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Introduction

This document is the final thesis deliverable to obtain the degree of Master of Science in Aerospace Engineer-
ing at Delft University of Technology. This thesis addresses some of the challenges and solutions regarding
nonlinear control of the SIMONA Research Simulator. The posed challenges and accompanying solutions
are related to input saturations of the electro-hydraulic servo-valve, delays in the measurements and re-
placement of the main spool measurements by a servo-valve model. The solutions were implemented in
the sensor-based nonlinear controller of the SIMONA Research Simulator and the results are presented in
this work.

This document consists of three parts. The first part contains the paper that mainly shows the results from
the experiments conducted on the SIMONA Research Simulator. The preliminary thesis is included in partII,
which comprises the literature study and the preliminary research. Finally, part III contains the appendices
that discuss some topics in more detail and show some additional results that were not treated in the paper.
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Challenges and solutions for sensor-based
incremental nonlinear control of hydraulically
actuated parallel robots

Luuk van Litsenburg
Department of Control & Operations
Delft University of Technology
Delft, The Netherlands
L.vanLitsenburg @student.tudelft.nl

Abstract—Incremental Nonlinear Dynamic Inversion has
shown increases in performance and robustness to model mis-
matches and uncertainties in hydraulic control as compared
to other model-based controllers [1]. This work will expand
on hydraulic Incremental Nonlinear Dynamic Inversion force
control and discuss three of its challenges and accompany-
ing solutions. The solutions are tested experimentally on the
SIMONA Research Simulator. First, the importance of the
synchronization of the linearization loops of the Incremental
Nonlinear Dynamic Inversion controller is shown analytically
and through experiments. Secondly, it is found that saturation of
the electro-hydraulic servo-valve leads to wind-up when integral
action is present. Pseudo Control Hedging is implemented to deal
with the wind-up effects due to saturation. The implementation
of the Pseudo Control Hedging is evaluated through experiments
on the SIMONA Research Simulator. Thirdly, it is shown
analytically that the main spool measurements should be used
for the control increment of the Incremental Nonlinear Dynamic
Inversion controller. Measurements of the main spool position are
therefore used in the control, but it is often difficult to extract
these from the servo-valve. Through experiments it is found that
measurements of the main spool position can be replaced by
either a first- or second-order servo-valve model.

Index Terms—Force control, motion control, hydraulics, Incre-
mental Nonlinear Dynamic Inversion, INDI, saturation

I. INTRODUCTION

Hydraulic actuation is an attractive choice for many applica-
tions due to its stiffness [2] and ability to provide smooth and
rapid responses under high loading conditions [3]. Some use
cases require accurate control of hydraulic actuators as well,
such as quadruped robots [4], automotive active suspension
[5] and flight simulator motion control [3].

The objective of flight simulator motion control is to track a
given trajectory as accurately as possible. A common strategy
for trajectory tracking using hydraulic actuators is to use a
cascaded control structure consisting of an inner and outer-
loop controller [6]. The inner loop converts the hydraulic
actuator, which is a velocity generator by nature, to a force
generator. The outer-loop controls the trajectory by providing
force commands to the inner loop. Hydraulic actuators are
highly nonlinear systems [7]. For most applications a simple
PID controller does not suffice as inner-loop controller due to

Fig. 1: The SIMONA Research Simulator

its inability to adapt its behavior to the nonlinearities [8].
Incremental Nonlinear Dynamic Inversion (INDI) has
proven its ability to accurately control nonlinear systems
[9; 10]. INDI is an incremental sensor-based control strategy
that calculates an increment to be added to the previous
control input. At each increment measurements and properties
of the mechanical system are used to obtain a linearized
approximation of the system at that time step. This linearized
approximation is used for the dynamic inversion. The dy-
namic inversion cancels the nonlinearities of the system. The
resulting linear system can be controlled using conventional
linear control approaches. INDI is less sensitive to model
mismatches and uncertainties than other dynamic inversion
controllers as it uses less model information. This decreased
model dependency shifts the sensitivity from the accuracy of
the model towards the accuracy of the measurements [11].
An inner loop INDI hydraulic controller has already been
designed [1]. The inner loop controller is part of a larger
controller for a Gough-Stewart platform flight simulator. In ex-
periments on the SIMONA Research Simulator (SRS) at Delft
University of Technology the performance and robustness of a
conventional model-based controller [3] and the sensor-based
INDI controller were compared. Figure 1 shows a picture of
the SRS. In these experiments an increase in both performance
and robustness to model uncertainties and mismatches was



found for the INDI controller as compared to the conventional
model-based controller [1].

The flow to the hydraulic actuators of the SRS is controlled
by electro-hydraulic servo-valves. The maximum output flow
of a servo-valve is limited and therefore control input satura-
tion occurs when this limit is reached. Saturation of the servo-
valve might therefore bring forth undesirable phenomena such
as wind-up [12] and could lead to instability [13]. This paper
will discuss the effects of servo-valve saturations on the INDI
controller and provide a solution do deal with these effects.

Pseudo Control Hedging (PCH) [14] is implemented in this
paper to the inner loop controller to eliminate the negative
consequences associated with the saturation. PCH adjusts the
reference, such that adaptive elements in the controller will
not observe certain characteristics of the system such as
saturation. PCH has already been implemented successfully in
other INDI controllers [15; 10]. This work shows that some
adaptations will have to be made to the PCH to make the
method suitable for the hydraulic servo-valve. The resulting
controller adaptations to the inner loop INDI controller are
evaluated through simulation and experiments on the SRS.

The hydraulic inner loop INDI controller requires the main
spool position of the electro-hydraulic servo-valve. In the SRS
the main spool position of the servo-valve is measured, but in
practice it might be difficult to obtain these measurements. It
is not standard practice for the manufacturers of the servo-
valves to provide the user with a signal for this position. This
work will therefore consider the use of a servo-valve model
for the position instead. Through experiments on the SRS the
performance of the adapted controller is evaluated.

Two loops in the INDI controller are responsible for the
linearization of the system. The first loop is used for the
incremental part of the controller. The second loop is used
for the feedback of the state derivative. The importance of
the synchronization of these loops for stability is shown in
other works [15; 1]. A proof is given in this work that shows
the importance of this synchronization with regard to time
delays and filters. The results of experiments executed on the
SRS with time delays in the inner loop INDI controller are
discussed in this work.

The paper is organized as follows. The platform and input
references used for the experiments are explained in section
I. The general cascaded hydraulic control structure used to
follow these references is discussed in section III. Section IV
introduces the concept of INDI and the specific application of
INDI to the hydraulic inner loop controller is treated in section
V. The importance of the synchronization of the linearization
loops of the INDI controller is shown in section VI. Section
VII discusses effect of saturation on the inner loop INDI
controller. The implementation and experimental evaluation
of PCH is treated in section VIII. Section IX considers the
use of a servo-valve model instead of measurements, which is
then evaluated through experiments. The last section provides
a conclusion of the main findings.

II. METHODS

Solutions are provided to solve the three main problems
related to saturation, delays and elimination of servo-valve
measurements. The solutions were tested through experiments
on the SRS at the faculty of Aerospace Engineering at Delft
University of Technology.

The SRS is a hydraulic motion system with six degrees of
freedom. Six hydraulic actuators with a stroke of 1.25 meter
are connected to a platform such that it constitutes a Stewart
platform. The extension of the actuators is measured using
Heidenhain LC 415 linear encoders. A Rexroth 4WSE3EE15-
15 three-stage servo-valve is connected to each hydraulic
actuator. The position of its main spool is measured using the
internal feedback signal. Each hydraulic actuator is equipped
with a PAINE 210-60-090 pressure transducer to measure the
pressure difference. The control loops run at 5 kHz.

The saturation is tested with an increasing sinusoidal heave
reference. The heave signal increases in amplitude up until
the point that the servo-valves start to saturate. The stability
of the system is tested through a constant position reference
such that the actuators are positioned in their neutral position.
This point is the most critical point for stability due to the low
damping ratio of the system at this point and the high flow
gain [7]. The reference for the other experiments consists of a
pre-positioning movement followed by a circular motion in the
horizontal plane with pitch and roll, but no heave movement.
The X and Y coordinates in the base frame for this reference
are shown in Fig. 3.
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Fig. 3: The circular trajectory reference

ITII. CASCADED HYDRAULIC CONTROL STRUCTURE

A common strategy for hydraulic motion control is to split
up the control problem into two. An inner loop controls the
force, while the outer loop controls the motion. This cascaded
structure is used in the controller for the SRS [3]. The outer
loop determines the desired position and velocity using inverse
kinematics. The controller uses position and velocity feedback,
and a feedforward force to calculate the force for the inner
loop controller. The feedforward force is calculated using the
inverse dynamics of the platform. The control law for the outer
loop is shown in (1) and the complete controller is shown in
Fig. 2. Fycz is the reference force, Fyy is the feedforward



force, Kp and Kp are the proportional and differential gain,
gq and g4 are the desired position and velocity, g,, and
dm are the measured position and velocity. The trajectory
consists of position zg4, the platform velocity $4 and the
platform acceleration §4. These can be used to calculate the
corresponding actuator extensions using inverse kinematics.
P,.s and P,, are the reference and measured pressure, u is
the control input to the servo-valve, &, is the measured main
spool position of the servo-valve, and ¢ and ¢4 are the flow
rates from the servo-valve to the hydraulic actuator.

Fref =Ffs+ Kp(qa — @m) + Kp(da — dm) (1)

The inner loop pressure control is done using an existing
INDI controller [1]. This controller and applied adaptations
will be treated in the next sections.

IV. INCREMENTAL NONLINEAR DYNAMIC INVERSION

To understand the basic principle of INDI the control-affine
system presented in (2) is considered. The system is approx-
imated by a first-order Taylor expansion around the current
moment in time and is presented in (3).

z=f(zr,u) +G(z)u ()

b=yt L (@ w) + C@)yen, ueu, (@ — 20)
O 3)
2 f ) + @)y, (0 0)

When the sampling time is small and the dynamics of
the actuator are considerably faster than the dynamics of
the system it is possible to apply the time-scale separation
principle. This principle assumes fast control action and a
negligible change in state compared to the change in control
input for small time increments [15]. Therefore, it is assumed
that € = xg while u # wug so that equation 3 simplifies to

4).

T = ag+ G(a:o)(u — UO) “4)

The INDI control law presented in (5) is obtained by
rewriting (4) for the control input and choosing the state
derivative & as the new virtual control v (v = @).

u = ug+ Gil(a:o)(l/ — @) (5)

Outer-loop controller

Zay 8y 8a [ Tnverse | £9S

V. HYDRAULIC FORCE CONTROL USING INDI

Figure 4 illustrates the thirds stage of a servo-valve and a
hydraulic actuator, with compartment volumes V; and Vs,
compartment pressures P,; and FP,», compartment leakage
flows ¢;1 and ¢;9, actuator extension g, piston area A, input
flow rates ¢; and ¢9, supply pressure P;, return pressure P
and servo-valve main spool position z,,,. The pressure differ-
ence over the hydraulic actuator is defined by the difference
between the two compartment pressures (AP = P, — P5).

Pm sz
P \ V, Pr
A, 7

Fig. 4: The third stage of the servo-valve connected to the
hydraulic actuator

The INDI principle has already been applied to hydraulic
actuators by Huang et al. [1]. In this work the simple model
presented in (6) is used to represent the hydraulic actuator,
where the oil stiffness C,,, is calculated using (7). ¢, is the
maximum servo-valve flow, L;,, is the main leakage parameter
of the hydraulic actuator, F is the oil bulk modulus and wu is
the control input to the actuator.

. m dP .
dP = 2Cy,(q) (%, [1— ‘ﬁ—‘ B U~ LimdP — qu> (6)

1 FE FE
Cm(q) = B (W + w) (7N

Equation 8 represents the INDI control law for the hydraulic
actuator and is derived by applying the general structure in (5)
to (6), with the pressure difference derivative dP chosen as
the virtual control v and the control effectiveness G(z() given
in (9), where © = (dP, T, q)-

]

A dP.cs Inner-loop u Servo
P pressure controller valve

qm

dynamics
Inverse |94 + Kp
kinematics _ !

da +

m !

%1 [ Hydraulic | F | Stewart | G
¢, |_actuator platform ‘

I dP,,

o

Fig. 2: Cascaded hydraulic control structure with a model-based outer loop controller



u=1ug+ G Hxo) (v — dPo) (8)

Tmo A
‘l‘mO‘ Ps

G(z0) = Cm(q0)dny 1

®

the inner loop control input is not directly sent to the
hydraulic actuator. The servo-valve is present between the
inner loop controller and the actuator. The main spool position
should therefore be used instead of the previous control input,
which is shown theoretically later in this section. Equation 8
is therefore rewritten to (10) with At as the time increment.
(11) is obtained by transforming (10) to the Laplace domain.
S* represents the estimated valve dynamics.

u(t) = S* u(t — At) + G~ Hxo)(v — dP(t — At))  (10)

N(s) — e Atsqp

U(s) = Gil(wo)m

(11
Equation 12 is obtained when the valve-dynamics are taken
into account and (4) is applied to the hydraulic system pre-

sented in (6). Equation 13 is the result of dividing the Laplace
transform of (12) by (1 — e~A%%).

dP(t) = dP(t — At) + G(z0)(Su(t) — Su(t — At)) (12)

dP(s) = G(wo) S(s) U(s) (13)

Insertion of (11) in (13) leads to (14). The transfer function
from v to dP presented in (15) is obtained by rewriting (14).

_ SN(s) = 5(s) e Atsgp

dP(s) 1 — S*(s)e—Ats

(14)

dP(s) _ S(s)
N(s) 1— e Bts(S*(s) — S(s))

(15)

It is assumed that the valve dynamics are perfectly estimated
so that S* = S. In this case the denominator of (15) will
become 1 and (16) is obtained. Only the valve dynamics
remain, which is to be expected as they are not taken into
account by the inversion. It is therefore important to include
the dynamics in the incremental loop as the performance is
otherwise harmed as shown by (15) . It is also possible that
the denominator introduces right half-plane (RHP) poles that
could lead to instability.

dP(s) = S(s) N(s) (16)

In the SRS the dynamics are included by measuring the
main spool position x,,. Filters F; and F5 are placed on
the incremental and pressure difference derivative feedback
loops. F and Fy are second-order low-pass filters that need
to be equal for stability and performance reasons [1]. The
only difference is that F5 includes a differentiator term as the
pressure difference is measured and its derivative is needed.
A second-order low-pass filter F3 is placed on the pressure
feedback signal for the linear controller and a specifically
designed prefilter F5 [8] on the reference pressure signal. The
control input is passed through a first-order low-pass filter F.
The complete inner loop controller is shown in Fig. 5.

Experiments were conducted on the SRS for the cascaded
hydraulic controller with an inner loop INDI controller. The
integral gain K is varied for the linear controller of the INDI
controller. The extension reference for leg 1 is shown in Fig.
6. The error for the extension of leg 1 is shown in Fig. 7.

_alm]

0.4 I I I I
10 15 20 25 30 35 40

Time|s]

Fig. 6: Outer loop extension reference for leg 1 for the circular
trajectory

%107
12! ssizs K;=500—K; =60--K; =0

10 15 20 25 30 35 40

Fig. 7: Extension tracking errors of leg 1 for varying K during
circular trajectory tracking experiments

The best outer loop tracking performance for leg 1 is
achieved for K; = 60 as the tracking error is consistently
below 1 mm for this gain and drops the maximum error from
1.43mm to 0.93mm. Worse outer loop performance is obtained
for K; = 500, in contrast to the inner loop pressure track-
ing. The normalized pressure difference error is smaller for
K7 = 500 as shown in figure 8. Better inner loop tracking does
therefore not necessarily result in better outer loop tracking.
The cascaded controller should be optimized simultaneously
using strategies like Multi-Objective-Parameter-Optimization
[16] [17].



Fig. 8: Normalized pressure difference tracking errors of leg 1
for varying K during circular trajectory tracking experiments

VI. SYNCHRONIZATION OF THE LINEARIZATION LOOPS

The importance of synchronization of the linearization loops
has been shown in terms of equivalent filters [1]. It is known
as well that it is important to keep the delays in the loops
equal [10]. In order to demonstrate the importance of the
synchronization of the delays, consider the continuous-time
controller as shown in Fig. 9. The linearization loops in this
controller contain the filters A and B, time increment At, and
delays d; and ds. A and B represent general filters, which are
used to demonstrate the overall effect of filters on the system.

Hydraulic
Actuator

Fig. 9: The INDI linearization loops with delays and filters

The relation presented in (17) can be found from Fig. 9.
This can be rewritten for the input such that (18) is obtained.

U(s) = U(s)Se(Attdi)s 4 4

4 s a7
G (o) (N(s) — dPe~(At+d2)s By
(s) — dPe~(Attd2)s B

N
_ -1
U(s) = G (o) 1 _ Se—(At+di)s A

(18)

The transfer function from the virtual input to the pressure
difference derivative presented in (19) is obtained when (18)
is inserted in (13) and rewritten.

Py,

o3
L= |

dP(s) S
N(s) T 1— S(s)e=Ats(Ae~Adis — Be—Adzs)

19)

Equation 19 shows that an additional term is present in
the denominator that reduces the control performance if the
delays and filters are not equal. This extra term could even
introduce poles in the RHP that may lead to instability. In
order to illustrate this, it is now assumed that the filters equal
1, the sampling time is O, the delay d; equals O and that the
valve dynamics also equal 1. Equation 20 is then obtained
from (19). A first order Padé approximation of (20) leads to
(21) [18].

dP(s) _ 1 dP(s) _ & —s
= (@0 ~ da
N “em O NGRS @

Equation 21 shows that any nonzero positive delay ds will
introduce RHP poles when no valve-dynamics are present, the
sampling time is 0, and no delay is present in the incremental
loop. This simple case illustrates the general possibility of
RHP poles to be introduced in the system due to the additional
term in the denominator. Therefore, it is important to keep the
filters and delays equal so that this term disappears. In practice
this would mean that the delays will have to be either measured
or determined by means of a detailed system analysis.

On the SRS an experiment with delay has also been exe-
cuted. 7 ms of delay was present in the outer linearization loop
that feeds back the pressure difference derivative. The delay
led to instability for a neutral position reference. The inner
loop pressure response for this scenario is shown in Fig. 10.

0.4

—Re ference
0.3 --Measurement

Fig. 10: Normalized pressure difference response during a
neutral position tracking experiment with 7ms delay in the
pressure measurement

‘ Hydraulic
| Actuator

=T
—

Fig. 5: Block diagram of the inner loop INDI controller including the filter design



VII. EFFECTS OF SATURATION

A pressure reference is tracked in simulation to better under-
stand the effects of saturation on the inner loop controller.
The reference is tracked for K; = 1500 and K; = 0. The
simulation results are shown in figure 11.

—Reference

Time [s]

Fig. 11: Simulation of inner loop tracking of a normalized
pressure difference reference that leads to servo-valve satura-
tion for varying K

Figure 11 shows that the controller with integral action is
better in tracking up until the points where the saturation starts.
During saturation the pressure drops, because the hydraulic
actuator is a velocity generator. When the velocity stagnates it
means that the acceleration as well as the pressure drop to zero.
After saturation the controller should track the reference again.
The controller without integral action has lower performance
before saturation, but after saturation it is able to quickly
follow the reference again. For the controller with integral
action wind-up occurs during saturation. The wind-up has
to be countered after saturation, leading to delayed tracking.
Figure 12 shows that the controller with integral action is
winding up as the value reaches above 1 for the normalized
input. For the controller without integral action it is bounded
as the amount above 1 for the normalized input is equal to the
increment and does not increase with time.

