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Summary

Many industrial motion systems are MIMO systems which possess coupling between in-
puts and outputs. These coupled MIMO systems are difficult to control and therefore there
is a strong need in developing control design methodes for industrial multivariable motion
control problems. In this work it is investigated whether or not it is possible to decouple the
dynamics of the Twin Drive, so that controllers can be designed for this decoupled system.

In order to achieve this, the Twin Drive is connected to a data acquisition system. Here-
after experiments are carried out to identify the system, which includes the calibration of
the tachos, determination of the motor constants, estimation of motor parameters and the
measurement of frequency response functions in three experimental cases.

With the identified system, a control design is presented based on decoupling of the dynamics.
A modal analysis is performed from which the system is transformed into natural coordinates
leading to a decoupling of the dynamics. In order to quantify the residual non-diagonal terms
compared to the diagonal terms the relative gain array (RGA) has been computed which
shows that the diagonal terms dominate and the system has little coupling. In this way, two
independent SISO controllers are designed to control the Twin Drive.

The main conclusion of this work is that by modal decoupling of the Twin Drive, the char-
acteristic loci of the multivariable system can be manipulated by means of classical SISO
loopshaping techniques. Hence, stability of multivariable electromechanical systems can be
obtained. The bandwidth of the MIMO system is 30 [H z], which is ten times higher than the
systems first resonance frequency.

Further investigation is recommended concerning the velocity dependency of the dynamics.
Also the slipping behaviour on the rolls should be studied, as this affects the damping of the
system. An interesting case would be to control the velocity of the toproll together with the
belt tensions.
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Symbols:
| Symbol ‘ Quantity Unit
C Controller -
D Damping matrix -
D* New damping matrix -
d Viscous damping factor [Nms/rad]
d* New viscous damping factor [Nms/rad]
[d, | Normalized damping matrix -
e Error [rad] or {rad/s]
Eems Back-emf V]
f Frequency [Hz]
G Square matrix -
n Column of natural coordinates -
7 Column of natural velocities -
7 Column of natural accelerations -
H Transfer -
i Current [A]
J Inertia [kgm?]
k Dry friction coeflicient [Nm]
k Stiffness [Nm/rad]
K Stiffness matrix -
km Motor constant INm/A]
[k | Normalized stiffness matrix -
A Relative Gain Array (RGA) -
L Inductance [Henry]
M Mass matrix -
[y | Normalized mass matrix -
& Dimensionless damping coefficient -
N Input column -
P Transfer function matrix -
Prrodal Modal transfer function matrix -
n noise -

Table 1: List of symbols
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NOMENCLATURE

‘ Symbol l Quantity l Unit |
q Column of physical coordinates -
Q Input column -
R Resistance €2
S Sensitivity -
o Standard deviation -
T Torque input [Nm)]
t Time 5]
T Time constant -
u Input [V] or [Nm]
U Input column [Nm]
v Voltage V]
é Angle of rotation [rad]
@ Rotational speed [rad/s]
@ Rotational acceleration [rad/s?]
w Rotational speed [rad/s]
Subscript
Symbol Quantity | Unit |

0 Initial condition -

1 Motor 1 -

2 Motor 2 -

3 Toproll -

12 From motor 1 to motor 2 -

13 From motor 1 to toproll -

23 From motor 2 to toproll -
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Chapter 1

Introduction

In the production of steel plates the main process is rolling. By rolling a block of steel the
thickness decreases while the length of the plate increases. This process cannot be done in
one operation. The plate has to be rolled several times. By doing so the rolling mills have to
turn harder each time the plate gets thinner along the process. If the velocities of these rolls
are not well synchronized, the plate can break or the plate can start to pile up. By controlling
the tensile force of the plate and the velocities of the rolls after each rolling operation, these
problems can be avoided.

The problem sketched above is a typical MIMO (Multi Input Multi Qutput) control prob-
lem. At Corus [Har04] an experimental setup has been constructed in order to demonstrate

this. We will refer to this setup as the Twin Drive. With the Twin Drive the MIMO control
problem can be demonstrated.

1.1 Problem statement and objective

To demonstrate the MIMO control problem a model can be derived for the Twin Drive.
With this model, several controllers can be designed based on different methods. This leads
to the long term objective:

To develop control design methodes for industrial multivariable motion control problems.

In this work, we will limit ourselves to the following problem statement:

Is it possible to decouple the dynamics of the Twin Drive and can controllers be designed
for this decoupled system?

Before this can be achieved, the Twin Drive has to be connected to a data acquisition
system. Also a model will be derived for the Twin Drive. It will be investigated how and up
to what degree the system can be decoupled. Finally, a controller is designed.

1
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1.2 Outline

First the experimental environment of the Twin Drive is described in Chapter 2. Chapter
3 explains the experiments and discusses the results of these experiments. Chapter 4 includes
the modal analysis and the modal decoupling of the system. Also the controller is designed
in this chapter. The report ends with conclusions and recommendations.




Chapter 2

Twin Drive Setup

In this chapter the Twin Drive setup will be described. The first section involves the
geometry of the Twin Drive. The next section, all devices which are needed to control the
Twin Drive will be presented.

2.1 Geometry

In this section the geometry of the Twin Drive will be given. A schematic representation
of the Twin Drive is given in Figure 2.1.

Toproll
Belt.

I, 7,

& &
Motos 1 Motor 2
Figure 2.1: Schematic representation Twin Drive Figure 2.2: Twin Drive

The Twin Drive consists of three rolls which form an equiangular triangle. The two lower
rolls are fixed. The toproll (see Figure 2.1), supported by a spring and damper, can move
in vertical direction. The stiffness of the spring that is connected to the toproll is very large
so that the deviation of the toproll with respect to its original position is negligible (max 3
[mm]) compared to the distance of the toproll and one of the two lower rolls (405 [mm]).

