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Abstract

The present thesis focuses on the design and implementation of a distributed EtherCAT-based
motion control system for the quadruped robot Laelaps Il. The new design is based on prior
studies conducted by the Legged Robots Team of the Control Systems Lab in NTUA, and
adds new state of the art features to bring the resulting architecture among the most advanced
motion control systems worldwide. The final system combines several promising technologies
in a distributed EtherCAT-based architecture, aiming at providing the robot with maximum
agility. Specifically, the main focus lies on the firmware and electronics aspects of the motion
control system.

The second chapter includes a thorough study of the distributed control architecture of
Laelaps Il, focusing on the key properties of the underlying EtherCAT network. The modularity
of the protocol, along with its high-end features, makes it ideal for the desired deterministic,
high-frequency network used for the interconnection of all the roboté subsystems.

In the third chapter, a new trajectory planning algorithm is developed to improve the
locomotion skills of the quadruped at low speed gaits such as walking. While the previous
planner promoted highly dynamic behaviors, such as running, the new planner stands out for
its robustness and stability in slow constant speed gaits. Besides, the computational cost of
the underlying firmware was significantly reduced by setting up a parallel processing scheme
exploiting the respective capabilities of the onboard embedded systems. The designed

software complies with MISRAC, one of the industryods | eading

In the fourth chapter, inertial sensors are introducedtot he r o b ot 06 assesseahe
location and orientation of the robot, making a key step towards autonomy. The integration of
the sensors was fascilitated significantly by the modularity and extendability of the adopted
EtherCAT-based architecture.

The fifth chapter includes a guide for the proper operation of the system. It provides a set
of steps that guarantee the flawless execution of experiments, while helping the user
understand how to modify important settings according to various needs.

The sixth chapter presents a framework designed for the parameter identification of the
r ob ot 0This $tep gnables the execution of precise simulations and the design of model-
based control schemes.

Finally, in the seventh chapter, an online algorithm has been developed for adjusting the
power output of Laelaps Il actuators, to account for thermal fatigue and thus increase their life
expectancy. The final system is capable of adapting to any condition and allowing short-term
overloads safely whenever necessary.
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1 Introduction

1.1 Motivation

The objective of the present thesis is to enhance the Laelaps Il quadruped robot (Figure 1-1)
with new capabilities by exploiting optimally its hardware and lay the foundations for advanced
control schemes leading ultimately to advanced locomotion skills. Although the previous
Laelaps setup was functional, certain improvements were considered necessary to fully exploit
its capabilities. The EtherCAT network, currently operating on the robot, has made the
development modular, facilitating the fast integration of new features. In this way, any sensory
subsystem or other installed hardware is controlled by a microcontroller unit (MCU), which is
handled as a slave by the EtherCAT master. Certain aspects regarding locomotion and
dynamics are analyzed, along with their implementations, by installing sensors and designing
optimally the respective firmware. Towards that, the first step of a thorough literature review
is of utmost importance to outline current trends in the field, assess their performance and
incorporate them into the system.

“
a

Figure 1-1. The Laelaps quadruped robot.

1.2 Literature Review

1.2.1 Legged Robots

Legged robots constitute a whole new branch of mobile machines that are not bounded by
restrictions that the wheeled ones are. The mobility advantage and agility that a leg presents
cannot be replicated by a simple wheel layout. This is one of the reasons why legs are the
main locomotion mechanism in nature. From the speed of a cheetah and the climbing skills of
a goat to the strength that leafcutter ants demonstrate (relative to their size), legs are there to
tackle every mobility challenge that nature has to offer (Figure 1-2). For sure animals have
obvious differences in how they look and move, but they share the same fundamental
locomotion principles. That alone may be a convincing proof that with the right hardware and
software, along with the ongoing advancements in engineering and technology, legged
machines could soon have a leading role in robotic operations in unstructured environments.
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Figure 1-2. Legged animals in various mobility challenges: (a) a cheetah, (b) a leafcutter ant,
(c) agoat.

Today, at the dawn of legged robots, many questions remain without a definitive answer.
An increasing number of academic institutions and tech companies are creating evolutionary
platforms trying to address the key problems. The designs are gradually improving aiming to
undertake a diversity of tasks, including every-day ones, space exploration and more. By
employing bleeding-edge technologies, the scientific field is rapidly expanding and ready to
change everyday life at its core. Boston Dynamics6Atlas [1], Spot [2] and BigDog [3], along
with others such as Anyboticsd ANY4hMITCheptah
[5Bland Agil ity 6bipedndGIT [6],r aeecsemet state of the art attempts that
demonstrate the current research trends (Figure 1-3). Some of them, like Spot, are mature
enough for commercial distribution, with experimental integrations in big supply chains, like
theFord Mot or [& &inafyalaglapss (Figure 1-1) is a quadruped robot designed
and built by the CSL-EP Legged Robots Team at NTUA [8], which primarily serves as a
research platform for addressing the most significant open design and control problems in the
field.

() ®

Figure 1-3. (a) Boston Dynamics Atlas. (b) Boston Dynamics Spot. (c) ANYbotics ANYmal-C.
(d) Agility Robotics DIGIT. (e) Boston Dynamics BigDog. (f) MIT Cheetah 3.
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1.2.2 State Estimation Hardware and Sensors

An important aspect of every robot is its state estimation scheme and the general
understanding of its surroundings (localization). Besides the obvious control use of state
estimation, recent endeavors focus on leveraging its task-driven counterpart by making robots
interact with their environment and execute a task. In most cases such interactions require
many states for their description and some of them may be hard to measure directly. This
subject has been extensively discussed in the scientific community [9] [10], in an attempt to
account for challenges such as the minimization of the processing power needed to
accomplish practical tasks. Research suggests that there are many milestones to reach in this
field and numerous different aspects to improve. Since localization is a complex and layered
engineering field, research focuses on perception, planning and control, but also on the key
technologies that can enable the application of the proposed concepts. Importantly, besides
the traditional approaches, learning-based approaches have demonstrated the ability to
efficiently execute such tasks by providing a fair amount of time for training beforehand.

In this thesis, an attempt is made to equip Laelaps Il with sensors commonly used in most
state estimation schemes [11], like joint encoders and inertial measurement units (IMUs). For
instance, the previous version of Laelaps did not use any IMUs to determine its pose and as
a result its body position and orientation was controlled indirectly, in an open-loop manner.
The wide applicability of these devices is justified by their simplicity, well-proven technology
and the vital information they provide. This work aims to integrate two IMU sensors into the
current layout. This effort will enable accurate body motion that was not possible in the past.
In general, IMUs come in two configurations, gimbaled and strap-on systems, both with
different perks [12]. At this point, the latter configuration was chosen as the simplest one, to
avoid complex housing structures with moving parts.

The most common sensors for rotational measurements are the rotary encoders [13].
They are electromechanical devices that transl e
readings. There are two major types with respect to the kind of output needed. The incremental
encoders are used when the relative position is sought out. On the other hand, absolute
encoders produce a unique reading assigned to every angular position of their rotor. Contrary
to the incrementals, they donotlosetr ack of their rotords position
on. Currently, on Laelaps Il quadrature incremental encoders are installed. This choice is
justified by the low noise and finer resolution that these modules offer. A quadrature encoder
is an optical module that combines two sensing channels that present a phase shift [14]. This
results in the generation of two shifted square waves and another supplemental one that
provide information for position, direction and velocity (Figure 1-4). The downside of this
feedback architecture is that the aforementioned modules need manual initialization at the
desired zero-angle position.