2

- -K; = 1500
—Increment for K7 = 0

Time [s]

Fig. 12: The inner loop command in the simulation with
a pressure reference that leads to servo-valve saturation for
varying Ky

In experiments on the SRS similar results were found in
motion tracking with servo-valve saturation for the controller

without integral action as shown in Fig. 13. The controller
directly tracks the reference after saturation and no wind-up
effects are present. No experiments have been executed with
the controller with integral action to prevent damage to the
simulator.

1 |[—Reference 1
- -Measurement
0.8
.T 0.6
, 04
=]

0.2

-0.2

6 8 10 12 14 16 18 20 22 24 26
Time [s]
Fig. 13: Normalized pressure difference tracking errors of leg
1 for the sinusoidal heave reference that leads to servo-valve
saturation with K; =0

The integral action therefore degrades the control performance
during saturation and the wind-up could lead to unexpected
effects in the simulator. The addition of this gain does however
increase the control performance when no saturation is present.

VIII. PSEUDO CONTROL HEDGING

PCH is a method that prevents adaptive elements in the con-
troller from acting upon certain system characteristics such as
saturation [14]. It uses the difference between the control input
and the effective amount of control input to the actuator to
determine the amount that it should hedge back the reference.
The hedge is subtracted through a reference model.

The control law for the INDI controller as presented in
(5) can be rewritten for the virtual control such that (22)
is obtained. The difference between the commanded and the
effective virtual control is determined to obtain the amount
of ineffective virtual control to be hedged, which is presented
mathematically in (23).

v==1x0+ G(xo)(u — up) (22)

Vh = Vcom — Veff (23)

The virtual control hedge in (24) is obtained through insertion
of (22) in (23) for both the commanded and effective virtual
control. This is simplified to (25) [10].

vh = [T0 + G(To) (Ucom — u0)] — [Zo + G(@o) (Uers — uo)]

(24)

Vp = G(Cco) (ucom - ueff) (25)

For the servo-valve the effective input equals the measurement
of the main spool position, which results in (26).
(26)

Vp = G((Bo) (ucom - xm)



Use of the main spool measurement does degrade the
overall performance of the controller. The hedge subtracts
any ineffective input due to the dynamics of the servo-valve
and not only the amount due to saturation. The servo-valve
has a known saturation point, which can be used to only
subtract the ineffective input due to saturation. This is done by
hedging back any amount above the known saturation point.
The adaptation to the hedge is shown in (27).

V;L = G($0) (ucom - Sat(ucom)) (27)

This hedge is subtracted from the reference using a refer-
ence model. For this controller a first order low-pass filter is
used as reference model, which is shown in Fig. 14.

The PCH gain Kpcp is needed, because the effectiveness
of the hedge is dependent on the magnitude of the reference
model gain K,.y. This is shown by the transfer function from
the virtual control hedge to the hedged pressure reference d Py,
shown in (28), where the effectiveness of the hedge decreases
with increasing reference model gain.

ap, 1

- 28
Ny, S+Kref (28)

The complete inner loop controller including integral action
and the implementation of PCH is shown in Fig. 14. In an
experiment on the SRS a heave signal with an increasing
amplitude through time is used to test the implementation of
the PCH. The inner loop pressure tracking is shown in Fig.15.
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Fig. 15: Experimental results of inner loop normalized pressure
tracking with saturation and PCH

Pseudo Control Hedging

Figure 15 shows that the reference and the corrected ref-
erence only differ when saturation has occurred. The PCH is
adjusting the reference such that the inner loop controller will
not adapt to the saturation. The saturation is finished when the
two references align again. After saturation the measurements
follow both references again, which indicates that there are no
significant wind-up effects. Fig. 17 shows the that the inner
loop control input to the servo-valve also remains bounded.
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Fig. 17: Commands to the servo-valve of leg 1 in the experi-
ment for the controller with PCH implemented

Figure 17 shows that the control input to the servo-valve
remains bounded. The control input reaches above 1, but this
amount equals the increment. The amount above 1 can there-
fore be subtracted from the command without consequence, as
no significant wind-up is occurring anymore. The outer loop
extension tracking and tracking error are shown in Fig. 18.
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Fig. 18: Actuator extension tracking of leg 1 in the experiment
for the controller with PCH implemented
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Fig. 14: Inner loop INDI controller including the adapted PCH and reference model



The responses show degraded performance during satura-
tion, but stable behavior. No wind-up effects are to be found
in this figure either. Therefore, the PCH is working as expected
and prevents the negative effects due to wind-up in the inner
loop controller.

IX. INDI WITHOUT SERVO-VALVE MEASUREMENTS

The INDI controller uses measurements of the main spool
position for the incremental loop, which might be difficult to
acquire in practice. It might easier to use a servo-valve model.
The adapted controller with valve model S,,, is shown in Fig.
16. Manufactures often provide information to model valves
as first- or second-order transfer functions. The structure of the
models is shown in (29) and (30), with 75 the time constant,
and w,, and ¢ the apparent natural frequency and damping of
the servo-valve. For the servo-valves of the SRS a 7 of 0.2,
an w, of 27167 and a ¢ of 0.55 were used.

w2

= - 30
75+ 1 s2 + 2wy, + w2 (30)
Experiments are conducted on the SRS using the adapted in-

ner loop INDI controller that uses servo-valve models instead

of measurements. The inner loop responses and the control

errors are shown in Figs. 19 and 20 respectively.

Sm =

(29)

m
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Fig. 19: Experimental results of normalized pressure difference
tracking using different valve models

Figures 19 and 20 show no significant differences in terms
of stability and performance between the three controllers. It
is therefore possible to replace the servo-valve measurements
by a first- or second-order model. This simplifies the design
and implementation of INDI controllers for hydraulic actuators
with servo-valves, as the models can be derived from the data
provided by the manufactures of the servo-valves. A first-order
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Fig. 20: Experimental results of the normalized inner loop
tracking error for different valve models

model suffices for this trajectory and an easy way to derive
the model would therefore be to determine the time constant
using the data provided in the datasheets of the servo-valve.

X. DISCUSSION & CONCLUSION

This paper discussed some of the challenges and accom-
panying solutions for incremental nonlinear control applied
to hydraulic parallel robots. The solutions have been imple-
mented in an existing hydraulic INDI force controller [1],
which is part of a larger cascaded motion controller. The
solutions were evaluated experimentally on the SRS.

It is found that the addition of integral gain to the linear
controller in the inner loop INDI force controller leads to
increased tracking performance for both controllers in the
cascaded structure. However, there is a point where the inner
loop tracking improves and the outer loop tracking decreases
through further increase of the integral gain. Better inner loop
tracking does therefore not necessarily lead to better outer
loop tracking. The best outer loop tracking was obtained for
K; = 60, which reduced the maximum absolute extension
error by 30% to around 1mm.

The integral action does wind up during saturation. There-
fore, PCH is implemented. The PCH subtracts the ineffective
control due to saturation of the servo-valve from the inner
loop pressure reference. Through experiments is is found
that the adjustment successfully prevents the negative effects
due to wind-up of the integral action during saturation. The
implementation therefore allows for increased performance as
it is possible to safely incorporate integral action in the inner
loop controller.
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Fig. 16: Block diagram of the inner loop INDI controller including the filter design and servo-valve model adaptation



Furthermore, the importance of the synchronization of the
delays for the linearization loops of the INDI controller has
been shown analytically and experimentally on the SRS. When
the mismatch in delay is too large it leads to instability. The
synchronization of delays in these loops is therefore essential
in the design and implementation of an INDI controller. The
delays should be measured or determined through a thorough
system analysis in order to synchronize them.

Finally, it is found through experiments that it is possible
to replace servo-valve measurements in the INDI controller
by a first- or second-order servo-valve model without los-
ing stability or significant performance. The use of such
a model simplifies the implementation and design of the
INDI controller, as manufacturers often provide the user with
information to model the servo-valve as a first- or second-order
transfer function.

Incorporation of this inner loop controller in an outer loop
INDI motion controller [19], the extension of PCH to the
outer loop motion controller, simultaneous optimization of
both loops in the cascaded controller using Multi-Objective
Parameter Optimization [16] [17] and the application of more
advanced filtering techniques to the measurement signals are
interesting directions for future research.
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Nomenclature

bm Normalized flow from the second to the third stage of the servo-valve
ica Normalized input current to the torque motor

i Normalized input signal to the servo-valve

Xm Normalized thirds stage spool position

X Normalized second stage spool position

p Matrix containing inertial properties of leg i

s Platform velocity vector

Wy Angular velocity vector of the platform

10 Euler angles for the transformtation between reference frame a and b
F Vector containing the input actuator forces

f vector field in R”

G n x m control effectiveness matrix

g gravity vector

H Vector containing the column input output transformations
h vector field in R™

M Matrix containing inertial properties of leg i

Q; Matrix containing inertial properties of leg i

R; Position vector for the centre of gravity of the platform

V; Matrix containing dynamic properties of leg i

x state vector

z Platform position vector

ov virtual control increment of the INDI controller

n dynamic viscosity of the oil

Ai natural frequency i of the transmission lines

o gap normal in the magnetic flux direction

v virtual control of the INDI controller

Vkin  kinematic viscosity
bn maximum servo-valve flow
Poi flow i through the inlet restrictions of the second stage

¢1pi leakage flow for bearing i of the hydraulic actuator
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22 Nomenclature
¢1mi third stage leakage flow for porti

¢15i  servo-valve second stage leakage flow for port i
¢mi  second stage output flow i

¢n;  first stage output flow i

boi output flow i from the transmission line

¢pij  inputflow j to the transmission line

Ppi Flow i to the hydraulic actuator

0 oil density

Ap inlet restriction orifice area of the second stage

Am main spool piston area

Ap piston area of the hydraulic actuator

As second stage spool side area

Ami main spool port opening area i

Ans orifice area of the second stage

Appi Virtual piston area for bearing i

Asi servo-valve second stage spool port opening area i
Ba viscous friction coefficient of the flapper

Cr adjusted filter i for the inner loop controller

co Speed of sound in oil

cp servo-valve ball clearance

Ca discharge coefficient for the turbulent flow

C; filter i for the inner loop controller

ci Identified coefficients for the fourth and fifth order servo-valve models
Crm radial clearance of the main spool and the bushing
Crs radial clearance of the second stage spool and the bushing
Dy, nozzle diameter of the second stage

D,t  Dissipation number for the transmission lines

dmi port underlap for port i

dgi port underlap for port i of the second stage

E oil bulk modulus

E, Body frame attached to the moving platform

Eyp Inertial frame attached to the static base

f Function describing the servo-valve nonlinearities
F,c+  generated force by the hydraulic actuator



Nomenclature

Fax
Fes
Fry
Frey
hm
hs

ica

Kam

Krer
K;

Ky

la

Lrps

Ly,

LPy;

axial force working on the second stage spool

force due to coulomb friction on the second stage spool
feedforward force

reference force

main spool port opening width

second stage spool port opening width

input signal to the torque motor of the electro-hydraulic servo-valve
inertia of the flapper

equivalent flapper spring constant

proportional gain for the linear controller of the inner loop controller
feedforward pressure difference gain

actuator velocity error gain

torque motor magnetic stiffness

torque motor current amplifier gain

inner loop action controller gain

differential third stage feedback gain

actuator velocity error gain of the outer loop controller
servo-valve mechanical feedback spring constant
varying inner loop servo-valve input normalizing gain
inner loop controller leakage gain

pseudo control hedging effectiveness gain for the inner loop controller
proportional third stage feedback gain

actuator extension error gain of the outer loop controller
actuator extension error gain

reference model gain for the inner loop controller
torque motor gain

inner loop controller velocity gain

transmission line length

servo-valve armature length

servo-valve feedback spring length

servo-valve flapper length

main leakage parameter of the hydraulic actuator
Laminar leakage coefficient for bearing i

mass of the second stagespool



My magnetomotive force

N number of windings of the coil for the torque motor

P Pressure differences between the two chambers of the hydraulic actuator
Py supply pressure

p; return pressure

Pryr feedforward pressure difference

P,,;  second stage output pressure i

P.3 Nozzle outlet pressure of the second stage

Py first stage output pressure i

Py; output pressure i from the transmission line

Ppij  input pressure j to the transmission line

Ppi flow i to the hydraulic actuator

Py; pressure i to the hydraulic actuator

q actuator extension

qa desired atuator extension

9 cross-section radius of the transmission line
Ty torque generated by the torque motor

Trps  torque due to the mechanical feedback link between the torque motor and the second-stage spool

Trr torque due to the nonlinear flow forces on the flapper

u input to the electro-hydraulic servo-valve

Vin Actuator volume at middle position

wy viscuous friction coefficient of the second stage spool

W force due to coulomb friction on the second stage spool

Xs second stage spool position

Xfo distance between the flapper and nozzle in neutral position

Xr flapper deflection distance at the nozzles

Xg flapper deflection distance at the tip

Xm servo-valve third stage spool position

Zo undamped natural frequencies of node i of the transmission lines
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Introduction

In 1904 a man named Edwin Albert Link was born. Edwin had a passion for flying and his father owned a
piano and organ factory where he also worked at. Edwin did however encounter one problem with flying as
it was very expensive at the time to learn how to do it. He wanted to address this problem and used his skills
from his job at the factory to create what is now known as the first commercial flight simulator. His flight
simulator was not taken seriously at the start and was mainly used by theme parks, but when the second
World War arrived it was found that it was an effective way to train airmen more cheaply. Edwin demonstrated
one of the benefits of a flight simulator, which is cost effectiveness. Other important factors include safety
and eco-friendliness. For the same reasons the SIMONA project was proposed by S.K. Advani in 1901 [3]
and initiated in 1902. The project included the realization of the SIMONA Research Simulator (SRS). With
the simulator it is possible to do research in various field in a more cost-effective, save and eco-friendly way.
The SRS is a flight simulator that can move with six degrees of freedom and it is desirable to control this
movement as accurately as possible. This master thesis will address the control of the SRS both on the level
of simulations as well as experiments.

1.1. SIMONA Research Simulator

The SIMONA Research Simulator (SRS) is a 6 DoF parallel robot that contains a platform with six hydraulic
legs connected to it. The legs exert forces on the platform allowing it to move. The legs are connected in pairs
to three points on the platform such that a Gough-Stewart platform is obtained. Each hydraulic leg contains
an electro-hydraulic servo-valve and hydraulic actuator which are connected by means of transmission lines.

31



32 1. Introduction

Figure 1.1: The Simona Research Simulator located at the faculty of aerospace engineering at Delft University of Technology

1.2. Parallel robots

A parallel robot is a mechanism of which the end-effector is supported by multiple kinematic chains as op-
posed to serial robots where the end-effector is supported by only one kinematic chain. A schematic repre-
sentation of a parallel and serial robot is presented in figure 1.2. Parallel robots possess various advantages
over serial robots as they generally have higher stiffness, better dynamic performance [29] and few moving
masses. The disadvantage is that they have complex models that often require complex and expensive com-
putations [32].

- ———————  Endeffecor ————— ‘

® —————————— Kinematicchains ——— @

Base

Serial robot Parallel robot

Figure 1.2: Differences between serial and parallel robots

1.3. Gough-Stewart Platform

The Gough-Stewart platform is a specific type of parallel robot that has a a platform as end-effector which is
moved by six linear actuators which are connected to the base [37]. [12] The Stewart platform has six degrees
of freedom and is suitable for high-performance tasks such as simulation due to its high accuracy potential
and high load capacity [24]. [39] The Gough-Stewart platform was therefore also chosen for the SRS due to
the high loads and need for accuracy. A schematic representation of a Gough-Stewart platform can be seen
in figure 1.3.
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Platform

Actuators

— Base

Figure 1.3: A schematic representation of a Stewart platform

1.4. Hydraulic control valves

A hydraulic servo system makes use of a valve that controls the flow. Such a valve converts the electri-
cal/mechanical signal into a corresponding hydraulic power through movement of the spool. Several control
valve types exist and a main distinction can be made between on-off, proportional, and servo control valves.

As the name suggests on-off valves can be either switched on or off which results in limited control perfor-
mance as only two states for the spool can be used to steer the system. These type of valves are however the
cheapest valves as the electronics are simple as well as the mechanical structure.

When the spool can be placed at any position between its outer limits it is referred to as a proportional con-
trol valve. A proportional control valve therefore will allow for better control performance as any position be-
tween the two outer limits can be achieved. These types of valves mostly make use of proportional solenoids
without position feedback to control the spool position [30].

Most servo valves use sensors to measure the spool position which can be used as feedback for the control
of this spool position. A schematic of an electro-hydraulic two-stage servo-valve is shown in figure 1.4 as
clarification. Adding sensors such as a LVDT can improve the control performance of the system but also adds
cost to the valve [38]. The feedback of the position is generally included because of hysteresis and nonlinearity
[41].

Proportional valves have a slower response than servo-valves due to the fact that they have less force available
as they are directly exerting a force on the spool [45], larger dead band due to the fact that they are often
machined with less precision, and have more hysteresis [44]. They were however a lot cheaper than the servo-
valves and more reliable [23] .

The SRS needs to be accurately controlled and therefore electro-hydraulic servo-valves are used to control
the flow to the hydraulic actuators. The servo-valve used for the SRS is a three-stage electro-hydraulic servo-
valve. A magnetic torque motor drives a flapper that controls the pressure on the spool of the second stage
which will in turn move. Due to the movement the flow is allowed to move through the output ports of the
second stage to the third stage which again drives another spool which is called the main spool. The thirds
stage has the purpose of power amplification. The output flows of the third stage are transferred by means
of transmission lines to the hydraulic actuator. If another spool stage would be added to the two-stage valve
configuration as shown it would entail a three-stage valve.
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Figure 1.4: A schematic representation of a two-stage electro-hydraulic servo-valve

The servo-valve is a highly nonlinear system due to phenomena such as torque-motor nonlinearities which
cause deviations in the the dynamics behavior for large inputs and non-linear spool port flows which influ-

ences the flow gains and equilibrium pressures [39].

1.5. Hydraulic Actuators

The servo-valve outputs two pressures to the hydraulic actuator that creates a pressure difference between
the two sides of the piston. The piston will in turn exert a force on the platform through the rod connected
to it. Several linear hydraulic actuators exist such as double-rod, single-rod and double-concentric linear
actuators. A schematic drawing of the different types of linear hydraulic actuators is shown in figure 1.5.

rods

Chamber pressures

pistons

double-rod

single-rod double-concentric

Figure 1.5: Schematic representation of linear hydraulic actuators. On the left, middle and right a double, single and double-concentric
hydraulic actuator is shown respectively.
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The advantage of a single-rod linear actuator is that it only has one moving end. The advantage of a double-
rod is that it is more stiff and therefore has better dynamic properties [39]. The double-concentric actuator
combines the advantages of both but is more expensive due to complexity of the part. For the SRS a double-
concentric actuator is chosen as high performance is required.

The hydraulic actuator shows nonlinear behavior due to factors such as oil compressibility which influences
the actuator stiffness with position and hydrostatic bearing leakage which effect the steady state spool flow
characteristics [39].

