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ABSTRACT

Combining the advantages from electric motor arel gheumatic actuator, the
hybrid pneumatic-electric actuator is expected écshfe, low-cost, clean, high power to
weight ratio, and to provide precise position cohttn this thesis, the modeling and
control of an improved hybrid pneumatic-electrituator prototype is presented.

The actuator’'s main components consist of a loetibn pneumatic cylinder, two
on/off solenoid valves, and a small DC motor. Thknder and motor are connected to a
common output shaft using gears. The shaft rottgagle-link robot arm. Its position
is measured by an incremental encoder. The pqotyas improved by incorporating
faster switching valves, flow controls, a fastedveadrive circuit, a high resolution
encoder rather than the existing linear potentiemehore accurate pressure sensors and
stronger gears.

A system dynamic model without the valve dynamiswaveloped identified and
validated using open-loop experiments. The valveleteofor a discrete input and PWM
input were then developed and validated separalély.use of bipolynomial function and
artificial neural network fitting methods for modej the valve mass flow rates were
compared. The combined system model with valve myoe was validated
experimentally.

Two model-based nonlinear position controllers,ngsthe backstepping and

discrete-valued model predictive control (DVMPC)thoals, were designed, simulated



and extensively tested. Testing was done with tteaor operating using the cylinder
alone, the motor alone and in hybrid mode using d¢iiender and motor together.
Operating in the hybrid mode reduced the root-nmssprare error (RMSE) up to 80%.

A stability analysis for the backstepping controtluding the valve modeling
error, friction model error, and electric motor goe modeling error was performed.
Compensation terms were designed to improve thinpesnce for the two controllers.
Additional stability analyses were performed fockstepping controller with a feedback
term and the DVMPC with motor control. A payloadireation algorithm was proposed
and shown to enhance the robustness of the DVMRREbtipg in vertical configuration.

Simulations and experiments demonstrated that tleelerbased controllers
performed well for both vertical and horizontal figarations. Regarding robustness to
payload mismatch, if the payload was within thedlgapacity of the hybrid actuator, the
model-based controllers were both insensitive ® playload variations in horizontal
configuration. The backstepping controller was alsioust to the payload variations in
the vertical configuration.

In experiments, the backstepping control in hymduation mode produced a
RMSE of 0.0066 radian for a 2 Hz sine wave despesition trajectory with a 0.3 radian
amplitude. With DVMPC, this value decreased ta0@®radian. These tracking errors
were shown to be 30 to 50% less than those prodogedmodified linear position plus

velocity plus acceleration controller.
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Master's Thesis — M. Xue Mester University — Mechanical Engineering

CHAPTER 1. INTRODUCTION

1.1 Traditional Industrial Robots

In this thesis, the term “robot” refers to a pragraable robotic arm. Due to the
continuing growth of global manufacturing demantiaditional industrial robots have
grown in popularity and are used the all over tloeldvto improve industrial productivity

(http://www.ifr.org). The area of industrial robots usage was maintytéd to material

handling, robotic welding, robotic assembly, robalispensing, and robotic processing
because of the process operation is relatively Isirapd the design of robot is limited by
the development of hardware and software(Jobin ROCbmpared with humans,
traditional industrial robots have superior stréngnd endurance, but they are more
dangerous and have vastly inferior intelligenceeifluse frees people from dirty, dull,
and/or dangerous tasks, and has been shown t@seceenployment (Shafi 2012).

The strength and speed of traditional industriabte, along with their design, can
make them unsafe. Although the number is smallatteedents caused by robots can be
catastrophic for workers, employers, and robot rfeturers. Nicolaisen (1987) studied
both non-fatal and fatal accidents caused by im@listobots, and concluded that for
safety problems “A solution to the problems willither arrive on its own, nor emerge
from the transformation of any single phenomenehidAs a rule it consists rather of a
more or less successful combination of differentiglasolutions which have frequently

emerged in laborious small-scale work by the grdakig part in the project. .
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The effort made to keep human workers safe is rieahég. The safety regulations
today in the manufacturing environment are extensiand sometimes seen as
overcautious. A safe working environment is tydicalreated by isolating the robot(s)
using physical barriers and/or sensors for detgciiman presence and stopping the
robot. However, the design of industrial robots esmkhem inherently unsafe. One
important hazard of a traditional industrial robmimes from the way its joints are
actuated. With few exceptions, electric motors @ed because of their high accuracy,
guickness, and ease of control. The motor is cdedet gearbox in order to provide
sufficiently large torque. The output shaft of thearbox drives the joint and moves one
link of the robot arm. If an impact of a human ahd operating robot happens, it may
cause serious or even fatal injuries. Although senand software can be used to avoid
collisions, they do provide adequate reliabilifiyor a robot to be inherently safe it must
not cause serious injuries even when sensor amaasef faults occur. This means the
inherent safety must come from the mechanical desighe robot.

From the designer's and consumer’s perspectiveslaitk of inherently safety is
the Achilles’ heel of industrial robots. It preventobots from expanding into other

industrial and service areas where isolating rolsot®t a feasible safety solution.

1.2 Collaborative Robots
Only a few inherently safe robots have been sald,ane is currently available on
the market. Guizzo and Ackerman (2012) introdutieel robot “Baxter”’, made by

Rethink Robotics, in 2012. They emphasized thattrth@itional actuation approach (i.e.
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motors plus gearboxes) is good for certain jobs @iscwelding cars in factories, however
it is a hazardous to human workers near the rdmotter, on the other hand, is friendly to
workers because its “series elastic actuatorsasiggned to be mechanically compliant.
Rather than a rigid connection, the motor and geadsive a spring, which in turn drives
the joint. If an impact happens, due to its commpue the spring is able to absorb the
collision energy to prevent serious human injuri€his elastic actuation solution is
indeed inherently safe. However, its maximum loapgacity, speed and the accuracy are
poor compared to traditional industrial robots. £zei and Ackerman (2012) claimed that
the robot has an accuracy of about 0.5~1cm, a mawispeed of 0.6 m/s and can lift up
to 2.25kg. Robots like Baxter, although sufficlgrgafe, will not be capable of working
on operations where high accuracy, high speedgtr loads are required. For example, it
would not be capable of assembling electronic dirboards, or assembling cars, or

opening lids when used as a personal robot assistan

1.3 TheNeed for a Hybrid Pneumatic-Electric Actuator

The collaborative robot Baxter is a revolutionanpgquct. However, its limited
load and speed capabilities, and inadequate aggunagke it human friendly but not
useful enough for widespread application. The Ritgeneration of collaborative robots
needs to be more accurate while retaining the séonehigher) level of safety.
Furthermore, it should be affordable to all mantufeers and even ordinary consumers.

To achieve such goals, a new actuation solutioegsired.
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Baxter’s elastic actuator is inherently safe beeanfsits spring. However, it has
problems with limited accuracy and the relativatyadl maximum torque.

Electric motor is easy to control, and can providgh accuracy, and rapid
response. However, it needs a gearbox to ampifytarque which inevitably also
amplifies it friction and reflected inertia. Thisalified friction and reflected inertia can
produce large impact forces. Consequently, a rabot driven by a motor with a large
ratio gearbox is dangerous when a collision takasep

A pneumatic actuator provides a high power to weighio, and is relatively low
cost. Most importantly, it is even inherently sdfds driven by the pressurized air which
has natural compliance. The challenge of usingeupratic actuator for a robot joint is
attaining the required fast and accurate positiontrol due to the nonlinearity of the
compressed air.

If the pneumatic and electric actuator can be plgm®mbined together, the new
actuator will have inherent safety, high accuracyficient torque and relatively low cost.
A prototype of such an actuator, a “hybrid pneuniatectric actuator” was presented by
Bone and Chen (2012). Their experiments provedtheprototype hybrid actuator has a
high accuracy relative to a pneumatic actuator, pnodiuces a sufficiently large torque
(i.,e. similar to a small traditional industrial mt. Improving the performance and
robustness of such a hybrid actuator is necessarisf practical application, and is the

subject of this thesis.
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1.4 Objective and Organization of the Thesis

The main objectives of the thesis are to improve thodeling and control
performance of a hybrid pneumatic-electric actudtmr robotics applications. The
actuator prototype will also be improved. The newtg@ype will be modeled together
with two new valve dynamics models. Two nonlineantecollers will be designed,
simulated and tested in different conditions. Rohess of the proposed controllers will
be investigated in simulation and experiments.

The organization of the thesis is as follows: Chagtreviews the most important
literature on pneumatic and hybrid actuator modekmd servo controller design. The
system architecture and derivation of the systerdahare introduced in Chapter 3. The
system model includes the valve dynamics and mécdladynamics. The model is
validated by open-loop experiments. In Chaptewd, inodel-based nonlinear controllers,
backstepping control and discrete-valued modeliptigd control, are designed. They are
compared to a PVA controller in simulation and ekpent. In Chapter 5, simulations are
used to investigate the performance of the twogtesi nonlinear controllers under
different operating conditions. The robustness g tontrollers is studied for two
actuator combinations (i.e. pneumatic alone anditlyby simulating payload mismatch,
and horizontal vs. vertical motion. Similar expeents were done to verify the
simulation results. These are reported and discussChapter 6. Conclusions are drawn
in Chapter 7. The achievements of the result ae simmarized, and recommendations

for future work are suggested.
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CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

In this thesis, system modeling, control algoritldevelopment, and hardware
architecture will be investigated for a novel hgbactuator. Two nonlinear controllers
will be designed and tested. The most importamtveeit publications will be reviewed in
this chapter. Section 2.2 reviews the literaturehardware design of hybrid actuators.
Section 2.3 reviews the system modeling literat@ection 2.4 reviews the papers on
position servo control of pneumatic and hybrid pnatic-electric actuators. Section 2.5

summarizes the findings.

2.2 Hybrid Actuator Design
There is very little existing literature on the @@sthe pneumatic-electric hybrid

actuator, especially for the purpose of roboticsatbn. It is important to note that a
pneumatic actuator may be connected either inserién parallel to an electric actuator.
The series connection may be used to increasectheaxry and range of motion, but it
will not increase the power output of the hybriduator. When the actuators are
connected in parallel the accuracy and power outpat both be increased. Since an
actuator with high accuracy and high power (paléidy high torque) is necessary for
robots, this thesis will concentrate on only palationnected hybrid pneumatic-electric

actuators.
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The concept of hybrid pneumatic-electric actuatmma robotic manipulator was
first proposed in 1987 by Petrosky (1988). Hisiglesoncept consisted of a rotary
pneumatic actuator connected directly to an eleatnotor. He wished to create a
lightweight high torque actuator and to reducegbssibility of the motor overheating by
providing most of the torque pneumatically. Nodmrce of a product (or even a
prototype) was found in the literature.

Later, Mills simulated an electric motor connectedparallel with a pneumatic
muscle together to drive a robot link (Mills 1998)is goal was to achieve independent
torsional stiffness control and joint position aohtby applying an appropriate control
algorithm. Simulation results were given to show #ffectiveness of proposed hybrid
actuator and control strategies. No hardware exymris were performed.

Takemura et al. (2000) proposed another hybridadotudesign. A pneumatic
motor was connected to a smaller electric motgrarallel through gears. The gear ratio
between DC motor and pneumatic motor was 1:2. T@eviator provided 1/3 of the total
output torque, and was used to make the hybricamtieasier to control. A pneumatic
motor is not a good choice for an inherently safiiaor since its seals produce a large
friction torque.

Zinn et al. (2004proposed a new actuation concept for robotic maaipucalled
DM?actuation. With this concept, two actuators areted at different positions on the
robot. The larger actuator is a series elasticaaotuhat is located at the base of the arm,

and the smaller one is an electric motor locatd@tie@joint. They are connected in parallel
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at the joint by a cable. The series elastic actuatimtended to provide the majority of the

low frequency component of the torque with high ptiemce. The small electric motor

is intended to provide the majority of the highguency torque. In addition to providing

high performance and inherent safety, this actudisiribution design was expected to
greatly reduce the effective inertia of the robbhe proposed actuation method was
demonstrated on a 2-DOF prototype robot arm.

Following Zinn et al.’s DM actuation concept, Shin et al. (20¥@pposed an
improved version of DN and built a prototype naméte Stanford S21.5 robot. In the
new design, the series elastic actuator was replagdour pneumatic muscle actuators
to provide a faster response. The pressure irside muscle was controlled by a pair of
proportional valves, one for filling and one forschharging. The specifications of the
electric motor were not provided. The proposed tdyactuator was capable of tracking a
26 Hz small amplitude sine wave position trajectdfging the pneumatic muscles alone,
the prototype was capable of tracking a 6 Hz sirevewntrajectory with the same
amplitude. No payload was used. Their controllesigie will be reviewed later in section
2.4,

Bone and Chen (2012) proposed a different pneuredairic hybrid actuator
design. A low friction double-acting pneumatic oygler was connected in parallel with an
electric motor using three gears. Two on/off solénwalves were used with the
pneumatic actuator. Solenoid valves are known tdebs expensive than proportional

valves (e.g. $120 CAD for a FESTO solenoid on/affve vs. $970 CAD for a FESTO
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proportional valve). This fact, plus the use of tvadves rather than eight, means that the
valves cost roughly 95% less than those used wi¢h Stanford S2 1.5 robot. The
electric motor is connected to output shaft throadghl ratio transmission which greatly
reduces friction torque compared with the highorgearboxes (e.g. 100:1) typically used
with robots. The motor alone is able to provide w@bd2% of the total torque. Their

controller design will also be reviewed in sectibA.

2.3 System Modeling

The electric-pneumatic hybrid actuator combinesupmegic power with electric
power. The pneumatic actuator will provide the mgjoof the torque, with the remainder
provided by the electric motor. Therefore the pnatiecnactuator will dominate the
dynamic behavior of the hybrid actuator. The dyre@of the actuator are primarily
influenced by the flow characteristics of the valvéhus, the flow characteristics of the
valves are extremely important. There are thrgegyof pneumatics valves. On/off
solenoid valves cannot maintain a state other traor off, however they can be used
with pulse-width modulation (PWM) to provide a cowfously variable flow rate.
Proportional valves are designed to provide a oaotisly variable flow rate. Servo
valves are designed for faster and more accuraferpence than proportional valves.
The related literature will be reviewed in this ts@e. The focus will be on on/off
solenoid valves since they will be used in the ldy/lprototype presented in sections of

System Modeling and Controller Design and ExperinmeiChapter 3.
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van Varseveld and Bone (1997) proposed a novel RAlgerithm for using on/off
valves for position control. The proposed PWM aildpon set the two three-way valve
inputs in a nonlinear manner to compensate forvéilge dead zones. Unlike regular
linear PWM algorithms, the proposed PWM schemedéisear output/input (actuator
velocity/PWM duty cycle) relationship. The PWM atgbm was validated by measuring
actuator velocity with different PWM inputs. Latan autoregressive with external input
(ARX) model with six parameters was obtained byngsbpen-loop test data. The
pneumatic servo system was much less expensive ttiese developed by previous
researchers using proportional valves.

Wang et al. (1998) proposed a switching model tscdee the three-way on/off
valve switching characteristics and a novel wayestimating on/off valve model
parameters. Open-loop experiments of different uppessures were used to measure
the switching on/off delay. The mass flow ratesevabtained by solving mass flow rate
equation and perfect gas equation. The nine valedemparameters were estimated by
minimizing the error between measurements and theilated model. Finally, the
obtained model was validated by open-loop experimen

Messina et al. (2005) investigated in details of amalytical model of the
dynamics of pneumatic actuator controlled by PWMpdtiments were performed at
different initial position with different duty cyes. The analytical model was developed
based on three main assumptions, namely: “the th@ymamic quantities in all their

occurring events are considered spatially averagier forms of energy are considered

10
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negligible, chambers are considered perfectly ar@lmatically insulated, the influences
of the connecting tubes is neglected and, finaéliig, supply conditions are assumed to be
instantaneously constant.” The measurement of #ieels plunger suggested that the
three-way valve dynamics introduced a delay of al#ms with respect to the PWM
control signal. The system model had 46 parameterd was validated through
experiments. The simulated position of the pnewrattuator varied up to 3 mm relative
to its measured position.

Ahn and Yokota (2005) proposed a modified PWM aantlgorithm for a
pneumatic servo system. Eight two-way on/off solénalves were used. Compared to
traditional PWM scheme, a minimal pulse width timas added to avoid the dead zone
of the valves with 14 parameters. The control isgotthe valves were set to zero when
the position error was within a certain thresholdhe parameter identification and
validation of the valve model was not provided.

Smaoui et al. (2006) designed a servo pneumatitersysising backstepping
control method. Their pneumatic actuation systesdusvo three-way servo valves. The
valves were assumed to be identical. The relatipnshinput voltage, chamber pressure,
and mass flow rate into the chamber were desciiyeal static function. They made the
same suppositions as Shearer (1956). They didormtide information on the valve
parameters, the parameter estimation method, oehvatidation.

Shen et al. (2006) proposed a novel nonlinear mioalksdd PWM pneumatic servo

system. PWM controlled three-way on/off solenoidvea were used. The nonlinear

11
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averaging technique was used as the basis of dentdevelopment. However, the valve
modeling was similar to Smaoui et al. (2006). Thene assumptions were made. The
mass flow rate through the valve orifice was dididieto choked and unchoked regimes.
The valve model had one unknown parameter and yseera was modeled by 11

parameters. The four different discrete modes olvevaswitching are described

respectively. The parameter identification and dation of the valve model was not

provided.

Rao and Bone (2008) designed a backstepping ctartfolr a miniature servo
pneumatic system. The experiments were conductadsimg 9.5 mm bore and 6.4 mm
pneumatic cylinders, and four two-way proportioralves. A novel mass flow rate
model with nine parameters was developed for thepagational valve since it had a
different structure compared to traditional spoefve valve. The mass flow rates at
different chamber pressure and valve input wergmaseéd from the pressure response.
Tests were performed for step inputs in valve gdtand a fixed piston position. Then
the surface of estimated mass flow rate was fied 2% order bipolynomial function.
The rest of the system model was obtained by mesti@amodeling. The derived model
was validated through open-loop experiments.

Carneiro and de Almeida (2012) constructed a n@veumatic servo system
model for control purposes. The system consistetivof three-way servo valves, two
pressure sensors, a position sensor, an acceleometl a pneumatic cylinder. An

artificial neural network (ANN) with two inputs (ke input voltage and chamber

12
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pressure) and two hidden layers was used to fithss flow rate model. The first and
second hidden layers have ten and six neuronseceggly. A friction model was also

obtained using the same ANN structure. A reducetkropressure model was shown,
which according to the author outperformed clasgicassure models. The number of
valve model parameters was not provided. Systememealidation was provided by

experiments. The detailed information on the ommpltests used for collecting the
training data set for the ANNs was not provided.

Hodgson et al. (2012) designed a sliding mode odlatrfor an electro-pneumatic
positioning system. The system included one pnegraglinder and four two-way on/off
valves. Two valves were connected to each chanfeccylinder. The mass flow rate
through the valve orifice was described by the ¢dath choked flow and unchoked flow
equations with two parameters. The on/off stateheffour valves have 16 combinations
or modes. The paper only utilized seven of theselepoThe dynamic model of the
pneumatic actuator described by nine parametefs avéeven mode discrete input was
presented. The parameter identification and vabdaf the model was not provided.

Bone and Chen (2012) designed a novel predictiméralter for a hybrid electric-
pneumatic actuator. The pneumatic actuation pastsirailar to pneumatic servo systems,
and consisted of one double acting pneumatic cgtindth two three-way on/off valves.
The mass flow rate was modeled for each stateeobtiioff valve. The mass flow rate
through orifice is divided into choked flow and to&ed flow depending on upstream

and downstream pressures. The two parameters ointes flow rate model were

13
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obtained through open-loop experiment data fittlgriction model combining viscous

friction with Coulomb friction model was identified

2.4 Position Servo Control

This section will focus on the important literatuos linear and nonlinear
controller design for pneumatic and hybrid actusator

van Varseveld and Bone (1997) proposed a PWMraled pneumatic servo

system using an extended discretized proportiohed ptegral plus derivative (PID)
controller. The novel PWM algorithm set each of thve on/off valves differently at their
dead zones. Several ARX models were obtained fra@an-doop experiments with
different initial positions. A conventional disdmtd PID controller was extended with
friction compensation, position feedforward (FR)daounded integral action. The PID
controller gains were found using the mid-stroksippon ARX model parameters and a
single tuning parameter. Experiments under varamrslitions were performed using the
proposed PWM scheme (running at 62.5 Hz) and cletrd’he worst case steady-state
error (SSE) was 0.21 mm. A following error lessntttamm was achieved for S-curve
profiles. A 0.11 mm step movement was also ackievéhese experiments were
performed horizontally without payload. An additabrexperiment with a 4.6 kg payload
was done, the response was stabilized further roefl the robustness of designed
controller.

Ning and Bone (2002) designed a linear PVA/PV al@r for a pneumatic servo

system with one proportional valve. The term PVA/R¥s used since their controller

14
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switched the noisy acceleration feedback off whengosition error was within certain
threshold. This was found to shorten the settlinggt A friction compensation term was
added to avoid dead zone of the cylinder. A SSB.@fmm was verified experimentally
for vertical and horizontal motions with a 5 kg f[m@ad. Ning and Bone (2005) presented
a pole placement method for designing the PVA adlietr more systematically. A model-
based FF term was also added into control signgiefiments under a wide range of
conditions were performed. They achieved a SSE.@f &hm and tracking errors less
than 3 mm. The sampling rate was 500 Hz in boflepa
Ahn and Yokota (2005) proposed an intelligent shiitg controller for a

pneumatic actuator using eight on/off valves. Tovmte a sufficiently large force in a
short time period, the mass flow rate was incredsedperating two valves in parallel. A
PVA controller with modified PWM control signal wagsigned. To improve robustness
of the controller, four payloads (0, 10, 20, 30 kgre first selected. A PVA controller
was manually tuned for each payload and the cdetrghins were recorded. Learning
vector quantization neural network (LVQNN) was ed to identify the payload. The
training data was obtained for 12 different casesxdernal load (0 to 32 kg). The
controllers were switched online based on the dutpihe LVQNN. With no payload
and a 600 mm step reference, the maximum oversivast within 0.3%. Using the
proposed modified PWM approach produced a 0.2 mild BBile conventional PWM
produced a 1.75 mm SSE. The results of a contraligrout switching (i.e. with fixed

PVA gains) for four different external loads weh®wn to be significantly worse.
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Shen et al. (2006) applied PWM sliding mode contva pneumatic servo system
with two on/off valves. The controller was designeased on a full nonlinear system
model. They obtained this continuous input modekbgverting a discrete-input model
using the nonlinear averaging approach. The dedighding mode controller had four
parameters and they were tuned manually in expetsn&he valve control PWM period
was at 25 Hz. Sine wave trajectories with frequesaf 0.25 Hz, 0.5 Hz, and 1 Hz were
used with a payload of 10 kg. The pneumatic systgmrated horizontally. The
maximum errors for all of the trajectories wereggkarthan 5 mm.

Smaoui et al. (2006) proposed a pneumatic servoagh system with two
proportional valves using backstepping control. dbaek linearization was used to
transform the pneumatic subsystem into pure integgaAssuming no modeling error,
they proved the global asymptotical stability. Tdesigned backstepping controller had
five gains. The efficient tuning method was notaduced. An experimental result for
tracking a trajectory defined by a fifth-order podynial function with no payload was
shown. The maximum absolute error (MAE) was 1.62.rhe steady state error is
about 0.1 mm.

Rao and Bone (2008) designed a backstepping ctamtrébr a miniature
pneumatic servo system with four servo valves.udiclg modeling errors, if the gains
can be made sufficiently large then the designezkdiapping controller is “globally
asymptotically uniformly bounded and the trackingbecan be made arbitrarily small.”

The desired mass flow rate was implemented by sglthe quadratic equation obtained

16
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from their valve model. The four controller gainer@ manually tuned. Experiments were
conducted for S-curve and sine wave trajectorigh wiree payloads (nominal, larger,
smaller). With a 1.5 kg payload, the MAE was 0.5 fuma 1 Hz sine wave trajectory,

and the SSE was within 0.05 mm for an S-curve dtajg.

Hodgson et al. (2012) proposed a novel sliding moal&roller for an electro-
pneumatic positioning system with four on/off vadvand seven discrete input modes.
The designed controller had five parameters anduhag method was introduced for
smooth motion with the least valve switching adyiviFor 0.1 Hz to 1.5 Hz sine wave
trajectories and 1 kg payload hanging from a pulteg worst case root mean square
error (RMSE) was 3 mm.

The remainder of this section covers hybrid pnédigyedectric actuators.
Takemura et al. (2000) designed a point to poifi®)Rcontroller and a trajectory tracking
controller for their hybrid electric-pneumatic motd~or the purpose of PTP, the
pneumatic motor was under sliding mode control.tHa controller, the acceleration
obtained by differentiating the position signal waplaced by an estimate based on the
differential pressure in order to remove the agegien feedback noise. Proportional plus
derivative (PD) control was applied to the electriotor. For the purpose of high speed
stopping accuracy, the PTP control concept wasqa@gh When the error is relatively
large, the output shaft is mainly controlled by fhreeumatic motor. When the error is
small, the output shaft is only controlled by thiec&ic motor. Experiments were

performed with a vane-type pneumatic motor (279aj a DC motor (90 W), and a 1.5
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kg payload attached the output shaft. A worst &SE of 0.6 degrees was achieved for
the hybrid actuator, compared to 1.0 degrees ®ptieumatic motor operating alone.

Shin et al. (2010) designed and built a hybriduaitr based safety robot the
Stanford S@ 1.5. The designed controller decompose desireguéorput to low and
high frequency components. The high frequency irypa$s commanded directly to the
electric motor as error. A linear closed-loop Pihtroller with a load cell was designed
for indivdial pneumatic muscle (four in total) toropide the major torque. The
nonlinearity of the pneumatic muscle was compenshyeadaptive gains with respect to
the pneumatic muscle length. The muscle length atdained by solving an analytical
model using the load cell feedback. Experimentsewperformed without external
payload. The closed-loop PID control achieved 6 B4mdwidth of the macro force
control loop. The macro + micro hybrid actuatiomiaged a 26 Hz bandwidth of force
control loop. The information on tracking errors swaot provided. The maximum
effective mass of the $21.5 is 0.98 kg.

Bone and Chen (2012) designed a discrete-valueeinpoedictive controller plus
inverse dynamics controller (DVMPC + IDC) for theybrid pneumatic- electric
actuator. The pneumatic actuator was controlledgu®VMPC and two on/off valves.
The two on/off valves have four possible combinatian one sampling period. In their
design, the valve input was assumed to be constaartthe prediction horizon. It was
chosen from the set of four valve input combinatidty an exhaustive search which

minimized the predicted sum of squared trackingrerrThe IDC was applied to the
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electric motor. An integral term was added in tduee the SSE. For a 0.35 m arm and
17.1 kg equivalent mass of moving elements, thdyeaed a 2.5% MAE for vertical
cycloidal trajectory using the pneumatic actuatmme. With the hybrid actuator the

MAE was reduced to 0.37% for the same trajectory.

2.5 Conclusions

Up to today, the design of hybrid actuator follothe same idea of Petrosky
(1988). The existing design of hybrid pneumaticcgle actuator mainly has several
forms: pneumatic motor + electric motor, pneumaticscle actuator + electric motor, and
pneumatic cylinder actuator + electric motor. Fbe tpurpose of safety robot joint
actuation, the pneumatic motor + electric motonag applicable for such application
since the friction torque of pneumatic motor isatiélely large such that it is not safe
when impacts happens. The pneumatic muscle acttisgtactric motor were adopted by
the Stanford S21.5. The demonstrated experimental results wepgdssive. However,
the payload capacity is therefore limited by theabrtorque that can be proveded from
pneumatic muscle. The StanfordpSR5 used four pneumatic muscle plus at least eight
proportional valves to solve the problem. Compaegneumatic muscle, the cylinder
has its own advantages. Most importantly it is bégaf providing sufficient large torque
with less nonlinearity.

The most on/off valve models built for control pases were mainly based on the
work of Shearer (1956). The exception is the aradytvalve dynamic model with 46

related parameters developed by Messina et al5§2Qing on/off discrete states at a
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single sampling period, the finite combination afwe input could be used to calculate
corresponding mass flow rate. However, modelinghas flow rate dynamics for on/off
valve with a PWM input was rare.

The linear and nonlinear controller combination dwated the choice of hybrid
actuation control strategy. The separate contralessign methodology was adopted by
Takemura et al. (2000), Shin et al. (2010), Bong# @hen (2012). This is because of the
bandwidth of the actuators is very different. Thedel-based nonlinear controller such as
sliding mode control(Hodgson et al. 2012), backsitegp control(Rao and Bone 2008) is
able to stabilize pneumatic actuator. The linedd Bt its variants has been used for
electric motor control for years. The problem oflsulesign is that it is difficult to prove
the hybrid actuator with designed controllers Hab@ asymptotical stability.

Based on above analysis, this thesis will focusimproving current hybrid
actuator prototype built by Bone and Chen (2012vddlop accurate mass flow rate
model for on/off solenoid valves with single digereput and also PWM inputs.

Extend the backstepping controller designed fornaumatic actuator by Rao
(2005) and the DVMPC + IDC presented by Bone anenC{012), apply these two

model-based nonlinear controller to the new prgtetiyybrid pneumatic-electric actuator.
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CHAPTER 3. SYSTEM MODELING

3.1 Introduction

Classical controllers, such as PID, do not reqgaireystem model. When the
system dynamics are very nonlinear, this type oftrodler is usually unable to stabilize
the system. Model-based controllers are capabl&alfilizing such systems. However,
obtaining a sufficiently accurate model of the systmay be difficult. The hybrid
actuator has nonlinear dynamics mainly due to thmpressibility of the air in the
pneumatic actuator and the valve flow rate charsties. To allow model-based
controllers to be developed in this thesis a dysamodel must first be derived.