Figure 1-4. Quadrature optical encoder overview.
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The optical nature of the quadrature encoders implies certain limitations regarding their
nominal operational conditions. In dirty environments with dust and other non-magnetic
contaminants, magnetic encoders are more suitable. They are inherently rugged and shock
resistant. Generally, Laelaps Il is designed to operate in a variety of harsh outdoor conditions.

With t hat said, in the current thesis magnetic
drivetrain to keep track its position even

Wi

a
t hc

sequence becomes fully automat ed, nbeunonitdrddas power

well.

1.2.3 Motion Planning and Control

The basic Laelaps Il motion control architecture consists of a higher and a lower level
controller. In this thesis only the latter one is considered. The already implemented control
scheme consists of three major parts [15]: (a) a trajectory planning part, generating a task
space trajectory in real-time context, (b) an inverse kinematics routine that translates the
former task-space trajectory to joint-space angles and (c) a joint-level active compliance
controller driving each leg.

The trajectory planner that is currently used by Laelaps Il performs semi-elliptical
trajectories, designed for efficient trotting. The simplicity of the approach makes it ideal for
deployment in the embedded systems that currently operate on the robot. Compared to other
designs [16] [17], Laelaps Il executes highly dynamic motions with lower processing cost [18].
The main downside of the method is the periodic accelerations that comes with during stance
phase. To enable smoother motion regimes like walking, a constant stance velocity planner
[19] was implemented in firmware. The simulations and experiments have demonstrated the
expected smoother, car-like motion of the robot, without rapid accelerations that disrupt its
gait cycles.

The key partofthequad r upedds architecture is its
are coupled to its trajectory planning scheme. They are based on the principle of a spring-
damper system acting among the current joint-angles and the desired ones. This architecture
is materialized on the real robot by optimized PV controllers [20]. The rationale behind this
choice over the traditional PD ones is that the former ones do not add any zero terms in the
closed loop system, resulting in lower oscillations. In this thesis an effort was made to optimize

acti

the whole firmwareds execution time and add

matters are furtherly discussed in Chapter 3.

1.2.4 Motor Overheating

Legged machines are characterized by increased torque demands at their joints, since they
have to support their own weight even when they stand still. For electrically actuated robots,
increased torque means increased current and thus high motor temperature. To enable
dynamic behaviors and exploit the hardware at its limits, the motor heating problem should be
accounted for and treated accordingly. Maxon, the manufacturer of the installed motors,
proposes methods to predict their thermal behavior as a function of their operation [21].
Nevertheless, none of the methods demonstrates online prediction capabilities and as a result
the need to develop one arises. Due to the complexity of the temperature measurements, one
requirement would be that the proposed method must rely solely on current measurements to

~

vV e

saf

regul ate each motoros input c ur r eChapter 7Tohthis comp | e

thesis.
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1.2.5 System Ildentification

The distributed control scheme of Laelaps Il is currently a model-free and manually tuned
control system [15] [22]. However, to reach optimal performance, the application of model-
based controllers could be a good solution by taking into account the key nonlinearities that
the system presents. Towards this, the exact inertial and frictional parameters must be
accurately measured, to have a precise mathematical model for the actual physical system.
Besides control-related objectives, knowing the basic system parameters accurately enables
accurate simulations, which is a key step in the entire development process.

Although the masses and lengths of each link can be measured with simple methods, the
friction coefficients of the joints and gearboxes, along with the inertias and center of mass
positions need complex mathematical algorithms involving modeling and dynamics. The two
most widely used methods to estimate those parameters are:

1 Extended Kalman Filter. The inertial and frictional parameters are treated like system
states that stay constant throughout time. This fact establishes an online method that
linearizes the dynamics at a point and fuses the measurements to get the known and
unknown states [23].

1 Least Squares Identification. The linearity of the mathematical model with respect to
the unknown parameters is exploited. By executing least squares regression, the
parameters are estimated from torque and kinematic measurements. It is an offline
algorithm that requires separate experiments to determine the nonlinear parts (e.g.
Stribeck frictional term) of the friction model and the remaining linear ones, like inertias.
The methodbés mai n idregsimesipositiont valaciey, accsleratidn and
torque inputs. Hence, in unknown quantities that cannot be measured and thus are
approximated with computational methods, noise becomes a very important factor that
downgrades the algorithm@g[25[e6i[27pr mance

After reviewing both methodspros and cons, the Least Squares Identification was chosen
for the task.

1.2.6 Current Sensing

signi |

Accurate measur ement of the current consumpti on

robotics. There are several design options to solve the challenges associated with accurate
current-measurement; approaches range from using general-purpose operational amplifiers
(op-amps) to analog-to-digital converters (ADCs), either standalone or embedded in an MCU.

I n Lael apsd case, current sensing indicates tF

a measure of the thermal fatigue of the motors. Most importantly, combined with voltage
sensing, it is a direct measure of the power consumption, the minimization of which, is crucial
for any mobile machine. In the context of this thesis, an effort has been made to find suitable
sensors and integrate them into the existing hardware setup. Related application guides
simplify the task and provide powerful insights [28].
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2 Laelaps Il EtherCAT Network

2.1 Introduction

The Laelaps Il quadruped is a 40kg robotic platform designed for highly-dynamic behaviors
[29]. Itis the result of multidisciplinary studies performed by the CSL-EP Legged Robots Team.
Every hardware component is designed and calculated with a variety of methods, both
analytical and optimization-b a s e d . The majority of the systembd
manufactured in house, with state of the art equipment and processes. The present thesis
aims to improve some of the most critical subsystems of the robot and also add several new
features. Specifically, this work includes significant improvements in the sensory system and
the control firmware of the robot.
The EtherCAT (Ethernet for Control and Automation Technology) network of the robot
plays a vital role, since it enables synchronization and ultra-high bandwidth communications
among its various distributed processing units. Designed by Beckhoff, EtherCAT has become
the |l eading trend i n -timehdata transtens 430]r Iys Grgegraticamrind r e a |
guadruped robots constantly increases; for instance itisused inthewell-kk nown | 1 Téds HyQR
[31]. However, along with the great advantages of this technology comes a significant amount
of low-level programming effort to make a system like the Laelaps Il operational.
In this section, some EtherCAT theoretical preliminaries are presented. Moreover, an
overview of the Laelaps Il EtherCAT network is presented, both from hardware as well as from
software aspects.

2.2 EtherCAT Protocol Overview

EtherCAT constitutes an Ethernet-based Fieldbus communication system. It is suitable for soft
and also for hard real-time applications. The combination of short update periods, reduced
jitter and low cost, has made EtherCAT the leading protocol in both academia and industry.
From the control of a simple servo motor to the demanding application of controlling the mirrors
of the Giant Magellan Telescope [32], the extent of use of the protocol becomes apparent.

2.2.1 Functional Principle

EtherCAT uses a master-slave architecture. The slave nodes are considered as black boxes
and specifications about their internal architecture and operation are irrelevant as far as the
master is concerned. The standard Ethernet frame is not processed at every node
sequentially, rather only a specific address of the telegram is read and written by the
corresponding sl ave. This fAon the flyodo process
transfers, while at the same time eliminates redundant delays in the data circulation.