3



4 CHAPTER 2. TWIN DRIVE SETUP

2.2 Actuation and Measurements

With the given geometry, the next step is to connect the Twin Drive to a data acquisition
system. This section describes the actuation and measurement devices that the Twin Drive
contains and how these are connected. The total setup of the Twin Drive is schematic
represented in Figure 2.3.

Current
Amplifiers Twin Drive

MOTOR 1 MOTOR1 TACHO 1
TACHG 2 ——

MOTOR 2 MOTOR 2 TACHO TOPROLL

A
DSpace D1103
Controlier Board

DAC2 ADT3

ADC2 fF——
DACH ADCH

MOTOR 1 TACHO1
TACHO 2 —

MOTCOR 2 TACHO TOPROLL

[ DSpace PX4 Box :I
-

MOTOR 2 TACHO TOPROLL
TACHG Z p——

MOTOR 1 TACHO1

J/

Figure 2.3: Schematic representation setup

The two lower rolls are actuated by DC motors. These motors have tachos and the voltage
can be measured, which is a measure for the angular velocity w; and we respectively. The
toproll is an idle roll. This roll cannot be actuated. ws can be measured by means of a tacho
mounted on the toproll. The toproll is fixed to a load cell so that the vertical force, acting
on this roll, can be measured. However the amplifier for measuring the voltage of this load
cell was not available so this sensor is not used in this work.

The whole setup is connected to the data acquisition system DSpace. This data acquisi-
tion system consist of DAC’s (Digital to Analog Converters) and ADC’s (Analog to Digital
Converters). The actual controller is exported from the PC on to the PX4 Box (see Figure
2.3). With the DAC’s a voltage can be applied to the current amplifiers. The dynamics of
the current amplifiers are considered to be high frequent (order of 1-10 [kHz]) compared to
the bandwidth of the system (order of 0.1-10 [Hz]). Therefore the amplifier is assumed to be
ideal for frequencies of interest. With this assumption the relation between the voltage and
the current is a constant factor 2 [—].



Chapter 3

System Identification

In order to control the Twin Drive, a model is required. Therefore the objective of this
chapter is to obtain a model for the Twin Drive. The following sections describe the steps
that are taken to obtain this model.

First a compensation is made for the offsets of the ADC’s to obtain the correct mea-
surement. After this, experiments are carried out in order to determine all system variables.
This includes the calibration of the tachos and the determination of the motor constants. In
section 3.4 parameters of the two motors of the Twin Drive have been estimated that are
used to fit the model. Finally, different kinds of FRF’s (Frequency Respones Functions) are
measured from which the model of the Twin Drive is derived.

3.1 Offset tachos

During the first experiment the offsets of the ADC’s of the data acquisition system have
been determined in order to compensate them to obtain the correct angular velocity.
When the whole system is in rest (i.e. the motors are not actuated) the output voltage of
all three tachos have been measured. From the data the mean offsets have been determined.
After five experiments, the mean is determined as given in the following table:

Offset | mean [V] 30 [V]
Motor 1 | 9.0-1075 [ 9.9¢- 107
Motor 2 | 1.0-107* | 1.1e- 107°
Toproll | 1.1-107% | 1.4e-107°

Table 3.1: Offsets of the tachos

In the future these offsets can be compensated for, performing a small experiment as
described above to obtain the correct angular velocity. In Appendix B.1 all measured offsets
are given.
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3.2 Calibration tachos

After having compensated the offsets, the tachos are calibrated. The following experiment
describes for each tacho how to get the angular velocity w in radians per second instead of
voltages. For the two motors the same experiment is carried out. On top of the roll a mark
is made. Driving the angular velocity to a steady state value the roll is enlightened with a
stroboscoop. By decreasing the frequency of the stroboscoop the mark can be visualized as a
spot that is standing still. In that case the frequency of the stroboscoop equals the number
of revolutions of the roll. At the same time the voltage of the tacho can be measured. This
is done for several (positive and negative) angular velocities. Now a relation can be obtained
between the voltage of the tacho and the actual angular velocity. For calibration of the tacho
of the toproll the belt is wrapped around the three rolls and the torque is applied to one of
the motors. The result of the tacho of motor 1 is given in Figure 3.1. The result of the other
tachos are given in Appendix B.2.

Factor Voltage ——> Angular velocity motor 1
T T T
—— C = 445 [rad/siV]

300+

400

200+

100

Angular velacity w {rad/s]
(=]

=100

=200

~300

—400 L L 1 L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 08
Voltage tacho motor 1 [V]

Figure 3.1: Factor voltage to radians per second motor 1

From Figure 3.1 it can be concluded that the angular velocity is a linear function of the
voltage of the tacho. Therefore a linear fit is made described by the function

w=CV (3.1)

where V' denotes the measured voltage and w denotes the measured angular velocity. The
coefficient C' that describes this linear relation is 445 [rad/s/V]. For the tachos of motor 2
and the toproll the same linear relations holds. The factor for motor 2 is 444 [rad/s/V]. For
the toproll this factor equals 617 [rad/s/V].

3.3 Motor constants

The inputs of the Twin Drive are voltages which are transformed into a torque that is
applied to the motor. The next experiment is to determine the relations between the current
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that is applied to the motor and the torque it produces. Therefore the results of the previous
experiments were necessary. A model of the DC motor [Mohan02] is given in Figure 3.2.

R L
W Eemf
je—

Figure 3.2: Model of DC motor

The following relationship holds for this model:

v=Ri+ L% + Eemf (3.2)
The above equation describes a DC motor that is driving a load. Another possibility is that
the DC motor is mechanically driven by an other power source. In that case the DC motor
functions like a generator. Measuring the voltage at the input of the DC motor (i.e. the output
when functioning like a generator) results in a current loop which is not closed, because of
the high internal resistance. Therefore no current will flow. What can be measured is the
back-EMF, E,.,r. Having calibrated the tachos, the angular velocity w also can be measured.
Using equations 3.3 and 3.4 the motor constant can be determined.