In this chapter, system hardware is introduced.fireen, the modeling equations
for different system orientations are derived. Madve flow rate model for a discrete
input is presented. For a PWM input, the valve flate is modeled using surface fitting
based on experiments. Two surface fitting methadsused to obtain models for each
valve. Their accuracy and ease of implementatiosospared. Finally, the derived
system model and valve models are validated by eomgp simulation with open-loop

experiments.
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3.2 System Hardware

3.21 Choiceof Valvesand Drive Electronics

The pneumatic actuator will provide the majority lofbrid actuator torque
therefore the pneumatic performance is criticalusihif each valve with its drive
electronics has a fast response and produces anaags flow rate, the desired chamber
pressure will be established within the minimalipeof time. Two makes of valves will
be evaluated to determine which is more suitabtettfe actuator. Experiments will be
performed and comparison results will be showris $ection.

The on/off valves candidates are: MAC, model nun®&B-AAA-GDFB-1BA,
and FESTO, model number MHE2-MS1H-3/2G-M7. Accogdin their specifications,
the FESTO valve should switch faster than the MAve.

The valve driver candidates are: Opto 22 ODCS5 setate relay, and Texas
Instruments LM1949-based circuit. The LM1949 isented to perform better since it is
designed specifically for driving solenoid valvégcording to its manual, it can directly
sense the actual solenoid current, then drivesctineent until it is several times larger
than the holding current at the start of the inpuise. Then the current is automatically
reduced for the remainder of the input pulse tovalthe valve to be de-energized more
rapidly. Thus, the opening and closing delays efitélve will both be reduced.

The comparison results were obtained using a simaeedure. First, the piston

position was fixed at its far limit to create a stant chamber volume. Next, the input to
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the valve driver was turned on at 1 s, and theriroffi 4 s to 6 s. At the same time, the
chamber pressure was recorded at a rate of 1 kHz.

Experimental results are shown Figure 3.1. NotedfaMC AS2200 flow control
valve is connected between the solenoid valve hadhamber. Based on the data shown
in the valve filling plots, the difference betwettre switching on delay times was mainly
caused by the inherent difference of the valvesd, tae LM1949 driver had very little
effect. However, based on the valve dischargingsplbhe LM1949 did noticeably reduce

the switching off delay time.
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Figure 3.1 Comparison of valve filling (top) andaharging (bottom) for the
candidate valves and valve drivers.

24



Master’s Thesis — M. Xue Mester University — Mechanical Engineering

3.2.2 System Architecture

The system schematic is shown in Figure 3.2. Aethwvay on/off solenoid valve,
in series with a flow control valve, is connectedtihe chamber of the cylinder which
controls air flow into and exhaust out of the cgin. A linear potentiometer is attached to
slide block in order to measure the position of gigon. An incremental encoder is
installed on the output shaft, measures the angudaition of the arm. Two pressure
sensors are used to measure the chamber pressl?€ Based data acquisition and
control system reads sensors signals and sendotaotnmand to solenoid valves and
electrical motor. The solenoid valves are drivencbguit to reduce switch delay. The
electrical motor is driven by an amplifier.

The on/off valves are made by FESTO with model bemMHE2-MS1H-3/2G-
M7, the electric motor is a Maxon RE40. The flowtol valve is made by SMC, model
number SMC AS2200. The cylinder is made by Airpogdel number E24D5.0N. The
encoder is made by Quantum Devices, model QR12. greesure sensors are SSI
Technologies, model P51-50-A-B-136-5V-R. The vateatroller is a circuit based on the
Texas Instruments LM1949 chip. The linear potengten is made by Novotechnik
model number T100 with a range of 0-100 mm. Thessedata is collected and control
signal is sent by a National Instruments PCle-68&%! installed in a 64 bit Windows 7
PC with a 3.10 GHz Intel i5-2400 processor and &® RAM. The control system is

programmed in C and a 1 kHz sampling frequencygésiu
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Figure 3.2 System schematic diagram

Compared to the previous prototype developed byeBord Chen (2012), the new
prototype incorporates several improvements.
1. Faster solenoid valves. The previous prototype WMAE valve with ODC5
valve driver. According to the open-loop experimeggults shown in Figure
3.1 the MAC + ODC 5 is significantly slower tharetimproved prototype

using a FESTO valve with LM1949 based circuit drive
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2. The previous prototype used a linear potentiomdtsryvoltage output was
discretized by a 12-bit analog to digital conver(dDC) giving a 0.00065
radians resolution for the position feedback. Thgudar position of the arm
was estimated by gear radius. The improved proéotyproves the position
feedback by adding an encoder with a linear patergier. The encoder
produces 80000 counts per revolution, gives a @08%4 radians resolution.

3. The improved prototype incorporates a Nationalrtmeents PCle-6365 card
with a 16 bit ADC for discretizing output voltagerom the linear
potentiometer and the pressure sensors. Compatbd previous 12 bit ADC,
it enhanced the ADC precision by 16 times.

4. The previous prototype used pressure sensors madarega Engineering,
model number PX138-030D5V. The improved prototypelaced them with
more accurate ones made by SSI Technologies wethmibdel P51-50-A-B-
136-5V-R.

5. The valves are driven by a LM1949-based valve cbntircuit in the
improved prototype. Compared to the old one dribgn ODC 5, it will
decrease the current for holding the valve statee fesulting de-energizing
process of the solenoid on/off valve therefore tdlshortened.

6. The improved prototype is equipped with strongeainééss steel gears,

compared to the old brass ones.
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3.3 Modeling Equations without Valve Dynamics

3.3.1 Actuator Orientation

Bone and Chen designed a hybrid actuator and niaedsld control methods that
allow the actuator to operate in the vertical plédene and Chen 2012). Since motion in
the horizontal plane is also useful for many rodymplications such as material handling,

the associated dynamic models for both orientatvatide derived in this chapter.

3.3.2 Horizontal System Dynamics Modeling

Firstly, the horizontal configuration dynamics wiké modeled. Figure 3.3 shows
the top view of the system and a free body diagoathe equivalent inertia. The gravity
has no impact on the system dynamics in this atent. The only load torque source is

the friction torque.
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e

Figure 3.3 Top view of the horizontal configurati@op) and free body diagram of
the equivalent inertia (bottom).

Mbiock

The total applied torque for horizontal configuoatis

Tiotal = Tcylinder *Trtor ~ T friction (3.3.1)
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where T oyfinder is the torque provided by the pneumatic cylindeky,, is the torque

provided by the electric motor, ang, ., is the total friction torque. The horizontal

iction

system dynamics equation is:

6 = —toal (3.3.2)

where |, is the system’s equivalent inertia.

3.3.2.1 Cylinder Torque

Cylinder torque can be calculated by using measciadchber pressures:
Toinaer =[PP ~RA, = R(A = A)] Ty (3.3.3)
where P,, R are the pressures in chamber A and B respectivglyd are piston areas in
chamber A and B respectively;, is the diameter of the output gear; aRds the

atmosphere pressure.

3.3.2.2 Electrical Motor and Gear Torque
Assuming perfect gear efficiency, the motor torguih the gear transmission can
be calculated by:

Trotor = Kilin = KK o Unnoror T (3.3.4)

motor amp ~ motor * gear

where K, is the torque constant of the motd,  is the amplifier gainyu,,, is the

amp

control signal (output voltage from the controlleidr ., is the gear ratio which is 5:1.

r
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3.3.2.3 Equivalent Inertia

For horizontal and vertical configuration, the gysthas the same equivalent

inertia:

1
leg = lam T 1 eyicad ¥ lhiock ::_gMarmLirm-'-Mpayloade)ayload +Mb|od<r;tch (3.3.9)

whereM . ,M ..« @ndM ., are mass of the arm, payload, and the block reispact

arm’

3.3.24 Overal Modd

Combining the above results together, the overallizbntal system model
without valve dynamics is obtained:

kRTrna = (yao + erpitch)Aapa + kpagrpitch Aa’

KRTI, = (Yuo = O icn) AR, — KRN A, NG (3.3.6)
108 = Tooior * Toginaer ~ L iction
where
Tootor = K KampUrnotor Ngear
Toinga =[PA = RA = R(A = A)] e
1 2

lg =M L2 +M L2 + Mblock rpitch

eq 3 arm —arm payload —payload

and rm, andry, are the mass flow rates through the valves inimagr chambers A and B,

respectively. They will be modeled in Section 318 &ection 3.7.
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3.3.3 Vertical System Dynamics M odeling
Unlike the horizontal configuration, the load toegn the vertical configuration is

the summation of gravity torque and friction torquehe free body diagram of the

equivalent inertia is shown in Figure 3.4.

Figure 3.4 Free body diagram of vertical configiara equivalent inertia

The vertical system torque equation then becomes

z-total = Z-cylinder + Z-motor - Z-friction - Z-gravity (337)

3.3.3.1 Gravity Torque

In vertical configuration we have gravity torquentiioutions from the arm and

payload as follows:

T o :%Ma,mLa,mgsinG (3.3.8)
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T =M L payioas 9 SINE (3.3.9)

payload payload
Note that the block moves horizontally so it is affected by gravity, and the

total gravity torque is:
T =7 +T (3.3.10)

gravity — ‘arm payload

3.3.3.2 Overall Model
Combining (3.3.7) to (3.3.10), the overall model efstem in vertical
configuration becomes
KRTM, = (V.0 + 61 i) AP, +KPOr 0 A,

kRTrno = (ybO - grpitch)pbl:‘{) - kpbgrpitchA) (3311)

Iwezr +7

cylinder -7

motor gravity - Tfricti on

3.4 Friction Model

3.4.1 Friction Model
The friction torque depends on the specific haréw@mponents, especially the
pneumatic seals. Following Chen (2012), the Coulgil viscous friction torque model

was found to be suitable:
Tcylinder + z-motor - Tgravity 6 = O’ Tcylinder + z-motor - Tgravity = Tsf

Tricion — | T _ . ‘?: 0, Tojinder + Trnotor ~ Tranity > T (3.4.1)
r,Sign(@)+C,8 6+#£0
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3.4.2 Static Friction Torque Identification

From (3.3.1) and (3.3.2) the friction torque beceme

-4l (3.4.2)

motor eq

=T

cylinder +7

Z—friction
When angular acceleration and angular velocitychrse to zero and the cylinder
torque is not used, the static friction can benested by
Ty =T oor (3.4.3)
To identify this static friction torque, open-lo@xperiments were performed
using a test program based on the following psexit®:

If (movement of output shaft > encoder resolution)
Sop test and record the motor torque value
Else
Increase motor torgue by a small amount

It was found that the static friction differed irffdrent locations of the piston, and
varied with time. Thus tests in different locatiomere done repeatedly and their average
was taken as the value of the static friction tetqrhe test results and average value are

listed in Table 3.4.1.

Table 3.4.1 Static friction torque test results

Test Results (Nm)
Test 1 Test 2 Test 3 Test 4 Test b Test|6
Left End 0.343 0.408 0.367 0.382 0.37( 0.33p
Middle 0.402 0.347 0.348 0.339 0.328 0.351
Right End 0.257 0.282 0.283 0.265 0.283 0.297
Average 0.329
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3.4.3 Coulomb and Viscous Friction I dentification

After an initial acceleration period, the arm wiach a roughly constant velocity
when a constant motor torque is applied. The spording equation is:
=7,5gn(6)+C, 6 (3.4.4)

T,

motor
The angular velocity in this equation was estimalby taking the numerical
derivative of the measured position. By using @.4two parameters can be identified by

performing two tests. Then,,C, can be solved

C, = froor 2™ Troar 2 g (3.4.5)
01_62
I, = Trr[)tor_l_CVf 91 (346)

where the subscripts 1 and 2 refer to data frarfitet and second test sets, respectively.

The test results are shown in Table 3.4.2.The mabses of the motor torque are

T =0.25Nm andr

motor _1

= 0.27NnThe mean velocities a@ = 0.859 rad/sand

motor _ 2

6, =1.269rad/s Substituting these results into (3.4.5)and (3.4B)es:

T -7 —
motor _1 motor _2 __ 025 027 200488

6-6,  0.859-1.269 (3.4.7)
~C,6,=0.25- 0.0488*0.85¢ (0.20

Cs =

Ty =T

motor _1
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Table 3.4.2 Coulomb and viscous friction test ressul

Test No. Test Set Velocity (rad/s) Motor Torque(Nm)
1 0.832 0.25
2 0.893 0.25
3 0.840 0.25
4 1 0.891 0.25
5 0.801 0.25
6 0.899 0.25

Average 0.859 0.25
1 1.189 0.27
2 1.193 0.27
3 1.184 0.27
4 2 1.332 0.27
5 1.360 0.27
6 1.357 0.27

Average 1.269 0.27

3.5 ValveDynamicsfor a Discrete I nput

3.5.1 Introduction

As further explained in Chapter 4, a model whicediets the mass flow rate after
the valve turns on or off is required for modeldxhsontrol. Due to manufacturing
tolerances, valve A and valve B in Figure 3.2 apé identical so it was necessary to

model the two valves separately.
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3.5.2 Procedurefor Data Collection

Simple open-loop tests were performed to obsergedimamics characteristics of
the valves. The piston was fixed at the far endhef stroke in order to maximize the
chamber volume. The initial pressure in the chamizes atmospheric pressure. Next, the
input to the valve driver was turned on at 1 s, #rah off from 4 s to 6 s. At the same

time, the chamber pressure was recorded at afrat&tdz.

3.5.3 MassFlow Rate Modeling

During the filling and discharging, the dynamic beior of the flow can be
divided into two distinct regimes: choked flow andchoked flow. At the beginning of
the pressure rise or fall, a rapid pressure chareye be observed. It is a short
approximately linear segment. The existence of eddlow is determined by the ratio of
upstream pressuRs and downstream pressuRg,,, for ideal gas (Jones and Hawkins
1986). When the following condition holds, the cadkilow occurs. If it doesn’t hold,

then the flow is unchoked.

Fan < 0 52 (3.5.1)
R

Applying first law of thermodynamics and the idgak law to the chamber gives
VP +kPV =kRTm (3.5.2)
With the hybrid actuator, the chamber A and B vatsnand their derivatives can be

calculated by:
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Va = (yaO + y)Aa

Vo = (Yoo = Y)A
Vv, = YA
v, = YA,

If the piston is fixed, the chamber volume will aximized, and the derivative
of the chamber volume=0. The mass flow rate can be estimated by the fatigw

equation:
m=—— (3.5.3)

wheremis the mass flow rate of the valveis the volume of the chambeRjs the rate
of pressure change inside the chamber.

For choked flow, the mass flow rate is constant amay be obtained by
substituting the rate of pressure change of thealisegment into(3.5.3).

For unchoked flow, the simplified versions of Skega equations (Shearer 1956)
proposed by Bone and Chen (2012) will be usedlésfs:

m=cy R —P

3.54
m:Cdis(R)_P) ( :

wherec,, is filling coefficient andc,,is discharging coefficientP,is supply pressure and

P,is atmosphere pressure.
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3.6 ValvePlusFlow Control Modeling

3.6.1 Introduction

For the purpose of actuating of collaborative robibis necessary to minimize
potential hazard of the hybrid actuator. The lowtion cylinder and small gear ratio
design benefit the inherent safety. However intthazontal configuration, a very small
external load can make pneumatic servo controkeqiificult. One reason for this is the
on/off solenoid valve makes the chamber pressuuestuite at a high frequency. At the
same time, the low friction does not provide amngicant damping to the actuator. Thus,
the actuator has little resistance to the highdesqy chatter caused by the pressurized air.
When the external load is small, the pneumatic aiotumay chatter due to the rapid
change of chamber pressures, making precise semot difficult. To alleviate this
problem, flow controls were included as shown igufe 3.2 in order to limit the pressure

fluctuations and smooth the pneumatic torque.

3.6.2 Modeing

In this section, the model is derived for soleneadve A. Please note that the
same model applies to valve B. For the filling ¢dsigure 3.5 shows the schematic of
adding the flow control after the valve. The flowntrol connected to valve A can be
regarded as another valve. Consequently, thistateids equivalent to two valves in

series.
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— Valve 4 ] F10W CONIOl [y

P Valve A with Flow COntrol |rmm—

Figure 3.5 Solenoid valve and flow control in serfer the filling case.

To derive the model for filing, valve A is assumgd initially be off, with

B =P, =P,. Assuming the orifice area of the flow controlasger than for valve A, when

valve A is turned on the intermediate pressurevi? not build up rapidly relative to £

Therefore, ifE > i, the flow is choked at the valve A and the flowntrol valve will
1

be unchoked since its upstream intermediate predustays close to its downstream
chamber pressure,Rhe mass flow rate is then calculated by:

>_ 1 (3.6.1)

m=m S |
choked __ fill 053

0,0

where m,, ., s is the filing mass flow rate of the valve A withhaked flow. If
%<$, the flow through the valve A will also be unchdkeéit the same time the

1

mass flow rates through the valve and flow contnakt be equal. In equation form:

m CfiII_Vl\/ Ps - Pl
m=Cg VR —F,

(3.6.2)
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From(3.6.2),
Cf2i||_v1(Ps -B)= szill _VZ(Pl_ P) (3.6.3)

So that intermediate pressugean be solved as

F:)L=Cr1Ps+Cr2P2 (364)
ﬁll_v1 _ Cf2iII_V2

= and note that
2 2 2
r Cfiu_\/1 +Cfi|l \,

C,+C,=1 (3.6.5)

Substituting (3.6.4) (3.6.5) into (3.6.2) we obtdéire model of valve filling with flow

control
m, if R, 1
hoked _ fill ? =
- P 0.53
m= Pl A (3.6.6)
Cflow c_fill Ps - Pz if =<
- - P 053

where the coefficient of filling with flow contral is analytically calculated by:

flow_c_fill

C o CfiII_Vlcfi”_Vz
flow_c_fill \/Cﬁn_vl +Cf2iII_V2

The discharging schematic is similar to the fillioge, and is depicted by Figure

3.6.
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D — Valve A ] Flow COntrol |G

] Valve 4 with Flow Control |

Figure 3.6 Solenoid valve and flow control in seffier the discharging case.

The orifice area assumption is repeated from tlewipus section. Following a

similar argument, when valve A is choked the méss fate is:

. P 1
m=m, o If 2> — 3.6.7
choked _dis PO O ] 53 ( )

wherem, ., 4iS the discharging mass flow rate of the valve Ahwihoked flow. If

L) < é’then both will be unchoked, with equal mass flotesagiven by:

P

m= Cdis_v1 (Po - Pz)

) (3.6.8)
m=Cy, \, (R-PR)
Solving (3.6.8) for intermediate pressupg gives:
PZ = Cdis_r 1P0 + Cdis_r 2Pl (369)

C

Cais_v, _ dis_V,

where Cdis = ) Cdis r2 =
- G sy T Cdis_v2 - Cdis_\/1 + Cdis_v2

Substituting (3.6.9) into (3.6.8):
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P_1
mduksd_dis' if ;2 2 E’)
m= o (3.6.10)
P 1
Conc dis(PO_Pl) if =<—
- P 053
where the coefficient of discharging with flow cmitC,,, . . is analytically calculated

Cis vC

dis_\;, dis_V,

by: C
Y +Cdis_vz

flow_c_dis = C
dis_Vy

The derived valve plus flow control models (3.6a6)d (3.6.10) are similar in form to
Bone and Chen (2012) equations with smaller fill @lischarge coefficients. When the
valve input has high frequency variation, the addiof the flow control will smooth the
fluctuation of chamber pressure.

The valve plus flow control model parameters welentified for valves A and B
by curve fitting the open-loop experiment data w{#6.6) and (3.6.10). Preliminary
calculations revealed thaP, =P, so the model was simplified by replacing the
intermediate pressure with the chamber pressuf@.616) and (3.6.10). The estimated
parameters of the two valves are given by Tablel3Hlling and discharging simulation
and experiment results for each valve are showsigare 3.7 and Figure 3.8. The results

demonstrate that the models fit both the transiedtsteady-state pressures well.

Table 3.6.1 Calculated valve filling and dischargparameters

Crin Cais Menoked_fill (KG/S) | Menoked_ais(KO/S)
ValveA | 1.5x 10° | 3.7x 10° 7.8< 10* 3.5 10*
ValveB | 1.5x 10° | 3.7x 10° 1.3x 10° 3.9x 10*
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Figure 3.7 Comparison of valve A filling and disofiag simulation and experiment

results for = 251 kPa.
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Figure 3.8 Comparison of valve B filling and disadiag simulation and experiment
results for = 243 kPa.
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3.7 Valve Dynamicswith PWM Input

3.7.1 Introduction

On/off valve modeling with discrete input is usefidr predicting pressure
changes after a valve is turned on and off. Howemach a model is not able to directly
obtain the average mass flow rate for a given PWplii and chamber pressure. As will
be discussed in Chapter 4, such a model is negefssaa model-based controller with a
continuous control signal. In this section, a vaivedel for PWM input will be developed.
In this thesis, “PWM input” refers to the PWM dutycle. The PWM duty cycle is
defined as the width of the on pulse divided by RPWéM period, and cannot be less than

zero or greater than one.

3.7.2 Procedurefor Data Collection

Similar to on/off valve modeling, the tests werefpened when piston was fully
extended and fixed. In such case, the mass flosvisaproportional to chamber pressure
change rate as described by (3.5.3).

There are three variables in this valve model fMfNMP input: chamber pressure,
mass flow rate, and PWM input. Note that the sugpgssure is fixed and the model is
specific to that pressure. Chamber pressure candasured by pressure sensors. PWM
input is assigned by controller. Mass flow ratesimated using chamber rate of pressure
change. The purpose of the tests is to measurehhmber pressure for a series of

different PWM inputs and then calculate the masw flates.
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It was first necessary to choose the PWM period:aBse of the discontinuity of
the on/off valve, the mass flow rate is estimatgdte average during one PWM period
under a certain chamber pressure. A small PWM gesiaesirable since it will allow the
controller to change the mass flow rate rapidly. tB& other hand, the valve itself has
switching delay because energizing and de-enegittie solenoid coil takes time. It is
meaningless to choose a PWM period smaller thaml¢lael zone of the valve because it
cannot turn on/off within such a short time. Evehew the chosen PWM period is
slightly larger than the dead zone, it is still acteptable since the adjustable zone is too
small.

Figure 3.9 and Figure 3.10 demonstrates two PWNbgerselection has different
impact to the solenoid on/off valve response toverdhput. The valve dead zone is
formed by switch on and off delays. The Figure shews impact of selecting a relatively
large PWM period. If the valve is commanded to tafinoutside of the valve dead zone,
the valve will be actually turned off within the RVperiod. The Figure 3.10 describes
when selecting a relatively small PWM period. Iethalve is commanded to turn off
outside of the valve dead zone, the valve will able to be switched off until the next

PWM period.
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Figure 3.10 lllustration of a small PWM period
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According to its manual, the FESTO valve has a $.@fmrswitching on delay and
2ms of switching off delay. That is 3.7ms of deashe in total. This means the PWM
frequency should be around 270 Hz. Considering tawe switching time will be
reduced slightly by the valve drive circuit, thaetchosen frequency candidates were 200
Hz, 250Hz, and 300Hz.

The experimental setup was the same as used foff ordlve modeling. The
piston was fixed at the right limit position of thglinder. In the experiments, the PWM
input started from 0.0001 and was increased by0& Step size until it reached 0.9501.
The sampling frequency was set to 1 kHz. The pressensor signal was filtered by a
zero-phase shift digital low pass filter with a B@ cutoff frequency to get remove most
of the high frequency noise. The results for ddéfér PWM frequencies are shown in

Figure 3.11, Figure 3.12, and Figure 3.13.
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Figure 3.11 Pressure responses for a range ofcgutgs and a PWM Frequency of
200 Hz
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Figure 3.12 Pressure responses for a range of PWgivts and a PWM Frequency of
250 Hz
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Figure 3.13 Pressure responses for a range of B\Wids and a PWM Frequency
of 300 Hz

The 200 Hz and 250 Hz pressure responses are showigure 3.11 and Figure
3.12 respectively. Ideally, the incremental change®.05 in the PWM input should
produce a uniform distribution of changes in tharmober pressures. From the plots, the
200Hz results show a more even distribution congpaoethe 250Hz results. With the
250Hz result, several input values produce nearbrlapping pressure responses, which
is not the case with the 200Hz results. Figure 3Ah8ws chamber pressure response
when PWM frequency is at 300Hz. Again, it shows arse distribution of pressure

changes compared with the lower frequencies.
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With the PWM frequency chosen to be 200 Hz (i.e.NP\period T, =5

puwm_ period
ms), the next problem was to select the PWM inpablution to use for data collection.
For the purpose of better modeling accuracy, alsmedsolution is normally desirable.
At the same time, to avoid handling an extremelgdanumber of data points, the
resolution shouldn’t be excessively small. The nmaxn mass flow rate is an important
parameter since it will affect the chamber fillimypd discharging speed. Hence, the
selected PWM input resolution should be the largedtie that does not change this
number. Experiments were performed at 200Hz PWMueacy, with the PWM input
starting at 0.0001 and increased with differenp stizes. The chamber pressure change

rate was used to calculate maximum mass flow raBased the results given in Table

3.7.1 the PWM input resolution was chosen as 0.01.

Table 3.7.1 Maximum mass flow rate obtained usiiffgrént PWM resolutions

PWM Resolution 0.01 0.02 0.03 0.04 0.03 0.0625

Max Mass Flow Rate ( 10

7.3689| 7.4239| 7.4251| 7.3434| 7.2085| 6.9359
Kgls)

3.7.3 Polynomial Surface Fitting M ethod

Open-loop tests were performed in order to colldeta representing the
relationship between the PWM input, chamber presand averaged mass flow rate for
each valve. For a certain chamber pressure and VM input, the resulting mass flow

rate could be calculated since it is proportiormalchamber pressure change rate. The
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mass flow rate data can be represented by an oltédeol surface. An example of a

measured mass flow rate surface is shown in Figuir4.
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Figure 3.14 Measured mass flow rate surface forevAlfilling

The website http://www.zunzun.com provides varitwetions and fitting targets

for curve and surface fitting. The settings were #ame as in the previous work (Rao

2005; Rao and Bone 2008). The fitting target wagekt sum of squared absolute errors.

The surface function was a bipolynomial functioror Fexample, (3.7.1) is used to

describe valve A filling surface as shown below:
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m=a +bu’P'+cu’P’+du'P +euP '+ fup*

3.7.1
+ gluzpao + h1u2Pa1+ Ilu zpaz ( )

where u is the PWM input, P, is the chamber pressure irfPa and

a,b,c,d, e, f,,g,h, i, are the fitting coefficients.
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Figure 3.15 Fitted mass flow rate surface for galfilling
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The fitted surface is shown in Figure 3.15. Comgamgth the measured surface,
the fitted surface is smoother with reasonable @su Its fitting errors will be analyzed
in Section 3.7.5. The next problem is how to catailthe required PWM input from the

desired mass flow rate and given chamber presgvinen desired mass flow ratg, and
current chamber A pressupgare given, (3.7.1) becomes a quadratic equation:

C,u>+Cu+C,=0 (3.7.2)
where

C,=9,+hP, +i1F?512
C,=d,+ep + f1Pa2
C01=a1+b1|:33 +ClF332 _md

Normally there are two solutions for quadratic eéduraas follows:

_ _C11+\]C121_4C21C01 U. = _Cll_VC211_4C 2(; 0: (3.7.3)

1 2
2C21 2C21
Only oneu corresponds to a certain chamber pressure andancmass flow rate. This
means only one of these two solutions is correctofding to Rao and Bone (2008)is

the correct solution of the quadratic equation.

3.7.4 Artificial Neural Network Fitting M ethod

For control purposes, it is preferable to obtaiguised PWM input directly from
the desired mass flow rate and given chamber pres$he previous section presented a
bipolynomial surface fitting method. It fitted arface to the mass flow rate first and then

back-solved for the desired PWM input from a quadraquation constructed by the
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fitted parameters and measured chamber pressutewouljh the desired PWM input is
obtained from chamber pressure and mass flow kaeteally, it is inconvenient and its
performance is limited due to the low order of biy@olynomial function.

In this section an ANN will be fit such that thested PWM input can be
obtained directly from the fitted surface. This eggeh has been used in recent literature
for a pneumatic actuation system with two servovesl(Carneiro and de Almeida 2012).
Generally speaking, if a proper ANN structure isd#n, the fitting performance is

guaranteed no matter how severe the nonlinearityemeasured surface is.

3.7.4.1 Introduction of ANN

Inspired by animal brain, ANN is a model that isimhaused in machine learning
and pattern recognition. In our case, the relatignbetween mass flow rate, chamber
pressure and valve PWM input is the pattern thaiwaeld like to recognize.

The basic structure of the ANN is shown in Figur#63 This network has one
hidden layer oh neurons and one output layer composed by one neliftee measured
mass flow rate and chamber pressure are the inptite network. The PWM input is the

target output to be fitted. With this ANMN,,,w,,,..w, are the weights for the mass flow
rate input; w,,,w,,..w, are the weights for the chamber pressure input;

Wy 10 Woue 210+~ Wo ,8r€ the output weights; ariglb,,..b,and b, , are the bias values.
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bi

Mass Flow Rate
PWM input

Chamber Pressure wo)

V out,nl

Figure 3.16 Structure of ANN

3.7.4.2 ANN Fitting

The ANN fitting begins with random initial guesséw the weights and bias
values. Starting with a given set of training dagasearch algorithm is performed
iteratively based on initial guess and fitting errdhe fitting error is the difference
between the PWM input calculated by the ANN andabwial PWM input. The weights
and bias are updated during the search. When detiee performance is reached, the
training process will stop, and the fitting reswitidl be recorded.