The master node is in complete control of the traffic exchanged in an EtherCAT network.
It initializes every communication sequence by sending frames via its Ethernet interface.
Subsequentl vy, they are processed fAnoallertEB®inf |l yo b
the | ogical ring. I't should be noted t hchdin t he t €
topology of the slaves, rather than to the internal architecture of the network. The slaves are
connected in series, but the Ethernet cable along with each slave's internal architecture
enables the full-duplex communication scheme, illustrated in Figure 2-1(a).
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The frame processing at each of the ESCs is executed by logical units, called ports. Every
port executes a part of the total frame processing and forwards the frame to the next one, in
a roundabout fashion, like the one presented in Figure 2-1(b).

J—

/ EPU PORT 3

A _ﬂT L.

ESC

PORT O
L 140d
<

(@) (b)
Figure 2-1. (a) The logical ring of an EtherCAT network. (b) ESC frame processing.

2.2.2 EtherCAT Frame Structure

The EtherCAT frame comes as a component of the standard Ethernet frame. Every frame

contains a significant amount of fields, each one performing a different functionality or carrying

a fraction of the total payload. The EtherCAT frames contain multiple datagrams that adress

different slaves in the network. Each datagram contains headers that specify commands and

specific addresses, for read/write operations, t o parti cul ar ESCo6lee me mor y
feature that enables the high-bandwidth data circulation is that each slave processes only the
datagramthat t he master dictates, designated by the
header. This mechanism becomes apparentin Figure 2-2. The frameébés structur
Figure 2-3, while detailed information can be found in the literature [33].
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Figure 2-2. Each slave processes only one prescribed datagram.
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Ethernet frame (IEEE802.3): 64-1518 Bytes (up to 1522 Bytes if VLAN is used)

8bit

H
i
I}
4
{ .
/
/ i
-
\.
\
"\
"
5

8 Datagramex.1: Read/write access to registers

Datagram ex. 2: Mailbox communication,

CoE SDO Service (via SMO, SM1)

Datagramex.3: Process data exchange
(via SM2, SM3)

Figure 2-3. Typical EtherCAT frame structure.
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2.2.3 EtherCAT Master

EtherCAT Masters (EMs) manage the total amount of communications in an EtherCAT
network. In a nutshell, EMs may be materialized by software in Linux-like operating systems,
without any special demands as far as the hardware is concerned. This is their main difference
with the slavesd architectures that demand tail
to fulfill their tasks. In their simplest form, EMs implement a real-time control loop that handles
the communications and the intermediate processing required among the cycles. An intuitive
overview is given in Figure 2-4. For an in-depth understanding of EM concepts, the reader is

referred to [34].

| ¢——————No
\

Time
Increment

Y LOOP

Receive
Frame & Store
its Data

ermination Yes

\

Process Data l
& Execute A

Supplementary
L Tasks

\4
Send New
Frame with

Updated Data

& Commands

Figure 2-4. Basic EtherCAT master operation.

2.2.4 EtherCAT Slave Overview

EtherCAT slaves present a number of hardware and firmware design challenges that require
specialized solutions. As mentionedf bedborehi ESCEt
requirements of such processes demand the employment of hardware solutions to fulfill the
low run-time demands. This constitutes the so-called Data Link Layer (DLL) [33], which in turn
comprises several modules such as SyncManagers (SMs), Fieldbus Memory Management
Units (FMMUSs) and Distributed Clocks (DCs).

The second layer of a generic slave is the Application Layer (AL) [33], usually realized by
a microcontroller. This layer includes the implementation of the user application. The interface
between the two aforementioned layers is possible due to the Physical Device Interface (PDI),
which constitutes a communication protocol such as the Serial Peripheral Interface (SPI).
These concepts will be clarified in the next sections of this chapter, while an overview may be
observed in Figure 2-5.
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RXPDO
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Categories
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Figure 2-5. ESC architecture overview.

SyncManager

The ESC memory is used for exchanging data between the EM and the application running
on the slave. The master can access the memory through the network by using the data link
layer services, whereas the local application makes use of the process data interface (PDI)
provided by the ESC. As a consequence, problems may arise if concurrent accesses are
carried out without any restriction. In particular, the consistency of data is not guaranteed by
the basic data link communication services, unless a mechanism, like semaphores, is
implemented in software for dealing with data exchanges in a coordinated way. Moreover,
both the EM and the application running in the slave have to poll the memory explicitly, in
order to determine when it is no longer used by the competing entity.

SyncManagers support two communication modes:

1. Buffered mode. In this case, the interaction between the producer and the consumer
of data is uncorrelated and each entity can access the buffer at any time. The
consumer is always provided with the newest data. In the case data are written into
the buffer faster than they are read out, old data are simply discarded. The buffered
mode is typically used for cyclic process data. This mechanism is also known as 3-
buffer mode, because the SyncManager manages three buffers of identical size
(denoted as 0, 1, and 2). One buffer is allocated to the producer (for writing), another
buffer to the consumer (for reading), and a third buffer helps as intermediate storage.
Reading or writing the last byte of the buffer results in an automatic buffer exchange.
It is worth noting that both the EM and the local application must always refer to buffer
0 when accessing memory. It is up to the SyncManager redirecting accesses to the
right buffer.

2. Mailbox mode. In this case, a handshake mechanism is implemented for data
exchanges, which prevents buffer overwriting and ensures that no data will be lost.
Just one buffer is allocated for each mailbox; moreover, reading and writing are
enabled alternatively. The mechanism implemented by mailboxes is straightforward.
At first the producer writes to the mailbox buffer. When done, the SyncManager locks
it for writing and enables read access to the consumer. Only when the consumer has
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finished reading data out of the buffer, the producer is granted write access again. At
the same time, the mailbox turns to the locked state for the consumer. The mailbox
mode is typically used for application layer (AL) protocols, where the time taken to
exchange information is not very relevant.

According to the literature [35], the buffered mode is used for cyclic data exchanges, while

mail box is wusually used for application | ayerés

Therefore, the user-defined process data (Section 2.2.5), which are considered as cyclic data,
are exchanged in buffered mode.

Fieldbus Memory Management Unit

The Fieldbus Memory Management Unit (FMMU) is a common concept in the field of
embedded systems and computer science. These modules are responsible for the mapping
bet ween the ESC6s | ogical address space to

Distributed Clock Unit and Synchronization

EtherCAT is designed to serve hard real-time applications with large data transfers. To
achieve that, a synchronization mechanism with ns time resolution is used. The operation of
this mechanism requires the calculation of the various time-drifts and delays that are present
in the network. These are summarized in three categories:

1. Propagation Delay. The master calculates the time that the frame needs to arrive at
each slave in the network, by employing a timestamp mechanism. The receive times
and delays acquired by that process are stored in registers 0x0900 and 0x0928 of the
ESC, respectively.

2. Offset. Each network has a reference clock, most frequently the free-running counter
of the first slave. Each node has its own clock and subsequent offsets among them
are present. The master, by reading the clocks of every slave in the bus, calculates
the required offsets and stores them both in its memory and at each slave controller,
more specifically in the 0x0920 ESC register.