1.6. Hydraulic Gough-Stewart platform control

When an input is given to the servo-valve it will indirectly cause the hydraulic actuator to exert a force on
the platform which will in turn cause a movement of this end effector. In order to give the right inputs to the
six valves present in the SRS a controller is needed that calculates the required input to follow the provided
reference trajectory to the simulator. Due to the many nonlinearities present in the electro-hydraulic servo-
valves, hydraulic actuators and Gough-Stewart platform and the requirement for high control performance
a controller is needed that can accurately control this highly nonlinear system. It would be desirable to have
little difference between the reference trajectory given to the controller and the realized trajectory. Several
of such controllers have been designed in the past of which a fairly new controller based on Incremental
Nonlinear Dynamic Inversion (INDI) has shown promising results [16]. This INDI controller will therefore be
used in this thesis.

1.7. Servo-valve saturations

An input to the magnetic torque motor causes the flapper to move. The bigger the input to the motor the
larger the deflection. At a certain moment the deflection will however not increase anymore by increasing
the input further as it will have reached its maximum position. Increasing the input to the valve will therefore
not have any direct additional effect on the output of the servo-valve. At this point the servo-valve is therefore
said to have saturated. A visual representation of such a saturation case is shown in figure 6.3
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Figure 1.6: The maximum deflection of the flapper in the electro-hydraulic servo-valve presented in a schematic representation

At this moment it is unknown whether such servo-valve saturations occur for the SRS during nominal oper-
ation and what effect it has on the INDI controller. It is therefore of interest to investigate the presence and
effect of such saturations in order to deal with the effects if necessary.

1.8. Oscillations

G. Schothorst has found that for the SRS the interaction between the dynamics of the transmission lines and
servo-valve can cause the system to become unstable and start to oscillate at the natural frequency of the
transmission lines at around 200 Hz [39]. S.H. Koekebakker then designed filters for the AP controller to
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prevent the system from getting into this resonance mode [22]. Y. Huang has also found that his INDI con-
troller encountered this problem without the proper filters [16]. The setup of the SRS has however changed
and therefore the presence of this resonation should be re-evaluated as the adaptations such as new sensors
might have influence this effect. It is also found that the INDI controller has undesirable oscillations in the
low-frequency region which should also be investigated.

1.9. Problem Statement

A new INDI controller has been designed for the SIMONA Research Simulator. At this moment it is unknown
what the effects of servo-valve saturations on this controller are and if they should be mitigated. Besides this,
undesirable frequencies in both the low- and high-frequency region are present.

1.10. Research Questions

¢ Does the control performance of the INDI controller for the SIMONA Research Simulator increase by
taking saturations of the electro-hydraulic servo-valve into account?

— Do servo-valve saturations occur during nominal operation?
— What are the effects of servo-valve saturations on the controller?

— Isit possible to mitigate the negative effects due to servo-valve saturations?

* Can the undesirable oscillations present in the low- and high-frequency region of the INDI controller
for the SIMONA Research Simulator be eliminated?

— What is the reason for these oscillations?

— Isit possible to eliminate or reduce these undesirable frequencies?

¢ How does the INDI controller for the SIMONA Research Simulator behave when a model is used to
determine the main spool position of the electro-hydraulic servo-valve instead of measurements?



Modelling of the SRS

A model of the flight simulator can provide much insight in the dynamic behavior of the flight simulator.
Such a model can also be used in simulation to design a controller and test its performance. For the SRS the
modelling can be differentiated twofold, that is the modelling of an individual hydraulic leg and modelling of
the Stewart platform driven by the six legs.

2.1. Modelling the servo-system

In 1997 during the development of the SRS, research has been performed on modelling long-stroke hydraulic
servo-systems by G. Schothorst. [39] In his research he has accurately modeled the hydraulic servo-system
for the SRS. He modeled the servo-valve, hydraulic actuator, and transmission line dynamics and validated
his models on the SRS. His work will serve as the foundation for modelling the hydraulic servo-system in this
thesis. Figure 2.1 gives a global overview of the components of the hydraulic servo-system as depicted by
Schothorst and how they interact with each other.
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ervo-Valve Pz Pocz
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< < F
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Figure 2.1: Interactions between the components of the hydraulic servo system

The following sections serve as a rehearsal for the modeling work done by Schothorst regarding the hydraulic
servo-system and treat each of the components as indicated by figure 2.1. For a more detailed explanation of
each of the components the reader is referred to the work by Schothorst. [39] Some adaptations have been
made to the model as well by Y. Huang [17]

2.1.1. Electro-hydraulic servo-valve

The SRS makes use of a three-stage electro-hydraulic servo-valve to control the pressure in the hydraulic
actuator. The three-stage valve consists of a typical two-stage valve which is used to drive a third stage. An
electro-magnetic torque motor is used to move an armature which is rigidly connected to the flapper. This
flapper in turn moves closer to either one of the nozzles, allowing the flow to decrease through this nozzle
and increase for the other nozzle. The difference in flows through the nozzles in turn generates a pressure
difference on the spool, which will start to move accordingly. The flapper is also connected mechanically to
the second-stage spool resulting in a mechanical feedback link between the spool and flapper position. A
schematic representation of the second-stage valve is presented in figure 1.4. In this figure i, indicates the
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input current to the torque motor, P is the supply pressure, x is the flapper deflection at the nozzles, x; is
the second-stage spool position, and P,,; and P, are the second-stage output pressures.

L

Xf

oo | e
Xs

Figure 2.2: Schematic representation of the hydraulic servo-valve components and interactions

For the SRS a three-stage servo-valve is used which means that the two-stage servo-valve is extended by an-
other stage which adds another power amplification to the system. The last stage has another spool which is
referred to as the main spool which is driven by the hydraulic outlets of the previous stage. The movement of
the main spool will change the outlet pressures of the third stage to the transmission lines which can be used
to drive a hydraulic actuator. The third stage is presented schematically in figure 2.3. In this figure the main
spool position is indicated by x,,, and Pp; and Py are the output pressures of the third stage.

me l T PmZ

% S B

Figure 2.3: The third stage of the electro-hydraulic servo-valve presented in a schematic fashion

In order to obtain an accurate model of the servo valve an analytical model as proposed by Schothorst is used.
The overview of the model components and interactions is shown in figure 2.4 In this thesis the Coulomb
friction on the spools will not be modeled as Schothorst found that this has a negligible effect on the valve
dynamics. [39] Each of the blocks which are modeled are explained in more detail in this section by means of
elaboration on the mathematical formulation of each component.
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Figure 2.4: An overview of the components and interactions for the two-stage servo-valve model [39]

Non-linear torque motor

The servo-valve is controlling the flow through positioning the flapper closer to either one of the nozzles. The
flapper is driven by an electro-magnetic torque motor that allows for positioning the flapper closer to either
side. The current to the torque motor is linearly related to the control input as shown by equation 2.1. In this
equation i, is the input current to the motor, K., is the current amplifier gain, and u is the control input.

ica=Kequ 2.1)

The current caused by an input will in turn cause the electro-magnetic motor to generate a torque. The
relation between the input current and the generated torque by the motor T; can be described by equation
2.2 (28] [42], where g is the magnetic permeability of air, Ag is the gap normal in the magnetic flux direction,
My the magnetomotive force, N the number of windings of the coil, /, it the armature length, x; is the flapper
deflection distance at the tip, and g the gap distance of the armature in neutral position.

T, = ,U(]Agla

t (Mo + imN)Z ~ (Mo - imN)z] 2.2)
4 8—Xg g+xg
The relation of the flapper deflection distance at the tips and at the nozzles is given by equation 2.3, which

follows from simple geometric algebra. In this equation I the flapper length.

Xg=—Xf (2.3)

It can can however be assumed that the torque is linearly dependent on the input current when the rotations
are assumed to be small for the servo-valve. [28] The linearized relation between the torque generated by the
motor and the input current is given by equation 2.4. [39] This equation will be used in simulation instead of
2.2. In this equation K; is the torque motor gain and K}, is the torque motor magnetic stiffness.
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Tt1in = Kiica+ Kpxy (2.4)

Flapper dynamics

The torque generated by the motor will drive the flapper, which is also influenced by other external torques
due to viscous friction, bending of the flapper, flow forces, and the mechanical feedback mechanism. The
relation between these influences and the flapper position is given by equation 2.5. [4] In this equation J,
represents the inertia of the flapper, B, the viscous friction coefficient of the flapper, K, the equivalent flapper
spring constant, Try the torque due to the nonlinear flow forces, Trps the torque due to the mechanical
feedback mechanism.

;—;Xf:Tt—BaXf—Kax]c+Tff—bes (2.5)
Non-linear nozzle flows

The flows through the nozzles will also influence the pressure dynamics, which in turn influences the flow
forces on the flapper. It is therefore of interest to take this effect into account. According to Schothorst the
nozzle flows ¢,; and ¢,» can be modeled using equations 2.6 and 2.7 [39]. In these equations Cy is the
discharge coefficient, D, the nozzle diameter, xry the distance between the flapper and nozzle in neutral
position, p the density of the hydraulic fluid, C, is the discharge coefficient, P,;, i = 1,2 the nozzle pressures,

and P,3 the nozzle outlet pressure.
P, —-P
b = Cann(xfo+xf)\/2% (2.6)
Pp—-P
Pn2 = CamtDn(Xg0 — Xp)y /2% (2.7)
Non-linear flow forces on flapper

The flows through the nozzles together with the pressure dynamics exert forces on the flapper resulting in
a corresponding torque. According to Schothorst [39] the torque on the flapper due to the non-linear flow
forces can be modeled by equation 2.8.

2

1 6C; 2 y
+_D?1 (xf0+xf)

Ca
Dj,

(Pn1 — Ppa) +

TffZ%D%llf( (Pn1+Pn2_2Pn3)) (2.8)
Pressure dynamics

The flapper-nozzle system will control the second stage by means of changing the flows through the nozzles
through displacing the flapper. The dynamics of the pressure in the second stage that the flapper-nozzle
system is controlling can be described using equations 2.9 and 2.10 which follow from the mass balances of
the valve chambers. [25] In these equations ¢g; and ¢, are the flows through the inlet restrictions, E is the
oil bulk modulus, A the spool side area, A3 the orifice area.

2XpoXf

R E X
Py = — (o1 — Pn1 + AsXs) (2.9
an
R E X
Py = — (o2 — P2 — AsXs) (2.10)
VnZ
E

Py = —
" Vn3

Pn3 _Pt
Gn1+Pn2— CdAnSHZT) (2.11)

The flows through the inlet restrictions can be described by equations 2.12 and 2.13. [39] In these equations
Ay represents the inlet restriction orifice area.

[ P.—P
$o1 = CqApy [2———— 5 n 2.12)

Ps_PnZ

$o2 = CqApy /2 (2.13)
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Spool dynamics

The dynamics of the spool can be described by the equation of motion of the spool as presented in equation
2.14 [25], where M is the mass of the spool, w; the viscous friction coefficient, fbs the feedback spring length,
F_ the force due to Coulomb friction, and F,, the axial flow force.

Trps

M35 = As(Ppo — Pp1) — wsXs — m -
S

ch_Fax (2.14)
Mechanical Feedback

In order to generate a feedback link between the flapper and valve-spool position a spring like connection
between the two is established. This connection will therefore create a controlling torque acting on both
the spool and flapper. The effect of this feedback on the spool can be modeled using equation 2.15. In this
equation Ky, is the feedback spring constant.

M (2.15)
Iy )

Trps = Kfps Xf+ X

Ifball clearance is present equation 2.16 is used to determine whether the torque is equal to zero or calculated
using equation 2.15 where c}, is the ball clearance.

lf+lfhs

lf )Xf+szCh (2.16)

—Cp < (
Non-linear spool port flows
The flows that exit the two-stage servo-valve to the third stage are influenced by the return pressure, supply
pressure, pressures from the previous stage, and the leakage flows. These flows ¢,,,; and ¢ ;2 from the second
stage to the third and vice-versa can be modeled using equations 2.17 and 2.18. [39] [28] [40] In this equation
¢1.51 and ¢ 5 are the second stage leakage spool port flows, and Ay, Az, Ags and Ay are the second stage
spool port opening areas.

P,—Po P, —P

$m =CaAsy | 2% - CdAsZ\ / ZmTt +drs1— 152 (2.17)
| Ppo—P | Ps—Pppo

(I’mZ:CdAsS ZmTt_CdAM 2%+¢l,s3_¢l,s4 (2.18)

The spool port opening areas are modelled using equations 2.19 and 2.20,where h, is second stage spool port
opening width, dg; is the port underlap for port i of the second stage, and c,; is the radial clearance of the
second stage spool and the bushing.

Asi:{hs\/ (xs"'dsi)z"'C%s Xs = —ds; i=1,3 (2.19)

0

Xs < _dsi

Agi = {hs\/ (dsi — x5)> + 2y Xs<ds i=24

0

Xg > dsi

(2.20)

In order to obtain the leakage flows the quadratic equations presented in 2.21 have to be solved. [39] These
equations model both a laminar and turbulent part of the leakage flow and 1 represents the dynamic viscosity
of oil. The axial force from the third stage on the second stage can be calculated using equation 2.22.

12n(xs+ds1)
i 2(/)2 — ﬂ(,bl,sl =P;—Pp1, xs<-—-dg

2Cqh2ct, 711 hsc3,
p 2 127)(x5—ds2)
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2th§c$5¢l,82 + > ?“C?.Sd )¢l,52 Pmi—Py, xs> dg
14 2 _ lanixstdss — _ —
acam2d, Plss e )9”1,53 Pma = Pr, Xs<—ds 2.21)
P 2 NXs—dsq _ _
20 H2 2, (p1,54 + B3, Gisa =Ps—Pma, Xs> ds
Pi,si =0, Xs = —ds;
b si =0, Xs < dgi

Fax =2c0s(0)CylAs1 (Ps — Pp1) — As2(Pm1 — Pp) + As3(Pi2 — Pt) — Asa(Ps — Piyp2)] (2.22)
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Third stage

The previous stage can be used to control a third stage which is also the case for the SRS. Modeling the third
stage is very alike to modeling the second stage. In the third stage the pressure dynamics can be neglected due
to the fact that the operating frequency of the spool is much smaller than the natural frequency. Neglecting
the pressure dynamics implies that the spool dynamics are related to the other model variables as depicted
by equations 2.23 and , which represent the mass and force balance in the main spool chambers respectively.
[39] In these equations A,, is the main spool side area.

Om1 = Pmz2 = ApXm (2.23)

Am(Pm1 — Pm2) =0— Py = Py (2.24)

The spool of the third stage, which we will call the main spool from now on, is driven by the previous stage.
The position of this main spool is measured electronically and fed back such that it can be used as feedback
signal in the control loop. The control law used for the SRS is depicted by equation 2.25, where K}, and Ky,
are the proportional and differential feedback gains, i the normalized input signal, X;, the normalized main
spool position, and i, the resulting normalized current.

ica=Kpm (@— 1+ KgmS)Xm) (2.25)

The flows between the hydraulic actuator and the third stage are modeled in a similar fashion as the flows
between the second and third stage and are presented by equations 2.26 and 2.27. In these equations ¢y ,;
represents the third stage leakage flow and A,,; is the main spool port opening area for port i.

Ps_Ppl Ppl _Pt

¢p1=CaAm ZT —CaAm2 ZT +d1m1— Pime (2.26)
P g—Pt P;-P 2

$p1 = CaAms) /ZPT ~ CaAma\ /2% + P1,m3 — Pr,ma (2.27)

In which the main spool port opening areas are modelled using equations 2.28 and 2.29, where h,, is main
spool port opening width, d,;; is the port underlap for porti, ¢, is the radial clearance of the main spool and
the bushing.

)2 2 _ .
Apmi = hm\/(xm +dmi)*+ i Xm=—dmi i=1,3 (2.28)
0 Xm < —dmi
. 2 2 .
Api = R \/(dmt Xm)*+Crm Xm < dmi i=24 (2.29)
0 Xm > dmi

The leakage flows in the third stage are modeled similarly to the approach for the second stage. The equations
used to determine the leakage flows are given by the equations in 2.30.

p 2 _ 12nxm+dm1) _ _ _
20 12,2, (Pl,ml Fom oy bm1 =Ps—Pp1, Xm<-dm
0 2 120(Xm—dm2) _ _
2th%n03m (pl,mz + hmcgm (Pl,mz - Ppl Ptr Xm > dmz
o 2 121 (Xm+dm3) _
. - L = _ <_
2C h%,c2, (’bl,mB N ](/‘nlcfrgz )(Pl,m?) Pp2 Py, xm dm3 (2.30)
P 2 N Xm—Ama _ _
2C 1%, (’bl,m4 + T Coy Grms =Ps—Ppa, Xm> dpmu
b1,mi =0, Xm = —dmi
Pi1,mi =0, Xm < dmi

2.1.2. Simulation of the servo-valve models

Schothorst also performed system identification from which he obtained the coefficients for a simplified and
reduced fourth order three-stage model. For a more detailed explanation of this the reader is referred to
his work. [39] The model for the first two stages is presented by the equations in 2.31 and corresponding
coefficient values given by tabular 2.1.
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—C1 —C2 C3 Cq ff ] —C9
ff _ 1 0 0 0 ff 0 .
5171 o 1 P A I A 2.31)
AP, 0 —c7 1 —cg] |AP,] 0

C1 4.29e3 Cs 1.00e4
Co 2.96e7 c7 9.93e-1
C3 2.30el0 | cg 4.40e3
Cy 1.13ell | ¢9 2.68el10
Cs 1.00e2 C10 1.27e2
Kym 8.00 Kgm  4.90e-4

Table 2.1: Identified coefficient values for the reduced flapper nozzle model as identified by Schothorst [39]

Besides the coefficients for the first two stages, Schothorst also identified the coefficient to model the inter-
action between the flapper-nozzle and the third stage. The structure used by Schothorst for identification is
given by figure 2.5. In this figure f represents the function for the nonlinearities present in the system, cjg is
an identified coefficient, ,%; is the normalized second-stage spool position and ¢, is the normalized flow to
the main spool stage.

lca Second-stage Xs ¢ bm c Xm 1/s Xm
Valve-dynamics 1 10

o]
"yt

1+ Kgm S

Figure 2.5: The structure used for the identification of the flapper-nozzle model and third stage parameters [39]

In order to simulate the analytical model values are needed for the parameters used by the model. Schothorst
has determined and identified these parameters for the servo-valve of the SRS [39], which are presented in
table 2.2 for convenience.

The responses of both the analytical model as well as the identified fourth order model to a step response
of 0.1 are shown in figure 2.6. As can be observed there is a difference between both models and according
to Schothorst the identified model is also the model that most accurately represents the servo-valve. Both
models are used to check stability, but the identified model will be used as the main model for the simulations.

0.14 T
—— Analytical model
012+ ——5™ order model

0.1~ e ee— - =
0.08- .

