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Preface

The world is teeming with machines that grow crops, process our food, drive us to
work, assemble products, clean our homes, and perform thousands of other daily
tasks. They are complex systems built on a myriad of electronic, mechanic, and
software components, each one prone to malfunction and even fail at any given
time. Robust, fault tolerant control of such machines is key to guaranteeing their
performance and avoiding accidents. Robotic manipulators, in particular, are
especially important when it comes to robust, fault tolerant control. Our society
relies on these machines for a large variety of industrial operations; any
unscheduled downtime caused by a faulty component can have significant
economic costs—not to mention the consequences of a potential injury.

Robust and fault tolerant systems have been studied extensively by academic
and industrial researchers and many different design procedures have been
developed in order to satisfy rigorous robustness criteria. An important class of
robust control methods, introduced by G. Zames in 1980, is based on H, theory.
The main concept behind this approach is the robustness of the control system to
internal uncertainties and exogenous disturbances. Hundreds of works were
written extending the seminal results obtained by Prof. Zames. Some of them are
sufficiently elegant and effective to be of value in industrial environments.
Transforming theory into practice, however, is not a trivial task, as the mathe-
matics involved in robust control can be daunting. This monograph proposes to
bridge the gap between robust control theory and applications, with a special focus
on robotic manipulators.

The book is organized in nine chapters. In Chap. 1 we present the experimental
robot manipulator system used throughout the book to illustrate the various control
methodologies discussed. We also present there the simulation and control envi-
ronment we use to develop and test the methodologies. The environment, named
CEROob for Control Environment for Robots, is a freeware included with this book
and available at http://extras.springer.com. The remaining eight chapters are
divided in three parts. Part 1 (Chaps. 2—4) deals with robust control of regular,
fully-actuated robotic manipulators. Part 2 (Chaps. 5-6) deals with robust fault
tolerant control of robotic manipulators, especially the post-failure control
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problem. Finally, Part 3 (Chaps. 7-9) deals with robust control of cooperative
robotic manipulators.

In Chaps. 2, 3, and 4 we present model-based linear, non-linear, adaptive, and
neural network-based H, controllers for robotic manipulators. Models based on
the Lagrange—Euler formulation and neural networks are used to enable robust
control of robots where performance, stability and convergence are guaranteed.
One interesting scenario in robot modeling is when the neural network works as a
complement of the Lagrange—Euler equations to decrease modeling errors. In these
chapters we also explore the use of output feedback controllers, motivated by the
fact that in some cases sensors are not available to measure the full array of
variables needed for robot control.

In Chaps. 5 and 6 we present strategies to control the position of underactuated
manipulators, or manipulators equipped with both regular (active) and failed
(passive) joints based on linear parameter-varying models and linear matrix
inequalities, and also on game theory. The objective in these chapters is to
demonstrate that the system is able to reject disturbances while achieving good
position tracking performance. For robotic systems subject to faults, we present a
fault tolerant methodology based on linear systems subject to Markovian jumps.
We describe in detail the design of Hz,Hoo, and mixed Hp/H. trajectory-
following controllers for manipulators subject to several consecutive faults.

In Chaps. 7, 8, and 9 we consider actuated and underactuated cooperative
manipulators. One of the most important issues in the robust control of cooperative
manipulators is the relationship between disturbance rejection and control of
squeeze forces on the load, particularly when the manipulator is underactuated.

Throughout the book we illustrate the concepts presented with simulations and
experiments conducted with two 3-link planar robotic manipulators especially
designed to pose as fully-actuated or underactuated devices.

Séo Carlos, Brazil Adriano A. G. Siqueira
Sao Carlos, Brazil Marco H. Terra
Pittsburgh, USA Marcel Bergerman
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Chapter 1
Experimental Set Up

1.1 Introduction

The field of Robotics is, by its very nature, an experimental one. No robot control
methodology can be deemed to perform satisfactorily if it has not been validated
on an actual physical system. In this book we illustrate all control methods pre-
sented by applying them to custom-designed robotic manipulators.

The manipulators are two 3-link open-chain, serial link arms built by Ben
Brown, Jr. from Pittsburgh, PA, USA, which we name the UARMs, or Unde-
rActuated Robotic Manipulators (Fig. 1.1). The two most salient features of these
manipulators are that their joint motors possess very low friction and are equipped
with on/off brakes, thus allowing us to simulate a variety of joint failure condi-
tions. We created an open source MATLAB®-based UARM simulator that readers
can utilize to validate the control methodologies presented throughout the chap-
ters. The simulator includes also the Matlab source code for all methods described.
This Control Environment for Robots (CERobD) is in fact more than just a standard
simulator; in our laboratory, control methodologies can be validated in the virtual
manipulators and then transferred to the actual ones at the click of a button.

In the first part of this chapter we describe in detail the UARM hardware and its
dynamic model. In the second part we describe the basic functionality of CERob.
Specific details on CERob as it applies to particular controllers are presented in the
pertinent chapters.

1.2 UARM Experimental Manipulator

1.2.1 Hardware

Each UARM is a 3-link planar, open-chain, serial-link manipulator. They are
equipped with low-friction DC motors directly connected to the links, with
no gearboxes. When the motors are powered, the joints behave as regular

A. A. G. Siqueira et al., Robust Control of Robots, 1
DOI: 10.1007/978-0-85729-898-0_1, © Springer-Verlag London Limited 2011
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Fig. 1.1 UnderActuated
Robot Manipulator (UARM)

fully-actuated ones; and when they are not powered, the joints can move essen-
tially freely and dub as unactuated or passive joints. The manipulator’s configu-
ration (fully-actuated or underactuated) can then be defined at will in real time by
simply powering or not each joint. Additionally, the joints are equipped with
diaphragm-based on/off brakes, which can be used to simulate locking-type faults
or to enable underactuated manipulator position control. Joints are numbered from
1 to 3, with joint 1 fixed to a smooth marble table. A dummy load can be attached
to the end-effector’s cup-shaped housing to provide for meaningful manipulation
experiments. The entire system resides on a horizontal plane and runs on a thin air
film that reduces to practically zero the friction with the table. Pressurized air
pumps and computer-controlled solenoid valves complete the hardware of the
system.

Incremental encoders with quadrature decoding, located at the top of each
joint, are used to measure the relative angular joint positions. The angular
velocities are computed via numerical differentiation and low-pass filtering.
Such procedure is known to result in measurement noise and can therefore
lead to poor position control performance. This is one of our motivations to
use output feedback control laws, where only joint position measurements are
used.

An equipment board provides a mounting surface for the motor amplifiers,
valves and air pressure regulators for brake and flotation air, and a custom inter-
face board. Two feeding voltages are supplied by a power unit: 48 V/20 A for the
motors, and 24 V/1 A for the interface board. A kill switch (“emergency stop™)
mounted in a small yellow enclosure can be located remotely, and controls the
power supply to the interface board and amplifiers. The equipment board also
provides a location where the UARM can be secured for safe transport without
disconnecting it from the rest of the system. Figure 1.2 shows the complete sys-
tem, with the robot manipulator, the equipment board, the power supply unit, and
the control computer.

The communication between the control computer and the hardware is per-
formed by a PCI (Peripheral Component Interconnect) input—output board from
Motenc. This device is able to control up to eight servo motors simultaneously
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Fig. 1.2 Complete UARM
hardware setup

(eight robot joints). The Motenc board connects to the custom interface board via
two 50-conductor ribbon cables. The features available on this board include:

8 differential encoder inputs, 32-bit resolution;

8 analog outputs, =10 V range, 13-bit resolution;

8 analog inputs, +5 V range, 14-bit resolution;

100 digital I/O (68 inputs and 32 outputs) in four 50-pin headers, opto-22
compatible;

+5 V available on headers, fused (resetable), max current 2 A;
Programmable timer interrupts;

Watchdog timer;

Hardware board ID for multiple board applications;

Filters at digital inputs to remove high frequency noise; and
Hardware ESTOPs.

The designer can access the board I/O channels by using the dl/ library provided
by the manufacturer. Table 1.1 shows the MATLAB®-based functions we
developed to communicate with the UARM hardware. Most of the time only four
commands are necessary to control the robot: those to set the desired voltages, read
the current encoders’ values, reset the encoders, and activate or release the brakes,
at the same time activating or inhibiting the motors.

Table 1.1 MATLAB®-based functions for control of the UARM

Function Description

set_dac_all_stg([vl v2 v3]) Set the desired voltages to the DC motors
get_position Read joint encoders
set_encoder_one_stg(enc, value) Set encoder to the specified value

setbrakemotor(value) Activate/release brakes and activate/inhibit motors
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Electrical and mechanical details of the system are as follows:
1. Links

Link length: 20.3 cm

Arm length from center of joint 1 to center of tip: 60.96 cm
Joint size: 76 mm (diameter) x 86 mm (height)

Joint mass: 670 g

Tip mass: 220 g (default, customized by user)

Link mass: 30 g (excluding wires, air hoses, and connectors).

2. Joint motors

Model: Kollmorgen RBE-1213 brushless DC
Nominal voltage: 48 V CC

Winding resistance: 2.4 Q

Torque constant: 0.14 Nm/A

Peak torque: 2.8 Nm

Back EMF constant: 15 V/kKRPM
Continuous stall torque: 0.35 Nm

Motor mass: 344 g

Rotor inertia: 0.0000148 kg m?.

3. Motor amplifiers

Model: Elmo SBA 10/100H-4

Peak current: 20 A

Continuous current: 10 A

Supply voltage: 20-90 V CC

Current-to-voltage constant (adjustable): 1.61 A/V.

4. Brakes

e Type: air actuated diaphragm

e Pressure: 100 psi (700 kPa) max.

e Valves: Clippard model EVO-3M, 24 VDC, 0.67 W
e Torque: 2.8 Nm max.

5. Optical encoders

Model: Hewlett Packard HEDS 9040-T00

Disk: HEDS 6140-T08

Lines: 2000/revolution

Counts: 8000/revolution after quadrature decoding.

6. Air bearings

e Orifice diameter: 0.36 mm
e Air gap: approx. 0.08 mm
e Air supply pressure: 100 psi (700 kPa) max.
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Fig. 1.3 Schematic e
representation of the UARM ‘% i
i

1.2.2 Dynamic Model

Figure 1.3 shows a schematic representation of the UARM and the coordinate
frames assigned to compute the direct and inverse kinematic models. The robot’s
dynamic equations, which all control laws considered in this book are based on,
can be computed via Lagrange theory [1] and is given by:

t=M(q)g+ C(q,4)q + F(q) + G(q), (1.1)

where ¢ is the n-dimensional joint position vector, M(q) is the n X n symmetric
positive definite inertia matrix, C(g, ¢) is the n x n Coriolis and centripetal torque
matrix, F(§) is the n-dimensional velocity-dependent frictional torque vector, G(g)
is the n-dimensional gravitational torque vector and 7 is the n-dimensional applied
torque vector. Because the UARM moves in the horizontal plane, the gravitational
term vanishes. The elements of the matrices in Eq. 1.1 are given by:

Dynamic Matrices of UARM:
Mii(q) Mix(q) Miz(q)
M(q) = | Mai(q) Mn(q) Mx(q) |,
Msi(q) Msxn(q) Ms3(q)
M (q)=5+L+L+mE +my(l;+L +211,c0s(q2))
+m3 (1 + 5+ 4211 1hcos(g2) + 211 Le,cos(q2 +¢3) + 2D le,c08(g3)),
Mis(q) :IZ+I3+m2(l?2 +201.,c08(q2))
+ms (15 —{-lf3 +11c08(q2) +111e,co8(q2+q3) + 211, c08(g3) ),
My3(q) =F+ma(I2 +111e,c08(q2+q3) + ble,cos(g3)),
Mai(q) =M12(q),
My (q)=hL+L+ml +ms(5+1 +2bl.,cos(g3)),
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M (q) =L +ms (L, +1i,cos(q3))
M31(q)=M3(q),

M3 (q)=Ma3(q),

M33(q) =5 +msl;,

C(g.q9) = | Ca(q,4) Cnlq,q4) Calq.q) |,
Ci(q,9) Cxlq,9) '

2) +mslibsin(qa) +mslile,sin(qa + q3)) g2
mslyle,sin(qz + q3) +m3byl.,sin(g3))gs,

Culg,q)=—( (¢
—( (

C]z(q q) (le l Il(q )+m3l lQSln(qz) +m3lllC3sm(q2+q3))(6j] +q2)
= ( (
(

m211 lCZ sin

mzlllcssm g2+ q3) + msbl.,sin(g3))gs,
C13(9,q) = — (malile;sin(q2 + q3) + m3lale, sin(q3)) (g1 + g2 + g3),
C2.1(g,q) = (malyle,sin(q2) +msl1 bsin(ga) + mslyle,sin(g2 +¢3)) g

—m3byle,sin(qs)gs,

C22(q,q) = —malyl.,sin(q3) g3,
C23(q9,4) = —msbale,sin(qs ) (g1 + g2 +G3),
C3.1(¢,9) = (m3lile;sin(q2 + q3) +m3lale,sin(qs) ) g1 +mslale, sin(g3)gs,
C32(q,9) = m3bale,sin(qs) (g1 + q2),
Cs3(q,9) =0,
and

fiq

F(g) = | ~q |,
BV

where m;, l;, I, I;, and f; are, respectively, the mass, length, center of
mass, inertia, and viscous friction coefficient of link i.

The manipulator’s nominal kinematic and dynamic parameters, computed from
manufacturers’ spec sheets and actual measurements, are presented in Table 1.2.

1.3 Control Environment for Robots (CERob)

Synthesis of control methods for robotic systems can be facilitated by utilization of
software environments where one integrates algorithm design and experimental
validation. Although there exist commercial programs to simulate industrial
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Table 1.2 UARM kinematic

i (k: I; (kgm? l; (m I.. (m © (kg m?/
and dynamic parameters m; (kg) (kg m’) (m) () Ji kgm/s)

1 0.850 0.0153 0.203 0.096 0.28
2 0.850 0.0100 0.203 0.096 0.18
3 0.625 0.0100 0.203 0.077 0.10

manipulators and to automatically generate execution code, such programs tend to
be expensive, not fully customizable, and unable to deal with underactuated
manipulators or joint failure modes. To fill in this void we developed Control
Environment for Robots (CERob), an open source MATLAB-based environment
that allow us to design, test, and validate methods for manipulator fault detection
and control of the resulting underactuated system. The environment includes
models of single and cooperative manipulators.

The source code of this simulator is available at the Springer extra materials site
(http://extras.springer.com/). After the installation procedure completes, the con-
trol environment is run by typing CERob in the MATLAB® workspace. Use of
CERob assumes the user has a licensed copy of MATLAB® version 6.0 or above.

When launched, the CERob user interface appears as in Fig. 1.4. The following
control environments are available for designing robust and fault tolerant
controllers:

e Underactuted Manipulator Control Environment (UMCE). This control envi-
ronment deals with single fully-actuated and underactuated manipulators. The
manipulator configuration, fully-actuated or underactuated, is defined before the
simulation starts, and no fault detection and isolation framework runs during
simulation. Details of design procedures for the controllers available in UMCE
are presented in Chaps. 2-5.

e Fault-Tolerant Manipulator Control Environment (FTMCE). In this control
environment users can implement fault-tolerant control strategies based on
Markovian controllers. The manipulator starts the movement configured as
fully-actuated. When a fault is detected and isolated, the manipulator configu-
ration changes to the corresponding fault configuration. Up to two consecutive
faults can be simulated in FTMCE; details are shown in Chap. 6.

e Cooperative Manipulator Control Environment (CMCE). This control envi-
ronment includes fault tolerant strategies and robust controllers for fully-
actuated and underactuated cooperative manipulators. The underactuation
configuration can be defined at the beginning of the experiment or be the result
of a fault. The fault detection and isolation system is based on artificial neural
networks and can be applied to free-swinging joint faults, locked joint faults,
and incorrectly-measured position and velocity faults. Chapters 7-9 present the
specific features of the CMCE.

The current implementation of the control environments is specific for the
3-link experimental manipulator UARM. Within these environments the user can
design and test manipulator control algorithms on models that include inertial,
centrifugal, Coriolis, friction and gravitational terms. At the end of each
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http://dx.doi.org/10.1007/978-0-85729-898-0_6
http://dx.doi.org/10.1007/978-0-85729-898-0_7
http://dx.doi.org/10.1007/978-0-85729-898-0_9
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Welcome to the Robust and Fault Tolerant Control Ervironment for Robots

Adriano A. G. Siqueira - USP - Sao Carlos/Brazil
Marco H. Terra - USP - Sao Carlos/Brazil
Marcel Bergerman - CMU - Pittsburgh/USA

Underactuated Manipulator

Fault Tolerant Manipulator

Cooperative Manipulator

(clese:

Fig. 1.4 Control Environment for Robots (CERob) initial screen

simulation, a graphic window shows the resulting joint positions, velocities and
torques. Users who have an UARM system available to them may execute the
exact same simulation code in the actual robot with the click of a button on the
interface, and observe the resulting motion in real time.

In the remainder of this chapter we present in detail the operation of the first
control environment, the Underactuated Manipulator Control Environment
(UMCEE, Fig. 1.5). Operation of the other two is very similar and is ommited for
brevity.

The UMCE graphical user interface is divided in two areas: the frame area,
which holds all the buttons used to execute commands, all messages, and a prompt
for entering numeric data; and the movie axis, which displays the manipulator’s
motion. The frame area is sub-divided in the following areas.

e USER COMMANDS: the buttons here perform the following tasks (Fig. 1.6):

— Start Simulation: initializes the simulation. Because this button is interruptible
(so that one can stop the simulation at any time) it becomes invisible during the
simulation. It becomes visible again when the simulation ends or when the user
presses the Stop Simulation button. If the simulation fails (e.g., because of a
failed matrix inversion), this button will not return to the visible state. In this
case the user may simply press Stop Simulation and the button will appear again.

— Start UARM: initializes an experiment with the underactuated manipulator
UARM. If the interface device is not installed in the computer, an error
message is displayed. The same message is also shown when the other robot-
related buttons are pressed.
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USER COMMANDS
| Start Simulation | Start UARM ]
| STOP | Intial Position |
| Mator Of Il Reset |
| Brake On | Brake Off |
I Restart I[ Close I

Fig. 1.6 USER COMMANDS buttons

— Stop Simulation: stops the simulation at any point, and returns the Start
Simulation button to the visible state.

— Initial Position: redraws the manipulator in the initial position defined by the
menu Initial Position (described below). In an actual experiment, the UARM
manipulator moves to the specified initial position using a pre-defined PD
controller.

— Motor Off: sets the motor voltages to zero. This button must be pressed before
the emergency stop is released or after an unexpected behavior of the system.

— Reset: resets the UARM encoder positions to zero when the manipulator is in
its home position. This operation has to be performed every time the computer
attached to the robot is restarted.

— Brake On and Brake Off: these buttons respectively turn on and off all
pneumatic brakes of the manipulator’s joints.

— Restart: restarts the graphical user interface by closing and relaunching it. To
be used when code changes are made to any of the buttons, messages,
axes, eftc.

— Close: closes the graphical user interface, cleans the workspace, and returns to
the main dialog box of the CERob.

o SIMULATION PARAMETERS: this area shows the parameters that define the
simulation (Fig. 1.7). The following data are displayed and can be modified by
the user:

— Configuration: defines the number of active and passive joints and their
location. For example, 3PAP represents a 3-link manipulator where the first
and third joints are passive, and the second one is active.

— Controller: by default, a linear H,, (HIN) controller is provided for the
available configurations. The user can also select the nonlinear H, control-
lers computed via the quasi-Linear Parameter Varying representation (LPV)
and via Game Theory (GTH)—see Chaps. 3 and 5—and the adaptive H.,
controllers based on dynamic model (ADP) and neural networks (NET)—see


http://dx.doi.org/10.1007/978-0-85729-898-0_3
http://dx.doi.org/10.1007/978-0-85729-898-0_5

1.3 Control Environment for Robots (CERob) 11

SIMULATION PARAMETERS

Configuration: v 38848

Controller: 'v|Hn [__Design Controller |
Intial angles: (0.0 0.0 00

Set-point: v§20.0 200 200

Fig. 1.7 SIMULATION PARAMETERS buttons

Chaps. 4 and 5. For the other control environments, the set of available
controllers is defined in the section Design Procedures of the respective
chapters.

— Controller Design: opens the controller design box, where the user can
specify the control parameters and customize the available controllers.

— Initial angles: defines the initial angles for the manipulator. To choose the
default initial conditions, click on Default; to choose randomly selected
angles, click on Random. To choose your own initial angles, first enter them
as a vector in the prompt provided at the message center (for example,
[23.0, 34.0, —5.0]), click on [Initial angles and click on User defined. Angles
must be entered in degrees. If incorrect data is provided (for example, if the
size of the vector entered is different from the number of joints or if the
brackets are forgotten) the message “Invalid data! Default values set” will
appear above the prompt and default values will be assigned to the initial
conditions.

— Set-point: defines the set-point angles for the joints. To change the set-point,
follow the procedure given above to change the initial angles.

In addition to defining initial and final joint positions using the procedures
described above, the user may also directly select initial and final end-effector
positions in Cartesian space by clicking anywhere on the movie axis once, and
then clicking again on the desired Cartesian point. For the second click, the left-
most mouse button defines the initial position; and the center or rightmost buttons
define the set-point.

In this book, joint trajectories are generated as Sth-degree polynomials con-
necting a joint’s initial position to its set-point [2].

e DYNAMIC PARAMETERS: this area displays the parameters that define the
manipulator (Fig. 1.8). The default values are those of the experimental 3-link
apparatus UARM. The following data are displayed and can be modified by the
user:


http://dx.doi.org/10.1007/978-0-85729-898-0_4
http://dx.doi.org/10.1007/978-0-85729-898-0_5
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Fig. 1.8 DYNAMIC

PARAMETERS buttons DYNAMIC PARAMETERS
Mass: v|0:85 0.85 063
Inertia: ~|0.007 0007 0.006
Length: v|0.20 0.20 0.20
Certer of mass: +|0.10 010 008
Friction: 0,00 0.00 0.00
Dynamic unc.: v.i1 010101010

— Mass: defines the masses of the links in kg. To change the masses, follow the
procedures given above to change the initial angles.

— Inertia: defines the inertias of the links in kg m?. Because we are only dealing
with planar manipulators, each link’s inertia is scalar. To change the inertias,
follow the procedures given above to change the initial angles.

— Length: defines the lengths of the links in m. To change the lengths, follow the
procedures given above to change the initial angles. When the user changes
link lengths, the links’ centers-of-mass are automatically defined to be located
at the center of the link.

— Center of mass: defines the centers-of-mass of the links in m. To change the
centers-of-mass, follow the procedures described above to change the initial
angles. If the user attempts to define a center-of-mass that is not within the
link’s length, the message “Invalid data! Default values set” will appear
above the prompt and default values will be assigned to the centers-of-mass of
all links.

— Friction: defines the velocity-dependent friction in the joints in kg m?%/s.
To change the friction, follow the procedures given above to change the initial
angles.

— Dynamic uncertainty: defines the degree of uncertainty on the dynamic and
kinematic parameters. When it is equal to 1 the dynamic model is assumed to
be known perfectly. When it has a value different from 1, all kinematic and
dynamic parameters are multiplied by that value and these estimated values
are used by the controller. Note that the dynamic model is still computed
using the nominal dynamic and kinematic parameters. This feature is pro-
vided in order to test the robustness of a particular control law with respect to
parameter uncertainties.

e CHANGE PARAMETERS: provides a prompt (Fig. 1.9) for entering numeric
data (as explained above). When invalid data are entered, the message “Invalid
data! Default values set” will appear above the prompt and default values will
be set for that particular variable.
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Fig. 1.9 CHANGE
PARAMETERS prompt
and GRAPHICS menu

CHANGE PARAMETERS
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Fig. 1.10 Graphics window

e GRAPHICS: this pull-down menu displays the options available for data plot-
ting (Fig. 1.9). Once an option is selected, a new window named “Graphics” is
opened. The Graphics window displays joint positions, velocities, and torques
obtained from simulation and from the experimental manipulator UARM
(Fig. 1.10).

The following data are shown in the frame area and cannot be modified by

the user:

o Simulated time: displays the simulated time as it progresses.

® Real time: displays the actual time of the simulation as it progresses. The wall
clock time elapsed is displayed on MATLAB® command window after the
simulation is over.

All the above commands are also displayed in the menu bar (Fig. 1.11).
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Fig. 1.11 UMCE menu bar
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After setting all values for a particular simulation, press Start Simulation.
The simulation ends when any of the following conditions occurs:

e all joints reach their set-points; the simulation will run for another 0.3 s and will
stop;

o the user presses Stop Simulation; the simulation will stop immediately;

e a numerical error occurs; the simulation will stop immediately.
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Chapter 2
Linear H . Control

2.1 Introduction

One of the most traditional techniques used for manipulator control is the com-
puted torque method (see [6, 8, 9, 12] and references therein). It is based on the
nominal dynamic model of the manipulator, and basically transforms the multi-
variable nonlinear plant into a set of decoupled linear systems. The computed
torque method is attractive because of its simple and elegant mathematical
derivation and for providing excellent control performance in the absence of
modeling errors and external disturbances.

In real-world applications, however, modeling uncertainties and external dis-
turbances degrade considerably the performance achievable by a computed torque-
controlled system [11]. This can be overcome by adding an outer-loop, frequency
domain-based, robust controller to the computed torque formulation. In this
chapter we present one such formulation based on an H., linear controller.
We demonstrate its effectiveness by comparing it to a linear H, controller.
The interested reader may consult [1, 2, 4, 5, 7, 8, 14, 16—-19] for more details.

This chapter is organized as follows. In Sect. 2.2 we describe the combined
computed torque plus H,, linear control formulation as applied to the types of
robotic manipulators presented in Chap. 1. In Sect. 2.3 we provide guidelines for
synthesis of the H,, linear controller. In Sect. 2.4 we present actual results
obtained when applying the formulation to the UARM.

2.2 Combined Computed Torque Plus Linear Robust Control

The fundamental concept behind computed torque control is feedback linearization
of nonlinear systems. For an n-link, open chain, serial robotic manipulator, the
nonlinear dynamic model is given by Eq. 1.1:

A. A. G. Siqueira et al., Robust Control of Robots, 17
DOI: 10.1007/978-0-85729-898-0_2, © Springer-Verlag London Limited 2011
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T =M(q)q+ C(q:4)4 + F(q) + G(q)- (2.1)
For convenience we rewrite Eq. 2.1 as:
T =M(q)g+b(q,9), (2.2)

where b(q,q) is a vector composed of all non-inertial torques. In practical
applications one can never know exactly the numerical values of the elements in
M and b. We then redefine Eq. 2.2 so that the torque vector is now a function of the
estimate of the inertia matrix and non-inertial torques:

= M(q)7 +b(q,q). (2.3)

Assuming that the manipulator is programmed to follow a desired trajectory
defined a priori, we can compute 7’ based on the classical proportional-derivative
(PD) controller:

" =K,(q¢" - q) + Ka(§" — §) + G, (2.4)

where g9, ¢? and ¢¢ are the desired trajectory’s position, velocity and acceleration,
respectively; K, € R”" and K, € R™" are the proportional and derivative gains
(in this chapter designed as diagonal matrices). Combining Eqgs. 2.2-2.4 we obtain:

&+ Kyé + Kpe = M~ (q)[(M(q) — M(q))i + (b(q,q) — blq.q))]. (2.5)

where e is the position error ¢ = ¢? — ¢g. In addition to modeling uncertainties,
real-world robots are subject to internal and external disturbances such as fric-
tion, torque discretization, and load variations in the end-effector, among others.
We lump all these effects in a disturbance torque vector w and add them to
Eq. 2.5 as:

é+ Kqe + Kye = M(q) "' [(M(q) — M(q))d + (b(q,4) — b(q,4)) +w].  (2.6)

Note in Eq. 2.6 that if we had perfect knowledge of the manipulator parameters

(M(q) = M(q) and b(q,§) = b(q,q)) and if there did not exist external distur-
bances (w = 0), the right side would vanish and the computed torque method
would provide perfect trajectory tracking. The state and output equations for this
ideal system, controlled through an input signal u(¢), are given by:

X = A% + Byu, (2.7)
y = C,X + Dpu, (2.8)

where X € R™ is the state of the manipulator defined as

-2 e

and the matrices A, € R"™" B, € R™", C, € R”" and D, € R"™" as
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and D, =0. Figure 2.1 presents a block diagram of this idealized control
system.

To deal with modeling uncertainties and external disturbances, the computed tor-
que controller can be combined with a frequency domain-based outer-loop controller,
K(s), as illustrated in Fig. 2.2, where K* represents its time-domain realization.

The weighting function W,(s) is used to shape the system performance in the
frequency domain. The weighting function Wy (s) is used to shape the multipli-
cative unstructured uncertainties in the input of the system. Details of structured
and unstructured uncertainties concepts can be found in [17]. The portion of
Fig. 2.2 delimited by the dotted line is the augmented plant P(s), used to design
linear controllers (e.g., Ha, Hoo, and Hy/Ho). Note that the plant P(s) and the
weighting functions W, (s) and Wa(s) are also represented in Fig. 2.2 by their time-
domain realizations P*, W}, and Wax, respectively.

Here we present a design procedure based on the H,, formulation. (An H,
controller can be easily derived from the H, one, as we will show in the sequel.)
The design of the robust controller is performed in two steps. First, the computed
torque method is used to pre-compensate the dynamics of the nominal system.
Then, the H, controller is used to post-compensate the residual error which is not
completely removed by the computed torque method. As we will show, the
combined controller is able to perform robust tracking control.

We start by finding a state-space realization of the augmented plant P(s)
through the definition of K,, K4, W, (s), and Wx(s). The performance objectives
W, (s) and Wa(s) are respectively related to the frequency response of the sensi-
tivity function:

S(s) = (I + P(s)K(s)) ",
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where K (s) is the robust controller, and of the complementary sensitivity function
T(s)=1-S(s).

To define W,(s), we select a bandwidth wj, a maximum peak M, and a small
€ > 0. With these specifications in hand, the following performance-shaping,
diagonal weighting matrix can be determined:

We,l (S) 0 0

0 W€72 (S‘) 0
We(s) = : . . . : (2.10)

0 0 e Wen(s)
s+ wp
We i = s, .\
’ (S) MS(S + (1)1,6)

where i = 1,...,n. To define Wu(s), we select the maximum gain M,, of K(s)S(s),

the controller bandwidth ;. and a small ¢; > 0 such that:

Wai(s) 0 0
0 WA‘VZ(S) . 0
Wals)= | . S | (2.11)
0 0 . Wauls)
WA,i(S) _ s+ Wpe

My(e1s + wpe)
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Fig. 2.3 Frequency responses of W, !(s) and W;!(s)

Figure 2.3 shows the frequency responses of W, !(s) and W!(s). In the Hq
design procedure, they are selected in order to guarantee:

181l <1IW, ] (2.12)
and

1T/ <IIWx ' lluc- (2.13)
The H., norm of a given transfer function G(s) is defined as:

1G]loc = il;l];&{G(iw)}, (2.14)

where sup 6{.} denotes the supremum of the maximum singular value.
As we are interested in the state-space form of the augmented system P(s), we
redefine the control system in the time domain as:

x(t) = Ax(t) + Byw(t) + Bou(t), (2.15)

Z(I) = C]x(t) +D11W(l‘) +D]2M(t), (216)



22 2 Linear H., Control

¥(t) = Cax(t) + Dyyw(t) + Dau(t), (2.17)
where
0 1 0 0 ? 8 0
|-k, -k, 0 0 B |
A=10 o Aw, 0 | B = 8 BO » B= By, |’
By, 0 0 Ay We 0

Clz |:DW€ 0 0 CWe:|’ CZZ[I 0 0 0]’

0 0 Cy, O

0 D 0
D“[O (;VP], Dlz[DwJ’ Dy =[0 I], Dy =[0],

(Aw,, Bw,, Cw,, Dw,) is the state-space realization of the weighting function
Wa(s), and (Aw,, Bw,, Cw,, Dw,) of W,(s). The transfer function P(s) of the
augmented plant (2.15)—(2.17), used in the design of the robust controller, is
given by:

P(s) = C(sI —A)"'B+D, (2.19)
where
Dy 0 0 C 0 0 0
C X 0 C gé B ! g
== Wa 9 = ?
0 B
I 0 0 0 W
0 By, O
[0 Dy, ©
D=[0 0 Dy,]|,
0 I 0

and the matrix A is given in (2.18).

2.3 Linear H. Controllers

In this section we present the basics of linear H., control design. We refer the
reader to the vast literature on the subject for more details (e.g., [14, 16]). The
system is represented by the block diagram in Fig. 2.4, which shows the plant P(s)
and the controller K(s). The plant has two sets of input signals, the internal input
u and the external input w, and two sets of output signals, the measured signal
y and the regulated output z.
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Fig. 2.4 Block diagram z w
for H., control systems P

» K

The objective of an H., controller is to guarantee that the H., norm of a
multivariable transfer function T,,(s) is limited by a level of attenuation y,
|72 (s)||, <y The parameter y indicates the level of robustness of the control
system, or how much the input disturbances are attenuated in the output of the
system. The following assumptions are required to design a simplified version of
the Ho, controller, based on the system (2.15)—(2.17):

(A1) (A, By) is stabilizable and (C»,A) is detectable;
(A2) D11 =0 and D22 = 0;
(A3) DI,Cy = 0 and B, DY, = 0;

(A%) Dix = [?

A—jol B
C D,

(A6) [A —Jjol - By } has full row rank for all w € R.
G Dy

:| and D21 = [O I],

(AS) [ } has full column rank for all w € R;

To synthesize the H, controller we need the X, and Y, that solve the fol-
lowing two algebraic Riccati equations associated with the state feedback control
and the state estimate of the robot:

Xoo(A — BaDT,C1) 4 (A — BoDT,C) X
+ Xoo(y*B1B] — BB})Xo + C{C1 =0 (2.20)
and
(A — BiD},C2) Yoo + Yoo (A — BiDS, C)T
+ Yoo (y72C1CT — C:C)) Yoo + B1BT =0, (2.21)

where Cl == (I —D12D{2)C1 and Bl = Bl(l — Dngzl).

A stabilizing solution for this controller can be found if the matrices X, and Y,
are positive semi-definite and the spectral radius of XY, satisfies p(Xoo Yoo ) < yz.
The design problem consists of finding minimum 7 that obeys this inequality, thus
yielding the “best” robustness. The family of all stabilizing controllers K, that
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satisfy ||F (P, K)||, <7 is given by K, = F(J, Q) where Q is any stable transfer
function such that || Q|| <7, F(...) represents a linear fractional transformation, and

Ju Ji
J— : 2.22
[121 Jzz] (222)

where
Jit = A+ ByFos + 7 2BiB X + ZooHoo(C2 + 77 * D1 Bl X ),

Ji2 = | ~ZooHo — Zoo(B2 + 7 2YoCT D12 |,

T — Foo Ty — (U
2T (G497 DRBXS) T TR T T 0

Foo = _(BZXOO +DIT2C1)7 Hy = _(YOOC2T +BID§1)7

Zoo = (I — 77 2YoeXo) "

Note that the matrices in (2.19) do not always satisfy the assumptions aforemen-
tioned. In [14], and references therein, the authors provide a procedure to guarantee that
these assumptions hold. This procedure is based on strict system equivalence transfor-
mations. The MATLAB® function hinfsyn, which is used to design the H., con-
troller, incorporates the algorithm used in that procedure. We omit the details here for
brevity. In the next section we show examples of how to use the function hinfsyn.

According to [7], H, controllers are a special case of H ., controllers. By setting
the attenuation level y to oo in Egs. 2.20 and 2.21, the resulting Ricatti equations
become the ones of classical H, controllers. We use this result in the following
Examples section.

2.4 Examples

In this section we present practical examples that illustrate the application of the
combined computed torque plus linear H, controller to the UARM robotic

manipulator, including the MATLAB® code used to design the robust controller.

2.4.1 Design Procedures

The controller design procedure is automated within the CERob simulator. After
launching the software, select the Controller Design option in the Controller
menu. The design dialog box is shown in Fig. 2.5.
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Configuration; AAA =

Controller; Linear H-infinity -
Controller parameters:
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3 Detfout Close

Fig. 2.5 Controller Design box for linear H,, controller

As discussed previously in this chapter, the design procedure can be summa-

rized as:

1.

(O8]

Select the gains K, and K; and compute the nominal plant (A,, B,, C,, and D))
given by Eq. 2.7;

. Select My, wp and ¢ in (2.10) and M,,, wp. and & in (2.11);
. Compute the augmented plant (2.15)—(2.17) and H., controller;
. Compute the sensitivity function S(s) and the complementary sensitivity

function T(s). Plot the graph of S(s) versus W, !(s) and T(s) versus
Wyl (s);

. Check that conditions (2.12) and (2.13), respectively, are satisfied; if not, return

to step 1.