3. Dirift. The reference clocks have a drift in their operation as time passes. To account
for such a phenomenon, a time control loop (TCL) is implemented by the master and
the drifts are compensated.

The DC Synchronous mode is used in this work, since it is the most hard real-time
configuration that EtherCAT supports. This is achieved by activating the major processes of a
slave, by a hardware interrupt. The implemented mechanism can be better understood by
consulting Figure 2-6. A major ESI element that enables this configuration is called

Dc:AssignActivateand i s configured during the desi
It is also, highly dependent on the ESCOs
DC-Synchronous

Function File
(Ezi‘;:{f -3 - PDI_lsr() / Sync0_lIsr() / Sync1_lsr() ecatappl.c
PDO_OutputMapping() ECAT_Application() PDO_InputMapping() ecatappl.c

l |

HW_EscReadlsr() “TROY APPL_InputMapping() _ hwe/
APPL_OutputMapping() AFPL Spplication() HW_EscWritelsr() ___applc
...... If AL_EVENT_ENABLED =1 ssmsnnemnns  |f SYNC1 is active

Figure 2-6. DC Synchronous mode overview.
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2.2.5 Process Data

EtherCAT networks have a very flexible process data scheme that enables large data
mechani
be perceived as multiple Process Data Object (PDO) instances, called object dictionaries.
These modules have a strict addressing organization based on the CANopen standard [36].
The object dictionary structure and corresponding behavior of the entries is defined by the
Modular Device Profile (MDP) [37]. Figure 2-7 provides a better insight into the MDP concept.
It defines a modeling of structures within a device. The intention is to provide an easy way for
ces.

transfers wi

the master to handle the
MDP Device
Object Dictionary Module 0

Communication area (0x1000 — Ox1FFF)
e.g. object 0x1000, 0x1018, 0x10F3
RxPDOs (0x1600 — Ox17FF) 0x1600
TxPDOs (0x1A00 — Ox1BFF) 0x1A00

Manufacturer specific area (0x2000 — OX5FFF)

Input area (0x6000 — OX6FFF) 0x6000 — 0x600F
Tx-mappable, read-only

Output area (0x7000 — OX7FFF) 0x7000 — Ox700F
Rx-mappable, read-writeable

Configuration area (0x8000 — Ox8FFF) 0x8000 — 0x800F
read-writeable, usually not mappable

Information area (0x9000 — Ox9FFF) 0x9000 — 0x900F
read-only, usually not mappable

Diagnosis area (0OXAO0O — OXAFFF) 0xA000 — OxAOOF

Device area (0xFOOO — OxFFFF)
e.g. object 0xFO00, 0xFO10, 0xFO30, 0xFO50

Figure 2-7. Modular Device Profile overview.
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Most of the procedure of creating such modules is automated, due to the user-friendly
Slave Stack Code Tool (SSC) [38], provided by the EtherCAT Technology Group (ETG) [39].
The reader is advised to understand those concepts by referring to the available
documentation [37]. More specifically, the memory sections 0x6000-0x6FFF and 0x7000-
y because

Ox7FFF are defi

The m

ned manual

apping of

t he

ESI file and may be viewed in Figure 2-8.
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Figure 2-8.
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2.2.6 EtherCAT Network Operation

The present section gives a description of the operation of an EtherCAT network and
discusses the details of several basic notions.
When the power switch is flipped on, both the master and the slaves in the bus initialize
their intrinsic hardware and firmware. The master scans the bus and identifies every node in
it. Before the network becomes operational, several diagnostics and synchronizations are
performed. Delays and time offsets are calculated as well.
Each slave implements the so-called EtherCAT State Machine (ESM) [33], which has four
possible states and one supplementary.
9 INIT: Only access to ESC registers.
PRE-OPERATIONAL: Mailbox communication available.
SAFE-OPERATIONAL: Process Data available, outputs still in safe-state.
OPERATIONAL: Input and Output Process Data available.
BOOTSTRAP: Suppl ementary stat ePROMdmemary.i ti ng t he
The master requests state transitions from every slave on the bus. The latter ones may
verify and execute that transition on a prescribed timeout period, or else an error is thrown in
the corresponding AL Status register. By viewing that regist e r , every sl aveds st
monitored and determine if the whole bus is operational. The ESM is presented in Figure 2-9,
graphically.

= =4 =4 =

INIT (,0x0120/,;0x0130 = 0x1): Only access to ESC registers

Master b 4 Master 4
Clear: Configuration registers, e.g.: Clear: SMO for Mallbox Out (s0x0800 — 0x0807) ]
FMMUs (:0x0600 — 0XO6FF) SM1 for Mallbox In (g0x0808 — 0x080F) 1
SyncManagers (SM) (1rg0X0800 — 0x087F) 1
Set: Fixed Physical Address (:0%0010) :
SMO for Mallbox Out (g0x0800 — 0x0807)
SM1for Mallbox In (50x0808 —0x080F) I
IfDC: DC System Time setup: 1
Delay compensation (:¥0x0900, 0x0928) ]
Offset compensation (100918, 150x0920) 1
Static drift compensation (~15.000 times) (0x0910) 1
Slave Slave :
Verlfy: Mallbox SyndMianager settings Stop: Mallbox communication (STOP_MBX_HANDLER) 1
Start: Mallbox communication (START_MBX_HANDLER)
Confirm: State request to PRE-OPERATIONAL I
1
PRE-OPERATIONAL (;0x0120/,,0x0130 = 0x2): Mailbox communication available BOOT 0x3): optional
Master b Master
Set: Configuration objects via SDO, e.g.: Clear: SM2 for outputs (ez0X0810 — 0x0817)
RxPDO / TxPDO Assignment (0X1C12 / 0x1C13) SM3 for Inputs (r0x0818 — 0X081F)
RxPDO / TxPDO Mapping {zz0X1A00 — OX1BFF / -;0x1600 — OXT7FF) FMMUO (maps outputs) (rg0X0600 — 0x060F)
SM2 for outputs (g0X0810 — 0x0817) FMMU1 (maps Inputs) (r0x0610 — Ox061F)
SM3 for Inputs (:0x0818 — 0x081F) Disable: Distributed Clocks (g0x0980)
FMMUO (maps outputs) (g0x0600 — 0x060F)
FMMU! (maps inputs) (z0X0610 — 0x061F)
IfDC: Configure SYNC/LATCH unit:
Set SYNC cycle time (10X09A0 — 0x09AT7)
Set DC start time (g0Xx0990 —0x0997)
Set DC SYNC OUT unit (:g0x0980 —0x0981)
Set DC LATCH IN unit {0X09A8 — 0x09A9)
Start continuous drift compensation (:eg0X0910 — 0x0917)
Start: Cyclic process data
Slave Slave
Verlfy: Process data SyncManager settings, PDO Mappling/Assignment Stop: Cyclic process data
Start: Input update (START_INPUT_HANDLER)
Provide: Valid Inputs
Confirm: State request to SAFE-OPERATIONAL
SAFE-OPERATIONAL (..,0x0120/,.,0x0130 = Ox4): Process data available, outputs still in safe state
Master
Provide: Valid outputs
Slave Slave
Verlfy: Synchronizatlon with DC, If required Stop: Output update (STOP_OUTPUT_HANDLER)
Start: Output update (START_OUTPUT_HANDLER)
Confirm: State request to OPERATIONAL