T =kl (3.3)
Eemf = kpw (34)

In practice, motor 1 is driven by motor 2 to determine the motor constant of motor 2. To
determine the motor constant of motor 2, motor 2 is driven by motor 1.
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Figure 3.3 shows the measured data for determining the motor constant for motor 1.

Motorconstant motor 1
250

. T
[— K, =0.043 /A or [Vslrad]

200} : : L A N
150+
100+

501

Angular velocity o [rad/s}
o
T

-150

=200

250 - 1
-15 -10 -5

0
Voltage [V]

Figure 3.3: Motor constant motor 1

It can be concluded that there exists a linear relationship between the measured voltage
and the measured angular velocity. The motor constant for motor 1 follows from the linear fit:
4.3-1072 [Nm/A]. The motor constant for motor 2 is 4.4-1072 [Nm/A]. For the experimental
data of the motor constant of motor 2 see Appendix B.3.

3.4 Parameter estimation

With the results of sections 3.2 and 3.3 the system variables are determined. In this sec-
tion three parameters of the motors are estimated: the coulomb friction factor, the inertia
and the viscous damping factor. These parameters will be used to fit the experimental data
with the model.  The equation of motion of the motor is given below:

Jé + dé + ksign(¢) =T (3.5)

First the coefficient k, representing the coulomb friction [Nm], has been determined. A
torque is applied to the motor in such a way that it nearly overcomes the coulomb friction.
The experiment has been carried out several times for both rotational directions. The result
of this experiment is that for positive direction, the value of &k for motor 1 is 0.024 [Nm)]. For
negative direction this value equals -0.023 [Nm]. For motor 2 these values are 0.028 [Nm]
and -0.026 [N'm] respectively. It can be concluded that the dry friction is not symmetric for
the two directions what might be caused by the orientation of the brushes of the motor. Also
during the measurements the dry friction was varying, what might be caused by temperature
dependency of the lubrication of the bearings.

To determine the inertia J and the viscous damping factor d, step responses of the veloc-
ities have been measured. A torque is applied to obtain a constant angular velocity. Then
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every 20 seconds a constant amount of torque is added. The torque and the velocity are
measured. One of these measurements are given in Figure 3.4.

0.088 ;

T T T
0036 . : : : : : : . : _
0.034 :

£
£.0.032
)

Z 003
5

=
0.028

0.026

0.024 ; i ; ; i i i ;
[ 10 20 30 40 50 60 70 80 90 100
Time {s]

350

300

23
=]

e o
S ©

Angular velocity frad/s]
= = NN
s

1

L I L 1 L I L
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 3.4: Input and output of parameter estimation

The angular velocity shows a first order response every 20 seconds. Writing the equation

of motion above in terms of angular velocity (¢ = w) and by defining Tary = ksign(¢) results
in:

Ju4dw =T — Tgry = Thew (3.6)
The transfer function between the velocity w and input Tj,e, of the above equation in Laplace
domain with K = % and 7 = % is:
K
78+ 1
The solution of the step response of w in time domain is:

(3.7)

w=wo+K(l—e7) (3.8)
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For each step the above response can be fitted on the experimental data, see Figure 3.5.

Stepresponse angular velocity
60

T T 1 5 T
—— Transfer: = Kifgs+1) with K= 2.6 " 10°,7=53 ‘

sof R

40F

30

Angular velocity [rad/s]

20+

10§

L H H ! H L L
[ 2 4 6 8 10 12 14 16 18 20
Time {s]

Figure 3.5: Fit on experimental data

This is done by using the optimization algorithm fminunc of MATLAB. This algorithm
minimizes the following cost function:

min {zn: (K (1 - e’f"> _ mz)Q} (3.9)

where m; is a sample of the measured time response. Each step, an estimation of the parame-

ters J an d can be made. The experiment is done ten times with four steps every experiment
with different directions. The results are given below:

Estimated parameters | Jkgm?] | 30(J)[kgm?] | d[Nms/rad] 30 (d)
Motor 1 21-107%] 6.0-107° 3.3-10~° | 1.7-107°
Motor 2 2.0-107%*] 83.107° 46-107° |43-107°

Table 3.2: Parameters J and d

The 30 value of the damping constant d is very large. The value of d is hard to estimate.
When it comes to controlling the motor, the uncertain viscous damping is not a problem. For
low frequencies this leads to phase lead.
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3.5 Frequency Response Functions (FRF)

To obtain a model of the Twin Drive, Frequency Response Functions have been measured.
This section explains how these FRF’s have been measured and the results are given and
discussed. The following FRF’s have been measured: the transfer functions of the two motors
without the belt (I), the four transfer functions with the belt wrapped around the two motors
(II) and the transfer functions from the motors to the toproll for both the rotational directions
(III), see Figure 3.6.

I I

O O
@3@ /@/«g @1@ i

Tt T, T T2

Figure 3.6: Measured transfer functions

To obtain the FRF of the process, the sensitivity has been measured. This can be done
by injecting noise n between the controller and the proces (see Figure 3.7). At the same time
this noise is measured together with the plant input w. The transfer function from n to w is
the sensitivity: § = 14—%' By doing a fourier transformation on the time signals n and w,
this transfer can be determined. Together with the known controller which is used for this
measurement the FRF of the proces can be determined: P = (S7! — 1)C~.

n w
)
r t~ @& UL[
—>_c;ﬁ—> ¢ HSO

Figure 3.7: Sensitivity measurement

This has been implemented in DSpace. The total measuring time is 100 seconds. There-
fore the lowest frequency that can be measured is 0,01 [Hz] with a frequency resolution of
0,01 [Hz]. The sample rate during the experiment is 2 [kHz] so that the highest frequency
that can be measured, the Nyquist frequency, is 1 [kH z].