0.06 - / *

Ty [-]

0.04 - ' .
0.02- -

07/,, |

-0.02 : ‘ ‘
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Time [s]

Figure 2.6: Responses of the analytical and 5 " order model to an step input of 0.1 at t=0
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crm = 1601076  [m] B, = 2501072 [Nms/m]
crs = 1951076 [m] Cy = 0.60 -]

dm = 800107% [m] D, = 6.00107* [m]

dmp = 8.00107% [m] E = 1.0010° [N/m?
dps = 8.00107% [m] Ja = 1.001077 [kgm?]
dma = 800107% [m] K, = 33410° [Nm/m]
dqg = 3901076 [m] K = 3.2610° [Nm/m]
do = 390107% [m] Kfps = 120 [N m/m]
ds = 390107% [m] K; = 0.783 [N m/m]
dg = 390107% [m] K = 6001073  [A/V]

g = 400107 [m] Kps = 625107 [V/m]
hm = 4.00107% [m] Kym = 250 (-]

hy = 4.00107% [m] My = 1.0010° [4]

la = 1.001072 [m] M; = 1401072 [kg]

Iy = 1001072 [m] N = 600 (-]

leps = 2001072 [m] P = 14010° [N/m?
ws = 20 [m] P; = 0.00 [N/m?]
Xfo = 629107 [Ns/m] Vi = 4101077 [m3]

Ay = 1261077 [m?] Ve = 4101077  [mf]

Ag = 166107 [m?] Vis = 2501077 [m?]

An = 3141072 [m?] n = 2501077 [kg/ms]
Az = 4101077  [m?] Lo = 471077  [Vs/Am]
A = 495107° [m?] ) = 850 lkg/m3

Table 2.2: Parameters used for the simulation of the electro-hydraulic servo-valve of the SRS as identified by Schothorst [39]

2.1.3. Transmission lines

Huang [16] has modelled the transmission lines for the SRS, who adopted the approaches as first proposed by
Yang et al. [43] Huang found that only the first resonance mode around 200 Hz was relevant for the SRS and
therefore modelled the transmission lines as two-second order systems. The second order system to be used
for simulation is presented in equation 2.32 with dissipation number D, ¢ line impedance constant 7, and
undamped natural frequencies of node i A.; given by equations 2.33, 2.34 and 2.35 respectively. In the model
L is the line length, rj, is the cross-section radius, Ay is the cross-section area, v;, is the kinematic viscosity,
po is the oil density, and ¢ is the speed of sound in oil. The implementation of the model by Huang [16] will
be used in simulation.

R _(_1)i+] 27
Ppi _ O.H =1 ZOACi Ppi,i 0 _D_not Ppo
=] it 8p ]2 0 , (2.32)
(Ppo _T - (ppo,t W (Ppl
Lviin C n(i—0.5
Dyt= > (2.33) Zo= b (2.34) Aei = ¥ (2.35)
COrh A() Dnl'

The values used for the simulation of the transmission lines for the SRS as found by Huang are presented in
table 2.3. The first eigenmode is relevant according to the analysis by Huang and therefore i=1 is chosen for
the simulations.



2.1. Modelling the servo-system 45

L = 1.60107°% [m] po = 2501072 [kg/m®
™ = 195107% [m] co = 0.60 -]

Ay = 8.0010°% [m? i =1 [-]

Viin = 8.00107%  [m?/s]

Table 2.3: Parameters to be used for simulations of the SRS transmission lines

2.1.4. Hydraulic actuator

The servo-valve is driving the hydraulic actuator which is presented schematically by figure 2.7, where q is the
leg extension from the neutral position, ¢, and ¢ are the flows from the transmission lines to the hydraulic
actuator, ¢p;; and ¢, are the leakage flows for the first and second chamber respectively, V; and V; are the
volumes in the first and second chamber, P; and P; are first and second actuator chamber pressures, and A,
the piston area. This figure is not an accurate representation of a double-concentric hydraulic actuator, but
serves as clarification.

Pp1 l T Pp2
. Pp‘] PpZ .

Qi1 V \V

Ap

Figure 2.7: A hydraulic actuator representation attached to a mass M

According to Schothorst [39] the pressure dynamics of the chambers can be described by equations 2.36 and
2.37, where the velocity of the piston ¢ follows from the dynamics of the system and the chamber flows ¢ ;1
and ¢ follow from the interaction of the system with the servo-valve and transmission lines.

. E .
Pp1 = Vm+—qu(¢01 —dn—Ap9) (2.36)
Ppo = Vm_—qu(lez — o2+ Apq) (2.37)

According to Schothorst the leakage flows ¢;; and ¢;5 can be calculated using equations 2.38 and 2.39 for a
double-concentric hydraulic actuator.

b1 =¢pa (2.38)

¢ =—¢Prp2+ 3 (2.39)

In these equations ¢, j,; represents the leakage flow for bearing i. The Leakages for each bearing can be cal-
culated using equations 2.40, 2.41, 2.42 and 2.43, where LPj,; represents the leakage parameter for bearing i
that has been identified by Schothorst. [39]

¢161 =LPp1(Ps—Pr)+App1g (2.40)

G162 = LPpp(Ps = Pp2l) — Ap p2g (2.41)
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G103 = LPp3(Pp2 — Py) + Ap p3q (2.42)

1,04 = LPps(Pp1 — Pr) = Ap pag (2.43)
2.1.5. Simplified hydraulic actuator model

The aforementioned equations together will be used to model the hydraulic actuator in simulation. When
some additional assumptions are made and a change of coordinates is applied a simpler model can also be
obtained. The small term due to the flow derivatives is dropped as well as the term including the oil stiffness
derivative which is assumed to be zero at the mid position and can therefore be dropped after the change
of coordinates. The simplified mathematical representation can be observed in equation 2.44. For a more
detailed derivation the reader is referred to the work by Koekebakker. [22] The new equation provides a more
simplified model of the actuator, but is far more compact and suitable for control purposes.

P =2Cp(q)(n\/1£PpIPsu—LiyPL— Apq) (2.44)

In this simplified equation P; is the actuator pressure difference that is equal to the difference between the
first and second actuator chamber pressures such that P; = Ppl - Ppg, Ly, is the main leakage parameter, ¢,
is the maximum valve flow, and C,, the position dependent oil stiffness to be calculated using equation 2.45,
where V;, is the volume of the chamber when the actuator is in the middle position.

1( E E
Cm==

+ (2.45)
2\Vim+Apq Viy—Apq

2.1.6. Simulation of the hydraulic actuator models

To exemplify that there are some differences between the simplified and full model of the hydraulic actuator
a simulation is executed where a sinusoidal input to the hydraulic actuator model is given for both models.
For the simulation a mass of 1500 kg is attached to the actuator and gravity is neglected. The results of the
simulation can be found in figure 2.8. The parameters that were used for the full and simplified hydraulic
actuator models for the simulations can be found in tables 2.4, 2.5 and 2.6 respectively.

%107

107

Simplified Model
Full Model

6 8 10
Time [s|

(a) The pressure output of the hydraulic actuator models

0.02

0.015

0.01

-0.005 |

-0.01

-0.015¢

Full Model

Simplified Model

Time s

(b) The pressure output of the hydraulic actuator models

10

Figure 2.8: Responses of the hydraulic actuator models to a sinusoidal input with a frequency of 0.25 Hz and an amplitude of 0.01

Symbol | Value Symbol | Value

1P, | 7.80E-13 App1 | 5.00E-6
LPy, | 7.80E-13 Apps | 5.00E-6
LPy; | 8.00E-13 Apps | 6.30E-6
LPy, | 1.35E-12 Apps | 3.80E-6

Table 2.4: Leakage parameters for bearing 1-4

Table 2.5: Virtual piston areas for bearing 1-4
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Symbol | Description Value

bn maximum valve flow 2.6E-3

Lim main leakage parameter 3.8187E-12
Ap piston area 2.5E-3

Py supply pressure 1.6E7

p; return pressure 0

E oil stiffness 1E9

Vin actuator volume at middle position | 1.9725E-3

Table 2.6: Parameters used for the hydraulic actuator models

From both models it can be seen that the hydraulic actuator is indeed a velocity generator as the sinusoidal
input to the actuator results in a sinusoidal output in the velocity of equal phase and a magnitude that lies
in the same order of magnitude. The simplified hydraulic model does however create a different response
which should be taken into account. For this reason the full model will be used for simulation purposes and
the simplified model only for control.

2.2. Modelling the Stewart platform

The dynamics of the Stewart platform are modeled as a platform that can be moved by means of six linear
actuators. Y. Huang has applied the Newton-Euler approach to obtain the closed form equations for the plat-
form of the SRS. [17] Huang has chosen this approach as it allows for calculating forward as well as backward
dynamics which will be needed for the modeling the platform as well as controlling it. His model will also
be used for simulation of the dynamics and control of the Stewart-platform of the SRS and is recapitulated
below.

In order to define the position, speed and acceleration of the platform two reference frames are used of
which the first is the body frame E, which in this case is attached to the moving platform and secondly the
inertial frame Ej; of which the origin lies at the static base. The position of the platform and the velocity of
the platform are defined by z = [c¢”, 717 and § = [¢7,w]7 respectively, with w), the angular velocity of the

P
moving platform. The derived dynamic equations for the SRS platform are given by 2.46. [8]

M(z) § + f(x,z) = HF (2.46)

where M and 7 are given by equations 2.47 and 2.48 respectively.

ME; -MR 1 Q  -Q, ]
M- Ay ~Qiag; 2.47
MR 1,+M(R?E;-RR") n; 9.Qi -9,Qiq; (247
_[  MiwyxwyxR-g - [ Vi (2.48)
wp x1p+ MR x {@p R wp—gl| " & |q,xV; '

In these equations Q and V contain inertial and dynamic properties for the specific system in matrix format.
The vector containing the six actuator forces is given by F and is shown in equation 2.49. H is the vector
containing the column input-output transformations, which is presented in equation 2.50

F=[F1 F2 F3 F4 F5 F6| (2.49)

H=[1] x1)7]" (2.50)

The above equations can be used to represent the dynamics for the SRS, which are needed for both the sim-
ulation as well as the control of the system. This preliminary thesis focuses mainly on the inner loop control
and therefore the reader is referred to other works for a more complete explanation and derivation of these
closed form equations of motion for the Stewart platform. [8] [17]






General control strategy

When an input is given to the electro-hydraulic servo-valve it will move the flapper in the servo-valve result-
ing in a change in the flow, the resulting flow will in turn generate a pressure difference across the hydraulic
actuator. The pressure difference across the hydraulic actuator will then cause a force on the platform. Each
of the six hydraulic legs can be given an input and in turn exert a force on the platform allowing it to move.
In order to control these inputs to let the platform follow a desired trajectory a control algorithm is needed
that tries to minimize the error between the desired trajectory, called the reference, and the measured tra-
jectory. The reference trajectory to be tracked will contain the position, velocity, and acceleration at each
time instance. Using inverse kinematics the trajectory can be converted to actuator extensions and velocities
of each of the legs. The dynamics present in the SRS are highly nonlinear due to the dynamics of both the
Stewart platform and the hydraulic servo-systems and therefore a controller is needed that can handle these
nonlinearities whilst tracking the desired actuator extensions and velocities. Several control algorithms exist
with the goal of minimizing the control error, while being able to handle these nonlinearities. This chapter
will treat some of these algorithms and give a more detailed elaboration on the control strategy used for the
SRS.

3.1. Position servo control

In hydraulic control three common tracking tasks can be identified which are position, velocity and force
control. For the SRS the tracking task is of the positioning type as the goal is to accurately position the plat-
form at each time instance. In position servo control the extension of each leg is measured and compared to
the desired extension so that a corresponding error can be obtained which is then used by the controller to
determine the input to be sent to the servo-valve. In this type of control it is often assumed that the dynamics
are slow such that transient terms can be neglected. Due to the dynamics of the resulting transient system it
can therefore be controlled with a controller with proportional and integral action. [27]

When pressure measurements are available it is beneficial to use the pressure difference as feedback for the
controller as well for damping purposes. [40] If a feedforward term of the pressure is also available it can be
used together with the pressure measurement signal in the pressure feedback loop to obtain better input-
output performance especially in the high-frequency region. [39] The block diagram of such a system is
schematically presented in figure 3.1, where g4 and g, are the desired and measured actuator extension, u;,
is the reference input to the servo-valve of the hydraulic actuator, and Pfy and Pr, are the feedforward and
measured pressure difference.

49
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Figure 3.1: Block diagram of a position servo controller with pressure difference feedback and feedforward compensation

Schothorst did however identify some limitations of such a control strategy which is that the bandwidth of
such a controller is limited to the natural frequency of the open loop system if no pressure difference feed-
back is used. A feedforward pressure difference term is also needed to improve the performance in the high-
frequency region, but it severely degrades the performance in the low-frequency region. This degradation is
due to the introduction of a pair of complex zeros that vary with the loading conditions. [39] Therefore, for a
position servo controller trade-offs need to be made.

3.2. State feedback control

A way to reduce the amount of sensitivity of the controller to loading conditions is by means of full state
feedback such that the poles of the closed loop system can be placed at desirable locations. Full state feedback
can be achieved by adding velocity feedback to the position servo controller. Therefore the desired pressure
gdaq and measured pressure ¢, are added to the controller such that the error between them can also be fed
back. With the inclusion of this feedback damping of the complex pairs is achieved and the low-frequency
performance is not severely degraded anymore by adding pressure difference feed forward compensation
[39]. A schematic representation of the full state feedback controller is given by figure 3.2.

Ga +
" Kq
9 + T Hydraul — 4
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Figure 3.2: Block diagram of a full state feedback controller with pressure difference feedback and feedforward compensation

Even though this controller shows increased performance when compared to the position servo controller it
still has some downsides that should be mentioned. One of which is that the frequency response has been
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improved, but the bandwidth of the controller is still limited. The load dependence of the closed loop system
in terms of pole locations has not yet been eliminated and therefore the performance of the controller still
varies with the loading conditions. [39]

3.3. Cascade AP Control

In order to completely remove the load dependence of the controller a different control structure can be
used which is called Cascade AP Control. The method was first introduced by Sepheri et al. [33] and was
then further advanced and realized by Heintze et al. [15] This control strategy splits up the control problem
into two smaller problems. First a loop is designed around the hydraulic actuator using pressure feedback
such that a force reference can be supplied to the closed loop system. The hydraulic actuator therefore has
been changed from a velocity generator to a force generator by means of this loop. Around this loop it is now
possible to design another closed loop controller that controls the motion by providing force references to the
inner loop controller. This controller is a model-based feedforward controller that is widely applied [1]. The
outer-loop controller makes use of a feedforward force signal Fyy, which in this case is calculated using the
trajectory and the inverse dynamics of the Stewart platform. Therefore model information is used to obtain
this feedforward term. The desired actuator length g,; and velocity g, are calculated using the trajectory
and the inverse kinematics of the hexapod. Using the feedforward force and differences between the desired
and measured actuator leg extensions g4 and velocities g, the reference force Fy.f The control strategy is
presented in the structure for the SRS by means of a block diagram in figure 3.3.

It should be noted that in this diagram the inverse kinematics and dynamics, needed to calculate the desired
actuator velocities and extensions, and feedforward forces respectively, are also included as opposed to fig-
ures 3.1 and 3.2. They are included due to the fact that this is also the control strategy that is currently being
used for the SRS and the diagram therefore provides a more thorough overview of the current controller.

Outer-loop controller

Inner-loop controller

24, 54, 84

Inverse
dynamics

Inverse -
kinematics

Hydraulic
Servo-system

Figure 3.3: A cascaded control structure with inner loop force control and outer loop motion control

L A 1
K= —m 3.1) Ky=-2 32 Ky=——  (33)
¢n bn VI£P[/Ps

The Cascade AP controller for the SRS was first designed by Schothorst for the single hydraulic actuator case.
[39] Koekebakker then took this design and implemented it for the whole simulator. [22] It is now also still
the controller used during nominal operation.

In order to calculate the feedforward term inverse dynamics of the Stewart-platform are used and some of
the gains are calculated based on model information as shown by equations 3.1, 3.2 and 3.3, where L;,, is
the main leakage parameter, ¢, is the maximum valve flow, A, is the piston area, and Py is the supply pres-
sure. The other gains are to be tuned. Some of the gains as well as the inverse dynamics are therefore based
on model information and therefore the controller is sensitive to model mismatches and disturbances. It
would therefore be desirable to have a controller that is less sensitive to these uncertainties and still able to
accurately track the references. Such a controller is available and will be discussed in the next section.
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3.4. Generalized cascaded structure with INDI

The strategy of splitting up the control problem into two separate problems to deal with the load dependence
can also be adopted for different inner and outer loop controllers as the ones depicted in figure 3.3. If this
dual strategy is generalized the structure can be represented as figure 3.4.

Outer-loop controller

Inner-loop controller

- Hydraulic
2,88 . Outer-loop Fref N Inner-loop u | v F | Platform
servo-system .
controller controller 3 dynamics
dynamics
T P
a9

Figure 3.4: A generalized hydraulic cascaded control structure

This structure was also used by Huang for the SRS, who used a cascaded structure with both an inner and
outer loop Incremental Nonlinear Dynamic Inversion (INDI) controller. [16] The advantage of INDI con-
trollers is that they use less model information and are therefore more robust against model uncertainty. The
controllers have also shown to be more accurate in terms of tracking performance. [16] These controllers
together with the currently implemented cascade AP controller will therefore be used as a basis in this thesis.
In the next chapters INDI in general and the specific controllers for the SRS will be discussed in more detail.



Inner loop INDI controller

The current CdP controller makes significant use of model information to determine the inner loop con-
troller gains. It would be beneficial to have a controller that is less dependent on model parameters, making
itis more robust against uncertainties in these parameters. For this reason Huang has investigated and imple-
mented a novel Incremental Nonlinear Dynamic Inversion (INDI) controller as inner loop controller for the
SRS [18]. This chapter will discuss the general principle of this INDI controller and adaptations done to the
filter and control gains to increase both the stability and performance of it. At the end the topic of sensitivity
to model mismatches and sensor delays of the controller is treated.

4.1. Incremental Nonlinear Dynamic Inversion
The principle of INDI is to calculate increments to the control input instead of the whole control input at each
time instance [34]. A first order Taylor expansion is applied to the model of the system to obtain the format
to be used for the incremental structure. Due to this structure a lot of model information disappears from
the equation and is replaced by sensor information. This makes the controller less dependent on model in-
formation than other model-based controllers. The controller does however become more dependent on the
accuracy of the measurements [34]. The INDI principle has been successfully applied in practice to various
flight control applications such as Micro Air Vehicle disturbance rejection [36] and passenger aircraft control
[14]. The approach as developed by the Control & Simulation department at the TU Delft is discussed in this
section.

To demonstrate the principles of INDI the nonlinear input-affine control system as presented by equation
4.1 is considered. In this equation x is the state vector of the system, y is the output vector, f(x) and h(x) are
vector field in R” and R respectively, and G(x) is the state-dependent n x m control effectiveness matrix.

x=fx)+GX)u
y=hX)

The principle of INDI is based on a first order Taylor expansion around the system at the previous time. The
incremental properties of this expansion can then be used to calculate the new input based on the old input
and measurements. Equation 4.3 is obtained we set the output vector equal to the derivative of the state
vector and apply a first order taylor expansion to the above control affine system.