The same open-loop experiment data as the prewectson were used for the
training and testing data sets. The Matlab Neuratwdrk Toolbox with its default
settings was used to train the ANN. Theoreticaflg, sufficiently large number of layers
and neurons are chosen, a ANN is capable of appaiMig any nonlinear surface very
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accurately. However the size of training data sek #ime consumption of training might
be a problem. Additionally, implementing a large RNn a control program is

inconvenient simply because the number of paramétereases proportionally with the
size of the network.

For simplicity of implementation and acceptableirig performance, the default
structure of the ANN toolbox was chosen. Thereldraeurons in total, one hidden layer
with 10 neurons and one output layer with only areuron, giving a total of 41
parameters.

The PWM inputs of the valve A filling process wemnéerpolated to form a surface
with the result shown in Figure 3.17. Due to thedom start for the parameters the
results of the training varied. Several trainings were performed and the results with

the lowest fitting error were saved. The trainedM\plrameters are given below:
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1. Bias of input and weights of inputs

b ] [ -12.4054 [w, w, | [11.8147 1.3297
b, -1.4358| |w, w, 0.8000 0.580(
b, 5.3147| | w, W, -6.9546 11.769¢F
b, 1.8780| | w, W, 3.8428 -0.3684
b, | | -4.0271| |w, w,| | -5.3597 1.2927%
by | | 2.3824| | w, w,| | -9.2571 -8.302
b, -4.2864| | w, w, -5.8060 1.339(
b, 21661 |w, W,y 2.1675 3.1484
by 22.0482 | w, W, 17.1827 4.202f
bo| | 256241 |w,, W,,| | 19.8040 5.901f
2. Bias and weights of output

W1 | [4.5190]

W, | |4.2678

W, | |0.0619

W, , | |0.2384

b, =-2.7861, Vous | _| 01520

W, | |0.1097

W, | |-5.3997

W, | |0.1386

W, | |18.8966

W10 | |-6.9451]
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Figure 3.17 Interpolated PWM input surface for ealvfilling

The trained ANN was then validated by using a sspaset of input testing data

to obtain the ANN output. The results are givefrigure 3.18.
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Figure 3.18 Fitted PWM input ANN surface for valxdilling

3.7.5 Comparison of the Two Fitting Methods

Two indices will be used for comparing the fittiagcuracy of the two methods.
The ANN fits mass flow rate and chamber pressurth@asnput, and the PWM input as
the fitting target. The bipolynomial method onlysfthe mass flow rate for given PWM
input and chamber pressure. The fitting targetghef two methods are different. To
compare the two methods for PWM input fitting, #&/M input from the bipolynomial

fitting was obtained as described in Section 3.7l resulting PWM inputs are then
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compared using RMSE and relative error indicese RMSE and the relative errar,,

RMSE= /%Zeﬁ and (3.7.4)
i=1

Uz —Uu

are calculated by:

target

£= x100% (3.7.5)

utarget

where eis the fitting error; andi,,u,are the fitted and actual PWM input values,

target
respectively.

The comparison of maximum relative errors is giveffable 3.7.2. This reflects
the worst case of fitting for a single point. ThRI8BE results are compared in Table 3.7.3.
RMSE indicates the average error over the surféle.results are similar to the relative

error comparison.

Table 3.7.2 Maximum relative error (Unit: %)

Valve A Valve B
Fill Discharge Fill Discharge
ANN 149 211 148 240
Bipolynomial 169 574 151 597
Table 3.7.3 RMSE
Valve A Valve B
Fill Discharge Fill Discharge
ANN 0.0238 0.0242 0.0488 0.0250
Bipolynomial 0.0446 0.0466 0.0651 0.0702
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The ANN fitting is superior according to the compan results. The ANN reduced
fitting RMSE by up to 70%, the maximum relative agrfor valve discharge surface
reduced more than 50%.

However, the bipolynomial method will be used floe remainder of this thesis for
the following reasons:

1) Bipolynomial fitting has significantly smaller numbof coefficients. The ANN
needs 41 per case (41x4 in total), while the bipotyial only requires 9 per
case (9x4 in total). Shown in Table 3.7.4 when féedint type of valve was
used, the number of valves might change and thebeurof valve model
parameters will increase accordingly. For exampBlap (2005) incorporated
four two-way servo valves for the pneumatic actuatsystem. If the same
ANN fitting method was applied to his system, thenber of parameters will
increased to 328 compare to 76 using the bipolyabmethod. In addition, for
the improved prototype, the ANN with five times raoparameters only

achieved an average reduction of RMSE by 50%.

Table 3.7.4 Number of the parameters for the twthods versus valve numbers

Number of valves 2 (Current system) | 4 (Rao 2005)
ANN parameters 164 328
Bipolynomial parameters 36 76

2) The ANN training was done using the Matlab Toolbibxandomly sets a group

of initial gains at the beginning of training. Tlsearching algorithm is also
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unlikely to find a global minimal solution. The téts of training were different
due to the different local minimal solutions.
3) The implementation of ANN in C with more than 16&ameters will make the

hybrid actuator with such control system diffictdtmaintain and upgrade.

3.8 Validation of the System M odel

The previous sections have derived the system megiehtions and the model
parameters have also been identified. In this @ecsimulation results using the system
model will be compared with open-loop experimensuits. Because the model is
analogous in different system orientations, onlg thorizontal configuration will be
validated in this section.

The validation was done in two parts. In the fpatt, the system model was used
with the valves turned off. When the valves werktbbé chambers of the cylinder were
open to the atmosphere. This allowed the dynamicthe® mechanical and electrical
elements to be validated separately from the pnéaraatuator. In the second part, the
valves were switched using a PWM input in ordervadidate the response under

combined electric and pneumatic actuation.

3.81 System Model with Valves Off

The validation of the system model with the valhadt follows the procedure
given below:

(1) Set initial chamber pressure to atmospheric pressnd set the piston position.

Choose a motor torque trajectory as input.
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(2) Set cylinder torque to zero, calculate frictiongioe.

(3) Calculate total torque with (3.3.1) and arm acedlen from (3.3.2)

(4) Calculate arm velocity and acceleration using nucaémtegration.

A clipped sine wave control signal was used in b&thulation and experiment.
This input is good for a wide range examinationtled model. The comparison of
displacement in simulation and experiment is givefigure 3.19. This result shows the

derived model predicts the real system dynamic$wietn the valves are off.
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Figure 3.19 Comparison of open-loop simulation experiment with valves off.
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3.8.2 System Model with PWM Valve I nputs
Using similar method, the system model with PWMveahputs will be examined
in this section. In the simulation, the followiniggs were used:
(1) Set initial chamber pressure to atmospheric press@hoose clipped sine
wave trajectories for the PWM valve inputs.
(2) Calculate mass flow rates from (3.6.6) and (3.6.10)
(3) Calculate pressure derivatives from (3.3.6)

(4) Calculate chamber pressurBsandP, using numerical integration.

(5) Calculate cylinder torque and friction torque usig.7.6) and(3.7.7),
respectively.
(6) Calculate total torque with (3.3.1) and arm ac@len with (3.3.2)
(7) Calculate arm velocity and acceleration using nucaémtegration.
The comparison of chamber pressures and positguitseare given in Figure 3.20.
Experimental results showed the veracity of thevedrvalve model. The overall model

predicts the real system dynamics well.
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3.9 Conclusions

The system model has been derived in this chaphersystem dynamics, without
the valve dynamics, were derived based on phykea. The unknown parameters were
identified by experiments using different setupbe Tnass flow rate model of the valve
for on/off action was obtained next. A model foe thhow control was introduced and
included in the valve model. Valve model parameigese obtained by curve fitting
simulations to the experiments data. For PWM inpuotass flow rate models for both
valves were developed based on experiment results surface fitting using a
bipolynomial function and a ANN. The two methodsre&ve&ompared for RMSE and
relative error. The ANN was superior in the fittiagcuracy however the bipolynomial
method was selected due to its relative ease oemgntation for real-time control. The
system model was validated by comparing simulaiod experiment results. The results

demonstrated that the derived model representactioal system well.
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CHAPTER 4. CONTROLLER DESIGN AND EXPERIMENT

4.1 Introduction

The system dynamic model combined with valve meded derived and validated
in previous chapter. In this chapter, the desigd mmplementation of three controllers
will be presented. The effectiveness of the desigoentrollers will be examined by
preliminary simulation and experiment for the hgbm@ctuator. First, a linear PVA
controller will be designed and manually tuned domparison purpose. Simulation and
experiment will be used to validate the designedtratler. Next, backstepping control
with compensation and DVMPC + IDC will be designiedsed on nonlinear system
model. The stability of these controllers will baalyzed. The performance of these
controllers will be tested in the same experimextu. Finally, the comparison of the

performance of the three controllers will be given.

4.2 Linear PVA control

4.2.1 Introduction
For the purpose of comparison with the proposedimear controllers, a linear
controller will be introduced to set a benchmarkthis section, the PVA controller will

be designed, implemented, and tested.

4.2.2 PVA Control Design
The linear single input single output (SISO) PVAntoller for pneumatic servo

system presented by Ning and Bone (2002) will bedifreal in this section. This
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controller incorporates PVA feedback, FF compensatand dead zone compensation.
The PVA control schematic for a pneumatic actuet@hown Figure 4.1.

The controller output signal is supposed to driveirale valve in order for the
pneumatic actuator to track the reference trajgctdowever, in the current system there

are two valves that each requires an input.

FeedForward
d/dt {)ﬁ Ka
d/dt i Kv
0
' —G K + DzC [ Plant >
Desired Position /—\J P

Velocity

Acceleration Numerical Derivative Position

Position

Figure 4.1 The PVA+FF+DZC control schematic

To solve this problem, the virtual control inpuj, ., is designed:

_Ke+Ke+K,é

virtual

u (4.2.1)

U PVA_MAX
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wherek ,K,,K,,U should be tuned to keep,,,0[-1 1]. And the position

PVA_MAX
errore=6, —@, velocity errore = g, - 6, acceleration errer= g, - 6 .

Recall that the hybrid actuator has only an encadera linear potentiometer for
position measurement. The velocity and acceleratdlh be derived by taking the
numerical derivatives of the measured positionrdmove most of the sensor noise, these
estimated signals were filtered by ¥-@rder digital Butterworth 50 Hz low pass filter
implemented in software.

The inspiration for this virtual input came frometiphysics of the double acting

cylinder controlled by two valves. For examplgasitiveu,. . means there are positive

virtual
errors that need to be corrected, which in turnmadhat the actual position is smaller
than the reference position. When valve A operates,pressurized air will push the
piston towards positive direction. Consequentlyabtual position error will be corrected.

The remaining problem is how to convert the viringut signalu, . _into PWM

virtual
inputs for the two valves. Since the two valveshbdmive dead zones using virtual control
signal cannot be used directly. Small PWM inputhmigause no actual position response
because of the valve dead zone and actuator fricfio solve this problem, a mapping

function &([) is used for the dead zone compensation. It cositket desired virtual input

into the rangqu,, Within this range the PWM input to velocity

_PWM _Min? uVa_PWM _Max] )
mapping of the valve is dead zone free. This wgdemented with the PVA controller

as follows:
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. U‘\/a_PV\/I\/I = g((uvirtual’ ua_P\/\/NI _Min? ua _PWM _Max )’
If uvirtual > O' _ 0
u\/b_P\NM -

:O’
if u,. <0, {uva—w (4.2.2)

virtual _
u\/b_P\NM - f(uvirtuali U, _PWM _Min?* U, _PWM _Max)

a =0,
ifu._ =0, {u“—"“”“

virtual — u\/b_PWM =O
It should be noted that this strategy is totallffestent than the dead zone compensation
presented in Ning and Bone (2002).

When desired position trajectory changes suddehly, PVA feedback control
needs at least one sampling period to respond becthe PVA control signal is
calculated from the position, velocity and accdieraerrors. In order to make system
response faster, the following FF control signahtsoduced:

Ug = Kff_vgd + Kff_aéd (4.2.3)
where g, andg, are desired velocity and desired acceleration, easely; and

K, ,andK, , are the corresponding FF gains. These gains merially tuned.

4.2.3 PVA Control Simulations and Experiments

The designed controller will be tested using tlagettories listed in Table 4.2.1.
The simulations and experiments were done in thizdwtal configuration and with only
the pneumatic actuator. The control parametersdist Table 4.2.2 were manually tuned.

The simulation and experiment results are showkigare 4.2 to Figure 4.9.
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Table 4.2.1 List of trajectories used for PVA caontr

Test trajectory
Cycloidal (Rao and Bone 2008)

Ramp

Sine wave at 1 Hz with 0.5 radian amplitude

AW |IDN|PF

Sine wave at 2 Hz with 0.3 radian amplitude

Table 4.2.2 Parameters used for PVA+FF+DZC

Parameters Value Unit
K, 140 rad*
K, 45 s(tad
K, 1 s [tad*
K 1 sltad*
Ki_a 0.1 §* [tad*
U pva_max 10 1
Toum_period 5 ms
R, 3E5 Pa
P, 1E5 Pa
Ua_pwm _Min 0.08 1
Ua_pwm _max 0.80 1
Uy pwm _min 0.08 1
Up_pwm _max 0.72 1
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4.3 Backstepping Control

4.3.1 Introduction

Backstepping control is a technique for develomngpntroller which stabilizes a
class of nonlinear systems. The design of backstgppontrol follows a recursive
procedure, starting from the innermost subsysterciwis related to the control input.
Then the process repeatedly backs out to the ne&er subsystem until it reaches the
external control targets.

In this section, a backstepping controller for tybrid actuator will be designed
and tested. This controller is an extension ofgheumatic actuator controller presented

by Rao and Bone (2008).

4.3.2 Backstepping Control Design Procedure
For convenience of designing the controller, thetesy variables will be denoted
by the following symbols:
X =6,%,=6,%=P,,x,= P ,X;=m, ,X;=m,, andx, =7, (4.3.1)
After substituting (4.3.1) into the system modelided in Chapter 3 it can be rewritten in

the following format:

X =X, (4.3.2)
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XZ = Ii{[XG»Aa - X4Ab - PO(& - Ab)] rpitch + Xm - Tgravity - Tfriction}

(4.3.3)
kr
%= - By KRT X, and (4.3.4)
yao + Xlrpitch (yao + Xlrpitch)'A‘a
kr
X, = LT X,X, + KRT X, (4.3.5)
Yoo = X4 pitch (Yoo~ Xlrpitch) A
We begin the backstepping design by first definhegytracking error as
Z =%, —X (4.3.6)
Its derivative when considering (4.3.2) should be
2= % =%, (4.3.7)

Choosingv, = (1/2)y,z? as a Lyapunov function for (4.3.6), where=1kgs?, a
stabilizing function is selected as

a, =kz, + Xy (4.3.8)

The control error is therefore:
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z,=a,-Xx, (4.3.9)

So the derivative oY is

V,=-kyz’+yzz, (4.3.10)

The derivative of Lyapunov function (4.3.10) is Aoositive if z, were zero. To meet this
condition, another Lyapunov function =v, + (1/2)y,z3 is chosen, wheng =1kg . To
calculate the derivative df,, the derivative ofz, is required. Considering (4.3.3), (4.3.8)

and (4.3.9), we obtain

Z2 = (k121+ X]d) _Ii{[XSAa - XAAb - PO(Aa - Ab)] rpitch + Xm - Tgravity - Tfriction}

eq

(4.3.11)

Substituting (4.3.11), the derivative ¥fis then:
vz = yl(_klzf + Z122) + y222(k21+ Xa)

y222 — — — — —
_E{[)%Aa X4A:) PO(Aa Ab)]rpitch-'-xm z-gravity z-fric’(ion} (4312)

To keepV, non-positive, a virtual driven torque from pneuimatylinder and electric
motor is designed as follows:

(azAa - aSA})rpitch + am = qulg + Z-gravity + ffriction + PO(Aa - A))rpitch (4313)
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where =%, +kz+(y,/y,)z,+kz,. The variablesr,,a, anda, are the desired

chamber pressure A, desired chamber pressure Bjesiced motor torque, respectively.

We define pressure tracking errors and motor totcpeking error as

Z,=0,— X, (4.3.14)
z,=a,—-x, and (4.3.15)
Z,=0a,—X, (4.3.16)

Substituting (4.3.13)-(4.3.16) into(4.3.12) yields

vz = _ylklzi - VJ(zzzz"'ﬁ[( T ticion ~ £ fricion)
leq (4.3.17)

+ (Zsph - Z4Ab)rpitch + Zm]

The friction modeling error is bounded byt ...

s AZ-friction (4318)

|Tfriction - Z-friction

Consequently, when using the virtual driven torqee input, the subsystem will be
stabilized. However, it is impossible to determthe desiredx,,a, anda,, with only one
constraint (4.3.13). In order to solve the deschdmber pressures and the motor torque,

the following two additional conditions must beistd
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P.-a,=a,-P, and (4.3.19)

am =K portion (azAa - aSAb)rpitch (4320)

The purpose of constraint (4.3.19) is to set thgirdd pressures of chambers A and B
symmetrically around the nominal pressure. In scabe, the pressure changes in two
chambers will be distributed evenly as shown inufFég4.10. In the constraint (4.3.20),

K is a constant which represents the ratio of theomotrque to the total torque. This

portion

parameter should be determined by the relationgfipthe motor's peak torque

specification, the supply pressuReand atmosphere pressie

Nominal Pressure

Figure 4.10 lllustration of the constraint on ttessired chamber pressures.
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From (4.3.13), (4.3.19) and (4.3.20) the followswjutions are derived,

, — (PS + PO)A) + qulB+ Tgravity + ffriction + PO(Aa - AJ)rpitch (4321)
(Aa + Ab) (1+ Kprotion)(Aa + Ab)rpitch

— (PS + PO)A\a _ leqﬁ-'_ Z-gravity + ffriction + PO(Aa B Al)rpitCh

A and (4.3.22)
('A‘a + A)) (1+ Kprotion)(Aa + 'Ab)rpitch
Kportion ~
O'm = W[leqlg + Tgravity + T friction + PO(Aa - Ab)rpitch] (4323)

portion

The goal is to stabilizéz, z,,z,,z,,z,,)system. As is commonly done, we assume that

after the analog voltage signal is sent to the dmplthe motor torque is precisely and

instantly established. Thus the motor torque comnmrz, can be regarded as equaling
zero. Now the goal is simplified to stabilizing t(®,z,,z,,z,) system. We select the

following Lyapunov function

V=V, +%ysz§ +%V323 (4.3.24)
where y, =1m?kg~'s™?. The derivative of (4.3.24) is calculated by:

V, =V, +y,2,2,+yz2.2, (4.3.25)
In order to obtain the derivative, andz,are required. Combining (4.3.21), (4.3.14) and

(4.3.4)
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Z; =0, X,
- quﬁ-'- ffriction + krpitch X2X3
(1+ Kprotion )(A‘a + Ab)rpitch yaO + Xlrpitch
_ KRT " (4.3.26)
(yao + Xlrpitch)Aa

= IGQB+ Zéfriction + kxzxgrpitchpﬁ - kRTXS
(L+ Kp“’“on )(Ah + Ab)rpitch (yao + X4V pitch )Ai

Similarly, from (4.3.22), (4.3.15) and (4.3.5)

z,=a,-X,
- _ quﬁ + Z-;\friction _ krpitch XQX
4
1+ K oion AT A Giten Yoo ~ X4l piten
KRT (4.3.27)

- X5
(ybO - Xlrpitch)Ab
—-_ quﬁ + ffriction + _kX2X4rpitchAb - kRTXG
(1+ K protion )(Aa + A) )rpitch (ybo - Xlrpitch )A)

Substituting (4.3.26) and (4.3.27) into (4.3.28§ derivative olV,is:
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vs =V2 t V2Lt YL L,

Z Z ~
= _ylklzf - y2k2222 + Zm % +% (Tfriction - Z-friction)

o o
VoZo AT giten + |qu + ffriction
Vale A+ Koion (A + A i
KGXel i KRT ‘] (4.3.28)
Yao T X piten (Yoo * Xlrpitch)Aa
yzzZAbrpitch + qu,[?"' ffriaion
Valeg A+ Koo (A + A i
KX X, it + KRT x,]
Yoo ~ XV piten (Yoo~ Xlrpitch) A

+y5zi

+

—V324[

+

We choose virtual mass flow rates for chamber A@ramber B as follows

(Yoo Xlrpitch)Aé Vo2,
a, = +-==Ar.
4 kRT (k323 y3|eq Aé pitch
Y (4.3.29)
+ qu:8+ Tfridion + kxzxsrpitch
1+ Kprotion)(Ad + Ab)rpitch Yao T Xl giten
~ (Yoo =Xl ite) A V.2,
a. = 0 kR.Ft (k4z4 _fleq A;rpitch
. (4.3.30)
quﬁ+ Z-fritiion _ kx2X4rpitoh

@A+ K oo ) A T AN s Yoo ~ X ien

We define two mass flow rate tracking errors as
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Z,=a,— X (4.3.31)
Z, =0~ X (4.3.32)

Substituting (4.3.29), (4.3.30), (4.3.31) and @23.into (4.3.28)

va = _ylklzi _yzkzzzz_yi( ¥23_ yl( 124
%-F%(rfriction - ffriction) (4'3'33)

€q €q

kRT kRT
+ VaZyZs+
(yao + Xirpitch)Aa (ybo - Xlrpitch)AJ

+z,

ViZals

Assuming valve modeling errors are bounded|d Arh, and|z,| < A, , the motor

torque modeling erroe_is zero and the displacement is bounded by th&esoch that

kRT
‘ %yao + X ) A <Y, (4.3.34)
kRT
‘ (Yoo = Xl iten) Ay <, (4.3.35)

Hence (4.3.33) is bounded since all the terms avadbed, as follows:

V< -ykZi -y k2= v k2 v K 2%

Z VA . .
y2 2 Armo’[or +%Arfriction +l//ay323Arna +l//by3Z4Arno

€q eq

. (4.3.36)
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From(4.3.37), thdz,z,,z,,z,) system will be globally asymptotically uniformlybnded
and the tracking error;zcan be made arbitrarily small by selecting suéintly large
values forky, ky, ks andk,. Finally, the backstepping control signals arewakted by:

ubs,va = /]a (0'4, F?a)’

Uyso = 4 (a5, R,), and (4.3.38)
K rtion A
Tbs,motor = 1+ Et I:qulg-i- Tgravity + Tfriction + Fz)(& - Ab)rpitch]
portion

where A, () andA, ( are the mass flow rate models of valves A andeBpectively. The

desired mass flow rates, anda,were given by (4.3.29) and (4.3.30).

4.3.3 Compensation Torques

In this section, a feedback term for the electratan and a FF term for pneumatic
cylinder will be introduced. The stability of thedkstepping control with the feedback
term will be analyzed. The FF term will not affetie closed-loop stability. Both
compensation torques are expected to improve thekitrg performance, as further

explained below.

4.3.3.1 Electric Motor Compensation

With the hybrid actuator, the majority of the toeqis to be provided by the
pneumatic cylinder. The cylinder torque is estdiddsthrough the compressed air applied
to the piston in the two chambers. The dynamicsth&f air and other pneumatic
components make it difficult to provide cylinderdae quickly and precisely. Meanwhile,

electrical motor torque can be provided almostangy with adequate precision. In order
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to utilize motor more efficiently, an additionalefdgback compensation of the motor is
introduced in this section.

The electric motor is much faster than pneumatindgr in the sense of torque
establishment. However, the backstepping contradldrased on the process of cylinder
torque establishment. The desired motor torquetidyg (4.3.39) to be a fraction of the
desired motor torque. The rapid torque respongbeotlectric motor was ignored by the
backstepping controller design. Hence, it is déderéo add a feedback term to the motor
torque.

The feedback compensation can be calculated basepgosition and velocity

errors:

Tootor p0 = Kb motor p€ T Kbs motor ﬁé (4.3.40)

where&=8, -8,6=6, -8 are position and velocity tracking IO, oror 0+ Koo moror o
are controller gains. The motor torque commarttes:

T motor = Tos,motor * Tmotor _pD (4.3.41)

4.3.3.2 Stability Analysis of the Backstepping Controller with Electric Motor
Feedback Compensation
The introduced feedback term for electric motor rhaye an unexpected impact
on the backstepping controller. It is necessargrnalysis the stability of the backstepping

controlled system with such an additional feeddack.
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Recall that in backstepping controller, the ori¢jimesired motor torque is

calculated by:

K ortion 7
u, = 1+ |2 t I:leq:B+ T gravity * T giction T P()(Aa - Ab)rpil‘?h] (4342)
portion

with the additional feedback term it becomes:

K .
_ portion ~
um FB — [quﬂ + Z-gravity + Z-fric'[ion
1+ K oo (4.3.43)

+ PO(Aa - 'Ab)rpitch] + Z-motor_PD

where 7, =K e+ Kbs_motordé' Considering (4.3.6), (4.3.8) and (4.3.9), the

motor _PD bs_motor ,p

feedback term can be written in the form:

r = (K K k)z,+ K2, (4.3.44)

motor _PD bs_motor ,p - bs _motor d
The motor torque tracking error in (4.3.16) wasuassd to be zero to simplify the
backstepping controller design. Since the new faekiberm is added, the amended motor

torque tracking error becomes:
Zm,FB = Zm + (um,FB - um) = Z-motor_PD (4345)
If the designed backstepping is otherwise unchangeel derivative of the chosen

Lyapunov functionV, with (4.3.45) becomes:

V, =-ykZi -y K 25

V»Z N
+ %[( Tfriction - Tfriction) + ( ZS& - Z4Ab) rpitch + Tmotor _PD]
€q

(4.3.46)

Substituting (4.3.44) into (4.3.46):
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V2 = _ylklzi - yzk 2222

¥ y|222 [( Tfriction - ffriction) +(23Aa - Z4AJ) rpitch] (4347)

eq

2
+azz, +bz,

where the coefficienta andb are:

a= yz(Kbs_motor ’pl - Kbs_motor dk]) . andb = M (4348)

€q €q

The derivative of the chosen Lyapunov functMytonsidering (4.3.47) gives

V,=-ykZ -y kz5-yk 25— vk 7%

tazz, + bz; + Vo% (Tfriction - ffriction)
eq
+ kRT V2.2 + kRT V2.2
(yao +X1rpitch)Aa ’ ° (ybO_Xlrpitch)Ab e

=-ykZ +azz,- (v Kk,~b) -y k 2°- v k 77,
N kRT Vzz.+ kRT V2.2 (4.3.49)
(ya0+xlrpitch)Aa e (ybo_xlrpitch)Ab e
V2

e &N N2
=-k-3)z - (5 a-7)

~(v,k,~b-DZ - ykzZi-y k7'
+ kRT Y22+ kRT
(yaO + Xlrpitch)Aa e (ybO - Xlrpitch)Ab

Vililo

2
From (4.3.49), we can see;}fkp% , .k, >b+1, andk, andk, are sufficiently large,

the V, will be non-positive with the similar discussion ackstepping control design

section, in which all of the individual terms aegparately bounded. Considering (4.3.48),

solving the inequalities for the backstepping g&jresdk, gives
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K K
k1 S y2 bs_motor ,p and k2 > i + bs_ motor ,d (4350)
IEQ szl +y2Kbs_motor,d y2 qu

Consequently, the backstepping controller with teleanotor feedback term will be
globally asymptotically uniformly bounded and theacking error z can be made

arbitrarily small by selecting sufficiently largealues fork, k,,k, andk,; selecting

appropriate values o andK that satisfy the conditions defined in

bs_motor ,p bs _motor d

(4.3.50).

Note that the analysis above was based on the wasst in which the motor
torque is not bounded. In our prototype, the matoque is limited to the maximum
output of the analog output voltage, namely the imarn torque is under 0.159 Nm. In
expression form:

‘Tmotor_PD‘ sT

(4.3.51)

motor _ max

The derivative of the chosen Lyapunov functMytonsidering (4.3.51) becomes

V,=-ykz -y kzy-yKkz5- vk 7%

Yo%, o
+ (Tfriction - Tfriction)

+Tm)tor_max |
« (4.3.52)
+ KRT V,Z,Z + KRT VZZ
(ya0+x1rpitch)Aa e (ybo_xlrpitch)pb e

Similar to the backstepping control design analysie individual terms ofV, are

bounded. The backstepping controller with the fee#bterm will be globally
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asymptotically uniformly bounded and the trackimgpez can be made arbitrarily small

by only selecting sufficiently large values fork,, k, andk, .

4.3.3.3 Pneumatic Cylinder Feedforward Compensation

Feedback control action is useful for providing ustmess to system uncertainty
but is somewhat slow since an error must occurrbetioe controller reacts. Since FF
control can produce a more rapid response to clsamgeéhe desired trajectory, a FF
compensator was developed for the pneumatic actudtee FF compensation torque
should also provide the benefit of avoiding motatusation and the associated
performance deterioration.

Recalling Chapter 3, the dynamics equation forhiyigrid actuator is:

|8 = Toger + Tytinger ~ Tganity ~ Ttrcion (4.3.53)

When the desired position & , the desired trajectory ®, , the desired angular

acceleration ig, . The corresponding sum of desired torques is gbyen

Toinder d ¥ Trptor o = quéd * Tyaity d T Thriction (4.3.54)
Assuming the desired motor torque is zero, thereeégpneumatic cylinder torque term
can be estimated by:
T inder _d — quéd T raity _d *+ 7T ficion (4.3.55)
To solve individual desired pressures for each dd@ma constraint is needed. An

actuator with higher stiffness is better able tsisedisturbance torques. To satisfy the

objectives of evenly distributing the differentishamber pressure, and providing the
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higher pressures needed for higher stiffness, ¢éiseetl pressures should change around a
nominal pressure with the same amplitudeABf(see Figure 4.10). Thus, the desired
chamber pressures are:

P« =R

nominal

+AP, andR, ; = Py —AP (4.3.56)

0 minal

where the pressure difference can be calculated by:

Tcylinder_d _ _ _
F:mminal (Aa Ab) + P()(Aa Ab)

r.
AP = P (4.3.57)

A+A

To obtain the desired chamber pressures, the deSFemass flow rates for both valves

are consequently:

— (yao + erpitch)Aapa,ff + kPa,ff grpitchAa

ff
KRT . (4.3.58)
mo — (Ybo _erpitch)AJPb,ff - ka,ff HrpitchA)
o KRT

wherep

 « andP, , are calculated by numerical derivative:

I:.)a,ff (tk) = (Pa,ff (ti ) - Pa,ff (ti _prm_period )) /prm_period
F-{),ff (tk) = (R}ff (t| )_ R),ﬁ (t| _prm_period )) /prm_period

wheret; is the current sampling time instant, ang, ..., is the PWM period.