The FRF’s have been validated by doing the same measurement with Siglab, which has
advantages concerning the signal conditioning. The setup for measuring the FRF with SiglLab
is given in Figure 3.8.
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Current
Amplifisrs Twin Drive
MOTOR 1 MOTOR 1 TACHO 1
TACHD 2
MOTOR 2 N MOTOR 2 TACHO TOPROLL |———
iy
SigLab
L 5 j INPUT MOTOR OUTPUT NOISE —‘
IMPUT NOISE
KN
DSpace D1103
Controller Board
ADC 5 Y
DAC 3 Prlery —
bAC2 ADC2 o
bBac ALC 1
MOTOR 1 TACHO 1
TACHO 2 }—rp
MOTOR 2 TACHT TOFROLL
DSpace PX4 Box
P Y
MOTCR 2 TACHO TOPROLL
TACHO 2 p—
MOTOR 1 TACHD 1 |
AN /S

Figure 3.8: Siglab measurement

3.5.1 Casel

The first FRF that has been measured is from the input of motor 1 to the velocity of the
roll of motor 1, without the belt, see Figure 3.6 case I. With this FRF the model of the motor
can be validated. The measured FRF of motor 1 is given in Figure 3.9.

Proces (Transfer: torque motor 1 [Ntn] ~-> Angular velocity [rad/s]
N T H T

— measurement

Amplitude [dB]
N
]
i

107 10° 10’ 10° 10
Frequency [HZ]

200 TS T T

Phase [deg.]
(=3
T

H il
107 10'
Frequency [Hz]

Figure 3.9: Bode plot of motor 1
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In this figure the proposed model defined in equation 3.7 has been inserted with the values
of J and d given in section 3.4. It can be concluded that the inertia is estimated satisfactory.
To obtain a reliable estimation of the damping, the measurement should be done longer to
get a better view on the low frequent area. The resonance peek at 300 [H z] shows that at this
frequency the tacho starts to uncouple. The bode plot of motor 2 can be found in Appendix
B.5. Here similar results hold.

3.5.2 Case II

Now the belt is wrapped around the two lower rolls and all four transfers have been
measured, see Figure 3.6 case II. The references during the FRF measurements are constant
velocities, in order to prevent the system from getting in the dry friction area. When driving
the system at different jog modes, the strains in the belt parts between the rolls change caused
by the stress acting on these belt parts. The dynamic behaviour of the belt parts is assumed
to be strain dependent which will be explained at the end of this section. These dynamics
are visualized for rotational speeds of the jog modes of 30, 60 and 80 [rad/s].

The FRF’s from input of the motors to the velocities of the motors have been measured
in DSpace. Figures 3.10 and 3.11 show the transfer functions from input of motor 1 to the
position of motor 1 (Hi1) and from input of motor 1 to the position of motor 2 (Hig) with
the three jog modes.

Proces

Amplitude [dB]

Frequency [HZ]

100

Phase [deg.]
o
T

—100

200 — - T

Frequency [HZ]

Figure 3.10: Measured transfer H11

Figure 3.10 shows an antiresonance followed by a resonance. The antiresonance peak is
caused by motor 2 that is in the opposite phase creating the same amount of torque as the
actuator, whereas the resonance peak is the result of the system being in its natural frequency.
For low frequencies the process can be approximated as a rigid body. The mass of the rigid
body is the sum of the inertias of motor 1 and 2. For high frequencies again a rigid body
approximation can be made. Here, the mass equals the inertia of motor 1. Motor 2 has
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Proces

Freguency [Hz]

Phase [deg.]

Frequency [Hz]

Figure 3.11: Measured transfer Hio

been uncoupled. Figure 3.11 only shows a resonance peek. In lower frequency regions the
system behaves as a rigid body. For high frequencies, the limited stiffness of the belt causes
motor 2 to decouple resulting in a -4 slope. When controlling this process, the bandwidth is
limited by the resonance, as a phase loss of 180 degrees occurs. Therefore the bandwidth of
the measurement with SigLab is chosen at frequencies of interest, upto 20 [Hz]. The transfer
functions from motor 2 to the position of motor 2 and the position of motor 1 are similar to
the ones above, because of the symmetry of the system, and are given in Appendix B.5.

A conclusion that can be drawn from these figures is that the damping of the resonance peek
increases with the rotational velocity. When increasing the speed, the difference between the
strains in the two belt parts increases. This causes a larger slip on the rolls. Slipping over the
rolls causes the belt elements start to warm up and lead to energy loss, which can be seen as
some sort of damping. The stiffness between the two rolls does not change when driving the
system at different angular velocities. The reason for this is that the total stiffness originates
from two parallel springs. Driving the system at a higher angular velocity causes one spring
to get stiffer and the other to get weaker but the resultant stiffness remains unchanged.




3.5. FREQUENCY RESPONSE FUNCTIONS (FRF)

3.5.3 Case IIl

The last two transfer functions that have been measured are the transfer functions from
the motors to the position of the toproll, see Figure 3.6 case IIL Different dynamic behaviour
occurs when driving the system in the two directions. This is again caused by the different
strains and tensions that are present in the different belt elements. The slipping behaviour
as described at the end of section 3.5.2 is also present in this situation. Also the stiffness of

the belt parts vary as will be explained later in this section.

The FRF of the input of motor 1 to the position of the toproll for both directions are

given in Figure 3.12 and Figure 3.13.

Transfer: torque motor 1 ~~> posifion toprof!

=)
T

Amplitude [dB]

" Ret. 60 jradls] measurement SigLab |
4

10" 10
Frequency {Hz}

100

Phase [deg.]
©
T

Frequency [Hz]

Figure 3.12: Measured transfer: motor 1 to toproll, clockwise

Transfer: torque motor 1 ~~> position toproll
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Measured transfer: motor 1 to toproll, counter clockwise
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As expected the transfer functions for both directions are not equal. The damping and
stiffness of the belt elements vary with the strain in the belt parts. For the clockwise situation
(see Figure 3.15), the belt part between the rolls of motor 1 and motor 2 contains the largest
tension and therefore the largest strain. The lowest strain and tension is present in the belt
part between the toproll and the roll of motor 1. From these measured FRF’s together with
the model (see figure 3.14) it can be concluded that for the clockwise situation the following
inequality holds:

ki > kzg > k13 (310)
For the counter clockwise situation (see Figure 3.15), the same sort of reasoning holds from

which it can be concluded that:

kig > kog > k1o (3.11)

el >
k12

W
dl?

d
dy ! ki3 ka3 i da
AT A =
N di3 ta3
T — = = 2T,

J3

.