'OPERATIONAL (50%0120/,50x0130 = 0x8): Input and output process data available

State transition/default timeout PreopTimeout (3000ms) SafeopOPTimeout (10000ms) BackToSafeopTimeout (200ms) BackTolnitTimeout (5000ms)

Figure 2-9. EtherCAT Slave's State Machine (ESM).
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2.3 Laelaps Il EtherCAT Network Description

Theabove-descri bed concepts are materialized on Lael
inherits the pr ot dexibilitydaongmuthdits lhad real-tyne eapadilities.
Control applications in such complex machines need highly deterministic implementations that
only state of the art technologies can provide. In this section, all of the different components
of the network are analyzed. In later chapters, the actual hardware and firmware
implementations of those concepts will be discussed to develop a complete picture.
The Laelaps Il EtherCAT network consists of one master PC, namely an Intel NUC8i7HVK
(Hades Canyon Edition) and several LaunchXLF28379D - Beckhoff FB1111-0141 ESC combo
slaves. The described network, along with its components, is presented in Figure 2-10.

msmmm High Voltage Power mmmmm  Low Voltage Power — Signals EtherCAT Cable

ttesies/ Power Supply
oltage

EtherCAT
adapter

; Servo ervo v ervo vo ervo
MCU/SBC i fve Mcu e ive MCUSBC —— Drive _ Drive

™MU

ADIS16364 / ADIS16375
IMU Slave HR Leg HL Leg FR Leg FL Leg

Figure 2-10. Laelaps Il architecture overview.

2.3.1 Laelaps Il Master

The networkés master is implemented witdradd wo sof
solution called TwinCAT 3 [40], provided by Beckhoff, and an open-source solution called

EtherLAB [41]. For the latter, the reader is encouraged to refer to the ether_ros package [34].

This middle-ware is actively maintained by the CSL-EP Legged Robots Team, on its way to

become a complete ROS(2) package with a generic and modular design. On the other hand,

TwinCAT 3 constitutes a closed, proven solution with a user-friendly interface and is used

extensively in this thesis.

2.3.2 Laelaps Il Slave Nodes

Currently, two types of slaves operate on Laelaps II, which both consist of a LaunchXL-
F28379D[42]i mpl ementi ng the sl avebs Application Layer
byaBe c k hof ¥1BGl41pigoyback controller[43]. The sl aveds intrinsic
are executed via SPI, which materializes the Physical Device Interface.

The first slave type is responsible for the leg motion control algorithm and the circulation
of the related parameters. The control application and the EtherCAT functionalities are running
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on the same core, at present. However, the particular microcontroller has a dual-core
architecture that could be exploited in the future.

The other EtherCAT slave type handles the communications with an IMU. The work
described herein incorporates two IMUs and thus two EtherCAT nodes into the system. The
application is not identical for the two sensors, but their core operation remains the same.

2.3.3 Network Characteristics

The bus currently operates at a 2.5 kHz loop frequency, a rather high-bandwidth for motion
control applications. The network is robust and highly deterministic, since no frame drop
occurs in a variety of operational conditions. The default cycle time, in theory, can be
calculated by taking the sum of the different processes that occur in each cycle, presented in
Figure 2-11.

Minimum Cycle Time
<¢

SM access Process  Activate = Mailbox Latch Process SM access
read outputs ~ outputs outputs service inputs inputs write inputs

Figure 2-11. Theoretical determination of the minimum cycle time.

In practice, there is no definitive answer regarding the minimum cycle time of an arbitrary
EtherCAT network, since its speed is heavily dependent on the attributes of its components.
The main contributions in the end-result are the time needed for sending the frame, the
propagation delay for its circulation in the network and finally the time necessary for receiving
it. In turn these procedures depend on the below parameters.

Bandwidth

Until recently, the protocol és bandwidth was 100C
G and G10 flavors, this parameter became 1 Gbhit/s and 10 Gbit/s, respectively. In a 100 Mbit/s

network, like the one currently operating on Laelaps I, the frame processing will take 80

nanoseconds per byte, whereas in a 1 Gbit/s network, it will only take 8 ns per byte and in 10

Ghit/s networks just 800 ps per byte. However, by simply transitioning from EtherCAT to

EtherCAT G or G10 will not automatically translate to 10x or 100x performance gain, since as

can be realized, the end result depends on many different parameters.

Master Software Processing Time

The processing time needed by the master to perform the required tasks depends on its
processing power, hardware architecture, memory performance, etc. In Linux-like EMs certain
tuning can be made to optimize their performance. Also, with routines like ftrace [44] this
amount of time can be estimated accurately. TwWinCAT 3 provides an estimation of the required
processing time (11.92 ¢s) illustrated in Figure 2-12. To clarify, this number corresponds to a
single leg motion control slave (Chapter 3) connected on the bus, as suggested in [20].
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LaelapsMotionControl + X |REGICTIES v &

General  Adapter EtherCAT  Online  CoE - Online

Netld: 192.168.2.11.2.1 | Advanced Settings...
Datarate: 1100 MBit/s| Export Configuration File...

Sync Unit Assignment...

I Topology... I

Frame Cmd Addr Len wC Sync Unit Cycle (ms)  Utilization (%) Size / Duration (uis)  Map Id
.D NOP  (x00000x0900 4 0.400
Wo ARMW 2000000910 4 0.400
WMo R0 0:03000000 1 0400
WMo w0000 38 3 <default> 0400
Mo BRD 0000000130 2 1 0400 298 125/11.92 0!

298

Figure 2-12. TwinCAT 3 frame processing time.

EtherCAT Slaves

The number of EtherCAT slave devices in the network, along with their Ethernet interface
contributes to the total cycle time. The typical delay for an EtherCAT slave that uses standard
Ethernet MII/PHY is about 1 €s, whereas for another one that uses Low Voltage Differential
Signaling (LVDS), like E-bus, the delay is only about 0.3 us. In the Laelaps |l case, the ESCs
have Ethernet MII/PHY ports, resulting in 1 €s delay for each slave on the bus.

Another thing to consider is that in DC mode, all of the functions of the Application Layer
are synchronized with hardware interrupts. To maintain such tight synchronization each slave
should be able to execute all of the required routines within a specific timeframe, dictated by
the cycle-time. In the case of Laelaps Il motion control firmware, this time is about 169.63 €s.
This value comes as the sum of the execution time of the three major slave stack functions,
namely SyncO_Isr(), Syncl_lIsr() and PDI_Isr() (see Section 3.5). More information about
these routines can be found in the literature [45].

Process Data Size

The amount of process data handled by the network has a significant impact on its
performance. Note that their size is not limited to that of a maximum Ethernet packet (~1500
bytes). However, above this limit, multiple cyclic frames will be sent to handle the additional
bytes. This results in additional overhead and delays. Currently, there are four leg motion
control slaves with 60 bytes (22 inputs and 38 outputs) each, one ADIS16364 IMU slave with
40 bytes (36 inputs and 4 outputs) and an ADIS16375 slave with 58 bytes (52 inputs and 6
outputs). Hence the total user-defined process data size is 338 bytes. Apparently, in the
current configuration no additional Ethernet packets are necessary even after the addition of
the default bytes that come with each frame. Thus, no additional overhead is added. Lastly,
the numberoff i xed bytes in the frame depends on
addressing.