These steps are performed by the CERob control environment using the

MATLAB® Robust Control Toolbox. The commands sysic and hinfsyn are used to
generate the augmented plant and to design the H,, controller, respectively.
Details of the algorithms used in these functions can be found in [1, 5]. The
following box shows the code used to design the controller (available in the
directory CERob\UnderactuatedSimulator).
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File: HIN_.3AAA.m

Z=zeros (3) ;
I=eye(3);
sizekp=size (kp) ;
if sizekp(l) ==

KP = kp;
else

KP = kp*eye(3);
end

sizekv=size (kv) ;

if sizekv (1) 3
KD = kd;

else
KD = kd+eye(3);

end

% Nominal system

Ag=[ Z I
-KP -KD];
Bg=[Z
I];
Cg=100%[I Z];
Dg=7Z;

G=pck (Ag, Bg,Cg,Dg) ;

% Weighting definition
nwe=(1/Ms) [1 wb];
dwe=[1 wbxE];

We=tf (nwe, dwe)
Wel=nd2sys (nwe, dwe) ;
We2=nd2sys (nwe, dwe) ;
We3=nd2sys (nwe, dwe) ;
We=daug (Wel,We2,We3) ;

nwu=(1/Mu) [1 wbc];
dwu=[E1 wbc];

Wu=tf (nwu, dwu)
Wul=nd2sys (nwu, dwu) ;
Wu2=nd2sys (nwu, dwu) ;
Wu3=nd2sys (nwu, dwu) ;
Wu=daug (Wul, Wu2,Wu3) ;

% Augmented plant

systemnames='G Wu We’;

inputvar='[pert (3); dist(3); control(3)]’;
outputvar='[Wu ; We; G+dist]’;
input_to_G='[control+pert]’;
input_to_Wu='[control]’;
input_to_We='[G+dist] ’;

sysoutname='P’ ;

cleanupsysic='yes’;

sysic
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% H-infinity synthesis

gmin=0.1;

gmax=150;

K1 = hinfsyn(P,3,3,gmin,gmax, 0.05) ;
[Ak, Bk, Ck,Dk]=unpck (K1) ;

K = ss(Ak, Bk, Ck,Dk) ;

% Graphics
[Agk, Bgk, Cgk,Dgk] = series(2k, Bk, Ck, Dk, Ag, Bg,Cg,Dg) ;
Lo = ss(Agk,Bgk, Cgk,Dgk) ;

% Sensitivity function
So = inv(eye(size(Lo))+Lo) ;

We = tf (nwe,dwe) ;
WE = eye(3)*We;
Wu = tf (nwu,dwu) ;
WU = eye(3)*Wu;

figure
wsigma = logspace (logl0 (wb*E)-2,1ogl0 (wb)+2,100) ;
SVl = sigma(So,wsigma) ;

minSV = min(min(20%1ogl0(SV1)));

maxSV = max(max(20x1ogl0(SVl1)))

semilogx (wsigma,20+«1ogl0(SV1(1,:)), 'k");
hold on

SV = sigma (inv (WE) ,wsigma) ;

semilogx (wsigma,20+«1ogl0(SV), 'k--");
semilogx (wsigma,20%1ogl0(SV1(2:3,:)),'k");

% Complementary sensitivity function
To = series (Lo, So);

figure
wsigma = logspace(loglO (wbc)-2,10gl0 (wbc/E1)+2,100) ;
SVl = sigma (To,wsigma) ;

minSV = min(min(20%1ogl0(SV1l))) ;

maxSV = max(max(20x1ogl0(SVl1)))

semilogx (wsigma,20x1logl0(Sv1l(1l,:)), k") ;
hold on

SV = sigma (inv (Wu) ,wsigma) ;

semilogx (wsigma,20x1ogl0(SV), 'k--") ;
semilogx (wsigma,20+«1ogl0(SV1(2:3,:)),'k");

Figure 2.6 presents the resulting sensitivity function S(s) and the complementary
sensitivity function T'(s), computed using the default parameters shown in Fig. 2.5.
Note that both S(s) and 7 (s) are strictly lower than the weighting functions W, ! (s)
and W' (s), respectively, for all frequencies and therefore satisfy Eqs. 2.12 and
2.13. The 'H, controller is designed based on the same code considering y — oco.
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Fig. 2.6 Sensibility function S(s) versus W, !(s) and complementary sensibility function T(s)
versus Wy ! (s)

2.4.2 Experimental Results

The combined computed torque plus H., or H, controllers were applied to the
UARM on a trajectory with starting position g(0) = [0° 0° 0°]T and desired
position ¢(T) = [~20° 30° —30°]" with T = [4.0 4.0 4.0s. To test the con-
trollers’ disturbance rejection properties we add, to the torques computed by the

robust controllers, exponentially attenuated sinusoidal torque disturbances of the
form:

*UAQQ

T4, = Aje B sin(w;1),

where A; is the maximum disturbance amplitude for joint i, #; and o; are respec-
tively the mean and standard deviation of the attenuation function, and ®; is
the frequency of the sinusoid. Figure 2.7 presents the torque disturbances for
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Fig. 2.7 Torque Joint 1]
disturbances 0.02 | — Joint 2 A
---Joint 3 )

0.0l

0

Torque (Nm)

-0.01

-0.02

0 1 2 3 4
Time (s)

A=1[002 —001 0005 N, w=[10 7.5 5]radls, t; =2 s, and g, = 0.6,
for i=1,...,3. These values were chosen so that the maximum values of the
torque disturbances represent at least 20% of the maximum applied torques during
experiments performed without disturbances.

The parameters used to design the linear H, and H,, controllers are presented
in Tables 2.1 and 2.2. The experimental results obtained when the manipulator
was not subject to torque disturbances are shown in Figs. 2.8, 2.9, 2.10 and 2.11.
Note that the joint positions track the desired trajectories and reach the set-points
within the specified time.

The experimental results for the case where external disturbances are applied
are shown in Figs. 2.12, 2.13, 2.14 and 2.15. One can clearly note the decrease in
performance, which is anticipated given the high disturbance values compared to
the nominal torques. Still, the joint positions reach the set-points once the dis-
turbances are attenuated.

Table 2.1 K, and K; gains for the H, and H,, controllers

Controller K, K,
Linear H, control 20 0 O 6 0 0
0 30 0 0 8 0
0 0 50 0 0 10
Linear H, control 20 0 O 6 0 O
0 30 0 08 0
0 0 55 0 0 105

Table 2.2 Performance parameters for the H, and H,, controllers
Controller M wy, (rad/s) e M, Wpe (rad/s) &1
‘H, and H,, controls 22 0.44 1073 100 70 1074
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Fig. 2.8 Joint positions, H;
control, without disturbances

Fig. 2.9 Applied torques,
H, control, without
disturbances

Fig. 2.10 Joint positions,
Hs control, without
disturbances
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Fig. 2.11 Applied torques,
H control, without
disturbances

Fig. 2.12 Joint positions, H,
control, with disturbances

Fig. 2.13 Applied torques,
H, control, with disturbances
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Fig. 2.14 Joint positions,

2 Linear H., Control
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To compare the performance of H., and H, controllers with and without
disturbances, we define the following two performance indexes that measure the
joint position errors and amount of torque applied to each joint:

Performance Indexes

e [, norm of the error state vector

1

2

N L
Lolx] = | — [ IX(2)l2dt | , (2.23)
z,o/

where ||%(#)||*= ()" %(¢) is the Euclidean norm and ¢, is the time it takes for
all joints to reach the set-point.
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e Sum of the applied torques

E[] = ’n / 2i(1)|dt | (2.24)

Table 2.3 Comparison of the performance of the H., and H, controllers with and without
torque disturbances

Controller L% E[7] (Nms)
H, control, without disturbance 0.0168 0.3509
‘H control, without disturbance 0.0195 0.3429
H» control, with disturbance 0.0212 0.3776
H control, with disturbance 0.0208 0.3506

The £, norm measures the joint position errors and is widely used to compare
the performance of controllers (see, for example, [3, 10, 13, 15]). The sum of
applied torques index is an indirect measure of the energy consumption of the
robot.

We repeated the experiments described above five times, and computed the
average of each performance index; the results are shown in Table 2.3. The
experimental results shown in Figs. 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14 and 2.15
correspond to the samples that are closest to the mean values of £,(%) and E[1]
shown in Table 2.3.

Note that when the manipulator is subject to disturbances £[x] norm of the
linear H, controller increases in 26%, whereas the increase of the same index for
the H., controller was only 7%. The increase in sum of applied torques was
approximately 8% and 2% for H, and H., controllers, respectively. In other
words, the H,, controller provides greater robustness to external disturbances.
This example illustrates the main motivation of this book, that is, to develop linear
and nonlinear robust controllers based on H, approaches for robotic
manipulators.
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Chapter 3
Nonlinear H .. Control

3.1 Introduction

In this chapter we present a set of nonlinear H, control methodologies for robot
manipulators. In few words, nonlinear H, control consists in guaranteeing a pre-
defined level of attenuation of the effects of the disturbance in the system output.
We deal with two fundamental approaches in this class of controllers: the first is
based on game theory and the second is based on linear parameter varying (LPV)
techniques.

The H control of manipulators based on game theory we are considering in
this chapter was developed in [4], taking into account the optimal solution pre-
sented in [7]. This approach provides an explicit global solution for the control
problem, formulated as a minimax game. The solution proposed in [4] was applied
to a fully-actuated experimental manipulator with high inertia in [8]. The approach
based on LPV techniques provides a systematic way to design controllers that
schedule the varying parameters of the system and achieve the H,, performance
[9]. The nonlinear dynamics can be represented as an LPV system in which the
parameters are a function of the state, named quasi-LPV representation.

The presentation of both approaches in this chapter is motivated by the fact that
the first one provides a constant gain, similar to the results obtained with feedback
linearization procedures, while the second one provides a time-varying gain which
is a result of the solution of several coupled Riccati inequalities. We investigate
the robustness of both approaches through experimental results.

This chapter is organized as follows: Sect. 3.2 presents the quasi-LPV repre-
sentation of robot manipulators. Section 3.3 presents the H., control via game
theory proposed in [4], as well as a variant based on mixed H,/Hs control.
Section 3.4 presents the H,, control for LPV systems. Section 3.5 presents
guidelines to implement the proposed controllers and the results obtained on the
UARM.

A. A. G. Siqueira et al., Robust Control of Robots, 35
DOI: 10.1007/978-0-85729-898-0_3, © Springer-Verlag London Limited 2011
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Specific notations used in this chapter include: a matrix C is said to be skew-
symmetric when C = —CT; and £, will be used to denote the set of bounded-

energy signals, i.e., £,(0,T) = {w: fo [w(t)]|*dt<oo}.

3.2 Quasi-LPV Representation of Robot Manipulators

The dynamic equation of a robot manipulator is given by Eq. 1.1:

T =M(q)q+ C(q,4)q + F(q) + G(q)- (3.1)

In this section we are interested in formulating the manipulator model in terms
of nominal parameters, parametric uncertainties and exogenous disturbances. We
can divide the parameter matrices M(q), C(q,q), F(¢), and G(g) into a nominal
and a perturbed part:

M(q) = Mo(q) + AM(q),
C(9,9) = Col(g,q) +AC(q,q),
F(g) = Fo(q) + AF(q),
G(q) = Go(q) + AG(q),

where  Mo(q), Co(q,q), Fo(¢), and Go(g) are the nominal matrices, and
AM(q), AC(q,q), AF(4), and AG(q) are the parametric uncertainties. With these
uncertainties and adding a finite energy exogenous disturbance, 7,4, after some
algebra, Eq. 3.1 can be rewritten as:

T+ 0(q,4,4) = Mo(q)g + Co(q, 4)q + Fo(q) + Go(q), (3.2)
with

In order to express this equation in a form appropriate for the nonlinear control
methods we are dealing with in this chapter, the following state tracking error is

defined:
- [579)- [)

where ¢ and ¢? € R" are the desired reference trajectory and the corresponding
velocity, respectively. The variables ¢¢, ¢? and §¢, the desired acceleration, are
assumed to be within the physical and kinematics limits of the manipulator. The
dynamic equation for the state tracking error is given from Egs. 3.2 and 3.3 as:

% = A(q, ¢)X + Bu + Bw (3.4)
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with

0 I,

0 —My'(q)Co(q,q) |
0

u= My (q)(t — Mo(q)§" — Co(9.9)q" — Fo(q) — Go(q)),
w=M,"(4)(¢,4,4)-
The applied torque is given by:

©=Mo(q)(§" + u) + Co(g,4)¢" + Fo(q) + Go(q).

Although the matrices My(g) and Cy(g,q) explicitly depend on the joint
positions, we can consider them as functions of the position and velocity errors [7]:

MO(CI) = MO(Z] + qd) = MO(Xa l)7
Co(q.4) = Co(q + .G+ ¢") = Co(¥,1).

Hence, Eq. 3.4 is a quasi-LPV representation for the robot manipulator with
A(X,t) representing the state transition matrix.

3.3 H. Control via Game Theory

In this section, we utilize a classical solution based on game theory for the H,
control problem of a robot manipulator derived from Eq. 3.4. We also discuss a
variant based on mixed H,/H, control.

3.3.1 H Control

Following [4] and [7], the solution for the H, control takes into account a state
transformation given by:

SR |

where Ty, T, € R are constant matrices to be determined. With this trans-
formation, the dynamic equation of the state tracking error can be rewritten as:

X = Ar(%, )% 4 Br (%, )u + Br (%, t)w, (3.6)
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with
~T,'T T
AT(Sc,r>=To“[ PO .]To,
0 —My " (q9)Co(q,9)
Br(%,1) Tll 0
(X, 1 0 _ )
Mol(Q)

u= Mo(q)TZ-;C + CO(C], q)TZ)NCa
w = Mo(q)T1aM; " (9)8(q, 4, G)-

The relationship between the applied torques and the control input is
given by:

= Moy(q)§ + Co(q,q)q + Fo(q) + Go(q), (3.7)
with
§ =" — T5'Tnx — T'My ' (9)(Colg, §)B" Tox — u). (3.8)

The objective of the robust control considered in this section is to attenuate the
effects of the disturbance w on the position and velocity of the manipulator joints
through the state feedback control u = F(X)x. With this strategy in mind, and
subject to the tracking error dynamics, the following performance criterion, which
includes a desired disturbance attenuation level y, is proposed in [4]:

5" B3 (00x(1) + ju” (DRu(t)dr _ (3.9)

min  max =
u()ELs 0£w(- €Ly IS GwT(t)w(r))dt

where Q and R are positive definite symmetric weighting matrices and x(0) = 0.
This performance criterion represents the classical minimax optimization problem
with weighting matrices introduced in the output and in the control input terms.
According to game theory, a solution to this problem can be found if there exists a
continuously differentiable Lyapunov function V(X,¢) that satisfies the following
Bellman-Isaacs equation [2]:

- N
LoV = min max< L(X,u,w) + 6V()~c, 2 X0,
or u() w() ox

with terminal condition V(%(c0),00) =0 and L(%,u,w) = 3% (1)Qx(r) + L u” (1)
Ru(t) — 3y*w (t)w(r). Selecting a Lyapunov function of the form:

V(% 1) = %SCTP(EC, 1)X, (3.10)
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where P(X,1) is a positive definite symmetric matrix for all X and ¢, the Bellman-
Isaacs equation becomes the following Riccati equation:

P(x,t) + P(%, t)Ar (%, 1) + Ar(X, 1)P(%,1)

+ P(%,1)Br (%, 1) (R" - %1) Br(%,1)P(%,1) + Q = 0. (3.11)

With an appropriate choice of the matrix P(X,7) and by use of the skew-
symmetric matrix Co(q,§) —3Mo(q, §), the Riccati equation can be simplified to
an algebraic matrix equation. In [4, 7], the P(X,r) selected as solution for this
problem is defined as:

P(x,t) =T! [g MO(O)NC, t)}TO, (3.12)

where K is a positive definite symmetric constant matrix. The simplified algebraic
equation is given as:
0 K o1
[K 0} —TOTB<R —y—2]>BTTo+Q:O. (3.13)

The H, robust control is obtained through the following simple and elegant
procedure:

u* = —R'BTyx. (3.14)

One can note that the resulting control input u is actually a static gain. The
terminal condition is satisfied for the choice of P(%,¢) as in Eq. 3.12 [4]. Then, to
solve the algebraic Eq. 3.13, we can adopt as solution the following 7; and
K matrices:

I 0
To = [R,TQI R,TQz] (3.15)

and
1 1
K=3 (010 +0,01) — 3 (03, + Qn2),

with the conditions K > 0 and R <y?I. Matrix R, is the result of the Cholesky
factorization:

-1
RIR, = (R‘ —ll> (3.16)
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and the positive definite symmetric matrix Q is factored as

_|ofo Q12}
Q_[ L 010, ] (3.17)

Some remarks can be made about the selection of the weighting matrices
01, O, and R and the attenuation level y:

e There exists a compromise between the parameter y and the weighting matrix R:
firstly R is selected and then y is adjusted according to the constraint R <y°1.

e As y — oo the resulting controller approximates the H, controller, which does
not guarantee disturbance attenuation.

e In order to satisfy the conditions K > 0 and R <7%I, and to obtain a feasible
solution to the Cholesky factorization, it is easier to select the weighting
matrices Q;, O, and R as diagonal matrices, and Qi =0. Let Q; =
ml,, Or = n,l,, and R = rl,,. With these choices and considering Egs. 3.7, 3.8,
and 3.14, the applied torque becomes

7= My(q) (éd - %b) + Co(q,9) <ild - %b)

2 2

. 1 -
+ Fo(g) + Go(g) —~ [In mIn]x. (3.18)
r 2
e If off-diagonal elements are added to the matrix Q,, even when Q, remains
positive definite, matrix 7p,' may contain negative elements. In this case,
positive feedback may appear in the control law (Eq. 3.7).

3.3.2 Mixed H,/H. Control

The mixed H,/Hs nonlinear control aims to minimize a quadratic cost while
attenuating disturbances. This problem was solved in [3] based on game theory. In
the mixed case, the H, optimal control must be obtained while ensuring that the
‘Hoo performance criterion is satisfied. Given a desired disturbance level y > 0 and
weighting matrices Q, Q, and R, the mixed H,/H,, control problem is solved if
there exist a controller u such that the H, optimal cost

m(i{l]z(u, w) (3.19)
u(t

can be achieved under the H,, constraint:

max  J;(u, w) <5 (0)P%(0), (3.20)
w(t)€L2[0,1/]
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with
Ta(a,w) = ¥ (1) 0uri(y) + / )0s3(1) + (1) Ru(r) )
!
and
Ji(u,w) = 7 (1) Q1p%(ty) +/ 1)01%(t) + u” (t)Ru(t))dt
,, !
7 [ W amior,

0

where P =P" >0, Qi = Qf; >0, and Q5 = Qj; > 0. The solution for this
problem is given by the following coupled algebraic equations:

0 K T o 1 T _
and
0 K> T a2 T _
[Kz 0 } —TOB(R =3l )BT+ 02 =0, (3.22)

where B = [I, O}T. The optimal control and the worst-case disturbance are
given by:

1
w' =—R'B'Tox; w"=—=B"Tox
Y
To solve Egs. 3.21 and 3.22 some constraints are required to compute the
matrices Q;, O, and R. Subtracting Eq. 3.22 from 3.21 yields:

0 Ki—Ky| 1 7.7 o
[K1—Kz 0 } szOBBTOJFQl 0, =0.

Since (1/9*)TTBBT is positive definite, the constraint, Q1 > Q, > 0, must
hold. The positive definite symmetric matrices Q; and AQ can be factored as:

0, = [Q]TlQll On ] AQ = {AQ]TIAQ“ AQ1»
Q]Tz ngQZZ ’ AQsz AQszAsz

where AQ = Q1 — Q;. The solutions of Egs. 3.21 and 3.22 are given by

I 0
Ty = " 3.23
0 [VAQH VAsz} ’ (3.23)
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1 1
K = 3 (01,02 + 03,011) — 3 (0, + 0n2), (3.24)
and
1 1
K =7 (01,02 + 05,011) — 1 (01, + 0n), (3.25)

where K; and K, are positive definite matrices (Q1, 02 + 05,011 > OF, + O1n).
To guarantee that these two coupled equations are solvable, the matrix R must be
of the form:

R =l + (QnAQT ) (0nAQO )] (3.26)

3.4 H. Control via Linear Matrix Inequalities

In this section we present another class of nonlinear H, controllers. The designs
we consider here are based on state and on output feedback approaches. We deal
with linear parameter-varying (LPV) systems whose control procedure is synthe-
sized in terms of linear matrix inequalities (LMIs). It is important to emphasize an
interesting difference between this approach and the solution we presented in Sect.
3.3, based on game theory. The solutions obtained through game theory are based
on algebraic Riccati equations in which the controller gain is fixed, independently
of parameter variations in the manipulator. In the solutions provided in this section
we solve a convex optimization problem through a set of LMIs and as a by-product
we obtain a time-varying controller gain. The advantage of this procedure is that
we can incorporate the parameters’ derivatives in the derivation of the controller.
The optimization problem in this approach is based on the following nonlinear
system with exogenous disturbances w € R, control inputs u € R”, and output
variables z € R?:

X =f(x) + b1 (x)w + ba(x)u,

z=h(x) +di(x)w + da(x)u, (3.27)

where f(0) =0 and A(0) =0, and x € R" are state variables. We assume that
f(), bi(+), h(:), di(-) are continuously differentiable functions. The performance
of the system (3.27) is defined by adjusting the controller to guarantee that the £,
gain between the disturbance and the output is satisfied, that is,

/ (o) e <72 / ()|, (3.28)
0 0
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forall 7 >0 and all w € £,(0, T) with the system starting from x(0) = 0. Note that
condition (3.28) is equivalent to the quadratic functional proposed in Eq. 3.9. The
parameter y assumes an equivalent role to that defined in the standard H, criteria
for linear systems. In virtue of this we can consider that this functional defines an
equivalent nonlinear H, control problem.

3.4.1 State Feedback H.. Control for LPV Systems

For the control system we consider in this section, we assume that positions and
velocities of the manipulator joints are measured properly through sensors. Con-
sider the following LPV model:

x A(p(x))  Bi(p(x)) Bap(x)) | [=x
y| =|Ci(p()) 0 0 wl, (3.29)
z Ca(p(x)) 0 1 u

where x is the state vector, u is the control input vector, w is the external input
vector, y and z are the output variables, and p(x) is the parameter varying vector.
Assume that the underlying parameter p(x) varies in the allowable set:

Fy = {p(x) € C' (R R") : p(x) € P, |ps] <vi}, (3.30)

for i =1,...,k, where P C ®" is a compact set, v = [v; ---v,]" with v; >0 and
vi(p) < p; <¥i(p), i = 1,...,m. We denote by C' (R", ") the set of continuously
differentiable functions that map R”" to R™. The state feedback control problem
considered here aims at finding a continuous function F(p) such that the closed
loop system has an £, gain less than or equal to y under a state feedback law
u = F(p)x. According to [9],

if there exists a continuously differentiable matrix function X(p(x)) > 0
that satisfies:

E(p(x)  X(p(x)CI(p(x)) Bi(p(x))
Ci(p()X(p(x)) o 0 |<0, (331)
B! (p(x)) 0 1

where
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and A(p(x)) = A(p(x)) — B(p(x))Ca(p(x)), then the closed loop system
has £, gain <7 under the state feedback control law

u(r) = —(Ba(p(x) X~ (p(x)) + C2(p(x)))x(2).

Under the assumption that the underlying parameter p(x) varies within the
allowable set F), we can combine the effect of the positions and velocities
derivatives of the manipulator through the summation ) ;" ;(p)—representing
that every combination of ¥;(p) and v;(p) should be included in the inequality.
Hence, Eq. 3.31 actually represents 2" inequalities. The solution of this set of
LMIs characterizes an infinitesimal convex optimization problem, which is hard to
solve numerically. With some approximations, a practical scheme was developed
in [9] to compute these LMIs based on basis functions related to the X(p(x)) and
on the grid of the parameter set P. First we need to choose a set of C' basis

functions {¢;(p)}1., for X(p(x)) in order to rewrite it as:
M
X(p(x) = > dilp(0)Xi, (3.32)
=1
where X; € §"*" is the coefficient matrix for ¢;(p(x)). Applying this matrix

X(p(x)) in Eq. 3.31, the constraint turns into a LMI in terms of the matrix variables
{X,-}?i |» when the parameter p(x) is fixed, and we can define the following

Optimization problem:

0 2
min y
X,
subject to
E*(p) S ()X Cl(p) Bip)
Ci(p) L, di(p)X; =] 0 | <o,
B{(p) 0 2
M
b;(p)X; >0, (3.33)
j=1
where
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To solve this infinite dimensional optimization problem, we can grid the

parameter set P along L points {p; }le in each dimension. Since Eq. 3.31 consists
of 2™ entries, a total of (2" + 1)L™ matrix inequalities in terms of the matrices
{X;} should be solved. This computation has a few obvious limitations. The
number of parameters and the number of points L should be chosen such that the
solution is reached in a feasible number of iterations. A lower limit for L so that it
is possible to find a global solution for all LMIs was proposed in [9]. Another
problem is the lack of guidance in choosing the basis functions ¢;. In terms of the
robotic applications we are considering in this chapter, an useful procedure is to
define these functions according to the variables that define the dynamics of the
robot manipulator—for example, sin(g;) and cos(g;) which appear in the inertial,
centripetal, and Coriolis matrices. Section 3.5 in this chapter presents some
examples.

3.4.2 Output Feedback H.. LPV Control

In this section, we present an approach for controlling robotic manipulators based
on output feedback techniques and on LPV systems. In this formulation, the
controller aims to stabilize the closed loop system while guaranteeing that the £,
gain between the disturbance and the output of the system is bounded by an
attenuation level y. Output feedback control of robotic applications is interesting
from the point of view of economy of sensors. The designer can avoid, for
example, installing joint velocity sensors and rely instead on position sensors only.
The LPV-based representation in this control strategy is justified with the same
arguments used in the state-feedback control aforementioned: it is close to the
Lagrange—Euler equations, in which positions and velocities of the robot manip-
ulator are part of the parameter matrices of the model. To apply the control
techniques presented in [1], the robot manipulator needs to be represented in the
following form:

X =A(p(x))x + Bi(p(x))w + Bz (p(x))u,

z= Ci(p(x))x + D11 (p(x))w + Dia(p(x))u, (3.34)

y = Gy(p(x))x + Do (p(x))w,
where p(x) = [p,(x), ..., py(x)]" belongs to a convex space P, and p,(x),
i=1,..,N, are the time-varying parameters satisfying |pg;(x)]<v; with
vi>0,i=1,...,N, the bounds of the parameter variation rates. Consider as

system disturbances the desired position, g%, and the combined torque disturbance,
o, that is: w = [67 (¢*)"]". The system outputs, z, are the position error, ¢¢ — g,
and the control input, . The control output is the position error, y = ¢? — g, since

only the position is measured directly. In this case, the manipulator can be
described by (3.34) with:
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Alp(x)) =A(g,9),  Bilp(x)) = [Blg) 0],  Ba(p(x)) = B(q);
o=y o] =0 -1 duem =y .

Diu(p(x))=[0 1", Du(p(x))=[0 1,  Dxn(p(x)) =0,

where A(g, ¢) and B(g) are obtained from (3.4). In [1], the authors propose two
‘Hoo control techniques to solve this control problem. We use the approach named
projected characterization, which is based on fundamental results developed in
[5], to control a manipulator based on the LPV model (3.34). The controller
dynamics are defined as:

- [EER Rl e

To obtain the controller we must first solve a set of LMIs in X(p(x)) and Y (p(x))
minimizing y according to the following

Projected characterization algorithm:

X+XA+A™ xB, | CT
Ny | 077 +BT; jr pr |29 <o (3.36)
01 ‘ P T '
B Du |—yI
—Y+YAT+AY YCT| B
Ny 1077 AT L2 Ny o
C\Y —yI | Dy <0, (337)
0 |1 - - 0|1
B Dy, |—VI
X I
{1 Y] >0, (3.38)

where Ny and Ny designate any bases of the null spaces of [C; Dy;] and
[BI DT, respectively. After finding X and Y, compute D to satisfy:

Omax (D11 + D12DkDy1) <y (3.39)

and set D := Dy; + DDk D;;; compute KK, IASK and 6‘1( through

O D21 O ET C2
DI, —yl DI [ *K] == BTX , (3.40)
0 Dy —I] Ci + DDk Gy
0 DI, 0]~ B
Ck| _
D]2 —'))I Dcl e :| - — CIY ) (341)
0 DI -]t (By + B2DgDyy)"
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Ax == (A+B,DkCy)" + [XB) + BxD11 (Cy + D12Dk Co)']
X [_” Day } [ (81 + B:DxkD)"

Z (3.42)
D, —yl CY + D, Ck

where s means that the respective entries are not important to the compu-
tation of the controller. N and M are solved through the factorization
problem I — XY = NM". Finally, compute Ag, Bk, and Ck as:

Ag =N (XY + Ax — X(A — B,DxC,)Y — BxCyY — XB,Cx)M ",

Bx = N™'(Bx — XByDx),

Cx = (Cx — DxkC,Y)M ",

Note that the matrices in this algorithm depend on p(x); this dependency was
omitted for convenience. The LMI problem defined through Eqs. 3.36-3.38 is
infinite-dimensional, since the parameter vector p(x) varies continuously. To solve
this problem, we can divide the parameter space, P, in several points. The vari-
ables X(p(x)) and Y (p(x)) will be a solution if both satisfy the LMIs for all points.
There is no systematic rule that defines how X(p(x)) and Y(p(x)) vary upon p(x),
although this problem is usually solved using basis functions to describe the
unknown matrices, which lead them to be written as:

(3.43)

where {¢;(p(x))}¥, and {y;(p(x))}", are differentiable functions of p(x)
(see [1] for details). Note that to obtain the best performance with this con-
troller, the choice of v; (in order to guarantee |p;(x)|<v;) should be checked

a posteriori.

3.5 Examples

In this section we present the application of the H., and H,/H. control
approaches discussed in this chapter to the UARM. We present guidelines to select
the weighting matrices when using game theory and to select basis functions when
using linear matrices inequalities.
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Configuration: AAA =
Controller: NLH-Game Theary -
Controller parameters:
gamma 3
r 4
Q1 N 0 00 1 00 0 1
Q2 2 0 00 2 00 0 2]
o Defaut Ciose

Fig. 3.1 Controller Design box for H, control via game theory

3.5.1 Design Procedures

The implementation of the H, controller via game theory is relatively simple. The
control design parameters can be selected in the Control Environment for Robot
Manipulators through the Controller Design box (Fig. 3.1), by pressing the
Controller Design button and selecting NLH-Game Theory in the menu
Controller. The following parameters can be selected:

e gamma: Defines the value of the attenuation level 7.

e r: Defines the positive definite symmetric weighting matrix R. For simplicity,
R is considered of the form r/,.

e (QI: Defines the positive definite symmetric weighting matrix Q;.

e (2: Defines the positive definite symmetric weighting matrix Q.

Matrices Ty, T11, and Tj, are obtained following the steps described in
Sect. 3.3. The Cholesky factorization, Eq. 3.16, is computed by the Matlab
function Y = chol(X). If X is positive definite, this function results in an upper
triangular matrix Y so that Y'Y = X. An error message is printed if X is not
positive definite. For the proposed controller, the user must select r <7? to satisfy
this condition. From Egs. 3.3 and 3.17, note that matrices Q; and Q, are related
with the joint velocity and position errors, respectively. Also, from the solution of
the algebraic Eq. 3.15 and the control action (3.14), matrices Q; and Q> work
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(B controter Design [EE————)

Configuration: AAA =
Controller. HNLH-quasi-LPV -
Controller parameters:

L 3

rholmax 10

rhoZmax 10
Vimiax 10
gamma 1.2
oK Defmat Close

Fig. 3.2 Controller Design box for H, controller via quasi-LPV representation

directly in the joint velocity and position corrections, acting like a PD controller.
On the other hand, matrix R works in both position and velocity errors through the
matrix R;.

For the H., controller via quasi-LPV representation, the user can select the
following control parameters through the Control Design box shown in Fig. 3.2:

e [: Defines the number of points in the grid of the parameter set P.

e rholmax: Defines the maximum absolute value for the first element of the
parameter vector p defined in Sect. 3.5.3. The parameter range is defined as
P1E [ZPls Pl

e rho2max: Defines the maximum absolute value for the second element of
parameter p.

® Viax: Defines the maximum value for the variation rates of the parameters p;. It
is considered the same value for all parameters.

e gamma: Defines the value for the attenuation level 7.

The Ho, controller via quasi-LPV representation is designed via the following
steps. First, the dynamic matrices A(p), Bi(p), B2(p), Ci(p), and Cy(p) are
computed for each point of the grid defined by the parameter set. The number of
points in the grid is specified by the control parameters L, rhollim and rho2lim.
The following Matlab code performs the computation of the grid points and the
dynamic matrices; this code is found in the directory CERob\Underactuated
Simulator.
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File: ab_lpv.m

o

% Compute the number of grid intervals
ndl = L - 1;
nd2 =L - 1;

% Compute the grid points for rhol
rholmax = rhollim

rholmin = -rhollim;

var = (rholmax-rholmin) /ndil;

rhol = rholmin:var:rholmax;

rhol =rhol*pi/180;

% Compute the grid points for rho2
rho2max = rho2lim;

rho2min = -rho2lim;
var = (rho2max-rho2min) /nd2;
rho2 = rho2min:var:rho2max;

rho2 =rho2+pi/180;

nl = size(rhol,2);
n2 = size(rho2,2);

% Define the bound for parameter variation
v = [vmaxxpi/180 vmax*pi/180];
omega = [v(1)/2 v(1)/2 v(1)/2];

3 Nonlinear H,, Control

% Compute dynamic matrices of the quasi-LPV model

Bl = [zeros(3); eye(3)];

B2 = [zeros(3); eye(3)];
Cl = eye(6);

C2 = zeros(3,6);

p=1;

for i = 1:nl
for j = 1:n2

o

% Joint position
theta = [0; rhol(i); rho2(j)];

Robot dynamics

[M,C] = pr31l nlh(theta,omega,m,1,1lc,I,atr);
W

= inv (M) ;

% Dynamic matrices of the quasi-LPV model

A(:,:,p) = [zeros(3) eye(3); zeros(3)

-WxC] ;
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% Compute the basis functions values

f1(p) = 1;
f_2(p) = cos(theta(2));
f 3(p) = cos(theta(3));

% Define the derivative of the basis functions

dfdx v(:,:,p) = [0 0;
-sin(theta(2)) 0;
0 -sin(theta(3))1;
p=p+1;
end

end

The second step in the controller design procedure is the computation of the
matrices X;, which define the controller itself. These matrices satisfy the set of
LMIs defined by Eq. 3.32. The number of variables X; is specified by the number
of basis functions ¢;(p(x)) defined in the code above. For the examples shown in
this book, three basis functions are used: ¢, (p(x)) = 1, which corresponds to the
fixed component of X(p); ¢,(p(x)) = cos(g2) and ¢5(p(x)) = cos(g3), which
correspond to the variable component of X(p) and are in accordance with the
practical procedure mentioned in Sect. 3.4.1. The solution of the LMI problem is
found using the LMI Toolbox developed by Gahinet et al. [6]. The following
Matlab code performs the definition of the LMIs and the computation of the
controller solution.

File: Ipv_.3AAA.m

% Define the size of the dynamic matrices
nx =size(A,2);

setlmis ([]) ;

% Define the LMI variables
X1l = lmivar(1l, [nx 1]);

X2 = lmivar(l, [nx 1]);

X3 = lmivar(1l, [nx 1]);
GAMMA2 = lmivar (1, [nx/2 0]1);

% Define the LMIs
for i=1:npts
$define the (rho)
A h =A(:,:,1) - B2xC2;
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% Define the basis functions and their derivatives

f1 = £ 1(i);
f2 = £ 2(i);
£3 = £ 3(1);
dfdx = dfdx v(:,:,1);

o

% Compute the LMI terms
for 1=1:4

BRL=newlmi ;

Imiterm([BRL 1 1 X1],-(aux(1l,1)*v(1l)*dfdx(1,1)
+ aux(2,1) *v(2) *dfdx(1,2)),1) ;

Imiterm([BRL 1 1 X2],-(aux(1l,1)*v(1l)xdfdx(2,1)
+ aux(2,1) *v(2) *dfdx(2,2)),1) ;

Imiterm([BRL 1 1 X3],-(aux(1l,1)*v(1l)*dfdx(3,1)
+ aux(2,1)xv(2)*xdfdx(3,2)),1) ;

Imiterm([BRL 1 1 X1],f1xA h,1,’s’);
Imiterm([BRL 1 1 X2],f2+A h,1,’s’);
Imiterm([BRL 1 1 X3],f3%A h,1,’s’);
Imiterm([BRL 1 1 0],-B2%xB2’);
Imiterm([BRL 1 2 X1],f1,C1’);
lmiterm([BRL 1 2 X2],f2,C1’);
lmiterm([BRL 1 2 X3],£f3,C1’);
lmiterm([BRL 1 3 0],B1);
lmiterm([BRL 2 2 0],-1);
Imiterm([BRL 2 3 0],0);
Imiterm([BRL 3 3 GAMMA2],-1,1);

end

% Compute the 2nd LMI
Xpos = newlmi;

lmiterm( [-Xpos
lmiterm( [-Xpos
Imiterm([-Xpos

11 X1]1,£1,1);
11 Xx2],£2,1);
11 X3]1,£3,1);

end
LMIs = getlmis;

% Define the variable to be minimized (GAMMA2)
ndc = decnbr (LMIs) ;

¢ =zeros (ndc,1) ;

c(ndc) = 1;

% Solve the set of LMIS

[copt,xopt] = mincx(LMIs,c, [1le-2 300 1e9 0 0]);
% Compute the controller matrices

X1f = dec2mat (LMIs,xopt,X1) ;

X2f = dec2mat (LMIs,xopt,X2) ;

X3f dec2mat (LMIs, xopt,X3) ;

% Compute the optimal solution for GAMMA
gamma = sqgrt (copt) ;
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3.5.2 Controller Design via Game Theory

For all experimental results of the controllers based on game theory we provide in
this subsection we adopt the initial position ¢(0) = [0° 0° 0°]" and desired final
position ¢(T) = [-20° 30° — 30°]", where the vector T = [3.4 4.0 4.0] s contains
the trajectory duration time for each joint. Exogenous disturbances of the fol-
lowing form are introduced at t; = 1.5 s:

—0.08¢ 2" )sin(27(t — 14))
Ty = | 0.0de 20~ sin(2n(r — 15))
—0.02¢ 2~ )sin(27(t — 14))

The maximum disturbance peak is approximately 40% of the torque value at
t = 2.0 s. In all graphics presented in the remainder of this book, the dashed line
represents joint 1, the solid line represents joint 2 and the dotted line represents
joint 3.