Figure 3.14: Sixth order model

3> 93

Clockwise Counter Clockwise

Figure 3.15: Clockwise versus counter clockwise

For motor 2 these transfer functions have also been measured (see Appendix B.5). It can
be concluded that symmetry holds in this system. Driving the toproll in positive direction
by motor 1 shows the same transfer function as driving the toproll in negative direction by
motor 2.
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3.6 Conclusions

In this chapter the tachos are calibrated and the motor constants were determined. The
inertia, coulomb and viscous coefficients were estimated using step responses. Finally, transfer
functions were determined for three cases in different jog modes. It was experienced that the
dynamics of the system strongly depends on the belt velocity. In the next chapter, the control

11

design will be presented.
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Chapter 4

Control Design

Now that a plant model is obtained, model based control becomes possible. This chapter
will discuss the control of the Twin Drive, focussed on the actuation system. Therefore, the
four measured FRF’s of case II (see Figure 3.6) have been fitted. The fits are based on a
linearized model around a working point. A modal analysis can be performed from which
the system is transformed into natural coordinates instead of physical coordinates leading to
a modal decoupling of the dynamics. In order to quantify the residual non-diagonal terms
compared to the diagonal terms the relative gain array (RGA) will be computed [Sko96]. In
this way, two separate SISO controllers are designed to control the Twin Drive. For stability
of the total system the Generalized Nyquist stability criterion is used [Macie89], which can
be controlled individually by the two SISO controllers.

4.1 Model Fitting

In this section a linear model is fitted on the measured transfers of case II. The proposed
model is derived in Appendix A.1. The four transfer functions given in equations A.3 through
A.6 are fitted manually on the experimental data. The values of the parameters Ji, Jo, d1
and dy used for these fits, are given in section 3.4. The values for dis and k1o are adjusted
such that the error between the experimental data and the fit is minimal. The determined
values are 5.2-107* [Nms/rad) for dis and 7.5- 1072 [N/rad] for k2. The result of these fits
are given in Figure 4.1.

The dynamics of the system can be describes as

Mi+Dg+Kg=@Q (4.1)

where the matrices M, D, K are the mass, damping and stiffness matrix which are known.

19
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Proces Motor 1 ~~> Motor 1 Proces Motor 1 —> Motor 2
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Figure 4.1: Four fits on experimental data

4.2 Modal Analysis

Now the modal analysis can be done [Kra00]. The idea of the modal analysis is to
find the eigenvalues and the eigencolumns which can be used to transform the system in
modal coordinates 7 instead of the physical coordinates g. If the system, written in natural
coordinates, has diagonal mass, damping and stiffness matrices, the system is decoupled.
First the eigenvalue problem (4.2) must be solved in order to obtain the eigenvalues and

eigencolumns.

(K~ o’M]u=0 (42)
leading to the eigenvalues
fi = 0][HZ]
fa = 4.32 [Hz] (4.3)
and the modal matrix
—49.5317 —49.
U= 49.5317 —49.2965 (4.4)

| —49.5317  49.7680

From the above results it can be concluded that a rigid body mode (f; = 0[Hz]) is present.
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4.3 Modal Decoupling

With the columns of U found in section 4.2 the transformation from generalized, physical
coordinates to natural coordinates can be achieved, so that:

qg=Un (4.5)

Combining this within the equations of motion 4.1 and defining [m,| = UTMU as the
normalized mass-matrix and [k, | = U TKU as the normalized stiffness-matrix, we obtain

[mrJﬂ + QT.IEQ + [erﬂ =N (46)

where
N=U"Q (4.7)

is a column of generalized forces associated with the column of generalized coordinates 7.

If the matrix UT DU is diagonal then this particular case has proportional damping and the
equations of motions are decoupled. However here we are dealing with a non-proportional
damping. The calculated matrix U7 DU is:

U DU - 0.1946 —0.0323] (4.8)

. —0.0323 5.2981

Further analysis of whether or not the system can be decoupled is necessary. For weakly
damped systems, dimensionless modal damping factors &, can be calculated:

d 4

- Qormy 2 ke

£ (49)
The value for & is 0.09 which is < 1. Therefore an approximated system is reconstructed
ignoring the present non-diagonal terms of the mafrix UTDU and only using the diagonal
terms of UT DU,

v _[01946 0 ] _
U DU~ [ 0 52081 | = %] (4.10)
so that
D*=U""T[d, U™ (4.11)

which equals

(4.12)

D* —1.10-3 { 0.5599  —0.5200 ] _ [ df +dfy,  —diy ]

~0.5200 0.5595 —d&y A+ db

This approximated system and the actual system are given in the Appendix figure C.1. It
can be concluded that the approximation is satisfactory.
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The 2x2 MIMO system is described as:

_ [Hu le}

Hy1 Ha Q=19 (4.13)

which is strongly coupled, see also figure 4.1. Transforming the input (¢ = Un) and the

output (Q =U ~TN) the system in modal coordinates becomes:
UTPU™ = Prodal (4.14)
which is approximately decoupled, see figure 4.2.

input 1 ——> Output 1 fnput 1 —> Output 2
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Figure 4.2: Decoupled system