4.1

0 0
y=X=Xo+ = [f(x) + G(X) ulx,,u, (X—X0) + 3 (fx) + G(X) ulx,,u, (U—1up) (4.2)

0
y=X=X%g+ x [f(x) + G(X) u]xy,u, X—X0) + GX) (u—up) (4.3)

To simplify this equation the time-scale separation principle will be applied [7]. When the sampling rate is
high enough and the actuator dynamics are considerably faster than the general system dynamics it can be
assumed that xo = x while at the same time uy # u. Because of this assumption a term in equation 4.3 drops
and equation 4.4 is obtained

X =Xg+ G(X) (u—ug) (4.4)
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It is now possible to rewrite equation 4.4 for the control input and set the new control input to this rewritten
equation, which is called the virtual control v, equal to x resulting in equation 4.5

u=uy+G ' x (v-xg) (4.5)

The above equation shows that the control law does not depend on f(x) anymore and therefore uses less
model information. The controller is therefore more robust against uncertainties to this part of the model.
The only model information left is contained by the control effectiveness matrix G(x). It should however be
noted that an additional term xy has been added, which represents the new measurements to be included.
The performance sensitivity of the controller has therefore shifted from model to measurement accuracy [34].

4.2. Application to the inner loop

Huang [18] used the simplified expression for the hydraulic servo-system as derived by Schothorst [39] as a
basis for the INDI controller. This simplified expression is already explained in more detail in chapter 2 and
is shown again by equation 4.6 for convenience.

P =2Cm(q) (¢n\/1 + PL/Psu— Ly Py — qu) (4.6)
Pg
$n=CaAm [— (4.7)
0
Con )—1(i+ £ ) (4.8)
"= i " @ ‘

Vilg) = Vin+ Apq
Vo(q) = Vin— Apq

Equation 4.10 is obtained when the Taylor expansion and the time-scale separation principle are applied to
equation 4.6. Using the time-scale separation principle all terms are neglected that are not part of the control
effectiveness term in the expansion.

The sampling frequency that is used for the SRS is 5 kHz. The bandwidth of the servo-valve lies around 250
Hz and the specified closed loop bandwith of the controller at 15 Hz [39]. Therefore, the actuator dynamics
and sampling frequency lie at least an order of magnitude higher than the system dynamics. This is why the
time-scale separation principle can be applied and the terms drop in the Taylor expansion.

4.9)

P = Gx)(u— o) =2Cp(q)pn /1% PLIPs (1 — ug) (4.10)

The above equation is rewritten for the control input and P; is chosen as virtual control such that equation
4.11is obtained. This equation represents the basic form of the INDI control law to be used for the inner loop
controller of the SRS.

1
+
2Cm(q)pnV1£PL/Pg

In practice the control input is sent to an electro-hydraulic servo-valve which adds delay and additional ef-
fects such as saturations to the system. The commanded value to the servo-valve represents the main-spool
position to be achieved. For this reason it would be more accurate to change u to x,, due to the dynamics
present of the servo valve as presented by equation 4.12, where S represents the servo-valve dynamics. The
new differential equation describing the system is presented by equation 4.13

u=uy+Gx) " (v-Pro) = up (v—Ppy) (4.11)

Xm=Su (4.12)
Pr=2Cm(q) (¢n\/1 + PL/PsXm— LimPL —qu) 4.13)

When a Taylor expansion is applied to equation 4.13 and the equation is presented in the time domain it can
be represented as equation 4.14. Equation 4.15 is obtained when 4.12 is inserted in equation 4.14 and then
rewritten. This equation if then transformed to the Laplace domain such that equation 4.16 is obtained. This
can be simplified to 4.17 through dividing by equal terms on both sides.
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Pr(t) = Pr(t— A + G(x) (X (1) — Xy (£ — AD)) (4.14)
Pr(0) = Pr(t— A1) = +G(x) S(u(t) — u(t — At)) (4.15)
1-e 25 Pr(s) = Gx)SA — e 215U (s) (4.16)
Pr(s)=Gx)SU(s) (4.17)

Equation 4.18 is obtained when equation 4.11 is rewritten in the time-domain. After conversion from the
time-domain to the Laplace domain equation 4.19 can be obtained, which can be rewritten to equation 4.20

u(® —u(t—At) =Gx) v -Pr(t— A1) (4.18)

(1-e25U(s) = Gx) T (V(s)— e 2Py (4.19)

- V(s)—e 5Py

U(s) =G(x | oAt

(4.20)

Insertion of equation 4.20 in 4.17 results in equation 4.21. This can be rewritten to 4.23, which represents the
dynamics in the Laplace domain between the input from the valve V(s) and the pressure difference derivative
Pr.

SV(s)—Se 2sp;

PLo) = —— 7% (4.21)
(1—e 25+ 85725 Py(5) =SV (s) (4.22)
Pr(s) = ey (4.23)

From equation 4.23 it can be found that the servo-valve dynamics S show up in the numerator. In the de-
nominator the valve dynamics allow the term —e=2% + Se2 to be present which would disappear when
the valve dynamics would not be present. The extra term in the denominator introduces phase delay in the
system that has a negative impact on the phase margin. If we approximate S with the 5" order valve model
and set At equal to 0.0002 we can represent the transfer function in the complex plane as shown by figure
5.2. In this figure it can be seen that a pole is present in the Right Half Plane (RHP) that could lead to unstable
behavior.
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Figure 4.1: Pole-zero plot of equation 4.23 with S as the 5¢ h order servo valve model and At equal to 0.0002. The time delays are
approximated using the pade approximation method [11]
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In order to get rid of this RHP pole the servo-valve dynamics are added to the incremental feedback signal of
the INDI controller. By adding the servo-valve dynamics to this signal the two delay terms in the denominator
cancel. This results in a transfer function that only has the servo-valve dynamics term. The presence of the
servo-valve dynamics is to be expected as they are not taken into account by the dynamic inversion. The
resulting transfer function is shown by equation 4.24.

Pi(s)=SV(s) (4.24)

In practice the measurement of x,, should be used instead of the previous commanded value, such that the
servo-valve dynamics are taken into account for the signal. The resulting system is shown in block diagram
format in figure 4.2. In the figure the electro-hydraulic servo-valve as well as the hydraulic actuator are in-
cluded. The block Z~! represents an unit delay in the discrete time domain and the block % the discrete
time derivative.

Plys 4 Kp v+ ) Su + u Electro-Hydraulic | *m Hydraulic Pr
“Tp, ¥, + Servo-Valve Actuator
L 71
Z-1
4 A

Figure 4.2: Block diagram of the inner loop INDI controller using x;; as the incremental feedback

4.3. Filter design

Schothorst found that for the SRS unstable interactions between the transmission lines and servo-valve dy-
namics are present. These interactions can result in resonation at the natural frequency of the transmission
lines [39]. It is therefore possible that an oscillation presents itself during operating with a frequency around
200 Hz and amplitude that increases with time.

Both Schothorst and Huang have found these oscillations to be present during experiments with their
controllers. Schothorst dealt with this issue by implementing a dynamic feedback compensator that creates
phase lead as well as gain attenuation in the critical frequency region and delays the feedback signal to move
these frequencies away from their unstable region. The filter design includes three filters C1, C2, and C3
placed at the feedback signal, input signal, and reference signal respectively.

Huang slightly adapted these filters such that they better fit the INDI controller by splitting up the C1
filters in two new filters C6 and C5 which are placed on the pressure change derivative feedback and pressure
change feedback signals respectively. Due to the fact that the inner feedback signal, which in this case is the
pressure difference derivative feedback signal, needs to be synchronized with the incremental loop the C5
filter is also applied this loop [16]. The need for synchronization will be treated in more detail in the next
section. The C4 filter constitutes the C5 filter with an additional derivative term. The discrete time derivative
block can be omitted due to this additional term. The filter design by Huang will be taken as basis. The
block scheme representation of the inner loop controller with additional filters is shown in figure 4.3, with
corresponding transfer functions given by the equations presented by 4.25.

P, o ‘ o Vo o |t \ o | [ Electro-Hydraulic }7""4.{ Hydraulic }» R
"X, X5, ¥ ‘ ‘ ‘ Servo-Valve Actuator
Cs z71
Cy
L]
Ce
L

Figure 4.3: Block diagram of the inner loop INDI controller including the filter design
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1 2,202
Cy = 1 Co = 1 Cs = 22002 ° * w0 S +1 1
=TI 2,203 =1 1 = T 2. 202 T 2. 206
sz St aars st Zr100 S+1 2nao0Z S T 2ra00S 1 Grisez ST nts0 S (4.25)
Cy= (2735)% s Cs = (2n35)? Cs = (2750)?

~ 52+20.3(2735)+(2n35)%’ ~ 52+2 0.3(2735)+(27135)%’ T $2+2 0.3(27150)+(2750)2

4.4. Synchronization of the INDI loops
The simple control structure of the inner part of the INDI controller presented in figure 4.4 will be used to
demonstrate the need for synchronization of the incremental loop and the inner feedback loop. In this struc-

ture a filter A is placed on the inner feedback loop of the controller and B on the incremental loop of the
controller.

v oo+ Su + u Xm Hydraulic 12
——O— Gl —* s » Y 8
“Tp, + Actuator
A l—  Als e
B — mALs e

Figure 4.4: Block diagram of the linearization loop of the inner loop INDI controller including delays and filters on the incremental and
feedback signals

Considering the inner linearization loop with the aforementioned delays and filters it is possible to represent
the input signal to the servo-valve as equation 4.26. In this equation A and At represent the filter an delay for
the incremental loop. B an A#, represent the filter an delay for the feedback loop. Equation 4.29 is obtained
when the equation is transformed to the Laplace domain and manipulated.

u(®) = u(t-At)SA+Gx) '(v—PL(t—At) B) (4.26)
w) —u(t—At)SA=Gx) '(v—Pr(t—AD) B) (4.27)
(1-e 258 AU(s) = Gx) H(V(s)— e 225BP)) (4.28)

V(s)—e A2SBP
G(x)_l (s) L
1-e D055 A
Equation 4.29 is inserted into equation 4.17 such that equation 4.30 is obtained. This can be manipulated to

equation 4.32. This equation represents the transfer function between the virtual input V(S) and the pressure
difference Py (s).

U(s) = (4.29)

b - SV - Se A2SBP;

L 1-e 0SS A (4-30)

(1-SAe 1S A+ SBe 22%P;(s)=SV(s) (4.31)
) S

Pr(s) = V(s) 4.32)

1- SAe Atis L SBe~Ans

At and Af, can be assumed to be equal when the delays in both measurement signals are equal. Using this
assumption equation 4.33 is obtained.

. S
P9 = T—soan =g W (4.33)
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Equation 4.33 shows that the term in the denominator would disappear only if the filters A and B are equal. If
the filters are equal only the valve dynamics S remain. For now it is assumed that the delays are not present.
It is also assumed that filter A and servo-valve dynamics S are equal to 1, resulting in equation 4.34.

. 1
Pr(s) = 3 V(s) (4.39)

Equation 4.34 shows that for any value of B that is not equal to 1 the input and output would not directly
relate. This shows that the performance degrades when the filters in both loops are not equal.

It was assumed that there was no delay for the two signals. The delays can however cause poles to show up
in the Right Half Plane (RHP). This assumption is removed again to demonstrate the possibility for existence
of these RHP poles. It is assumed that there is no delay in the incremental signal, but there is a delay in the
feedback signal of the inner INDI feedback loop. It is also assumed that filters A and B and the servo-valve
dynamics S are not present. Using these assumptions equation 4.35 is obtained from 4.32.

. 1
Pr(s) = mV(S) (4.35)

This equation proves that the output does not directly relate to the input when a delay A# is present and
no delay At;. The closed loop system tracking performance is therefore less for the system with this delay.
With the Padé approximation we can approximate e~22% by equation 4.36 [11]. This can be used to obtain
the approximation for equation 4.35 resulting in 4.37.

eST=T (4.36)

)

Pus) = ——v(=lie "y 4.37
L(S)—e_Alzs (S)_i—s (s) (4.37)

Aty

Equation 4.37 shows that any positive delay in the feedback signal would cause the transfer function to con-
tain a pole in the right half plane. This pole could cause unstable output behavior. It is therefore of impor-
tance to keep the delays and the filters in both loops equal such that these right half plane poles do not show
up in the transfer function.

4.5, Simulation of the baseline controllers

A simulation is now be performed to create understanding of the performance of the current CdP and INDI
inner loop controllers as implemented on the SRS. For the inner loop CdP controller the gains are chosen
to be equal to the gains as currently implemented on the SRS. For the inner loop CdP controller this means
that the K, K, and K}, gains are equal 0.8, 0.5, and 0.025 respectively. It is however found that a K;, of 0.9 as
proposed by Koekebakker [22] gave better results and in order to fairly compare the two control strategies of
different nature both gains will be used for the evaluation.

For the inner loop INDI controller there is only a single proportional gain in the linear controller, which
is set to 80. For the simulation the full hydraulic actuator model is used together with the 5/ order servo-
valve model. The model for the transmission lines is included as well. The outputs of both controllers to an
alternating step response with an amplitude of 0.1 and period of 0.5s are shown in figure 4.5.
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Figure 4.5: Responses of the baseline CdP controllers with two different K}, gains and baseline INDI controller to an alternating step
reference

The performance of the INDI controller and the CdP controller with a K, of 0.9 lie close to each other with an
MAE and RMSE of 0.0354 and 0.0412, and 0.0237 and 0.0303 respectively. The CdP controller is performing
slightly better for this specific reference. A K, of 0.8 is currently being used for the SRS. The CdP controller
with the gain of 0.8 shows worse performance when compared to the INDI controller with an MAE and RMSE
of 0.0435 and 0.0499 respectively. It can also be seen that the INDI controller has a more consistent steady
state error and that at this moment only a proportional gain is used in the linear controller. In the next section
the addition of integral gain will therefore be treated. To get a more thorough evaluation of the performance
the responses of the controllers to a sinusoidal reference will be evaluated. The sinusoid to be tracked has a
frequency of 1 Hz and an amplitude of 0.1. The responses can be observed in figure 4.6
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Figure 4.6: Responses of the baseline CdP controllers with two different K; gains and baseline INDI controller to a sinusoidal reference

For this reference the INDI controller is performing best with an MAE of 0.0152 and a RMSE of 0.0175 as op-
posed to the best performing CdP controller with an MAE of 0.0191 and RMSE of 0.0218. Therefore, for these
references the controllers lie close together in terms of performance. The known advantage of INDI is how-
ever that it can deal with unrealistic amounts of model uncertainty and model mismatches, which was also
found by Huang during his experiments on the SRS [16]. The aforementioned possibility for improvement by
adding integral gain to the linear controller in the INDI controller together with the advantage of robustness
against such uncertainties and mismatches makes the INDI controller a promising controller. Huang has
also found in his experiments that the controller does indeed outperform the CdP controller for the SRS and
is more robust against model mismatches and uncertainties [16].
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4.6. Simulation of controller with integral gain and adjusted filters

Figure 4.5 shows that there is a steady-state error for the INDI controller and that also a slight oscillation is
present. In order to remove the transient error an integral gain will be added to the linear controller so that a
PI controller is obtained. To reduce the oscillations the gain is reduced from 80 to 60 and the damping of the
C4 and C5 filters will be raised from 0.3 to 0.5v/2. The resulting controller is shown in figure 4.7.
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Figure 4.7: Block diagram of the inner loop INDI controller using the adjusted filter design

* _ (2n35)% s * _ (2135)%
G = $2+2 0.707(2735)+ (2735)2 G5 = $2+42 0.707(2735)+ (2735)2 (4.38)

These changes will decrease the control performance in terms of MAE and RMSE, but will increase stability
which was found to be of relevance for the current SRS controller especially when delay is present in the
measurement signals. The responses of the adjusted controller with varying integral gains are given by figure
4.8.
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Figure 4.8: Responses of the inner loop INDI controller with adjusted filter gains and varying integral gain to an alternating step
reference

The figure shows that the added integral gain does indeed increase the performance in terms of tracking
error for the step reference and decreases the steady state error in comparison to the controller without. The
sinusoidal reference is also simulated again with this varying integral gain and is shown in figure 4.9.
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Figure 4.9: Responses of the inner loop INDI controller with adjusted filter gains and varying integral gain to a sinusoidal reference

In the sinusoidal tracking case it is also obvious that the tracking error reduces with increasing gain and
therefore the gain of 1500 is chosen as gain for the controller to be used throughout the rest of this work.

4.7. Sensitivity to model mismatches

A known advantage of INDI is that it is more robust against model mismatches and uncertainties. [2] In this
section mismatches will be introduced into the model to evaluate the sensitivity of both the CdP controller
and INDI controller to these mismatches. Two parameters are used to exemplify the mismatches which are
chosen to be the oil density p and the hydraulic actuator piston area A,. The mismatch is varied between 0%
and 25% and the resulting responses of the CdP controller to the sinusoidal reference are shown in figure 4.10
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Figure 4.10: Responses of the CdP controller with a K, of 0.9 and varying offsets for the sinusoidal reference

Figure 4.10 shows that the inner loop CdP controller is indeed sensitive to model mismatches and that it
would be beneficial to have a controller that is more robust against these. The presumption that INDI is more
robust against these mismatches will therefore be evaluated through simulation. The same mismatches will
be applied for the evaluation of the INDI controller. The resulting outputs are shown in figure 4.11.
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Figure 4.11: Responses of the INDI controller with varying offsets for the sinusoidal reference

From comparison of figures 4.10 and 4.11 it becomes clear that the INDI controller is indeed more robust
against the given mismatches which once again confirms the robustness of INDI against model mismatches.
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servo-valve measurements

In previous chapters it was assumed that the measurements for the main spool of the servo-valve were avail-
able for the controller. This assumption is valid for the SRS, but in practice it can be difficult to obtain these
measurements from the servo-valve. It is not standard practice for the manufacturer to allow for easy extrac-
tion of this data. Modifications to the servo-valve might have to be made to extract these measurements. It is
therefore of interest for the control to be independent of these measurements. In this chapter it is discussed
how a model of the servo-valve is to be used instead of measurements for the inner loop INDI controller.

5.1. Control structure with a servo-valve model

In order to use a model instead of measurements the commanded signal to the valve is taken and used for-
warded through a servo-valve model. In order to keep the system stable all the same filters will still have to
be applied just as for the case where measurements are used. The control structure for the inner loop using a
model is shown in figure 5.1.