When the FF compensator is combined with the bapkstg controller the

desired mass flow rates are given by:

m, =m, , +m, ,

_ _ _ (4.3.59)
m,=m, ; +m, g
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where m, . andrh, ., equala, anda,, respectively. Finally the PWM input for each

valve can be calculated using the method present8dction 3.7.

4.3.4 Preliminary Simulation and Experiment Results

To verify the effectiveness of the proposed bagkstey controller, preliminary
simulations and experiments with roughly tuned gauere performed for the horizontal
configuration. The hybrid pneumatic-electric actuatan be operated in three actuation
modes, namely pneumatic mode, electric motor madd, the hybrid mode. These are

listed in Table 4.3.1.

Table 4.3.1 Hybrid pneumatic-electric actuator nsode

Pneumatic Electric motor is turned off, only pneumatic actoatis used.
. Solenoid valves are turned off, only electric maotuation is
Electric motor
used.
Hybrid Both of the actuators are used.

To limit the amount of figures, the RMSE results tbhe hybrid mode under
backstepping control will be listed in the companisection, section 4.5. The trajectory

used are listed in Table 4.2.1 and the controdeameters are listed in Table 4.3.2
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Table 4.3.2 Backstepping controller parameters.

Pneumatic Parameterd/alue | Unit | Electric Motor ParametersValue Unit
K 60 | s* Kos_motor,p 85 | Nmiad"
K, 20 | st K ps_motor 14 | NmOad' [k
Ks 65 | s? K propartion 0.1 1
k4 65 st
Toum_ period 5 ms
IR 1 ms

The same parametengere used for both simulation and experiment. Fagud1,
Figure 4.12, and Figure 4.13 shows the simulatiesults for FF control only,
backstepping control only, and FF + backsteppirgpeetively. The FF control alone
achieved position tracking with errors less tha&d6Q:adian. The backstepping controller
tracked the reference trajectory with a maximunorewnf 0.01 radian accuracy. The
proposed backstepping + FF controller has a maxirauor less than 0.003 radian. The
backstepping + FF controller was simulated for teenainder of given trajectories.
Simulation results given in Figure 4.14 to Figurd®

Figure 4.14 to Figure 4.16 demonstrate the simaratiusing backstepping + FF
controller for tracking trajectories 2, 3 and 4rFBoe ramp trajectory, the tracking error
has a relative large overshoot at the abrupt chahgelocity point. For 1 Hz and 2 Hz

sine waves, the backstepping + FF controller hasralar overshoot at the beginning.
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After the initial transient the error magnitudes dess than 0.01 radian for both
trajectories.

Figure 4.17 to Figure 4.20 shows the experimenili®®f using backstepping +
FF controller for trajectory 1, 2, 3 and 4, respagdy. It can be observed that the
maximum overshoot occurs at the beginning, whicsinglar to the simulations. Unlike
the simulations, these results for trajectoriesid 2 show a low amplitude oscillation of
the error. The error has also increased. FoltHe sine wave, after the initial transient,
the maximum magnitude of the error is 0.016 radian 60% increase). For the 2 Hz

sine wave the maximum error magnitude increase2iogo to 0.03 radian.
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4.4 Discrete-valued Mode Predictive Control plus Inverse Dynamics

Control

4.4.1 Introduction

Model predictive control is a model-based nonlineantrol design method.
Specifically, it “is a form of control in which theurrent control action is obtained by
solving, at each sampling instant, a finite horizmpen-loop optimal control problem,
using the current state of the plant as the ingiate; the optimization yields an optimal
control sequence and the first control in this seqe is applied to the plant. An
important advantage of this type of control isatslity to cope with hard constraints on
controls and states.” (Mayne et al. 2000). With bybrid actuator, the two solenoid
on/off valves have a limited number of combinatiovithin a finite prediction horizon.
Since a system model has been developed, it isipj@s® maximize the predicted
performance by exhaustively searching all possiipat combinations of the valves. The
DVMPC for hybrid actuator was designed and testéth whe previous version of the
hybrid actuator prototype by Chen (2012), Bone &iien (2012). In this section
DVMPC will be extended and implemented on the impobversion of hybrid actuator
prototype. Then, a novel payload estimation atbariis proposed to improve robustness
of DVMPC + IDC. The performance of these contrdlewrill be compared to the

backstepping + FF controller is section 4.5.
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4.4.2 Mode Predictive Control Algorithm for the Pneumatic Actuator

The piston of the pneumatic cylinder is driven bympressed air, which is
controlled by a solenoid on/off valve for each chamindependently. Each valve has
only two discrete states, namely either on or Ibffs not difficult to predict the system
performance indices (i.e. a cost function defingdthe designer) for all possible valve
input combination within a limited time horizon. Bpmparing the performance indices,
controller chooses which set of the input is mariéable.

Two on/off solenoid valves have 4 possible comlamet at each sampling time.

One of these will be used as the DVMPC outpyitas described in Table 4.4.1.

Table 4.4.1 Discrete-valued MPC control signals

ValveA | ValveB | Control Output u
OFF OFF 0
ON OFF 1
OFF ON 2
ON ON 3

In the DVMPC, the cost function to be minimizedlefined as:

J

Np . A . . 2
Z[% (t+§T) =0 + [To0, ¢+ [ T5) |

J

-

(4.4.1)

Z
xe]

=2 8+ T, + JT9)°
]

1

wheret; is the current sampling time instaiitis the sampling time period), is desired

position trajectoryé is the predicted actuator position with the presticinputd , éis
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the predicted tracking erroN, is the prediction horizon. The cost function isccédted

for each of valve input combination and then anagstive search will be used to find the

optimal input _ .

N
U,(t) =argminy & ¢ + T, f, ¢ + T, ) (4.4.2)
=
Subject to:
u,0{0,1,2,3

ot +iT)=f(6,P.R.,G) forj={12.. N}
For one sampling period, there are only 4 possiipats to system. However, for
a period of two the possible input combination @ases to 16, for a period of three it
increases to 64. In order to reduce computation,l@constant valve input during a
prediction horizon will be adopted. This means &oprediction horizon, the predicted
input Gpwill remain unchanged. In such case, the numbe@ptifnal solution candidates
will be limited to 4. Consequently, this optimizati problem can be easily solved online
in real-time.
The arm position of the hybrid actuator over prédichorizon for a valve input is
calculated as follows:
1) Set | =0;
2) Calculatet, =t + |T,;

3) If t, =t,then use the measured pressures and positionrdatatfe sensors:
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P.(t)=R()
R(t)=R(t)
a(t,) = a(,)

o) =(66) -6, ~T)) /T,
whereFA’a and F})are predicted pressuraé,is predicted positioné is the
predicted velocity.

4) If t, >t then:

B(t) =Pt ~T)+TR (L ~T)
B(t) =Rt ~T)+T.RE -T)
6t.) =80, -T)+T.¢, -T)
o) =6t -T.)+T.ot -T.)

5) Calculate predicted mass flow rates using:
(60 = A [ Pa(t), Ga 6
My (60 =4 (R (0. G (1)

1 if p>_o
Ane(P,0)= e 0.53 (4.4.3)
Cvalve_dis(PO - P) OtherWise
. P
i if P.>_—20
Auo(PD)=] o *> 053

Ceave_in/P.—P  otherwise

6) Calculate the derivatives of the predicted pressure

B0 = 1, (86,660, 0) (4.4.4)
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Bt = T, 6,8t ) (4.4.5)

where f,(Jand f,(Jare the system model (3.3.6) derived in Chapter 3.

7) Obtain the predicted pneumatic cylinder torqué, ) using

£.(t) =[ P.)A - P.t)A ~P(A = A) [N (4.4.6)

8) If in vertical configuration, compute the predictgdavity torquef,(t,),

using 6(t,) .
Ty (t) = Tom®) * T pioas (1) (4.4.7)
where
£t :%Mmearmg sin(4¢,))
T peyiond ) =M Ltoad L payioad 9 sin(@(tk ))
else

£.(t)=0 (4.4.8)

9) Compute the predicted friction torqde(t, ) , using g, in place of 4.

10)Compute the predicted acceleratié(‘tk), using the system dynamics
model with 7 (t,) =0, and the other predicted torques.

11)Setj = j +1.

12)If j< N, then go to step 2.

13) Stop.
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443 Zero-Order Hold for the Pneumatic Actuator
The actual solenoid valves need time to energizkeegnergize the coil when they
are commanded to switch on/off. If the valve is ocwmamded to switch on at

nT, and 0+ 2J,and it is commanded to switch off @i+1)T, where the sampling time
period T, in data acquisition is 1 ms, the solenoid valvi stay on for the three sampling

time periods rather than switching off at the comded time. Such responses are
typically approximated by a unity gain with a valsitching on delay and switching off

delay.

To avoid the problem caused by valve responsegraarder hold ZOH) is
used to maintain the valve switch command for gageperiod of time. The holding time
period should be longer than the delay on plusydethtime periods. The same method
was applied to the previous version of hybrid aitug@rototype designed and used by
Chen (2012), and Bone and Chen (2012).

According to the FESTO manual, the switch on dédal.7 ms, and off delay is 2
ms for the new on/off valves. The delay reductioe tb the drive circuit will be ignored
to be conservative. To ensure each valve switchés#fan agreement with its command,

the zero-order hold time was chosen to be 5 ms.

4.4.4 Inverse Dynamics Control of the Electric Motor

The majority of the torque of the pneumatic-electictuator should be provided
by the pneumatic cylinder. For this reason, in DMARhe position of actuator is
predicted by assuming the motor torque is zero ¢see 10 of the DVMPC algorithm).
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The electric motor has an advantage of establishittgque very rapidly compared to the
pneumatic cylinder. In the hybrid actuator, the onas intended to respond to the high
frequency errors in torque/position. It is alsoaalp of reducing the steady state error.

The IDC technique has been successfully used vigtih performance robot arms
(Spong and Vidyasagar 1989). It was also appliedheo previous version of hybrid
actuator prototype (Bone and Chen 2012), and waspaced to the PD control for the
previous hybrid actuator (Chen 2012). To apply D€ to our hybrid actuator, we first
write the system dynamics in the form:

T

é - motor T

cylinder T

eq

gravity T friction (449)

Then applying the IDC law from section 8.3 of Spamgl Vidyasagar (1989) gives:
T (1) = Tram(t) + Kioe () + Kipe 1&(t) (4.4.10)
with

[em(t) = IAeq (ti)éd (t)-7.(t) - fg (t)+7(t)
é(ti) = Qd (ti) - 0(ti)

é(ti )= gd (t) - g(ti)
where€ and é are the measured position and velocity trackingrerrrespectivelyfeq is

the estimated equivalent inertia as defined byutber, or by the payload estimator (later

introduced in section 4.4.6) when it is useds given by (4.4.6)zis given by (4.4.7) if
the configuration is vertical or (4.4.8) if it i®hizontal; 7, is obtained as described in step
9) of the DVMPC algorithm; and ., is the remainder of the desired torque.
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445 Stability Analysis of theDVMPC + IDC

The previous two sections have finished the desifncontrollers for the
pneumatic actuator and electric motor respectivialyhis section, the stability analysis of
the combined DVMPC + IDC will be performed.

Assuming the motor will not be saturated during ¢batrol, substituting (4.4.10)

into (4.4.9) gives

= Kioca z Kioc.p « "
&(t,) +|—’e(ti) +|—’e(ti) =-Al Y, ()

-AT -AT

cylinder gravity -

where&(t,) is the measured angular acceleration errorAanfl . . AT oy AT fiion Al og

are the estimation errors. They are calculated by:
ATcyIinder = Tylinder (t)- fcylinder (t)
Az-gravity = z-gravity (ti ) - fgravity (ti )
AT igion = Ttriction () = T riction (&)
Algy =l (6) ~1(t)
é(ti) = ed (ti) - ﬁ(ti)

Additionally, the measured position velocity andeleration tracking errors can be

written as:
() =e(t;) + TAWS
é(ti) =€&(t) +Ah,) (4.4.12)
é(ti) =&(t)+A

&)
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where A, andA.are due to sensor noise; agd]) ande ¢ jare the actual tracking errors.

Substituting (4.4.13) into (4.4.11) gives

a(t) + K;DC*‘ et) + K;Dc'p et) =A (4.4.13)

eq e
where Ais the sum of the system uncertainty, sensor naisé,the estimation error. In
equation form:

A = _AI eqyd (tl) _Arcylinder _Argravity

Kioc.p K (4.4.14)

IDC.d
~ AT gigion _Aé(ti) T et) | Ae(ti)
& &

Note that the sumAis bounded because all of the individual terms 4m.l4) are
bounded. The second order linear systene iis guaranteed to converge to a bounded
value since all of its coefficients are positivéws, the hybrid actuator with the DVMPC
+ IDC is guaranteed to be bounded-input, boundddedstable under the condition that
the electric motor is never saturated.

Note that, such a second order linear systera in (4.4.15) can be written in
standard form:

8(t) + 2¢we(t )+ wie(t,) = A (4.4.16)

where w is the undamped natural frequency, ahis the damping ratio. If the desired

values ofw and { are given then the controller gains can be using:

Kipe.p = @ and

(4.4.17)
Kipca = a2
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446 Mode-Based Payload Estimation Algorithm

The DVMPC controller uses the payload mass to ptedravity torque and
equivalent inertia, which are part of the systenmadgics. In practice, there may be a
mismatch between the modeled payload and the guaydad. Such a payload mismatch
will degrade the DVMPC tracking performance. It particularly undesirable if the
payload is underestimated since that the make eéseetl pneumatic cylinder torque too
small. If so, the compensation term in IDC will eotially saturate the electric motor.
Recalling the assumption made in the stability ysia) the saturation of the motor might
cause instability of the position tracking.

To improve the robustness of the DVMPC to payloadnmatch, the following

payload inertia estimation algorithm is proposedtiie vertical configuration:
1) Set an initial estimatiorﬂpawoad(O)
2) Estimate the total inertia using:

Lo @) = L+ Ve * L *+ T o (8) (4.4.18)

slide arm

where IAp‘,jMo‘,jw| (t,) is the current estimate.
3) Compute torque error using:

r.(t) = (t)8, &) + 7, (t) ~ 7 (t) ~ 7.(t) (4.4.19)

4) If Te(t) > T yresnoig then continue, else go to step 11.
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5) If ‘6(‘;)‘ >@T§hdd then continue, else go to step 11.
6) Estimate gravity torque using:

£,(t) = F(t) + 7, (6) — T (66, ) (4.4.20)
7) Estimate payload torque using:

T paytond () = Tg (1) = Toprn (t) + T (8) (4.4.21)

8) Estimate actual payload inertia using:

Lraons (6) pcn (4.4.22)

1 ona () =
payload( |) g Sinﬁ(ti )

9) Smooth the estimation using:

e (6 * T2) = Coga o (6) + (1 g ) s () (4.4.23)
10) Stop.
11) Keep estimation same as the prior value, i.e.:
| aong (& +T) = 1 gona (6) (4.4.24)
In this algorithm, step 4 is used to turn off tistirator to prevent the drift that
could happen when the torque error is small. Stdp Becessary to prevent payload

estimation in step 8 from becoming numerically lintde sincer ., . (t) - 0 and
sin@( ) - 0 whenf(t) - 0. Finally, step 9 is used to smooth out variatiemsthe
estimates. The parametey, . is analogous to the forgetting factor used in otas

recursive least-squares estimation, and it shoallgieh within the interval of (0.9, 1).
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The smoothness of the payload estimation is nepgef&gause as mentioned in
last section: the electric motor controller gains @alculated and updated accordingly to

the equivalent inertia, estimate. If the estimate is not smooth, the motay saturate,

and the tracking error might not convergent to arued value.

4.4.7 Payload Estimation Experiment

To verify the effectiveness of payload estimatierperiments were performed.
The estimation algorithm was first implemented d¢w tprevious version of hybrid
actuator prototype used by Bone and Chen (2012).

The experiment setup is slightly different compartd the backstepping
experiments. The MAC valve was in place of FEST®@e,asmaller resolution of encoder,
and the ODC5 was used to drive the valve. The Hydmin was operating vertically with
different payload masses. Trajectories are sintdacturrent version, however, it moves
back at vertical position first, then started theve The payload estimation algorithm
was turned on and off manually before experimehte parameters used were listed in

Table 4.4.2.
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Table 4.4.2 Payload estimation parameters

Parameters Value Unit
N, 100 st
C forget 0.999 st
e tveshola 0.15 Nm
- 0.318 rac

For the purpose of validating payload mass estonatilgorithm, the mass of
actual payload was unknown to the controller. Thsitpn tracking results without and
with payload estimation are shown in Figure 4.28 &mgure 4.22 respectively. The
tracking error in the “without estimator” case istioeably bigger than the “with
estimator” case. The inertia estimate reached gtetade within about 2 seconds. The
performance of the payload estimation algorithm & studied further in Chapter 5 and

Chapter 6.
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448 Preliminary Simulation and Experiment Results
The performance of the designed controllers willshedied in this section. The
experiment and simulation results of current hargwand old hardware setup will both

be given.

4.4.8.1 PreviousHardware Experimental Results

DVMPC + IDC + Payload Estimation was tested using old hardware which
was also being used to test DVMPC+IDC by Bone ahénC(2012). The pneumatic
mode and hybrid modes were chosen to examine th8RIhprovement after electric
motor was included. The hybrid arm was operatedioatly. The actual values of the
payload mass were unknown to controller. The mismaf the equivalent inertia
between controller and actual payload was 90%. yéloidal trajectory was used to be
the position reference.

RMSE results of the experiments are listed in Tab#e3. In pneumatic mode,
when the estimator was used the controller the RM@E reduced RMSE by 80%, and
the SSE was reduced by 90%. In hybrid mode, adifiagestimator reduced the RMSE
by more than 90%, and the SSE reduced by more3b&n With the estimator on, the
hybrid mode improved the performance by reducingS&Evby 50% and SSE by 80%

compared to the pneumatic mode.
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Table 4.4.3 Experiment RMSE value results foriealtcycloidal trajectory tracking

Actuat Eqimat Mismatch RM SE SSE Equivalent Inertiain
cuator | ESUMAOr 06y | (radian) | (radian) |  Controller (kgm?)
_ OFF 90 0.0524| 0.0630 0.0275
Pneumatic
ON 90 0.0120 0.0049 0.0275
_ OFF 90 0.0319 0.022¢ 0.0275
Hybrid
ON 90 0.0058 0.0007 0.0275

4482 Current Hardware Simulation and Experimental Results

Proposed DVMPC + IDC controller was tested usingremt hardware. The
hybrid actuator operated horizontally. When chami@ssure fluctuates aggressively,
the actuator will oscillate. Payload mass for expent is zero. All trajectories listed in
Table 4.2.1 will be used in simulation and expentse The manually tuned parameters

are listed in Table 4.4.4 and Table 4.4.5.

Table 4.4.4 DVMPC Simulation parameters

Parameters Value Unit
N, 30 1
ZCOH 5 ms
Kiocp 59.2 Nm[tad"
Kioc.d 2.4 Nm (fad" (&
T 1 ms
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Table 4.4.5 DVMPC Experiment parameters

Par ameters Value Unit
N, 60 1
Z0H 5 ms
Kioc,p 9.5 Nm(fad!
Kioc g 0.67 Nm (tad* [k
T 1 ms

Simulation results of four trajectories in pneuroatiode are first given in Figure
4.23, Figure 4.24, Figure 4.25, and Figure 4.2peesvely. The errors of trajectory 1 and
2 were reduced by over 50% compared to the bagksigp FF simulations. However,
the chamber pressures were not distributed evenhaakstepping control, especially for
trajectory 1. Such a distribution of chamber presswvill not provide the high stiffness
that is desirable for disturbance rejection.

Experiment results for the same mode are givengare 4.27 to Figure 4.30. The
magnitudes of the tracking errors were much larfn with the simulations. For
example, with the sine wave trajectories the maxmerror magnitudes increased by
about 900%. The tracking errors were similar in miagle to those produced by the
backstepping + FF controller. It can also be olexbrthat the errors for the sine wave

trajectories were more random than the backsteppmieg.
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Figure 4.25 Trajectory 3, simulation, pneumatic mddVMPC
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4.5 Comparison of Controllers

Simulations of the three controllers were done tfa list of trajectories given
Table 4.2.1. The RMSE values of different actuatiodes are shown in Table 4.5.1,
Table 4.5.2, and Table 4.5.3. In pneumatic modeali PVA had the worst performance.
DVMPC performed slightly better than backstepping=F control. In electric motor
mode, the DVMPC performance was slightly betterhybrid mode, the performance of
both nonlinear controllers was very similar. Théig¢ mode produced the best tracking

performance amongst the three modes.

Table 4.5.1 Pneumatic mode simulation RMSE (radiesiilts

Trajectory 1 | Trajectory 2 | Trajectory 3 | Trajectory 4
PVA+FF+DZC 1.29x10° 8.15x10° 3.06x10° 5.70x10°
Backstepping + FF 2.34x10° 3.92x10° 7.73x10° 9.02x10°
DVMPC 6.84x10" 4.84x10* 6.84x10" 1.68x10°
Table 4.5.2 Electric motor mode simulation RMSHl{@a) results
Trajectory 1 | Trajectory 2 | Trajectory 3 | Trajectory 4
Backstepping + FF 4.76x10° 4.53x10° 9.93x10° 1.25%x10°
DVMPC 4.24x10* 4.73x10" 4.00x10° 4.81x10°
Table 4.5.3 Hybrid mode simulation RMSE (radiarsuies
Trajectory 1 | Trajectory 2 | Trajectory 3 | Trajectory 4
Backstepping + FF 1.45%10° 1.39x10° 4.84x10° 6.02x10°
DVMPC 4.03x10" 3.32x10* 8.78x10" 1.37x10°
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Experiments with the three actuation modes fotrajectories were done for both
nonlinear controllers. Each of the experiments wegseated for five times in order to
show its repeatability. The RMSE values for alltbé cases are shown in Table 4.5.4,
Table 4.5.5, and Table 4.5.6.

Figure 4.31 compares the tracking error performaotcehree controllers for
trajectory 1 in pneumatic mode and hybrid mode. PR&A controller unsurprisingly has
the worst tracking performance. In hybrid mode, tiie nonlinear controllers have close
performance.

In pneumatic mode, compared to PVA, the backsteppimd DVMPC controllers
reduced the average RMSE by 60%, excluding the 1siHe wave trajectory. When
tracking a 0.3 radian amplitude 2 Hz sine waveresfee, the backstepping and DVMPC
controller achieved an average RMSE value of Cadiian.

In hybrid mode, the two nonlinear controllers hagelly close performance for
all trajectories according to RMSE values listedlable 4.5.6. Compared to pneumatic
mode, the hybrid actuator has reduced the averag8ERby 70% for both nonlinear
controllers. When tracking a 0.3 radian amplitudd2sine wave trajectory, the average
RMSE was 0.005 radian or 50% less than with theipratic mode.

When the sine wave frequency was higher, the pnBonmaode tracking
performance for both controllers became worse dubé saturation of valves. However,
the hybrid mode was less impacted thanks to thgueorapidly provided by the electric

motor. Even for normal trajectories such as cyabidigure 4.31 shows the benefit of
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including the electric motor. The maximum trackieigor reduces about 60% when the

electric motor is turned on.

Table 4.5.4 Pneumatic mode experimental RMSE (raa&sults

PVA + FF + DZC RM SE value (radian)
Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 1.03x10? | 103210 | 1.05xx10 | 1.08xx10 | 1.07xx10 | 4 g1
2 9.67x10° | 9.75x10° | 9.77x10° | 9.91x10° | 9.83x10° | 9.79x1C’
3 7.46x10° | 6.82x10° | 6.73x10° | 6.86x10° | 7.38x10° | 7.05x1C°
4 2.50x10° | 2.16x10° | 1.85x10° | 1.60x10° | 1.33x10° | 1.89x1CF
Backstepping + FF RM SE value (radian)
Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 5.00x10° | 5.21x10° | 5.42x10° | 5.32x10° | 5.25x10° | 5.24x10°
2 5.92x10° | 5.85x10° | 6.18x10° | 6.40x10° | 6.08x10° | 6.09x1C°
3 1.45x107 | 1.03x107 | 1.06x107 | 1.13x107 | 1.03x10% | 1.14x10
4 1.14x107 | 1.29x107 | 1.12x107 | 1.09x107 | 1.21x107 | 1.17x10
DVMPC RM SE value (radian)
Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 7.93x10° | 8.23x10° | 7.68x10° | 7.49x10° | 7.50x10° | 7.77x1C°
2 7.18x10° | 6.49x10° | 7.45x10° | 6.56x10° | 6.90x10° | 6.92x1C°
3 9.20x10° | 9.01x1¢ | 191/*10| g gox10? | 8.89x10 | 9.23x10
4 0.92x10° | 11010 | g gax1c? | 9.20x10 | 8.78x10 | 9.73x10
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Table 4.5.5 Electric motor mode experimental RM&fgign) results

Backstepping + FF RM SE value (radian)

Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 3.47x10° | 3.50x10° | 3.5x10° | 3.62x10° | 3.64x10° | 3.55x10°
2 2.89x10° | 2.92x10° | 2.9x10® | 2.92x10° | 2.92x10° | 2.91x10°
3 7.73x10° | 8.11x10° | 7.82x10° | 8.24x10° | 8.60x10° | 8.10x10°
4 1.29x10° | 1.94x10° | 1.68x10° | 1.90x10? | 2.28x10% | 1.82x10?

DVMPC RM SE value (radian)

Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 1.33x10° | 1.28x10° | 1.67x10° | 1.65x10° | 1.56x10° | 1.50x10°
2 1.35x10° | 1.58x10° | 1.38x10° | 1.46x10° | 1.46x10° | 1.45x10°
3 1.43x10° | 7.04x10° | 7.00x10° | 6.60x10° | 6.47x10° | 8.28x1C0°
4 0.93x107 | 1.12x10° | 2.04x107 | 1.47x10° | 0.78x107 | 1.27x10?

Table 4.5.6 Hybrid mode experimental RMSE (radras)lts

Backstepping + FF RM SE value (radian)

Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 1.67x10° | 1.85x10° | 1.91x10° | 1.90x10° | 1.96x10° | 1.86x1C’
2 2.14x10° | 2.18x10° | 2.19x10° | 2.19x10° | 2.17x10° | 2.17x1C°
3 4.74x10° | 4.45x10° | 4.79x10° | 4.42x10° | 4.93x10° | 4.67x10°
4 5.57x10° | 7.01x10° | 7.37x10° | 6.21x10° | 6.71x10° | 6.57x10°

DVMPC RM SE value (radian)

Trajectory | Testl Test 2 Test 3 Test 4 Test 5 Mean
1 1.55x10° | 1.63x10° | 1.79x10° | 1.95x10° | 2.43x10° | 1.87x10°
2 1.91x10° | 1.93x10° | 1.97x10° | 1.49x10° | 1.55x10° | 1.77x10°
3 4.19x10° | 4.28x10° | 4.35x10° | 4.28x10° | 4.46x10° | 4.31x10°
4 4.74x10° | 4.47x10° | 4.48x10° | 4.64x10° | 4.68x10° | 4.60x10°
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4.6 Conclusions

A modified linear PVA controller and two model-bds@&onlinear position
controllers (i.e. backstepping + FF and DVMPC+ID@®re designed in this chapter. The
two model-based nonlinear position controllers etfgrmed the modified linear PVA
controller in pneumatic only mode in both the siatidns and experiments for the
horizontal configuration.

In the pneumatic mode simulations, the DVMPC + Ip@duced much smaller
tracking errors than the other two controllers linodthe four trajectories. In pneumatic
mode experiments, the backstepping + FF contrpeformed better in trajectory 1 and
2. The DVMPC + IDC was slightly better at sine wasagectories.

In the electric motor mode simulations, the DVMPC IBC noticeably
outperformed the backstepping + FF controller.na ¢lectric motor mode experiments,
the performance of the backstepping + FF contrees slightly inferior for trajectories 1,
2 and 4.

In the hybrid mode simulations, the DVMPC + IDC waagerior for all of the 4
trajectories. In the hybrid mode experiments, tlekistepping + FF controller had a
similar performance with DVMPC + IDC for trajectesi 1, 2 and 3. The DVMPC + IDC
was slightly better for trajectory 4.

The difference between the simulations and experisnéor DVMPC + IDC

might have been caused by the difference of théralter gains. Unlike the backstepping
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+ FF controller gains which were the same for bsithulations and experiments, the

DVMPC + IDC used two sets of different gains.

144



Master's Thesis — M. Xue Wester University — Mechanical Engineering

CHAPTER 5. SIMULATION

5.1 Introduction

In the preliminary simulations and experiments udeld in Chapter 4, except for
the results with the previous hardware in sectich841, the controllers assumed the
payload mass was zero while the actual payloadzewssas well, and the hybrid actuator
was only operated horizontally. Additional simutets and experiments are needed to
study the performance of the controllers over aewrdnge of conditions. In this chapter,
the following situations will be simulated and dissed:

1. Comparison of backstepping alone and backsteppitmmpensation.

2. The impact on DVMPC of different values of the potidn horizon.

3. Payload mass mismatch in backstepping, backsteppingompensation,
DVMPC, DVMPC + IDC, and DVMPC + IDC + payload esttor for
horizontal and vertical orientation will be examine

4. Discuss the limitations of the bipolynomial valveodel compared with an

ideal valve model when using a simulated planbfickstepping control.