The Hi; term shows a rigid body mode, whereas the Hag term shows a flexible mode. The
non-diagonal terms should be zero in case of perfect decoupling. Nevertheless, these terms
are not zero. In order to quantify the residual non-diagonal terms compared to the diagonal
terms the relative gain array (RGA) has been computed [Sko96].
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The relative gain array of a non-singular square matrix G is a square matrix defined as
RGAG) =A@ £ G x (G (4.15)

where x denotes element-by-element multiplication. When the RGA for each frequency equals
the identity matrix, the system is said to be diagonal dominant. The RGA per frequency is
given in figure 4.3.
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S o4 : g 04
02 : 02 .
0 O N

08 0.8
T os - Y
(& i (ﬁ
8 0.4 2 04

0.2 ; 02

et
10’ 10°
Frequency fhz] Frequency [hz]

Figure 4.3: RGA

From this figure it can be concluded that the diagonal terms dominate for every frequency
and the system has little coupling. Hence, the MIMO system can be considered as two
independent SISO systems . Therefore, modal decoupling is satisfactory.
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4.4 Control Design

Now that the systém has been transformed in modal coordinates, the next step is to control
the system. Since the system is decoupled this implies that two separate SISO controllers can
be designed. The control scheme of controlling the physical coordinates g is given in figure
4.4,

|3

G 0

N 9
) U-T = P —
—d —d
0 G

g
= g f

| =

Figure 4.4: Control scheme

To control the system two lead lag filters have been designed to obtain crossover frequencies
of 10 [Hz]. The parameters of these controllers can be found in Appendix C. The openloop
of the system using these controllers is given in Figure 4.5.
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Figure 4.5: Openloops using fitted processes (BW = 10 [Hz])
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To obtain insight in the stability of the total system the generalized Nyquist stability
criterion is used [Macie89]. We define the characteristic loci A; of the transfer function matrix
G(s) to be the eigenvalues of G(jw;) plotted per frequency w;. For these characteristic loci
the following theorem holds:

Theorem 1 (Generalized Nyquist criterion) If G(s) has py unstable (Smith-McMillan)
poles, then the closed-loop system with return ratio -kG(s) is stable if and only if the charac-
teristic loci of kG(s), taken together, encircle the point -1 pg times anti-clockwise, assuming
that there are no hidden modes.

The two loci have to pass the point (-1,0) at the right side, with sufficient amplitude- and
phase margins. Due to decoupling the characteristic loci of the system can now be controlled
independently with the controllers C; and Co (see Figure 4.4). With SISO loopshaping
techniques the stability of the MIMO system can now directly be achieved. The characteristic
loci of the controllers on the linear model are given in Figure 4.6. The characteristic loci on
experimental data are given in Appendix C. The amplitude margins can not exactly be read
from this figure but are at least 4, i.e. & 12 [dB] for both the characteristic loci and the phase
margin is 37 [deg.] for the rigid body mode and 43 [deg.] for the flexible mode. Hence, the
system is stable.

Chracteristic loci: openioop (BW = 10 [Hz])
T T T

—— Rigid body
=== Fiexible mode

1ol : : : 1

Imag

Figure 4.6: Characteristic loci openloop (BW = 10 [Hz])
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The sensitivity has been measured to derive the openloop FRF of the system, see Figures
4.7 and 4.8. Because of the high bandwidth of the closed loop system, identification of the
process at higher frequencies becomes possible (see Appendix C). The non-diagonal terms
are very small, attempts to measure the non-diagonal terms fail because of the low coherence.

Measured openloop rigid body (BW = 10[Hz])
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Figure 4.7: Measured open loop rigid body (BW = 10 [Hz])
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Figure 4.8: Measured open loop flexible mode (BW = 10 [Hz])
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With the new measured processes new controllers were designed to obtain a higher band-
width. A bandwidth of 30 [Hz| has been chosen (see figure 4.9). The amplitude margins
are at least 12 [dB] and the phase margin of the rigid body is 50 [deg.] and 48 |[deg.] for the
flexible mode.

Openloop Rigid Body
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»
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o
Phase [deg.]

— . -200
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Frequenay [Hz] Frequency [Hz]

-200
10

Figure 4.9: Openloops using measured processes (BW = 30 [Hz])

From the characteristic loci given in Appendix C.9 it can be seen that the system is stable.
Again the controllers have been validated by measuring the sensitivity and calculating the
openloop (see appendix C).

4.5 Conclusions

During this chapter the experimental data is fitted. A modal analysis has been carried
out and leads to a modal decoupling of the actuation system of the Twin Drive. After
decoupling the Relative Gain Array (RGA) has been calculated which points out strong
diagonal dominance of the decoupled system. With the decoupled system separate SISO
controllers have been designed which lead to a higher bandwidth then without decoupling.
For stability the characteristic loci are plotted and examined to the generalized Nyquist
criterium. The controllers have been validated by measuring the sensitivities from which the
plant is identified at even higher frequencies.
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Chapter 5

Conclusion and Recommendations

5.1 Conclusions

In this section, conclusions of the work are presented. The following problem statement
was formulated:

Problem statement

Is it possible to decouple the dynamics of the Twin Drive and can controllers be designed
for this decoupled system?

The following conclusion can be drawn concerning this problem statement:

Main conclusion

The dynamics of the actuation system of the Twin Drive have been described in modal
coordinates and resulted in a diagonal dominant decoupled system. Separate SISO con-
trollers are designed which lead to a higher bandwidth then was possible without decou-

pling.

The system identification is discussed and after that the control design is considered.
System Identification
First the system is calibrated and system parameters are identified. Frequency response

functions have been measured in various cases around several working points to obtain insight
in the dynamics of the Twin Drive.

29
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Control Design

Fits were made on the experimental data of the actuation system using linearized models.
With the results of these fits a modal analysis has been carried out, in order to decouple the
Twin Drive. The RGA analysis shows that after the modal decoupling there is diagonal dom-
inance. Two controllers are designed with bandwidths of 10 and 30 [Hz]. These bandwidths

are higher than the systems first resonance frequency.