Hs control: For the H,, controller designed via game theory, described in
Sect. 3.3, the attenuation level found according to Eq. 3.16 is y = 2.2. The
weighting matrices used are:

Q1 = 213, Q2 = 13, Q12 = 0, and R = 3513

Mixed H,/H control: The experiment for this controller is performed based
on the following weighting matrices:

[0.15 0 0 0 0 07
0 02 0 0 0
414 0 O
0 0 025 O 0 0
R= 0 4 0 , O = )
0 0 06 0 O
0 0 386
0 0 0 0 08 O
0o 0 o0 o0 o0 1]

and O, = {IS 4(;3 } The level of attenuation 7 is determined from Eq. 3.26. The
experimental joint positions and applied torques are shown in Figs. 3.3, 3.4, 3.5
and 3.6. Table 3.1 shows the values of the cost functions J; and J,, see Egs. 3.19
and 3.20, and level of attenuation y for the H., and mixed H,/H controllers.
Note that we consider also an H; controller which is easily obtained considering
y — oo in the H,, controller. We observe that the disturbance rejection constraint,
J1 <0, is satisfied for both H, and mixed H,/H, controllers. The greater H o
controller capability to attenuate disturbances, represented by a lower value of 7y, is
confirmed by the lower value of the performance index Jj.



54

Fig. 3.3 Joint positions, H
control designed via game
theory

Fig. 3.4 Applied torques,
‘H control designed via
game theory

Fig. 3.5 Joint positions,
nonlinear mixed Hy/Hoo
control
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Fig. 3.6 Applied torques, 0.2 - .
nonlinear mixed Ha/Hoo -~ ~Joint |
control 0.15 ff —Joint2
---=Joint 3
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Table 3.1 Cost functi(?ns, H, Ho Ho/Hoo
Ji and J,, and attenuation
level, y J1 - —1.87 —0.563
Jo 0.027 - 0.087
y - 2.2 3.0

3.5.3 Controller Design via Linear Matrix Inequalities

State Feedback Control: To apply the control algorithm described in Sect. 3.4, the
manipulator should be represented by Eq. 3.29. The parameters p(X) chosen are
the state representing the position errors of joints 2 and 3, i.e.,
p(®) =3 3]
This choice is based on the fact that the inertia matrix M(q) and the Coriolis
matrix C(g, §) are functions of the positions of joints 2 and 3. Consequently, they
are functions of the position errors. The system outputs, z; and z,, are the position

and velocity errors and the control variable, u, respectively. Hence, the system can
be described by:

A(p(x)) = A(p(%)),
Bi(p(x)) = B,
By(p(x)) = B,
Ci(p(x)) = I,
G (p(x)) =0,

where the matrices A(p(¥)) and B are defined in Eq. 3.4. The compact set P is
defined as p(x) € [—30,30]°x[—30,30]°. The parameter variation rate is bounded
by |p| <50°/s. The basis functions selected are
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Fig. 3.7 Joint positions, T Jomtl
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The matrix X(p(%)), when represented in this basis is given by:
X(p(¥)) = b1 (p(X)X1 + 5 (p(¥)) X2 + b3(p(X))Xs.

The parameter space is divided in L = 5 grid points in each dimension, which
means that 125 LMIs have to be solved for the X; variables. The best attenuation
level found is y = 1.2. Experimental results (joint positions and applied torques)
are shown in Figs. 3.7 and 3.8.

Output Feedback Control: The selected parameters for this controller, which
are part of the state vector are:

p() =3 3"
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Fig. 3.9 Joint positions, T Jontl
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The parameter space P is defined as p(x) € [30 —30]°x[30 —30]°. The
parameter variation rate is bounded by |p| <90°/s. The unknown matrices X (p(%¥))
and Y(p(%)) were defined as follows:

X(p(x)) = b1 (p(X))X1,
Y(p(X)) := ¥, (p(X)Y1 + ¥, (p(X) Y2 + Y3 (p(X)) Y3,

where ¢, (p(x)) = 1, ¥ (p(x)) = 1, Y2(p(X)) = sin(q2) + cos(q2), and Yr3(p(X)) =
sin(gs) + cos(qs).

For the algorithm described in Egs. 3.35-3.42, the matrices A b Ek, E‘k, and Dy,
are assumed to be constant. They do not depend on the basis functions, like X does,
when ¢, (p(X)) is set to 1. The parameter space was divided in L = 5 grid points
for each parameter. The best levels of attenuation found was y = 2.359. Experi-
mental results (joint positions and applied torques) are shown in Figs. 3.9 and
3.10.

We compare the performance of the four nonlinear H,, controllers presented
in this section using the performance indexes defined in Eqgs. 2.23 and 2.24. A
total of five experiments were performed for each controller to compute a mean
value for the £, norm and the sum of the applied torques E[t]. The experi-
mental results shown in Figs. 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9 and 3.10 corre-
spond to the samples that are closest to the mean values of £,(X) and E[z],
shown in Table 3.2.

Note that the nonlinear H,, controllers based on the game theory presents
the best £,[x] norm value, which can be confirmed by the best desired tra-
jectory tracking shown in the graphics. Also, the H,/H controller presented
the lowest energy consumption, which is explained by the H, component of
this functional.
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Fig. 3.10 Applied torques, 0.2 — T T -
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szle 3.2 Performance Controller L5[x] E[t] N ms)
indexes
‘Ho control through game theory 0.0149 0.3709
Mixed H,/H control 0.0141 0.2917
State feedback LPV control 0.0271 0.3945
Output feedback LPV control 0.0266 0.3575
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Chapter 4
Adaptive Nonlinear 7{.. Control

4.1 Introduction

Generally speaking, three classes of control strategies are available in the literature
for robotic manipulators. They are categorized according to the level of knowledge
the designer has about the dynamic model of the robot (see for instance [1-11],
and references therein). Strategies in the first class consider that both the mathe-
matical model and the values of the kinematic and dynamic parameters are well
known and available to the controller. Parametric uncertainties are treated as
perturbations acting on the system to be suppressed by a robust controller. The
controllers presented so far in this book belong in this class.

The second class of control strategies considers that the analytical expressions
of the dynamic model of the manipulator are known, but the parameters values
used in the controller design are imprecise. In this case, an adaptive control law
can be used to estimate the uncertain parameters. The linear parameterization
property has been extensively used to deal with this problem [6, 11]; it states that
the dynamic model of robotic manipulators can be expressed as the product of a
signal-dependent matrix, namely the regression matrix, and a parameter-dependent
vector which contains the uncertain parameters. These parameters are updated on-
line by an error-based control law.

Controllers in the third class consider that both the dynamic model of the
manipulator and its parameters’ values are unknown. In this case, control strategies
such as neural networks, fuzzy logic, and genetic algorithms, have been used to
estimate the dynamic model of the manipulator, see for instance [2, 3].

Adaptive nonlinear H,, controllers for robot manipulators are proposed in
[2-4]; they fall within both the second and third classes of controllers afore-
mentioned. A model-based adaptive algorithm is proposed in [4], where a robust
tracking design considers that the unknown parameters can be learned by classical
adaptive update laws. In [3], an adaptive neural-network tracking control with a
guaranteed H,, performance is developed. The neural network is employed to
approximate the robot dynamics and the torque disturbances; the H, controller is

A. A. G. Siqueira et al., Robust Control of Robots, 59
DOI: 10.1007/978-0-85729-898-0_4, © Springer-Verlag London Limited 2011
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designed to attenuate the effect of the approximation (generated by the neural
network algorithm and considered as the disturbance to be attenuated) on the
tracking error.

In this chapter, we assume that the nominal model of the robot manipulator is
known and we estimate only the uncertain part of the robot dynamics through
approaches based on linear parameterization and neural networks [7].

This chapter is organized as follows: Sect. 4.2 describes the adaptive control
strategy based on the linear parameterization property, with an H,, attenuation.
Section 4.3 presents the set of neural networks used to estimate the robot dynamics
and the solution for the adaptive neural network-based control problem. Section 4.4
presents the results of applying the proposed controllers to the UARM robot.

4.2 Adaptive H.. Control

One of the most widely used adaptive control strategies for robot manipulators
takes advantage of the robot’s dynamic model linear parameterization property:

Property 4.1 Consider the dynamic matrices of a robot manipulator, M(g),
C(g,9), F(q), and G(g) and a given joint trajectory, g; € ", with its
derivatives, g; and ¢g,. It is always possible to find an n X p-dimensional
matrix of known functions, Y (g, gs, g5), and a p-dimensional vector with
components depending on manipulator parameters, 0, such that:

M(qs)gs + C(qs, Gs)gs + F(gs) + G(gs) = Y(ds, s, g5)0- (4.1)

For the adaptive nonlinear H., controllers described in this chapter, the
dynamic equation of the state tracking error for a robot manipulator must be
written in a suitable form. Consider again the dynamic equation of a robot
manipulator with exogenous torque disturbance:

T+ 14 = M(q)§ + C(q,9)q + F(q) + G(q).

Taking into account the formulation presented in Sect. 3.3 for the state tracking
error (3.3) and the state transformation (3.5), the state space equation is given as:

X = Ar(X,0)X + Br(X, ))u + Br(X, ))w, (4.2)
with
~ L =TR' T T,
AT(xat) = T() -1 . T07
0 —My " (9)Colq,9)
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u=Ti(—f(x) + 1),
w = M(q)TiM " (q)ta,
flxe) = M(q)(§" — T)' Tng) + Clg,9)(¢" — T1,' Tnq) + F(q) + Glg),
and x, = [(é]’")r(c']" (g )Té]TqT]T. The resulting applied torques are given by t =
f(xe) + Tp5'u. These torques are essentially the same presented in Eq. 3.7 for the
nonlinear H,, control. The difference is that, here, we use the complete dynamic
matrices (M(q), C(q,q), F(¢), and G(q)) instead of the nominal dynamic matri-

ces (Mo(q), Co(q,q), Fo(gq), and Gy(g)). We can consider the model-based term
f(x.) as composed of nominal and uncertain terms defined by:

fxe) = folxe) + Af (xe), (4.3)
where
folxe) = Mo(q) (@ — TR T q) + Colq, §) (4" — T, Ti @) + Fo(q) + Go(q),
Af(xe) = AM(q)(§* — T1, T q) + AC(q,¢)(¢" — Ti,' T @) + AF(§) + AG(q).

The controller design presented in Sect. 3.3 considers the uncertain terms as
part of the disturbance w. Here, the assumption of linear parameterization of
Af(x,) is used to design an adaptive control law to learn the behavior of this
uncertain term. According to Property 4.1, Af(x.) can be expressed as:

Af(xe) = Y(§*,4%, 4", 4,9)0. (4.4)

The adaptive controller described aims to estimate the uncertain part Af(x,) and
to satisfy a desired H tracking performance. Considering the above formulation,
we are able to state the

Adaptive Nonlinear H, Control Problem: Given a level of attenuation 7,
find an adaptive state feedback controller:

0=a(,%), ©=folx)+Y0+Thu,

such that the closed-loop system satisfies the following performance index

/ (770 + u" Ru)dr < ¥ (0)Po%(0) + 07 (0)S00(0)

T
+y2/(wTw)dt,
0
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for some matrices Q = Q7 >0, R=R" >0, Py = Pg > 0,and Sy = Sg >
0, where 0 =0 — 0 denotes the parameter estimation error and 0 is the
estimated parameter vector.

The solution for this nonlinear control problem can be found following the
game theory-based derivation presented in Chap. 3 and the adaptive controller
proposed in [4]. For this purpose, consider the following Lyapunov function:

~ lLopoo o l=p ~
V(X,t) = E)CTP(X, Hx + EGTSQ,

where P(X,1) is the positive definite symmetric solution of the Riccati equation
3.11. The adaptive control law

0= —S'Y"T,BL(%,1)P(X, 1)X,

. (4.5)
T =fo(x.) + Y0 — T,'R™'BL(xX,1)P(X, 1)%,

is a solution for the adaptive nonlinear H,, control problem, for any positive
definite symmetric matrix S. Analogously to Sect. 3.3 and based on the solution of
the algebraic equation (3.13), we can find the following

Simplified solution:

0= —S'YTTLBTT,%
128720, (4.6)
T =folx.) + Y0 — T,' R BT Tyx.

In order to guarantee that the estimated parameter vector @(t) is inside a given
constraint region for all ¢, projection algorithms must be used in this control

approach. Consider a pre-assigned constraint region €2, of the parameter 9, with
Q) = {0:070 <M, + 6} for some M; > 0 and 6 > 0. A projection algorithm can
be given as [2]:

D, if 070 <M, or
Proj[®] = 070 > My and 0"® <0, (4.7)
o — %#};MQ, otherwise,

where ® = —S~'YTT,B ' T)x.
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4.3 Neural Network-Based . Control

When the mathematical model of the robotic manipulator is only partially known—for
example, when friction components cannot be fully modeled—neural networks can be
used to estimate the unknown elements of the model. One advantage of neural net-
work-based strategies is that they do not need information on the system analytical
model. In this section, a neural network Af (x., ®), where © is a vector containing the
tunable network parameters, is used to approximate the uncertain term Af(x.) in
(4.3). This is an alternative approach to the linear parameterization presented earlier.

We define n neural networks Afi(x.,0k), k= 1,...,n composed of nonlinear
neurons in every hidden layer and linear neurons in the input and output layers,
with adjustable parameters 0; in the output layers [2, 3]. The single-output neural
networks are of the form:

Afi(xe,0c) = f:H(i Wg'-xej + mf) O = &4 O, (4.8)
-1 =
where
& H(Zle WijXej + mlf) Or1
SG=1 | = : v 0=
S H (ZJSZI wf,.u-xej + mllik) Okp,

and py, is the number of neurons in the hidden layer, the weights wg. and the biases

mf‘ for 1 <i<py, 1<j<5nand 1 <k <n are assumed to be constant and speci-
fied by the designer, and H(.) is the hyperbolic tangent function

& — et
H(z) = .
(2) et 4 e 2

Note that in Eq. 4.8, 5n represents five state variables: position, velocity, and the
desired position, velocity and acceleration of n joints. The complete neural net-
work is denoted by:

[ Afi(xe, 01) flTol
Afr(xe, 02) &0,
Af(xea®) = . = . )

L Afn (xw 011) é:gn

&0 . 0]y,

T . 92

|0 0 [ S (4.9)
I 0 0 é’{ en
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We assume that there exists a parameter value ® € Qg such that Af(x,, ®™)
can approximate Af(x.) as close as possible, where Qg is a pre-assigned constraint
region. When neural networks are used, one possible way of achieving H,., per-
formance is to consider the approximation error 9f (x.) = Af(x., ®") — Af(x,) as
a disturbance. This approach was used in [3], where the complete robot dynamic
term f(x,) is approximated by a neural network. Since the the approximation error
includes the effects of the uncertain dynamics, however, the necessary property
that the disturbance be square-integrable is not simple to be demonstrated.

An alternative procedure is to consider that the approximation error is bounded
by a state-dependent function, that is, there exists a function k(x,) > 0 such that
| of (xe)i| <k(x,), for all 1 <i<n. With this weaker assumption, it is possible to
include a variable structure control (VSC) into the control strategy and the dis-
turbance remains square-integrable, since it is composed only of the external
torque disturbances.

With these assumptions, the adaptive control problem with H,, performance
for robotic manipulators can be reformulated as follows.

Adaptive Neural Network Nonlinear H., Control Problem: Given a level
of attenuation 7, find an adaptive neural network state feedback controller

© = B(1,%),
7 =fo(x.) + EO + szlu + szlk(xe)us,

such that the following performance index is achieved:

/ (770 + uTRu)dr < ¥ (0)Po¥(0) + ©7(0)200(0)
0

T
-H)z/(wTw)dt,
0

for some matrices Q=07 >0,R=R" >0,Pp =Pl >0, and Z, =
ZOT > 0, where ® = ® — @" denotes the neural parameter estimation error,

and u; is the VSC control used to eliminate the effect of the approximation
error. u and u are defined in the following.

Considering the results of the previous section and the Lyapunov function

~ Ly o o sy ~
V(X,t) = E)CTP()C, )X + EF)TZF),
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where P(%,r) is the solution of the Riccati equation 3.11, the adaptive neural
network control law

0 = —z'2'T,BL(%,1)P(%, )X,
T = fo(x.) + 2@ — T,'R'BL(%, 1) P(x, 1)
— szlk(xg)sgn(B;(}, HP(X,1)x),

is a solution for the adaptive neural network nonlinear H,, control problem, for
any positive definite symmetric matrix Z. Note that the control inputs u and u;
result in:

u=—R'"BL(X,1)P(x,1)x,

us = —sgn(BL(X,)P(xX,1)X).

Again, we can compute a

Simplified solution:

0 = —Z'8'T,B )%,

| p—1 pTrp ~ 1 r o~ (410)
T =fo(x.) + 2O — T, R~ B Tox — T, k(x,)sgn(B" Tpx),

where Tj is a solution of Eq. 3.13. The projection algorithm described in
Sect. 4.2 (Eq. 4.7) is also used in order to guarantee that the parameter © is
constrained to the compact set Qg.

As cited in [3, p. 17], neural network systems may yield a poor approximation of a
nonlinear continuous function if there exist some discontinuous uncertainties in the
function, causing instability in the control system. It was emphasized in that reference
that the H, attenuation property solves this problem. The same stability property is
guaranteed in the procedure proposed in this section, mainly because the neural
network is used only to ameliorate the performance of the mathematical model.

4.4 Examples

In this section we present practical guidelines to implement the adaptive control
strategies described in this chapter. These guidelines show how to compute the
regression matrix and the adaptive parameter vector for the model-based meth-
odology (Sect. 4.2), and the neural networks for the network-based one (Sect. 4.3).
The proposed controllers can be designed by the user through the Control Envi-
ronment for Robots (CERob). We present experimental results obtained with the
UARM manipulator.
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4.4.1 Design Procedures

The most important issues related to the design of model-based adaptive control
strategies are the definition of the estimation parameter vector 6 and the compu-
tation of the regression matrix. As a starting point, the estimation parameters can
be selected as the manipulators dynamic parameters or a (possibly nonlinear)
combination of them. For example, the linear parameterization of the three-link
robot manipulator UARM used to obtain the results presented in Sect. 4.4.2 is:

91 = A(mllgl), 02 = A(mﬂ%), 93 = A(mglllcz),
94 = A(m3l%), 05 = A(m3lf3), 96 = A(m3lllc3),
010 = Af2, 01 = Afs.

With this selection, the regression matrix Y (4%, 4%, ¢?, g, q) is given by:

Yu() Y() - Yiu()

Y()=|Yu() Yal) - Yau()|,
Y5() Ys() - Yau()

where
Y1 () =2y1+yi2, Yi2(-) =y,
Y13(-) =2c0s(q2)y11 +c0s(g2)y12 —sin(q2)g2y21 —sin(g2)(§1 +§2)y22,
Y14(-) = (2+2c0s(q2))y11 + (1 +c0s(q2))y12 —sin(g2)g2y21 —sin(q2) (§1 +G2)y2,
Yis(-)=yu+yn+ys,
Yi6(-) = (2cos(q2+g3) +2co0s(g3))yi1 + (cos(g2 +¢g3) +2cos(g3))yi2

+(cos(g2+g3) +cos(g3))y13 —sin(q2+q3) G2y

—(sin(g2+q3) +sin(g3))g3y21 —sin(g2 +q3)(G1+G2)y2

— (sin(g2+¢3) +sin(g3))g3y22 — (sin(q2 +¢3) +sin(q3)) (1 + 2 +G3)y23,

Y17(:) =2y11 +y12, Yis(-) =y11 +y12+ 13,
Yio(-)=q1, Y1,10(-)=0, Y111(-) =0,
Yo1(+) =2y11+y12, Y22(-) =0,
Y23(+) =cos(g2)y11 +sin(g2)g1ya1,
Yo4(-) = (1+cos(q2))y11 +y12 +sin(g2)g1ya1,
Yos()=yu+yn+ys,
Y6(-) = (cos(g2+¢3) +2c0s(q3) )yi1 +2c0s(g3)y12+cos(q3)y13 +sin(q2 +4¢3)q1y21

—sin(q3)@3y21 —sin(q3) g3y —sin(q3) (1 +¢2 +§3)y2,
Yor(-) =y11 +y12, Yas(-) =y11 +yi2+y13,

)
Y29(-)=0, Y210(-) =42, Y211(-) =0,
Y31(-)=0, Y3(-)=0, Y33(-)=0, Ya(-)=0,
Yis(-) =y +yi2+y3,
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Y36(+) =c0s(g2+4g3)y11 +cos(g3)yi1 +cos(q3)yi2 +sin(g2 +¢3)g1y21 +sin(g3) g1y21
—sin(g3)¢aya1 +sin(gs) (g1 +§2)y22,

Y37(-)=0, Y33(-) =y11 +y12+y13,

Y30(-)=0, Y310(-)=0, Y311 (") =43,

and

yin =G —Tp'Tng,), yin= (3 —T5'Tng,),
yis = (4 - Tp'Tigs), ya = (& —T5'Tnqy),
vy =8 —Tp'Tng,), yi»= (3 —T5'Tugs).

The MATLAB® code used to compute the above function can be found in the
file CERob\Underactuated\pr31l_adap.m, along with all other files men-
tioned in this section.

The implementation of the adaptive nonlinear H,, controller follows the
expressions in Eq. 4.6, with the inclusion of the projection algorithm. This algo-
rithm prevents the estimation parameter vector to increase without bounds. In the
following MATLAB® code, the constraint region is defined by Mtheta and
delta, respectively, M, and 0 in (4.7).

File: uarm_cont_ADP.m

$compute the composite errors
yl = gdd d(:,i) - inv(T12)*Tllxerrorqd;
y2 = gd d(:,1i) - inv(T12)x*Tll*errorq;

$compute the Regression Matrix
Y = pr3l adap(theta,omega,yl,y2) ;

$implement the Projection Algorithm

FI(:,1) = - inv(S)*Y’xT12xBe’*T0x* [errorqg;errorgd] ;
if i > 1
ThetaT = Theta(:,1i-1)’'*Theta(:,1-1) ;

if (ThetaT <= Mtheta |
(ThetaT > Mtheta & Theta(:,i-1)’*FI(:,i) <=0))

Theta d(:,i) = FI(:,1);

else
Theta d(:,1i)=FI(:,1) -(((ThetaT-Ka)+*Theta(:,1-1)"*...

FI(:,i))/(deltaxThetaT))*«Theta(:,1i-1);
end;
end
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$update the adapted parameters
Theta(:,1) = Theta(:,i-1) + Theta d(:,1i)=dt;

$compute the nominal term
Fxe o(:,1) = Mestxyl + Cestxy2+ Festxqd(:,i) + Gest;

$compute the applied torques
u(:,i) = -inv(R)*Be’*TO0x [errorqg;errorqgd] ;

tau(:,1) = Fxe o(:,1) + inv(T12)#u(:,1i) + YxTheta(:,1i);

The controller gains T11, T12, and TO used in this code are computed
according to Sect. 3.3 through the selection of the weighting matrices Q and
R. These matrices and the adaptive gain S, along with the constraint region
parameters, can be added by selecting Adaptive Hinf in the menu Con-
troller and pressing the Controller Design button (see Fig. 4.1).

To implement the adaptive neural network-based controller, the main difference
resides in the computation of matrix =, used in the adaptation law. This matrix is
given by a set of neural networks, whose inputs are the desired joint accelerations,
velocities and positions, and the actual joint velocities and positions. The fol-
lowing MATLAB® code shows how to compute Z for a general robot manipulator
with n joints and considering p; neurons in the hidden layer. We show in Sect.
4.4.3 the special case where n = 3 and p; = 7.

Configuration AAA -
Controller: HLH-Adaptive -
Controller parameters:

gamma 3

r 4

al o oo 100 0 1
o2 2 0 00 2 00 0 2
s 100

Mtheta 5005

delta 0.002

Fig. 4.1 Controller design box for the adaptive nonlinear H, controller
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File: uarm_cont_NET.m

$compute the input signal for the hidden layer
psi(i) = (sum(g(:,i)) + sum(gd(:,i)) - sum(g d(:,1i))
- sum(gd d(:,1i)) - sum(gdd d(:,1i)));

$compute the neural network matrix XI

XI aux=[];
for k=1:n

for j=1:pk

x(k,j) = tanh(psi(i)+m(k,3));

end

XI aux = [XI aux,sprintf (‘x(%1.0f,:),’,k)];
end
XI aux = XI aux(l:end-1);
eval (['XI = blkdiag(’ XI aux ’)’]);

The neural network parameters can be selected by choosing Adaptive NN
Hinf in the menu Controller and pressing the Controller Design button.

4.4.2 Model-Based Controller

In this section, we present the results obtained with the implementation of the
adaptive nonlinear H., control on the robotic manipulator UARM [10]. The
parameter vector, ), is defined as a combination of the dynamic parameters of
the manipulator in order to derive the linear parameterization of Af(x.). The
structure of 6 and the related regression matrix Y(-) for the results presented here
are those shown in Sect. 4.4.1.

For the experiments presented in this section and the next one, an external
disturbance of the following form is added at #; = 2s, where p = 0.72:

-1

0.04¢ 7 sin(3.271)
—(—19)

T = | 0.04¢ % sin(2.4nr)
—(t-19)?

0.02¢ > sin(1.6mr)

The robot motion is performed considering an initial position ¢(0) = [0° 0° 0°]"
and desired final position ¢(7y) = [-20° 30° —30°]", where the vector Ty =
[4.0 4.0 4.0] s contains the trajectory duration time for each joint. Figures 4.2 and
4.3 show the experimental results for the adaptive nonlinear H., control, with
0(0) = [0...0]],,,, S =100, y = 2, and weighting matrices R = 3.6/; and
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Fig. 4.2 Joint positions, ot 1
. N 30 H oint
adaptive nonlinear H, —Joint 2
control - Joint 3
20 |- Desired |

10 |

Joint Position (°)
S

Time (s)
30, 0
Q= [ 0 3013}

4.4.3 Neural Network-Based Controller

To implement the adaptive nonlinear H, control via neural networks in the three-
link robot manipulator UARM, three neural networks (Afi(x.,0k), k=1,...,3)
must be computed. The inputs of the neural networks are the elements of x,, i.e.,
the desired joint accelerations, velocities and positions, and the actual joint
velocities and positions. Define the following auxiliary variable to deal with the
input signals:

V=

3 3
i=

3
(i =)+ _ (@ —d) = _al (4.11)

1 i=1

This variable is the input for the hyperbolic tangent functions working here as
the activation functions of the hidden layer. The weights wg assume the values
1 and —1, respectively, for the actual and desired joint variables. The number of
neurons in the hidden layer plays an important role in the effectiveness of the
neural networks as function approximators. From the study presented in [3],
confirmed here by the experimental results, seven hidden layer neurons present the
best results in terms of the parameter estimation process. The matrix E can be
computed as:

g 0 0
E=|0 & 0],
0 0 ¢&



4.4 Examples

71

Fig. 4.3 Applied torques, 0.06 - T T T - -
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"\ S ! \:n | " bt N
_0'04 i \f‘v‘ \‘\\‘:'l \"‘ ‘ ll
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where & = [&y1,...,&7], & = [&ar, .. &7l and &3 = [E3y, ..., E37], With &y, 1=

1,...,pr, computed according to (4.8). The biases mf‘ assume the values

—1.5, —1, —0.5, 0, 0.5, 1 and 1.5, respectively, from the first to seventh
neurons, for all neural networks. The network parameters ® are defined as:

01
0= 02 )
03

with

01 = [011 012 013 014 015 016 017]",
02 = [021 022 023 024 025 06 027]",
03 = [031 032 033 034 035 036 037]".

To apply the variable structure controller, we assume that the approximation
error is bounded by the state-dependent function k(x,) defined as:

k(x.) = 24/32 + X3

The results for the adaptive neural network nonlinear H, control, with ®(0) =

[0---0)%,,,, Z=10, and 7, R and Q as defined in Sect. 4.4.2, are shown in
Figs. 4.4 and 4.5.

We compare the performance of the two adaptive nonlinear H,, controllers by
looking at the values of the performance indexes £,[x] and E[t]. As in Chap. 3,
five experiments were performed with each controller and an average of the
indexes was computed. The experimental results shown in Figs. 4.2, 4.3, 4.4 and
4.5 correspond to the samples that are closest to the mean values of £,(X) and E[z]

(4.12)
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Fig. 4.4 Joint positions,
adaptive neural network
nonlinear H,, control

Fig. 4.5 Applied torques,
adaptive neural network
nonlinear H., control

Table 4.1
indexes

Performance
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|- --Joint 1

30 —Joint 2
---Joint 3

20 fj - Desired

10 |

Joint Position (°)
S
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20| B e
_30 L ‘\i"~--‘_“_‘" ;;;; -
0 0.5 1 1.5 2 2.5 3 35
Time (s)
0.06 : T T T T T T
---Joint 1
— Joint 2
0.04 [{ .- - Joint 3
— 0.02}
g
&
5 k< S
5 R [ o A
T A
—0.02 \\\\ ::‘:\ : \\ ,"\\ " L] ’\ oo/ 1
WL e e
‘.\4:1’\ i ‘\'I Lo VoY
—0.04 i \‘ 'n \‘u 4
-0.06 : : S : : :
0 0.5 1 1.5 2 2.5 3 3.5
Time (s)
Controller L[] E[t{](Nms)
Adaptive nonlinear Ho, 0.0245 0.2235
Adaptive neural network nonlinear H,,  0.0227  0.2257

(Table 4.1). Note that the adaptive neural network nonlinear H, control presents
the best result with respect to the £, performance index. However, the total energy
spent, indicated by the total torque index, is greater for this controller than for the
adaptive H., control based on linear parameterization. This is natural since the
controller needs to devote an extra effort to more efficiently attenuate the effects of
the external disturbances on the tracking error. The difference, however, is all but

negligible.
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Part 11
Fault Tolerant Control of Robot
Manipulators



Chapter 5
Underactuated Robot Manipulators

5.1 Introduction

In this book we use the term underactuated manipulators to denote open, serial
chain robotic manipulators with more joints than actuators. In general, underac-
tuation can occur as a result of failures, as a consequence of the system’s
mechanical design, or as an inherent property of the system. Examples of
manipulators in each category include: regular industrial manipulator with a failed
joint motor; hyper-redundant snake-like robots purposely designed with some
unactuated joints; and space manipulators mounted on free-floating satellites.
Several references present the particularities of each type of underactuation; a
representative sample includes [1-7]. Underactuation usually introduces nonhol-
onomic constraints in the system’s dynamic equation. These are non-integrable
constraints involving the system state’s first- or second-order (or higher) deriva-
tives that allow one to control more degrees of freedom (DOF) than the number of
actuators available. (According to [8], the term holonomous was coined by
Heinrich Hertz (1857-1894)).

Although it may not seem obvious at first, in many cases it is possible to control
the position of all joints of an underactuated manipulator thanks to the dynamic
coupling between the joints. Here, we consider that the unactuated joints are
equipped with on/off brakes. Controling the positions of all joints of an under-
actuated manipulator is a multi-step process. First, unactuated joints are unlocked
and their positions controlled via their dynamic coupling with the actuated ones.
As they reach their target positions, they are locked in place. Once all unactuated
joints have converged to their desired positions, and are all locked, the actuated
joints can be controlled as if the manipulator were fully actuated. In this chapter
we present this phased approach in more detail; the number of control phases
necessary to control the position of all joints depends on the number of actuated
and unactuated joints in the system.

The fact that not all joints are actuated may reduce the system’s robustness
against disturbances and modeling uncertainties. This represents the main

A. A. G. Siqueira et al., Robust Control of Robots, 77
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motivation for this chapter: to improve the robustness of underactuated manipu-
lators through nonlinear H, techniques. We start by defining in Sect. 5.2 three
different ways of grouping an underactuated manipulator’s active and passive
joints into appropriate vectors that allow us to cast its dynamic model in a quasi-
linear parameter varying (quasi-LPV) form. Based on this quasi-LPV model, we
present in Sect. 5.3 an H, control method via linear matrix inequalities (LMIs)
that can be used to design the controller’s gains. Then in Sect. 5.4 we present an
'H-based controller via game theory that can be used to independently control the
actuated and unactuated joints. In Sect. 5.5 we present an alternative adaptive H,
control methodology based on the mathematic model of the underactuated
manipulator and on neural networks. Finally, in Sect. 5.6 we present examples of
the application of these controllers to the UARM in a configuration with one
passive and two active joints.

5.2 Quasi-LPV Representation of Underactuated Manipulators

Consider a manipulator with n joints, of which n, are actuated and n, are not,
where n, + n, = n. The unactuated joints are equipped with on/off brakes and are
termed passive joints; the actuated ones are termed active joints. At any given
instant, up to n, joints can be controlled simultaneously [1]. The n, joints being
controlled are grouped in the vector g, € R"™, the vector of controlled joints. All
others are grouped in the vector ¢, € ', the vector of remaining joints. There are
three possible ways to construct the vector g, [2]:

1. g. contains only passive joints. All passive joints not in g, (if any) are kept
locked.

2. g, contains both passive and active joints. Again, all passive joints not in g, (if
any) are kept locked.

3. g. contains only active joints. All passive joints are kept locked.

With this in mind, the manipulator’s dynamic equation

T+ 8(q,4,G) = Mo(q)g + Co(q,q)q + Fo(q) + Go(q) (5.1)

can be partitioned as:
Sl Bnal -l wolls)
ac I Car .L‘ Fd
[ SR 12

where the indices a and u represent the active and free (unlocked) passive joints,
respectively. For simplicity, the index O representing the nominal system is
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omitted. The matrices with indices ac, ar, uc and ur relate torques and accelera-
tions in the active and passive joints to those in the controlled and remaining
joints. For example, M, transforms torque in the active joints to accelerations in
the controlled joints, and is at the core of the dynamic coupling-based multi-step
control approach described above.

Factoring g, in the second line of (5.2) and substituting the result back in its first
line, we obtain:

Ta + 3(q7Q7Q) = MO(q)q.c + 60(‘]7‘.])46 + EO(QaQ)éIr +F0(C],é]) + EO(‘])? (53)

where

Mo(q) = Mac(q) — Mar(9)M,' (q)Moc(q),
Co(q:4) = Cac(q,4) — Mur(9)M,,' (q)Cuc(q, ),
Do(4,§) = Car(4,4) — Mar(@)M,,' (q)Cur(q, ),
Fo(q,4) = Fu(q) — Mar(9)M,,' (q)Fu(d),

Go(q) = Ga(q) — Mur(q)M,,' (9)Gu(q),

8(4:4,4) = 64(q:4.4) — Mar(9)M,, (9)5.(9, G, ).

Recall that the objective is to control the positions of the joints in g, via their
dynamic coupling with g,, irrespective of the nature of the joints in g. (active or
passive). Toward this goal the state tracking error can be defined as:

d
=~ _ | 49c — 4, qc
Xe=|. 9= 54
‘ L]c - qtcl :| |: qc :| ( )
where ¢? and ¢¢ € R™ are respectively the desired reference position and velocity
of the controlled joints. There is no reference position defined for the remaining
joints. Hence, a quasi-linear parameter varying (quasi-LPV) representation of the

underactuated manipulator can be defined as follows:
X. = A(q, )%, + Bu + Bw,

y = Cik, (5.5)
7= Co¥. +1,
where
@i =| . "
q,49) = — )
0 —M, (q)Colg,9)
? V]
B = )
In“

Mo(9)4; — Co(q:9)d¢ — Do(q,d)ar — Fo(@) — Go(q))-
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From (5.5), the applied torque is given by:

T = Mo(9)d¢ + Co(9,9)d + Do(q:4)q, + Fo(q) + Golq) +Mo(q)a. ~ (5.6)

As in Chap. 3, although the matrix My(q) explicitly depends on the joint
positions, we can consider it as function of the position error My(q) =
Mo(ge,qr) = Mo(Ge + q°(),q,) = Mo(%c,qy,t). The same can be considered for
Co(q, g), except that Cy(q, g) is also a function of g,.