5.2 Backstepping Controller Compensation

In the previous chapter, the electric and pneun@impensations were designed
separately for the backstepping controller. Theirppse is to help the backstepping
controlled hybrid actuator respond more quicklydpid trajectory changes. The electric

motor compensation depends on feedback of theipos#nd velocity tracking. The
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cylinder torque FF compensation heavily reliestmmdccuracy of the system model. The
combination of these two compensations should ingrihe tracking performance of
backstepping control. In this section, the simolasi will be performed to study their

effectiveness.

5.2.1 Electric Motor Compensation

The electric motor compensation torque does ngt aalthe accuracy of system
modeling. The performance degradation of the mbdskd backstepping controller due
to model mismatch will be compensated by this terqggmponent.

The simulation assumes payload mass is zero fdér dmttroller and actual plant.
The only mismatch is due to the difference betwienbipolynomial valve model used
by the controller (presented in section 3.7) aredvilve model (3.6.6) used by the plant.
The hybrid actuator operates in hybrid mode to Enhbth electric motor and pneumatic
cylinder. It is operated horizontally same as Caagt Only trajectory 1 (cycloidal) and
trajectory 4 (2Hz sine wave) were chosen to bedferences because of the similarity of
the rest of trajectories. The gains of backstepmontroller were kept the same as in
Chapter 4, and the pneumatic compensation wassuitoff.

The Figure 5.1 and Figure 5.2 shows the compariddmackstepping controller
alone versus backstepping controller with eleatniator compensation in hybrid mode.
RMSE values of the simulation are listed in Tabl2. 5 When the compensation is
turned on, the RMSE value reduces significantlyyo4@nd 70% for trajectory 1 and 4,

respectively. This is because the electric motommensation contains feedback of
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position and velocity error. The additional motorgue is generated to correct such errors.
Whereas in backstepping controller, the originadiel motor torque is actually only a
certain portion of total desired torque. In whichywthe advantage of electric motor is
not fully utilized. Notice that this motor competisa only works when the original

motor torque is not saturated.
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Table 5.2.1 RMSE values (radian) of electric m@tmmpensation

No compensation With compensation
Trajectory 1 3.20x10° 2.04x10°
Trajectory 4 2.33x10° 8.06x10°

5.2.2 Pneumatic Cylinder FF Compensation

The effectiveness of the FF term was shown in Giragpt A FF only controller
was used to track trajectory 1 in simulation. ThRISE value of the tracking was
moderate. However, such results alone are notcserfti to prove that adding FF
compensation to backstepping controller will praglumproved performance. In this
section, the FF compensation will be turned on aodhbined with backstepping
controller in simulation. As before, only trajectot (cycloidal) and trajectory 4 (2 Hz
sine wave) will be used.

The simulation environment remains the same ap#@ous section except that
the electric motor is switched off. The RMSE resudire listed in Table 5.2.2. The
comparison of no FF compensation and with FF cosgemm is shown in Figure 5.3.
The compensation uses the one step ahead desiséitbpdrajectory to calculate the
desired mass flow rate and pressure. This led svcowmpensation in some cases. For

example, with the cycloidal trajectory in Figure35the error is negative when the
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commanded motion starts, and has a larger magnthate the no compensation case.
However the overall performance was significamttyproved. With FF compensation, the

average RMSE values were reduced by over 70%.

Table 5.2.2 RMSE value (radian) of pneumatic @ginFF compensation

No compensation With compensation
Trajectory 1 1.47x10° 2.34x10°
Trajectory 4 3.97x10° 9.85x10°
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5.3 DVMPC Prediction Horizon Selection

The prediction horizon for DVMPC was roughly seéztin Chapter 4. It relates
to the controller performance in a non-intuitiveyw# is necessary to explore how the
performance is affected by the selection of préaiichorizon. This section will focus on
selecting a proper prediction horizon in horizontainfiguration and assuming the
payload mass is zero. As before, only trajectofgytloidal) and trajectory 4 (2 Hz sine
wave) will be used.

The results of different prediction horizon forjéetory 1 and trajectory 4 are
listed in Table 5.3.1. When horizon is small, theNIPC controller is not capable of

tracking both trajectories and the RMSE values &gy large. After dropping when

N, =30, the RMSE tended to increase with the predictionzion. This happens because

a larger horizon makes the controller more consaaBased on these resulfy, =40

will be used for the remaining simulations.
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Table 5.3.1 RMSE value (radian) of different pc&dn horizon

Trajectory 1 | Trajectory 4

N,=10 | 0.0362 0.0311
N,=20 | 0.9949 0.1033
N,=30 | 2.60x10" 0.6334

N, =40 | 6.84x10" | 1.68x10°
N,=50 | 1.94x10° | 1.64x10°
N, =60 | 4.22x10° | 3.41x10°
N,=70 | 7.63x10° | 5.80x10°
N,=80 | 1.24x10° | 1.11x1C°
N,=90 | 1.87x10° | 1.81x1C°
N,=100| 2.68x10° | 2.36x10°
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5.4 Payload Mismatch Simulations

When hybrid actuator operates in horizontal andticedr configurations, as
introduced in Chapter 3, the system dynamics chalogeto the absence/presence of the
gravity torque. The gravity is torque, due to thenaand payload, will increase the
required torque when moving upwards. It is esskmbisstudy the compensations and
payload estimation algorithm in both configuratiomsajectory 1 (cycloid) and trajectory

4 (2 Hz sine wave) will be chosen as position egiee for most cases.

5.4.1 Horizontal Configuration with Payload Mismatch

In the previous simulations and experiments thelgaaly mass assumed by the
controller and the actual payload were both zar@rhctice, the payload mass may vary
during the task. For instance, the collaborativeotovith hybrid actuator can be used to
serve drinks with different volumes. It is necegsao maintain the controller
performance in such cases. In this section, théopdymass mismatch will be tested for
the two nonlinear controllers.

Three different payloads are used by the contlter calculate the equivalent
inertia. The actual payloads (in the plant) witliywag degrees of mismatch are listed in

Table 5.4.1.
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Table 5.4.1 Payload mass mismatch in simulation

Small Nominal Large
Control Payload Mass 0.2 05 08
(kg)
AdualPayloadMass | 1 | o51 03| 01| 08 09 04 08 1p
(kg)
Mismatch (%) -50 0 50 | -80 0 80| -50 0 50

Table 5.4.2 Converted equivalent inertia mismatcsimulation

Small Nominal Large
iner(ii";tl:;'mz) 0.051 0.092 0.133
Ad(“k"’;'_ir;'%r "8 10,037 0.051| 0.065| 0.037| 0.092| 0.147| 0.078| 0.133| 0.188
Mismatch (%) | -27 | 0 | 27| 60| 0| 60| -41 0| 41

5.4.1.1 Backstepping Control

The backstepping controller was simulated in theupmatic mode and hybrid
mode. In pneumatic mode, the pneumatic cylindecéiRpensation is turned on and off
for the mismatch cases. The hybrid mode has comagiens from the pneumatic cylinder
and the motor respectively. These two compensatomnsurned on and off separately for
all payload mismatch cases.

The backstepping controller types are listed inld&4.3. The RMSE values for
different payload mismatches and different con¢rotpes are listed in Table 5.4.4 to
Table 5.4.6. Note that in pneumatic mode only Wlsnder torque is used, thus it will be
pointless to have the motor compensation in pneiematde.

156



Master’s Thesis — M. Xue Waster University — Mechanical Engineering

In all payload scenarios, when using trajectorthé, degree of mismatch doesn’t
have much impact on controller performance evehaut compensation. This is because
trajectory 1 is smooth in position and velocityenreince, the overall system dynamics has
a limited variation regarding to different payloaddowever for trajectory 4, the
controller performance is interesting. When theuas=d payload mass is not greater than
actual one, the RMSE values are very close. Thenatsh case performed even better
than no mismatch case. This may be caused by thieotler gains were tuned for zero
payload case which makes the controller “undertteglecen a payload is carried. Similar
results occurred with trajectory 1 tracking as walthough the RMSE values were very
similar, one may notice that having a smaller pagléended to improve the position

tracking.

Table 5.4.3 List of backstepping control types.

Backstepping Control Type Number
Backstepping only 1
Backstepping with electric motor compensation only 2
Backstepping with pneumatic FF compensation only 3
Backstepping with both compensations 4
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Table 5.4.4 RMSE value (radian) for small payloagdmatch cases under backstepping

control
Trajectory 1 Trajectory 4

Pg)(/)lrgarlc(l)lél?g) 0.2 02
ACt“a('kZ‘;‘y'oad 0.1 0.2 0.3 0.1 0.2 0.3
Pneum | Type#l | 9.94x10° | 1.010% | 1.0410° | 3.16x10° | 8.5%10% | 1.010"
Mode | Type#3 | 2.28x10° | 2.25¢10° | 2.25¢10° | 1.0%10° | 1.28x10% | 2.9%10°

Type#l | 8.2710° | 8.4%10° | 8.64<10° | 1.44x107 | 2.23«10° | 2.96x10?
Hybrid | Type#2 | 2.54x10° | 2.56<10° | 2.5710° | 9.35¢10° | 1.0810? | 1.40<10°
Mode | Type#3 | 2.24x10° | 2.1810° | 2.16x10° | 7.9710° | 8.5%10° | 1.40x10°

Type#4 | 1.2%10° | 1.31x10° | 1.33«10°% | 8.76x10° | 9.7%10° | 1.04x10?

Table 5.4.5 RMSE value

backstepping control

(radian) for medium payloadsmatch cases under

Trajectory 1 Trajectory 4
Pg)(/)lrgarlc(l)lél?g) 0.5 0.5
Actual Payload | 4 0.5 0.9 0.1 0.5 0.9
(kg)
Pneum | Type#l | 5.85¢<10° | 6.35¢<10° | 6.6810° | 3.40x10” | 1.35¢10" | 1.64x10™
Mode | Type#3 | 1.70<10° | 1.5%10° | 2.14x10° | 1.48102 | 1.27%10" | 1.8210°
Type#1 | 4.9210° | 5.3410° | 5.5%10° | 1.1%107 | 8.33«10% | 1.04x10"
Hybrid | TyPe#2 | 2.21x10° | 2.23<10° | 2.25:10° | 9.58<10° | 5.80<10° | 9.45¢10”
Mode | Type#3 | 1.66x10° | 1.55¢10° | 1.95¢10% | 1.0102 | 1.34107 | 1.4210"
Type#4 | 1.3710° | 1.3810° | 1.40x10° | 9.30x10°% | 1.1%10? | 1.21x10"
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Table 5.4.6 RMSE value (radian) for large payloadmatch cases under backstepping

control
Trajectory 1 Trajectory 4

Pig’llr‘;;g'('% ) 0.8 0.8
ACt“a('k';‘;‘y'oad 0.4 0.8 1.2 0.4 0.8 1.2
Pneum | Type#l | 4.6710° | 4.91x10° | 5.1410° | 9.38<10° | 1.63<10" | 1.63¢10"
Mode | Type#3 | 1.58<10°% | 1.5210° | 1.5410° | 1.75%102 | 1.7410" | 5.64x10"

Type#l | 3.9810° | 4.1810° | 4.31x10° | 5.2%107 | 9.910? | 1.0A10"
Hybrid | Type#2 | 2.1010° | 2.11x10° | 2.1%10° | 1.46<10° | 8.6710° | 9.81x10"
Mode | Type#3 | 1.54x10° | 1.4410° | 1.44x10° | 1.17%102 | 9.910? | 1.0510"

Type#4 | 1.4%10° | 1.50<10° | 1.51x10° | 1.23107% | 2.19%10% | 1.40<10"

5.4.1.2 Backstepping Control with Payload Estimator

The purpose of payload estimation algorithm is rigoriove the robustness of
DVMPC to payload mismatch. In Chapter 4, the paylestimation algorithm was shown
to be effective in the previous version of the hgtactuator with a smooth trajectory. In
this section the model-based payload estimator gueg in Chapter 4 will be
incorporated into backstepping control and studigdimulation.

The trajectory 1 has a smooth position and velomfgrence, and the angular
acceleration relatively small. This is the reasohywin the previous section, the

controller performances are close in trajectory espite of the presence of payload
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mismatches. The payload estimation algorithm wasgded primarily to compensate for
gravity torque mismatch, thus it might not be eitlgpiick or accurate enough to
compensate for the effects of inertia mismatchhelttorizontal configuration.

The same backstepping control types and trajest@$ethe previous section are
simulated. The estimator is switched on and offdibthe cases. The RMSE values are
listed in Table 5.4.7 to Table 5.4.12. For the $rpalload cases, the estimator did not
help in most cases for both trajectories exceptéwy limited improvement in trajectory
1 hybrid mode type #3. The normal and large payload similar results. The reason is
when angular acceleration is small the payloadiihated impact to system dynamics in
horizontal configuration. For rapidly changing nmefieces like trajectory 4, the
convergence of the payload estimation is slowen ttiee change of trajectory. The
tracking performance is much worse for such trajes when the estimator is switched

on than when it is off.
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Table 5.4.7 RMSE values (radian) for small payloander backstepping control

with/without payload estimator, tracking trajectdry

Estimator OFF

Estimator ON

Controller
Payload (kg)

0.2

0.2

Actual Payload
(kg)

0.1

0.2

0.3

0.1

0.2

0.3

Pneum | Type#l

9.94x10°

1.010°?

1.03<10?

9.94¢10°

1.010°?

1.04x10?

Mode | Type#3

2.34x10°

2.31x10°

2.26¢10°

2.35¢10°

2.30<10°

2.2x10°

Type#l

8.27%10°

8.47%10°

8.64x10°

8.27%10°

8.47%10°

8.63x10°

Hybrid | Type#2

2.54x10°

2.56x10°

2.5%10°

7.06x10?

7.06x10?

7.06x10?

Mode | Type#3

2.50<10°

2.41x10°

2.31x10°

2.2%10°

2.26x10°

2.23x10°

Type#4

1.35¢10°

1.35¢10°

1.35¢10°

1.5%10°

1.35¢10°

1.48<10°

Table 5.4.8 RMSE values (radian) for small payloaader

with/without payload estimator, tracking trajectery

backstepping control

Estimator OFF Estimator ON
Controller
Payload (kg) 0.2 0.2
Actual Payload 0.1 0.2 0.3 0.1 0.2 0.3
(kg)
Pneum | Type#l | 3.53x10% | 8.66<10° | 1.0%10" | 4.35x10° | 1.0410" | 1.26<10"
Mode | Type#3 | 2.91x10° | 6.64x10% | 5.28<10° | 2.38<10° | 1.26x10" | 1.98<10"
Type#l | 1.5%«10% | 2.67%10° | 2.9%10% | 2.00x10° | 3.410° | 6.2%10?
Hybrid | Type#2 | 1.14x10° | 1.3%10% | 1.76x10° | 1.06<10* | 1.3810” | 3.39%10°
Mode | Type#3 | 1.15x10° | 1.2410% | 1.6A10% | 1.210? | 2.4310? | 5.64x10°
Type#4 | 1.06<10° | 1.6710% | 2.05¢10% | 1.16<10° | 4.05¢10" | 5.19<10"
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Table 5.4.9 RMSE values (radian) for medium payloader backstepping control
with/without payload estimator, tracking trajectdry

Estimator OFF Estimator ON
Controller
Payload (kg) 0-5 0-5
Actual Payload 0.1 05 0.9 0.1 05 0.9
(kg)
Pneum | Type#l | 5.84x10° | 6.35x10° | 6.68«10° | 5.8310° | 6.35¢10° | 6.68x10°
Mode | Type#3 | 1.75¢10° | 1.61x10° | 2.11x10° | 1.75¢10° | 1.61x10° | 2.110°
Type#1 | 4.9210° | 5.3310° | 5.5%10° | 4.9%10° | 5.34x10° | 5.5%10°
Hybrid | Type#2 | 2.21x10° | 2.23%10° | 2.25x10° | 7.0410" | 7.05¢<10" | 7.05x10"
Mode | Type#3 | 1.80x10° | 1.64x10° | 1.9%10° | 1.6%10° | 1.5%10° | 1.96x10°
Type#4 | 1.54¢<10° | 1.54x10° | 1.5410° | 1.10x10? | 1.11x10° | 1.40x10?

Table 5.4.10 RMSE values (radian) for medium

with/without payload estimator, tracking trajectery

paylesmder backstepping control

Estimator OFF Estimator ON
Controller Payload 05 05
(kg)

Actual Payload (k) 0.1 0.5 0.9 0.1 0.5 0.9
Pneum | Type#l |3.8%107%|1.3310" | 1.610" | 4.13x107 | 1.34x10" | 1.28x10"
Mode | Type#3 | 3.80x10% | 1.24x10" | 2.08<10" | 2.90<107 | 1.85<10™" | 1.70x10"

Type#1 | 1.3210° | 8.33x10° | 1.04x10" | 1.48x10° | 1.10x10" | 1.22x10"
Hybrid | Type#2 | 1.1%x10? | 5.81x107 | 9.4710? | 1.11x107 | 7.51x10? | 1.11x10"
Mode | Type#3 | 1.5210%|1.90x10% | 1.3%10" | 1.25¢107% | 1.1210" | 1.30x10"

Type#4 | 1.50x10° | 1.75¢10° | 1.27%10" | 1.20x10" | 3.57%10" | 1.32x10"
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Table 5.4.11 RMSE values (radian) for large paylaadler backstepping control

with/without payload estimator, tracking trajectdry

Estimator OFF Estimator ON
Contr olélfrg)Payl oad 08 08
Actual Payload (kg) 0.4 0.8 1.2 0.4 0.8 1.2
Pneum | Type#l | 4.6710°| 4.91x10° | 5.14x10° | 4.67x10° | 4.91x10° | 5.13«10°
Mode | Type#3 |1.60<10°| 1.51x10° | 1.52¢10° | 1.5%10°% | 1.5210° | 1.53x10°
Type#l | 3.98x10° | 4.18x10° | 4.31x10° | 3.98x10° | 4.18x10° | 4.31x10°
Hybrid | Type#2 |2.10<10° | 2.11x10° | 2.12¢10° | 7.00x10" | 7.04x10" | 7.04x10"
Mode | Type#3 |1.60x10° | 1.47%10° | 1.47%10° | 1.56x10° | 1.44x10° | 1.44x10°
Type#4 | 1.6310° | 1.64x10° | 1.64x10° | 1.22x107% | 1.55¢107 | 1.20x10?

Table 5.4.12 RMSE values (radian) for large paylaatdier

with/without payload estimator, tracking trajectery

backstepping control

Estimator OFF Estimator ON
Controller
0.8 )
Payload (kg) 0.8
Actual Payload 0.4 0.8 1.2 0.4 0.8 1.2
(kg)
Pneum | Type#l 9.48x10% | 1.58<10* | 1.65¢<10" | 1.31x10* | 1.29<10* | 1.25¢10*
Mode Type#3 | 2.1810° | 1.76<10" | 5.65¢<10" | 1.98x10" | 1.74x10" | 1.6510"
Type#l | 5.2%10% | 9.910% | 1.0A10" | 9.3%10% | 1.21x10" | 1.2310*
Hybrid Type#2 | 1.66x10° | 8.71x10% | 9.83«10% | 3.60x10% | 1.06x10" | 1.1710"
Mode Type#3 | 2.30x10° | 9.82107% | 1.06x10" | 8.7310% | 1.25x10" | 1.2%10*
Type#4 | 2.3710°% | 2.33%«10% | 1.4X10" | 4.00x10" | 4.5%10" | 1.40x10*
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54.1.3 DVMPC

The DVMPC has two control types that need to beetkas listed in Table 5.4.13.
Both control types will be simulated for trajecesil and 4. The same payload mismatch
cases as before will be used.

The results are listed in Table 5.4.14. The DVMPADC (type #1) reduced
RMSE values significantly compared with type #2.wdwer, regarding the robustness,
these two modes are almost identical for trajectbityacking. The IDC was tuned for
zero payload, the smaller payload situations tertddthve superior tracking performance
over the larger payloads without mismatch. Withewtory 4, the RMSE values greater
than 0.1 were produced by unstable responses. Udththe prediction horizon was tuned
at 40 for zero payloads in last section, the otdple case for type #2 was with the 0.1kg
actual payload and controller payloads of 0.2 Brkg;.

The DVMPC is not as robust as the backsteppingrobat. Although both of
these two controllers were tuned for the zero payljahe DVMPC was much more
sensitive to mismatch. However, the DVMPC did hause advantage in tracking

performance. For example, in trajectory 1, the RM&lies averaged aroundx110*

compared to 1.4 10° for the backstepping controller.

Table 5.4.13 DVMPC mode list

DVMPC Type Number
DVMPC+IDC, in hybrid mode 1

DVMPC only, in pneumatic modre 2
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Table 5.4.14 RMSE values (radian) for a range gfqaals and mismatch cases
under DVMPC

Trajectory 1 Trajectory 4
Controller
0.2 0.2
Payload(kQ)
Actual Payload 0.1 0.2 0.3 0.1 0.2 0.3
(kg)
Type#l 2.61x10* | 2.60x10* | 2.43x10* | 2.14x10° | 3.81x10° | 6.49«10°
Type#2 8.0%x10* | 9.0%10* | 9.0210* | 4.1210™" | 3.58<10" | 3.19%10"
Trajectory 1 Trajectory 4
Controller
0.5 0.5
Payload(kQ)
Actual Payload 0.1 0.5 0.9 0.1 0.5 0.9
(kg)
Type#l 3.11x10* | 3.0%10* | 3.0210* | 3.31x10° | 2.91x10" | 2.27%10"
Type#2 3.8%10* | 4.81x10" | 4.97x10* | 4.3%10" | 2.63x10" | 2.08x10"
Trajectory 1 Trajectory 4
Controller
0.8 0.8
Payload(kQ)
Actual Payload 0.4 0.8 1.2 0.4 0.8 1.2
(kg)
Type#l 3.38x10* | 3.3810" | 3.36x10* | 3.1710" | 2.40x10" | 2.01x10"
Type#2 2.95¢<10* | 3.30x10* | 3.25¢10" | 2.86x10™" | 2.1910" | 1.84x10"

54.1.4 DVMPC with Payload Estimator
In this section, simulations will be performed fDVMPC type #1 with the
payload estimator on. The simulation parametensaneed the same as the previous

section. The valve model for discrete valve inpaswncluded in the simulated plant.
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The RMSE values are listed in Table 5.4.15. Thelgaay estimation helped to
reduce the RMSE in nominal payload when the agbagload is 0.1 kg (trajectory 4).
However, in most cases, the payload estimationneadelpful. Recall that the payload
estimation was proposed based on the torque ehmhwvas calculated by the difference
between actual total actuation torque and the e@diorque. Normally, the horizontal
configuration will have a smaller desired torquedese it has only friction torque and
the torque needed to produce the angular acceleraiihe pneumatic cylinder torque
fluctuations may make the torque error estimatinaccurate. The threshold of the
payload estimation is therefore difficult to beeatetined. This explains why in trajectory
1 the performances with estimator on and off aemtidal. The simulation results suggest

that payload estimation is not suitable for DVMRPQhe horizontal configuration.
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Table 5.4.15 RMSE values (radian) for a range ofigaals and mismatch cases under

DVMPC with payload estimation

Trajectory 1 Trajectory 4
Controller
0.2 0.2
Payload(kQ)
Actual Payload 0.1 0.2 0.3 0.1 0.2 0.3
(ko)
Estimator ON 4.2410% | 4.23x10*% | 4.23x10* | 2.2x10° | 3.9x10° | 8.5x10°
Estimator OFF | 4.24x10* | 4.23x10* | 4.23x10* | 2.3x10% | 3.9x10% | 6.6x10°
Trajectory 1 Trajectory 4
Controller
0.5 0.5
Payload(kQ)
Actual Payload 0.1 05 0.9 01 05 0.9
(ko)
Estimator ON 4.25¢<10% | 4.23x10% | 4.23x10* | 2.9x10° 0.28 0.22
Estimator OFF | 4.25¢<10* | 4.23<10* | 4.23x10* | 3.4x10° 0.29 0.23
Trajectory 1 Trajectory 4
Controller
0.8 0.8
Payload(kQ)
Actual Payload 0.4 0.8 1.2 0.4 0.8 1.2
(ko)
Estimator ON 4.24x10% | 4.24x10% | 4.23x10* 0.31 0.23 0.2
Estimator OFF | 4.24x10* | 4.24x10* | 4.23x10* 0.32 0.24 0.2
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5.4.2 Vertical Configuration with Payload Mismatch

The vertical configuration of the hybrid actuatgstem was modeled in Chapter 3.
In such configuration, the gravity torque greatigreases the desired torque making the
servo control more difficult. The payload mismatohthe horizontal configuration was
simulated in previous section. Trajectories used tfe vertical configuration were

slightly different those used previously due to ¢inavity torque as shown in Figure 5.5.
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Figure 5.5 Trajectories used in vertical and hartabconfigurations.
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5.4.2.1 Backstepping Control

The same backstepping control types will be sinealaThe RMSE value results
are listed Table 5.4.16 to Table 5.4.18. When theking was stable, compared to the
horizontal configuration the RMSE increased by 40%00% (within10°radiar).

Based on the Table 5.4.16 results, the RMSE vakers not greatly affected by
the changes in payload when the nominal payloadsnadl. Controller type #4 had the
smallest RMSE values.

Based on the Table 5.4.17 results, the normal paylcase demonstrated the
robustness of the backstepping controller typeTh& 0.1 kg payload is within the load
capability of hybrid actuator. Although controllexpected a 0.5 kg payload, the tracking
RMSE for trajectory 1 and 4 was similar for the @dland 0.5 kg payloads. Obviously,
the 0.9 kg payload was beyond the maximum load tth@thybrid actuator could stably
control.

The large payload case had the worst performansh@sn by the Table 5.4.18
results. This was caused by exceeding of the maxitoad capacity. The backstepping
controller type #4 was the only one capable of ity the tracking with a 0.4 kg

payload.
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Table 5.4.16 RMSE value (radian) of small payloasmatch cases under
backstepping control

Trajectory 1 Trajectory 4
Controller Payload 02 02
(kg)

Actual Payload (kg) 0.1 0.2 0.3 0.1 0.2 0.3
Pneum | Type#l | 1.60x107 | 6.84x10% | 5.00<10" | 9.20<10% | 1.58<10™" | 4.89«10"
Mode Type#3 | 1.35¢10% | 6.85¢x10° | 4.71x10° | 7.99%10° | 6.95¢107 | 1.14x10"

Type#l | 1.24<10% | 1.71x10% | 2.88x10° | 3.1710° | 5.37107 | 7.8710?
Hybrid | Type#2 2.7%10° | 4.40¢10° | 9.81x10° | 1.45x107 | 3.78x10° | 7.3810°
Mode Type#3 | 1.3710% | 8.01x10° | 3.6%10° | 1.81x10° | 1.75¢107 | 2.15¢10?

Type#4 | 3.08<10°% | 2.24x10° | 1.79%10° | 1.64x10° | 2.36x107 | 3.06x10?

Table 5.4.17 RMSE value (radian) of normal payloasmatch cases under backstepping

control
Trajectory 1 Trajectory 4
Actual Payload 0.1 0.5 0.9 0.1 0.5 0.9
(kg)
Pneum | Type#l | 6.4710° | 6.60x10" | 7.99%10" | 6.65¢<10% | 7.15¢10" | 8.0210"
Mode | Type#3 | 1.90<10% | 4.7310° | 4.7210" | 6.87%10? | 2.8%10" | 5.35¢10"
Type#l | 5.45x10°% | 7.10x107% | 5.86x10" | 1.73%10?% | 2.61x10" | 5.1810"
Hybrid | Type#2 | 2.42<10° | 4.1910° | 5.74x10" | 1.1%10° | 2.5810" | 5.16x10"
Mode | Type#3 | 1.8710? | 4.2210° | 3.38<10" | 2.36x10% | 9.10<10? | 3.48x10"
Type#4 | 8.31x10° | 2.010° | 3.3%10" | 1.7%107% | 4.54x107 | 3.47<10"
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Table 5.4.18 RMSE value (radian) of large payloadnmatch cases under backstepping

control
Trajectory 1 Trajectory 4
Controller
0. )
Payload (kg) 8 0.8
ACt“a('k';";‘y'oad 0.4 0.8 1.2 0.4 0.8 1.2
2.84x10% | 7.74x10" | 8.44x10" | 6.04x10* | 7.78<10" | 8.20x10?
Pneum Type#l
Mode Type#3 1.05x102 | 4.34x10" | 6.21x10* | 1.94x10* | 5.41x10" | 6.29«10*
Type#1 1.20x10% | 4.22x10" | 6.81x10* | 1.95¢<10* | 5.10<10" | 6.29<10*
2.50<10° | 6.11x10* | 6.78<10" | 1.94x10* | 5.10<10* | 6.27%10*
Hybrid | 1YPe#2
Mode Type#3 1.13x10% | 2.78<10" | 4.4%10* | 3.28<10° | 3.210* | 4.8%10*
Type #4 3.08x10°% | 2.79<10" | 4.51x10* | 2.43x10? | 3.20<10" | 4.85¢<10*

5.4.2.2 Backstepping Control with Payload Estimator

The results presented in section 5.4.1.2 showddlibgpayload estimator was not
helpful in the horizontal configuration. Howeves & was designed for payload gravity
torque compensation, the estimator should be helgifien the actuator operates in the
vertical configuration.

The same backstepping control types were simulatéd and without the
The simulated RMSE values are listedlahle 5.4.19 to Table 5.4.24. When

estimator.

the payload was within the maximum load capacitytleé hybrid actuator and the
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trajectory was slowly varying, the improvement vimus. In trajectory 1 hybrid mode,
with all types of backstepping control the RMSEuesd were reduced by about 50%
when the actual payload was less than 0.4 kg. Mewehe performance with the
estimator was not consistent with the backsteppordroller due to the slow convergence

speed of the estimation. With the rapidly changnagectory 4, the tracking performance

was degraded by more than 50% in average.