5.2 Recommendations

Several aspects have been investigated in this work. Still a lot can be investigated. There-
fore the following recommendations are made:

e During this work it becomes clear that the dynamics have a non-linear behaviour. Here,
around three working points with different velocities linearizations have been made. One
could derive models where the parameters are dependent on the velocities.

e Belt drives are subjected to sliding wear as the belt creeps against the pulley during
tensions transitions. The sliding of the belt is a phenomenon that also plays part in this
setup. Several models have been derived for these sliding belts, for example see [Lea02].
The slip on the rolls causes the belt to warm up and lead to energy loss, which can be
seen as some sort of damping. More slip of the belt leads to more damping in the belt
parts. With the models an insight in the slip phenomenon can be obtained.

e At last, a new challenge is to control the velocity of the toproll together with the
belt tensions by means of the two motors that can be actuated. Before this can be
investigated the measurement of the load cell must be made accessible.



Appendix A
Linearized Models

To provide insight in the dynamics of the Twin Drive linear models have been derived.
These models have been fitted on the experimental data. Two models have been derived:

e a fourth order model in case the belt is wrapped around the two lower rolls (Case II)

e a sixth order model in case the belt is wrapped around all three rolls (Case III)

A.1 Fourth Order Model

In case the belt is wrapped around the rolls of motor one and motor two the following
model is derived:

> ¢ > ¢
dy kiz .
e T R A —F
9 J
42
T = 7 2

Figure A.1: Fourth order model

By defining
-2 ] (A1)
the equations can be written in the form
Mi+Dj+Kqg=@Q (A.2)
with
u=[5 5] =t o]
Ay U
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The individual transfer functions become

_ (J252 + (dz + d12)s -+ ku)

LINEARIZED MODELS

H A3
U7 (18 + q2s? + g3s + qa) (4-3)
d k
Hip = 3( 128;— 12) (A4)
s(g1s® + q25* + @35 + qu)
d k
Hyp = 3( 128: 1) (A.5)
s(q18% + q25% + q35 + q4)
J18%2+ (dy +d k
H22:(1S :(14; 12)s + k12) (A.6)
s(q183 + g2s* + q35 + qa)
with
q1 = J1J2
@ = diJ2 +di2Ja + Jida + Jidy2
g3 = d1dz + did1z + di2dz + k12Ja + k12J1
qs = ki12dy + k12do
A.2 Sixth order model
In case 111, the belt is wrapped all rolls the following model is derived:
> ¢, 5> e,
k12
——WWWA——]
dl‘z
4 ‘ A2
g 13 k23 d3
1 PR WA 7
T s di3 da3
5 5 T
1 \ > T
d3 E
Y
Figure A.2: Sixth order model
With the same derivation given in section A.1 and by defining
¢
q= ¢2 (A.7)




A.2. SIXTH ORDER MODEL

this leads to

Ji 0 0 di 4+ dyg + dis ~d12
M = 0 J 0 :l B = [ —d12 do + dio + dos
0 0 Js —di3 —da3
ki + ks —ki2 ~kiz ]
K= —kiz ko4 ko —kos “ and Q=
—k13 —koz ki3 +kos

|

—~di3
—das
ds + diz + doz

!
foud

o3

|

|
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Appendix B

Experimental Results

Here, experimental results are presented that are discussed in chapter 3.

B.1 Offset tachos

Here all measured offsets, that are discussed in section 3.1, are given:
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Figure B.1: Offsets of ADC’s
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B.2 Calibration tachos

In this section the results of the calibration of the tacho of motor 2 and the toproll are

presented.

Angular velocity e [rad/s]
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Figure B.2: Factor voltage to radians per second motor 2
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Figure B.3: Factor voltage to radians per second toproll
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B.3 Motor constants

Here, the measured data for determining the motor constant of motor 2 is given:

B.4 Parameter estimation
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Figure B.4: Motor constant motor 2
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Here, the estimated parameters of the inertia and the viscous damping factor of each step

response are presented
Inertia J motor 1:

J10*| 1] 2| 3[4 ]|5 |6 7]81|9]10
Stepl (|22]20(20120(20(21(19|19,19]1.9
Step 2 - 1201221212322 211201{22]2.2
Step3 |2.0]18]20{19|25 (21|15 |23]2.0|22
Step4 (1192220191923 |26]|19 17|21
Table B.1: Values for inertia J motor 1
Viscous damping d motor 1:
d-10°| 1234|5678 9|10
Stepl ||34]135|35|139|38|38|36|41]4.0]4.0
Step 2 - 13413213332 (34|140|38]38]|3.5
Step3 || 2429|2426 |25|40|36|38]33]|36
Step4 |1 32122272523 |38|28|3528]|27

Table B.2: Values for viscous damping d motor 1
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Inertia J motor 2:

APPENDIX B. EXPERIMENTAL RESULTS

J10%|l 1123|456 |7|8]|9]|10
Stepl | 1.8 19|18 |21]16 |17 |18 |2420]|1.9
Step2 || 1.9121(23|16}1.7|27|20|25120]|21
Step3 || 25(20(18(22[21 18|16 (1812020
Step4 || 1.7]122(19(20}121|23|25|23|19]25
Table B.3: Values for inertia J motor 2
Viscous damping d motor 2:
d-10°] 1| 23] 4|5 |6 | 78] 9|10
Stepl || 56|56 |74|87|65|43 5551|5859
Step2 || 44|44|54(62|6434|5638]|50]|57
Step 3 |28 | 44|53 (45|40 4736453326
Step4 1331335246 |2342(4513.0]2.7 35

Table B.4: Values for viscous damping d motor 2

B.5 Frequency Response Functions

Transfer from the input of motor two to the velocity of motor one without belt:

Amplitude [dB]

0
N
S

=3
=3

@
S
T

IS
<)
T

N
=3
T

o
T

>

Praces (Transfer; torque motor 2 [Nm] ——> Angular velocity frad/s]

—— measurement
—_—

200

100

Phase [deg.]