5.3 H. Control via Linear Matrix Inequalities

The role of the H, controller is to guarantee that the controlled joints reach their
desired positions while holding the following inequality true:

Ty Ty
/ ()| Pdr < 72 / w0 [, (5.7)
0 0

for all T >0 and all w € £,(0, Ty) with the system starting from x.(0) = 0. The
parameter y in this inequality assumes a role equivalent to that defined in
the standard H criterion for linear systems: it establishes a level of attenuation of
the input disturbances on the output of the system. In this section we assume that
all joints are equipped with the appropriate sensors to measure joint position and
velocity. This assumption will be relaxed in future chapters when we study fault-
tolerance control for underactuated manipulators. The state feedback control
problem considered here aims to find a continuous function F(p(%.)) such that the
closed loop system has an £, gain less than or equal to y under a state feedback
law u = F(p(X.))X., where p(%.) belongs to the set defined in Eq. 3.30.

According to [9] and [10], if there exists a continuously differentiable matrix
function X(p(X.)) > O that satisfies

E(p(i))  X(p(i)C, B
B 0 —921

where
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and A (p(x.)) = A(p(x.)) — BCy, then the closed loop system has L,
gain <y under the state feedback control law:

u(t) = —(BX Y(p(x.)) + Cp)i.(t).

For the underactuated control case, we define different underlying parameters
p(%.) according to the nature of the joints being controlled. In each control phase,
the combination of the positions and velocities of the manipulator is given by the
summation Y ;" V;(p(X.)), which represents that every combination of ¥;(p(%.))
and v;(p(x.)) should be included in the inequality (5.8) (recal that
vi(p) < p;<¥i(p),i=1,...,m). The solutions of each set of LMIs, for each
control phase, follow the same reasoning described in Sect. 3.4. First, select a set

of basis functions {f;(p(%.))}, for X(p(&.)) and rewrite it as:

X(p(%)) = Zﬁ(p@))xi, (5.9)

where X; € §”" is the coefficient matrix for f;(p(X.)). Inserting X(p(X.)) in (5.8),
the constraints turn into an LMI in terms of the matrix variables {Xi}?i 1» when the
parameter p(X.) is fixed, and we can define the following optimization problem

min 3?
{xHL,
subject to
E*(p(%)) S (pE))XCT (p(Re))  Blp(e)
C (p(;cc)) Zjﬁilf](p(‘ic)))(] —I 0 <0,
B (p(i) 0 —1
M
> f(p(E)X; >0, (5.10)
where
v o X (p(F))
E(pli) == Y 50N =,


http://dx.doi.org/10.1007/978-0-85729-898-0_3
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The procedure to solve this optimization problem is identical to the one described
in Sect. 3.4, and should be applied to each control phase according to the nature of the
joints in the vector g.. We present a detailed example later in this chapter.

5.4 H. Control via Game Theory

Fully-actuated manipulator control via game theory requires that Cy(q,§) —
%Mo(q, q) be a skew-symmetric matrix. The partition used in Eq. 5.2, however,
does not guarantee that this property is satisfied in the underactuated case.
Therefore, we introduce a new partition of Eq. 5.1 that maintains that matrix’s
skew-symmetry:

[u} N [5c(q,éz,é1‘)] B [Mcc(q) M. (q

(9)
+

T, 0,(9,4,4)

where 7. are the controlled joint torques and 7, are the remaining joint torques. As
we have shown in Chap. 3, we solve the H,, underactuated manipulator control
problem via game theory through the following state transformation:

- 21 - T |- I 0 ||qgc
= |z :T .= o= P I 5.13
¢ [Zz] or [Tz]x [Tn le] |:qc:| (5:13)

where Ty, T, € " are constant matrices to be determined. The control input
can then be selected as:

u= Mcc(q)TZ-;Ec + Ccc(Qa q)TZ-iv (514)

Considering the second line of Eq. 5.12 and the state tracking error (5.4), the
state transformation (5.13) can be used to generate the following dynamic equation
of the underactuated manipulator:

)LCC = KT(icat)xc +§T()~Cc‘7t)ﬁ +§T()~Cc7t)wa (515)
where
_ —-To'T T
ApFe,n) =T, T2 2,
O _MCC (q)CCC(q7 q)
0
Br(%.,1) T‘l[ ~ ]7
O M (g)
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Note that we are considering M..(q) in terms of controlled positions, and as a
consequence the matrix Ar(X.,t) is also given in terms of controlled positions.
From Eq. 5.14, the control acceleration is given by:

Ge = 3§ — T,'Tux. — TR'M ' (q) (Ceeq, )BT Tok — 7). (5.16)

Equation 5.16 gives the necessary accelerations for the controlled joints to
follow the desired reference trajectory, from which the torques in the active joints
can be calculated. First, rewrite Eq. 5.2 as:

5]+ (et 8] = [l w@][E] [l s

where b(q,q) = C(q,q) + F(¢) + G(g); then factor out g, in the second line and
substitute it in the first one to obtain

Ta = (Mac(q) = Mar(@)M,, ()M.ic(9)) e + ba(g,9)
5 (Q7 q,49 ) Mur<q)Mu_rl (Q)(bu(an) - 5L((Q7 Q7 Q)) (518>

The optimal control law for the underactuated case is based on the same the-
oretical arguments developed for the fully-actuated case (see Chap. 3 for more
details):

= —R'BTTy%,, (5.19)
where the matrix B is given in Eq. 5.5. The matrix P.(X.,?) is given by

Pc(xm ) TO |: 0 Mcc(-xC7 ):|T07

where K. is a positive definite symmetric constant matrix which solves the
analogous H, control problem for the underactuated case. The guidelines to select
Ty and K, for each control phase follow the approach described in Sect. 3.3. Note
that the skew-symmetry of the matrix C..(q,q) — Mu(q q) is guaranteed, as is
necessary in this formulation.

5.5 Adaptive H.. Control

In this section, the adaptive H, control methodologies described in Chap. 4 are
applied to the underactuated manipulators. Here too it is important that matrix
Clq,q) — %M (¢, ¢) be skew-symmetric, which holds when partition (5.12) is used.
When dealing with adaptive controllers, one must find a state space equation
relating the control input to the torque applied to the active joints; this is the
subject of the next sections.
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5.5.1 Model-Based Control

To apply the adaptive control methods to the passive joints of an underactuated
manipulator, we must find a new representation of Eq. 5.1. For convenience, the
Coriolis and centripetal torques are represented as: D(q, ¢)g, with D(q,q) € R™".
With g, composed only by passive joints, Eq. 5.1 can be partitioned as:

HE R i

Lo o o) L) o)

—~ o~

(5.20)

where 7. =0 because only the passive joints are being controlled, and the

dependence of J on (g, ¢, ¢) is omitted for brevity. Factoring out ¢, in the first line
of Eq. 5.20 and substituting it in the second one we obtain:

o+ 06 =M(q)i. + D(q,9)q. + E(9,9)q, + F(g) + G(q), (5.21)

with 7, = 7, and

M(q) = M,e(q) — M (q)M,, (M. (q),
D(q.q) = Dye(q.4) — Mu(@)M_' (q)Dcc(q, ),
E(q,4) = Dr(q,q) — M (@)M_,' (q)Der(q: ),

F(‘I) = Fr(‘.]) - Mrr(‘])Mc_rl (Q)Fc(@»

G(q) ) — M (9)M,, (9)Ge(q),

Considering (5.21), the state tracking error (5.4), and the state transformation
(5.13), a new dynamic equation of the underactuated manipulator can be written as:

Xe = A (R, )Ze + Br(%e, ) T12(—Fo(xe) 4 14) + Br (%, 1)d, (5.22)
with
_ —T3'T T
Ar@.,t)—Tl[ A ,]To,
0 —Mo(q)” Do(q,q)

Br(ie.1) Tl[ 0 }
T Xes - ——1 5

M, (q)
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Fo(xe) = Mo(q)(§? — T'Tug,) + Dolq. 4) (¢! — Ti' Thg,)
+ Eo(4,4)q, + Fo(q) + Go(q),

AF(x,) = AM(q) (g — Ty Tng,) + AD(q,)(g¢ — T1;'Tig.)
+ AE(q,4)q, + AF(g) + AG(q),

where My(q), Do(q, ), Eo(q,¢), Fo(g), and Go(g) are the nominal variables of
Eq. 5.20. Note that we added in this equation parametric uncertainty variables
AM(q), AD(q,§), AE(q,q), AF(g), and AG(q) related with M(q), D(q,q),
E(q,q), F(g), and G(q), respectively.

When only passive joints are controlled, the inertia matrix M((q) will always be
negative definite. In order to solve the nonlinear H,, control problem for under-
actuated manipulators, following the reasoning presented in Sect. 5.4, the solution
of the related Riccati equation, P.(X.,t), must be a positive definite symmetric
matrix for all X. and ¢. Here, P.(X,, 1) is selected as:

~ KC 0
Pc(xcat) = Tg|: 0 —Mo(ic,f)} o

where K. is a positive definite symmetric constant matrix. Additionally, to sim-
plify the Riccati equation the matrix D(g,¢) must be such that N(q,q) =

D(q,4) —$M(q,q) is skew-symmetric. This can be satisfied with a suitable defi-
nition of the matrices D..(g, ¢) and D,.(g, ¢) resulting from the partition of D(q, ¢)
in Eq. 5.21. The other entries of D(q, §), D,»(q,§) and D..(q,q), are determined
such that D(q,q)g = V(q, ). The applied torque in the active joints for the non-
linear H, control is given by:

1, = Fo(x.) + T, R "B  To%,.
For the adaptive nonlinear H, control, AF(x,) can be written as:

AF(x.) = Y(q,4, 4" — TioTnge, 4 — Tp5' T114.)0. (5.23)

Finally, the adaptive control law is given by:

0=5 "Y' 1B Ty,
1, = Fo(x.) + Y0+ T,' R "B  To%,.
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5.5.2 Neural Network-Based Control

For the adaptive neural network-based nonlinear H, control described in Chap. 4,
we consider, in the underactuated case, AF(x,) according to (5.8) written as:

AF(x,,0) =&

)

with Z and © given in Eq. 4.9 of Sect. 4.3.

The nonlinear ., adaptive control law and the applied torque in the active
joints are given by:

0 =7 "E'1,B Tk,
T, = fo(xe, ®) + EO + T,' R BT To%, + T, k(x.)sgn(BT Tok,),

where k(x,) is a function such that |(6F(x.));| <k(x.), for all 1 <i<n, and
0F(x,) is the approximation error generated by the neural network.

5.6 Examples

To validate the controllers proposed in this chapter we present their application to
the three-link planar underactuated manipulator UARM. We consider that one
joint is passive and two are active. Accordingly, the multi-step control approach
consists of the following phases.

1. Control the position of the passive joint and one active joint until the passive
joint reaches its set-point and is locked in place.

2. Control the position of the active joints as if the manipulator were fully-
actuated.

5.6.1 Design Procedure

The underactuated configuration selected in the tests presented here consists of
joints 1 and 3 active and joint 2 passive, or APA for short. In this case n, = 2, and
therefore at most two joint positions can be controlled during each control phase.
In phase 1, named APA,, the vector of controlled joints is selected as

9 = o 3"
joint and one of the active joints. In phase 2, named APA;, g. = [q1 ¢3
2 locked in place as it has already reached its set-point.

; in other words, in phase 1 we control the position of the passive
]" with joint
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From a programming perspective it is important that the matrices in the
underactuated manipulator’s dynamic equation be appropriately partitioned
according to each control phase. The following MATLAB®code presents an
example extracted directly from the Underactuated Manipulator Control Envi-
ronment:

File: uarm_config.m

elseif (config == ’'3APA’'),
% 3 links, 2 actuators at joints 1 and 3

na = 2;

active = [1 3];

passive = [2];

remaining = [1];

controlled = [2 3];

active controlled = [3];

elseif (config == ’‘3PAA’),

File: uarm_loop.m

% Partition inertia matrix

Mestac = Mest (active,controlled) ;
Mestur = Mest (passive,remaining) ;
Mestar = Mest (active,remaining) ;
Mestuc = Mest (passive,controlled) ;

Mestaa = Mest (active,active) ;
Mestcc = Mest (controlled, controlled) ;
Cestaa = Cest (active,active) ;
Cestcc = Cest (controlled,controlled) ;

File: uarm_cont_GTH.m

% Control law

u(controlled,i) = -inv(R)*Be’*TO0x [errorg(controlled) ;
errorqgd (controlled)] ;

gcdd_c(:,1) = gdd d(controlled,i) - inv(T12)«T1lx
errorqgd (controlled) - inv(T12)*xinv (Mestcc)
(Cestcc*Be’ *TO* [errorg (controlled) ;
errorqgd (controlled)] - u(controlled,i));
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o

% Active joints control passive joints

tau(active,i) = (Mestac - Mestarxinv (Mestur) *Mestuc)
gcdd _c(:,1) - Mestarxinv(Mestur) xbest (passive) + ...
best (active) ;

o

% Passive joints cannot apply torgque
tau(passive,i) = 0;

The proposed controllers can also be designed via the Controller Design box
of the UMCE, presented in Chap. 3. Figure 5.1 shows the necessary control
parameters for the adaptive H,, controller. The controllers for the two control
phases of the APA configuration are designed simultaneously, using the guidelines
shown in Chaps. 3 and 4.

5.6.2 LMI-Based Control

We implemented the LMI-based position control method described in Sect. 5.3 on
the UARM in the APA configuration. In control phase 1 p(X.) is selected as the
state representing the position errors of joints 2 and 3, i.e.,

Configuration:  APA ]

Controller: NLH-Adaptive -

Controller parameters:

Control Phase 1: Control Phase 2:
gamma 2 gamma 45
r 3 r 5
al n oo 1 al n oo 1
Q2 14 00 4 Q2 4 00 4]
S 100 s 100
Mtheta 16007 Mtheta 16007
delta 00002 delta 00002

oK Defait Close

Fig. 5.1 Controller design box for the adaptive H, controller
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p(e) =13 @]

The system outputs, z; and zp, are the position and velocity errors of the con-
trolled joints and the control variable, u, respectively. Hence, the system can be
described by:

A(p(x)) = A(p(xc)),
Bi(p(x)) =B,
By (p(x)) = B,
Ci(p(x)) = La,
Ca(p(x)) =0,

where the matrices A(p(X.)) and B are defined in (5.5). The parameter space is
divided in L =5 grid points. The best attenuation level is y = 1.35. In control
phase 2 the state vector is given by:

o) = )"

where g3 and 513 are the position and velocity errors of joint 3. Again, the position
and velocity errors of the controlled joints and the control variable, u, are the
outputs of the system. We define p(x.) € [—30,30]° x [—50,50]°/s. The parameter
variation rate is bounded by |p| <[50°/s 30°/s?]. The basis functions selected for
both control phases are:

a

filp(xe)) =1,
fa(p(Xe)) = cos(g),
fi(p()) = cos(gs)-
The parameter space is again divided in L = 5 grid points. The best level of

attenuation in this phase is y = 1.80. The solutions to the LMI problem for the first
and second control phases are given by:

[ 0.0893 —0.0369 —0.0660 0.0725 |
X, = —0.0369 0.1359  0.0288 —0.1667
—0.0660 0.0288 0.1693  —0.0160 |’
| 0.0725 —0.1667 —0.0160 0.4121 |
[ 0.0447 —0.0112 —0.0036 0.0320 |
X, = —-0.0112 0.0110 —0.0085 —0.0401
—0.0036 —0.0085 0.0035 0.0121 |’
| 0.0320 —-0.0401 0.0121 0.0412 |
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—0.0094 0.0214 -0.0152 —-0.0174
~ | 0.0214 0.0128 0.0158 0.0438
7 1 -0.0152 0.0158 —0.0087 —0.0402 |’

—0.0174 0.0438 —0.0402 —0.0588

and

[ 0.2306 0.0115 —0.1994 —0.0008 T

X, = 0.0115 0.2177 —-0.0194 —-0.1812
—0.1994 —0.0194 0.3850 0.0059 |’

| —0.0008 —0.1812  0.0059 0.3452 |

[—0.0121 —0.0393 0.0151 0.0386 T

X, = —0.0393 0.0023 0.0386  —0.0025
0.0151 0.0386 —0.0206 0.0084 |’

L 0.0386 —0.0025 0.0084 0.0050 |

[—0.0174 0.0241 0.0158 0.0051 ]

X; = 0.0241 0.0144 —0.0431 —0.0055
0.0158 —0.0431 —-0.0176 0.0183 |’

| 0.0051 —0.0055 0.0183 0.0037 |

respectively. The control law is implemented as:

u(t) = — <§ { Ii’a } (X1 + Xac08(33) + X300S(§3))1>5cc(t).

In the experiment, the initial position and the desired final position adopted
were, respectively, ¢(0) = [0° 0° 0°]" and ¢(T',T2) = [20° 20° 20°]", where
T'=[1.0 1.0]s and 7% = [5.0 5.0] s are the trajectory duration time for phases 1
and 2, respectively. An external disturbance 7, of the following form is introduced
in joints 1 and 3 starting at 0.3 s:

o 0.5¢ %sin(4nt)
47 | —0.05¢ %sin(4nr) |’

The peak of the disturbance signal is approximately equal to 30% of the torque
value at t+ = 0.3s. Figures 5.2 and 5.3 present the resulting joint positions and
applied torques.

5.6.3 Game Theory-Based Control

Similar experiments were run with the UARM in configuration APA with the H,
controller via game theory presented in Sect. 5.4. In control phase 1 the best
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attenuation level is y = 1.9 for weighting matrices Q| = 45, 0> = 6,01, =0,
and R = 3.51,. In control phase 2 the best attenuation level is y = 1.9 for the same
weighting matrices. The experimental results are shown in Figs. 5.4 and 5.5,
respectively. Note that in control phase 1, M..(q) is a function of the positions of

joints 2 and 3, as in Eq. 5.15, i.e.,
M..(q) = [Mxn(q) Mx(q); Mx(q) M33(q)].

In control phase 2, joint 2 is locked and M..(q) = [M11(q) Mi15(q); M31(q)M33(q)]
is a function only of g3, which is a controlled joint in this phase. Hence, matrix
M..(g) is a function only of the controlled joints during both control phases of this

configuration (APA).
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Comparing Figs. 5.2, 5.3 and 5.4,5.5 one can see that the LMI-based controller
is more robust to the external disturbance than the game theory-based one. Note,
for example, that for the latter the positions of joints 2 and 3 oscillate more in the
presence of the disturbance. This is partly due to the fact that the game theory-
based control law has a static gain, which makes it less effective in terms of
disturbance rejection—similarly to feedback linearization control laws. The
greater robustness of the LMI-based controller can also be verified by comparing
the values of y obtained with both methods (Table 5.1). It is important to note,
however, that a disadvantage of the LMI-based controller is the more complex
design procedure, especially the selection of the basis functions.

The experiments described above were repeated five times and the mean
values of L£,[x] and E[t] calculated for each controller (see Table 5.2).
The values confirm the visual analysis from the graphs, i.e., that the H., control
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Table 5.1 Values of y obtained for LMI- and game theory-based H., control of a three-link
underactuated manipulator in configuration APA

Controller Phase 1 Phase 2
Linear matrix inequalities 1.35 1.80
Game theory 1.90 1.90

Table 5.2 Performance indexes for LMI- and game theory-based H, control of a three-link
underactuated manipulator in configuration APA

Controller L[%] E[r] Nms)
Linear matrix inequalities 0.042 1.274
Game theory 0.049 0.929

via Linear Matrix Inequalities presents the best tracking performance, albeit at a
higher energy cost.

5.6.4 Model-Based Adaptive Controller

In this and the next sections we validate the adaptive controllers presented in Sect.
5.5. Again we consider the underactuated manipulator in configuration APA. Due
to the controllers’ structure, however, in control phase 1 or APA,,we use ¢, = [q,]
and ¢, = [q,], i.e., the passive joint is controlled by applying torque to joint 1
while joint 3 is kept locked. In control phase 2, or APA, joint 2 is locked and the
manipulator is controlled as if it were fully-actuated.

As we discussed in Sect. 5.3, D(g, ¢) must be selected such that N(g, g) is skew-
symmetric. In this case M(q) and D(q, g) are scalars given by:

_ Mi(9)Mn(q)

M(q) = M2(q) Mor(9)

(5.24)

and

— Mi1(q)Dx(q,9)

D(q,q) = Di2(q,q) — Mor(q) (5.25)

where M;;(q) and D;(q,q) are the ij entries in matrices M(q) and D(q,§),
respectively. N(q,g) = D(q,q) —3M(q, ) is given by
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Wia.d) = Dis(and) ~ 0220 D)
1M11(g:9)Mn(q) | 1M1 (9)Mx(q,d)
2 M»(q) 2 M2(q)

_ an(q)Mzz(q)Mm(% q)

2 M%l(‘l)
Since N(q,q) is a scalar, it can only be skew-symmetric if it is equal to zero.

Therefore Dj, and D,; are selected such that the following conditions are
satisfied:

. (5.26)

1. . 1Mi1(g,9)Mxn(q)
Dy ==-Mp(g,§) — -—— 22— 5.27
12 2 12(61 CI) ) le(q) ( )
1. 1 Mxn(g9)M (g,
D22:—M22(q,q)——422(Q) 2la Q)' (5.28)

2 2 M21 (q)
The remaining entries in D(q, ¢) can be computed from V(q, §) = D(q, q)q as:

Vi(q,9) — D2(q,9)4.»
b)

Dii(q,q) = J D3 =0,
cl
. Va(q,q) — D2(q, q)q
D21 (q7q) _ (q Q) q (q q)QcZ7 D23 =0.
cl

Recall that joint 3 is kept locked in control phase 1; therefore, the third line of
D(q,g) has no influence on the control system and, for convenience, can be
selected as the third line of C(q,q).

The best level of attenuation for the Model-based Adaptive Controller is y = 2
for both control phases. The weighting matrices are Q; =40, 0, =1, 01, =0,
and R =3 in control phase 1 and Q, =30, O, =1,,0;, =0, and R =3I, in
control phase 2.

In the experiments shown below, the initial position and the desired final
position are, respectively, ¢(0) = [0°0° 0°]" and ¢(T',T?) = [30° 20° 10°]",
where T' = 1.0 s and 7?2 = [4.0 2.0] s are the trajectory duration time for control
phases 1 and 2, respectively. An external disturbance, 1,4, is introduced as:

—(r—zdl )2 —(r—rdz )2
<0.le o 40.08e >sin(7m)

T = —(t—tq )2

d — —2] 5

0.05¢ *:2 sin(8nt)
~(-14)

0.02¢ *: sin(8mt)

where t5, = 0.65s, tg, =2.5s, u; = 0.4, and u, = 0.3.
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The parameters 0 and 0 and the regression matrices ¥ and Y for both control
phases 1 and 2 are listed in the appendix to this chapter. The experimental results

obtained with 0(0) = [0...0]7,, and S = 100, and 0(0) given by the values of 0 at
the end of phase 1 and S = 100, are shown in Figs. 5.6 and 5.7.

5.6.5 Neural Network-Based Adaptive Controller

For the adaptive neural network-based nonlinear H,, control, matrix Z in control
phase 1 is selected as
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and matrix E in control phase 2 is selected as
- & O
2= {O 53], (5.29)

where &) = [E11,. ., E17), & = [Garye o Canls &3 = [E31, - Ea), with Gy, &g
(for i = 1,2,3) defined as for the fully-actuated case (Chap. 4). In control phase 1

the neural network parameter vector ® is

0= [@21 03, O3 Oy Oys Oy @27}Ta
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Table 5.3 Performance indexes for adaptive model- and neural network-based H, control of a
three-link underactuated manipulator in configuration APA

Controller L% E[r] N ms)
Model-based 0.0249 1.404
Neural network-based 0.0243 1.415

and in control phase 2 the parameter vector ® is
_ @
o-[8]
with

0, =[0), 01, 0,3 0, 05 O O],
03 = (@3, B3, 033 O3y O35 O3 O3],

The results for the adaptive neural network-based controller are shown in Figs.
5.8 and 5.9. As before, we conducted five experiments with each adaptive con-
troller. Table 5.3 presents the mean values of £[x] and E[tz] for each one.
The adaptive neural network-based nonlinear H., controller presents a slightly
better result with respect to the £, performance index, but also presents greater
energy spending.

Appendix

The variables used in the adaptive H,, controller are as follows:

e Parameter vector 0 for control phase 1: 0; = A(mglC%), 0, = A(msl%)y 0; =
A(nhlc%), 54 = A(m312103), 55 = AIQ, 96 = AI3, and 97 = Af2
e Matrix Y(-) for control phase 1:

Y() = [Yu() V()Y i) u()Yis() Vi)Y () ],

where Yll(’) = )’11,712(') :y11,713(~) :y11,714(~) = 2COS(q§)Y11 - Sin(%)
g3y21, Y15(-) = yi1, Yis(-) = yi1, Yi7(-) = G2,y1 = 43 — T12'Ti1qy, and yy; =
- T5'Tig.

e Parameter vector 0 for control phase 2: 0; = A(mylc}), 0, = A(ml2), 05 =
A(l’}’lzlllCZ), 04 = A(m3l%), 05 = A(m3lc§), 96 = A(m311163), 07 = AI], 68 = AI3,
09 = Afi, and 010 = Af3.
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e Matrix Y(-) for control phase 2:

() =2y11,  Yi2(:) = yu1,

3(1) = 2cos(q2)yn1 — sin(q2)qay21 — sin(g2)(¢1 + G2)y2,
Y14(+) = (2 + 2cos(g2))y11 — sin(q2)g2ya1,
()

(1) =

(2cos(g2 + g3) + 2cos(g3))yi1

+ (cos(q2 + g3) + c0s(g3))y12 — sin(q2 + g3)G2y21
— (sin(g2 + ¢3) + sin(g3))g3y21

— (sin(q2 + ¢3) +sin(g3))(q1 + ¢2 + G3)y22,

Yi7(-) =2y, Yis(-) =y +yn,
Yio(-) = q1, Y110=0,

() =0, Yn()=0, Yx()=0,
Y24(-) =0, Yos(-) =yu + yio,

Y26(-) = (cos(q2 + g3) + cos(g3))yi

(c
+ (sin(g2 + g3) + sin(g3))g1y21 + sin(g3)g2y21,
0, Yo5(-) =yi1 +y12, Yoo(-) =0, Ya10 =2,

where yi1 =¢¢ —T5'Tnqy, yo=4d —T5'Tngs, yn =4} —Tp'Tig, and
2 =44 — T Tigs.
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Chapter 6
Markov Jump Linear Systems-Based
Control

6.1 Introduction

A large number of dynamic systems are inherently vulnerable to abrupt changes in
their structures caused by, for example, component failures, sudden environmental
disturbances, and abrupt variation of the operating point of a nonlinear plant. This
class of systems can be modeled by a set of linear systems with transitions among
models determined by a Markov chain taking values in a finite set. An important
point in this process is to develop Markovian jump models with probability
matrices of Markovian state transitions.

In this chapter, we present fault tolerant systems based on Markovian control
theory for three-link manipulator robots. We present procedures to model the
changes in the operating points of the system and to model the probability of a
fault occurrence. Both models are grouped in a single Markovian jump model. We
assume that the fault is detected and isolated with the filtered torque prediction
error approach proposed in [9].

The framework presented consists of a complete Markovian jump model of a
three-link manipulator, incorporating all possible fault combinations. Additionally,
we compare the performance of four Markovian controllers, H,, Hoo, mixed
H,/Hs based on state-feedback [4, 6, 7], and a H. output feedback-based
approach [8]. We present two sets of experiments, one where only one fault occurs
and one where two faults occur in sequence. The results presented in this chapter
show that it is possible to accommodate a sequence of abrupt changes in the
manipulator without the necessity of stopping it completely to modify the control
strategy after a fault occurs. This is in contrast with our earlier work where we
showed that, when the manipulator is moving, deterministic controllers cannot
guarantee stability after a fault [11]. Those experiments are reproduced here using

A. A. G. Siqueira et al., Robust Control of Robots, 101
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the computed torque plus linear H, controllers for robotic manipulators with free
joint faults.

This chapter is organized as follows: Sect. 6.2 motivates the development of the
Markovian jump model through a working example; Sect. 6.3 presents the com-
plete Markovian jump model for a three-link robotic manipulator; Sect. 6.4 pre-
sents the equations used to compute the H,, Hoo, and mixed H,/H, controllers;
Sect. 6.5 presents an H,, output feedback control approach for Markovian jump
linear systems; and Sect. 6.6 presents the results of the these Markovian controllers
applied to the UARM.

6.2 Motivation

To motivate the Markovian controllers developed in this chapter, we initially try to
control the three-link manipulator using a mixed computed torque plus linear H o,
deterministic control strategy, described in detail in Chap. 2. The manipulator
starts operation in fully-actuated mode with initial position ¢(0) = [0°0° 0°]" and
desired final position g(T) = [20°20°20°]", where T = [4.04.04.0] s is the
duration of the motion. When all joints reach approximately 15° at #y = 2.2s, we
introduce an artificial free joint fault in the second joint by disabling the joint’s
actuator. We assume that fault detection is perfect and instantaneous.

The deterministic control strategy is applied before and after the fault occur-
rence. If the robot stops completely when the fault is detected and before the post-
fault control strategy is applied, the stability is guaranteed and the robot reaches
the desired position. On the other hand, if the robot continues moving through the
fault, the controller cannot guarantee the stability of the system (see Figs. 6.1 and
6.2). As we will show at the end of this chapter, the Markovian controller is able to

Fig. 6.1 Joint positions, 60 —
computed torque plus linear -~ -Joint 1
. —Joint 2
‘H control with fault —_ Joint 3
occurrence (# = fault time) |

- Desired
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Time (s)
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bring the robot to its desired position without interruption in the motion even in the

presence of multiple faults.

6.3 Markovian Jump Linear Model

We start with the dynamic model of the fully-actuated manipulator with n joints
©=M(q)q + b(q,q). (6.1)
When free joints are present, the dynamic model can be represented as in Eq. 5.17:

Mar(q)] [4] n {ba(% ‘?)] (6.2)

{Ta] - [MM(q) Mur(q) | | Gr bu(q,q)

0 MM(‘I)

(the locked passive joints do not contribute to the motion of the system, and
therefore are eliminated from the model). Isolating the vector g, in the second line

of (6.2) and substituting in the first line, we obtain the

Active joints torque vector:

o = M(q)4c + b(q, 9), (63)
where
M(q) = Mu(q) — Mar(Q)MJI(Q)Muc(‘])v
E(Qa Q) - ba(Q)é) - ]uar(CI)Mu_r1 (Q>bu(q7 q)
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The linearization of the manipulator dynamics, represented by (6.3), around an
operating point (go, §o), is given by:

i = A(g,4)x + B(g),

where

q9 —q
5 X = - d .:|7
(40) |:C] -4

and ¢? is the desired trajectory. A proportional-derivative (PD) controller of the
form t = [Kp Kp|x + u (where u is an external control input) can be introduced to
pre-compensate model uncertainty. Hence, the dynamic equation of the manipu-
lator can be written as:

Extended linearized system:

X = Z(q,"])x‘f‘ E(Q)m
Z= Z’x—I— 5u,

B =B, C=| o

D= 0 =[Kr K,
_[/H} 7= [Kp b X+ u,

where go = (g0, 4o), z is the output variable of the manipulator and o and f§
are constants defined by the designer to adjust the Markovian controllers.

The state feedback H,, Ho and mixed H,/H controllers presented in this
chapter were developed for discrete time systems. Therefore, we discretize (6.4) as:

x(k+1) = Alg, g)x(k) + B(q)t(k),

z(k) = Cx(k) + Dz (k). (6:3)
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Table 6.1 Controlled joints

. 8 Configuration Control phase 1 Control phase 2
in configurations AAP, APA,
and PAA AAP 1,3 1,2

APA 2,3 1,3

PAA 1,3 2,3

The Markovian jump model developed in this section describes the changes in
the linearization points of the plant (6.5), and the probability of a fault occurrence
for a three-link manipulator [10, 12]. Although the changes in the system linear-
ization points are not genuine stochastic events, in contrast with a fault occurrence,
the Markovian techniques can be applied in this case since the jump probability is
related with the expected mean time the system is supposed to lie in each state of
the Markovian chain.

6.3.1 Configuration After Fault Occurrence

For a 3-link manipulator robot, seven possible fault configurations can occur:
AAP, APA, PAA, APP, PAP, PPA, and PPP, where A means that the corre-
sponding joint is active and P means that it is passive. For example, in the AAP
configuration joints 1 and 2 are active and joint 3 is passive.

In the faulty configurations AAP, APA, and PAA, n, = 2; therefore, two
control phases are necessary to control all joints to the set-point (see Chap. 5 and
[1, 2, 3] for details). In the first control phase, the vector of controlled joints, g,
contains the passive joint and one active joint. In the second control phase, g,
contains the active joints and the passive joint is kept locked since it has already
reached the set-point. Table 6.1 summarizes the joints controlled in the two control
phases for each configuration.

The first control phase is denoted by the configuration name followed by the
subscript u (to indicate that the passive joint is unlocked); and the second phase by
the subscript / (to indicate that the passive joint is locked). For example, APA, and
APA, represent the first and the second control phases of the configuration APA,
respectively.

In the faulty configurations APP, PAP, and PPA, n, = 1; therefore three control
phases are necessary to control all joints to the set-point. In the first control phase,
the vector of controlled joints, ¢., contains one passive joint. In the second control
phase, the other passive joint is selected to form the vector of controlled joints. In
the last control phase, the active joint is controlled. The passive joints not being
controlled in each control phase are kept locked. Table 6.2 summarizes the joints
controlled in the three control phases for each configuration.

The first control phase is denoted by the configuration name followed by the
subscript u1; the second control phase by the subscript #2; and the third control
phase by the subscript /. For example, PPA,;, PPA,», and PPA, represent the first,
the second and the third control phases of the configuration PPA, respectively.


http://dx.doi.org/10.1007/978-0-85729-898-0_5

106 6 Markov Jump Linear Systems-Based Control

Table 6.2 Controlled joint

: 8 Configuration Control Control Control
in configurations APP, PAP, phase 1 phase 2 phase 3
and PPA

APP 2 3 1

PAP 1 3 2

PPA 1 2 3

Table 6.3 AAA-APA Markovian states and linearization points

Markovian states Linearization Points

AAA APA, APA, qi 9 q3 qi 42 q3
1 9 17 5 5 5 0 0 0
2 10 18 15 5 5 0 0 0
3 11 19 5 15 5 0 0 0
4 12 20 15 15 5 0 0 0
5 13 21 5 5 15 0 0 0
6 14 22 15 5 15 0 0 0
7 15 23 5 15 15 0 0 0
8 16 24 15 15 15 0 0 0

6.3.2 Linearization Points

To define the linearization points, the workspace of each joint is divided in sectors,
denoted sec. For each combination of sec/2 for each joint, we define a linearization
point for the manipulator. The choice of these sectors and the number of sectors,
Nsec, Needs to be done in order to guarantee the effectiveness of the Markovian
jump model. In the experiments shown in this chapter, the workspace of each joint
is divided in two sectors, with sec = 10° (the set-point is defined as 20° for each
joint, with initial position 0°). We define a central point for each sector at 5° for the
first sector and 15° for the second one. All the possible combinations of posi-
tioning of the three joints, q;, q2, g3, at these two points are used to map the
manipulator workspace. Setting the velocities to zero, we end up with eight lin-
earization points, shown in Table 6.3.

6.3.3 Markovian States

The Markovian states are the manipulator’s discrete dynamic model (6.5) linearized
around the eight points for all control phases of all configurations. Recall that con-
figuration AAA has one control phase, faulty configurations AAP, APA, and PAA have
each two control phases (for a total of six), faulty configurations PPA, PAP, and PPA
have each three control phases (for a total of nine), and configuration PPP represents
only one state, independently of how many linearization points are used. Therefore the
Markovian jump model has 8 x (1 +6+9) + 1 = 129 states. Accordingly, the
number of Markovian states for an n-link manipulator, Ty, is given by:
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n—1
TMS =1 + I’llp X (Z (ncp,. X I’lfC’) —+ 1), (66)

i=1

where ny, = ﬁ is the number of possible fault configurations for i faults,

nep, = ceil(-"=) is the number of control phases for a configuration with i faults
(ceil(x) rounds x to the nearest integer towards infinity) and ny, = (nm)" is the
number of linearization points.

Figure 6.3 presents the complete Markovian jump model, describing all pos-
sible fault occurrences for a 3-link robotic manipulator. The probability matrices
Ps, Py, Py and Pjg indicate, respectively, the probability of a fault occurrence,
the probability that the passive joint is controlled to reach the set-point, the
probability that a free joint is repaired (here Py = 0), and the probability that
the manipulator is in the configuration PPP (since Py = 0, Pjoo = 1).