Figure 5.1: Block diagram of the inner loop controller using a servo-valve model instead of measurements

5.2. The three-stage electro-hydraulic servo-valve models

Schothorst has identified a 5/ order model for the servo-valve of the SRS which will be used. [39] The pro-
posed model by Schothorst is using a different control law than the SRS. Therefore, the model of the pilot
valve will be used together with the proper control law to obtain the appropriate model for the servo-valve
used in the SRS. The model he proposed for the pilot valve with accompanying identified coefficients can be
found in equation 5.1 and table 5.1 respectively.

ff —C1 —C2 C3 Cq ff —C9

)~€f 1 0 0 0 ff 0 |-

% 0 1 e B I I A (5.1)
AP, 0 —c7 1 —cg| AP, 0
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C1 4.29e3 Cs 1.00e4
Co 2.96e7 c7 9.93e-1
C3 2.30el10 | cg 4.40e3
Cy 1.13ell | ¢ 2.68el0
Cs 1.00e2 C10 1.27e2
Kpm  8.00 Kgm,m 4.90e-4

Table 5.1: Identified coefficient values for the reduced flapper nozzle model

Using the model as presented by equation 5.1, the control law shown by 5.2, and the relation between the
pilot stage spool position and main spool position derivative as shown by equation 5.3 the new model for the
three-stage valve of the SRS is obtained as shown by equation 5.4.

ica=Kpm(r — (1+ Kgp $)xm) (5.2)
)LCm = C10Xs (56.3)
i X —c9K,
fﬁ —C1 —C2 c3+c9C10KpmKam C4 c9Kpm fi 90 pm
% | = 1 0 0 0 0 % |+ 0 ica (5.4)
. 0 1 —cs Co 0
AP, 0 e ) e 0 AP, 0
Xm ! 8 Xm 0

When a servo-valve is bought the supplier often also delivers data that can be used to generate a 2" order
model of the servo-valve. It is therefore of interest to see what performance a 2""¢ order model delivers when
used in the controller. In order to obtain such a model the 5" order model is used to obtain a reduced model.
Part of the pole-zero map for the 5" order model is shown in figure 5.2.
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Figure 5.2: Pole zero map for the dominant 5¢ h order model poles of the electro-hydraulic three-stage servo-valve

This pole-zero map shows that the dominant poles lie around (-575,+876i). From these we can extract the
natural frequency as well as the damping coefficient of the dominant poles as shown by equations 5.5, 5.6
and 5.7. These can then be used to create the 2’4 order model shown by equation 5.8.
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wn =V (Re)2 + (Im)? = \/(-575)2 + (876)% = 1048[rad/ ] (5.5)

1048
fa=2n 2 %0 _671H]2) (5.6)

27 27

Re 576
= — =—— =0550 (5.7)

w, 1048

v 1
Xmo_ 2 (5.8)

dr  $2+20w,+w?
A step response of the 5/ order model can be used to determine the time constant of a potential 1°* order
model. This time constant can be determined using how long it takes the valve to reach (1 —1/e)%, which
is almost equal to 63.2% of its final value. Using the 5" order model a time constant of 1.93E~2 is obtained,
which can be used for the 1%/ order model as presented by equation 5.9.

Xm 1 1
om - = - (5.9)
i, Ts+1 1.93E3s+1

5.3. Step responses of valve models

The responses of the resulting servo-valve models to a step input of 0.1 are shown in figure 5.3 for the four
available models. Slight differences are to be found between the analytical model and the reduced models
even for the 5! order model. The 5", 274 and 15! order models can now be used in the controllers and the
implications of these differences will be shown through simulation in the next section.
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Figure 5.3: Responses of the different servo-valve models to a step input of 0.1

5.4. Simulation results

The responses of the controller using measurements as well as the aforementioned valve models to a sinu-
soidal reference with an amplitude of 0.1 and a frequency of 1 Hz are shown in figure 5.4.
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Figure 5.4: Responses of the INDI controller with varying feedback signals for the main spool valve position for the sinusoidal reference

Figure 5.4 shows that the use of either measurements or a valve model nor the order of this model have a major
impact on the stability and performance of the controller. This is of great interest as this indicates that it is
not necessary to extract and process the signal for the main spool position from the electro-hydraulic servo-
valve. For some hydraulic control applications the process of implementing the inner loop INDI controller is

therefore simplified.



Servo-valve saturations

A common problem in control is that of input saturations that introduces an abrupt nonlinearity into the
system [9]. These saturations may lead to phenomena like wind-up [13] and instability [31]. Various solutions
exist to deal with this problem, such as designing a controller that adapts itself in the saturation regime like
a fuzzy adaptive controller [10], including adaptations that prevent the relevant elements from winding-up
[5] or by applying robust control techniques [6]. Another option would be to adjust the reference based on
the amount of saturation to prevent the relevant elements from acting upon the saturation, which is exactly
what a technique called Pseudo Control Hedging [21] does. In this chapter it will be shown that saturations do
occur during nominal operation of the SRS and what the effects of the saturations are on the INDI controller.
Hereafter Pseudo Control Hedging (PCH) is implemented to mitigate the negative effects imposed by the
saturations. The results of the INDI controller including PCH are shown at the end of this chapter.

6.1. Prove for saturation

In order to decide whether or not it is important to deal with the consequences of servo-valve saturations it
would make sense to first look if they do occur at all during nominal operation. The SRS has several safety
and performance limits and three of them are the maximum extension of a hydraulic leg g,4x which equals
0.575 m, velocity of the leg extension v,,,x equal to 1.0 m/s and the maximum acceleration of the leg exten-
sion which equals 10m/s%. The inner loop INDI controller is tracking force references which can be directly
related to the acceleration. It is therefore convenient to investigate the presence of saturations for certain
acceleration references, which in this case will be a cosine reference with amplitude a,,,,x and frequency f as
shown by equation 6.1.

a(t) = amax cos2nft) (6.1)

The limit of the acceleration is reached when a4y equals 10 m/ s%. This poses one of the constraints for this
reference. To determine the a,,,, at which the velocity limit is reached for this reference it is necessary to first
integrate equation 6.1 such that equation 6.2 is obtained.

o(0) = Amax SIN@2r f1) 6.2)
2nf
The constraint for the velocity lies at 1.0 m/s as mentioned earlier which arises due to the fact that the servo-
valve starts to saturate above this value. Therefore we can rewrite equation 6.2 to show the maximum ac-
celeration as function of frequency due to this constraint as shown by equation 6.3, where it is used that the
maximum value of sin(2r ft) is 1.

Amax =2 f Vmax =271 f (6.3)

The constraint of the acceleration due to the extension limit will be obtained through integration of equation
6.2 such that equation 6.4 is obtained. The constant for the integration is determined using the fact that the
velocity is 0 at t=0. By transforming the result, using the fact that the maximum of sin(27 f¢) is 1 and that
dmax = 0.575 equation 6.6 can be obtained.
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_Gmax (1 cos(ant))
qn = 2nf (an 2nf (6.4)
_ Amax L _ __1 _ 2amax
Gmax =50 F (Zn f 2n f) T An2f2 6.5
Amax =7 f* qmax = 1° f20.575 6.6)

It is now possible to plot all the constraints as a function of f such that the lines that represent the constraints
for a4 are obtained. The resulting plot is shown in figure 6.1 where the white, blue and black line represent
the constraints. The green area is the area where the constraints are not violated and the servo-valve does not
saturate. The orange area is the area where only the velocity constraint is violated and therefore saturation
is occurring. The red area is the area where at least one of the other constraints is violated. The fact that the
orange area does exist therefore means that servo-valve saturation can occur during nominal operation. An
example saturation case is an acceleration cosine reference with an amplitude of 8m/s? and a frequency of
1Hz.

12

Amax [M/5?]

Amax = 0.575 [m]
Vmax = 1.0 [m/s]
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Figure 6.1: Plot of the operating constraints for the SRS for a cosine acceleration reference with varying frequency and amplitude

6.2. Effects of saturations

Now that it has been shown that saturations can occur it is important to better understand the effect of such
saturations on the inner loop INDI controller. For the evaluation the basic structure of the controller again
without filtering and with proportional and integral gain is considered. The structure is shown in figure 6.2.

Plep + PI v+ ¢l du + u | Electro-Hydraulic | *m Hydraulic PL
“Kp, Controller “Tp, * +’ Servo-Valve Actuator
71
Z-1
TsZ ~

Figure 6.2: Block diagram of the inner loop controller without filters and with an outer linear PI controller

The saturation is taken into account due to the fact that the measured main spool position is used instead
of the commanded value for the incremental loop. When the valve saturates, so will the value used for the
incremental loop of the INDI controller. This ensures that this loop does not keep increasing further during
saturation. For the outer linear controller this is not the case. If integral action is present, it will build up dur-
ing saturation causing integrator wind-up. This wind-up has a negative impact on the control performance.
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In order to exemplify the above a normalized pressure reference with an amplitude of 0.375 and a frequency
of 0.94Hz will be tracked by the inner loop controller for both the case where the linear controller does have
an integral gain and for the case where it does not. The response of the controllers can be observed in figure
6.3. The commanded and measured servo-valve input as well as the increment to the commanded can be
found in figure 6.4

——Reference

05 - With integral gain = |
- - - Without integral gain

L L L L L
0 0.5 1 1.5 2 25 3
Time [s]

Figure 6.3: Responses of the controller with and without integral gain for a reference with a frequency of 0.75 Hz and an amplitude that
corresponds to an acceleration of 9.4 m/s?
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- Command  H
- - - Increment

151
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Figure 6.4: Commanded and measured servo-valve main spool position, and INDI increment of the controller with and without integral
gain for a reference with a frequency of 0.75 Hz and an amplitude that corresponds to an acceleration of 9.4 m/s%

In the above figures it can be seen that integral wind-up occurs after saturation for the controller with integral
gain. As soon as the servo-valve saturates and the pressure therefore drops to zero the wind-up starts to build
up. After saturation the controller without integral gain starts to directly follow the reference again, but the
controller with integral gain takes longer as it has to counter the wind-up.



70 6. Servo-valve saturations

6.3. Pseudo Control Hedging

A strategy to prevent wind-up is adjusting the reference in such a way that the controller will actually never
see the point where it saturates. Pseudo Control Hedging (PCH) is such a strategy that prevents the con-
troller from seeing effects such as saturation. [21] It uses the difference between the commanded value to
the actuator and the realized value to determine the amount that it should hedge back the reference. The
amount it should hedge back is subtracted from the reference using a reference model that allows for the
subtraction. The hedging prevents adaptive elements present in the system from acting upon certain system
characteristics. [21] One of such characteristics is the saturation. PCH has been effectively applied to various
controllers such as nonlinear helicopter flight control using INDI [35], fault tolerant flight control [26] and
reusable launch vehicle control [20].

Let us again consider the control law for the INDI controller as presented by equation 6.7 where v is the virtual
control.

u=ug+Gx)(v-xg) (6.7)

This equation can be rewritten for the virtual control such that equation 6.8 is obtained. The difference be-
tween the commanded virtual control and the effective virtual control should be determined to obtain the
amount of ineffective virtual control to be hedged , which is presented mathematically by equation 6.9.

v =X+ G(x)(u— ugp) (6.8)

Vh=Vcom —Veff (6.9)

When equation 6.8 is inserted in equation 6.9 for both the commanded virtual control and the effective virtual
control it is possible to obtain equation 6.10 that can be simplified to equation 6.11. [35]

Vi = [Uo + G(Xo0) (Ucom — o)l = [Uo + G(Xo) (Uef  — Uo)] (6.10)

v = G(xp) (ucom - ueff) (6.11)

X, will be used for the effective input as this is the measured value of the realized main spool position to
the valve. In this way equation 6.12 is obtained. This equation represents the virtual control hedge to be
subtracted from the reference sent to the INDI controller.

Vi = G(xo) (Ucom — Xm) (6.12)

The virtual control to be hedged back can be subtracted after the PI controller such that the rest of the loop
would not see the reference including saturation. The identified problem does however lie at the PI controller
where the integral action is winding up during saturation. Therefore, it would be better to hedge the reference
back earlier at the point of the force reference. In order to do this we have to use a reference model that
momentarily contains the pressure derivative in it such that the virtual control can be subtracted at this point.
The used reference model is shown by equation 6.13 and comprises a first order low-pass filter.

PL;, _ Kref
py S+ Kef

(6.13)
ref

In this filter we momentarily have the pressure derivative after the gain and at this point the virtual control
to be hedged can be subtracted from the reference as shown by the block diagram in figure 6.5. In this block
diagram both the PCH as well as the reference model are added to the controller including the filters again.
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Pseudo Control Hedging

1 Pry + PI
B “Xp, Controller

Electro-Hydraulic | *m Hydraulic Pr
y
Servo-Valve Actuator

Reference Model

Figure 6.5: Inner loop INDI structure in block diagram format with PCH and the reference model included

One problem arises in the reference model when the virtual control is hedged back. The effectiveness of the
hedge is dependent on the reference gain K. 5 as shown by equation 6.14 that represents the transfer function
from vy, to Py. The effect of the hedge becomes less when the reference gain increases.

Pu(s) 1
vi($) S+Kref

(6.14)

Because the effectiveness of the hedge depends on the reference gain another gain for the hedge is added
such that the effectiveness can be tuned. The resulting controller shown by figure 6.6.

Pseudo Control Hedging

Electro-Hydraulic | *m Hydraulic Pr
—
Servo-Valve Actuator

Reference Model

Figure 6.6: Inner loop INDI structure in block diagram format with PCH and the reference model included with the hedging gain Kpcpy

Now itis possible to simulate the adjusted controller that includes the PCH adjustment for the same reference
where saturation occurred with both proportional and integral gain. The result of these simulations with
varying values for the virtual control hedge gain Kpcy are shown in figure 6.7.
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Figure 6.7: Responses of the controller to a reference that leads to saturation with varying gains Kpcp for the PCH

While varying the gain Kpcpy it becomes clear that the hedging is indeed more effective if the gain increases.
Unfortunately, the hedge is not only taking the saturation into account, but also the valve dynamics. There-
fore, the hedge is also subtracting the difference between the input and output due to the dynamics of the
servo-valve. Which can be shown through inserting equation 6.15 into 6.12 such that equation 6.16 is ob-
tained. It can clearly be seen that indeed any effect is taken into account due to the dynamics of the valve and
not only the saturation.

Ueff=Xm=US (6.15)

v = G(Xp) Ucom(1—=S) (6.16)
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With the hydraulic actuator we do have the advantage that it is known that the servo-valve will saturate for
inputs that are higher than 1. Therefore it would be possible to only hedge back the amount of the input
above 1 such that only the saturation and no other dynamics of the valve are taken into account. In this way
the hedge can be effective in the case when saturation occurs and have no effect otherwise. Therefore the
hedge as presented by equation 6.17 will be used that can be presented in block diagram format as shown by

figure 6.8.

Vi = G(xo) (Ucom — Sat(Ucom)) (6.17)

Pseudo Control Hedging ]
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[

.

ic | Hydraulic ar
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Reference Model
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Figure 6.8: Inner loop INDI structure in block diagram format with the adjusted PCH and the reference model included

When the simulation is now executed with the adjusted PCH and same reference as before it can be seen
that the hedging does indeed become more effective with increasing hedging gain and that it only effectively
hedges during saturation such that no performance is lost during nominal operation. The simulation results
are shown in figure 6.10 in which it can also be seen that a gain of 20 is enough to prevent wind-up and
appropriately adjusts the reference. For this reason the adjusted PCH together with the gain of 20 will be con-
sidered. In figure 6.9 the simulated measured main spool position of the servo-valve for the same simulation
can be observed, where it can be seen that the commanded value does indeed stay below the saturation point

of 1.0.
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Figure 6.9: Simulated valve measurement of a reference that leads to saturation for the adjusted variant of the PCH
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Figure 6.10: Responses of the controller to a reference that leads to saturation with vayring gains Kp¢ g for the adjusted variant of the
PCH



Outer loop control

The outer loop controller for the cascaded control strategy uses the given trajectory to calculate the forces for
each leg. In the case of the SRS this is done by using a common model-based feedforward control approach.
[1] The principle of this controller has already been explained in the chapter about the general control strat-
egy, but for convenience the diagram is shown again in figure 7.1. The figure includes the inner loop CdP
controller, but in this chapter various inner loop controllers will be used.

Outer-loop controller

Inner-loop controller

24, 54, 84

Inverse
dynamics

Inverse .
kinematics

Hydraulic
Servo-system

Figure 7.1: A cascaded control structure with inner loop force control and outer loop motion control

Figure 7.1 shows that a feedforward force term is calculated using the inverse dynamics of the hexapod and
that the errors between the desired and measured actuator positions and velocities follow from the inverse
kinematics of the platform and the measured values. The control law can also be represented mathematically
as presented by equation 7.1. This preliminary thesis focuses on the inner loop controller and therefore the
reader is referred to other works for specific details on the outer loop control as well as the dynamics and
kinematics. [39] [17]

Fref = Frp+Kp(qa—q)+Kp(ga— q) (7.1)

Y. Huang has also designed an outer loop INDI controller for the SRS [19], but this is considered to be out of
scope for this preliminary thesis as the focus lies on the control of the inner loop. Therefore, only the original
outer-loop controller as implemented on the SRS is considered as this is the controller that will be used in
simulation.

7.1. Performance comparison of inner loop controllers

A simulation is now executed using this outer loop controller in combination with the original CdP inner loop
controller to serve as a baseline for the performance. The results of this simulation are given in figure 7.2. In
the simulation the controller is tracking a given trajectory that can be converted to leg extensions through the
inverse kinematics.
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Figure 7.2: Outer loop tracking of the leg extensions for each of the six legs for the complete CdP controller

From the above figures it can be seen that the controller is stable and tracks the reference. It is however
difficult to say anything about the performance on this scale as the reference and measurement lie close
together in the plots for each of the six legs. The same reference will be used throughout this chapter for the
other controllers and therefore it will only be shown once as these will not provide any further insight for
any of the controllers. Therefore, the errors are plotted for the outer loop tracking and the pressure tracking
for the inner loop controller. For the original controller with the CdP inner loop controller the outer loop
extension errors are given by figure 7.4 and the inner loop pressure tracking is presented by 7.3.
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Figure 7.3: Inner loop tracking of the leg extensions for each of the six legs for the complete CdP controller
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Figure 7.4: Outer loop tracking error of the leg extensions for each of the six legs for the complete CdP controller

Figure 7.4 shows that the maximum error in terms of extension of the legs is about 2mm for the 6 legs. Also
the inner pressure tracking leaves some room for improvement as can be seen in figure 7.3, as there is still
visible deviation between the reference and the measured pressure. This was to be expected from the earlier
analysis for the single actuator case. It is expected that the outer loop performance will also increase when

the deviation between the reference and measured pressure becomes less and therefore improvement is de-
sirable.

The next simulation to be performed is for the baseline INDI controller. The only adjustment made to the
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original INDI controller as designed by Huang [16] is to adjust the damping of the C4 and C5 filters for sta-
bility reasons. This also allows for a fair comparison between the controller with and without integral gain
as the increase in damping and the decrease in frequency for the filter have a negative impact on the control
performance. The results of the simulation can be observed in figures 7.5 and 7.5.
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Figure 7.5: Outer loop tracking of the leg extensions for each of the six legs for the controller with the baseline inner INDI controller
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Figure 7.6: Outer loop tracking error of the leg extensions for each of the six legs for the controller with the baseline inner INDI

controller

The baseline INDI controller does indeed outperform the CdP controller with an maximum extension error
that deviates between 1-2 mm for the legs as shown by figure 7.5. This result was expected as well because
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Huang [16] already found these results. The improvement of the INDI controller is also shown in simulation
in the previous chapters for the single actuator case. There is however still room for improvement especially

for the inner loop as can be observed in figure 7.6. Therefore, for the next simulation the controller is used
that includes integral action such that figures 7.7 and 7.8 are obtained.
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Figure 7.7: Outer loop tracking of the leg extensions for each of the six legs for the controller with the inner INDI controller with
adaptations
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Figure 7.8: Outer loop tracking of the leg extensions for each of the six legs for the controller with the inner INDI controller with
adaptations

The inner loop INDI controller that now includes integral action shows better performance in simulation
than the controller without such action. This can be observed in terms of control error by the outer loop.
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The increase in performance of the inner loop directly translates to the outer loop. This can be clearly seen
in figure 7.7 where the maximum leg extension error for each leg is reduced to about 0.5mm and shows less
deviation between the legs as well. The inner loop pressure tracking is also improved greatly, as shown by
figure 7.8.