Fs
k=

=)

i1 it
10° 10' 10
Frequency [Hz]

i
10'
Frequency [Hz]

Figure B.5: Bode plot of motor 2
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Transfer from the input of motor two to the position of motor one with the belt wrapped
around motor one at jog modes of 30, 60 and 80 [rad/s]:

Amplitude [dB]

Phase [deg.]

Proces

= ~ Ref: 60

= Ref: 30 frad/s] |*
— Ref. 80 frad/s] |7 © * : Do B
;

rad/s]

Frequency [Hz]
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Figure B.6: Measured transfer Ha;

Transfer from the input of motor two to the position of motor two with the belt wrapped
around motor one at jog modes of 30, 60 and 80 [rad/s]:
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Figure B.7: Measured transfer Hao
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Transfer from the input of motor two to the position of the toproll with the belt wrapped
around the three rolls (positive direction):
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Figure B.8: Measured transfer: motor 2 to toproll, clockwise

Transfer from the input of motor two to the position of the toproll with the belt wrapped
around the three rolls (negative direction):

Transfer: torque motor 2 ——> position toproll
60 T T )

=y
=
o
=3
=2
=
£
<

=20 : .

[ — Ref: =60 [rad/s] measurement SiglLab ]
=40 L S .
10 10
Freguency [Hz]
200

00F - e

Phase [deg.]
o

-~100

-200

Frequency [Hz]

Figure B.9: Measured transfer: motor 2 to toproll, counter clockwise




Appendix C

Control Design

In the figure below the transfer functions are given in case of proportional and non-
proportional damping (see section 4.3). From this figure it can be seen that the transfer

Proces Motor 1 —> Motor 1 Proces Motor 1 —> Motor 2
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3 — No prop. damp. |: )
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- — = 3
e : : 2
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2 2
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Figure C.1: Proportional damping versus non-proportional damping

functions are almost identical, so the proportional damping is a good approximation for the
non-proportional case.
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Several SISO controllers have been designed in order to control the decoupled system. The
parameters of these controllers that are used and discussed in 4 are given in this Appendix.
The used controllers are all lead lag filters:

1
. Hs—kl

C=K

1 (C.1)
ms +1

After having designed the controllers a stability analysis has been done by studying the char-
acteristic loci of the system. The characteristic loci of the experimental data are also given
in this appendix.

First controllers were designed for a bandwidth of 10 [Hz]. The parameters defined in equa-
tion C.1 for these controllers are given below:

e Controller rigid body (BW = 10 [Hz])

- K=197-103
— f1i=1/2-10
— fo=2-10

e Controller flexible mode (BW = 10 [Hz])

- K=161-10%
— f1=1/2-10
- fa=2-10

The characteristic loci of the openloop using the controllers above is given in figure C.2.

Chracteristic loct: openloop (BW = 10 [Hz])
20 T T T T T

T
: [~ Rigid body
;| ===_Flexible mode

15+ : B : : : . i

10k . ; ; : L |

Imag

20

Figure C.2: Characteristic loci openloop (BW = 10 [Hz])
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Next, the sensitivities (see Figures C.3 and C.4) have been measured again to derive the
openloops (see Figures C.5 and C.6).

Measured sensitivity rigid body (BW = 10{Hz])
T

Amplitude [dB]
A
=)
T

H
10’ 10°
Frequency [HZ)

Figure C.3: Measured sensitivity rigid body using controller with BW of 10 [Hz|

Figure C.4:

Measured sensitivity fiexible mode (BW = 100HzZ])
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Measured sensitivity flexible mode using controller with BW of 10 [Hz]
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Measured opsnioop rigid body (BW = 10[Hz])
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Figure C.5: Measured openloop rigid body using controller with BW of 10 [Hz]

Measured apenloop flexible mode (BW = 10[Hz])
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Pigure C.6: Measured openloop flexible mode using controller with BW of 10 [Hz]
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From these openloop the process has been derived (see Figures C.7 and C.8. The processes
however have been identified in higher frequencies using a higher bandwidth of the SigLab

measurement.

Amplitude [dB]

Phase [deg.]

Measured rigid body (BW = 10[Hz]}
T T

-100-

=200
1

o

10'
Frequency [Hz]

Figure C.7: Measured rigid body using controller with BW of 10 [Hz]

Amplitude [dB]

Phase [deg ]

Measured flexible mode (BW = 10(Hz])
J N T T

-100F

—200

10

10'
Frequency [HZ]

Figure C.8: Measured flexible mode using controller with BW of 10 [Hz]
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Finally, controllers were designed for a bandwidth of 30 [Hz]. The parameters are given
below:

e Controller rigid body (BW = 30 [H?z])

— K =1.38-10%
- f1=1/3-30
~ f2=3-30

o Controller flexible mode (BW = 30 [Hz])

— K =1.19-103
- f1=1/3-30
— f2=3-30

The characteristic loci of the openloop using the controllers above is given in figure C.9.

2 T T T T T T
: : : : . [— Rigid body
o | == Flexible mode

15 ; ; : g : -

H L
0.5 1 1.5 2

0
Real

Figure C.9: Characteristic loci openloop (BW = 30 [Hz])
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Again, the sensitivities (see Figures C.3 and C.4) has been measured again to derive the
openloop (see Figures C.5 and C.6).

Measured sensitivity rigid body (BW = 30{Hz])

-2

-4

Amplitude [dB]

-6

-8
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Figure C.10: Measured sensitivity rigid body using controller with BW of 30 [Hz]

Measured sensitivity fiexible mode (BW = 30{Hz])
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Figure C.11: Measured sensitivity flexible mode using controller with BW of 30 [Hz]
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APPENDIX C. CONTROL DESIGN

Measured openloop rigid body (BW = 30[Hz])
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T

~100-
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Figure C.12: Measured openloop rigid body using controller with BW of 30 [H z]

Measured openloop flexible mode (BW = 30[Hz])
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Figure C.13: Measured openloop flexible mode using controller with BW of 30 [Hz]
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