6.3.4 AAA-APA Fault Sequence

The AAA-APA fault sequence is represented in the Markovian jump model by the
numbers 1, 2, and 3 in Fig. 6.3. The system starts in the configuration AAA. When
a fault occurs, the system goes to control phase APA, at the same linearization
point. When the second joint reaches the set-point, the system goes to control
phase APA;.

According to Table 6.1, the vector of controlled joints, g., is chosen as g, =
(g2 q3]T for control phase APA,, and ¢, = [¢1 q3]T for control phase APA,;. For
each linearization point there exist three sets of matrices A(g, ¢), B(g), C, and D in
(6.5), corresponding to the control phases AAA, APA,, and APA,;. The dimensions
of these matrices for configurations APA, and APA; are smaller than for config-
uration AAA. However, for the Markovian controllers adopted here, all linear
systems must have the same dimension. To solve this problem, rows and columns
of zeros are added to the matrices.

According to Eq. 6.6 there exist 24 Markovian states for this fault sequence (see
Table 6.3). Following the Markovian theory it is necessary to group them in a
transition probability matrix P of dimension 24 x 24. The element p;; of P repre-
sents the probability of the system, being in the Markovian state 7, to go to the state
Jj at the next time k. This implies in Zj pij = 1 for any line i of P.

Matrix P is partitioned into nine 8 x 8 submatrices, shown in Eq. 6.7. The
elements of P were selected empirically. The submatrix Paaa groups the relations
between linearization points of normal operation in the configuration AAA, and
the diagonal submatrix Py groups the probabilities of a fault occurrence when the
system is in normal operation. Py in the first line of P represents that when a fault
occurs, the system goes from the configuration AAA to the control phase APA,.
After the fault, the system will be in the control phase APA,, and the system
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Fig. 6.3 Markovian jump model for the 3-link manipulator UARM

changes to the second line of P, where Pspa, groups the relations between the
linearization points in the control phase APA,. Py = O represents the fact that the
free joint cannot be repaired, and P, represents the probability that the system will
go to the control phase APA;. After that, the system can be in control phases APA,
or APA;, according to P;. In the third line of P, Papa, groups the relations between
the linearization points in the set APA;, P, represents the probability of the system
to return to the control phase APA,, and P, represents, again, the impossibility of
repairing the free joint.
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Table 6.4 AAA-PAA-PAP  AaA~ pAA,  PAA, PAP,,  PAP,  PAP
Markovian states

1 9 17 25 33 41

2 10 18 26 34 42

3 11 19 27 35 43

4 12 20 28 36 44

5 13 21 29 37 45

6 14 2 30 38 46

7 15 23 31 39 47

8 16 24 32 40 48

6.3.5 AAA-PAA-PAP Fault Sequence

The AAA-PAA-PAP fault sequence is represented in the Markovian jump model,
Fig. 6.3, by the numbers 1, 4, 5, 6, 7, and 8. The Markovian states for this fault
sequence are shown in Table 6.4, with the same linearization points adopted in the
AAA-APA fault sequence (see Table 6.3). The system starts in configuration
AAA. If a fault occurs in joint 1, the system maintains the linearization point and
goes to the corresponding point in control phase PAA,,. If the second fault (joint 3)
occurs during control phase PAA,, the system goes to control phase PAP,;. If the
faults in joints 1 and 3 occur at the same time, the system goes from configuration
AAA to control phase PAP,;. The second fault can also occur during control phase
PAA,;, when passive joint 1 has already reached the set-point .

According to Tables 6.1 and 6.2, the vector of controlled joints, g., is chosen as
q. = [q1 q3]T for control phase PAA,; g. = [¢2 Q3]T for control phase PAA;; g. =
q1 for PAP,;; q. = g3 for PAP,,; and g. = ¢, for PAP;. In this case, for each
linearization point there exist six sets of matrices A(q, ¢), B(g), C, and D in (6.5),
corresponding to the control phases AAA, PAA,, PAA;, PAP,;, PAP,,, and PAP,.
Again, rows and columns of zeros must be added to these matrices to guarantee
that all linear systems have the same dimension.

For this fault sequence, there exist Tyys = 48 Markovian states; therefore the
transition probability matrix P must be of dimension 48 x 48. Analogously to the
AAA-APA fault sequence, matrix P is partitioned in 36 submatrices of dimension
8 x 8, shown in Eq. 6.8. The submatrices Py, Py, and P, are the same used in Sect.
6.3.4 for the AAA-APA fault sequence.

Paaa Pf Py Pf Py Py
Py | Ppaa,| Ps Py Py Py
Py Ps | Ppaa, | Po Py Py
Py Py Po | Ppap,| Ps Py |’
Py Py Py P | Ppap,| P
Py Py Py Py P; | Ppap,
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6.4 MJLS Robust Control Based on State Feedback

We now turn to the design and comparison of three controllers based on the
Markovian jump model developed in Sect. 6.3. They are the H,, Hoo, and mixed
H,/H Markovian controllers proposed in [4-7]. We start with the discrete linear
system

x(k + 1) = Agx(k) + Bewu(k) + Weww(k),
z(k) = Cox(k) + Deyu(k), (6.9)
x(0) = xo, 0(0) = Oy,

subject to Markovian jumps, where Agy) = (A1,...,Ay) € H", Boy) =
(B], .. .7BN) e H™", W@)(k) = (Wl, . WN) e H", w= (W(O),W(l), .. ) S l£7
C@(k) = (Cl7 cee CN) € H"®, and D@(k) = (Dl, - .,DN) € H™ with D?Di > 0 for
all i.

O (k) is a Markov chain with values in {1,...,N}, and @y is its initial condi-
tion. Conjugate transpose is denoted by *, H™" (H"" = H") is a linear space made
up of all sequence of complex matrices, and /5 is the Hilbert set of random
variables of second order w = (w(0),w(1),...) with w(k) € R", where

Iwllz =D lIwk)ll3<oo, and [w(k)lz = E(lw(k)[).
=0
We define the operator £(.) = (£1(.),...,En(.)) € B(R") and for all sequence
of complex matrices X = (Xy,...,Xy) € H" (with X; € B(C",C") for i=
1,....N),

N
(X)=>_piX;,
=1

where B(C™, C") denotes the normed linear space of all n x m complex matrices
and B(R”,R") denotes the normed linear space of all n x m real matrices (B(C")
and B(R") whenever n = m). Note that the system (6.9) represents a collection of
all linearized systems (6.5) which are stochastically chosen to represent the
manipulator dynamics at each instant. For the purposes of this chapter, the purpose
of this Markovian system is to describe scenarios of possible faults which can
occur during the manipulator operation. Note also that we are adding in this system
possible disturbances w(k) which can affect the positions, velocities, and accel-
erations of the manipulator. In the examples presented in this chapter, disturbances
are applied in the joint torques of the manipulator in order to test the robustness of
the controllers.
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6.4.1 H, Control

The H, control technique aims to minimize the quadratic functional:

mwom=Fe{iew i @[]} oo

constrained by (6.9) with w=0.Lgy = (Li,...,Ly) € H"", Qou) =
(Q1,...,0y) €H", and Rox) = (R1,...,Ry) € H™ . All matrices Q; and R; (i =
l,...,N) should be Hermitian.

‘H, control law: The control law that minimizes the functional (6.10) is
given by

u(k) = Fowx(k),
where Fo() = (F1,...,Fy) and

Fi = —(BI&(X)B: +R) ™ (BI&E(X)Ai + L),
X is the solution of the following coupled algebraic Riccati equations [7]

0=—X; + AE(X)A; + O
— (AZ&(X)B; + L) (B:E(X)B; + R,) ' (BI&:(X)A; + L).

6.4.2 H. Control

The H control problem consists of finding a controller that stabilizes the linear
system (6.9) and ensures that the norm from the additive input disturbance to the
output is less than a pre-specified attenuation value y:

Z(0
1200w, = sup 20
wel, [wll»

where Z(®,w) =z = (2(0),z(1),z(2), ...), x(0) =0, Q; = C:C;, (C,A) detect-
able in the quadratic mean, y > 0 is fixed, D;D; = I, and C’D; = 0. There exists
F = (Fy,...,Fy) € " which solves this problem, if there exists X =
(X1,...,Xy) € H"" satisfying the conditions:

1. I —SWrEX)W; > 0;

B*
y } Ei(X)A;, where

y i
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R = ({é _01] + {ﬁ;]&(x){& %W,});

3. r,(L) <1, where L(.) = (L1(.),...,Ly(.)) is defined by
1 *
E,() = <Al‘ + B;F; +VWiGi> 5,’(.)(0),

where

1 -
G = (1 - Wl.*é’i(X)W,-) > WE(X)(A; + BiF;).

‘H control law: The control law is given by
u(k) = Fix(k),

with F; given by

=il
1 1 !
Fi=—— (1 + B:E(X)B; + y—zBfé’,-(X) W, (1 - V—ZW;*Si(X)W,) WrE, (X)B,-)

1 1 -
x B! <1 — X)W, (1 - y—zW,»*&(X)Wi> Wf) EiX)A:-

6.4.3 Mixed H,/H. Control

Given y > 0, the mixed H,/H control problem is to find a gain F = (F4,...,Fy)
such that when u(k) = Foqyx(k) the system (6.9) is robustly stable and ( is
minimized, subject to || Z(®g, w)||, <{ and || Z(O¢, w)|| ., <y. We assume that the
transition probability matrix P is not exactly known, but belongs to an appropriate
convex set:

M M
P= {P; P= fokPk, with othO,Zock = 1},
k=1 k=1

where P¢ = [p{], k=1,...,M, are known transition probability matrices. The

proposed approximation can be handled with the following convex problem
subject to linear matrix inequalities. Set

Ff S {\/pfll- . pf‘NI} € B(CM,C),
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for i=1,....,N and k=1,...,M. Given y*, find X = (X;,....,Xy) €G", Q=
(O1,..,0n) €G", L= (Ly,...,.Ly) € G", and Y = (Y1,...,Yy) € G, where
G™" denotes the linear space made up of all sequences of real matrices U =
(Uy,...,Uy), with U; € B(R",R") for i =1,...,N. The following Markovian
controller combines the performance of the H, criterion with the robustness of the
Hso ONe:

Mixed H,/Hoo control law:
N
{ = min tr{z W*X,W}
i=1
subject to

Qi an QC YDj W
any Li 0 0 0

L LI X I
Co 0 1 0 0fz0|." P e >0,
FL; di ;
DY, 0 0 I 0 i as
We 0 0 0 2

Xi=X;>0,0;=0Q; >0,andL; =L >0,

where #r(.) is the trace of a matrix, diag{Q} € B(R"") is the matrix formed
by Qi, ..., Qy in the diagonal and zeros elsewhere, a;, = Q;A} + Y/B], and
az; = A;Q; + B;Y;. If this minimization problem has a solution X,0Q,L and Y,
then

F;=Y,07"

6.5 MJLS H. Output Feedback Control

The output feedback H, control for MJLS presented in this section was originally
developed in [8]. Consider a continuous-time homogeneous Markov chain, ® =
{O(¢) : t > 0}, with transition probability Pr(6,,a, = j|0; = i) defined as:

Pr(@(t+At):j|®(t):i):{1ffj(vil)(?)Xi(jgé) Eij} (6.11)

where A >0, and A;(r)>0 is the transition rate of the Markovian state
itoj(i #j), and
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ity == (1)

J=l#
The probability distribution of the Markov chain at the initial time is given by
w=(uy,.-., 1y), so that Pr(®(0) = i) = y,;. The MJLS is given by:
x(t) = Agyx(t) + Bogyu(t) + Woyw(t),
z(r) = Clomx(t) + Dl,)(,)u(t), (6.12)
y(t) = Cop x(t) + Doy, w(t), >0,

where the parameters are collections of real matrices,

Aoy = (A1,..,Ay), dim(A;) =n x n,
Wou = (Wi,..., W), dim(W;) =n x m,

(
(
Bo() = (Bi,..,By), dim(B)=nxr,
Ciop = (Ci1,- -+, Cry), dim(Cy;) =p xn,
Dy, = (D11, ., D), dim(Dy;) =p xr,
Croyy = (Ca1, ..., Con),  dim(Cy) = g x n, and
Dy, = (D21, .., Doy),  dim(Dy) =g xm, i=1,..,N,

with w € £,(0,T) and E(|xo|*) <oo. The vectors x = {x(¢),t>0}, z = {z(¢),
t>0}, and y = {y(#),# > 0}, are respectively, the state, the controlled output, and
the measured output of (6.12). Thus, whenever ©(¢) =i € S (where S is an index
set §= {1, .. .,N}), one has Ag(,) =A,;, Wo(,) =W, B()(,) =B, ClO(r) = Cy;,
Dlo(r) = Dy;, CZ(;(,) = (Cy;, and D%m = D,;. The output feedback H, problem for
MILS we consider in this chapter is to find a dynamic controller such that the H,
norm of the closed-loop system is smaller than y. To find this controller the
following linear matrix inequalities must be solved:

X; X;W; + LDy, <0
WIX; + DLLT  —y2 :
Y; Y,Cl; + FID; Ri(Y)
CyY; + DyF; =1 0 | <0,
RI(Y) 0 Si(Y)

Y, I
[1 X,l > 0,
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with
X; = AT X; + XiA; + LiCy; + CoL] + Cl.Cyi + Z;L,J s

Y; =AY;+ YA] +BiF; +F B} + J;Yi + v‘zVi’iWiT7

Rt(Y) = |: )‘liYiw"? \/i(ifl)iyia \/)“(iJrl)iYia"w ;“NiYii|7

S,'(Y) = —diag(Yl,...,Y,»,l,Y[H,...,YN).

Output feedback H, control law:

V([) = ACQ(,)V(t) + BCG(,)y(t)’

u(t) = Ce,, (1), 20,

where
VAR (Acl, .. ')ACN)) dlm(Aa) =nXn,
B. = (B:1,..,Bw), dim(B.)=nxm, and
C.=(C.,..,C), dim(C.)=p X n.

C. =F;Y,
B ( ) lLiv
Ag =7 —X) MY,

= —A] — XAY, — X;B;F; — LiCyY; — C{,(CyY; + DyiF;)

— 972 (XiW; + LiDy)W, Z i

As before, this controller is based on a continuous MJLS and must be dis-
cretized to be implemented in the actual manipulator.

6.6 Examples

The examples presented in this chapter provide guidelines to implement
the Markovian controllers on the UARM. These guidelines include the selection
of the linearization points and the generation of the state space matrices of the
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manipulator’s linear model. Some details on the probability matrices which
describe possible scenarios of faults are also addressed. The fault tolerant system
was designed using the Fault Tolerant Manipulator Control Environment option of
CERob (Fig. 1.4).

6.6.1 Design Procedures

The graphical interface of the Fault Tolerant option of the simulator shows the
Markov jump model (Fig. 6.4) with the current fault configuration highlighted
and the Markov chain. While the simulation takes place, the fault configura-
tion changes according to the Markov state, defined by the fault detection
system.

The H, Markovian controller is selected as the default option. The user may
also select the Ho, mixed Hy/H or output feedback Ho, Markovian controllers
on the Markovian Control menu and redesign them by pressing the Controller
Design button (Fig. 6.5).

The Controller Design box is sub-divided in the following options:

e Controller Type: specifies the Markovian controller to be designed. The default
is an H, Markovian controller.

e Fault Sequence: specifies the design parameters related to the type of fault
sequence selected.

e Linearization Points: the equilibrium points around which the robot dynamic
model is linearized. The user specifies the size in degrees for the sectors of
linearization for all joint variations.

— Sector Size: the linearization point is selected at the middle of the sector
whose size is defined at this point. The available values in the examples in this
book are: 10°, 20°, 30°, and 40°.

— Joint i Variation: defines the range of variation for each joint. The user
selects the minimum and maximum values among the following pre-specified
values: —90°, —60°, —40°, —20°, —10°, 0°, 10°, 20°, 40°, 60°, and 90°.

e Pre-controller Parameters: defines pre-controller gains Kp and Kp, Eq. 6.4. For
each fault sequence, a set of parameters is available to be selected.

e Fault Probability: defines the probability of a fault occurrence according to the
selected fault sequence.

The following value can be changed for the AAA—APA fault sequence:

— Fault Probability for Joint 2 (%): defines the probability of a fault
occurrence in the second joint, which changes the robot configuration
from AAA to APA.
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Caontrolier Type: HZ Control -

Fauk Sequence: ABAAPA Faul &

Lingarization Points:
Sector Size: 10 -

Minimurr Maarmunm

Joirt 1 Variation: 0 = n =

Joint 2 Variation: 0 = 0 2

Joint 3 Vanationr 0 = Yy =

Pre-controller Parameters:

ASA Configuration, Kpo [05 0 00 05 00 Ka¢ [002 0 00002 00
APAY Configuration,  Kpe [ 00 07) Kd .05 00 0.05)

APA Configuration, Kpe [12 00 03] Kg 002 00 0.01]

Fauk Probability:
Fault Probability for Joint 2 (%) 10

Fig. 6.5 Controller design box for Markovian controllers, AAA-APA fault sequence

For the AAA-PAA-PAP fault sequence, the following values can be changed:

— Fault Probability for Joint 1 (%): defines the probability of a fault occurrence in
the first joint, which changes the robot configuration from AAA to PAA.

— Fault Probability for Joint 3 (%): defines the probability of a fault occurrence in
the third joint, which changes the robot configuration from PAA to PAP.

The linearization points are computed by combining all joint positions inside
the ranges of operation aforementioned. In the results described in this section, the
joints variations are selected from 0° to 20°, with sector size defined as 10°. Then,
two joint positions are computed for each joint and eight linearization points are
defined, as shown in Table 6.3. The Matlab code shown in the following computes
the positions and velocities of the joints based on the number of linearization
points defined by the user. All Matlab codes presented in this section can be found
in the directory CERob\MarkovSimulator.

The number of linearization points represents a key parameter in the Markovian
control design. If this value increases, the computational effort to find the con-
troller increases. The Markovian control approaches we are considering in this
chapter are based on the solution of a set of coupled Ricatti equations. Each
linearization point represents a Markovian state whose amount should be selected
properly to generate an effective representation of the nonlinear dynamics.
Therefore, the designer must establish a trade-off between an effective represen-
tation of the manipulator dynamics and the effort to find a feasible solution for the
Markovian control problem.
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File: Markov_design.m:

% compute linearization points
jointlvar = jointlvarmax-jointlvarmin;
jointlp = floor (jointlvar/sectorsize) ;
jointlsectorsize = jointlvar/jointlp;
jointlpoints =(jointlvarmin +...
jointlsectorsize/2) :jointlsectorsize:jointlvarmax;

joint2var = joint2varmax-joint2varmin;
joint2p = floor (joint2var/sectorsize) ;
joint2sectorsize = joint2var/joint2p;
joint2points =(joint2varmin +
joint2sectorsize/2) :joint2sectorsize:joint2varmax;

joint3var = joint3varmax-joint3varmin;
joint3p = floor (joint3var/sectorsize) ;
joint3sectorsize = joint3var/joint3p;
joint3points =(joint3varmin +

joint3sectorsize/2) :joint3sectorsize:joint3varmax;
p=0;
for i = 1:jointlp,

for j = 1l:joint2p,

for k = 1:joint3p,

p = p+l;

g(:,p) = [jointlpoints(i);...
joint2points(j) ;...
joint3points (k)] ;

end
end
end

w = zeros (3,p);

For each computed linearization point, the nonlinear dynamics of the robot
manipulator is linearized according to Sect. 6.3. The number of Markovian states
is related to the number of control phases of a fault sequence, Eq. 6.6. For
example, for the AAA-APA fault sequence, the Markovian states related to the
three control phases, AAA, APA,, and APA,, are computed. The following Matlab
code generates the dynamic matrices for each control phase. Although only the
computation for the AAA-APA and AAA-PAA-PAP fault sequences are shown,
the other possible fault sequences for a three-link manipulator can be reproduced
with slight Matlab code modifications.

The system matrices are vectorized in variables Avec, Bvec, Wvec, Cvec, Dvec,
and Qvec using the stack function, which generates a suitable representation for
the MILS control design. The stack function stores a set of matrices in a vector
form, where:
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o the first element is NaN (Not a Number);

e the second is the number of matrices stored in the vector, N;

o the following 2N elements represent the matrices’ dimensions;

o the following elements contain the elements of the matrices (columnwise).

The unstack function is used to recover the system matrices from vectorized
variables.

File: Markov_design.m

% compute dynamic matrices for each control phase
if fault segdesign ==
[Avec_1,Bvec_1,Cvec_1,Dvec_1,Wvec_1,Qvec_1] =
AAAd (p,gq,w,m,1,1c,I,K,grav,dt);
[Avec_2,Bvec_2,Cvec_2,Dvec_2,Wvec_2,Qvec_2] =
APAld(p,q,w,m,1,1c,I,K,grav,dt);
[Avec_3,Bvec_3,Cvec_3,Dvec 3,Wvec_ 3,Qvec 3] =
APA2d(p,q,w,m,1,1c,I,K,grav,dt) ;
nvec = 3;
elseif fault seqgdesign ==
[Avec_1,Bvec_1,Cvec_1,Dvec_1,Wvec 1,Qvec 1] =
AAAd (p,gq,w,m,1,1c,I,K,grav,dt);
[Avec_2,Bvec_2,Cvec_2,Dvec 2,Wvec_ 2,Qvec 2] =
PAAld(p,qg,w,m,1,1c,I,K,grav,dt) ;
[Avec_3,Bvec_3,Cvec_3,Dvec 3,Wvec 3,Qvec 3] =
PAA2d(p,qg,w,m,1,1c,I,K,grav,dt) ;
[Avec_4,Bvec_4,Cvec_4,Dvec 4,Wvec 4,Qvec 4] =
PAP1d(p,q,w,m,1,1c,I,K,grav,dt) ;
[Avec_5,Bvec_5,Cvec_5,Dvec 5,Wvec 5,Qvec 5] =
PAP2d(p,q,w,m,1,1c,I,K,grav,dt) ;
[Avec_6,Bvec_6,Cvec_6,Dvec 6,Wvec 6,Qvec 6] =
PAP3d(p,q,w,m,1,1c,I,K,grav,dt) ;
nvec = 6;
end
N = nvecx*p;

% vectorize dynamic matrices
Astr = []; Bstr = [];

Cstr = []; Dstr [1;
Wstr = []; Qstr [1

7
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for i=1:nvec

istr=int2str (i) ;
for j=1:p

jstr=int2str (j) ;

eval (["A’,istr, '’ ,jstr,’ LA

‘unstack (Avec_’,istr,’,’,jstr,’);’'1);
eval (['B’,istr,’’,jstr,'= "...

‘unstack (Bvec_’,istr,’,’,jstr,’);'1);
eval (['C’,istr,’’,jstr,'= "...

‘unstack (Cvec_’,istr,’,’,jstr,’);’'1);
eval (['D’,istr,’’,Jjstr,’'= ' ...

‘unstack (Dvec_’,istr,’,’,jstr,’);’'1);
eval (['W',istr,’’,jstr,’'= "...

‘unstack (Wvec_’,istr,’,’,jstr,’);'1);
eval (['Q’,istr,’’,jstr,'= "...

‘unstack (Qvec_’,istr,’,’,jstr,’);’'1);
aux=[’,A’,istr,’’,jstr]; Astr=[Astr,aux];
aux=[’,B’,istr,’’,jstr]; Bstr=[Bstr,aux];
aux=[’,C’,istr,’’",jstr]; Cstr=[Cstr,aux];
aux=[’,D’,istr,’’,jstr]; Dstr=[Dstr,aux];
aux=[’,W',istr,’’,jstr]; Wstr=[Wstr,aux];
aux=[’,Q’,istr,’’",jstr]; Qstr=[Qstr,aux];

end

end;

Astr (1) = [I;

eval (['Avec=stack ('’ ,Astr,’);’]);
Bstr(1l) = [];

eval (['Bvec=stack(’,Bstr,’);’'1);
Cstr(1l) = [I;

eval (['Cvec=stack(’,Cstr,’);'1);
Dstr (1) = [1;

eval (['Dvec=stack (’,Dstr,’);’]1);
Wstr(1l) = [];

eval (['Wvec=stack ('’ ,Wstr,’);’'1);
Qstr (1) = [1;

eval (['Qvec=stack(’,Qstr,’);’]1);

123

The following Matlab code, extracted from the file AAAd.m, computes the
discretized dynamic matrices for the three-link planar manipulator UARM.
Because the UARM moves in a horizontal plane (and therefore is not influenced by
gravity) and the linearization points were selected with joint velocities set to zero,

the non-inertial term b(q, ¢) vanishes. In this case, the dynamic matrix A (¢,9),
defined in Eq. 6.4, is given by:

) 0 1
AGD =3 gk, M‘(q)KD]

(90,40)
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Since the Markovian controllers proposed in Sect. 6.4 were developed for
discrete time systems, the continuous systems are discretized with a zero-order
holder approximation as in the following Matlab code:

File: AAAd.m
function [Avec_1,Bvec_1,Cvec_1,Dvec_1,Wvec_1,Qvec_1]l=...
AAAd (p,q,w,m,1,1c,I,K,g,dt)

% compute dynamic matrices for each linearized point
for i=1:p,

auxl = (gl (i
aux2 = (g2 (i
aux3 = (g3 (i
auxl2 = (gl (
aux23 = (g2 (

+ g2(i));
+ g3(i));

auxl1l23 = (gl(i) + g2(i)+ g3(i));
sl = sin(auxl) ;
s2 = sin(aux2) ;
c2 = cos(aux2) ;
s3 = sin(aux3) ;
c3 = cos (aux3) ;

i

s12 = sin(auxl12) ;
c23 = cos (aux23)
s23 = sin(aux23);
cl23 = cos (auxl23);
s123 = sin(auxl23) ;

tl = lclxlcl;

t2 = 11x11;

t3 = 1lc2x1lc2;

t5 = 1llxlc2xc2;
té6 = 12x12;

t7 = lc3x1lc3;

t8 = 11x12%xc2;
t9 = 1l1lxlc3xc23;
t1l0 = 12x1c3xc3;

M(1,1) = I1 + I2 + I3 + mlxtl + m2* (£t2+t3+2.0xt5) +
m3* (E2+t6+t7+2.0%t8+2.0%xt9+2.0+t10) ;

M(1,2) = I2 + I3 + m2*(t3+t5) + m3x (t6+t7+t8+t9+2.0%t10) ;

M(1,3) = I3 + m3x(t7+t9+t10);

M(2,1) = M(1,2);

M(2,2) = I2 + I3 + m2xt3 + m3* (£t6+t7+2.0xt10) ;

M(2,3) = I3 + m3%(t7+t10);

M(3,1) = M(1,3);

M(3,2) = M(2,3);

M(3,3) = I3 + m3%t7;

W = inv (M) ;

% number of joints

mo= 3

write dynamic matrices
_temp = [zeros(n) eye(n); Wxkp Wxkv];
temp = [zeros(n); W];

W > oe
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% define constant matrices

Cl = [alpha*eye(n) zeros (n);
zeros (n) zeros(n)l];
D1 = [zeros(n) ;beta*eye(n)];

o

% discretize dynamic systems
sistC = ss(A temp,B temp,Cl,D1) ;
sistD = c2d(sistC,d,’zoh’)
[A temp,B _temp,Cl,D1l] = ssdata(sistD) ;
Wl = B _temp;
Q1 = M1’=%M1;
end

The probability matrices described in Egs. 6.7 and 6.8 can be computed as in
the following code for an arbitrary number of linearization points. The probability
that the system will stay at a given linearization point is set equally for all points. If
the manipulator happens to stay too much time near a specific linearization point,
the probability of the system to stay at this point can be increased. The variables
faultl, fault2 and fault3 define, respectively, the fault probability for
joints 1, 2, and 3, according to the fault sequence being considered. These values
are selected in the Controller Design box, Fig. 6.5.

The Markovian jump controllers are computed using the Discrete Time
Markovian Jump Linear Systems (DTMIJLS) toolbox [5]. The Matlab codes of the
control design functions can be found in the directory CERob\Markov-
Simulator\ dtmjls.

File: Markov_design.m

% define probability matrix
PO = zeros (p);

%$AAA-APA fault sequence
if fault seqgdesign ==

Pf = fault2xeye (p) ;
Ps = 2x%Pf;

Paux = [zeros(p) Pf PO;
PO zeros (p) Ps;
PO Ps zeros(p)];
vaux = (ones(N,1)-sum(Paux,2))/(p+2);

Paux2 = [vaux(l)sones(p) zeros(p,N-p);
zeros (p,p) vaux(l+p)+ones (p) zeros(p,N-2xp);
zeros (p, 2*p) vaux (l+2%p) *ones (p) zeros (p,N-3xp)];

%$AAA-PAA-PAP fault sequence
elseif fault seqgdesign == 3
Pfl1 = faultlxeye(p);

Pf3 = fault3xeye(p);

Ps = 2%Pfl;
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Paux = [zeros(p) Pfl PO Pf3 PO PO;
PO zeros(p) Ps Pf3 PO PO;
PO Ps zeros(p) PO Pf3 PO;
PO PO PO zeros(p) Ps PO;
PO PO PO Ps zeros(p) Ps;
PO PO PO Ps Ps zeros(p)l;

vaux = (ones(N,1)-sum(Paux,2))/ (p+2) ;

Paux2 = [vaux(1l)+ones (p) zeros(p,N-p);
zeros (p,p) vaux(l+p)*ones(p) zeros (p,N-2xp) ;
zeros (p, 2*p) vaux(l+2+p) xones (p) zeros(p,N-3*p);
zeros (p,3*p) vaux(l+3+p) «ones (p) zeros (p,N-4+p) ;
zeros (p,4*p) vaux(l+4+p)«ones (p) zeros (p,N-5+p) ;
zeros (p, 5*p) vaux (1+5*p) xones (p) ;] ;

end
P = diag(2xvaux) + Paux +Paux2;

% compute Markovian controller
if all(contdesign == ’'H2C’) $%$H2 controller

mL=zeros (6,3); mR= 1.5xeye(3);

mLstr=[] ;mRstr=[];
for i=1:N
aux=[’,mL’]; mLstr=[mLstr,aux];
aux=[',mR’]; mRstr=[mRstr,aux];
end;
mLstr(1)=[];
eval (['Lvec=stack ('’ ,mLstr,’);’]);
mRstr(1)=I[];
eval (['Rvec=stack (' ,mRstr,’);’]1);

options=[le-12 1le3 -1 100 1]; v=1;
[Fvec,Xvec] =

mkvlgr (Avec, Bvec, Qvec, Lvec,Rvec, P,options, V) ;
elseif all(contdesign == 'HIN’) $Hinf controller

nu = 10;
optl=[0 0 0 O 0]; opt2=[1l.e-5 4000 1];
[Fvec,Xvec] =
hinfsopt (Avec, Bvec, Wvec, Cvec,Dvec, P, nu, optl,opt2) ;

elseif all(contdesign == 'MIX’) $%mixed H2/Hinf controller
nu = 1000;
W = unstack (Wvec, 1) ;
v = 1; options=[le-2 1le3 -1 10 0];

Fvec = mixopt (Avec,Bvec,W,Cvec,Dvec, P,nu,options,v) ;

end
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6.6.2 AAA-APA Fault Sequence: State-Feedback Control

The following experimental results are obtained by introducing a fault on the
second joint of UARM. The results were obtained for the same initial and final
positions of Sect. 6.2, g(0) = [0 0 0]° and ¢(T) = [20 20 20]°, respectively. The
initial configuration of the manipulator is AAA, with the Markovian state starting
in 1 (Table 6.3). The changes of the Markov states with respect to the linearization
points are defined according to the actual position of the manipulator’s joints. The
joint position ranges and sector sizes, selected in the Control Design box, are
considered in the Markov state computation.

The fault is introduced at # = 2.5s. At the detection time #;, the Markovian
chain changes from the configuration AAA to the control phase APA,. The
Markovian chain changes from the control phase APA, to the control phase APA,
when the second joint reaches the set-point at time ¢, (Fig. 6.7).

Torque disturbances of the following form are introduced in each joint to test
the robustness of the controllers:

0.03¢~20—1) sin(4nt)
T = | 0.015¢=20=%) sin(5nt)
0.009¢ 24" sin(67t)

These disturbances are sinusoidal oscillations attenuated by normal functions
(Fig. 6.6). The disturbance in the passive joint is turned off after the fault occurs.

The preliminary PD controllers are used jointly with the Markovian controllers
to pre-compensate the model imprecisions. For the specific case of planar
manipulators, these controllers are useful to generate a more representative state
space model of the system. From Sect. 6.6.1, it is clear that the dynamic matrix A

| - = -Joint l
0.03 —Joint 2

----Joint 3 .

0.02

0.01p
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Fig. 6.6 Torque disturbances
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will be the same for all linearization points if the PD gains are set to zero. These
gains are selected individually for each robot configuration, in order to obtain the
best performance for a complete desired trajectory. For the state-feedback
Markovian controllers in this section, the PD gains were selected heuristically as:

02 0 0] 002 0 0
Kpyy=10 015 0 |, Kp,=] 0 002 0 |
0 0 012 0 0 002
B {1.25 0.207 B [0.27 0.02}
P 1006 030 P o001 0.01]
{—1.10 ~0.057 {—0.07 —0.01]
Papa, — ) KDApA = .
« 1007 07 | | —0.04 0.6

The Markovian controllers are computed considering o = 20 for configuration
AAA; o = 40 for the control phases APA, and APA;; and § = 1 for all configu-
rations (Eq. 6.4). Note that the conditions C"D =0 and D'D =1 are satisfied.
For the ‘H, Markovian control, the weighting matrices are defined by Q = c’c
and R = I. The best value of y for the H,, and mixed H,/H., Markovian con-
trollers is y = 10.

Fault detection and isolation is performed by the filtered torque prediction error
approach proposed in [9]. In essence, this procedure is based on the prediction
error signal, €(f), between the filtered torque given by

1 =—Aty +n1,  17,(0) =0,

where 1 and A are positive filter constants, and the filtered torque estimate given by

o =¥

where Y is the filtered regression matrix and 0 is a constant, best-guess estimate
for 0, the vector containing the uncertain system parameters. From experimental
verification, the fault detection parameters that provide the lowest delay times
between fault occurrence and fault detection, without indicating false detections,
are =1, A =10 and p, = [0.007 0.005 0.004] (see [9] for more details about
the parameter y,). The mean delay time between the fault occurrence and the
detection, for all controllers designed in this section, is 213 ms.

The experimental results, including joint positions, Markovian chains, and
torques for Hy, Hoo, and mixed H,/Ho Markovian controllers are shown in
Figs. 6.7, 6.8 and 6.9.

The effectiveness of the fault tolerant system presented in this chapter can be
verified in the results displayed in Fig. 6.10, which shows an experiment where the
fault in the second joint is introduced at #; = 2.3 s and detected at #; = 2.9 s, with a
delay of 600 ms.
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6.6.3 AAA-APA Fault Sequence: Output-Feedback Control

The output feedback H., Markovian control presented in Sect. 6.5 was also
implemented in the UARM manipulator. To implement this controller, a transition
rate matrix A may be selected instead of a probability matrix P, the only difference
between them being the diagonal elements. In the transition rate matrix, the ele-
ments of the diagonal are defined as a function of the off-diagonal elements as in
(6.11), that is,
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For the AAA-APA fault sequence, the 24 x 24 transition rate matrix A is
partitioned into 9 submatrices of dimension 8 X 8, similarly to what was done for
matrix P in Sect. 6.3.4:

Amaa| Ay Ao
A= | Ay | Aapa, | A
Ao As | Aapa,

The submatrix Agss shows the relationship between the linearization points of
configuration AAA, and the diagonal submatrix Ay determines the probabilities of
fault occurrence. In the second line of A, Aapa, defines the relationship between
the linearization points in the control phase APA,, A, represents the fact that the
free joint cannot be repaired, and the matrix A, represents the transition rate of
the system to go to the control phase APA;. In the third line of A, Aapa, defines
the relationship between the linearization points in the set APA;, A, represents the
probability that the system will return to the control phase APA,, and A, repre-
sents, again, the impossibility of the free joint being repaired. The transition rate
matrix A is selected as:

Asan,, =009, Appa,, =0.08,  Aapa,, =008, for i#j,
Aanagy = =073, Aapa,yy = —0.76, Anpa,, = =076, for i =j,
Ay =0.1L, A;=02, Ay=0.
The experiments considering the output feedback H,, Markovian controller are
performed for the same initial and final positions as before, with the fault intro-

duced at #y = 1.5s. Since joint velocities are not available to the preliminary
controller, a proportional-only controller is used. The P gains are selected as:

225 0 0
-1.8 0 20 03
KPAAA = 0 2.0 0 [, KPAPA“ = |: :|’ KPAPA = |: :|
0 0 18 0 0.5 ! 0.1 0.7

The controller is computed considering o = 50 and f = 100 for all configu-
rations and the best value of y is 1.5. The experimental results, including joint
positions, Markovian states and joint torques for the output-feedback H,
Markovian controller are shown in Fig. 6.11.