7.2. Saturation

To evaluate the ability of the adaptations made to deal with the problems that arise due to saturation a sinu-
soidal heave reference is to be tracked by the new adapted controller in simulation. The heave signal increases
in amplitude over time such that the servo-valve slowly starts to saturate and the saturation and accompa-
nying effects will therefore have increased in magnitude for each period. The tracking of the leg extension
can be found in figure 7.9 with accompanying error in figure 7.10. In order to get a better understanding of
the behavior occurring in the inner loop the pressure tracking is shown in figure 7.11, where the adjusted
reference by the PCH is also shown.

29+
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Figure 7.9: Position tracking for leg 1 of the controller with the inner loop INDI controller with adaptations for a sinusoidal reference
that leads to saturation
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Figure 7.10: Position tracking error for leg 1 of the controller with the inner loop INDI controller with adaptations for a sinusoidal
reference that leads to saturation

From the above figures it becomes clear that the error does increase during saturation which is to be expected
as no additional action can be applied at this point anymore to reduce the error. The controller does however
remain stable and no wind-up effects are to be found in the figures. Therefore it looks like the PCH is working
properly, but to get a better idea of what is happening the inner loop tracking should be analyzed.
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Figure 7.11: Commanded valve position for leg 1 of the controller with the inner loop INDI controller with adaptations for a sinusoidal
reference that leads to saturation

The tracking of the inner loop, which is to be found in figure 7.11, shows the adjusted PCH reference which
is indeed different from the original reference. The controller is also nicely following the adjusted reference
and in figure 7.12 it can be seen that the input to the servo-valve remains bounded and below the value of 1
at which it starts to saturate.
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Figure 7.12: A cascaded control structure with inner loop force control and outer loop motion control

The PCH adjustment including integral gain for the inner loop linear controller is therefore also behaving as
expected when applied to the full hexapod simulation case as is properly adjusts the reference to prevent the
linear controller from adapting to the saturation. The next step would therefore be to test the behavior in an
experiment on the simulator.
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7.3. Servo-valve model based controller

As stated earlier it would be beneficial for industry to use a valve model instead of measurements for the main
spool position of the servo-valve as it can be difficult to extract these measurements from the servo-valve and
manipulate them such that they can be used for control. The next simulation shows the responses of the

controller with a 1°? order model instead of measurements. The result can be found in figures 7.13, 7.14 and
7.15.
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Figure 7.13: Position tracking using the controller with the inner loop INDI controller that uses a model instead of measurements for
the main spool position of the servo-valve

At first glance it looks like the controller is adequately tracking the position reference considering figure 7.13.
The controller remains stable and show no unexpected behavior when compared to the other responses ob-

tained earlier. Therefore it is now interesting to zoom in and take a look at the control error as well as the
inner loop tracking.
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Figure 7.14: Position tracking error of the controller with the inner loop INDI controller that uses a model instead of measurements for
the main spool position of the servo-valve
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Figure 7.15: Pressure tracking using the controller with the inner loop INDI controller that uses a model instead of measurements for
the main spool position of the servo-valve

Figures 7.14 and 7.15 show that there is not much difference in simulation between using the measurements
and using a valve model. The outer loop control error and inner loop pressure tracking are showing similar
behavior. It would therefore be interesting to check whether the simulations do align with reality. Therefore
the results will have to be validated during an experiment on the SRS.






Discussion & conclusion

The problem statement mentioned the presence of two types of instabilities. From analysis, simulation and
other literature it was found that the synchronization of the inner INDI controller loop is of importance and
that the controller can become unstable when there is a time delay between the two. The design of the filters
in these loops is also essential for the stability. It is however currently not known if these factors are really the
reason for the instabilities, as further investigation and validation using experiments are required. It should
also be noted that PCH is one of several possibilities to deal with the problems that arise due to the saturation
of the servo-valve. Other integrator wind-up techniques do exist that might also tackle the problem. There is
however one distinct benefit to PCH, which is that it can be applied to any linear controller used for the inner
loop INDI controller and therefore the linear controller can be adjusted without having to redesign the PCH.

In this thesis the outer loop control using INDI, which had already been investigated and implemented
by Y. Huang [16], is not considered. It is expected that this outer loop controller would lead to bigger perfor-
mance gains for the complete SRS controller. This is however out side the scope for this work.

Furthermore it has been found that the performance of the inner loop INDI controller can be increased
by adding integral gain to the linear controller in the INDI controller. The performance in terms of maxi-
mum extension error has shown to have decreased from 2mm to 0.5mm when integral action is added to the
controller. For stability reasons the gain will have to be reduced from 80 to 60 and the damping will have to
be increased from 0.3 to 0.707. This will reduce the inner loop control performance, but increase the overall
stability of the system.

It is also found that the inner loop INDI controller without integral gain is able to handle the electro-
hydraulic servo-valve saturation, but that this is not the case when integral action is added. The integral
action will wind-up during saturation, which decreases the overall control performance and can lead to un-
expected behavior. Pseudo Control Hedging is found to be an appropriate method to prevent the integral
wind-up for the INDI controller due to promising results in simulation. The commanded input to the servo-
valve by the controller stays below the saturation point and therefore prevents the controller from acting upon
the saturation.

Lastly it is found that it is possible in simulation to replace the measurement of the main spool position of
the servo-valve by a servo-valve model so that the measurements are not needed anymore in the INDI con-
troller. It is also found and proven in this preliminary thesis that it is important for both the stability and per-
formance of the controller to synchronize the inner loop feedback and incremental loops. The adaptations
which were considered in this preliminary thesis are therefore all to be implemented in the INDI controller
for the Simona Research Simulator so that the results found in simulation can be validated.
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The road ahead

The next steps to be taken all relate to implementing the adaptations on the SRS. In order to do this it will first
be needed to obtain a stable baseline controller. The controller has become unstable in the new setup of the
SRS and therefore the reason for this instability will have to be found and dealt with. Hereafter, a detailed test
plan will have to be made which is to be executed on the simulator. The test plan will contain the adaptations
to be made to the controller on the SRS as well as the step-by-step approach for testing the adaptations. After
the experiments the data will have to be processed such that the results can be used for comparison with the
simulations. The results and conclusions drawn from the analyses are to be used for the final paper. Below
the aforementioned steps are listed in another format for clarity.

* Find the reason for the instabilities of the controller in the new setup

* Create a test plan for the experiments related to the controller stability

* Create a test plan for the experiments related to the controller adaptations
¢ Implement the adaptations to the INDI controller in the SRS

¢ Execute the experiments according to the test plan

¢ Process the data acquired from the experiments on the SRS

e Write the paper
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Reference trajectories

For the paper two types of references were used. The first is a sinusoidal heave reference, which increases
in amplitude over time. This sinusoidal heave reference was used to evaluate the effects of saturation. The
second type is a circular motion with pitch and roll, but no heave motion. This circular motion was used to
evaluate the performance of the controllers.

A.1. Circular motion

The circular motion is shown in Fig. A.1, where the X and Y coordinates are in the base frame. The XY-plane as
well as the time-series of the X and Y coordinates are shown in the figure. The corresponding leg extensions
for the trajectory are shown in figure A.2 for each of the six legs. This motion was used primarily to evaluate
the general behavior of the controllers and their performance.
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Figure A.1: The circular motion reference presented in the XY-plane and as time-series
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Figure A.2: Leg extension references for the circular motion reference

A.2. Sinusoidal heave reference

The sinusoidal references were used to evaluate the saturation. Different controllers have been evaluated.
There are differences in tracking performance and therefore different amplitudes were needed to achieve
saturation. The heave reference used for saturation for the controllers with inner loop CdP, original INDI and
adapted INDI are shown in figures A.3, A.4 and A.5 respectively. Only 1 leg extension reference is shown as
they are equal for each of the six legs due to the symmetric nature of the movement.
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Figure A.3: The leg extensions for the sinusoidal heave motion for the controller with the inner loop CdP controller
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Figure A.4: The leg extensions for the sinusoidal heave motion for the controller with the original inner loop INDI controller
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Figure A.5: The leg extensions for the sinusoidal heave motion for the controller with the adapted inner loop INDI controller



Experiment settings

During the experiments several controller parameters have been varied and some remained constant. The
sampling frequency and most outer loop controller parameters remained constant and are shown in Tab.
B.1. Some constants are used by the controllers as well and are shown in Tab. B.2. Several parameters were
altered during the experiments. The files containing the log data for the experiments have been numbered
and their number with corresponding file name are shown in Tab. B.3. The parameters for each experiment
are shown in Tabs. B.4, B.5, B.6 and B.7. Experiments have been conducted with varying controllers and
inner loop control gains. It is found that an internal setting in the data acquisition of the pressure difference
measurements in the SRS had an influence on the stability and this setting was therefore also varied. When a
valve-model is used instead of measurements a delay is present of which the magnitude is shown in the table
as well. The order of the model was changed as well and is also provided in the tables. Finally, offsets were
tuned for the measurements of the pressure and the main spool position and these offsets are given in the
tables as well.

Table B.1: Outer loop controller gain settings and overall sampling frequency

KP_outer | KD_outer | KI_outer | Sampling Frequency [Hz]

800000 | 40000 | 0 | 5000
Symbol | Description Value
bn maximum valve flow 2.6E-3 [m3/s]
Ly, main leakage parameter 3.8187E-12 [m°/Ns]
Ap piston area 2.5E-3 [m?]
Py supply pressure 1.6E7 [N/m?]
p; return pressure 0 [N/m?]
E oil stiffness 1E9 [N/m?]
Vin actuator volume at middle position | 1.9725E-3 [m?]

Table B.2: Hydraulic servo-system parameters used by the inner loop controller

For the inner loop the control gains and the filter gains for filters C; and C; were varied. Filters C,, C3 and
Cs are given in (B.1). The structures of the C; and C; filters are shown in (B.1) as well, but the specific cutoff
frequency and damping for each experiment are shown in Tabs. B.4, B.5, B.6 and B.7. The specific control
gains for each experiment are also shown in in these tables. The complete inner loop controller is shown in
(B.1) for convenience.
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Figure B.1: Block diagram of the inner loop INDI controller including the filter design
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Table B.3: Names of the files containing the logged data of the experiments

Experiment Nr. File name
1 2019-11-13_13-20 BaseLine Controller.mat
2 2019-11-13_13-28 BaseLine Controller - Ivan.mat
3 2019-11-13_13-45 BaseLine Controller - Ivan 02.mat
4 2019-11-13_14-46 INDI Kp 40.mat
5 2019-11-13_15-35 BaseLine Controller 2Pmat
6 2019-11-18_10-14 Simona Off.mat
7 2019-11-18_10-22 Simona Manual.mat
8 2019-11-18_10-25 Simona Neutral.mat
9 2019-11-18_10-31 Simona Sine Waves.mat
10 2019-11-18_10-35 Simona DownLock.mat
11 2019-12-03_16-37 Sampling Mode (Speed) dPmat
12 2019-12-05_13-40 dP Sampling Mode and Filter.mat
13 2019-12-05_13-44 dP Sampling Mode and Filter dP_0 and dP_1.mat
14 2019-12-05_14-42 BaseLine Controller.mat
15 2019-12-05_14-59 INDI Controller f 15 d 1_5 Stable.mat
16 2019-12-05_15-29 INDI Controller f 15 d 0_707 Stable.mat
17 2019-12-05_15-42 INDI Controller £ 35 d 0_707 Stable.mat
18 2019-12-05_15-52 INDI Controller f 35 d 0_3 Stable Little Noise.mat
19 2019-12-05_16-03 INDI Controller 35 d 0_707 Kp 60.mat
20 2019-12-05_16-42 INDI Controller 35 d 0_707 Kp 60 Ki 100.mat
21 2019-12-05_16-52 INDI Controller f35 d 0_707 Kp 60 Ki 500.mat
22 2019-12-20_11-05 BaseLine Controller CdP - Sine.mat
23 2019-12-20_11-12 BaseLine Controller CdP - Ivan.mat
24 2019-12-20_11-22 Baseline Controller INDI Kp 60 Ki 0 - Sine.mat
25 2019-12-20_11-26 Baseline Controller INDI Kp 60 Ki 0 - Ivan.mat
26 2019-12-20_11-32 Controller INDI Kp 60 Ki 500 - Sine.mat
27 2019-12-20_11-35 Controller INDI Kp 60 Ki 1500 - Sine.mat
28 2019-12-20_11-37 Controller INDI Kp 60 Ki 1000 - Sine.mat
29 2019-12-20_11-42 Controller INDI Kp 60 Ki 100 - Ivan.mat
30 2019-12-20_11-46 Controller INDI Kp 60 Ki 500 - Ivan.mat
31 2019-12-20_13-10 Controller INDI Kp 60 Ki 50 - Ivan.mat
32 2019-12-20_13-14 Controller INDI Kp 60 Ki 100 - Ivan.mat
33 2019-12-20_13-18 Controller INDI Kp 60 Ki 25 - Ivan.mat
34 2019-12-20_13-22 Controller INDI Kp 60 Ki 60 - Ivan.mat
35 2019-12-20_13-25 Controller INDI Kp 60 Ki 0 - Ivan.mat
36 2019-12-20_14-15 Controller INDI Kp 60 Ki 60 ValveModel 5 - Sine.mat
37 2019-12-20_14-19 Controller INDI Kp 60 Ki 60 ValveModel 5 - Ivan.mat
38 2019-12-20_14-30 Controller INDI Kp 60 Ki 60 ValveModel 2 - Sine.mat
39 2019-12-20_14-34 Controller INDI Kp 60 Ki 60 ValveModel 2 - Ivan.mat
40 2019-12-20_14-44 Controller INDI Kp 60 Ki 60 ValveModel 1 - Sine.mat
41 2019-12-20_14-48 Controller INDI Kp 60 Ki 60 ValveModel 1 - Ivan.mat
42 2019-12-20_15-00 BaseLine Controller CdP - Sine Saturation.mat
43 2019-12-23_09-52 BaseLine Controller CdP - Sine Saturation.mat
44 2019-12-23_09-56 BaseLine Controller CdP - Sine Saturation.mat
45 2019-12-23_10-05 Controller INDI Kp 60 Ki 0 - Sine Saturation Ampl 0_29.mat
46 2019-12-23_10-11 Controller INDI Kp 60 Ki 0 - Sine Saturation Ampl 0_33.mat
47 2019-12-23_11-39 Controller INDI Kp 60 Ki 0 Kpch 0 - Sine.mat
48 2019-12-23_11-45 Controller INDI Kp 60 Ki 0 Kpch 20 - Sine.mat
49 2019-12-23_12-00 Controller INDI Kp 60 Ki 60 Kpch 20 - Sine Saturation Ampl 0_30.mat
50 2019-12-23_11-56 Controller INDI Kp 60 Ki 60 Kpch 20 - Sine.mat
51 2019-12-23_12-00 Controller INDI Kp 60 Ki 60 Kpch 20 - Sine Saturation Ampl 0_30.mat




Table B.4: Parameter settings for experiments 1-11

B. Experiment settings

Test Nr. 1 2 3 4 5 6 7 8 9 10 11
Controller Cdp Cdp Cdp INDI Cdp Cdp Cdp Cdp Cdp Cdp Cdp
Reference Sine Ivan Ivan Neutral Sine Neutral Up and down Up Sine Down Neutral

Kp - - - 40 - - - - - - -

K; - - - 0 - - - - - - -

oy - - - 35 - - - - - - -

(r - - - 0.3 - - - - - - -

Kpcu - - - - - - - - - - -
valve offset leg 1 0.00074 0.00074 0.00074 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
valve offset leg 2 -0.0087 -0.0087 -0.0087 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001
valve offset leg 3 0.00966 0.00966 0.00966 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
valve offset leg 4 0.00466 0.00466 0.00466 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001
valve offset leg 5 0.00179 0.00179 0.00179 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003
valve offset leg 6 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047

pressure offset leg 1 0 0 0 0 0 0 0 0 0 0 0

pressure offset leg 2 0 0 0 0 0 0 0 0 0 0 0

pressure offset leg 3 0 0 0 0 0 0 0 0 0 0 0

pressure offset leg 4 0 0 0 0 0 0 0 0 0 0 0

pressure offset leg 5 0 0 0 0 0 0 0 0 0 0 0

pressure offset leg 6 0 0 0 0 0 0 0 0 0 0 0

measurements / model - - - meas - - - - - - -

valve model order - - - - - - - - - - -

valve model delay - - - - - - - - - - -
Pressure mode Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy Both
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Table B.6: Parameter settings for experiments 22-35

Test Nr. 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Controller Cdp Cdp INDI INDI INDI INDI INDI INDI INDI INDI INDI INDI INDI INDI
Reference Sine Ivan Sine Ivan Sine Sine Sine Ivan Ivan Ivan Sine Ivan Ivan Ivan

Kp - - 60 60 60 60 60 60 60 60 60 60 60 60
K; - - 0 0 500 1500 1000 100 500 50 100 25 60 0
Wy - - 35 35 35 35 35 35 35 35 35 35 35 35
{r - - 0.707 0707 0,707  0.707 0.707 0.707 0.707 0707  0.707  0.707  0.707  0.707
Kpcu - - - - - - - - - - - - - -
Nﬁ.m\ - - - - - - - - - - - - - -
valve offset leg 1 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
valve offset leg 2 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001
valve offset leg 3 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
valve offset leg 4 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001 -0.001
valve offset leg 5 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003
valve offset leg 6 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047 0.0047
pressure offset leg 1 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9
pressure offset leg 2 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95 -1.95
pressure offset leg 3 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6 -3.6
pressure offset leg 4 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
pressure offset leg 5 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
pressure offset leg 6 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
measurements / model meas meas meas meas meas meas meas Imeas Imeas meas meas meas meas  meas
valve model order - - - - - - - - - - - - - -
valve model delay - - - - - - - - - - - - - -
Pressure mode Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed
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Responses of the adapted INDI controller

This appendix shows the responses of the adapted INDI controller including integral action (K; = 60) and
the PCH implementation to the circular motion reference for each of the six legs. The adaptation to use
a servo-valve model instead of measurements is implemented, but not active. Therefore, the servo-valve
measurements are still used for the inner linearization loop of the inner loop controller. The outer loop leg
extension tracking and accompanying tracking errors are shown in Figs. C.1 and C.2 respectively. The inner
loop normalized pressure difference tracking and accompanying tracking errors are shown in Figs. C.3 and

C.4 respectively.
0.8
—Reference
061 - Measurements
0.4
£ 02
o
0
-0.2
04
0 10 20 30 40
Time [s]
(a) Leg1
08— —
—Reference
061 -~ Measurements
0.4
£ 02
o
0
-0.2
0.4 ‘ ‘
0 10 20 30 40
Time [s]
(d) Leg 4

qlm]

qlm]

0.8
—Reference
061 - Measurements
0.4
0.2
0
-0.2
-04
0 10 20 30 40
Time [s]
(b) Leg 2
08—
—Reference
06— Measurements
0.4
0.2
0
-0.2
0.4 ‘ ‘
0 1020 30 40
Time [s]
(e) Leg5

0.8

—Reference
0.6 |- Measurements
0.4 -
£ 02
o
0
-0.2
-04
0 10 20 30 40
Time [s]
(c) Leg3
0.8
—Reference
0.6/ Measurements
0.4
£ 02
o
0
-0.2
0.4 ‘ ‘
0 10 20 30 40
Time [s]
(f) Leg 6

Figure C.1: Outer loop tracking of the leg extensions for each of the six legs for the controller with the adapted inner loop INDI controller
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C. Responses of the adapted INDI controller
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Figure C.2: Outer loop leg extension tracking errors for each of the six legs for the controller with the adapted inner loop INDI controller
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Figure C.3: Inner loop tracking of the leg pressures for each of the six legs for the controller with the adapted inner loop INDI controller
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Figure C.4: Inner loop leg pressure tracking errors for each of the six legs for the controller with the adapted inner loop INDI controller






Comparison to baseline controllers

This appendix will treat the tracking errors of the original CdP, original INDI and adapted INDI controller for
the circular motion reference to better understand the differences in performance between them. The max-
imum absolute error, Mean Absolute Error (MAE) and the Root Mean Square Error (RMSE) are considered.
The tracking errors in these metric are shown for the inner loop and the outer loop controllers in figure D.1.
The errors are considered for all six legs.
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(a) Outer loop leg extension tracking errors (b) Inner loop normalized pressure difference tracking errors

Figure D.1: Controller errors for the inner and outer loop in various metrics for all legs

The biggest difference for both the inner loop and outer loop controllers is to be found between the CdP
and both INDI controllers. The inner loop CdP controller has the largest maximum absolute error of 16.28
mm and the inner loop INDI controllers lie closer together with 1.636 mm and 1.154 mm for the original and
adapted inner loop INDI controller respectively. It should however be noted that K; = 60 as this resulted in
the best outer loop performance. Better inner loop tracking, which is obtained for larger K;, might result in
better outer loop tracking as well for other outer loop controllers such as an outer loop INDI controller.