Laelaps Il Network Cycle Time

From the above analysis, it becomes apparent that the main factor to be considered in defining
the minimum cycle time in Laelaps 1l case is the slave processing time. TWinCAT 3, the EM
used in this thesis, prevents the slaves from going to operational mode if the chosen cycle
time does not suffice and multiple frame-drops occur. To determine a safe value for the
net wor kds cy cérrer,metlodology iwasl adopted.dlinitially, a single slave was
connected to the EM and by progressively increasing the cycle time, the minimum one was
determined at 200 t€s. In the same manner, with all of the slaves connected, the default
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operational frequency for the network was chosen at 2.5 kHz (400 e€s). Admittedly, the
proposed method does not give the fastest possible EtherCAT cycle that the Laelaps I
network can achieve, but it is safe to say that the system is robust and deterministic, since no
frame drops are observed during its operation.
All of the real-world applications come with hard to model behaviors and noise. To account
for such phenomena, li ke jitter, t he master <cal c
slaves. These values, if chosen correctly, can lead the slaves to maximum intrinsic
synchronization without frame drops and other corruptions. Admittedly there is an entire
interval of values that those shift times may take, while the optimal ones are hard to calculate
and depend heavily on t he ultsefsettiogrtierd scorheetly atevar e . T
illustrated in Figure 2-13.

@ o )‘
E ..............................................
1

1 B |,

Figure 2-13. Results of correct/ incorrect shift times.

However, there is a rule of thumb for a bul k a
algebraic sum of the following contributions.
9 Hardware Delay introduced internally, by slaves.
0 1 esfor every slave of the network with MIl Ports (Current Configuration).
o0 0.3 esfor every slave of the network with only EBUS Ports.
1 Hardware Delay introduced by the cables, which is approximately 5.3 ns for every
meter of CAT Il Ethernet copper cables.
As previously mentioned those shifts are calculated by the master and in the case of
TwinCAT 3, a brilliant job has been made, ensuring automated synchronization for relatively
low cycle times. In case of Laelaps Il, by adopting a trial and error methodology the initial
guess given by the above rule of thumb was corrected and determined to be 30 £s. Admittedly,
this is not an optimal value, but it gave very promising results during the test runs since no
frame drops and other desynchronizations were observed. Last but not least, there are
extensive guides in the corresponding appendices (Appendix A and Appendix B) that illustrate
the process of creating a slavebs application an
implementations. Significant, but on-going work, is done in the direction of ether_ros master,
but requires extensive reference that is out of the scope of this thesis.
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3 Laelaps Il Motion Control

This chapter is dedicated to the Laelaps Il motion control scheme, analyzing both its hardware
and firmware aspects. The already operational decentralized architecture [20] resulted in a
working prototype with robust gait cycles and great stability. Despite the remarkable behavior
of the planner used, the intermittent accelerations that it comes with, downgrade its
performance. In the present thesis, an improved constant stance velocity planner, which was
introduced by the Team in [19], is implemented and incorporated in the Laelaps Il control
architecture. Special attention has been given to improve further the performance of the
application by taking advantage oft h e h a r vhroasrcapabiities.

At first, the theoretical background concerning kinematics and planning is briefly given.
Then, the implementation of the developed planner is described, focusing on the modifications
that the setup requires. Details on how to assemble the used hardware components and setup
the CCS project are given in Section 3.4. Certain adjustments in the existing EtherCAT stack
are made, followed by othersinthe Et her CAT sl avedsmaENRI Tiwi h€ATbs n
compatible with the new application. Last, the validation process is described and conclusions
are derived.

3.1 Laelaps Il Control Architecture

3.1.1 Low-level Control Overview

Laelaps Il is a quadruped robot with a distributed, EtherCAT-based control architecture. This
means that for each leg, a single microcontroller is in charge for the total control payload.
Figure 3-1 gives an overview of the control architecture of Laelaps Il, according to the available
literature [15] [20]. This thesis analyzes only the low-level controller of the aforementioned
architecture (highlighted in the blue box).

High-Level Controller Low-Level Controller
- Select gait type by selecting 9, @, a,b Trajectory Planning )
phase ¢ for each leg’s motion. ’ Generate a sequence of toe posi-

= T
- Select stride frequency by P1xe vl tions along an elliptical trajectory
i i EEEEE—
selecting angular velocity ,, in the workspace of each leg.
- Select ellipse dimensions and

ellipse center position. Desired toe gosltion

Py =% Vi
Inverse Kinematics

= Select. how close the actual _ kp, k; Generate a sequence of joint

foot trajectory Wil! be to the vir- angles corresponding to the

tual one by selecting PD gains. sequence of desired toe positions.
Desired joint angles
P des’ P2,des

Robot

Active Compliance Control
6,, d6,/dt Compute torques that compliantly

Inertial Measurement Unit ———] drive the joints along the desired
Incremental Encoders -&p sequence of angles via PD joint

controllers. The elliptical path is
Actuators <L not followed in a strict manner.

Figure 3-1. Laelaps Il motion control architecture [15].
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The LaunchXL-F28379D evaluation board (Appendix C) materializes the Data Link Layer
(DLL) of the EtherCAT slave model, introduced in Section 2.2.4. It is a high-end, bare-metal
system built for deterministic, hard real-time control applications. The underlying firmware
architecture consists of purely control-related implementations, along with others that
materialize the EtherCAT slave functionalities. The latter ones are necessary since each of
the control modules operates in a distributed networkt hat control s the whole r

The low-level control design of each leg can be divided in three separate parts: (a) the
trajectory planning module that in the current implementation generates two joint-space angle
sequences (one for each joint) corresponding to a task-space, semi-elliptical motion of the
I e g 6,%b) thedoav-level active compliance controllers that drive the two actuators of the leg,
and (c) the feedback loop that is materialized by high-resolution quadrature encoders with
velocity estimation capabilities. All of the discussed concepts are analyzed in this chapter
thoroughly, with a special focus on their implementations.

3.1.2 Laelaps |l Legs

The Laelaps Il legs use the parallel mechanism shown in Figure 3-2. The hip and knee joints,
are actuated by two Maxon motors along with gearboxes and timing belts (both with 26/48
reduction ratio). For the hip, a powerful Maxon EC45 250W (Part No. 136209) brushless motor
[46] is installed, along with its GP52C planetary gearhead (Part No. 223089, with reduction
ratio 8/343) [47]. The knees share the same family of gearboxes (Part No. 223090, with
reduction ratio 12/637) with the hips, but they are actuated by Maxon RE50 200W (Part No.
370356) brushed motors [48]. Figure 3-2 illustratesthel egds desi gn.

O

Stiff Spring

Figure 3-2. Laelaps Il leg geometry.

Forward Kinematics

The forward kinematics for a leg are given in (3-1) and (3-2), according to Figure 3-2; (xE yE)
denote the toed soordinates, while the spring GH is stiff enough to approximate the leg with
two virtual segments of constant length, namely I, |,. Therefore, the spring is neglected in
this study. Moreover, the virtual segment angles are denoted by g, and g, .
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Xe =l sin(@,) +,sin(g) (3-1)
ye =1, cos@, ) +, cos(g (3-2)

Inverse Kinematics
In the same manner, the inverse kinematics (3-3)-(3-7) are derived below. Let:

/=49 -, (3-3)
According to the generalized Pythagorean Theorem:

+y2 A2 B 2,cosp )y x2VyZAI7H) B ,cos())

2402 (12 | (3-4)
cosf )= % yEZH(Il f) LsinG) =1 eds (/)
12
Note that the negative sines ol uti on corresponds to the | egds

Using the results of (3-4), the / angle is calculated in (3-5).