In order to compare the performances of all Markovian controllers, N = 10
experiments for each controller are performed to compute the performance indexes
L,[x] and E[z]. The results displayed in Figs. 6.7, 6.8 and 6.9 correspond to the
samples that are closer to the mean values £,[x] and E[t]. The values of £;[x] and
E[z] for the AAA-APA fault sequence are shown in Table 6.5. The H, controller
spends more energy with a worst performance than the Hy and the H,/Hoo
controllers. The output-feedback H., controller spends the largest amount of
energy, but also presents the best performance of all controllers.
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Table 6.5 Performance Controller L2 E[{] Nms)
indexes—AAA—-APA fault -
sequence ‘H, Markovian 0.2243 0.3327
‘H~, Markovian 0.2093 0.3040
Mixed H,/H~ Markovian 0.2071 0.2934

Output-feedback H., Markovian 0.1316 0.3860

6.6.4 AAA-PAA-PAP Fault Sequence: State-Feedback
Control

We present now an experiment where the manipulator is subject to two consec-
utive faults, AAA-PAA-PAP. Our objective is to motivate the reader to generalize
the controller design guidelines to n-link manipulators subject to m faults. Two
artificial faults are introduced at #r; = 2.5s and #, = 2.7s in joints 1 and 3,
respectively. At fault detection times #;, and t;,, the Markovian state changes from
configuration AAA to control phase PAA,, and from this one to the control phase
PAP,;. When the first and third joints reach their set-points at times #,; and ¢,,, the
Markovian states changes to the control phases PAA,; and PAP,, respectively.

The experiment is performed considering the same initial and final positions
and torque disturbances used in Sect. 6.6.2. For the state-feedback Markovian
controllers the PD gains are selected as:

02 O 0 002 O 0
KPAAA = 0 0.5 0 |, KDAAA = 0 0.02 0 |,
0 0 0.12 0 0 0.02
1 0 0.01 0
Keos = o 1 Koo =1 0 g01)
|:0.5 0 } [0.01 0 ]

KPPAA = ) KDpAA = s

! 0 0.2 § 0 0.05

KPPAP"l =—-0.5, K[)FAP“l = —0.01,

Kpps,, = —10, Kpy,, = 0.7,
Kppss, = 2, Kppy, = 0.5.

The Markovian controllers are computed considering « = 20 for configuration
AAA; o = 40 for the control phases PAA, and PAA;; o = 10 for control phases
PAP,;, PAP,, and PAP;; and =1 for all configurations (see Eq. 6.4). These
parameters are selected empirically for both fault sequences. The best value of y
for the Ho, and mixed H,/H,, Markovian controllers is y = 10.

The best fault detection parameters for this fault sequence are n = 1, 1 = 10,
and y, = [0.0125 0.0090 0.0075]. The mean delay time between the first and
second fault occurrence and the detection for all controllers of this section are,
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respectively, 51 ms and 210 ms. The experimental results, including joint posi-
tions and Markov chains, are shown in Figs. 6.12, 6.13 and 6.14. Figure 6.15
presents the joint torques for all three controllers.

6.6.5 AAA-PAA-PAP Fault Sequence: Output-Feedback Control

To implement the output-feedback H., Markovian control, for the AAA-PAA-
PAP fault sequence, the transition rate matrix A is partitioned in 36 submatrices of
dimension 8 x 8:

Aaan Af A() Af A() A()
Ao | Apaa,| As Ay Ao Ao
Ao Ay | Apan, | Mo Ay Ao
Ao Ag Ao | Apar,| A Ag
Ao Ag Ag As | Apap,| A

L Ao Ao Ao A Ay | Apap,

Following the same arguments presented in Sect. 6.6.2, A is defined as:

Aana,, = 0.08, Apaa,, = 0.07, Apan,, = 0.07,

APAPM([/’) = 0.08, APAP@(,/-) = 0.06, APAP/(U) = 0.067 for i 7&]
Aanngy = —0.76, Apan,,, = —0.79, Apa,,, = —0.79,
APAPul(ii) = _0-767APAP = —0.82, APAPI(,,-) = —0.827 for i :j7

2 (if)

Ay = 0.1Ig, A, = 0.2I5, Ag = 0.

The fault detection system used in AAA—APA fault sequence is also adopted
here to determine the fault occurrence. The first fault is introduced at t; = 2.5s
and detected at t;; = 2.58 s, changing the Markovian state from configuration
AAA to control phase PAA,, maintaining its linearization point. The second fault
is introduced at #r> = 3.0s and detected at ;> = 3.35's, before joint 1 has reached
its set point, forcing the Markovian state to jump from control phase PAA, to
control phase PAP,;. After joint 1 reaches its set point at z,; = 4.73s, the
Markovian state changes to control phase PAP,,, and finally at ¢,3 = 6.75s, the
state changes to control phase PAP,;. Torque disturbances and an additional pay-
load of 0.5 kg are introduced in order to test controller robustness. The propor-
tional gains are selected as:

225 0 0
—-1.8 O —-1.8 0
Kpyn = 0 20 0 |, KPPAAu = 0 05| KPPAA, = 0 05|
0 0 138 ' ’

KPPAP = -5, KPPAPNZ = —30, KPPAP, = 20.



6.6 Examples

Joint Position (°) Joint Position (°)

Markovian Chain

50

40F

301

201

[[---Joint 1
—Joint 2
[l'--Joint 3
-~ Desired
0 2 4 8
Time (s)
Yool o 12

Time (s)
PAPI
PAPu2 —
PAPul -
B jrl Vtr2
PAAI o
Sd2
PAAu
AAA
0 2 4 8
Time (s)

137

Fig. 6.12 Joint positions and Markovian chain states, {, Markovian control. The middle graph
is a zoomed-in version of the top graph (#;; = occurrence time of the first fault, 7;; = detection
time of the first fault, #;» = occurrence time of the second fault, 7,, = detection time of the second
fault, #,; = time when the first joint reaches the desired position, and ¢,, = time when the third
joint reaches the desired position)
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Fig. 6.13 Joint positions and Markovian chain states, H., Markovian control. The middle graph
is a zoomed-in version of the top graph
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Fig. 6.14 Joint positions and Markovian chain states, mixed H,/H., Markovian control. The
middle graph is a zoomed-in version of the top graph
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Fig. 6.15 Joint torques, Hy (top), Hoo (middle), and mixed H,/Ho (bottom) Markovian
controllers
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Fig. 6.16 Joint positions and Markovian chain states, output-feedback H,, Markovian control.
The middle graph is a zoomed-in version of the top graph
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Fig. 6.17 Joint torques, output-feedback H,, Markovian control

Table 6.6 Performance indexes—AAA-PAA-PAP fault sequence

Controller L5 [x] Eltr] N'ms)
‘H, Markovian 0.2175 0.1230
‘Ho Markovian 0.1936 0.1363
Mixed H,/H Markovian 0.1971 0.1390
Output-feedback H., Markovian 0.2382 0.1377

The controller is computed considering o = 10 and = 10 for all configura-
tions (Eq. 6.4). The best value of y is 10. The desired positions are g(T) =
[20 — 20 15]°. The experimental results, including joint positions, Markovian
states and joint torques are shown in Figs. 6.16 and 6.17.

Analogously to the AAA-APA fault sequence, we performed N = 10 experi-
ments for each controller. The values of £,[x] and E[z] for the AAA-PAA-PAP
fault sequence are shown in Table 6.6.

Appendix

State space matrices A and B and Markovian control gains K for fault sequence
AAA-APA (Tables 6.7, 6.8, 6.9, 6.10, 6.11 and 6.12).
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Chapter 7
Underactuated Cooperative Manipulators

7.1 Introduction

Cooperative manipulators offer significant advantages over single manipulators
when operating on heavy, large, or flexible loads [1, 4, 5, 7, 9-11, 13, 15]. As in
humans, robotic systems with two manipulators can execute tasks that are difficult
or even impossible to be performed by a single robot (e.g., assembly of large
structures) [11].

Control of cooperative manipulators is complex because of the interaction
between the arms caused by the kinematic and internal force constraints. Position
control must be coordinated with control of the squeeze forces in the load to avoid
damaging it. Several solutions have been proposed in the literature to deal with this
problem in fault-free cooperative manipulators rigidly connected to an unde-
formable load. They include the master/slave strategy [8], the optimal division of
the load control [4, 9], the definition of new task objectives or variables [3, 6], and
the hybrid control of motion and squeeze forces [2, 10, 14]. Despite presenting
good performance for the fault-free case, these controllers, in general, were not
designed to account for the presence of passive joints.

This chapter presents solutions to three important problems related to cooper-
ative manipulators:

1. A stable motion control method for underactuated cooperative manipulator
systems with any number of manipulators (Sects. 7.2 and 7.3). The control of
several cooperative manipulators with passive joints, instead of only two as in
[7], is made possible by the introduction of a new Jacobian matrix Q(q).

2. An extension of the squeeze force control in [14] to cooperative manipula-
tors with passive joints (Sect. 7.3). The proposed strategy is of a hybrid
nature and treats the load’s motion and the components of the squeeze forces
independently.

3. A method to measure the dynamic load carrying capacity of cooperative
manipulators with passive joints (Sect. 7.4).

A. A. G. Siqueira et al., Robust Control of Robots, 153
DOI: 10.1007/978-0-85729-898-0_7, © Springer-Verlag London Limited 2011
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Section 7.5 presents the results of the application of these methods to the
UARM.

7.2 Cooperative Manipulators

In this section, we develop the complete kinematic and dynamic model of coop-
erative manipulators, giving a special attention to the interaction forces between
the load and the manipulators’ end-effectors.

Consider a robotic system with m manipulators rigidly connected to an unde-
formable load (see Fig. 7.1, where the case m = 2 is illustrated for clarity of
presentation). Let g; be the vector of generalized coordinates of manipulator i and
xo = [pI ¢!]" be the k-dimensional vector of load position and orientation. In the
three-dimensional space, po = [Xo Yo 2o’ is the position of the origin of the
frame attached to the center of mass of the load (frame CM) with respect to an
appropriately selected origin (e.g., the base of one of the manipulators), and
o, = [0, Vo x//O}T is a minimal representation of the load orientation using, say,
Euler angles or RPY (roll-pitch-yaw) angles.

As it is possible to compute the positions and orientations of the load using the
positions of the joints of any arm, the cooperative system presents the following
kinematic constraints:

Xo = ¢i(4i); (7.1)

for i =1,2,...,m, where ¢;(g;) is the representation of the direct kinematics of
manipulator i. Differentiating Eq. 7.1 with respect to time, the following velocity
constraint appears:

jCO = Di(xm%)i]i’ (72)

fori=1,2,...,m, where D;(x,,q;) = J; ' (x,)Ji(g;) is the Jacobian matrix relating
joint velocities of manipulator i and load velocities, J;(g;) is the Jacobian matrix of
manipulator i (from joint velocity to end-effector velocity) and J,,(x,) is the
Jacobian matrix that converts velocities of the load into velocities of the end-
effector of arm i. Since the load position and orientation can be computed through
the joint positions of the manipulators and vice versa, the above Jacobian matrices
are represented as D;(g;), Ji(q;) and Jo, (xo).

The equation of motion for the ith manipulator in the cooperative system is
given by:

Mi(q:)di + Ci(qi, qi)ai + gi(qi) = i — Ji(Qi)Thh (7.3)

where M;(g;) is the inertia matrix, C;(g;,¢;) is the matrix of centrifugal and
Coriolis terms, g;(g;) is the vector of gravitational torques, t; is the vector of

applied torques, and h; = [f niT]T is the force vector at the end-effector, with f;
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Fig. 7.1 Two 3-joint cooperative manipulators handling a common load. In this example the
second joint of the manipulator on the left is passive

representing linear forces and #; representing torques; the friction terms are not
shown for clarity.
The combined dynamics of all manipulators can be written as:

M(q)j+ C(g.9)q +gla) =~ J(g)"h, (74)
where a=1qd" 4% ... "), t=[d ..., h=[nl B ... W7,
g=lsl 8 gl

Miq) ... 0
M(g)=1| b
| 0 ceo My(gm)
[Ci(q1,q1) --. 0
Clg,q) = : ,

L 0 Con(Gms Gm)
[Ji(q1) 0

and  J(q)=| . :
L 0 - Tu(gm)

The equation of motion of the load is given by:
Mox, + bo(xmjco) = Jo(xo)Th7 (75>

where M, is the load inertia matrix, b, (x,, X, ) is the vector of centrifugal, Coriolis,
and gravitational torques, and J,(xo) = [Jo, (xo)" . -, Jo, (x0)"]".
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Under the rigid load assumption, the forces of the end-effectors projected to
frame CM can be decomposed as

ho = hos + homa (76)
where h, = ngh and the projection matrix Jo,(x,) is given by:
JO] (x0> R 0
Jog(xo) =
0 S AES)

In Eq. 7.6, hos € X, is the vector of squeeze forces [12] and h,, € X, is the
vector of motion forces. The subspace X,, (dim(X,,) = k) is called motion sub-
space and its orthogonal complement, X; (dim(X,,) = k(m — 1)), is called squeeze
subspace. If h, belongs to the squeeze subspace Xy, the resulting force has no
contribution to the motion of the load. The squeeze subspace is given by the kernel
of WI'= [ L. . .I;] € R>®) | that is, X, = {hos € R¥*"|WThoy = 0}. WT trans-
forms the mk-dimensional vector #, into the k-dimensional vector of the resulting
force at the load frame of reference CM,

_ T _ T 4T
hor = WTho = WTJT (xo)h.

Joint torques of the form D(g)"hy, where D(q) = [Di(q1)... Du(gm)] and
hy. € Xy, do not affect the motion of the load if the manipulators’ configurations
are not singular. The motion of the manipulators, however, affects the squeeze
forces due to the squeeze components of the d’Alembert (inertial) forces.
Therefore, the vector of squeeze forces can be further decomposed as:

hos = hsm + hxc, (77)

where A, is the component of the squeeze forces induced by the motion and Ay is
the component not affected by the motion.

In [14], a motion and force control is designed for a fully-actuated cooperative
system. In that work, first the squeeze forces are ignored and a motion control with
compensation of the gravitational torques is designed. Then, a squeeze force
control is designed considering the component of the squeeze forces caused by the
motion (hy,) as disturbances. In the next section, we develop a similar control
strategy for cooperative manipulators with passive joints.

7.3 Control of Cooperative Arms with Passive Joints

In the presence of passive joints, the cooperative manipulator control problem
can be decomposed in two components, namely, motion control and squeeze
force control. A stable motion control with compensation of the gravitational
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torques is designed first. For this purpose, the Jacobian matrix Q(g) that relates
the velocities in the active joints to the load velocities (or equivalently, from the
virtual work principle, the torques in the actuated joints to the resulting forces in
the load), has to be calculated. The control law applied to the actuated joints is
given by

Ta = Tmg + Tss (7.8)

where 7, is the vector of torques at the active joints, t,,, is the motion control law
with compensation for the gravitational torques, and 1, is the squeeze force control
law.

In the following, a method to compute the Jacobian matrix Q(g) for cooperative
robotic systems with m > 1 is shown. From Eq. 7.2,

mx, = Di1(q1)q1 + D2(q2)q2 + - - - + Dy (qm) gim- (7.9)

Assume that, among all » joints in all manipulators, n, joints are actuated and
n, joints are passive. The positions of the passive joints are grouped in the vector
qp, and the positions of the actuated joints are grouped in the vector g, (see
Fig. 7.1, where g;; represents the jth joint of the manipulator 7). Partitioning Eq. 7.9
in quantities related to the passive and actuated joints, we obtain:

m

Mo = ZDai(Qi)Qa + ZDpi(Qi)éIp = Du(q)4a + Dp(q)p, (7.10)
i=1

i=1

where a refers to the actuated joints and p to the passive joints. Considering again
Eq. 7.2, we can find two more expressions relating the velocities of the passive and
active joints. When m is even,

m

S (1" Di(gi)gi =0, (7.11)

i=1
which can be partitioned as

m

> (1) Dailgi)ga + me(—l)"“Dp,-(q,-)qp = Ru(9)qa + Ry(q)gp = 0. (7.12)
i=1 i=1

It is interesting to note that such relationship cannot always be found in indi-
vidual manipulators with passive joints [7]. When m is odd,

m

> (=1 Dilgi) g = o, (7.13)
i=1

which can also be partitioned in terms of the actuated and passive joints as

Ri(9)qa + RP(Q)QP = Xo. (7.14)
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Using Egs. 7.10, 7.12, and 7.14, the velocities of the load are related to
the velocities of the actuated joints by:

%o = 0(4)4a; (7.15)

where

(Dul9) = Dy (@)R] (@)Ru4) ). (7.16)

if m is even, and

0(g) = (ml ~D,(@)R} (@) (Dula) ~ Dy @R} (@)Ru@)).  (117)

if m is odd. Rjé (q) represents the pseudo-inverse of R,(q).

One can observe that R,(g) is of dimension k x n, where k >n,. For the
pseudo-inverse of R, to exist the matrix must be full rank. Therefore, in this
chapter we make the following assumptions:

Assumption 1 The number of actuated joints n, is not smaller than the
dimension of the load coordinates k, which in turn is not smaller than the
number of passive joints n,, i.e., n, >k >n,.
Assumption 2 The matrix R,(g) is full rank.

Assumption 2 means that singularities in R,(g), which are determined by the
number and position of the passive joints, must be avoided. The robot configu-
rations where R,(g) is not full rank are discussed in [7]. Examples with cooper-
ative systems formed by two planar manipulators and by two Puma robots show
that the regions where R,(g) is not full rank are limited.

The Jacobian matrix Q(g) has important kinematic properties and can be used
to study the manipulability of cooperative system with passive joints [1].

7.3.1 Motion Control

In this section, we present a stable motion control method that includes com-
pensation of the gravitational torques, but ignores the effects of the squeeze forces
on the load. The matrix Q(g) is used to design motion forces proportional to the
load position and velocity errors in the actuated joints space. The gravity forces
and torques in the load and in the passive joints are compensated by the actuated
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joints using the Jacobian matrices R,(q), R,(¢), and Q(q). The motion control law
for the actuated joints is given by:

Tmg = M + Tg,s (718)
with the motion component given by
= Q' (KpAx, + K, Ak,), (7.19)

where Ax, = (x? — x,) is the load position error, x? is the desired position of the
load, the diagonal matrices K, and K, are positive definite, Ax, = (i — %,) is the
load velocity error, and &9 is the desired velocity of the load.

The term that compensates for the gravitational torques is given by:

Ty = 8a— Ry + (I — RUID ), (7.20)
where
R — RfRa if m is even,
| Rf(R,— Q) ifmis odd,

and f, is an mk-dimensional vector chosen to satisfy
JIfy = b,. (7.21)

The gravitational terms g, and g, are computed considering the following
partition of the combined dynamics of the manipulators, Eq. 7.4:

Mg+ Cg+g=71—Jh, (7.22)

where g = [‘15 qg]Ta &= [g; g};]T) J= [Ja JP]Tv T= [TZ; T;}Tv C= [CZ CpT]T7
and

M =

v |:Maa Map :|
MPa MPP .

Based on the proposed motion control law, the following theorem is stated.

Theorem Consider that Assumptions I and 2 are satisfied and the desired
trajectories belong to S = {x4(t), ¥(t) € L,([0,00)) : i(t) and ¥(t) are

uniformly continuous }. Let the control law be given by Egs. 7.18-7.20, then:

(@) The cooperative system is asymptotically stable, i.e., the load velocity
converges to zero as t — oo;
(b) The position error Ax, converges to the manifold given by

Q"KyAx, + (J] — RIIT) I, Thye = 0.
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Proof Consider first a class of desired trajectories with desired velocities
equal to zero (set-point control problem) and the following Lyapunov function
candidate:

1. R
V= Eng(,xo + EqTMq + 5Ax§1<,,Ax0, (7.23)

where the sum of the first two terms are equal to the kinetic energy of the system.
Differentiating Eq. 7.23 and considering Eqgs. 7.5 and 7.22:

V= —ilbo — 4L ga — 4} gp + Gl ta + AX Ky Ak, (7.24)

where the fact that (1\71 —2C) is skew-symmetric was used. Substituting (7.18) in
(7.24),

V=—ilK,x, <0 (7.25)

which, by LaSalle’s Invariance Principle, implies the asymptotic convergence of
X,(t) to zero. Therefore, the load always goes to the steady state under the control
law given by (7.18).

Consider now the trajectory tracking control problem. The following Lyapunov
function candidate is selected:

1 | P |
V= EA)'C:MOAXO + 5Az;TMAz] + 5Ax{K,,AxO, (7.26)

where Ag = (¢ — §), ¢ is the projection of & in the joint space obtained using
(7.10), and D = [D, D,). It is important to observe that the errors Ag and Ag are
not present in the control law, and Ag is used here only to prove the stability of the
trajectory tracking controller. Differentiating (7.26), considering (7.5) and (7.22),
and applying the control law given by (7.18)—(7.20):

V= (50) Moy — ig Moy + (") Mg — g Mg

+ @' (C - §M>q + E(qd)Tqu — EqTqu

— () K+ 2(50) Koko — KK o (7.27)

Since K, is symmetric positive definite, i/K, %, and (x?)"K,i¢ satisfy the
following inequalities:

KK ko > o5l (7.28)
(K5 > K [|3]), (7.29)

where k, is the smallest eigenvalue of K,. Therefore, at any given at instant ¢,

V(1) <5001 (1) + %o (1) 02(1) = k|55 (07 = kol (1), (7.30)
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where (), and ¥,(r) are terms dependent on the model parameters and the
desired trajectory. If the desired trajectories belong to S, ¥(z) and ¥,(¢) €
L,([0,00)). Integrating both sides of (7.30) from #, to ¢, and considering that the
inner product satisfies the Cauchy-Schwarz inequality:

V() = V(o) <191 ()l (0. 158 N i) — kVHjCZ”iz([lo,t]) - kv||5fo||iz([zoﬁz])
+ 1920 |, 1101y ol 24 10,1 (7.31)

Completing the squares in the above equation:
2

191 ()2, 110,0)
2k,

wn—wm<—m@%m%m—

2

s 1920 2, .

— Ky ||x0HLz([foJ]) - T

O o, 1020y (7.32)
4k, 4k,

From this equation, we see that V(z) is bounded by V (¢;) plus the third and forth
terms on the right side of (7.32). Since V(r) >0 (7.26), 9,(r) € L»([0,0)), and
%(t) € Lz([0,00)), then (7.32) implies that V(z) is uniformly bounded for all
t > 0, which implies that Ax,, Ax,, Ag are all uniformly bounded. Still from
(7.32), if V(z) is uniformly bounded, then %, € L,([0,c0)), %, is uniformly con-
tinuous, and X, is convergent to zero as t — oo. Thus, the load always converges to
the desired trajectories that belong to S, under the control law given by (7.18).
Consider now part (b) of the theorem. Substituting the second line of (7.22) in the
first line, for g = ¢ = 0, one obtains:

Q"K,Axo + (J] — RIIh+ (JT — RLIT)f, = 0. (7.33)

Substituting (7.21) in (7.5), for x, = X, = 0, and selecting f, that results in a
null squeeze at the frame CM:

fo=—=J3 hom (7.34)
Finally, substituting (7.34), (7.6), and (7.7) in (7.33), one obtains:
Q"K,Ax, + (J; — RLIT)I,hee = 0. (7.35)

O

7.3.2 Squeeze Force Control

In this section, the squeeze force control is designed considering the component of
the squeeze forces generated by the motion, Ay, as disturbances. This assumption
is realistic since Ay, is not affected by joint torques of the form DTh,. Eq. 7.7.



162 7 Underactuated Cooperative Manipulators

Here, since Ay is an mk—dimensional vector and dim(X,) = k(m — 1), the control
law for the actuated joints can be written as:

7, =—DI ATy, (7.36)

sa ¢

where the image of Al projects the null space of AT, ie., Im(A7) =X;, the
k(m — 1)-dimensional vector 7, is the squeeze force control variable (computed
later as a function of the measured squeeze forces I'y), and

D, 0
Dsa = i .
0 Dy,

where D, relates velocities of the actuated joints of manipulator i to load
velocities.

Note that n, constraints are imposed by the passive joints in y,, i.e.,

0y, = —Dg,ALY,, (7.37)

where Dy, relates velocities of the passive joints and load velocities.

In the fully-actuated cooperative system, k inputs are needed to control the
k components of the motion of the load and k(m — 1) inputs are utilized to control
the squeeze forces.

For the cooperative system with passive joints, if the manipulators are not
kinematically redundant, it is not possible to independently control all components
of the squeeze forces. As n, constraints are imposed by Eq. 7.37,

the number of components of the k(m — 1)—dimensional vector of measured
squeeze forces I'y that can be independently controlled is:

k(m—1)—n, =n,—k if ny >k,
ny = .
0 otherwise.

If n, > k, ny components of I'y can be independently controlled. In this case, the
vector ), can be partitionated by a permutation matrix Py, i.e.,

Psdys = |:3)SC :| ’ (738)
/m
where ), is the n.-dimensional vector of the independently controlled components
and y,, is the n,-dimensional vector computed as a function of y . using Eqs. 7.37
and 7.38.
To compute the vector 7y, recall that, if an asymptotically stable motion control
law is utilized, hg, goes to zero as t — oo. As the transient performance and
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convergence rate of A, are influenced by A, in a feedback control approach, [14]
suggests a pre-processing of the measured squeeze forces I'y by a strictly proper
linear filter, such as an integrator. Then, y,. is given at time ¢ by:

Ysc(t> = Fscd(t) +K; / (Fscd(s) - FJC(S))dS, (739)

where K; is a positive diagonal matrix, T's.(s) is the vector formed by the inde-
pendently controlled components of I';(s), and I'y.4(s) is the vector of their desired
values. The squeeze force control is given by Eq. 7.36 with y,. computed as in Egs.
7.37-7.39.

7.4 Dynamic Load-Carrying Capacity of Cooperative
Manipulators with Passive Joints

Since one of the main reasons for using more than one manipulator is the manip-
ulation of heavy loads, it is important to ensure that a multi-arm system with passive
joints can execute the task. This can be verified by calculating the dynamic load-
carrying capacity (DLCC). The DLCC is defined as the maximum load that can be
carried by the system over a given trajectory. When the robots lose one or more
actuators, the DLCC generally decreases. Here we extend the DLCC concept,
originally conceived for fully-actuated cooperative systems [15], to underactuated
ones. The DLCC of the system with passive joints is calculated via the algorithm
presented in [15], except that a new linear programming problem is defined taking
into account torque constraints. It is important to observe that the DLCC is obtained
based on the desired trajectory and known parameters of the load.
From Eq. 7.5 we can write:

o= "5 D[] [ ] (740

where ho, = J, (xo)Th is the resulting force vector at the frame of reference CM
attached to the load, the terms on the left side of Eq. 7.5 were expanded, I, is the
inertia matrix of the load, m, is the mass of the load, w, is the vector of angular
velocities of the load, and g is the gravity vector. Considering loads with inertia
matrix equal to I, = I,.m,, where I,. is constant, (7.40) can be written as:

g+ Po
hor = . . 7.41
T Loeto + @6 X (Loco) | (7:41)
As the load has k components of motion, the first kK components (partition K) of
the joint space (with n joints) are chosen as generalized coordinates. Then, the
dynamics of the joints in partition K is given by:
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w5 @) vk + DY(@) hor = T (a)" (M(9)d + Clg,@)d + 8(q)) = 0, (7.42)

where 7, is the vector of torques of the joints in partition K, 7, is the vector of
torques of the joints that do not belong to partition K, J?*(g) is the Jacobian
matrix that relates the velocities of the joints in partition K to the velocities of the
joints that do not belong to partition K, D{(g) is the Jacobian matrix that relates
the velocities of the joints in partition K to the velocities of the load, and J}(q) is
the Jacobian matrix that relates the velocities of the joints in partition K to the
velocities of all joints of the system.
Substituting Eq. 7.41 in 7.42, one obtains:

AT+ aomo — I3 (q)" (M(9)d + C(q,9)q + g(q)) =0, (7.43)

where t =[] 7|7, A, = [1 J;'{'_k(Q)T}’ and

e T F4 +po
a, = D} (q) LM@O + Wy X (Igcwo)} .

It is possible to rewrite Eq. 7.43 as:

Ax=b, (7.44)

where A = [4; a,], x = [t m,]", and b = J(9)" (M(9)§ + C(g, ) + £(9))-

As the number of constraints in x is greater than the number of equations, Eq.
7.44 resembles a linear system with equality constraints on the load mass and joint
torques. The constraints on x are:

My > 0, (7.45)

and

e i ointid
|rj|{ < Tpay if jointjis actuated =1 (7.46)

=0 if joint j is passive ’

where Ty, is the maximum torque applied at joint j. One can observe that the
presence of passive joints is addressed only in the constraints given by Eq. 7.46,
which is the main difference of this method to the one proposed in [15] for the
fully-actuated system.

Equations 7.44-7.46 impose constraints in the linear programming problem to
be solved. As the maximum load mass should be found for each desired trajectory,
the linear programming problem is:

max(c’x), (7.47)

where ¢’ = [0, 1].
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Fig. 7.2 Cooperative
manipulator system
composed of two UARM
manipulators handling a
common load

The procedure to find the DLCC over a given desired trajectory can be
summarized as follows:

(a) design the desired trajectory;

(b) solve the linear programming problem for each sampling time of the
desired trajectory to obtain the optimal torques and the maximum load
mass, subject to the constraints imposed by (7.44-7.46);

(c) record the mass of the load obtained in each sampling time;

(d) compute the DLCC for the desired trajectory as the minimum value of
the mass recorded.

7.5 Examples

In this section, the control system developed in Sect. 7.3 is applied to a planar
cooperative manipulator system composed of two individual UARM manipulators
(Fig. 7.2) in two different configurations, namely n, = 1 and n, = 3. The results of
the method developed in Sect. 7.4 to analyze the DLCC are also presented.

7.5.1 Design Procedures

The Cooperative Manipulator Control Environment (CMCE), Fig. 7.3 allows the
user to simulate and control the actual cooperative system using one single
graphical user interface.
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Controller; Hybrid Control -

Fault No FaultLocked Faul/Position and Velocity Faults

Controller parameters:

Kp 20 0 00 20 00 0 2

Ky B 0 00 9 00 0 3

Ki @8 © 0 0 0 0008 O O 0O 00
o Defout Close

Fig. 7.4 Controller Design box for Hybrid Control of a cooperative manipulator system

In the menus Robot A Configuration and Robot B Configuration, the user can
select in which joints of robots A (on the left) and B, respectively, the faults will
occur. The following options are available in the menu Fault Type:

No Fault: the cooperative system operates without faults;

Free-Swinging Joint: one or more joints of the cooperative system lose actua-
tion, and the torque applied to these joints is set to zero;

Locked Joint: one or more joints of the cooperative system are locked;
Incorrect Position: the joint position measurements are corrupt or missing;
Incorrect Velocity: the joint velocity measurements are corrupt or missing.

The last three fault types are discussed in Chap. 8, together with the fault
detection and isolation algorithm proposed for cooperative manipulator systems.
Here, we are only interested in controlling cooperative manipulators with free-
swinging joint, as discussed previously. In the CMCE, the control strategy pre-
sented in this chapter is named Hybrid Control (HBC) and defined as the default
controller under the menu Controller. The controller’s parameters (K,, K, and K;)
can be modified by clicking on the push button Design Controller (Fig. 7.3) and
selecting the appropriate fault configuration Fig. 7.4. The other available control
strategies (NLH—quasi-LPV, NLH—Game Theory and NLH—Neural Network)
will be presented in Chap. 9.

To implement the Hybrid Control strategy for cooperative manipulators with
passive joints, the main programming issues to be taken into account are the com-
putation of matrix Q, Eq. 7.15, and the implementation of the squeeze force control,


http://dx.doi.org/10.1007/978-0-85729-898-0_8
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Eq. 7.36. The following MATLAB® code, extracted from the file uarm_cont .m
deals with both issues.

File: uarm_cont.m
% Compute position and force errors
error = xo d(:,i)-xo est(:,1i);
derror = dxo d(:,i)-dxo_est(:,1);
sum_force error=sum force error +
(cont.squeeze setpoint-fs est(:,1i-1));

% Verify in which joint the fault is set to occur
if (fault.joint ax>0)

passive (fault.joint a) = 1;
end
if (fault.joint b>0)

passive (arm_a.n+fault.joint b) = 1;
end

npa = 0; % Number of passive joints
nat = 0; % Number of active joints
q = [ga_est(:,1i);qgb est(:,1)];

dg = [dga est(:,1i);dgb est(:,1)];

V = [ Va_est ; Vb est];

D = [Da _est , -Db_est];

R = [Da_est , Db est];

J = [Ja_est =zeros(arm a.n,obj.k);

zeros (arm b.n,obj.k) Jb _est ];
dJ = [-dJa_est zeros(n/2); zeros(n/2) -dJb _estl];
% Perform matrix partition
for i aux=1:(arm a.n+arm b.n),

if passive(i_aux)==1, % Passive joint

Dpa(:,npa+l) = D(:,i aux);
Rpa(:,npa+l) = R(:,1 aux);
Jpa(:,npa+l) = J(:,1i aux);

ddpa (:,npa+l) = dJ(:,i aux);

if npa==0
gpa = g(i_aux);
dgpa = dg(i_aux) ;
else
gpa = [ gpa ; gq(i_aux) 1;
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dgpa = [ dgpa ; dg(i_aux) 1;
end
npa=npa+1l;

)

else % Active joint

Dat (:,nat+1) = D(:,1 aux);
Rat (:,nat+l) = R(:,1 aux);
Jat (:,nat+l) = J(:,1i aux);

dJat (:,nat+1) = dJ(:,i_aux);

if nat == 0
gat = g(i_aux);
dgat = dg(i_aux);;
else

gat = [gat; g(i aux)];
dgat = [dgat; dg(i_aux)];

end
if i aux < arm a.n+l, % Robot A
if nat==
Dat m = [R(:,1 aux); zeros(3,1)];
else
Dat m = [Dat m , [R(:,1 aux);
zeros (3,1)]11;
end
else % Robot B
if nat==0
Dat m = [zeros(3,1); R(:,1 aux)];
else
Dat m = [Dat m, [zeros(3,1);
R(:,1 aux)]];
end
end
nat = nat+1l;

end
end
% Compute of matrix Q
Dpa at = (pinv(Dpa)) *Dat;
Q = 1/2x (Rat-RpaxDpa_at) ;

)

% Squeeze Force Control
Da_force = -Da_est’;
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Db _force = -Db est’;
fs_d=(cont.squeeze setpoint+cont.Ki+sum force error) ;
if (fault.joint a > 0) % Fault in Robot A

fs d(cont.squeze comp a) =
-(1/ (Da_force (fault.joint a,
cont.squeze comp_a))) *
(Da_force(fault.joint a,:)xfs d(l:arm a.n) -
Da_force(fault.joint a,cont.squeze comp a) *
fs d(cont.squeze comp a) );
fs d(arm a.n+cont.squeze comp a) =
- fs _d(cont.squeze comp a) ;
end
if (fault.joint b > 0) % Fault in Robot B

fs d(arm _a.n+cont.squeze comp b) =
-(1/ (Db_force (fault.joint b,
cont.squeze comp b))) *
(Db_force (fault.joint b, :)
fs d(arm a.n+l:arm a.n+arm b.n) -
Db _force (fault.joint b, cont.squeze comp b) *
fs d(arm a.n+cont.squeze comp b) ) ;

fs d(cont.squeze comp b) =

- fs d(arm a.n+cont.squeze comp b) ;
end

% Hybrid Controller
if (all(cont.type == ’"HBC'))

% Motion Control
tau m = Q’x (cont.Kpxerror+cont.Kvxderror) ;

% Squeeze Force Control
tau s = [-Dat m’]lxfs d;

tau at = tau m+tau g+tau s;
tau pa = zeros(npa,l);

elseif
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The results obtained after performing a given simulation can be analyzed
trough two graphics generated by the control environment. Activating the menu
GRAPHICS (on the right of the graphical interface) and selecting the options
Object or Robots, the respective graphic is created. The Object Graphics,
Fig. 7.5 presents the Cartesian position, velocity, and orientation of the load’s
frame of reference as a function of time. The forces acting on the contact
points and the squeeze forces are also presented. The reader will note that
although forces on the contact points are not symmetrical (a resultant force is
necessary to move the load), the squeeze forces are. (In reality, one controls
only the components of the squeeze force acting in one direction; the opposite
squeeze force is generated automatically according to Newton’s third law). The
Robots Graphics, Fig. 7.6, presents the joint position, velocities and applied
torques for robots A and B. If the user has performed a free-swinging joint
simulation, a zero torque value is observed in the applied torque graphic for the
passive joint.
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Fig. 7.8 Positions and
orientation of the load (top)
and squeeze forces and torque
(bottom) for a cooperative
manipulator system with one
passive joint (joint 2 of
manipulator 1)
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7.5.2 Motion and Squeeze Force Control

The control methodology developed in this chapter was applied to the cooperative
system composed by two UARM manipulators shown in Fig. 7.2. The first test was
made with three passive joints, namely, joints 2 and 3 of manipulator 1 and joint 1
of manipulator 2. The goal is to show that even when half of all joints are passive,
the position of the load can be controlled to a desired set-point. The load is a thin



7.5 Examples 175

60 T T
)z fully—actuated
55 S nSeseeeaRteey
098S
50
< passive joint 3, ++++++ passive joint 1,
rm
0 ~_arm?2 ++*++ arm 2
245 N ++++++ / A
e ~ 4+ -
o] . N + [
Q passive joint 2, AN +++ -
= 40} /arm 1 S+ -7
=) ¥ _.— . passive joint 2,
e T T XXX x5 y arm 2
________ o > X
3 T ++++++ . < XXXXXXxxxxxxXXXXXXXXXXXXX)(XXXXXXXXXX
S ey < i
M++++ AN
30F \passivejoint 3, T~ N i
arm 1 -~ -
25 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)

Fig. 7.9 DLCC for a fully-actuated cooperative manipulator systems and for six different
underactuated configurations

disc with a diameter of 12 cm and weighing 25 g. With three active joints
available to control the load’s position and orientation, the squeeze forces cannot
be controlled. Figure 7.7 shows an example where the positions and orientation of
the load follow a desired trajectory.