Table 5.4.19 RMSE values (radian) for small payloader backstepping control
with/without payload estimator, tracking trajectdry

Estimator OFF Estimator ON
Controller
Payload (Kg) 02 0.2
ACt“a('kZ‘;‘y'oad 0.1 0.2 0.3 0.1 0.2 0.3
Tvpe#1 1.60x10° | 6.61x10% | 5.00x10* | 1.7710% | 6.73%10?% | 5.00<10*
Pneum yp
Mode Type#3 1.35¢10° | 6.85¢<10° | 4.71x10° | 1.44x10° | 6.71x10° | 4.00<10°
Type#l 1.24x10° | 1.71x10% | 2.88x10° | 3.65¢<10° | 3.54x10° | 3.37%10°
Tvpe#2 2.7%10°% | 4.40<10° | 9.81x10° | 1.8%10° | 2.01x10° | 2.0310°
Hybrid | ' 7P
Mode Type#3 1.3710% | 8.01x10° | 3.70<10° | 1.44x10° | 7.70<10° | 7.30x10°
Type#4 3.08x10° | 2.24x10° | 1.79%10° | 2.0%10° | 2.08<10° | 1.84x10°
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Table 5.4.20 RMSE values (radian) for small paylaatter backstepping control

with/without payload estimator, tracking trajectary

Estimator OFF Estimator ON
Controller Payload 0.2 0.2
(kg)

Actual Payload (kg) 0.1 0.2 0.3 0.1 0.2 0.3
Pneum | Type#l | 9.0%107| 1.58x10" | 4.8%10" | 1.91x10" | 2.83«<10™" | 5.84x10"
Mode | Type#3 |8.38<10% | 7.19%x107 | 1.1310" | 7.35¢107 | 6.99<10? | 1.14x10*

Type#1 | 3.18x10° | 5.35¢10° | 7.8710° | 4.28x10" | 9.03x10" | 9.10x10"
Hybrid | Type#2 | 1.45<10° | 3.7810” | 7.31x10” | 1.40x10” | 1.75¢10° | 1.6710"
Mode | Type#3 |1.80x107 | 1.84x10? | 2.16x10? | 2.35¢10" | 1.94x10" | 1.90<10"

Type#4 | 8.04<10° | 2.13x10? | 2.74x107 | 7.31x10% | 7.97x107 | 1.06x10"

Table 5.4.21 RMSE values (radian) for medium payloader backstepping control
with/without payload estimator, tracking trajectdry

Estimator OFF Estimator ON
Controller Payload 05 05
(kg)

Actual Payload (k) 0.1 0.5 0.9 0.1 0.5 0.9
Pneum | Type#l | 6.46x10°| 6.60<10" | 7.99%«10" | 1.92¢10% | 6.58<10" | 7.99<10"
Mode | Type#3 |1.91x10? | 4.73x10° | 4.7210" | 9.38x10° | 4.51x10° | 5.5210"

Type#l |5.44<10°| 7.10x10% | 5.86x10" | 2.56x10° | 5.82¢10° | 6.56x10"
Hybrid | Type#2 2.42x10° | 4.19<10° | 5.74x10" | 1.88<10° | 3.90x10° | 6.56x10"
Mode | Type#3 |1.8710%|4.22x10° | 3.38<10" | 1.0%10? | 5.0%10° | 3.8810*

Type#4 | 8.31x10° | 2.010° | 3.3%10" | 1.90<10° | 1.9710° | 3.89%<10"
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Table 5.4.22 RMSE values (radian) for medium payloader backstepping control
with/without payload estimator, tracking trajectary

Estimator OFF Estimator ON
Controller Payload 05 05
(kg)

Actual Payload (kg) 0.1 0.5 0.9 0.1 0.5 0.9
Pneum | Type#l | 6.58x107 | 7.16x10" | 8.010" | 1.14x10™" | 7.76<10" | 8.20<10"
Mode Type#3 | 7.60x<10% | 2.86x10" | 5.35x10" | 6.5710° | 3.19%10" | 6.24x10"

Type#l | 1.810%|2.61x10" | 5.18x10" | 9.10<10" | 9.09<10" | 6.8210*
Hybrid | Type#2 1.19%107 | 2.58x10" | 5.1710" | 1.40x107 | 3.93x10" | 6.05¢x10"
Mode Type#3 | 2.3710% | 9.1%107 | 3.4%10" | 1.61x10" | 1.43«10" | 4.9710"

Type#4 | 2.03<10% | 4.70x107 | 3.48x10" | 1.13x10" | 2.31x10" | 5.11x10"

Table 5.4.23 RMSE values (radian) for large paylaatdier

with/without payload estimator, tracking trajectdry

backstepping control

Estimator OFF Estimator ON
Controller
0.8 0.8
Payload (kg)
Actual Payload 0.4 0.8 1.2 0.4 0.8 1.2
(kg)
Pneumn | Type#l | 2.85<10" | 7.74x10" | 8.44x10" | 3.70<10" | 7.7210" | 8.44x10"
Mode | Type#3 | 1.05¢10? | 4.34x10" | 6.21x10" | 5.3810° | 5.08<10" | 7.45x10"
Type#l | 1.20x10% | 4.210" | 6.81x10" | 3.410° | 6.3810" | 7.05¢<10"
Hybrid | Type#2 | 2.50<10° | 6.11x10" | 6.78<10" | 1.9810° | 6.3%10" | 7.03x10"
Mode | Type#3 | 1.13x10? | 2.78<10" | 4.49<10" | 7.9%10° | 3.31x10" | 5.0910"
Type#4 | 3.0810° | 2.7%10" | 4.51x10" | 1.8%10° | 3.30x10" | 5.06x10"
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Table 5.4.24 RMSE values (radian) for large payloader backstepping control
with/without payload estimator, tracking trajectery

Estimator OFF Estimator ON
Controller
0.8 0.8
Payload (kg)
ACt“a('kZ‘;‘y'oad 0.4 0.8 1.2 0.4 0.8 1.2
6.07x10" | 7.78x10" | 8.20x10" | 6.0%x10* | 8.09x10* | 8.36x10*
Pneum Type#1
Mode Type#3 1.95¢10* | 5.39%10* | 6.29<10" | 1.43«10* | 5.6710* | 6.9%10*
Type#1 1.95¢10* | 5.10x10* | 6.29<10" | 5.5710" | 6.06x10" | 6.87x10*
1.95¢<10" | 5.10<10" | 6.27%10" | 2.97%10" | 5.70<10* | 6.73x10?
Hybrid | 1YPE#2
Mode Type#3 3.34x10?% | 3.21x10" | 4.85x10" | 1.18x10" | 4.46x10" | 5.98<10*
Type#4 2.44x10% | 3.1710" | 4.84x10" | 1.87x10" | 4.68x10" | 6.09<10*

5423 DVMPC

The results for DVMPC in the vertical configuratienth various payloads and
mismatches are listed in Table 5.4.25. The perémgas with the small payload were
much less robust than the horizontal configuratidmen the controller payload matched
the actual payload, the RMSE was significantly msalin both trajectories 1 and 4. The
normal payload case reiterated this situation ajettory 1, especially when the actual
payload was smaller than the payload used by th&ater. However, when the actual
payload was 0.9 kg, the tracking was not stable Jdme lack of robustness was shown

with trajectory 4. The controller was barely abtettack a 2 Hz sine wave reference
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carrying a 0.1 kg payload with payload mismatch.eWkhe actual payload was over 0.5

kg the tracking was not stable.

Table 5.4.25 RMSE values (radian) for a range gfqaals and mismatch cases

under DVMPC

Trajectory 1 Trajectory 4
Actual Payload (kg) 0.1 0.2 0.3 0.1 0.2 0.3
Type#l 4.53«10" | 2.41x10* | 4.80x10* | 1.18x10" | 3.69x107? | 5.09<10°?
Type#2 2.3310° | 7.61x107 | 7.66x10°% | 7.41x10° | 4.0710" | 3.64x10"
Trajectory 1 Trajectory 4
oo
Actual Payload (k) 0.1 0.5 0.9 0.1 0.5 0.9
Type#l 2.1210° | 3.1%10* | 1.3710" | 9.27107% | 3.45¢10" | 2.91x10"
Type #2 7.60x10% | 8.41x10% | 3.5310" | 2.04x10" | 3.010" | 2.83«10"
Trajectory 1 Trajectory 4
ey
Actual Payload (k) 0.4 0.8 1.2 0.4 0.8 1.2
Type#l 1.26x10° | 1.65x10° | 3.76x10" | 3.63x10" | 3.41x10" | 2.13x10"
Type#2 8.10x10° | 2.88<10" | 5.26x10" | 3.36x10" | 4.18x10" | 4.18«10"
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5.4.2.4 DVMPC with Payload Estimator

The vertical configuration assessment of the estmaas simulated in this
section. The RMSE results are listed in Table 5.4CGnly DVMPC type 1 was simulated
with and without the estimator.

In two of the 12 mismatch cases (normal contrgflayload and 0.1 kg actual
payload; and large controller payload with 0.4 ktual payload) the estimator produced
a significant performance improvement. In the otloases its performance was

disappointing.
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Table 5.4.26 RMSE value (radian) for a range oflgegys and mismatch cases under

DVMPC with payload estimation

Trajectory 1 Trajectory 4
Controller
0.2 0.2
Payload(kQ)
Actual Payload (kg) 0.1 0.2 0.3 0.1 0.2 0.3
Estimator ON 4.65¢10% | 2.42%10* | 4.41x10* | 3.15¢10° | 4.93x10° | 9.0810°
Estimator OFF 4.53x10% | 2.41x10* | 4.80x10* | 3.18x10° | 4.89%<10° | 7.36x10°
Trajectory 1 Trajectory 4
Controller
0.5 0.5
Payload(kQ)
Actual Payload (k) 0.1 0.5 0.9 0.1 0.5 0.9
Estimator ON 3.86<10* | 3.19¢10* | 1.31x10" | 3.5%10° | 3.43<10" | 2.76¢10"
Estimator OFF 2.12x10° | 3.19«10* | 1.3710" | 5.13x10° | 3.3810" | 2.95¢10"
Trajectory 1 Trajectory 4
Controller
0.8 0.8
Payload(kQ)
Actual Payload (k) 0.4 0.8 1.2 0.4 0.8 1.2
Estimator ON 2.96x10% | 1.65¢102 | 3.7710" | 3.64x10" | 3.43x10" | 3.96x10"
Estimator OFF 1.26x10° | 1.65¢107 | 3.76<10" | 3.58x10" | 3.27%10" | 2.010"

5.5 Limitations of the Valve Modeling

The valve model for a discrete valve input thaised with DVMPC is relatively
accurate because a single chamber pressure respassaeasured and fitted rather than
an entire surface. The valve model for the PWM tinpsed with the backstepping

controller was modeled by measuring the chambesspre changes for a series of PWM
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inputs. The mass flow rates were estimated by nigaledifferentiation of the chamber
pressures. Then a surface of PWM input, chambesspre and mass flow rate was fitted
by surface fitting methods.

How the accuracy of the valve model limits the perfance of the backstepping
control will be studied in this section. The cotigo will be simulated in different
conditions. If the controller has low gains, thesided mass flow rate will be limited to a
small number because of the low desired chambespre. On the other hand, when high
gains are used, it is possible for the backstepporgroller to saturate the valves. The
low gains listed in Table 5.5.2 are identical tmgé used in Chapter 4. They were
manually tuned to prevent the saturation of mass flates in the valve dynamic model.
The high gains were selected to occasionally sutee mass flow rate of the valve
model.

Several sine wave trajectories (see Table 5.5.dl pevsimulated. A similar set of
sine waves were used by Rao (2005) to discussitt&ations of his valve dynamic
model. The hybrid mode with backstepping controligpe 4 was chosen for the
simulations, although the choice of actuation mizdeot critical for studying the effects
of the valve dynamics model difference. The RMSHki@s for the position tracking and
chamber pressure tracking using the bipolynomialevanodel and an ideal valve (i.e. a

perfect model) are listed in Table 5.5.3.
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Table 5.5.1 Trajectory list

Test trajectory

Trajectory 1 | Sine wave at 1Hz with 0.3 radian amplitude

Trajectory 2 | Sine wave at 2Hz with 0.3 radian amplitude

Trajectory 3 | Sine wave at 3Hz with 0.3 radian amplitude

Trajectory 4 | Sine wave at 4Hz with 0.3 radian amplitude

Table 5.5.2 Low and high controller gains usediimusation

Low Gains Value | Unit High Gains Value Unit
K, 60 | s* K, 60 st
K, 20 st K, 20 st
K, 65 st K, 165 st
K, 65 st K, 165 st

With the small gains, the valve model was relativaétcurate since the desired
mass flow rates did not saturate the valves. THierdnce of the RMSE values was
relatively small. When using ideal valve modelse tRMSE reduced about 60% for
chamber pressure tracking, and around 20% foripaditacking.

With the high gains, the ideal valve produced asdient position tracking
performance for all of the trajectories. The pasitiracking error for the real valve model
reduced for trajectories 1 to 3, but increased @94 with trajectory 4. Obviously the 4

Hz sine wave trajectory and the high gains cau$edvialves to saturate as can be
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observed from the large increase in the chambesspre tracking errors compared to the

low gain case.

Table 5.5.3 RMSE (radian) values for backsteppmgrol with imperfect and
perfect valve models

Low Gains High Gains
Trajectory 1 Trajectory 1
Valve Pgrsrt(l)?n Paerror Py error Pgrsit(l)?n Paerror Py error
model (radian) (Pa) (Pa) (radian) (Pa) (Pa)
imperfect | 6.1810° 1.2%10" | 1.210' | 5.4510° 8.3810° | 8.38&10°
perfect 4.7310° 455¢10° | 4.5510° | 4.8310° 3.31x10° | 3.31x10°
Trajectory 2 Trajectory 2
Valve Pgrsrt(l)?n Paerror | Pyerror Pgrsit(l)?n Paoerror | Pyerror
model (radian) (Pa) (Pa) (radian) (Pa) (Pa)
imperfect 7.8%10° 1.15¢10% | 1.15¢10° 6.64x10° 8.4%10° | 8.410°
perfect 5.7810° 44410 | 4.4410° 5.6%10° 3.65¢10° | 3.65x10°
Trajectory 3 Trajectory 3
Valve Pgrsrt(l)?n Paerror | Pyerror Pgrsit(l)?n Paerror | Pyerror
model (radian) (Pa) (Pa) (radian) (Pa) (Pa)
imperfect 1.26107 1.21x10% | 1.21x10° 1.1810? 1.11x10" | 1.11x10"
perfect 8.9810° 5.4810° | 5.4810° 8.71x10° 3.9%10° | 3.9%10°
Trajectory 4 Trajectory 4
Valve Pgrs'rt(')?n Paerror | Pyerror Pgrs:t(l)(rJn Payerror | Pyerror
model (radian) (Pa) (Pa) (radian) (Pa) (Pa)
imperfect 1.48107 1.66x10" | 1.66<10" 7.76x10? 8.85¢10" | 8.85¢10
perfect 1.2210? 1.21x10% | 1.21x10° 1.1%10? 45410 | 4.5410°
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56 Conclusions

Both the DVMPC and backstepping controller wereepsively tested by
simulations. The effectiveness of compensationsniptor and cylinder torque was
studied. The tuning of DVMPC prediction horizon walso investigated. The results
provided guidance for further experimental tuning.

Payload mismatch in both horizontal and verticahfigurations have been
simulated for backstepping, backstepping with estom DVMPC, and DVMPC with
estimator. In general, backstepping controller Inetser robustness to payload variations.
The DVMPC performs better in RMSE value when th@gead has no mismatch.

The limitation of the payload estimation algoritwwas shown in simulation
discussions. The estimator was significantly hdlgily in a few specific situations,
namely the vertical configuration with a slow refece trajectory and the payload
mismatch was large regardless of controllers. Aaldly, in vertical configuration, the
estimator degraded the backstepping controller opmidince for trajectory 4 while
maintained the similar performance with DVMPC fajéctory 4. Therefore, the payload
estimation algorithm needed to be further inveséidan vertical configuration for the
DVMPC.

The limitations of the PWM input valve dynamic modeere investigated in
section 5.6. Two conclusions can be drawn. Fiist, real valve dynamic model is

accurate enough when the gains are small. Sechedsdturation of the valve will
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degrade the tracking performance. Therefore, inekgeriments using high andk,

gains will be avoided.

184



Master's Thesis — M. Xue Wester University — Mechanical Engineering

CHAPTER 6. EXPERIMENTS

6.1 Introduction

The backstepping controller and DVMPC were manutllyed and preliminary
simulations and experiments were done with no @a/io Chapter 4. The two designed
nonlinear controllers were studied through extemsimulations in Chapter 5. In this
chapter an extensive set of experiments will béopered for both controllers. A default
non-zero payload of 0.22 kg will be used through@te controllers will first be tuned in
the horizontal configuration with no payload misomatNext, robustness experiments will
be performed for mismatched payloads. The expetisnetth payload mismatch in the
vertical configuration will be performed at the enfl this chapter. In the horizontal
configuration, the payload estimation will not Iseluded based on the conclusions from

Chapter 5.

6.2 Experiment Setup

In this chapter, the hybrid actuator parameterstla@esame as Chapter 4 except
for the payloads. The supply pressure was set to B& In software, the sampling
frequency was set at 1 kHz for both controllerse RWM frequency for backstepping
was 200 Hz. The zero-order hold period for DVMPCsveat at 5ms. Actual payloads
were installed at the end of the arm. For the kagisng controller, the valve drive
circuit was connected to the counter output porthenNI card. For the DVMPC + IDC,

the valve drive circuit was connected to the digitaput port on the NI card.
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6.2.1 Payload Mismatch

Table 6.2.1 shows the payload mismatch used in ©€h&p The problem of using
these payloads was that when payload was largerQliakg or the equivalent inertia was
0.092 kgm?, both controllers were not able to track the srhaptcloidal trajectory for
both vertical and horizontal configuration. The nmaxm payload used by Chen (2012)
was 0.46 kg with the hybrid actuator operated wvally. Considering the similar
hardware components and the same relatively lowlguypessure, the 0.46 kg maximum
payload used by Chen (2012) was close to the #talihits observed in the Chapter 5
simulations. Therefore the nominal payload in thpegiment chapter should be less than

0.46 kg.

Table 6.2.1 Payload mismatch used in simulatioth(loonfigurations)

Small Nominal Large
Controller 0.2 0.5 0.8
Payload (kQ)
Controller 0.051 0.092 0.133

inertia(kg'mz2)

Actual Payload 0.1 0.2 0.3 0.1 0.5 0.9 0.4 0.8 1p
(kg)
Actual inertia | 0.037| 0.051| 0.065| 0.037| 0.092| 0.147| 0.078| 0.133| 0.188
(kg-m2)
Inertia Mismatch | -27 0 27 -60 0 60 -41 0 41
(%)

Considering the length of the arm, it is 0.46 m ahhis longer than the 0.35 m
used with the previous hardware (Chen 2012). gdarayload may significantly deflect

the arm. The choice of experimental payloads foe thorizontal and vertical
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configurations are listed in Table 6.2.2. The nahpayload in both controllers was 0.22
kg. The actual payloads were 0.12, 0.22, and Og3Z'ke inertia mismatches were 25%

and -25%.

Table 6.2.2 Payload mismatch used in horizontalantical experiments

Small Nominal Large
Controller Payload (kg) 0.22
Actual Payload (kg) 0.12 0.22 0.32
Actual inertia (kg'm2) 0.040 0.054 0.068
Inertia Mismatch (%) -25 0 25

6.2.2 Desred Position Trajectories

Four trajectories were used in the preliminary dations and experiments. Only
two of the trajectories were used in the simula@rapter 5 due to the similarity of the
tracking results. In this chapter, based on theesagasoning, the trajectories listed in

Table 6.2.3 were chosen.

Table 6.2.3  Experiment trajectories for two corén.

Test trajectory

1 Cycloidal

4 Sine wave at 2 Hz with 0.3 radian amplitude
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6.2.3 Controller Types

Original DVMPC has three controller types: DVMPChorjpneumatic mode),
DVMPC + IDC (hybrid mode) and IDC (motor mode). Hewer, including the payload
estimation algorithm doubles the number of DVMPGtoaller types. The DVMPC

controller types are listed in Table 6.2.4.

Table 6.2.4 Complete list of DVMPC types

DVMPC Type Description

DVMPC (pneumatic mode)

DVMPC + IDC (hybrid mode)

DVMPC + Estimator (pneumatic mode)

DVMPC + IDC + Estimator (hybrid mode)

IDC (motor mode)

o A &~ W N| B

IDC + Estimator ( motor mode)

Backstepping has four controller types becauseiftdrdnt compensations from
electric motor and pneumatic cylinder: backsteppinty, backstepping + electric motor
compensation, backstepping + pneumatic FF compensand backstepping with both
compensations. Also, the payload estimation doutiiesnumber of control types. As

listed in Table 6.2.5, these types of controller ba applied to different actuation modes.
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Table 6.2.5 Complete list of backstepping contraigpes

Type Description
1 Backstepping (pneumatic, motor, hybrid mode )
2 Backstepping + electric motor compensation ( mdigbrid mode )
3 Backstepping + pneumatic FF (pneumatic, hybrid mode
4 Backstepping + double compensations (pneumaticpmibybrid

mode )

Backstepping + Estimator

Backstepping + electric motor compensation + Edtima

Backstepping + pneumatic FF + Estimator

| N| O O

Backstepping + double compensations + Estimator

In Chapter 5, the simulated results suggestedhytaid mode type 4 without the
estimator has best performance in terms of botledi@ry tracking and robustness to
payload mismatch. The payload estimation includedimulation was not helpful in the
horizontal configuration. It was helpful in verticonfiguration for trajectory 1 while it
made the performance much worse for trajectory erd@fore the payload estimation

algorithm will not be included since it is not castently helpful for backstepping control.

6.3 Tuning Controllersfor Nominal Payload
Unlike Chapter 4, the experiments performed in tthepter will have extra
payload. Thus, it is essential to retune both adletrs for the new nominal payload of

0.22 kg.
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To avoid the saturation of the electric motor withjectory 4 (2 Hz sine wave),
only pneumatic and hybrid mode will be used. Thasoa is that the large angular

acceleration will require a larger torque than gaeswvith the motor only mode.

Table 6.3.1 DVMPC+IDC re-tuned for nominal payloadorizontal configuration

Parameters Value Unit
N, 50 1
Z0OH 5 ms
w 20 s?
{ 0.1 1
T, 1 ms

The re-tuned IDC tracking results listed in Tabl®.B confirm that the motor only
mode is not suitable for hybrid actuator servo mantith extra payloads. Only

pneumatic mode and hybrid mode will be used foN&MPC experiments.

Table 6.3.2 RMSE (radian) of the retuned IDC fomirwal payload (0.22kg) at
the motor only mode

Test Number Trajectory 1 Trajectory 4
1 4.9%10° 1.56¢10"
2 4.90¢10° 1.56¢10"
3 4.9810° 1.56¢10"
4 4.9%10° 1.5%10"
5 4.95¢10° 1.5810"

The backstepping controller was manually re-turagdtie nominal payload. The
pneumatic mode actuation is used first to tune lihekstepping pneumatic cylinder

control for trajectory 1 and 4. Then electric motmmpensation was tuned in hybrid
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mode with the same trajectories. The re-tuned obatrparameters are listed in Table

6.3.3.

Table 6.3.3
configuration

Backstepping re-tuned for nominal paglm horizontal

Pneumatic Value | Unit Electric Motor Value Unit
Parameters Parameters
k:l. 30 S_l Kbs_motor P 1973 Nm |]adl
2 30 S-l Kbs_motor d 194 Nm |]adl EE
k3 10 S-l K proportion 01 1
K, 10 st
" 5 ms
T, 1 ms

Since the backstepping controller and DVMPC hawdlar control strategies for
the electric motor, the motor only mode will not lieed in backstepping experiments as
well. Only pneumatic mode in type 3 and hybrid madéype 4 from Table 6.2.5 will be

used for the backstepping control experiments.

6.4 Performance Metrics

Performance metrics were used to quantitativelypame results by Chen (2012).
The introduction of performance metrics is desdtilzs “The root-mean-square error
(RMSE) provides a measure of the average trackiray ever the entire trajectory. The
maximum absolute error (MAE) provides the worsteca$ tracking. For the cycloidal

trajectory, the steady-state performance will bamified using the steady-state error
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(SSE) and steady-state amplitude (SSA). The SSEl&tite mean absolute value of the
error when the response is at steady-state. Modtalcsystems never stay at a perfectly
constant position wherd is constant. The SSA quantifies the level of stestdye
vibration, and equals the difference between thgimmam and minimum values of in
this region.” (Chen 2012). In this thesis, the S8t SSA were calculated from the
trajectory 1 results over the time period 5 s B0 5.

For the purpose of comparison, the same performametgcs were applied to the
experiment results. The performance metrics of ER&MPC and the backstepping
experiments in both configurations are includethm Appendix A to D. Only the RMSE

values are listed in this chapter.

6.5 Robustness Experiments

In Chapter 5 the robustness of the controllers assessed by simulating the
performance with various payloads and payload miches. In this section, small,
nominal, and large payloads will be applied to kybrid actuator. Trajectory 1 and 4
were used as position tracking reference. Expetisnemere performed in both
configurations to identify the robustness of thaigeed controllers. Note that although
the controllers were re-tuned for nominal payloagievious section, the performance of
tracking is slightly worse if compared to zero mads in Chapter 4. Such performance

deterioration was also observed in the experimeattormed by Chen (2012).
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6.5.1 Horizontal Configuration

6.51.1 DVMPC

RMSE values of DVMPC experiments for different meads are listed in Table
6.5.1 to Table 6.5.6. The hybrid mode of DVMPC matli the RMSE up to 90%
compared to the pneumatic mode for mismatch cdsmslarge payload, the DVMPC
pneumatic mode was not stable for trajectory 4 |evitiwas stable in hybrid mode. The
small payload performance had a slightly advantaggs the nominal payload. Similar
results were observed in the simulations.

The DVMPC was not robust for increased payloadeeisly with trajectory 4.
This is because the model predictive control refieaminimizing the worst case of cost
function over a prediction horizon. The current png period measured position error
is only a certain portion of total cost. Therefonden the actual payload decreases, the
controller will be more aggressive which might irope tracking performance. If the
controller reacted over aggressively, the next Z@H be used to correct overreact
caused by the smaller payload. On the other hatiteipayload increases, the controller
will tend to underreact. The next ZOH will be ugednake up insufficient control action
which might improve the steady state performantés tonfirmed by the performance
metrics listed in Appendix A and the comparisonS8E and SSA of the smaller and
larger payload.

As analyzed and simulated in previous chapterptngoad estimation will only

be helpful in vertical configuration for trajectofy The horizontal experiment results
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confirmed those findings. When estimator was turoedfor all payloads, the RMSE
reduced for trajectory 1, and it was increasedrigectory 4.

The SSE and SSA results presented in Appendix Avetlahat the DVMPC +
IDC in hybrid mode had more reliable steady staggomance and the controller with

estimator off was clearly better than the estimatom steady state.

Table 6.5.1 No payload estimation, DVMPC, smalllpag (0.12kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 5.42x10° 1.72x10? 2.30x10° 9.61x10°
Test 2 5.26x10° 1.6%10? 2.3310° 7.4%10°
Test 3 5.5210° 1.66x10? 2.38:10° 7.9%10°
Test 4 5.47x10° 1.70x10? 2.3%10° 7.84x10°
Test 5 5.70x10° 1.6%10? 2.4810° 7.3810°
M ean 5.43¢10° 1.69<10? 2.3810° 8.04x10°
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Table 6.5.2 Payload estimation, DVMPC, small pagl{@12kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 5.61x10° 1.78x10? 1.82%10° 1.08<10?
Test 2 5.66x10° 1.75¢10? 1.8210° 1.05¢10?
Test 3 5.9210° 1.71x10? 1.81x10° 1.06<10?
Test 4 5.63x10° 1.69<10? 1.88<10° 1.06<10?
Test5 5.80x10° 1.68x10? 2.010° 1.05¢10?
Mean 5.7210° 1.7210? 1.8%10° 1.06¢10?

Table 6.5.3 No payload estimation, DVMPC, nomira}lpad (0.22kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 5.5%10° 3.24x10? 2.20x10° 1.310?
Test 2 5.47x10° 2.76x10° 2.2%10° 1.19<10?
Test 3 5.46x10° 2.64x10° 2.2%10° 1.28<10?
Test 4 5.78¢10° 2.65¢10° 2.16x10° 1.19<10?
Test5 5.86x10° 2.66x10° 2.26x10° 1.28<10?
Mean 5.63x10° 2.7%10? 2.2%10° 1.26¢107
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Table 6.5.4  Payload estimation, DVMPC, nominal pagl (0.22kg)

Pneumatic Mode Hybrid Mode
Trag. 1 Tra. 4 Tra. 1 Tra. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 5.80x10° 2.8310? 1.7%10° 1.60¢10?
Test 2 5.71x10° 2.7310? 1.84x10° 1.8210?
Test 3 5.70x10° 2.7210? 1.8210° 1.63<10?
Test 4 5.61x10° 2.68x10° 1.81x10° 1.68<10?
Test 5 5.710° 2.85¢10? 1.83<10° 1.92¢10?
Mean 5.71x10° 2.76x10? 1.8%10° 1.7310?