J =arctan 2(sin(/ ),cos(/ (3-5)
Finally,

q, :’% -arctan 2¢. x-. ) -arctan2( sirf 1), 1,+ cosf (3-6)
9= g - (3-7)

3.2 Trajectory Planning

3.2.1 Planner Description

A planner recently introduced in [19] is implemented here to allow the real robot to move with
constant stance velocity, resulting in smoother gaits. This is a vital step towards the integration
and testing of various motion modes, like trotting that was originally investigated in [49]. Each
leg follows a trajectory which includes separate formulations for swing and stance phases.

The planner dictates the appropriate formula, by measuring the time progression of each
step in comparison with the ste p6s t ot al p e r maddo opeBation, the ivholg t h e
process becomes independent of the step number. Moreover, a time phase shift is introduced,
to enable different modes of motion (e.g. trotting, walking, etc.). Let TStep be the total duration
of a step, Dt its phase shift, while T, and T, the periods of the different trajectory
phases. To make the traject offysintrodwcedr(3-8n Rintallyt o t he
the variable dir,, i s used to change the | eg®asl foddwann dir e
or backward motion, respectively.

1:traj = m0d¢ + t’;Rase’-r (3'8)

ste

D WithT o) TS, T &

step ' swing star

Swing Phase

¢ savoid impacts with the grounq, the traj egtgwvenyird(8-9),asnngréddeced.
More specifically, its derivative g, in (3-10), whi ch i s the swing phase 0s
becomes zero at the beginning and at the end of the swing phase (Figure 3-3 for
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Tswing=0.5 [S]). So, the leg takes-off and touches-down smoothly, avoiding unecessary
impacts that could stress its drivetrain.

_pa _apt,

0
qtraj - E%OS%__ 8"-1 (3'9)

(; (; swing =+
2 apt
Y — ,0 traj
G = —— siigg—"2 (3-10)
: 2T,
swing g swing
0 Swing Phase's Angular Velocity
T T T
A —
2+ -
3 —
4 _
z
= 5k .
B —
T —
8 i
B —
10 | | | | | | 1 |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

t[s]
Figure 3-3. Swing phase's angular velocity for a single Tswing.
The horizontal and vertical axes of the ellipse are represented by a and b symbols,
respectively, while (xc, yc) istheel | i pseds cenBdHFGB-Ii2nThesymgphase n s
occurs when t. ¢ T, .. The toed soordinates are given by:

wing *

XE,des(ttraj) = Xc a Ca(qtraj diﬁ_eg lé

(3-11)
yE,des(ttraj) = yc +b Sm(qtraj)
Stance Phase
The stance phase occurs when t,; >T,,... The toed soordinates are given by:
] . . 2a
XE,des(ttraj) = Xe -(1 2d|r.Ieg) (ao (t traj Tswina) Vstancl Qwith V stance T—
stance (3'12)

yE,des(t traj) = yc

The above formulations are plotted in Figure 3-4. The trajectory is colored according to
the linear velocity of each point. This speed along the trajectory is given in (3-13).

V= \ )‘é,des +'y2E des (3-13)
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Figure 3-4. The constant velocity trajectory with velocity gradient (colorbar).

Note that the velocity isalmostz e r o

motion along the planned trajectory are shown in Figure 3-5.

The implementation of the planner has provisions for smooth braking and standing still
modes, if necessary (see Section 3.5.3). The smooth braking scheme is also used when the
planner is commanded to change direction, to avoid unnecessary accelerations that would
threaten stability. In a few words, the smooth-braking is achieved by gradually decreasing the
trajectoryoaanddingd31é)i(3e12)s Wien these parameters reach zero, the

robot stands still and waits for further commands.

Figure 3-5.

Laelaps Il Leg's Trajectory Snapshots

o
=

0

0.1

a t s takdoff antd touelédown (highlighted with
black), contrary to the rest of the swing phase. Throughout the stance phase, the uniform dark
red color indicates constant velocity motion. Moreover, various snapshots of a leg during
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Snapshots of a leg during motion along the planned trajectory.
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322 Legds Workspace and Safety Features

The Iwgtkspace is dictated by its geometry, the
actuation mechanism, illustrated in Figure 3-6. The rod that actuates the knee creates a closed

kinematic chain. Moreover, the knee is confined to move from 0° to 90° relative to the upper

leg segment, with the highlighted mechanical stops.

ig;c,/ 2 Waje
P ///

? P Knee s Actuation Rod

Knee’s Mechanical Stops

Figure 3-6. Laelaps Il real-life leg.

The hips are also confined by the position of the actuators of the opposite side. The
actuators of therightl egs confine the | eft | €gmiléthdnoms i n t h
of the |l eft |l egs | imit t he 5 Forphfdaty rdasomssviotorsiorps i n t
end-stop springs are materialized in firmware, one for the fore and one for the hind side of the
leg, by using the measurements from the installed absolute encoders (see Section 3.3). These
virtual springs have, in their default configuration, 7° wor k space and ensure th

upper limb is not goingtocol | i de with the robotds body. Mo r
discussed in Section 3.3.2. Subsequently, the angular limits for each hip are 47° for the fore
and70°f or the hind side. The resulting area that t
with green color in Figure 3-7. The | egbs geometry dictates the
(3-14).

l mn =12 #2 40.28 0885 04301 [n

(3-14)
ly o=l ¥, ©25 0435 086 [m]

eff ,max
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Knee’s Workspace

Figure 3-7. Laelaps Il leg's workspace.

Apparently, the planner must generate trajectories inside the aforementioned area in
order for them to be feasible. These semi-elliptical trajectories are described by certain
parameters. These parameters should result in trajectories that comply with the | e g 6 s
workspace. To ensure this, the parameter saturation feature is introduced and discussed next.

Parameter Saturation Feature

The planner generates trajectories that are bound by the geometric and angular restrictions

oft he | eg. So, the trajecnamelyXp 3., yandbmearerto e par am
constrained accordingly. Figure 3-8 illustrates the underlying geometric problem intuitively.

The |l egbs workspace is conf (3-f4¢ ahd tivoyangularones fard i a | |
the hip. The fore angular limit,namely / ,, restricts the trajectoryds v
y. and b. Their values should comply with the equations in (3-15) that ensure that each point

of the trajectory is under the y, . line.

Yo =hsin(/ ) +,cof 0)7 0=25sift 4] T0.35 0.5828]
Yioin © Yo Betr max (3-15)
bmax: Yo “Ymin - 0O b max

On the other hand, the hind angular limit / , along with the outer ring of the workspace,
restrict the trajectoryo6samélyX and a,s thd detaliviensnsi ons
of Figure 3-8 reveal. Their sum must be lower than the horizontal lengths introduced by the
aforementioned boundaries. More specifically, the hind angular limit results in a maximum

length (1,;,4), while the outer radial boundary (l ., results in another linear limit (I, ). So,
the ellipsebs hor i zon(B-&6). These eyaatcns resultsn exxludengtbei ven i n
triangular-ikes hapes at the workspacebs [Irigurei38)ont al edge:
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ling = et maxCOS(/ 1) =0.6co§ 70~ €.2052 [m]

UY Imin = mln(l hind 'l ring)
Iring :\, esz,max _yi '{] (3'16)

I¢g,,and 0 a¢ | ¢ |x] -

-l &

min [

N
| { )
. Apnax \' ‘//)
> I/
7 =7 P~ =
hind ring l l
hind ~ *ring

Figure 3-8. The geometric restircitonsoft he t oe trajectoryds parameters.