In the second test only joint 2 of manipulator 1 was considered passive. With a
total of five active joints, here we are able to control not only the load’s position
and orientation but also two components of the squeeze force. The load is a
4-component dynamometer (Kistler model 9272) with a mass of 4.2 kg. Figure 7.8
shows the resulting positions and orientation of the load and the squeeze forces.
One can observe that even with this relatively heavy load, the positions and
orientation are correctly controlled. As there is one passive joint, one component
of the squeeze force is not controlled. In this case, the uncontrolled force in the
Xx-axis presents greater variation when compared to the controlled force in the
y-axis and the squeeze torque.

7.5.3 DLCC of Two 3-Joint Manipulators with Passive Joints

In this section, the method presented in Sect. 7.4 is used to analyze the DLCC of
the underactuated cooperative system along a desired trajectory. The maximum
torque in each actuated joint is equal to 25 Nm. Figure 7.9 shows simulated results
of the DLCC in seven different configurations: the first with the fully-actuated
system and the others with one passive joint (one simulation for each joint).
One can observe that the DLCC is different for each case, indicating how much
each joint contributes to the “total” DLCC.
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The DLCC can be used for trajectory planning purposes. In particular, trajec-
tories with smaller accelerations can result in a higher DLCC. As an example, we
simulated the underactuated cooperative system when joint 1 of manipulator 1 is
passive over two identical paths followed over 0.3 s and then 3 s. In the first case,
the maximum load obtained was 31.60 kg; in the second, 41.35 kg, a payload gain
of almost 10 kg.
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Chapter 8
A Fault Tolerance Framework
for Cooperative Robotic Manipulators

8.1 Introduction

Robotic manipulators have been deployed in an ever growing number of
unstructured and/or hazardous environments, such as in outer space and in deep
sea. Robots are used in these environments to limit or eliminate the presence of
human beings in such dangerous places, or due to their capability to execute
repetitive tasks very reliably. Faults, however, can put at risk the robots, their task,
the working environment, and any humans present there. Because of the dynamic
coupling between joints, inertia, and gravitational torques, faulty arms can quickly
accelerate into wild motions that can cause serious damage [19]. If the controller is
not designed to detect and isolate the faults, internal forces can increase and cause
damage to the load or make the system unstable.

Faults occur in robots because of their inherent complexity. There are several
sources of faults in robots, including electrical, mechanical, hydraulic, and soft-
ware [19]. In fact, the mean-time-to-failure of industrial robots is relatively small
compared to their intended life expectancy and cost. Studies in 1990s indicate that
the recorded mean-time-to-failure of industrial robots was on the order of thou-
sands of hours [3]. This number is probably smaller in unstructured or hazardous
environments due to external factors, such as extreme temperatures, moving
obstacles, and radiation.

In most environments, a robot can be repaired after a fault is detected. In some
cases, however—say in space or under the sea—humans cannot be sent to make
the necessary repairs; therefore the robot must be endowed with a minimum of
fault tolerance if it is to operate robustly. This is the role of fault detection and
isolation (FDI) systems—to detect faults in real-time, isolate them, and reconfigure
the system so that the task (or a subset of it) can be completed despite the fault.

Probably the most obvious way to provide fault tolerance to a robotic system is
physical redundancy—extra robots per task, extra joints per robot, extra motors per
joint, extra computers per system, etc. These extra components not only allow
the robot to continue running when any one of them fail, they also provide

A. A. G. Siqueira et al., Robust Control of Robots, 177
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functionalities not available in systems with no physical redundancy. Examples
include teams of two or more robots, which are capable of manipulating loads that
a single robot cannot handle [21]; and manipulators with more joints than the
number of degrees-of-freedom of the task, which can execute the same task in a
variety of different ways—for example, minimizing energy consumption or
deviating from obstacles.

It is not always possible, however, to add physical redundancy to a new robot or
to retrofit existing robots so they are more fault tolerant—e.g., because of cost or
size constraints, but it is generally possible to implement software-based FDI
capabilities. This has been proposed by several researchers for single robotic arms
(e.g. [4, 5, 11, 12, 18, 20]), cooperative manipulators [9, 13, 17] and parallel
manipulators [6, 7]. A step ahead, where the FDI system is combined with a
control reconfiguration scheme, was proposed for single manipulators in [4, 20].
Here we extend these results to present a fault tolerance framework that combines
FDI and control reconfiguration for cooperative manipulators.

The chapter is organized as follows: Sect. 8.2 describes the kinematic and
dynamic models of cooperative manipulators. Section 8.3 describes the fault tol-
erance framework. Section 8.4 presents the fault detection and isolation system.
Section 8.5 presents the post-fault control strategies. Section 8.6 presents design
procedures and results of the proposed fault tolerance framework applied to a
cooperative manipulator system composed of two UARM’s handling a common
load.

8.2 Cooperative Manipulators

Recall from Chap. 7 that the dynamic model of a cooperative manipulator system
with m arms rigidly connected to an undeformable load is given by:

M(q)§+ Cla,9)q+8(q) =t —J(q)"h, (8.1)
and the equation of motion of the load is
Moo + bo(xo, %o) = Jo(0) . (8.2)
The cooperative system presents the following kinematic constraints:
Xo = ¢;i(qi), i=1,2,....m, (8.3)
and the n-dimensional vector of velocities of the load, X,, is constrained by
Xo = Di(X0,¢i)gi, i=1,2,...,m. (8.4)

Control of cooperative manipulators is complicated by the interaction among
the arms caused by force constraints. Motion of the various arms should be
coordinated and the squeeze forces at the load should be controlled to avoid
damages.
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Several solutions were reported in the literature to deal with the control problem
of fault-free cooperative manipulators rigidly connected to an undeformable load,
e. g.[1, 2, 10, 22]. When both force and motion must be controlled, hybrid control
can be employed [8]. The hybrid control method for fault-free cooperative
manipulators developed in [22] is particularly interesting because motion and
squeeze control are independently dealt with, and because it does not utilize the
inertia matrix of the robots in the control law, reducing the effect of modeling
eITors.

8.3 Fault Tolerance System

The block diagram of the fault tolerance system is shown in Fig. 8.1. Faults are
detected and isolated by an FDI system, upon which the arms can either be locked
by brakes and the trajectory re-planned starting with zero velocities; or the tra-
jectory is re-planned without applying the brakes, starting with the current load
velocity. The choice depends on the joint configurations, joint velocities, and the
parameters of the cooperative system, such as maximum torque allowed and joint
limits. In this chapter we show results using both options.

The fault tolerance system addresses the following categories of faults: free-
swinging joint faults (FSJF), where one or more joints lose actuation and become
free-swinging; locked joint faults (LJF), where one or more joints become locked;
incorrectly-measured joint position faults (JPF), where the measurement of one or
more joint positions is incorrect; and incorrectly-measured joint velocity faults
(JVF), where the measurement of one or more joint velocities is incorrect. FSJFs
and LJFs can be a result of actuator failures; and JPFs and JVFs can occur due to
sensor failures.

In the framework presented here, we use the hybrid controller from [22] to
control the cooperative system before the fault. When JPFs or JVFs occur, the
post-fault controller is the same as the pre-fault one; the difference is that the
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positions or velocities of the faulty joints are estimated from the positions and
velocities of the working ones. When FSJFs or LJFs occur, a new controller must
be used. This is because the pre-fault controller assumes that all joints are actuated
and therefore the torques applied to control the squeeze forces project only onto
the squeeze subspace and do not influence the motion of the load. With FSJFs and
LJFs, however, this is no longer true and the squeeze forces may produce motion
of the load. We propose a controller to overcome this difficulty and show that it
works in practice on a two-arm cooperative manipulator system.

8.4 Fault Detection and Isolation System

In this section, a three-step FDI system is proposed. First, JPFs are detected by
analyzing the position constraints (8.3). Then, JVFs are detected by analyzing the
velocity constraints (8.4). The last step is the detection of FSJFs and LJFs via two
artificial neural networks (ANNs). This sequence is important because undetected
JPFs can cause false detection of other faults as joint position readings are used to
compute the velocities of the load in (8.4) and as inputs to the first ANN. The same
occurs for undetected JVFs, as joint velocity readings are also used as inputs to the
first ANN. This sequence is also important because joint velocities are generally
reconstructed from joint position measurements. At each sample time, the FDI
system indicates if the robots are working normally or if a fault occurred. While
our framework allows for the coexistence of multiple faults of different types, we
assume that faults occur one at a time.

8.4.1 Incorrectly-Measured Joint Position and Joint
Velocity Faults

The load position x, can be computed using the joint positions of an individual
manipulator using Eq. 8.3. Therefore, for systems with m > 2 manipulators it is
possible to identify the arm f with wrong joint position readings as the one whose
estimate of x, is different from the estimates of the other m — 1 ones. Therefore, a
JPF is detected at arm f if:

1 Xor (Gm; ) — Xoi(Gm,)|| > Y1 foralli=1,....mandi#f, (8.3)

where X,; is the estimate of x, calculated by the forward kinematics of manipulator i,
g, 1s the vector of measured joint positions of manipulator arm i, ||.|| represents the
Euclidean norm, and 7,, is a positive real constant. The next step is to estimate the
position of each joint j = 1,...,ny of manipulator f:

Zlﬁ - l,bj(qu,fco), (86)
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where

560:; Z jCoi(‘]ml)»

i=1,if

and y; is a kinematic function used to estimate the position of joint j. In a planar
system with revolute joints only, y/; can be written as the difference between the
orientation of the load and the sum of the measured positions of the joints k # j of
manipulator f. In a three-dimensional space, an inverse kinematics method can be
employed to estimate gg. In this case, the measured values of the joints i # j can be
used to eliminate the possible redundancy of the solutions.

Computing again the estimate of vector x, for manipulator f for each new
estimate gg, the JPF at joint j of manipulator fis isolated when:

||5C0 - )%Qf(%mv ij)” <V1727 (87>

where Xor (g, q5) is the vector of positions and orientations of the load estimated
from the forward kinematics of manipulator f, replacing the measured position of
joint j with its estimate g5 and using the measured positions of the other joints, and
Vp2 18 @ positive real constant.

The selection of the thresholds 7,, and y,, has a strong influence in the per-
formance of the FDI system. If the values of 7, and y,, are too small, false alarms
may occur due to the presence of noise in the joint position readings. If the
thresholds are too large, JPFs can go undetected. If the distribution of the noise in
the joint position readings is normal and its statistical properties are known, 7,
and y,, can be computed as linear functions of the variance of the noise in the joint
position readings. This way, the thresholds are proportional to the variance of the
noise; larger values of variance imply in larger values of thresholds and vice-versa.

The procedure to detect and isolate JPFs when m > 2 can be summarized as
follows:

e Compare the estimate of x, for all manipulators (8.5).

e If all values are close (in the sense of Eq. 8.5), a JPF is not declared.

e Otherwise, compute, for all joints of the faulty arm, the estimate of the
joint positions (8.6) and test (8.7).

o If the test is satisfied for joint j, declare a JPF at this joint.

If m =2, the arm with the fault cannot be identified just by analyzing the
estimate of x, for each arm. In this case, the joint position estimation (8.6) should
be performed for the two arms using, instead of X,, the estimate obtained using the
joint positions of the other arm. The same should be done in (8.7).

As it is possible to compute the velocity of the load by using the joint velocities
of any arm as in Eq. 8.4, JVFs can be detected in a similar way to JPFs.
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Considering the occurrence of only one fault, for m > 2 a JVF at joint j of arm fis
detected when:

%o = For (Gmy @y @) | <7125 (8.8)

where ;kof(é]mf,qu,glﬁ) is the velocity of the load estimated from the forward
kinematics of manipulator f replacing the measured velocity of joint j with its
estimate (}ﬁ and using the measured velocities (¢,,,) of the other joints, Xo is the
estimate of the load velocities using the measured joint velocities of the other
arms, and y,, is a threshold to prevent that faults be undetected due to the presence
of noise in the joint readings. As explained above, 7, is computed as a linear
function of the variance of the noise in the joint velocity readings. When m = 2, x,
should be replaced by the estimated velocity obtained using the joint velocities of
the other arm.

The procedure to detect and isolate JVFs when m > 2 can be summarized
as follows:

e Compare an estimate of x, for all manipulators using

||'§:Of(qu7qu) _ )%Oi(qmm qmi)” > Yol (89)

foralli=1,...,m (i #f) and y,, is a positive real constant.

e If all values are close, a JVF is not declared.

e Otherwise compute, for all joints of the faulty manipulator, the estimate of
the joint velocities as:

~

45 = &i(Gm;, 4+ %o) (8.10)
where

A 1 n_
jco = j xoi(ém,»:‘]m,‘)'
M=

e Test (8.8). If the test is satisfied for joint j, declare a JVF at this joint.

8.4.2 Free-Swinging and Locked Joint Faults

FDI systems for single manipulators generally employ the residual generation
scheme to detect faults [19]. The residual vector is generated by comparing the
measured states of the manipulator with their estimates obtained by a mathemat-
ical model of the fault-free system. This method, however, does not work well in
the presence of modeling errors, generating false alarms or hiding fault effects.
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Robust techniques [11] and artificial intelligence techniques [14] have been used to
avoid these problems. In the approach presented in [18], the off-nominal behavior
due to faults is mapped using an ANN trained by a robust observer based on the
robot’s physical model. The main problem with FDI methods that rely on the
system mathematical model is that, for some real robots, detailed modeling is
difficult. To overcome this problem, we proposed in [15] a method where the
mathematical model of the robot is not necessary. A multilayer perceptron (MLP)
is used to map the dynamics of the arm and a radial basis function network
(RBEFN) classifies the residual vector. The MLP mapping is static, which is pos-
sible because the states of the system are measurable, the sample time is small, and
control signals are used as MLP inputs.

In [16], the strategy proposed in [15] for FDI of single manipulators is extended
to cooperative manipulators. One MLP is trained to reproduce the dynamics of all
arms and the load of the fault-free cooperative system (8.1). The inputs of the MLP
are the joint positions, velocities, and torques at time 7. The outputs of the MLP are
the estimated joint velocities of the fault-free system at time ¢ + Az, which are
compared to the measured joint velocities at time 7 + Af to generate the residual
vector. The residual vector is then classified by a RBFN to provide fault infor-
mation. Although the use of only one MLP in [16] is useful, the mapping of the
MLP is dependent on the load parameters, such as its mass. If the system has to
manipulate a different object, the ANNs have to be retrained.

Here, the dynamic model of each manipulator is mapped by one MLP. Thus, the
mapping is independent of the load parameters. If the sample period At is suffi-
ciently small, the dynamics of the fault-free manipulator i (7.3) can be written as:

qi(t + At) = f(qi(2), qi(2), hi(1), 7i(2)), (8.11)
where f(.) is a nonlinear function vector representing the dynamics of the
manipulator.

Each MLP i (i=1,...,m) maps the dynamic behavior of one fault-free

manipulator (8.11). The inputs to the ith MLP are the joint positions, velocities,
torques, and end-effector forces of manipulator i at time ¢. The output vector of the
ith MLP, which reproduces the joint velocities of the fault-free manipulator i at
time ¢ + At, can be written as:

Gt + A1) = £(qi(0), qi(0), hil0), 7 (1)) + e(Gi(1), qi(0), hal0), i), (8.12)

where e(.) is the vector of mapping errors. The residual of manipulator / is defined as:
Fi(t 4 Af) = gi(t + A1) — 4,(t + Ar). (8.13)

From (8.11) to (8.13) it can be seen that, in the fault-free case, the residual
vector of manipulator i is equal to the vector of mapping errors, which must be
sufficiently small when compared to the residual vector of a faulty case, in order to
allow fault detection. The residual vector #(r + At) = [T (t + Ar), ..., (t + Ar)]"
is then classified by an RBFN to provide fault information. As the residual vector
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of FSJFs and LJFs occurring at the same joint can occupy the same region in the
input space of the RBFN, an auxiliary input { that gives information about the
velocity of the joints is used. As there is noise in the measurement of the joint
velocities, the i = 1,...,n component (n is the sum of the number of joints of all
arms) of ( is defined as:

_ L it gi(n)]<éi,
Gilr) = {0, otherwise,

where 0; is a threshold that can be selected based on the measurement noise. In this
chapter, the RBFN is trained with Kohonen’s Self-Organizing Map [15]. The fault
criteria, which is used to avoid false alarms due to misclassified individual pat-
terns, is defined as:

fault k =1, if o = maxj’.“;1 (o) for d consecutive samples,
fault k =0, otherwise,

where oy, is the output k = 1,...,n, — 1 of the RBFN; output n, corresponds to
normal operation.

8.5 Control Reconfiguration

The second step in the fault tolerance system for cooperative manipulators is
control reconfiguration. In this stage, the controller’s parameters and structure are
changed according to the nature of the fault.

8.5.1 Incorrectly-Measured Joint Velocity and Position Faults

When a JPF or JVF is isolated, the sensor readings of the faulty joint are ignored
and the corresponding joint position or velocity is estimated based on the kine-
matic constraints. As the joint positions of the faulty arm f were already estimated
by the FDI system (Sect. 8.4), the component j = 1, ..., n of the new joint position
vector is defined as:

4l = djs if a JPF is declared at joint j,
W= gmlj], otherwise,

where g; is the estimate of the joint j position based on the other joint readings
(8.6), and gy, [j] is the measured position of joint j. Similarly, the component j of the
new joint velocity vector is defined as:

Gl = éj, if a JVF is declared at joint j,
qlil =1 %, ,
gmlj], otherwise,
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where :}, is the estimate of the joint j velocity based on the other joint readings
(8.10), and §¢,,[j] is the measured velocity of joint j.

8.5.2 Free-Swinging Joint Faults

After a FSJF is declared, the corresponding joint acts as a passive joint, and the
controller presented in Chap. 7, based on the decomposition of the motion and
squeeze forces [22], can be used. A stable motion control with compensation of the
gravitational torques is firstly projected ignoring the squeeze forces when n, > k.
For this purpose, a Jacobian matrix Q(g), which relates the velocities in the active
joints to the load velocities, is computed. Then, if the number of actuated joints is
greater than the number of coordinates of motion in the load (n, > k), the squeeze
force controller is designed considering the component of the squeeze forces
caused by the motion as a disturbance. The control law is given by:

Ta = Tmg + 1, (814)

where 1, is the motion control law with compensation for the gravitational tor-
ques and 7, is the squeeze force control law. The motion controller is given by:

Tmg = Tm + Tg, (8.15)
where the motion component is given by
Ty = QT(K,,AXO + K,Ax,), (8.16)

and the gravitational, centrifugal, and Coriolis compensation component is
given by

Tg = 8a — (R#Raygp + (g - (RfRa)TJID 0 (8.17)
when m is even, and
7o =8 — (RY(Ra— Q) gy + (J] — (RF (R. — Q)" ) )fo, (8.18)

when m is odd. In (8.16)—(8.18), Ax, = (xoq — X,) is the load position error, x4 is
the desired position of the load, K, and K, are positive definite diagonal matrices,
Ak, = (%04 — Xo) is the load velocity error, and f, is an mk-dimensional vector
selected to satisfy

JIfy = b,. (8.19)
The Jacobian matrix Q(g) is given by:

1

0(9) = —(Dulg) = Dy(@)Ry () Ra(0)). (8.20)
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if m is even and

0(g) = (ml ~ D(@R,@)*) " (Dula) ~ D@ @) Re)).  (8:21)

if m is odd.
The squeeze control problem when the number of actuated joints (n,) is greater
than the number of coordinates of motion in the load (k) is given by:
7, = DT ATy, (8.22)

sa ¢

where

0 Dy,

and D,; relates velocities of the actuated joints of arm i and load velocities.

The vector ATy, gives the squeeze forces that should be applied at the load by
the squeeze forces controller when there are passive joints in the arms of the
cooperative system. For the cooperative system with passive joints, if the arms are
not kinematically redundant, it is not possible to independently control all com-
ponents of the squeeze forces. In (8.22), the components of y, related to the
squeeze forces that are not directly controlled are computed as a function of the
components that are directly controlled. The components of the desired squeeze
forces that should be applied by the other arms are then computed based on the
components computed for the arm f and on the geometry of the grasping.

In summary, when an FSJF is isolated and the trajectory is reconfigured (see
Sect. 8.3), the controller employed for the fault-free system is switched to a new
controller defined by (8.14), (8.15), and (8.22). This new controller, which is
decomposed in control of motion and control of squeeze forces, is applied only in
the actuated joints. See Chap. 7 for more details.

8.5.3 Locked Joint Faults

A controller similar to the one used for FSJFs can be used to control the system
with locked joints. The difference is that, in the case of LJFs, one may need to
replan the joint trajectories after the fault occurs. Here we assume that the
trajectory planning problem is dealt with at a higher level, and focus only on
guaranteeing that the load can be manipulated to its desired position.

Because the velocities of the locked joints are equal to zero, as in the case of a
cooperative manipulator with passive joints we can write the Jacobian that relates
the velocities of the unlocked, actuated joints to the load velocities as:

Xo = Q14a, (8.23)
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where

Ql = lDw (824)

3

Using the same procedure described in the last section, the control law given
by (8.14) and (8.15) is utilized, where:

T = 0 (K,Axo + K,A%,), (8.25)

Tg = &a + QlTboa (8'26)

and 7, is given by (8.22).

8.6 Examples

In this section, the fault tolerant control system is applied to a cooperative
manipulator system composed of two UARMs. We show experimental results for
two fault configurations: a free-swinging joint fault in joint 1 of arm 1; and an
incorrectly-measured joint position fault in joint 2 of arm 1.

8.6.1 Design Procedures

The proposed framework is entirely implemented in the Cooperative Manipulator
Control Environment (CMCE). To enable the fault detection and isolation algo-
rithm for a simulation where a given fault is set to occur, the user must activate the
push button Enable FDI in the CMCE graphical interface (Fig. 8.2). When the FDI
framework is enabled the fault occurs at a time during the trajectory defined by the
user. This procedure is different from the results presented in Chaps. 7 and 9,
where the fault is considered to be active since the beginning of the movement.
The instant when the fault occurs can be defined through the specific menu dis-
played on the right side of the user interface.

For the free-swinging and locked joint faults, the MLP and RBFN neural net-
works are trained considering only the hybrid control described in Chap. 7. If the
user wants to perform the FDI algorithm using another controller, the neural
networks must be retrained with a set of trajectories that cover the cooperative
system’s workspace. This procedure is not included in the CMCE. The following
MATLAB® codes implement the FDI system for the free-swinging and locked
joint faults. The neural networks files (mlp_a_r2.dll, mip_b_r2.dll and rbf_r5.dlIl)
were generated using C++ to make the code more time-efficient.
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File: uarm_fdi.m

if ((sum(Fault_pos_fdi(:,i)+Fault_vel fdi(:,1i),1)==0)&(i>1))
FAULT: free-swinging and locked joint
% Normalization

o°

x mlp a(:,i) = [ga est(:,i-1); dga est(:,i-1);
taua _est(:,i-1); fa est(:,i-1); -11;

d mlp a(:,1) = dga_est(:,1);

x mlp b(:,i) = [gb est(:,i-1); dgb est(:,i-1);
taub est(:,i-1) ; fb est(:,i-1); -11;

d mlp b(:,i) = dgb_est(:,1);

for i_aux = 1:(size(x mlp a,1)-1)
x mlp a(i aux,i) = (x mlp a(i aux,i)-min xa(i aux))/...
(max xa(i_aux)-min xa(i_aux)) ;
end
for i _aux = l:size(d mlp_a,1)
d mlp a(i_aux,i) = (d mlp a(i aux,i)-
min xa (i aux+arm a.n))/(max xa (i aux+arm a.n) -
min xa (i _aux+arm a.n)) ;
end
for i aux = 1:(size(x mlp b,1)-1)
x mlp b(i aux,i) = (x mlp b(i aux,i)-min xb(i aux))/...
(max_xb (i_aux)-min_xb(i_aux)) ;
end
for i aux = l:size(d mlp b,1)
d mlp b(i_aux,i) = (d_mlp b(i_aux,i)- o
min xb (i aux+arm b.n))/(max xb (i aux+arm b.n) -
min xb (i aux+arm b.n)) ;
end

o°

Implement the MLP neural networks

y mlp a(:,i) = mlp a r2(x mlp a(:,i)’); % MLP - arm A
y mlp b(:,i) = mlp b r2(x mlp b(:,i)’); % MLP - arm B
Res(:,1i) = [d mlp a(:,1i)-y mlp a(:,1);
d mlp b(:,1)-y mlp b(:,i)]; % residual vector
for i aux = l:arm a.n,
if abs(dga_est(i_aux,i))< fdi.threshold lck
dga_rbf aux(i_aux,i) = 1;
end
end
for i_aux = l:arm b.n,
if abs(dgb est (i _aux,i))< fdi.threshold 1lck
dgb rbf aux(i aux,i) = 1;
end
end

x rbf(:,1i)=[Res(:,1);dga_rbf aux(:,i);dgb_rbf aux(:,i)];

% Implement the RBF neural network
y rbf(:,1) = rbf r5(x rbf(:,i)’); % RBFN
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% Fault Criteria

if ( (i>3) & (fdi.enable==1) )
for i _aux=1:2%(arm a.n+arm b.n)
if y rbf (i aux,i)==max(y rbf(:,i)) & 5
y_rbf (i aux,i-1)==max(y rbf(:,i-1)) &
y_rbf (i aux,i-2)==max(y rbf(:,i-2)) &
y rbf (i aux,i-3)==max(y rbf(:,i-3)),
if ( i_aux < (arm_a.n+arm b.n+1)
Fault fsw fdi(i aux,i) = 1;
else
Fault lck fdi(i aux-arm a.n-arm b.n,i) i g
end
end
end
end
end
File: uarm_reconfig.m
% Free-swinging joint fault
if (sum(Fault_fsw_fdi(:,1i))>0)
for i aux=1:(arm a.n+arm b.n)
if (Fault_ fsw_fdi(i_aux,i) == 1)
if i aux<(arm a.n+1)
fdi.reconfiguration joint_a = i_aux;
else
fdi.reconfiguration joint b = i aux-arm a.n;
end
end
end
fdi.faultisolated = 1;
fdi.reset_squeeze cont = 1;
cont.fault = ’'FSwg’;
end
% Locked joint fault
if (sum(Fault_lck fdi(:,1i))>0)
for i_aux=1:(arm a.n+arm b.n)
if (Fault_lck_fdi(i_aux,i) == 1)
if i_aux<(arm_a.n+1)
fdi.reconfiguration joint a = i_aux;
else
fdi.reconfiguration_ joint b = i_aux-arm a.n;
end
end

end

189
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fdi.faultisolated = 1;
$fdi.reset squeeze cont = 1;

cont.fault = ’'FLck’;

end

8.6.2 FDI Results

To implement the fault tolerant framework, two MLPs (one for each robot) are
utilized, each one with 12 inputs representing the three joint positions, three joint
velocities, three joint torques, and force vector at the end-effector of arm i; 37
neurons in the hidden layer; and 3 outputs representing the estimation of the three
joint velocities. The MLPs were trained with 3,250 patterns obtained in 50 tra-
jectories with random initial and final positions of the fault-free cooperative sys-
tem. The RBFN has 12 inputs and 13 outputs (six FSJFs, six LJFs, and normal
operation) and it was trained with 2506 patterns obtained in 240 trajectories of the
cooperative system with FSJFs and LJFs at different joints and 20 without fault.
The parameters of the FDI system are d =4 samples, y,, = 7,, = 0.05, 7,; =
7,2 = 1.5, and §; = 4 x 1073,

The FDI system was tested with 360 trajectories of the cooperative system with
FSJFs and LJFs at different joints and 15 without faults. The desired trajectories
are divided in three sets: the first one considers a load with mass equal to 0.45 kg;
the second set considers the mass of load equal to 0.025 kg and different trajec-
tories of set 1; finally, the third set considers the same trajectories of set 2, with
mass equal to set 1. The results are summarized in Table 8.1.

Both strategies discussed in Sect. 8.3, namely, reconfiguration of the system
starting with zero velocities and with the current velocities, were tested. In the
latter case, the new desired trajectory is a third order polynomial with initial
velocities of the load equal to the current ones. In the real system, reconfiguration
starting with the current velocities should not be applied in cases where the
velocities of the load are high, or the resulting desired trajectory may require joint
positions outside of their physical limits.

Figures 8.3, 8.4 and 8.5 show the results of the real system when an FSJF at
joint 1 of arm 1 is artificially introduced at = 1 s. When the fault is isolated, at
t = 3.8 s, the desired trajectories and control laws are reconfigured. One can
observe that the time necessary to detect the fault in this trajectory (2.8 s) is higher
than the mean time to detection (MTD) for the test sets presented in Table 8.1. In
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Table 8.1 Results of the FDI system applied to a team of two cooperative manipulators (MTD =
mean time to detection)

Set Detected faults Isolated faults False alarms MTD (s)
1 337 (93.61%) 260 (72.22%) 1 (6.67%) 0.469
2 333 (92.50%) 247 (68.61%) 0 (0.00%) 0.419
3 325 (90.28%) 268 (74.44%) 0 (0.00%) 0.458

Fig. 8.3 Position and 0.4
orientation of the load in a :
trajectory with an FSJF in S
joint 1 of arm 1. The dotted 035 -
lines show the desired £
trajectory. The FSJF starts at =
t =1 s (line “a”) and is g 03y
detected at = 3.8 s (line “b”) é‘
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this trajectory, the elapsed time until the fault is detected is high because the
velocity of the faulty joint did not increase abruptly, due to the fact that the load
kept moving in a trajectory close to the desired one (Fig. 8.3). This happened
because the gravitational terms (zero in this setup) did not influence the velocity of
the joint and because the load was not excessively heavy. One can also observe
that the components of the squeeze forces in the y axis increased (Fig. 8.4). As a
result, some components of the residual vector increased (Fig. 8.5), facilitating the
detection of the fault. After the fault was detected in this trajectory, the brakes
were not applied and the new desired trajectory starts with the current velocities. It
is possible to observe that the position of the load is controlled even in the
presence of the fault.
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Figure 8.6 shows the trajectories of the cooperative manipulator system where
a JPF at joint 2 of arm 1 is artificially introduced at r = 1.0 s and isolated at
t = 1.05 s. After the fault is detected, the controller ignores the corresponding joint
position measurement and utilizes the estimate produced by (8.6).

The performance of the fault detection and isolation system can be improved
with additional post-fault tests. When a fault is detected, the brakes can be acti-
vated and tests can be performed to verify if the fault was correctly isolated. For
example, if a locked joint fault is declared, the controller can try to move this joint
in order to confirm the fault isolation. Similar tests can be made to confirm the
isolation of other faults. This strategy can also be used to isolate multiple
simultaneous faults, which can be detected but cannot be correctly isolated by the
fault detection and isolation system presented here. When multiple faults are
considered, additional tests to isolate all faults must be made in all joints after the
detection of a fault.
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Chapter 9
Robust Control of Cooperative
Manipulators

9.1 Introduction

In this chapter we deal with the problem of robust position control for cooperative
manipulators rigidly connected to an undeformable load. Design paradigms to
solve force/position control problems have been established in the literature to
improve the performance of the cooperation. In [8] a control strategy for coop-
erative manipulators was proposed based on the independence of the position and
force controls. The applied force between the manipulator end-effectors and the
object is decomposed into motion force and squeeze force, which must be con-
trolled. In [7], the hybrid position/force controller proposed in [8] is extended to
underactuated cooperative manipulators.

Cooperative manipulators, like any electromechanical system, are subject to
parametric uncertainties and external disturbances. In [4], a semi-decentralized
adaptive fuzzy controller with H.,-performance is developed for fully-actuated
cooperative manipulators. In that work, the dynamic model is derived using the
order reduction procedure proposed in [5] for constraint manipulators; only sim-
ulation results are presented to validate the controller’s performance.

In this chapter, two nonlinear H,, control techniques based on centralized
control strategies are evaluated for underactuated cooperative manipulators: H,
control for linear parameter varying (LPV) systems [9] and H, control based on
game theory [2]. These controllers are applied considering the control strategy
proposed in [8], where the squeeze force control is designed independently of the
position control. In these cases, the H,, performance index considers only the
position control problem.

The adaptive fuzzy-based controller for fully-actuated cooperative manipulators
proposed in [4] includes the position and squeeze force errors in the H, perfor-
mance index. Following a similar approach, in this chapter we present a neural
network-based H, control for fully-actuated and underactuated manipulators [6].
We assume that a nominal dynamic model is available for the neural network to
approximate the model. As in [4], the H, performance index includes the position
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and squeeze force errors, which guarantees an overall disturbance rejection. Fur-
thermore, for underactuated manipulators, a practical solution is presented for the
squeeze force control. In this case, only some components of the squeeze force can
be controlled and constraints are imposed on the components that are not con-
trolled. The approach guarantees asymptotic convergence of the motion tracking
errors in spite of parametric uncertainties and external disturbances. Experimental
results obtained with two cooperative UARM systems illustrate their efficiency.

This chapter is organized as follows: Sects. 9.2 and 9.3 present the dynamic
equations for fully-actuated and underactuated cooperative manipulators, respec-
tively. Section 9.4 presents the squeeze force control problem. Section 9.5 presents
the necessary dynamic model formulation to implement H, controllers via quasi-
LPV representation and via game theory. Section 9.6 develops the neural network-
based adaptive H., control approach for cooperative manipulators. Section 9.7
concludes the chapter with design procedures, experimental results, and compar-
ative studies.

9.2 Fully-Actuated Cooperative Manipulators

Consider a system composed of m fully-actuated cooperative manipulators, each
one with n degrees of freedom. Let g; € R" be the vector of generalized coordi-
nates of manipulator i and x, € " the position and orientation of the load, which
is rigidly connected to the end-effectors of the individual manipulators. As dis-
cussed in Chap. 7, this configuration generates a geometric constraint of the form
Xo = ¢;(qi), for i = 1,2,...,m. The corresponding velocity constraints are given
by Eq. 7.2, which can be written as:

qi = _Jfl(Qi)Jo; (Xo)Xo,

fori=1,2,...,m, where J;(g;) is the Jacobian matrix from joint velocities to end-
effector velocities of arm i and J,,(x,) is the Jacobian matrix from load velocities
to end-effector velocities of arm i. We assume that J;!(g;) is well-defined. The
kinematic constraints can be expressed by:

; I, . .
0= |:_J1(q)-]0(xo) ]xo = B(xo)%o, (9.1)
where 0 = [xq] - q,]"s a = la] - ap)"s Jo(xo) = [}, (x0) --- I} (x)]", and

Jilgr) -+ 0
J(q) = : . :
0 o Julgm)
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The dynamic equation of the load is given by:
Mo (x0)3o 4 Co(Xo, o )Xo + go(xo) = J1 (x0)h, (9.2)

where M, (x,) is the inertia matrix, C,(xo, X, ) is the Coriolis and centripetal matrix,
o(Xo) is the gravitational torque vector, and i = [A7 - --hT]" with h; € R", is the
vector of forces applied by manipulator i on the load.