Table 6.5.5 No payload estimation, DVMPC, largelpag (0.32kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 7.95¢10° 2.51x10" 3.6%10° 2.85¢10?
Test 2 8.110° 2.5%10" 3.60x10° 2.25¢107
Test 3 8.16x10° 2.55¢10" 3.50x10° 2.20x10?
Test 4 8.510° 2.55¢10" 3.4%10° 2.18x10?
Test5 8.65¢10° 2.56x10" 3.45¢10° 2.2%10?
Mean 8.28<10° 2.54x10" 3.5310° 2.35¢10?
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Table 6.5.6 Payload estimation, DVMPC, large pagl.32kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 8.61x10° 2.56x10" 2.3310° 3.14x10?
Test 2 8.57%10° 2.5%10" 2.31x10° 3.16x10?
Test 3 8.7%10° 2.55¢10" 2.31x10° 3.14x10?
Test 4 8.86x10° 2.56x10" 2.3410° 3.26x10?
Test 5 8.74x10° 2.56x10" 2.3%10° 3.47%10?
Mean 8.71x10° 2.56x10" 2.3410° 3.23%10?

6.5.1.2 Backstepping

The RMSE values for the horizontal backsteppingeexpents are recorded in
Table 6.5.7 to Table 6.5.9. The pneumatic mode raxeats were performed to verify
the robustness of backstepping with pneumatic Ffarmed out the backstepping control
is more robust than the DVMPC. The tracking RMSHu®s were close for all three
payload mismatches, especially for large payloag¢tory 4 in which the DVMPC failed
to stabilize the tracking while the RMSE of backsgii@g only increased 20% compared

to the nominal payload case.
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The hybrid mode reduced the RMSE in most cases.edewthe RMSE were
increased for large payload trajectory 4 in hybridde. At the same payload in hybrid
mode, the trajectory 1 RMSE reduced by 50%. It ip@ycaused by the rapid change of
position and velocity with trajectory 4 saturatdie tmotor torque. In general, the

backstepping control was robust to payload mismatch

Table 6.5.7 Backstepping, small payload (0.12kg)

Pneumatic Mode Hybrid Mode
Trag. 1 Tra. 4 Tra. 1 Tra. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 1.09<10? 3.7210? 1.7%10° 1.78¢10?
Test 2 9.53x10° 3.26x10° 1.4410° 1.95¢10?
Test 3 1.04x10? 3.5%10? 1.71x10° 1.88<10?
Test 4 7.86x10° 3.6410? 1.38<10° 1.64x10?
Test 5 7.84x10° 3.7%10? 2.25¢10° 1.96¢107
Mean 9.31x10° 3.5%10? 1.71x10° 1.84¢10?
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Table 6.5.8  Backstepping, nominal payload (0.22kg)

Pneumatic Mode Hybrid Mode
Trag. 1 Tra. 4 Tra. 1 Tra. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 9.01x10° 3.78¢10? 1.91x10° 4.26x10°
Test 2 8.710° 3.85¢10? 1.5210° 3.45¢107
Test 3 8.20x10° 3.75¢10? 1.49%<10° 3.8%10?
Test 4 8.64x10° 4.11x10? 1.54x10° 2.58¢10?
Test 5 8.27x10° 4.44x10° 1.95¢10° 3.2%10?
Mean 8.5710° 3.9%10? 1.68¢10° 3.4%10?

Table 6.5.9 Backstepping, large payload (0.32kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 8.13x10° 5.3%10? 4.54¢10° 7.76x10°
Test 2 8.26x10° 5.05¢10? 4.61x10° 7.67%10°
Test 3 8.510° 5.65¢107 5.0%10° 7.66x10°
Test 4 8.35¢10° 5.88¢10? 4.47%10° 7.68¢10°
Test 5 8.23x10° 5.6210? 4.64x10° 7.6%10°
Mean 8.30x10° 5.510? 4.6%10° 7.6%10°
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Generally speaking in horizontal configuration, whdifferent payloads were
applied to the hybrid actuator, the RMSE of baqgixgsiieg is slightly worse than DVMPC.
However the backstepping controller is more roldospayload variation with slightly
better steady state performance confirmed by thaildd performance metrics listed in

the Appendix B.

6.5.2 Vertical Configuration

The generality of the designed controllers canusuated through the change of
system configuration because this changes the dhdmiuator’'s dynamics. The gravity
term was added to the controller and experiment® werformed in trajectory 1 and 4.
Since the configuration changed to vertical, tlagettories were slightly changed as well.
For trajectory 4, for safety purpose, it was comdehto move back to initial position

smoothly starting at 9.5 seconds as shown in Figure
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Figure 6.1 Trajectory 4 used in vertical experinsesampare with the one used in
vertical simulations

In order to compensate for the gravity, extra terquill be required from the
pneumatic cylinder due to the limited torque cayadf the electric motor. When
applying original re-tuned parameters, the pnewnatode might not be capable of
stabilizing reference tracking. And the maximumimgér torque from supply pressure
might not be sufficient for the original large pagtl (0.32 kg). Hence, no payload case
was added to replace the original “small” payloddthough they were sometimes

unstable, the large payload results were stilludet!.
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6.5.2.1 DVMPC

The same parameters were applied to vertical cordtgpn experiments. The
nominal payload (0.22 kg) is selected to be usethbycontroller compensating payload
gravity torque. The same actuation modes and tajes for horizontal were selected.

The RMSE results of experiments are listed in T&b®10 to Table 6.5.17. In
most payloads cases, when the estimator was twnethe RMSE values of tracking
trajectory 1 were reduced up to 50%. However, itsgoed the performance of tracking
trajectory 4. The Table 6.5.13 in pneumatic modajectory 4 shows the problem of
payload estimation, in which the RMSE varies frof6810° radian to unstable.

The DVMPC in vertical was not sensitive to payloaiation even without the
payload estimator. However the RMSE values of DVMR®ertical configuration were
much worse than the horizontal ones.

The SSE and SSA results listed in Appendix D showieat in vertical
configuration, the steady state performance wdsréifit to the horizontal configuration.
The hybrid mode reduced the SSE and SSA, whilepthdoad estimator reduced the

steady state error in some cases.
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Table 6.5.10 No payload estimation, DVMPC, no pagi¢0kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test1 1.08x10? 1.61x10? 7.10:10° 9.7%10°
Test 2 1.10x10? 1.41x107 6.93x10° 9.34x10°
Test 3 1.27%10? 1.43<10? 6.9310° 9.8%10°
Test 4 1.10x10? 1.40¢10? 6.96¢10° 9.9%10°
Test 5 1.11x10? 1.40¢10? 6.9%10° 9.67%10°
Mean 1.13x10? 1.45¢10? 6.98¢10° 9.71x10°

Table 6.5.11 Payload estimation, DVMPC, no paylxad)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 7.23x10? 4.3410? 4.47%10° 1.26¢10?
Test 2 1.36x107 3.76x10? 8.71x10? 9.43%10°
Test 3 9.8210" 9.46x10° 9.83x10" 7.6%10°
Test 4 1.12x10? 9.94x10° 7.15¢10° 7.44¢10°
Test 5 1.05x10? 2.21x10? 7.08¢10° 9.60x10°
Mean 2.18¢10" 2.45¢10? 2.1810" 9.35¢10°
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Table 6.5.12 No payload estimation, DVMPC, smajlipad (0.12kg)

Pneumatic Mode Hybrid Mode
Trag. 1 Tra. 4 Tra. 1 Tra. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 1.55¢10? 1.69<10? 1.0210? 1.14¢10?
Test 2 1.52¢10? 1.71x10? 1.0210° 1.10<10?
Test 3 1.53x10? 1.69<10? 1.0210? 1.10<10?
Test 4 1.53x10? 1.66¢10? 1.0210° 1.11x10?
Test 5 1.54¢10? 1.82¢10? 1.010°? 1.15¢10?
Mean 1.53«10? 1.71x10? 1.010? 1.12x10?

Table 6.5.13 Payload estimation, DVMPC, small pagl(0.12kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 1.4210? 2.4%10° 4.70x10° 7.4310°
Test 2 1.85¢10? 1.310? 4.78<10° 7.8%10°
Test 3 1.84x10? 1.08<10? 4.78<10° 7.7%10°
Test 4 1.45¢10? 7.54x10" 4.76:10° 7.36x10°
Test 5 1.36x10? 9.56x10° 4.91x10° 7.6510°
Mean 1.58x10? 1.63«10" 4.7%10° 7.61x10°
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Table 6.5.14 No payload estimation, DVMPC, nompeyload (0.22kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 1.90x10? 2.70x10? 1.2210° 1.31x10?
Test 2 1.90x10? 2.35¢10° 1.2210° 1.10<10?
Test 3 7.22¢10° 2.76x10° 1.2210° 1.12107?
Test 4 1.89%10? 2.41x10? 1.23¢10° 1.25¢10?
Test 5 1.91x10? 2.25¢107 1.2210° 1.50¢10?
Mean 2.96x10? 2.4%10° 1.2210° 1.26¢10?

Table 6.5.15 Payload estimation, DVMPC, nominallpag (0.22kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 2.5210? 7.0310" 8.20x10° 1.62¢10?
Test 2 2.51x10° 2.35¢10° 9.78:10° 6.49%10°
Test 3 2.85¢10? 6.76x10" 8.4810° 6.69%10°
Test 4 3.05¢10? 7.51x10" 7.4310° 6.70x10°
Test5 3.30x10? 3.24x107? 8.85¢10° 6.63x10?
Mean 2.85¢10? 4.37%10" 8.55¢10° 5.6310°
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Table 6.5.16 No payload estimation, DVMPC, larggl@ad (0.32kg)

Pneumatic Mode Hybrid Mode
Trag. 1 Tra. 4 Tra. 1 Tra. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 2.2%10° 3.3410" 1.63x10° 2.87%10?
Test 2 2.28¢10° 7.60x10" 1.6210° 2.68x10°
Test 3 2.66x10° 3.3%10" 1.6210° 2.61x10?
Test 4 2.2%10° 7.61x10" 1.6210° 2.24x107
Test 5 2.28x10? 7.2810" 1.63<10° 2.56x10?
Mean 2.36x10? 5.8310" 1.610? 2.5%10?

Table 6.5.17 Payload estimation, DVMPC, large pagl(0.32kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RM SE(radian) | RM SE(radian)
Test 1 1.78x10? 7.5310" 1.34x10° 3.510?
Test 2 1.7%10? 7.6%10" 1.14x10° 2.24x10°
Test 3 1.80x10? 8.74x10" 1.09<10? 2.81x10?
Test 4 1.80x10? 7.54x10" 1.00<10° 5.5810"
Test 5 1.90x10? 7.7%10" 8.75¢10° 2.80x10?
Mean 1.81x10? 7.85¢10" 1.09<10° 1.34¢10"
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6.5.2.2 Backstepping

Backstepping controller was re-tuned for the norpaalload (0.22 kg). The main

reason for re-tuning is that in horizontal configiiwn, the demanding pneumatic torque

is small since there is no gravity torque while tlegtical configuration requires larger

pneumatic torque. The re-tuned parameters arel list€able 6.5.18.

Table 6.5.18 Backstepping re-tuned for nominal gagtlin vertical configuration

Pneumatic Value | Unit Electric Motor Value Unit

Parameters Parameters
k 40 | st Kos_motor p 193.7|  Nmiad"
K, 20 gt Kos. motor 0.65 | NmZad [
ks 45 st K proportion 0.1 1
K, 45 st

T . period 5 ms
T, 1 ms

RMSE results of tracking trajectory 1 and 4 arevainan Table 6.5.19 to Table

6.5.22. The large payload 0.32 kg was too big lier ybrid actuator under backstepping

control. However it was included because in hylnidde the actuator was able to track

trajectory 1 with good accuracy.
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Table 6.5.19 Backstepping, no payload (0 kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 1.75¢107 2.3%10° 5.5310° 9.08x10°
Test 2 1.74x10? 2.40x10? 5.45¢10° 1.16¢10?
Test 3 1.74x10? 2.48¢10° 5.3%10° 8.26x10°
Test 4 1.74x10? 2.5%10? 5.5%10° 8.7810°
Test 5 1.74x10? 3.010? 6.30x10° 9.5%10°
Mean 1.74x10? 2.58¢10? 5.6310° 9.46x10°

Table 6.5.20 Backstepping, small payload (0.12kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 7.73x10° 2.63¢10? 1.60<10° 2.4210?
Test 2 7.7%10° 3.04x10? 1.61x10° 1.45¢10?
Test 3 8.010° 3.51x10? 1.98¢10° 2.35¢10°
Test 4 7.87%10° 2.81x10? 1.61x10° 2.61x10?
Test 5 7.6310° 3.94x10? 1.6210° 1.71x10?
Mean 7.81x10° 3.1%x10? 1.68¢10° 2.11x10?
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Table 6.5.21 Backstepping, nominal payload (0.22kg)

Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 1.13x10? 7.87%10° 1.3310° 3.76x107
Test 2 1.09<10? 7.85¢107 1.3410° 5.18x10?
Test 3 1.09x10? 7.28¢10° 3.4%10° 3.3%10?
Test 4 1.08x10? 7.3%10? 1.35¢10° 5.11x10?
Test 5 1.11x10? 7.40x10° 1.310° 3.46x10°
Mean 1.10x10? 7.56x107 1.75¢10° 4.18<10°
Table 6.5.22 Backstepping, large payload (0.32kg)
Pneumatic Mode Hybrid Mode
Traj. 1 Traj. 4 Traj. 1 Traj. 4
RMSE(radian) | RM SE(radian) | RMSE(radian) | RM SE(radian)
Test 1 2.68¢<10" 1.79<10" 4.3%10° 1.45¢10"
Test 2 1.9710* 1.74<10" 3.75¢10° 1.40<10"
Test 3 1.92x10" 1.7m10" 3.71x10° 1.30x10"
Test 4 1.90<10" 1.76<10" 3.78&10° 1.38<10"
Test 5 1.8710" 1.85¢10" 3.9810° 1.36¢10"
Mean 2.0710" 1.78<10" 3.9%10° 1.38<10"

Except the for large payload (0.32 kg) case, the SEMvalues with the
backstepping controller were not significantly atedl by the payload variations. The

vertical RMSE values with backstepping were clogethte values for the horizontal
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configuration (see section 6.5.1.2). The SSE a®4 Isted in Appendix C showed that
compared to the DVMPC, the backstepping contrdii@d smaller steady state errors,

especially for the large payload case.

6.6 Conclusions
The robustness of the backstepping controller dred DVMPC + IDC was

verified by experiments. Payload variations andedént system configurations were
applied to the experiments for the re-tuned colersl The payload estimation algorithm
was examined extensively over different conditioi$e payload estimation was
confirmed to be helpful for the DVMPC in certairtusitions. The experiment results
suggested that both of the designed controllere wesensitive to payload variations in
the horizontal configuration, while only the ba@&mbing controller was robust to payload
variations in the vertical configuration. Additidlya the backstepping controller worked

well in both horizontal and vertical configuratioafter re-tuning.
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CHAPTER 7. CONCLUSIONS

7.1 Summary

In this research, the modeling and control of mmproved pneumatic-electric
actuator was presented. The mass flow rate modetligzrete valve input and PWM
input were developed and validated. Two surfadm@itmethods were used for obtaining
the valve model for PWM input. The comparison of tivo methods was given. The
connection between the valve models for differemut was shown and validated by
open-loop experiments. The system dynamic models avid without the valve dynamic
model were validated separately. Two model-basedimear position controllers, using
the DVMPC and backstepping methods, were desigiedilated and extensively tested.
The simulations and experiments over a wide rangeooditions demonstrated the

performance of the designed controllers.

7.2 Achievements
The achievements of this thesis are summarizeelasvb

(1) This thesis investigated on modeling and positiontl of an improved hybrid
electric-pneumatic actuator. It confirmed the bérafcombining the advantages
of the pneumatic actuator and the electric actuator

(2) ANN was used to fit the estimated mass flow ratdase. The fitting results
shown were better than the bipolynomial fitting.eTbomparison of these two

methods was given.
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(3)

(4)

(5)
(6)

(7)

(8)

Valve dynamic model for a discrete input was usedhie simulated plant for
PWM valve input. This proved that the two valve ralsdcan both be used to
describe the valve dynamics equivalently.

Novel compensation terms for electric motor and upmatic cylinder in
backstepping controller were proposed. The perfageaof the backstepping
controller with compensation terms was significamthproved.

Stability analyses were completed for DVMPC andkseepping controller.
Proposed a novel model-based payload estimatiaritdgh for DVMPC + IDC
in vertical configuration. Simulation and experingenwith estimator were
performed. The limitations of the payload estimatreere identified.

In experiments, the RMSE values of DVMPC and thekbeepping + FF
controller were less than 0.01 rad, the MAE ismfiess than 0.1 rad in pneumatic
mode. The hybrid mode reduced the RMSE up to 80%.

The two model-based controllers were shown to Heusbto some payload

variations.

7.3 Recommendations for Future Work

(1)

The valves should be replaced with valves with ghér mass flow rate. The
simulations performed in Chapter 5 suggested thaigher mass flow rate will

increase the system bandwidth, and improve thé&itrggrecision.
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(2) Accuracy of the friction model should be improvdt.was found that when
arm/payload was installed the friction model parearsewould be different from
the actuator without the arm/payload. A bettertiioit model might be able to
compensate for the changes caused by a new contponen

(3) Simplify the ANN structure and implement the sirfipli ANN into the
backstepping controller. The structure used in tesis produced accurate results,
but the number of parameters made it inconvengemnplement. If the ANN can
be simplified without sacrificing fitting accuracgignificantly, the control
performance might be improved.

(4) A method for systematically tuning the backsteppiogntroller should be
developed. The gains of backstepping controllerewgifficult to tune properly.
According to Chapter 4, large gains will stabilizacking. However, large gains
tend to require a large the mass flow rate throtnghorifice which may saturate
the valve and degrade the performance.

(5) The DVMPC + IDC prediction assumed that valve inmrhained the same over
the prediction horizon to reduce the computatioadloHowever, changing the
valve inputs over the prediction horizon may hedpimprove the pneumatic
actuator performance.

(6) The accuracy of the model-based payload estimasitgorithm should be
improved. When the payload estimate is close to abeial payload, it will

significantly reduce the RMSE as seen in the sitiaria and experiments.
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(7) For the purpose of using this actuation solution gocollaborative robot, force

control will be required, and should be developedddition to position control.
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APPENDIX.A

Table A.1

pneumatic mode, without payload estimation, trajgci

HORIZONTAL DVMPC EXPERIMENT RESULTS

Performance of retuned DVMPC for smallpad (0.12kg) at

Errors(radian) | RMSE MAE SSE SSA
Test 1 5.4%10* | 1.1%10° | 6.20x10° 0.00
Test 2 5.26x10° | 1.18«10° | 5.76x10° | 4.00<10*
Test 3 5.5%10° | 1.28<10° | 6.0%10° | 1.00<10*
Test 4 5.47%10° | 1.30<10% | 6.3%10° | 3.00<10*
Test5 5.70x10° | 1.3410? | 6.61x10° | 6.00<10*
Mean 5.47%10° | 1.26x10% | 6.20x10° | 2.80x10"

Table A.2

mode, without payload estimation, trajectory 1

Performance of retuned DVMPC for smallpad (0.12kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 2.30x10° | 6.60x10° | 3.20x10° 0.00
Test 2 2.33%10° | 6.60<10° | 3.30x10° 0.00
Test3 2.3810° | 6.70<10° | 3.50x10° 0.00
Test 4 2.3%10° | 6.40x10° | 3.50x10° 0.00
Test 5 2.4810° | 6.90x10° | 3.90x10° 0.00
Mean 2.3810° | 6.64<10° | 3.48<10° 0.00
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Table A.3 Performance of retuned DVMPC for smaillpad (0.12kg) at
pneumatic mode, without payload estimation, trajgctt

RMSE(radian) | MAE(radian)
Test 1 1.7210? 8.54¢10°
Test 2 1.69%10? 8.74x10?
Test3 1.66x10? 8.84x10?
Test 4 1.70x10° 8.88x10°
Test 5 1.6%10° 8.8 10
Mean 1.69<10? 8.7%107

Table A.4 Performance of retuned DVMPC for smalylpad (0.12kg) at

hybrid mode, without payload estimation, trajectdry

RMSE(radian) | MAE(radian)
Test1 9.61x10° 7.3410°
Test 2 7.42¢10° 6.63¢10?
Test3 7.9710° 6.96<10?
Test 4 7.84x10° 6.60<10°
Test 5 7.38x10° 6.63x10°
Mean 8.04x10° 6.83x10°
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Table A.5

Performance of retuned DVMPC for smallpad (0.12kg) at pneumatic

mode, with payload estimation, trajectory 1

Table A.6

Performance of retuned DVMPC for smalillpad (0.12kg) at hybrid
mode, with payload estimation, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 1.8%10° | 7.00x10° | 1.25¢10° | 3.00<10*
Test 2 1.8%10° | 7.30x10° | 1.210° | 4.00<10*
Test3 1.81x10° | 7.50x10° | 1.24<10° | 3.00<10*
Test 4 1.88x10° | 7.60x10° | 1.24<10° | 3.00<10*
Test 5 2.0%10° | 9.00x10° | 1.28<10° | 4.00x10*
Mean 1.8710° | 0.7%10% | 1.26x10° | 3.40<10*

Errors(radian) | RMSE MAE SSE SSA
Test 1 5.61x10° | 1.26:10°% | 6.48<10° | 5.00x10*
Test 2 5.66x10° | 1.06x<10% | 6.53<10° | 5.00x10*
Test 3 5.9210° | 1.40<10% | 6.8310° | 5.00<10*
Test 4 5.63x10° | 1.13x10°% | 7.0310° | 1.00x10*
Test 5 5.80x10° | 1.25¢10°% | 6.60<10° | 4.00x10*
Mean 5.7%10° | 1.2X10° | 6.6%10° | 4.00x10*
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Table A.7 Performance of retuned DVMPC for smalylpad (0.12kg) at pneumatic

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 1.78x10? 8.94¢10?
Test 2 1.75¢10? 8.73¢10?
Test3 1.71x10? 8.71x10?
Test 4 1.6%10° 8.68x10°
Test 5 1.68x10° 8.83x10?
Mean 1.7210? 8.78x10°

Table A.8 Performance of retuned DVMPC for smalylpad (0.12kg) at hybrid

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.08x10? 6.6210?
Test 2 1.05x10? 6.5810?
Test 3 1.06x10? 6.50x10?
Test 4 1.06x10? 6.50x10?
Test 5 1.05x10? 6.51x10?
Mean 1.06x10? 6.54x10°
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Table A.9

Performance of retuned DVMPC for nominadyload (0.22kg) at

pneumatic mode, without payload estimation, trajgci

Errors(radian) | RMSE MAE SSE SSA
Test 1 5.5%10° | 1.4%10% | 6.10<10° | 1.00<10*
Test 2 5.4710° | 1.0310° | 6.8310° | 4.00x10*
Test 3 5.46<10° | 1.0%10% | 6.3810° | 1.00<10*
Test 4 5.78x10° | 1.45¢10°% | 6.4710° | 4.00x10*
Test 5 5.86x10° | 1.45¢<10°% | 6.54<10° | 3.00x10*
Mean 5.6310° | 1.2%10? | 6.46x10° | 2.60<10*

Table A.10

Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

mode, without payload estimation, trajectory 1

Errors(radian) | RMSE | MAE SSE SSA
Test1 2.20<10° | 4.20<10° | 3.60x10° 0.00
Test2 2.2210°% | 4.30<10° | 3.54x10° | 1.00x10*
Test 3 2.27%10° | 4.2010° | 3.80x<10° |  0.00
Test 4 2.16x10° | 4.2010° | 3.30x10° |  0.00
Test S 2.26x10° | 4.00¢10° | 3.80<10° |  0.00
Mean 2.2210° | 4.1810° | 3.61x10° | 2.00<10°
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Table A.11  Performance of retuned DVMPC for nomjpeyload (0.22kg) at
pneumatic mode, without payload estimation, trajgctt

RMSE(radian) | MAE(radian)
Test1 3.24x10? 1.4%10*
Test 2 2.76x102 1.10<10"
Test3 2.64x10? 9.45¢102
Test4 2.65¢10?2 9.42102
Test S 2.66x102 9.19<10?
Mean 2.7%10? 10.75¢10?

Table A.12  Performance of retuned DVMPC for nomipalload (0.22kg) at hybrid

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 1.37102 8.94x102
Test2 1.19x102 7.27102
Test3 1.28x102 8.38¢10?
Test 4 1.1%102 7.24x10?
TestS 1.28102 8.13102
Mean 1.26x102 7.9%102
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Table A.13

Performance of retuned DVMPC for nompayload (0.22kg) at
pneumatic mode, with payload estimation, trajectiory
Errors(radian) | RMSE MAE SSE SSA
Test1 5.80x10° | 1.24x10? | 6.31x10° | 1.00x10*
Test2 5.71x10° | 1.41x10? | 6.78<10° | 4.00x10"
Test 3 5.70<10° | 1.28<10% | 6.60<10° | 3.00x10*
Test 4 5.61x10° | 1.0%102 | 6.60x10° | 1.00x10"
Testd 5.7210° | 1.2210% | 7.00x10° | 5.00x10*
Mean 5.71x10° | 1.25¢10% | 6.66x10° | 2.80<10*

Table A.14

Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

mode, with payload estimation, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test 1 1.79%10° | 4.00¢10° | 1.42¢10° | 5.00<10*
Test2 1.84x10° | 4.10<10° | 1.54x10°% | 6.00<10"
Test 3 1.82¢10° | 4.00<10° | 1.51x10° | 5.00<10*
Test 4 1.81x10° | 4.10x10° | 1.4710° | 5.00x10*
TestS 1.8310° | 4.20<10° | 1.4710° | 5.00x10"
Mean 1.8210° | 4.0810° | 1.4810° | 5.20x10*

226




Master’s Thesis — M. Xue Waster University — Mechanical Engineering

Table A.15 Performance of retuned DVMPC for nomjpeyload (0.22kg) at
pneumatic mode, with payload estimation, trajectbry

RMSE(radian) | MAE(radian)
Test1 2.83x10? 1.08x10*
Test 2 2.7310? 1.05¢10"
Test3 2.7210? 1.0810*
Test 4 2.68<102 1.0210"
Test5 2.85¢10? 1.14x10"
Mean 2.76x107 1.0%10"

Table A.16  Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 1.60x10? 7.36¢107
Test 2 1.8210? 9.33¢10?
Test3 1.63x10? 7.24x10?
Test 4 1.68x10° 7.2310°
Test 5 1.9210? 8.4210°
Mean 1.73«10? 7.910°
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Table A.17

Performance of retuned DVMPC for largglpad (0.32kg) at pneumatic

mode, without payload estimation, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test 1 7.95¢10° | 1.36<10% | 1.2710° | 2.00<10*
Test 2 8.110° | 1.33%10% | 1.2810° | 1.00x10*
Test 3 8.16<10° | 1.51x10? | 1.34x10° | 2.00<10*
Test 4 8.5%10° | 1.8107 | 1.34x10° 0.00
Test 5 8.65x10° | 1.610% | 1.3™10° | 2.00x10*
Mean 8.28x10° | 1.5410° | 1.310% | 1.40x10*

Table A.18

Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

mode, without payload estimation, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test 1 3.63x10° | 9.30<10° | 5.40x10° 0.00
Test 2 3.60<10° | 9.40<10° | 5.4210° | 3.00<10*
Test 3 3.50x10° | 9.50x10° | 5.34x10° | 1.00x10*
Test 4 3.4%10° | 9.00x10° | 5.35¢<10° | 3.00x10*
Test 5 3.45¢10° | 8.60<10° | 5.16x10° | 2.00<10*
Mean 3.53%10° | 9.16x10° | 5.33%10° | 1.80x10*
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Table A.19  Performance of retuned DVMPC for largglpad (0.32kg) at pneumatic

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 2.51x10" 5.20¢10"
Test 2 2.5310" 5.36¢10"
Test 3 2.55¢10" 5.04¢10"
Test 4 2.55¢10" 5.26¢10"
Test 5 2.56x10" 5.3310"
Mean 2.54x10" 5.24x10"

Table A.20 Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 2.85¢10? 1.56x10"
Test 2 2.25¢10? 1.15¢10"
Test 3 2.20x10? 1.13x10"
Test 4 2.18x10? 1.08x10"
Test 5 2.2%10? 1.21x10"
Mean 2.35¢10? 1.2310*
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Table A.21

Performance of retuned DVMPC for largglpad (0.32kg) at
pneumatic mode, with payload estimation, trajectiory

Errors(radian) | RMSE MAE SSE SSA
Test 1 8.61x10° | 1.90<10% | 1.3510° 0.00
Test 2 8.5710° | 2.30<10% | 1.28<10° | 1.00<10*
Test3 8.79%x10° | 2.2%«10° | 1.2%«10° | 3.00x10*
Test 4 8.86x10° | 2.31x10% | 1.35<10° | 2.00<10"
Test 5 8.74x10° | 2.08<10% | 1.29x10° | 4.00<10"
Mean 8.71x10° | 2.1810° | 1.31x10° | 2.00x10*

Table A.22

Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

mode, with payload estimation, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test1 2.33%10° | 7.30<10° | 1.40x10° 0.00
Test 2 2.31x10° | 7.20<10° | 1.40x10° 0.00
Test 3 2.31x10° | 7.30<10° | 1.40x10° 0.00
Test 4 2.34x10° | 7.10<10° | 1.50<10° 0.00
Test 5 2.3%10° | 7.10<10° | 1.40<10° 0.00
Mean 2.34x10° | 7.20x10° | 1.42x10° 0.00
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Table A.23  Performance of retuned DVMPC for largglpad (0.32kg) at
pneumatic mode, with payload estimation, trajectbry

RMSE(radian) | MAE(radian)
Test 1 2.56x10" 5.31x10"
Test 2 2.57%10" 5.24x10"
Test 3 2.55¢10" 5.2310"
Test 4 2.56x10" 5.0%10"
Test 5 2.56x10" 5.1810"
M ean 2.56x10" 5.21x10"