The tracking performance for each leg for both the inner and outer loop controllers is shown in figures
D.2 to D.19, which can be used to get a better understanding of the performance of each individual leg. The
tracking errors for each of the six legs as well as the maximum absolute error, Mean Absolute Error (MAE)
and the Root Mean Square Error (RMSE) are shown for each leg. It can be observed in these figures that
there are significant differences in tracking performance between the legs. This can be due to factors such
as deviations in the offset tunings and phenomena which were not modeled. Further investigation into this
topic is required to increase the overall control performance of the whole system.
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D. Comparison to baseline controllers
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Figure D.2: Outer loop leg extension tracking errors for different controllers for leg 1
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Figure D.3: Inner loop normalized pressure difference tracking errors for different controllers for leg 1
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Figure D.4: Controller errors for the inner and outer loop in various metrics for leg 1
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Figure D.5: Outer loop leg extension tracking errors for different controllers for leg 2
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Figure D.6: Inner loop normalized pressure difference tracking errors for different controllers for leg 2
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Figure D.7: Controller errors for the inner and outer loop in various metrics for leg 2



D. Comparison to baseline controllers

112
0.02 0.02 0.02
0.01 0.01 0.01
o o ©
-0.01 -0.01 -0.01
-0.02 -0.02 -0.02
0 20 40 0 20 40 0 20 40
Time [s] Time [s] Time [s]
(a) CdP controller (b) Original INDI controller (c) New INDI controller
Figure D.8: Outer loop leg extension tracking errors for different controllers for leg 3
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Figure D.9: Inner loop normalized pressure difference tracking errors for different controllers for leg 3
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Figure D.10: Controller errors for the inner and outer loop in various metrics for leg 3
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Figure D.11: Outer loop leg extension tracking errors for different controllers for leg 4
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Figure D.12: Inner loop normalized pressure difference tracking errors for different controllers for leg 4
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Figure D.13: Controller errors for the inner and outer loop in various metrics for leg 4
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Figure D.14: Outer loop leg extension tracking errors for different controllers for leg 5
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Figure D.15: Inner loop normalized pressure difference tracking errors for different controllers for leg 5
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Figure D.16: Controller errors for the inner and outer loop in various metrics for leg 5
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Figure D.17: Outer loop leg extension tracking errors for different controllers for leg 6
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Figure D.18: Inner loop normalized pressure difference tracking errors for different controllers for leg 6
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Figure D.19: Controller errors for the inner and outer loop in various metrics for leg 6






Effect of integral gain

It is found in experiments on the SRS that the effect of an increased integral gain in the inner loop controller
is different for the inner and outer loop control performance. Better inner loop performance does not neces-
sarily lead to better outer loop performance. Increasing the Ky beyond 60 results in a smaller tracking error
for the inner loop controller, but a larger tracking error for the outer loop controller. The maximum absolute
error, the Mean Absolute Error (MAE) and the Root Mean Square Error (RMSE) for all of the six legs for the
adapted INDI controller and varying K are shown in figure E.1.
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(a) Outer loop leg extension tracking errors (b) Inner loop normalized pressure difference tracking errors

Figure E.1: Controller errors for the inner and outer loop for varying K; and in various metrics for all legs

The inner loop tracking error is significantly reduced by changing the K; from 60 to 500, but the outer loop
tracking error becomes larger. In order to tune the controller properly it is therefore needed to simultaneously
optimize the gains of the two loops in the cascaded controller using a strategy like Multi-Objective-Parameter-
Optimization. Tools exist for Multi-Objective Parameter Optimization like MOPS !. It might be beneficial
to make the Kj larger than 60, when a different outer loop controller is used. The gains of the inner loop
controller will therefore have to be re-evaluated when this controller is used together with another outer loop
controller such as an outer loop INDI motion controller.

The effect of integral gain for each individual leg is shown in figures E.2 to E.19. In the figures it can be
observed that there are significant differences between the legs, especially for leg 4 as compared to the others.
At this moment it is unknown why these differences occur and therefore further investigation is required into
this phenomena. It might be beneficial to optimize the gains individually for the legs to further optimize the
whole system.

1H.-D. Joos, “A multiobjective optimisation-based software environment for control systems design,” in Proceedings. IEEE International
Symposium on Computer Aided Control System Design. IEEE, 2002, pp. 7-14
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Figure E.2: Outer loop leg extension tracking errors for varying integral gain for leg 1
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Figure E.3: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 1
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Figure E.4: Controller errors for the inner and outer loop for varying K; and in various metrics for leg 1
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Figure E.6: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 2
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Figure E.7: Controller errors for the inner and outer loop for varying Ky and in various metrics for leg 2
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Figure E.8: Outer loop leg extension tracking errors for varying integral gain for leg 3
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Figure E.9: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 3
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Figure E.10: Controller errors for the inner and outer loop for varying Ky and in various metrics for leg 3
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Figure E.11: Outer loop leg extension tracking errors for varying integral gain for leg 4
0.04 0.04- 1 0.04 0.04
0.02 0.02 0.02 0.02
T = ol = =5
() (] () (5]
-0.02 -0.02 -0.02 -0.02
-0.04 -0.04 - -0.04 -0.04
-0.06 -0.06 -0.06 -0.06
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time [s] Time [s] Time [s] Time [s]
(@) K;=0 (b) Ky =25 (c) K7 =60 (d) Ky =500
Figure E.12: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 4
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Figure E.13: Controller errors for the inner and outer loop for varying Ky and in various metrics for leg 4
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Figure E.14: Outer loop leg extension tracking errors for varying integral gain for leg 5
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Figure E.15: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 5
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Figure E.16: Controller errors for the inner and outer loop for varying Ky and in various metrics for leg 5
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Figure E.17: Outer loop leg extension tracking errors for varying integral gain for leg 6
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Figure E.18: Inner loop normalized pressure difference tracking errors for varying integral gain for leg 6
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Figure E.19: Controller errors for the inner and outer loop for varying Ky and in various metrics for leg 6






Saturation

The effects of saturation have been evaluated through experiments on the SRS for three different inner loop
controllers. The original CdP, original INDI and adjusted INDI inner loop controllers have been evaluated

using the sinusoidal references mentioned in appendix A. The adapted INDI controller contains the PCH
adaptation as well as integral action (K; = 60).

E1. Inner loop CdP

The responses of the controller with an inner loop CdP controller during saturation can be observed in Figs.
E1 and E2, which show the leg extensions tracking and normalized pressure difference tracking for each of the
six legs.The figures shows that the controller remain stable during saturation. A pressure difference drop can
be observed during saturation, which is to be expected. The hydraulic actuator is a velocity generator. During
input saturation the velocity will therefore stagnate. The stagnation of the velocity causes the acceleration

and pressure to drop. The inner loop CdP controller is behaving as expected and is able to handle the servo-
valve saturation.
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Figure E1: Outer loop tracking of the leg extensions for each of the six legs for the controller with the original CdP controller without
integral gain during saturation
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Figure E2: Inner loop tracking of the normalized pressure for each of the six legs for the controller with the original CdP controller
without integral gain during saturation

E.2. Inner loop INDI without integral action

From simulation it was found that the controller without integral action did not need any correction as it
remained stable during saturation and showed no other undesirable effects. Therefore, the controller was
evaluated during saturation on the SRS without any PCH correction. The results can be found in Figs. E3 to
E5. Both the inner loop and outer loop tracking remain stable as shown by Figs. E3 and E4. During saturation
the outer loop tracking performance will reduce, which leads to increased commands by the outer loop to
the inner loop. This can also be observed in Fig. E4. The increase in control action does however not build-
up and after saturation the inner loop and outer loop follow the reference again without any delayed effects.
Figure E5 shows that the inner loop control to the servo-valve remains bounded as the only amount of input
above the point of saturation (x,;, = 1) is due to the increment at that time step. The saturation is taken into
account due to the fact that measurements of the main spool position are used in the incremental loop. The
saturation is included in the measurements and therefore no wind-up will occur during saturation in the
incremental loop.



E2. Inner loop INDI without integral action

127
0.6 0.6 0.6
Reference — Reference Reference
04 --—--Measurements 04 - --—-- Measurements 0.4 Measurements
.02 .02 _. 02
E E g
= = =
0 0r 0
-0.2 -0.2 -0.2
-0.4 -0.4 -0.4
15 20 25 30 15 20 25 30 15 20 25 30
Time [s] Time [s] Time [s]
(a) Leg1 (b) Leg 2 (c) Leg 3
0.6 0.6 0.6
—Reference — Reference ’— Reference
04— = Measurements 04 -—-Measurements o4l | Measurements
.02 .02 .02
£ £ £
o o o
0 0r 0
-0.2 -0.2 -0.2
-0.4 -0.4 -0.4
15 20 25 30 15 20 25 30 15 20 25 30
Time [s] Time [s] Time [s]
(d) Leg 4 (e) Leg 5 (f) Leg 6

Figure E3: Outer loop tracking of the leg extensions for each of the six legs for the controller with the original INDI controller without
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Figure E4: Inner loop tracking of the normalized pressure for each of the six legs for the controller with the original INDI controller

without integral gain during saturation
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Figure E5: Inner loop input command and increment for each of the six legs for the controller with the original inner loop INDI
controller without integral gain during saturation

E.3. Inner loop INDI with integral action

Not all scenarios could be tested on the simulator, because the integral action will cause wind-up. An exper-
iment without the corrective action by the PCH could damage the simulator when integral action is present
in the inner loop INDI controller. Therefore some phenomena will be discussed through simulation results
in the first section. The second section will show the results from experiments for the implementation with
PCH. During the simulations a K; of 175 is used.

E3.1. Simulation

In order to demonstrate the effect of the wind-up on the system a heave reference is simulated with increasing
amplitude over time. The outer loop tracking for this reference is shown in Fig. E6.
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‘2" 0.5 ——Measurements ‘ : ‘ N\
o 0
05+ ‘ | Y
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Time [s]

Figure E6: Outer loop leg extension tracking for the sinusoidal reference that leads to saturation by the INDI controller with integral
action, but without PCH for a single leg

The above figure shows that the measured extension in the simulation reaches above the reference, which
illustrates that the integrator wind-up introduces undesirable effects. Next the inner loop tracking is consid-
ered, which is shown in Fig. E7, to get a better understanding for the reason of this behavior.
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Figure E7: Inner loop normalized pressure difference tracking for the sinusoidal reference that leads to saturation by the INDI
controller with integral action, but without PCH for a single leg
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Figure E8: Integral action in the inner loop controller for the sinusoidal reference that leads to saturation by the INDI controller with
integral action, but without PCH for a single leg

Figure E8 shows that the integral action is indeed winding-up during saturation. The integral action grows
too large. The controller will therefore have to counter the wind-up, which explains that the pressure reaches
above the reference in Fig. E6. The PCH implementation should be able to prevent the integral action from
growing too large. The simulation results of the PCH implementation with Kpcy = 20 are shown in Figs. E9

to E12.
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Figure E9: Outer loop leg extension tracking for the sinusoidal reference that leads to saturation by the INDI controller with integral
action and PCH (Kpc g = 20) for a single leg

The PCH prevents the leg extension from reaching far above the reference and greatly reduces the effects
due to integrator wind-up. The extension does however reach slightly above the reference and therefore the

inner loop tracking is considered, which is shown in Fig. E10.
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Figure F10: Inner loop normalized pressure difference tracking for the sinusoidal reference that leads to saturation by the INDI

controller with integral action and PCH (Kpc gy = 20) for a single leg

Figure E10 shows both the original reference and the reference adjusted by the PCH. During saturation
the original reference and the adjusted reference differ. There is still a slight error between the adjusted ref-
erence and the pressure during saturation as well, which causes the integral action to grow slightly. This in
turn causes the small amount of additional extension above the reference in Fig E9. The effects are however
so small that they can be neglected for this use case. Figure E11 shows the integrator action for the imple-

mentation with PCH, so that it can be compared to the integrator action in Fig. E8.

-
o o O

Integral action [-]

1
[&)]

10 15

Time [s]

o

20

Figure E11: Integral action in the inner loop controller for the sinusoidal reference that leads to saturation by the INDI controller with

integral action and PCH (Kpc g = 20) for a single leg

As mentioned earlier there is still a small amount of integrator wind-up, which has a minor effect on the
outer loop controller. During the experiments on the SRS a Kpc g of 20 was used as well. In order to reduce the
integrator wind-up even further it is advised to change the value from 20 to 40 for the final implementation

of the controller, which reduces the integrator wind-up even further in simulation as shown in Fig. E12.
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Figure E12: Integral action in the inner loop controller for the sinusoidal reference that leads to saturation by the INDI controller with

integral action and PCH (Kpcy = 40) for a single leg
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E.3.2. Experiments

The PCH implementation is evaluated through experiments on the SRS and the results are shown in Figs. E13
to E17. The outer loop tracking shown in Fig. E13 is behaving as expected and only shows some decreased
tracking performance during saturation. Figure E17 shows that the reference is adjusted by the PCH and
Fig. E14 shows that the commanded control input to the servo-valve remains bounded and does not keep
growing due to wind-up effects. The hedging action can be found in Fig. E15. The integrator actions are
shown in Fig. E16, where it can be observed that still a slight integrator wind-up occurs, which was also
shown in simulation. This wind-up does not lead to instability or other undesirable effects in the outer loop
due to its small magnitude. The effects would only be noticeable after an unrealistically long saturation, but
it is still recommended to change the Kpcy from 20 to 40 for the final implementation of the controller for
the SRS to further reduce this effect.
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Figure E13: Outer loop tracking of the leg extensions for each of the six legs for the controller with the new INDI controller during
saturation
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Figure E14: Inner loop input command and increment for each of the six legs for the controller with the adjusted inner loop INDI
controller with integral gain during saturation
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Instability

The data acquisition of the SRS has been changed. After the changes the INDI controller was not stable
anymore. The reason for the instability was unknown. The inner loop tracking during instability with an
accompanying spectral analysis of the normalized pressure difference measurement signal is shown in Fig.
G.1. This data is obtained through experiments on the SRS.
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Figure G.1: Inner loop pressure tracking and spectral analysis of the pressure measurement during an experiment where the SRS
controller with inner loop INDI became unstable

The unstable oscillation has a frequency of 26 Hz. Through simulation it was found that a delay of 6 ms
in the outer linearization loop of the inner loop INDI controller led to a similar instability with a frequency
close to 26 Hz. The simulation results are shown in Fig. G.2.
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Figure G.2: Simulation of the inner loop pressure tracking with a 6 ms delay in the pressure derivative feedback and spectral analysis of
the pressure difference derivative signal
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This finding led to the hypothesis that the instability was caused by a delay in the measurements of the
pressure difference. Through a analysis of the system it was found that an high accuracy option was enabled
in the data acquisition of the pressure signal. Because of this option the signals was averaged over multiple
consecutive samples leading to an equivalent delay of 7.2 ms. The option was switched from the high accu-
racy to the high speed mode so that the delay was lowered to about 1 ms. This change in data acquisition
mode solved the problem and allowed for a stable inner loop INDI controller again for the SRS.



Modeling of the SRS

In the preliminary report it has been discussed in detail how the servo-system is modeled and simulated. Y.
Huang has modeled the Stewart platform, which is treated in his work !. The user is therefore referred to
these works for a detailed explanation on the topic of simulation of the SRS.

1y, Huang, D. M. Pool, O. Stroosma, Q. P. Chu, and M. Mulder, “Modeling and Simulation of Hydraulic Hexapod Flight Simulator Motion
Systems,” in AIAA Modeling and Simulation Technologies Conference, January 2016.
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Potential of outer loop INDI

In this work a model-based outer loop controller is used as motion controller. Huang has designed and tested
an outer loop INDI controller for the SRS !. For future work it would therefore be interesting to combine the
adapted inner loop INDI controller with this outer loop INDI controller. The outer loop INDI controller is
shown in Fig. I.1.

Outer-loop controller

Zar$ar8a

Inverse Inner-loop u Servo | 91 [ Hydraulic | F [ Stewart m
kinematics pressure controller valve $2 | _actuator platform

AP T APm

Figure I.1: Cascaded hydraulic control structure with the outer loop INDI controller

Through simulation a preliminary evaluation is performed to get an understanding of the potential of
such a controller. The circular motion reference is used for the evaluation. The adapted inner loop controller
is used together with the outer loop INDI controller. For the outer loop controller Kp = 3000, K; = 110 and
Kp =160. The outer loop tracking errors for each leg are shown in Fig 1.2 and the resulting total error metrics
in Tab. I.1. The simulation indicates that the maximum tracking error can reduced by a factor 2 from around
1.1 mm to 0.55 mm. It should be mentioned that the gains used for this simulation are not optimized at all
and therefore it is likely that better performance can be achieved by applying strategies like Multi-Objective
Parameter Optimization using tools like MOPS 2. The results do however shows that the performance can be
increased by applying outer loop INDI, which is also found by Huang'. In his work he also found the outer
loop controller to be more robust to model mismatches and uncertainties.

Table I.1: Error metrics for the cascaded controller with an inner and an outer INDI controller

Maximum Absolute Error ‘ RMSE ‘ MAE
5.5E"% [m] | 21E7"[m] | 1.8E~*[m]

ly. Huang, D. M. Pool, O. Stroosma, Q. P. Chu, and M. Mulder, “Modeling and Simulation of Hydraulic Hexapod Flight Simulator Motion
Systems,” in AIAA Modeling and Simulation Technologies Conference, January 2016.

2H.-D. Joos, “A multiobjective optimisation-based software environment for control systems design,” in Proceedings. IEEE International
Symposium on Computer Aided Control System Design. IEEE, 2002, pp. 7-14
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Figure 1.2: Outer loop tracking of the leg extensions for each of the six legs for the controller with the new INDI controller during
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