The dynamic equation of manipulator i is given by:

Mi(q)G; + Ci(qi, 41)ai + gi(gi) =7 + J] (qi) i, (9.3)

where M;(g;) is the inertia matrix, C;(g;, ¢;) is the Coriolis and centripetal matrix,
gi(gi) is the gravitational torque vector, and 7; is the applied torque vector. The
dynamic equation of the overall cooperative system can be written as:

M(0)D + C(0,0)0 + g(0) = [‘T)] + {JJQ(&) } h, (9.4)
where g(0) = [go(xo)" g1(q1)" -+~ g1, (qm)]", and © =[] ---<1]",
Mo(xo) 0 0
M(0) = 0 . th) 0 , and
0 0 Mm&qm)
Co (X0, Xo0) 0 . 0
C(6.6) ? G (ijQI) | 9

The projection of the applied force / on the frame fixed on the center of mass of
the load (h, = ngh) can be orthogonally decomposed as:

ho = hos + h0m7 (9'5)

where h,, € X is the vector of squeeze forces and h,,, € X,, is the vector of motion
forces (see Chap. 7 for details). Considering this decomposition of forces, the
dynamic equation of the cooperative manipulator (9.4) can be represented as:

M(0)0+ C(0,0)0+ g(0) = 7, + W' (0)ha, (9.6)
where 7, is an auxiliary control input given by

W hop,

e T+JT(q)Jo_qT(xo)hom ’
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W(0) = [WJ, ! (x0)J(q)] is a Jacobian matrix, and W' = [I, I, ---1,]. If the
auxiliary control input is partitioned in two vectors, 7,; = W'h,, and 1,) =

T+ J(q) JO’qT (X0 )hom, the applied torque vector can be computed by:

T="T2 — ]T(Q)]o_qT(xo)(WT)#Tvb (9.7)
where (WT)* = W(WTW)™" is the pseudo-inverse of W”. The motion force is

given by hyy, = (WT)#‘cvl. Hence, the control problem is to find an auxiliary

control 7, that guarantees stability and robustness against disturbances.
Considering the kinematic constraints (9.1) and multiplying the dynamic

equation of the cooperative manipulator (9.6) by BT (x,) (to eliminate the squeeze

force term, since BT(xO)WT (xo) = 0) we obtain:
M(xo)}é(, + E(xo,)'c(,))'c‘, +8(x) =7, (9.8)

where M(x,) = BT(XO)M(xO)B(xo), 2(x,) = BT (x0)g(x0), 7T, = BT(xo)t,, and
C(Xo0,%0) = BT (x0)M (x0)B(xo) + BT (x0)C (X0, %0 )B(Xo)-

9.3 Underactuated Cooperative Manipulators

We assume now that the joints of the cooperative manipulator include n, active
joints (with actuators) and n, passive joins (without actuators or whose actuators
failed). The kinematic constraints (9.1) can be rewritten as:

< 1 ~
0 = P Xo = B(xo)%Xo, 9.9
|:_JA}1(Q)J0(XO)] ? ( O) ° ( )
where 0 = xI gl qu]T, g, € N is vector of active joint positions, g, € R is the
vector of passive joint positions and J4p(g) is a Jacobian matrix generated from the
orthogonal permutation matrix P4p [7]. Therefore, if
G=1lala))" = Parlai @3 - all’

then
Jar(q) = [Ja(qa) Jp(qp)] = J(q)Pap.

The dynamic equation of the underactuated cooperative manipulator system is
given by:

JU R S . 0 Jg(XO)
M(0)0+ C(0,0)0+3(0) = | ta |+| I (qa) | b, (9.10)
0 J;(‘]p)

where (0) = [go(x0) g4r(@)"]", gar = Parlg(a1) - &5 (a2)]",
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~ Ay | Mo(xo) 0 =7 7y _ | Colxo,Xo) 0
M(9) = 0 MAP(&):|7 €(0,6) = [ 0 Car(q,q)
Ml (ql) e O
Map(q) = Pap : : Pip, and
0 Mm(qm)
Ci(q1,q1) -+~ 0
Car(q,q) = Par : : P,
0 T Cm(qqum)

Taking into account the orthogonal decomposition of the applied forces’ pro-
jection, we can rewrite Eq. 9.10 as:

M(0)0 + C(0,0)0 +3(0) =t + W (0)hos, (9.11)
where 7, is the auxiliary control input given by

W hom
Ty = | Ta +J¢¢T(‘70)J(;,T(x0)h0m )
J;,T(‘IP)J;,T(XO)hom

and W(0) =[W J;ql (xo)a(qa) J;ql (x0)J5(qp)] is a Jacobian matrix. If the
auxiliary control input is partitioned in three vectors, t,; = WT(xO)hom, Ty =
Tq —&—Jg(qa)J,;IT(xo)hom, and 7,3 = JPT (qp)J(;]T(xo)hom, the applied torque in the
active joints can be computed as:

0= AL 1) 1 e #[Zi | 512)

Considering the kinematic constraints (9.9) and multiplying Eq. 9.11 by

ET(xO), the dynamic equation of the underactuated cooperative manipulator is
given by:

M (xo)¥o + C(Xo, Ko )Xo + 8 (Xo) = Ty, (9.13)

where

(x0)
Croro) = B (x0) (M(0)B(xo) + €(0,0)B(x0))
(x0)
(x0)
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9.4 Motion and Squeeze Force Control

From the control paradigm for cooperative manipulators introduced in [8], the
position and squeeze force control problems can be decomposed and solved
independently. In this case, the applied torque can be computed by:

T = Tmg + Ts,

where t1,,, are torques generated by the position controller and t, are torques
generated by the squeeze force controller. In this chapter, 7, is given by (9.7) if
all joints of every manipulator are actuated. When at least one joint in the entire
cooperative system is underactuated, we use T, = Pyp[tl O}T, with 7, given by
(9.12). In Sect. 9.5, the dynamic equations (9.8) and (9.13) are used to design
robust controllers for position control of cooperative manipulators, taking into
account parametric uncertainties and external disturbances in the manipulator and
in the object.

In the case of fully-actuated cooperative manipulators, Wen and Kreutz—
Delgado [8] propose an integral squeeze force controller with torque given by:

t
1, =D"(0) |h + K; / (he, — hy)dt |, (9.14)
)

where Ay, is the vector of squeeze forces unaffected by the motion, hfc is the vector
of desired squeeze forces, K; is a positive definite matrix, and

I xo)i(qr) - 0
D(0) = ; B ;
0 e Jo_ml (xo)-]m(qm)

In the case of underactuated cooperative manipulators, Eq. 9.14 can be parti-
tioned as:

Tsa DZ;(E)
|: 0 ] = Dz"p(b') WcTVsa (9.15)

where [Dy,(0) Dsp(g)] = D(0)P4p, W! is the full rank matrix that projects the
null space of W7 i.e., Im(W!) = X, and 7, is the squeeze force control variable.
Note that n, constraints are imposed in the components of y  since it is not
possible to apply torque on the passive joints (tg = 0). As the manipulators
considered here are nonredundant, not all components of y, can be independently
controlled.

The vector 7, is partitioned in two parts: the independently-controlled com-
ponents y,. € R, where n, = n(m — 1) —n, if n, > n and n, = 0 if n, <n; and
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the uncontrolled components y,, € $". Note that if n, <n, none of the compo-
nents of y; can be controlled. The squeeze force controller is given by:

t

Vse = r‘;lc + KiS/ (rfc - FSL')dt7 (916)

1ty

where l"fc is the desired value for y,,., I';. is the vector of measured squeeze forces,
and Kj, is a positive definite matrix. y,, is computed from the constraints as a
function of y,.. The torque applied in the active joints is related to the squeeze
force control (Eq. 9.15) as:

0 = DL ()W y,,. (9.17)

9.5 Nonlinear H. Control

In this section the nonlinear H,, control solutions presented in Chaps. 3 and 5 for
fully-actuated and single underactuated manipulators, respectively, are applied to
cooperative manipulators. The main idea is to consider the reduced-order models
(9.8) and (9.13), which represent the dynamic model of cooperative manipulators
in a similar way as it is commonly used in the representation of single
manipulators.

9.5.1 Control Design via Quasi-LPV Representation

We develop in this section the quasi-LPV representations of fully actuated and
underactuated cooperative manipulators based on the following dynamic equation:

Mo (x6)io 4 Co(Xe, X0 )io + Zo(Xo) + Ta = T, (9.18)

where Mo (xo) = Mo(x0), Co(xo,%0) = Co(Xo,%o), 8o(*o) = 8o(%0), and T, = T,, if
the manipulators are fully-actuated (Eq. 9.8); or ]\A/Io(xo) = A710(x0), ao(x(,,)'co) =
E‘O(xo,)'co), 20(x0) = go(x0), and T, =7, if any of the manipulators is underac-
tuated (Eq. 9.13). The index O indicates nominal values for the matrices and
vectors. 7, is the vector of parametric uncertainties and external disturbances in
the manipulators and load. The state tracking error is defined as:

= F"_xﬂ = F"] (9.19)

Xo — X0 Xo
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where xg and xg € RN are the reference trajectory and desired velocity of the load,
respectively. The quasi-LPV representations of cooperative manipulators are
found using Eqgs. 9.18 and 9.19:

¥ = A(xo, %)X + Bu + Bw, (9:20)
with w = Mg (x)%4, B=[0 I,]", and

0 I,

A(xmxo): 0 —M(J_l(xo)ao(xo,féo) .

From this equation, the variable T, can be represented as:

T, = MO(XO)(XZ +u) + 60()‘0’5%)% + 8o(%o)-

Although the matrices 1\710(x(,) and Eo(xm)'co) explicitly depend on the load
position, x,, we can consider it as function of the position error, X,. Hence, Eq.
9.20 is a quasi-LPV representation of fully-actuated and underactuated cooperative
manipulators.

9.5.2 Control Design via Game Theory

In this section, game theory is used to solve the H, control problem of cooper-
ative manipulators. The solution is based on the results presented in Chap. 3. From
(9.19), after the state transformation given by:

~ 21 ~ T |~ 1 0 Xo
A A P = 9.21
[Zz] 0 {Tz} {Tu T12:|[xo:| (9:21)
where Ty, Ti; € R**" are constant matrices to be determined, the dynamic
equation of the state tracking error becomes

X = Ar(X,0)X + Br(X, )u + B (X, t)w, (9.22)
with w = Mo (xo)T12My ' (x0)%a,

—Tp' T T,

Ar(Z, 1) =T, ! N " To,
r(®1) 0[ 0 —Mol(xo)co(xo,xo)] 0

The relationship between the auxiliary control input, 7,, and the control input,
u, is given by:

Ty = Mo(x0)i + Co (X, Xo )Xo + 8o (%o), (9.23)
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with i =i — T};! Ty X — TI’ZIMO_] (xo)(ao(xo,jco)BTTo?c' —u). The procedure
for finding the solution for the control input u that ensures H,, performance
follows the guidelines presented in Chap. 3 for single manipulators.

9.6 Neural Network-Based Adaptive Nonlinear # .. Control

In the previous section we assumed that the dynamic model of the cooperative
manipulator system is well-known. In this section we develop another control
strategy based on the estimation of the uncertain part of the dynamic model
through a neural network-based adaptive control law. Consider again the kine-
matic constraints (9.1) and the dynamic model for fully-actuated cooperative
manipulators (9.6):

M (x0)B(xo )30 -+ (M (x0)B(xo) + C(Xo,%0)B(%o) )0 + g(Xo) + Ta =1, —|—WT(xo)hos.
(9.24)

Consider also a bounded desired trajectory for the load, x¢ € R", and a bounded
desired squeeze force, h% € R"™ and define the following auxiliary variable:

qr = B(xo)(Aoeo +x§) - 1’]E26f,

where ¢, € ?R”("”U, €, :xg — Xo, Ao 1S a symmetric positive definite matrix,
n>0,E,=10 Inm]T € Rnlmt1)xnm - and e; € R is the output of the following
stable filter

&+ neg = —IESW (xo) oy, (9.25)

with a symmetric positive definite matrix A; and the squeeze force error
hos = hg‘y - hos'
A composite error signal can be defined as:

s =g, — B(xo)X% = B(xo)(Aoeo + &) — nEzey,

where s € R+ Another representation of the composite error can be obtained
by applying the stable filter (9.25) and defining the error terms:

e = [6(1; (JT(XO)J;{T(X())hOS)T]Ta

5= L[El (Aoeo + &) + Ex ()fEZTZT(xo)/EOS + ézfﬂ
= L(Ae; + e,),

(9.26)
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where L = [B(x,) E,] € Rm+0xntmtl) g — 1, 0]" € R and A = diag
[Ao, Ay]. From (9.24) and (9.26), the error dynamic model is given by:

M(xo)5 = M(x0)gr — M(xo) (B(x0)Xo + B(xo)%o)
= —C(Xo, %o0)s + Fo(xe) + AF(x.) — W' (Xo)hos + T — Ty (9.27)

where  x, = [x({fcg QrT qu]T7 Fo(x.) = Mo(xo)gr + Co(xo,%0)gr + g0(Xo), and
AF(x,) = AM(x0)q, + AC(xo,%0)q, + Ag(xo).

The terms My(x,), Co(Xo,%o), and go(x,) represent the nominal values of the
matrices M(x,), C(xo,%,), and g(x,), respectively. The parametric uncertainties
are represented by AM(x,), AC(x,,%,), and Ag(x,).

Following the development of the neural network-based adaptive control
strategy presented in Chap. 4, a set of k (k = 1,. .., n) neural networks AF(x,, ©y)
is used to approximate the uncertain term AF(x,) in (9.27). Each neural network is
composed of nonlinear neurons in the hidden layer and linear neurons in the input
and output layers, with adjustable parameters ®; in the output layers. The single-
output neural networks are of the form:

Pk 5n
AFi(xe,0) = > H (Z whxe; + mf> Oy = loy, (9.28)

i=1 j=1

with
Sn
H(Z/’:l W]fjxej + mllc) O
ék = y ®k = 3
H (21521 Wh iXe; + mf,k) Oy

where py is the number of neurons in the hidden layer. The weights wg. and the

biases mf for 1 <i<py, 1 <j<5n and 1 <k <n are assumed to be constant and
specified by the designer. H(.) is selected to be a hyperbolic tangent function. The
complete neural network can be represented as:

[ AF(x.,01) &lo,
AF(x,,®) = : = :
_AFn(xm 0,) 5:®n
&0 . 0],
0 «T 0 0,
- =2 — =0. (9.29)
0 0 ¢ | LOn
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To guarantee the stability of the H,, controller we consider two fundamental
assumptions proposed in [1]:

(1) There exists an optimal parameter value ®" € Qg such that AF(x,,®")
approximates AF(x.) as closely as possible, where Qg is a pre-assigned
constraint region.

(2) The approximation error 6F(x,) = AF(x,) — AF(x,, ®") must be bounded by
a state-dependent function; that is, there exists a function k(x,) > 0 such that
|(0F (x.);| <k(xe), for all 1 <i<n.

Based on these assumptions, the error dynamics can be rewritten as:
M(x,)s = — C(xo,%0)s 4+ Fo(xe) + AF(x,, %) + 6F (x,)
— W (%) oy + Ta — Ty (9.30)

The nonlinear H,, adaptive neural network control problem for cooperative
manipulators can then be formulated as follows: given a level of attenuation y, find
an auxiliary control input 7, such that the following H., performance index is
achieved:

T T
/ sTWsdt = / el Qedt
0 0
< 35 OM(x,(0))5(0) + 3 pef (O)A ey 0)
T
+07(0)26(0) + y* / thtadt, (9.31)
0

T . . . . A
where e = [e] e}]", Z is a symmetric positive definite matrix, ©® = ©®" — ©
denotes the neural network parameter estimation error, 7, is a square-integrable
torque disturbance (t; € L), and

o- [Nt ] -

YA b 4

with ¥ = W7 > 0 and A = diag[A,, As].

Theorem Consider a cooperative manipulator described by Eq. 9.4. If the
control law is defined as:

O = Projls =", (9.33)

7, = Fo(x,) + Ks + 2@ — W{xo)hos 4 %W{xo)ﬁos + T, (9.34)
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with t; = k(x,)sgn(s) and

§TETs, if '@ <M or (@0 >M
ProjlS TE"s| = ) o and ©'STE"5<0),
= .
§TETg (O O0-MOS E5q  therwise

07O

and K = diag|K,, K1, . . ., Ky|, with symmetric positive definite matrices K,
Ki, ..., K, and Proj[S_TETs] is a projection algorithm, then the closed-
loop error system satisfies:

(1) e, €5, and é, € L, ef, ér, and hos € Lo, and © € Qg.

(2) The Ho performance index (9.31) is achieved if K; is selected as K; =
P; + (1/4y)I, with symmetric positive definite matrix P;.

(3) If d € Ly, then the motion tracking errors e,, é, converge to zero as
t— 0.

Proof Consider the Lyapunov function:

1 T 1 T A1 1~T ®
VZES MerEpefAf €f+§® SO.

The time derivative of V along the error dynamics (9.27) and control law (9.34) is
given by:

. 1 . L ~
V = "M 4 55T + pe[ A e + ©' 5O
_ T =6 Pl N7 Loy
=y —Cs—Ks—&—:@—I—éF(xe)—EW (xo0)hos —|—§s Ms
+ pefT/\f_l (—nef — AszTWT(xO)izOS) + é)TS(:) — sty + 5Tz,

Since —(p/n)s W' (xo) o5 — peszTWT(xo)izm =0 and (1/2M — C) is a skew-

symmetric matrix, V becomes:
V=—s"Ks+sT20 + sTéF(xe) — npefTAf_lef + (:)TS@ —sTr, + sz, (9.35)

From the definition of the update law (9.33), where the projection algorithm is
used, we can show that:

0’56 +sT=0 <0, (9.36)

and O(t) € Qp for all >0 if ®(0) € Q, with Qy = {® : @' ® < M}. Taking
into account the control law 7, and assumption (2), the following inequality can be
guaranteed:
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ST (=2 + OF(x.)) = s (—k(x.)sgn(s) — OF(x,))
n(m+1) n(m+1)
< —k(x,) Z |si| + Z [(3F (x,));|Isi] <0. (9.37)
Substituting Eqs. 9.36 and 9.37 into Eq. 9.35, we obtain:
V< —sTKs — npe_;A;Ief + 5Tz (9.38)
According to the inequality s7ty < (1/9?4)s”s + 7?1714, Eq. 9.38 leads to:
V< —s"Ps+ 9yt ty, (9.39)

where the control gains K; = P; + (1/4y?)I, have been used, and P = diag
[Po, P1,. .., Py). Substituting (9.26) in (9.39), we obtain:

Ve o ATLTPLA ATLTPL 2T
—e e VT,T,
= L'PLA  L'PL ! tat
=—e"Qe +y*tl1, (9.40)

Considering ¥ = LTPL, matrix Q satisfies Eq. 9.32 and is symmetric positive
semi-definite. By integrating the above inequality, the closed-loop system satisfies
the following H., performance index:

T T

/ e’ Qedt < V(0) (1) +9* / T adt
0 0

1 1 _

<58 T(0)M(0)s (0)+5pef(0)/\f'€f(0)
T
+07(0)26(0) +9* / Tegdt. (9.41)
0

From Eq. 9.39, V is convergent, which implies s € L., and, therefore, that ¢,, é,,
and e; € L. The squeeze force error can be expressed as a function of the neural

network approximation parameters (AM, AAC, and Ag) as:

MW ()M (50) ( (Mo (30) = AM)ESAGES + /(P i) | W (3o s
= 2= 1*W(x)M ' (x0) (Mo(x0) — AM)Ezef + W (x0)B(xo) %o,

(9.42)

with

2 =W(xo)M ' (xo) (fC(xo,)'co)s —Ks — ACq, — Ag + 14 —

= (Mo(xo) = AM) (B(xo) (Aot + ¥) + Blxo) (Ao +32) ).
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Since all terms on the right-hand side of Eq. 9.42 are bounded, a proper value of p
assures /1, is bounded and, therefore, er, §,and €, € L.

If a square-integrable torque disturbance is assumed, i.e., 7y € Ly, then s € L,
by integrating Eq. 9.39. By Barbalat’s lemma, lim,_,,.s(¢) = 0, since s € L, and
5,8 € Lo,. Hence, lim,_ e, €,,¢; = 0. O

The algorithm Proj[S~TZ"s] was originally defined in [3]. It guarantees that
0(t) € Qg for all £, where Qg = {©® : @@ <M + §}, for some M > 0 and § > 0
a pre-assigned constraint region for ©.

We now consider the underactuated case, where the cooperative manipulator is
characterized by n, active joints and n, passive joints. Considering the kinematic
constraints (9.9), the dynamic equation of the underactuated cooperative manip-
ulator is given by:

M (x0) B (o)t + (M (30) B (x0) + C oo k0) B xo) ) o + Blx0) + (9.43)

=T, 4+ W (x6)hos.

The update and control laws for underactuated cooperative manipulators
can now be defined as:

© = Proj[STEs),
Ty = I~7o(xe) +Ks+ 20 — WT(xo)hos + % WT(xo)itos + 15,

where Fo(x,) = Mo(x6)dr + Co(Xos Xo0)qr + Zo(Xo)and AF (x,, ©) = ZO is
the neural network used to approximate AF(x,) =AM (x,)g- +AC
(%o, ¥o)qr + AZ(%o)-

In the fully-actuated cooperative system, n actuated joints are needed to control
the components of the motion of the load and n(m — 1) actuated joints are utilized
to control the squeeze forces. However, when underactuated cooperative manip-
ulators are considered, not all squeeze force components can be controlled since
some degrees of actuation have been lost.

Consider the squeeze force error defined in (9.25). The dimension of hs is nm,
and since the dimension of X; is n(m — 1), it is possible to write }Nlm = W(.T Vs
where 7, € R""~1) and W! € R"<10n=1) is the full-rank matrix that projects the
null space of W7, that is, Im(W/) = X;. Hence, the n(m — 1)-dimensional vector
7, 1s a variable to be controlled.
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The squeeze force error term, (p/17) W7 (xo)hos, can be described as:

WT

Tos

Tas - (P/”I) JZ(XO)‘]o_qT(XO) Wg'))x,
Tps J‘Z (XO)J(:qT (xo)

where 7., T4, Tps are the contributions of the squeeze force error in the compo-
nents of the auxiliary control input 7,. By imposing that 7, =0, since it is
assumed that no actuation occurs at passive joints, n, constraints are created in the
components of y:

T -T T _
T (o) () W]y, = 0. (9.44)

Thus, if the manipulators are not kinematically redundant, only n, components
of y, can be independently controlled, where

o nim—1)—n,, ifn, > n,
¢ 1n =0, otherwise.

The vector 7, is now partitioned in the independently controlled components
Vs € R and in the uncontrolled components y,, € R". Note that if n, <n, none
of the components of ), can be controlled. In the control law implementation, the
components of y,, are computed from the constraints (9.44) as a function of y,,
(see more details in [7]).

9.7 Examples

In this section, the controllers presented in this chapter are implemented and tested
in a cooperative manipulator system. We consider two desired trajectories: a
straight line for the quasi-LPV and game theory-based controllers, and an arc of
circumference for the neural network-based controller.

9.7.1 Design Procedures

The robust controllers can be designed using the Cooperative Manipulator Control
Environment (CMCE). The controller can be selected with the menu Controller
(see Fig. 9.1).

The controllers’ gains are loaded in the control environment by executing the
file uarm_gains.m. To change the controller behavior, the user may click on
the button Design Controller and select the appropriate controller and fault con-
figuration. Figure 9.2 shows the control design box for the NLH-quasi-LPV
controller. The designer can select the following control parameters:
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L: Defines the number of points in the grid of the parameter set P.

® X .ax: Defines the maximum absolute value for the first element of the parameter

vector p, defined as the X coordinate of the object. The parameter range is
defined as p; € [—Xmax, Xmax]-

Ymax: Defines the maximum absolute value for the second element of p, the
Y coordinate of the object. The parameter range is defined as p, € [—Ymax, Yiax)-
phimax: Defines the maximum value for the third element of p, the orientation
of the object ¢. The parameter range is defined as p3 € [~ axs Pmax)-

Vinax: Defines the maximum value for the variation rates of the parameters p;. It
is a vector with three entries, one for each parameter.

e gamma: Defines the value for the attenuation level y.
e Ki: Defines the squeeze force control parameter.

The following MATLAB® code implements the quasi-LPV and game theory

controllers for the free-swinging joint fault configuration.

File: uarm_control.m

o

% H-infinity controller - quasi LPV

elseif (all(cont.type == 'LPV’))
Bap = [eye(n/2); -inv(Jap)*(Jo)];
dBap = [zeros(n/2) ;inv(Jap)*dJap*inv (Jap)* (Jo_est) -

inv (J_est) « (dJo_est)];
ARap = [Jo est Japl;

Map PerxM_estxPer’;
Cap = PerxC_estxPer’;

MBap = Bap’*Map=*Bap;
WBap = inv (MBap) ;
CBap = Bap’*MapxdBap + Bap’*Cap=*Bap;

derror = -derror;
error = -error;
e(:,1) = error;

de(:,1)= derror;

B 2 = [ zeros(3); eye(3) 1;

f1 = 1;

f2(i) = error(l);

£3(i) = error(2);

f4 (i) = cos(error(3)) ;

X nlh = (£1+X1f + £2(1)*X2f + £3(1)*X3f + £4 (i) *X4f);
u(:,1) = -(B_2’'xinv(X_nlh)) * [error; derror];
tauv(:,i) = pinv(Bap’)*MBapxddxo d(:,i) + ..

pinv (Bap’) *CBapxdxo_d(:,i) + pinv(Bap’)*MBap*u(: i) ;



214 9 Robust Control of Cooperative Manipulators

tau s = [-Dat_m’]lxfs_d;

tau at = (tauv(4:3+nat,i) - Jat’*inv(Jog est’)x
pinv ([A’; Jpa’xinv(Jog est’)])x[tauv(1l:3,1);
tauv (3+nat+1:9,1)]) + tau_s;

tau pa = zeros (npa,l);

o

% H-infinity Controller - Game Theory
elseif (all(cont.type == 'GTH'))

Bap = [eye(n/2); -inv(Jap)*(Jo_est)];

dBap = [zeros(n/2);inv(Jap)*dJap*inv (Jap)* (Jo_est) -
inv (J_est) (dJo_est)];

ARhap = [Jo_est Japl;

Map = PerxM estxPer’;
Cap = PerxC estxPer’;

MBap = Bap'’*Mapx*Bap;
WBap = inv (MBap) ;
CBap = Bap'’=x*Map*dBap + Bap’*CapxBap;

derror = -derror;

error = -error;

e(:,1) = error;

de(:,1i)= derror;

u(:,1) = -inv(Rc) *Be’ xT0* [error;derror] ;

ddxo c(:,i) = ddxo d(:,i) - inv(T12)=*Tll+derror -
inv (T12) *inv (MBap) * (CBap*Be’ *TO* [error;derror] -
u(:,1));

tauv(:,1i) = pinv(Bap’)*MBapxddxo c(:,1) +

pinv (Bap’) *CBap*dxo (:,1) ;

tau s = [-Dat m’']Jxfs d;

tau_at = (tauv(4:3+nat,i) - Jat’=xinv(Jog est’) =
pinv([A’; Jpa’=*inv(Jog est’)])=*[tauv(1:3,1);
tauv (3+nat+1:9,1)]) + tau s;

tau pa = zeros (npa,l) ;

9.7.2 Fully-Actuated Configuration

To validate the nonlinear H, control methods presented in the previous sections
we apply them to the underactuated cooperative manipulator shown in Chap. 7,
composed of two identical planar underactuated manipulators UARM. The
workspace and the coordinate system for the cooperative manipulator are shown in
Fig. 9.3; the load parameters are presented in Table 9.1. The kinematic and
dynamic parameters of the manipulators can be found in Chap. 1.


http://dx.doi.org/10.1007/978-0-85729-898-0_7
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Cantroller: NLH - quasi-LPV -

Fault MNo FaulfLocked FaultFosition and Velocity Fauls =
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Fig. 9.2 Controller design box, NLH—quasi-LPV control
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Fig. 9.3 Workspace and coordinate system of the cooperative manipulator UARM and desired

trajectory for the model-based controllers

The goal is to move the center of mass of the load along a straight line in the X—
Y plane from x,(0) = [0.20m 0.35m 0°]" to x4(T) = [0.25m 0.40m 0°]", where
T = 5.0 s is the duration of the motion. The reference trajectory xg(t) is generated
using a fifth-degree polynomial. The following external disturbances are intro-

duced to verify the robustness of the proposed controllers:
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Table 9.1 Load parameters

9 Robust Control of Cooperative Manipulators

Parameter Value

Mass my, = 0.025 kg
Length lo =0.092 m
Center of mass a, = 0.046 m

Inertia

Io = 0.000023 kg m>

=252 -25)°
0.0le™ 5~ sin(4m) 0.02¢~ 5" sin(4nr)
(12572 . _ (=252 .
Td, = | —0.0le= "5 sin(5nt) |» T = | 0.02¢~ 5  sin(5n)
(1-25)2 ,ﬂ .
—0.0le= 5 sin(6mr) 0.0le™ ¥ sin(6mr)

To apply the nonlinear controller via quasi-LPV representation, we select the
parameters p(X) to represent the object position and orientation errors, i.e., k = 3
and p(X) = X,. The following quasi-LPV system matrices are considered:

A(p(x)) = A(p(x)),
Bi(p(x)) = B,
By (p(x)) = B,
Ci(p(x)) = I,
Ca(p(x)) =0,

where A(p(X)) and B are obtained from (9.20) with M(x,) = M(x,) and

~

C(x0,%0) = C(xq,%o).

The compact set P is defined as p € [—0.1,0.1]m x [—0.1,0.1]m x [-9,9]".
The parameter variation rate is bounded by |p| <[0.06 m/s 0.06 m/s 6°/s]. The
basis functions for X(p) are selected as: fi(p(X)) = 1, 2(p(X)) = X0y, f(p(X)) =
Xoy and fy(p(X)) = cos(X,, ), where Xo = [X,; Xo, Xo,], Xy and X,, are the X and Y
coordinate errors of the load, and x,, is the orientation error. The parameter space
was divided considering three points in the set P. The best attenuation level is
y = 1.25.

For the nonlinear H., controller designed via game theory (Sect. 9.5.2), the
attenuation level is y = 4.0. The weighting matrices used are: Q; = 10l3, O, =

I3, Q1 =0, and R =13. The desired values for the squeeze force are hf{c =
00 O]T. The integral gains of the squeeze force controller are K; = 0.9/5 and
Ki; = 0.91; for the fully-actuated and underactuated cases, respectively. The
resulting Cartesian coordinates and orientation of the object are shown in
Figs. 9.4 and 9.5.

Three performance indexes are used to compare the performance of the non-
linear H, controllers: the £, norm of the state vector, £,[X], the integral of the
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Fig. 9.4 Control of a rigid
load by a system of two
cooperative fully-actuated
manipulators, quasi-LPV
formulation
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Time (s)

applied torque by the i-th joint for both manipulators, E[z], and the integral of the

squeeze force vector:

1
E[hox] == Z /|h05[(t)|dt )
i=1
0

where t, is the time it takes for the load to reach the desired position. The
results are presented in Tables 9.2 and 9.3 and represent the average of five

experiments.

Note that the nonlinear H,, controller designed via game theory presents
the lowest trajectory tracking error, £,[x], although the energy usage E[t] and
the squeeze forces El[h,] are higher in comparison to the quasi-LPV

formulation.
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Fig. 9.5 Control of a rigid load by a system of two cooperative fully-actuated manipulators,
game theory formulation

Table 9.2 Performance

. Control Formulation £, [x] E[tf] Nms) Efho) (N s)
indexes, fully actuated -
configuration Quasi-LPV 0.01815 0.8318 0.2193
Game theory 0.01158  1.1200 0.3875
Table 9.3 Performance Nonlinear Ho, L,[%] E[ff(Nms)  Elho (Ns)
indexes, underactuated -
Quasi-LPV 0.0154 0.9976 0.4477

configuration
Game theory 0.0103 1.0609 0.3973
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9.7.3 Underactuated Configuration

In this section, we assume that joint 1 of manipulator A in Fig. 9.3 is passive. In
this case, (n, =n(m —1) —n, =2) and therefore only two components of the
squeeze force can be controlled independently. We choose to control the X and Y
components of the squeeze force but not the component relative to the momentum
applied to the load. The desired values for the squeeze force are ch =10 O]T.

The parameters p(X), the variation rate bounds, and the basis functions needed

to compute X(p) are the same ones used in the fully-actuated case. The quasi-LPV
system matrices are also the same except that M(x,) = M(x,) and C (X, %) =

C(xo,%,). The parameter space was divided considering three points in the set
P. The best level of attenuation is y = 1.25. The weighting matrices for the
nonlinear H, control via game theory are the same defined for the fully-actuated
case. The level of attenuation adopted is y = 4.0.

The experimental results are shown in Figs. 9.6 and 9.7, and the performance
indexes in Table 9.3. Note that, in this case, the nonlinear H, controller via game
theory presents the lowest trajectory tracking error and squeeze force. The best
value for the energy usage is given by the nonlinear H,, controller via quasi-LPV
representation.

Figure 9.8 shows, for the quasi-LPV formulation, the squeeze force compo-
nents when the squeeze force control is applied (continuous line) and when it is not
applied (dashed line). It can be observed that only the components of the squeeze
force relative to the linear coordinates are controlled and close to the desired
values I'Y. = 0. The component of the squeeze force relative to the momentum is
not controlled in both cases, as mentioned before.

For the case where the squeeze force is not controlled, the values of £,[X] and
Elt] are close to the values in Table 9.3. The values of E[h], however, are on
average three times larger than when the squeeze force is controlled.

We ran the same experiment using the hybrid position/force control for unde-
ractuated manipulators proposed in [7]. The average performance indexes over five
experiments are £,[x] = 0.0128, E[t] = 1.7781, and E[h] = 0.5741. Although in
this case L£,[x] is lower than that obtained via the quasi-LPV formulation, the
values of E[t] and E[h,,] are approximately 70% and 40% larger, respectively. The
conclusion is that, in this case, the robust controllers present practically the same
position tracking performance than the hybrid position/force controller, but with
less control effort.

9.8 Neural Network-Based Adaptive Controller

We also experimented with controlling the underactuated cooperative manipulator
with the nonlinear H,, neural network-based adaptive controller developed in
Sect. 9.6. The load parameters, presented in Table 9.4, represent those of a
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Fig. 9.6 Control of a rigid
load by a system of two
cooperative underactuated
manipulators, quasi-LPV
formulation
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force-torque sensor attached to the manipulators’ end-effectors. Figure 9.9 shows
the workspace of the cooperative manipulator and the desired trajectory for the set
of experiments presented next.

The desired trajectory is an arc of circle centered at C = (0.24,0.08) m and
with radius R = 0.26 m. The arc spans from x,(0) = [0.1m0.3m 0°]" to x4(T) =

[0.38 m0.3m 0°]", where 7 = 3.0 s is the desired duration of the motion. The
reference trajectory for the x-axis is a fifth-degree polynomial, and for the y-axis it
is defined by the reference arc. The following external disturbances are introduced
to verify the robustness of the proposed controllers:

0.0le™
Tdy = | —0.01le™
—0.0le™

o sin(27r)
o s1n(2 5ut) |» T = | 0.02¢ L 51n(2 Snt)
1—1.5)

o5 sin(3mnr)

0.02¢~ gt sin(27r)

0.01e~ 5 sin(3mr)
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Fig. 9.7 Control of a rigid
load by a system of two
cooperative underactuated
manipulators, game theory
formulation
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For the fully-actuated configuration, the following control parameters are used:
K = diag[3.4215,0.38[¢), A = 0.813, A = 0.53, p = 0.4, n = 1, and § = 50. The
desired values for the squeeze force are h? = [0 0 0]". To compute the neural
network, the following auxiliary variable is defined:

b= 3 () () 00+ (@),

The matrix Z can be computed as:

(el//+m:-( _ e—l//—mf?)/(el//erf 4 e—lﬁ—m{.‘)’ and mk

E = diag[¢], &), .., &,

with & = [&,.. 80", &

i

assumes the values —1.5, —1, —0.5,0,0.5,1, 1.5, fori = 1, ..., 7, respectively. Note
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Table 9.4 Load parameters — p,.-oooter Value
Mass my = 1.45 kg
Length lob =0.120 m
Center of mass a, = 0.060 m
Inertia I, = 0.0026 kg m?

that, with these definitions, seven neurons in the hidden layer are selected for the
neural networks with the weights wg- assuming the value 1. The network parameters

© are defined as © = [©7,.. ., ®§]T, with @ = [0 Op. . .O]". It is assumed
that the approximation error is bounded by the state-dependent function k(x.)
defined as k(x,) = 2¢/X2 + 56(2) The resulting Cartesian coordinates and orientation

of the load are shown in Fig. 9.10. Table 9.5 compares the values of £, [x], E[t], and
Elhos] when all three controllers presented in this chapter are applied to the
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Table 9.5 Performance indexes, fully-actuated configuration

Controller formulation L,[x] E[t] (N m s) Elhos] (N s)
Neural network-based 0.0267 1.09 0.9253
Quasi-LPV 0.0514 1.95 1.02
Game theory 0.0617 2.30 1.11
Fig. 9.11 Nonlinear 0.45
‘H~ neural network-based
adaptive control of a rigid (O
load by a system of two
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fully-actuated cooperative manipulator system following the desired trajectory of
Fig. 9.9. Note that the neural network-based H,, controller presented significantly
better performance both in terms of trajectory tracking error and energy usage, while
its performance in terms of squeeze forces is equivalent to the other two.

When applying the neural network-based adaptive controller to the underactuated
configuration, we again assumed that joint 1 of arm A is passive and the desired

values for the squeeze forces are y¢. = [0 0]". The gains are K = diag[3.4213,0.381),



9.8 Neural Network-Based Adaptive Controller 225

Table 9.6 Performance indexes, underactuated configuration

Controller formulation L,[x] E[t] (N m s) Elhos] (N s)
Neural network-based 0.0462 2.36 1.56
Quasi-LPV 0.0561 2.70 1.61
Game theory 0.0574 2.83 1.65

A=15, Ay =041, p =02,y =1, and § = 50. The experimental results are
shown in Fig. 9.11. The comparative performance indexes are presented in
Table 9.6. Note that, once more, the neural network-based H, controller presents
the best performance in terms of trajectory tracking error and energy usage, while
presenting similar performance in terms of squeeze force control.
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