a filtering unit for deriving a filtered correc-
tion signal from a stored signal in an iteration
memory and from the first correction signal, the
filtering unit storing the filtered correction
signal in the iteration memory, the iteration
memory for providing a correction output signal
for the control unit, the correction output sig-
nal being derived from the stored signal in the
iteration memory,

the learning controller further comprising

- a PD controller and a low pass filter,

the controller comprising

- a control signal unit for deriving an external

control signal from the correction output signal
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and from the internal control signal, the control
signal unit providing the external control signal

for an actuator in the controlled system.
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