Table A.24  Performance of retuned DVMPC for largglpad (0.32kg) at hybrid
mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 3.14x10? 1.30<10"
Test 2 3.16x10? 1.2210"
Test 3 3.14x10? 1.10<10"
Test 4 3.26x10? 1.23«10"
Test 5 3.4710? 1.39%«10"
Mean 3.23«10? 1.25¢10"
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APPENDIX.B° HORIZONTAL BACKSTEPPING EXPERIMENT
RESULTS
Table B.1 Performance of retuned backsteppingrfalispayload (0.12kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 1.0%10% | 4.10<10% | 1.36¢x10? 0.00
Test2 9.5310° | 4.35¢10% | 1.35¢10° 0.00
Test3 1.04x10° | 4.51x10% | 1.45¢10% | 1.00<10*
Test 4 7.86x10° | 2.910? | 1.35¢10° 0.00
Test5 7.84x10° | 2.81x10% | 1.42x10° | 1.00x10"
Mean 9.31x10° | 3.75¢10% | 1.3%10? | 4.00<10°

Table B.2 Performance of retuned backsteppingrfalispayload (0.12kg) at
hybrid mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA

Test1 1.7%10° | 1.24x10% | 1.10x10° 0.00

Test 2 1.44x10° | 6.70x10° | 1.10x10° 0.00

Test 3 1.71x10° | 1.0%10% | 1.20x10° | 1.00x10*

Test 4 1.3810° | 6.10x10° | 1.10x10° 0.00

Test5 3.31x10° | 3.65<10° | 1.60x10° 0.00

Mean 1.93x10° | 1.45¢10% | 1.22x10° | 2.00x10°
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Table B.3 Performance of retuned backsteppingrfalispayload (0.12kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 3.72107? 1.36¢10"
Test 2 3.26x10? 1.35¢10"
Test 3 3.5%10? 1.35¢10"
Test 4 3.6710? 1.44¢10"
Test 5 3.73«10? 1.310"
M ean 3.5%10° 1.3710"

Table B.4 Performance of retuned backsteppingraallspayload (0.12kg) at hybrid

mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.78¢10? 1.010*
Test 2 1.95¢10? 1.01x10"
Test 3 1.88x10? 9.75¢10?
Test 4 1.64x10° 9.74x10?
Test 5 1.96x10? 9.70x10?
Mean 1.84x10? 9.90x10?
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Table B.5

Performance of retuned backstepping domal payload (0.22kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 9.01x10° | 2.510% | 1.5%10° 0.00
Test 2 8.7210° | 2.3%10° | 1.55¢10° 0.00
Test3 8.20<10° | 2.95¢10° | 1.25¢10? 0.00
Test4 8.64x10° | 2.21x10% | 1.50x10° 0.00
Test5 8.27x10° | 1.6210° | 1.50<10° 0.00
Mean 8.5710° | 2.33«10° | 1.46x10? 0.00

Table B.6

Performance of retuned backstepping formal payload (0.22kg) at

hybrid mode, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test 1 1.91x10°% | 1.07%10? | 6.93x10* | 1.00x10*
Test 2 1.5210° | 7.20x10°% | 1.10<10° 0.00
Test 3 1.4%10° | 9.70x10° | 1.10x10° 0.00
Test 4 1.54<10°% | 7.00x10° | 1.10x10° 0.00
Test 5 1.95¢10°% | 1.00x10% | 2.20x10° 0.00
Mean 1.68<10° | 0.8%10? | 1.24x10° | 2.00x10°
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Table B.7 Performance of retuned backstepping domal payload (0.22kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 3.78<10? 1.3A10"
Test 2 3.85¢10? 1.310"
Test 3 3.75¢10? 1.39%«10"
Test 4 4.11x10? 1.36¢10"
Test 5 4.44x10° 1.41x10"
M ean 3.9%10° 1.38x10"

Table B.8 Performance of retuned backstepping formal payload (0.22kg) at

hybrid mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 4.26x10° 1.50¢10"
Test 2 3.45¢10° 1.38x10"
Test 3 3.87%10? 1.05¢<10"
Test 4 2.58¢10° 1.05¢<10"
Test5 3.2%10? 1.38<10"
Mean 3.49<10? 1.2410"
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Table B.9

Performance of retuned backsteppingaiad payload (0.32kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 8.13%10° | 2.18<10% | 1.10x10% | 1.00x10"
Test 2 8.26x10° | 2.74x10% | 1.31x10° 0.00
Test3 8.5210° | 2.2410% | 1.3%10° 0.00
Test 4 8.35x10° | 2.40<10% | 1.3710° 0.00
Test 5 8.23x10° | 2.45¢10% | 1.36x10° 0.00
Mean 8.30x10° | 2.41x10% | 1.31x10% | 2.00x105

Table B.10

Performance of retuned backsteppindaige payload (0.32kg) at hybrid

mode, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test 1 4.54¢10° | 1.11x10? 1.08¢102 0.00
Test 2 4.61x10° | 1.13x10? 1.10<102 0.00
Test 3 5.0%10° | 1.6310° | | ;5402 0.00
Test 4 4.47x10° | 1.11x10° 108102 0.00
Test 5 4.64x10° | 1.15¢10° 11102 0.00
Mean 4.67%10° | 1.2310° | | 11102 0.00
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Table B.11  Performance of retuned backsteppintpfgee payload (0.32kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 5.3%10? 1.39%<10"
Test 2 5.05¢10° 1.4210"
Test 3 5.65¢10? 1.45¢10"
Test 4 5.88x10° 1.46<10"
Test 5 5.6210° 1.44¢10"
M ean 5.52x10? 1.4310"

Table B.12  Performance of retuned backsteppindaige payload (0.32kg) at hybrid

mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 7.76x107 1.70x10"
Test 2 7.67%10? 1.5510*
Test 3 7.66x10° 1.69<10"
Test 4 7.68x10° 1.73«10"
Test 5 7.6%10° 1.63«10"
Mean 7.6%10° 1.66<10"
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APPENDIX.C VERTICAL BACKSTEPPING EXPERIMENT

RESULTS

Table C.1 Performance of retuned backsteppingdgrayload (0 kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA

Test 1 1.75¢10° | 4.44x10% | 4.41x10°% | 7.00x10*
Test 2 1.74<10° | 4.3810% | 4.36<10% | 7.00x10*
Test3 1.74x10° | 4.40x10° | 4.37%10° | 6.00x10*
Test 4 1.74x10° | 4.40x10° | 4.3810° | 6.00x10*
Test5 1.74x10° | 4.37%10° | 4.34x10° | 7.00x10*
Mean 1.74x10° | 4.40x10° | 4.37%10° | 6.60x10*

Table C.2

trajectory 1

Performance of retuned backsteppingdquayload (0 kg) at hybrid mode,

Errors(radian) | RMSE MAE SSE SSA
Test1 5.5310° | 1.6%10? | 1.6%10? 0.00
Test 2 5.45¢10° | 1.63«10% | 1.63<10? | 1.00x10*
Test3 5.3%10° | 1.60<10% | 1.5810? | 5.00x10*
Test 4 5.5%10° | 1.6810° | 1.6710? | 2.00<10*
Test 5 6.30x10° | 1.9810° | 1.9%10? | 6.00<10*
Mean 5.6310° | 1.710° | 1.71x10% | 2.80<10*
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Table C.3 Performance of retuned backsteppingdgrayload (0 kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 2.3%10° 1.08<10"
Test 2 2.40x10° 9.95¢10?
Test 3 2.48¢10° 9.98x10?
Test 4 2.5%10° 1.05¢<10"
Test 5 3.02¢10? 1.28<10"
M ean 2.58<10? 1.08x10"

Table C.4 Performance of retuned backsteppingdqguayload (0 kg) at hybrid mode,

trajectory 4

RMSE(radian) | MAE(radian)
Test 1 9.08¢10° 6.1810°
Test 2 1.16x10? 8.62x10°
Test 3 8.26x10° 5.75¢10°
Test 4 8.78¢10° 6.5%10°
Test5 9.57%10° 6.9%10?
Mean 9.46x10° 6.83x10?
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Table C.5

Performance of retuned backsteppingrf@llspayload (0.12 kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 7.73%10° | 2.13<10% | 2.09<10% | 1.10<10°
Test 2 7.7%10° | 2.21x10% | 2.1%10% | 1.10x10°
Test3 8.0%10° | 2.15¢<10% | 2.11x10% | 1.10x10°
Test 4 7.87x10° | 2.19<10% | 2.1&10% | 7.00<10*
Test 5 7.6310° | 2.09<10% | 2.05¢<10° | 1.00<10°
Mean 7.81x10° | 2.15¢10° | 2.12¢10° | 1.00<10°

Table C.6

Performance of retuned backsteppingrfallspayload (0.12kg) at hybrid

mode, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test1 1.60<10° | 4.60x10° | 4.50<10° 0.00
Test 2 1.61x10° | 4.60x10° | 4.56<10° | 1.00<10*
Test3 1.9810° | 1.44x10% | 4.73%10°% | 1.00x10*
Test 4 1.61x10° | 4.80x10° | 4.6210° | 3.00x10*
Test 5 1.6210° | 4.60x10° | 4.60<10° 0.00
Mean 1.68<10° | 6.60x10° | 4.60<10° | 1.00x10*
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Table C.7 Performance of retuned backsteppingrf@lispayload (0.12kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 2.63x10° 1.3A10"
Test 2 3.04x10? 1.44¢10"
Test 3 3.51x10? 1.510"
Test 4 2.81x10° 1.38<10"
Test 5 3.94x10? 1.48<10"
M ean 3.1%10° 1.45¢10"

Table C.8 Performance of retuned backsteppingrfallspayload (0.12kg) at hybrid

mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 2.42x10? 9.31x10?
Test 2 1.45¢10? 8.84x10?
Test 3 2.35¢10° 1.15¢<10"
Test 4 2.61x10° 1.33«10"
Test 5 1.71x10? 1.06<10"
Mean 2.11x10? 1.0A10"
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Table C.9

Performance of retuned backsteppingdomal payload (0.22kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 1.13x10” | 2.8%10° | 7.86x10° | 1.00<10°
Test 2 1.09<10% | 2.51x10” | 8.0%&10° | 3.00<10*
Test3 1.09<10° | 2.50<10° | 8.26x10° | 1.00<10°
Test 4 1.08x10” | 2.4%10° | 7.2%10° | 3.00x10*
Test5 1.11x10” | 2.65<10° | 7.610° | 5.00<10*
Mean 1.10x10% | 2.5810% | 7.810° | 6.20x10*

Table C.10

Performance of retuned backsteppingnfmmmal payload (0.22kg) at

hybrid mode, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test1 1.33x10° | 2.90x10° | 2.6810° | 1.00x10*
Test 2 1.34x10° | 3.10x10° | 2.6710° | 1.00x10*
Test3 3.4310° | 3.26<10% | 2.6%10° | 1.00x10*
Test 4 1.35¢10° | 3.10<10° | 2.70x10° 0.00
Test 5 1.3%10° | 3.00x10° | 2.60<10°% | 2.00x10*
Mean 1.75¢10° | 8.94x10° | 2.6A10° | 1.00x10*
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Table C.11  Performance of retuned backsteppingnfmmmal payload (0.22kg) at

pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 7.8710? 2.11x10"
Test 2 7.85¢10? 2.06<10"
Test 3 7.28¢10° 2.21x10"
Test 4 7.3%10° 1.80<10"
Test 5 7.40x10° 1.93«10"
Mean 7.56x10° 2.010"

Table C.12 Performance of retuned backsteppingnfmmmal payload (0.22kg) at

hybrid mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 3.76x10? 1.64x10"
Test 2 5.18x10° 2.21x10"
Test 3 3.3%10? 1.55¢10"
Test 4 5.11x10° 1.68x10"
Test 5 3.46x10? 1.3%10"
Mean 4.18x10° 1.6%10"
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Table C.13

Performance of retuned backsteppintafge payload (0.32kg) at
pneumatic mode, trajectory 1
Errors(radian) | RMSE MAE SSE SSA
Test 1 2.68<10" | 4.73<10" | 4.71x10" 0.00
Test 2 1.9710" | 3.61x10" | 3.61x10" |  0.00
Test3 1.910" | 3.54x10" | 3.5410" |  0.00
Test4 1.90<10" | 3.50<10" | 3.50<10" |  0.00
Test 5 1.8710" | 3.46x10" | 3.46¢10" 0.00
Mean 2.0m10" | 3.7&10" | 3.76<10" |  0.00

Table C.14

Performance of retuned backsteppindafge payload (0.32kg) at hybrid

mode, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test1 4.3710° | 1.70:<10% | 5.5810* | 1.00<10*
Test 2 3.75x10° | 1.35¢10% | 5.00x10* 0.00
Test3 3.71x10° | 1.2310? | 5.9%10* | 1.00x10*
Test 4 3.7810° | 1.2410° | 6.3%10* | 1.00<10*
Test 5 3.9810° | 1.2&10° | 3.7%10* | 1.00<10*
Mean 3.9%10° | 1.36¢10° | 5.34x10* | 8.00x10°
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Table C.15 Performance of retuned backsteppintafge payload (0.32kg) at
pneumatic mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.79%10" 3.23%10"
Test2 1.74x10" 3.0810"
Test3 1.77%10" 3.16x10"
Test 4 1.76x10" 3.1%10"
Test 5 1.85¢10" 3.30x10"
Mean 1.78x10" 3.19:10"

Table C.16  Performance of retuned backsteppindafge payload (0.32kg) at hybrid

mode, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.45¢10" 3.91x10"
Test 2 1.40¢10" 3.81x10"
Test3 1.30x10" 2.95¢10"
Test 4 1.3810" 3.4310"
Test 5 1.36x10" 2.9%10"
Mean 1.38«10" 3.410"
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APPENDIX.D

Table D.1

Performance of retuned DVMPC for no pagll¢Okg) at pneumatic

mode, without payload estimation, trajectory 1

Table D.2

without payload estimation, trajectory 1

VERTICAL DVMPC EXPERIMENT RESULTS

Errors(radian) | RMSE MAE SSE SSA
Test1 1.08x102 | 2.9%10? | 1.210% | 1.40x10°
Test 2 1.10<10% | 3.0310? | 1.2%10% | 2.20<10°
Test 3 1.2710°% | 7.24x10% | 1.2%10% | 1.40<10°
Test 4 1.10x10° | 3.20x10% | 1.24x107% | 2.10x10°
Test5 1.11x10° | 3.25¢107% | 1.24x10% | 1.90x10°
Mean 1.13x10° | 3.9%107 | 1.24x10% | 1.80x10°

Performance of retuned DVMPC for no paglldOkg) at hybrid mode,

Errors(radian) | RMSE MAE SSE SSA
Test1 7.10x10° | 3.35¢10% | 9.16<10° | 8.00<10*
Test 2 6.93<10° | 1.26<10% | 9.1810° | 6.00<10*
Test3 6.93x10° | 1.28<10? | 9.25¢10° | 6.00x10*
Test 4 6.96x10° | 1.2A%10% | 9.2310° | 5.00x10*
Test 5 6.9710° | 1.25¢10% | 9.2810° | 5.00x10*
Mean 6.9810° | 1.68x10% | 9.2%10° | 6.00x10*
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Table D.3 Performance of retuned DVMPC for no pagll¢Okg) at pneumatic
mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.61x10? 5.84x10°
Test 2 1.41x10? 3.00x10?
Test3 1.43¢10? 5.46x10?
Test 4 1.40x10? 5.15¢10?
Test5 1.40x102 4.88¢10?
Mean 1.45¢10? 4.8710°

Table D.4 Performance of retuned DVMPC for no paglldOkg) at hybrid mode,

without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 9.77%10° 5.13¢10?
Test 2 9.34x10° 2.33¢10?
Test3 9.8210° 5.11x10?
Test 4 9.97%10° 5.510°
Test 5 9.6710° 4.84x10°
Mean 9.71x10° 4.5%10?
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Table D.5

with payload estimation, trajectory 1

Performance of retuned DVMPC for no pagilgOkg) at pneumatic mode,

Errors(radian) | RMSE MAE SSE SSA
Test1 7.23x10% | 2.1810" | 8.29¢10? | 2.38101
Test 2 1.36¢10% | 5.30x10° | 1.24x107% | 2.40x10°
Test 3 9.810* 1.52 1.52 0.00
Test 4 1.1210°% | 2.60x10% | 1.3%10% | 2.50<10°
Test 5 1.05¢10% | 3.06x10° | 1.20x10% | 1.80<10°
Mean 2.18x10" | 3.70<10" | 3.2810" | 4.8%10?

Table D.6

with payload estimation, trajectory 1

Performance of retuned DVMPC for no pagllqOkg) at hybrid mode,

Errors(radian) | RMSE MAE SSE SSA
Test1 4.4710° | 1.06x10% | 5.8710° | 8.00<10*
Test2 8.71x10° | 2.8%10* | 1.35x10" | 3.87%10"
Test3 9.8310* 1.52 1.52 0.00
Test 4 7.15<10° | 1.410% | 9.40<10° | 5.00<10*
Test5 7.0810° | 1.44<10% | 9.5%10° | 5.00<10*
Mean 2.1810" | 3.70<10% | 3.36<10" | 7.78x10?
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Table D.7 Performance of retuned DVMPC for no pagilgOkg) at pneumatic mode,

with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 4.34x10° 9.70:10?
Test 2 3.76x10° 1.25¢10"
Test 3 9.46x10° 3.8210?
Test 4 9.94x10° 2.61x10°
Test 5 2.21x10? 5.71x10°
Mean 2.45¢10? 6.810°

Table D.8 Performance of retuned DVMPC for no paglldOkg) at hybrid mode,

with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.26x10? 6.85¢107
Test 2 9.4310° 5.82x10?
Test 3 7.67x10° 3.9%10?
Test 4 7.44x10° 3.6310?
Test 5 9.60x10° 3.8%10?
Mean 9.35¢10° 4.84x10?
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Table D.9

Performance of retuned DVMPC for smajlipad (0.12kg) at
pneumatic mode, without payload estimation, trajgci
Errors(radian) | RMSE MAE SSE SSA
Test 1 1.55¢10” | 2.5810° | 2.14x10° | 7.00x10*
Test 2 1.52¢10° | 2.5210° | 2.00x10° | 8.00<10*
Test3 1.53«10% | 2.5%10% | 2.0310” | 5.00<10*
Test 4 1.53x10” | 2.5%10” | 2.0%10” | 6.00<10*
Test5 1.54x10° | 2.47%10° | 2.14x10”° | 3.00x10*
Mean 1.5310% | 2.5410% | 2.0%10% | 5.80x10*

Table D.10

Performance of retuned DVMPC for smalylpad (0.12kg) at hybrid

mode, without payload estimation, trajectory 1

Errors(radian) | RMSE MAE SSE SSA
Test1 1.010% | 1.8%10% | 1.3%107% | 4.00<10*
Test 2 1.010% | 1.8%10% | 1.3%107 | 3.00<10*
Test3 1.010? | 1.85¢10% | 1.3%10% | 3.00x10*
Test 4 1.0210° | 1.84x10% | 1.40<10% | 3.00x10*
Test 5 1.0210° | 1.80x10% | 1.40<10% | 4.00x10*
Mean 1.0210° | 1.84x10% | 1.3%107 | 3.40x10*
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Table D.11  Performance of retuned DVMPC for smallpad (0.12kg) at pneumatic

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 1.69<10? 6.32¢10?
Test 2 1.71x10? 5.13¢10?
Test3 1.69%10? 7.07%10?
Test 4 1.66x10° 6.38x10°
Test 5 1.8210? 7.50:10°
Mean 1.71x10? 6.48¢10°

Table D.12  Performance of retuned DVMPC for smalylpad (0.12kg) at hybrid

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.14x10? 6.46x107
Test 2 1.10x10? 5.90x10?
Test 3 1.10x10? 6.08¢10?
Test 4 1.11x10? 6.1710?
Test 5 1.15¢10? 6.83¢10?
Mean 1.12x102 6.2%102
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Table D.13

mode, with payload estimation, trajectory 1

Performance of retuned DVMPC for smalylpad (0.12kg) at pneumatic

Errors(radian) | RMSE MAE SSE SSA
Test1 1.4%10% | 2.3%10° | 1.8A10% | 1.00x10°
Test 2 1.85¢10% | 3.0%10° | 2.46<10% | 1.00x10°
Test3 1.84x10% | 3.1%10% | 2.4510% | 7.00x10*
Test 4 1.45¢10° | 2.45¢10° | 1.91x10% | 5.00x10*
Test 5 1.36x10° | 2.2810% | 1.7410% | 7.00x10*
Mean 1.58<10° | 2.65¢10% | 2.09%10° | 7.80x10*

Table D.14

mode, with payload estimation, trajectory 1

Performance of retuned DVMPC for smalylpad (0.12kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 4.70<10° | 1.15¢10% | 5.9310° | 6.00<10*
Test 2 4.7810° | 9.50:10° | 6.19%10° | 5.00<10*
Test3 4.7810° | 9.10:10° | 6.2410° | 5.00<10*
Test 4 4.76<10° | 9.50:10° | 6.3%10° | 4.0010*
Test5 4.91x10° | 9.20x10° | 6.55<10° | 7.00x10*
Mean 4.7%10° | 0.9810% | 6.26<10° | 5.40x10*
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Table D.15 Performance of retuned DVMPC for smallpad (0.12kg) at pneumatic

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 2.47x10° 9.10¢10?
Test 2 1.3710? 6.7 %107
Test 3 1.08x10? 5.10:10?
Test 4 7.54x10" 9.410"
Test 5 9.56x10° 4.22%10°
Mean 1.63x10" 2.3%10"

Table D.16  Performance of retuned DVMPC for smalylpad (0.12kg) at hybrid

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 7.4310° 5.10x10?
Test 2 7.8310° 5.91x10?
Test 3 7.77x10° 5.61x10?
Test 4 7.36x10° 4.7%10?
Test 5 7.65x10° 5.24x10?
Mean 7.61x10° 5.33x10?
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Table D.17

pneumatic mode, without payload estimation, trajgci

Performance of retuned DVMPC for nominmyload (0.22kg) at

Errors(radian) | RMSE MAE SSE SSA
Test1 1.90<10% | 3.01x10? | 2.5%107 | 4.00<10*
Test 2 1.90<10% | 3.0%10% | 2.55¢10% | 4.00<10*
Test3 7.2%10° | 4.3&10" | 2.5%10% | 4.00x10*
Test 4 1.8%10° | 2.96x10% | 2.5%10% | 5.00x10*
Test 5 1.91x10° | 3.0%10? | 2.5%10% | 4.00x10*
Mean 2.96x10% | 1.11x10" | 2.5%10% | 4.20<10*

Table D.18

mode, without payload estimation, trajectory 1

Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 1.22x10° | 2.11x10% | 1.71x10° | 5.00x10*
Test 2 1.2210° | 2.15¢10° | 1.7%10° | 3.00x10*
Test3 1.2210° | 2.1810% | 1.7%10° | 3.00x10*
Test 4 1.23x10° | 2.20x10° | 1.71x10° | 3.00x10*
Test5 1.2210° | 2.17%10% | 1.6%10° | 6.00x10*
Mean 1.22%10% | 2.17%10% | 1.71x10% | 4.00x10*
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Table D.19 Performance of retuned DVMPC for nominmyload (0.22kg) at

pneumatic mode, without payload estimation, trajgctt

RMSE(radian) | MAE(radian)
Test1 2.70x10° 1.1910"
Test 2 2.35¢10° 8.80x10?
Test3 2.76x10? 1.14x10"
Test 4 2.41x10? 9.70x10°
Test 5 2.25¢10? 9.30x10°
Mean 2.4%10? 1.010"

Table D.20  Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.31x10? 7.6%10?
Test 2 1.10x10? 5.0%10?
Test 3 1.12x10? 5.84x10?
Test 4 1.25¢10? 6.94x10?
Test 5 1.50x10? 7.95¢10?
Mean 1.26x10? 6.69%10?
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Table D.21

pneumatic mode, with payload estimation, trajectory

Performance of retuned DVMPC for nominmyload (0.22kg) at

Errors(radian) | RMSE MAE SSE SSA
Test1 2.510% | 3.9410% | 3.50<10% | 4.00<10*
Test 2 2.51x10% | 3.8%10% | 3.50<10% | 1.00<10*
Test3 2.85¢10° | 4.33%«10? | 3.91x10? | 8.00x10*
Test 4 3.05x10° | 4.68x10% | 4.2310? | 6.00<10*
Test 5 3.30x10° | 1.81x10" | 3.4%10? | 7.00x10*
Mean 2.85x10° | 6.9%10% | 3.7%10? | 5.20x10*

Table D.22

mode, with payload estimation, trajectory 1

Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 8.20x10° | 1.5310? | 1.0%10? | 3.00<10*
Test 2 9.7810° | 1.7%10% | 1.3410? | 5.00<10*
Test3 8.4810° | 1.56<10% | 1.16<10% | 5.00<10*
Test 4 7.43%10° | 1.31x10% | 9.7810° | 6.00<10*
Test5 8.85¢10° | 3.26<10% | 1.13«10? | 2.00<10*
Mean 8.55<10° | 1.8%10° | 1.14x10? | 4.20<10*
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Table D.23  Performance of retuned DVMPC for nominmyload (0.22kg) at

pneumatic mode, with payload estimation, trajectbry

RMSE(radian) | MAE(radian)
Test1 7.0310" 9.5810"
Test 2 2.35¢10? 1.3%10"
Test3 6.76x10" 9.86x10"
Test 4 7.51x10" 1.05
Test 5 3.24x107 1.40<10*
Mean 4.37x10" 6.54x10"

Table D.24  Performance of retuned DVMPC for nomipayload (0.22kg) at hybrid

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 1.62x10? 7.90x10?
Test 2 6.49%10? 1.88<10"
Test 3 6.69x10? 1.7310"
Test 4 6.70x10? 1.6%10"
Test 5 6.63x10? 1.56x10"
Mean 5.63x102 1.5310*
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Table D.25

mode, without payload estimation, trajectory 1

Performance of retuned DVMPC for largglpad (0.32kg) at pneumatic

Errors(radian) | RMSE MAE SSE SSA
Test1 2.2%10% | 4.110% | 3.1%10% | 2.00<10*
Test 2 2.2810% | 3.61x10% | 3.21x10% | 1.00<10*
Test3 2.66x<10° | 1.06<10" | 3.210? | 2.00x10*
Test 4 2.2%10° | 3.64x10% | 3.25¢102 0.00
Test 5 2.2810° | 3.66x10% | 3.2%10? | 1.00x10*
Mean 2.36x10° | 5.1310% | 3.2%10% | 1.20x10*

Table D.26

mode, without payload estimation, trajectory 1

Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 1.63x10° | 2.74x10°% | 2.30x10° | 1.00x10*
Test 2 1.6210° | 2.8%10° | 2.27%10% | 1.00x10*
Test3 1.6210° | 2.81x10° | 2.24x10° | 4.00x10*
Test 4 1.6210° | 2.7%10% | 2.24x10° | 4.00x10*
Test5 1.63x10° | 2.81x10% | 2.2710? 0.00
Mean 1.62x10? | 2.80x10% | 2.27%10% | 2.00x10*
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Table D.27  Performance of retuned DVMPC for largglpad (0.32kg) at pneumatic

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 3.34x10" 7.3%10"
Test 2 7.60x10" 1.03
Test3 3.3310" 7.2210"
Test 4 7.61x10" 1.03
Test 5 7.28<10" 9.94x10"
Mean 5.8310" 9.0310"

Table D.28 Performance of retuned DVMPC for larggylpad (0.32kg) at hybrid

mode, without payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test 1 2.87x10? 1.5%10"
Test 2 2.68x10? 1.4410"
Test 3 2.61x10? 1.36x10"
Test 4 2.24x10? 1.06x10"
Test 5 2.56x10? 1.3%10"
Mean 2.5%10? 1.36<10"
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Table D.29  Performance of retuned DVMPC for largglpad (0.32kg) at
pneumatic mode, with payload estimation, trajectiory
Errors(radian) | RMSE MAE SSE SSA

Test 1 1.78x10° | 2.96x10° | 2.4810° | 2.00x10*
Test 2 1.79%10° | 2.8%10° | 2.4810° | 2.00<10"
Test3 1.80¢10% | 3.05¢10° | 2.51x10° | 2.00<10*
Test 4 1.80x10” | 3.05¢10° | 2.51x10” | 3.00x10*
Test 5 1.90x10” | 6.66x10° | 2.4810° | 1.00x10*
Mean 1.81x10% | 3.710% | 2.4%10% | 2.00x10*

Table D.30

mode, with payload estimation, trajectory 1

Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

Errors(radian) | RMSE MAE SSE SSA
Test1 1.34¢10% | 2.3%10% | 1.88107 | 1.00x10*
Test 2 1.14<10% | 2.0%10% | 1.58107 | 6.00<10*
Test3 1.0%10? | 1.8%10? | 1.5%10% | 1.00x10*
Test 4 1.00x10° | 1.810% | 1.3&10% | 3.00x10*
Test 5 8.75x10° | 1.56x10° | 1.1%10? | 4.00<10*
Mean 1.09<10° | 1.94x10% | 1.51x10% | 3.00x10*
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Table D.31  Performance of retuned DVMPC for largglpad (0.32kg) at
pneumatic mode, with payload estimation, trajectbry

RMSE(radian) | MAE(radian)
Test 1 7.5310" 9.97%10"
Test2 7.6%10" 1.02
Test3 8.74x10" 1.13
Test 4 7.54x10" 9.9%10"
Test 5 7.7710" 1.03
Mean 7.85x10" 1.04

Table D.32  Performance of retuned DVMPC for largeylpad (0.32kg) at hybrid

mode, with payload estimation, trajectory 4

RMSE(radian) | MAE(radian)
Test1 3.510? 1.2%10"
Test 2 2.24x10° 1.2%10"
Test3 2.81x107 1.65x10"
Test 4 5.5810" 1.03
Test 5 2.80x10? 1.65¢10"
Mean 1.34x10" 3.23%10"
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