So, thet r aj e drametgrdtisat the EtherCAT master changes are bounded by the
above discussed limits to have a valid end-result. So, if the EtherCAT master commands the
l eg to move in a bi d@legrslave Wil perfoengpavdlidbtrajectoy jne@det or y ,
the | egbs workspace, as close to the requested s
From all of the above, it is r ea&kareaidFigurh at t he
38)is significantly smaller than the ondghtt hat i s
green area in Figure 3-8). The radial angular limits for the hip that are introduced due to the
topol ogy of the Laelapsdé drivetrain, restrict th
to what could have been achieved with a different mechanical design. This insight should be
taken into account in future designs.
Admittedly, by following the proposed methodology, the actual active workspace of the
planner is restricted heavily in the vertical direction. There is, however, an analytical approach
that can increase the workspace to cover the entire green area, shown in Figure 3-8. If the
intersections of an arbitrary semi-ellipse with the four circular boundaries of the workspace
are found analytically, certain restrictions can be drawn. This analysis is out of the scope of
this thesis and is | eft for future worKk. I n t hi
should be evaluated taking into account a possible increase in the computational needs of the
respective calculations. In the end, the choice may come as a trade-off between computational
power needs and the workspaceOs area.
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3.3 Absolute Encoders

The ro b o mdirselectrical subsystem was not modified during this work; it is described in
detail in [50], while the EtherCAT-related hardware is covered in [20]. However, in this work,
a useful addition was made by installing absolute encoder modules at all joints. This
modification was made mainly to automate the Laelaps Il initialization procedure, in which the
legs were positioned at their zero-angle positions to set the zero reference for the
measurements of the incremental encoders, attached at the back of the motors. This tedious
jobwasaut omated by installing absolute encoders th

3.3.1 Hardware Integration

A rotary absolute encoderi s a proprioceptive sensor t hat me
position. Examples of such sensors consist of a glass disk with opposite opacities that

correspond to 0 or 1 and a light emitter coupled with a photodetector (e.g. transistor). The

number of rows or different bits that the disk is divided into corresponds to the resolution that

the sensor achieves. In Figure 3-9, an example of such a disk is shown.

Q)
- /

095
%%
b2

PAY 4
—

Figure 3-9. Example of an absolute 12-bit encoder's disk.

However, the absolute encoders that were installed on Laelaps Il are of a different kind;
they are magnetic 10-bit encoders, which means that the whole mechanism consists of a
magnet and an IC-sensitive circuit that translates the motion of this magnet to a voltage
gradient. More specifically, the RLS RMF44VE10BA10 [51] magnetic linear encoder was
selected. This module, along with its principle of operation, is visualized in Figure 3-10.

(@) (b)

Figure 3-10. (a) The RMF44VE10BA10 magnetic absolute encoder. (b) Magnetic absolute
encoder's operational principle.

Its operation involves a DAC convertingt he magnet 6s r ot a5tVillear t o a
voltage signal and eventually, overflowing after the prescribed angular range. The described
behavior is presented in Figure 3-11.
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Figure 3-11. RMF44VE10BA10 voltage output behavior.

By consulting the accompanying datasheet [51], information about the mo d u | pevies
consumption and resolution can be extracted to embed it in a system. Provisions on the
Del f i n oghad akehdy beendmade [50] to accommodate these absolute encoders. The
first step towards integrating the aforementioned modules is to design an appropriate wiring
scheme and choose suitable connectors. After an extensive search, JST XH 4-wire
connectors (Figure 3-12a) were chosen to interconnect the encoder PCBs with an
intermediate small PCB (Figure 3-13) [52] that rewires the signals to be compatible with an
RJ9 type connection (Figure 3-12b). The construction of a custom wire, with JST XH and RJ9
connectors at its edges, was not possible with t
the specified wires.

(a) (b)
Figure 3-12. (a) JST XH 4-wire connectors. (b) RJ9 connector (male).

VDD1(5V)
RJ9(1)

(@) (b) ()

Figure 3-13. Absolute encoders' rewiring PCB: (a) schematic (b) board (c) assembled board.
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Note that there are two RJ9 cable configurations on the market, since such cables are
usually used in telephony, in which their polarity does not matter. In this thesis, the reversed
RJ9 wiring layout has been adopted (Figure 3-14). Note that the wire colors in Figure 3-14 do
not correspond to the JST-XHc onnect oxoloss. cabl e

Side A Side B

Figure 3-14. RJ9 wiring layout.

This layout results in reversing the pinout of the PCBs that the cable connects. Hence,
t he Del f i minout [50his mot tlhile&Game with the one of the intermediate PCB. Table
3-1 illustrates the resulting pin mapping for the two PCBs.

Table 3-1. Reversed RJ9 cable's pin mapping.

Delfino Shield PCB #Pin RJ9 to JST-XH PCB #Pin Pin Description
1 4 GND
2 3 ZERO (Reset)
3 2 Voo (5V)
4 1 Vour

To make the mounting flawless, a housing was designedtoensur e t he whol e st

integrity. It was manufactured usingthela b 6 s 3 Dang tha AB$ material was selected.
In Figure 3-15, t h e h o u s isitlugti@ted, vdtle teei cliaracteristic geometric strain relief
elements, added to protect the cable from fatigue. The accompanying CAD files may be found
in [52], and the corresponding schematics in Appendix L. To assemble the housing with the
encoders, standard M4 bolts and nuts were used. The bolts stabilize the nuts in the grooves,
without the need of an adhesive glue. Nevertheless, to facilitate the assembly process,
standard multipurpose glue can be used to lock the nuts in place.

/7 a
\.u.’,

|

Figure 3-15. RMF44VE10BA10 housing assembly CAD.
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The assembly, along with the magnet that accompanies each encoder, is designed to be
placed on Laelaps Il with ease. At first, the magnets are positioned at the center of the
g e ar b o x pusing snhltgp@irgose glue. The encoder assembly is hooked onto the metal
grooves of the Laelaps Il body with M5 bolts. To stabilize it in place, Mi s u mb 8la-nutsl
[53] were used. Special attention was given to align each sensor with its magnet, in

compliance with the mal Tleaesult of this prdcedure isshemn mmn c e s

Figure 3-16.

Figure 3-16. The absolute encoder assembly installed.

The sensors connect through the JST-XH cables to the JST-RJ9 interfacing boards, which

in turn connect to the prescri be dviingesadhemetsal s

presented in Section 3.4.2.

3.3.2 Firmware Integration

The main task of the firmware drivers created to handle the absolute encoders is to retrieve
their readings, translate them to be comparable with the readings from the incremental
encoders and feed these to the Delfino eQEP initialization registers. The incremental encoders
(HEDL-5640 [54]) are mounted directly to the motors, contrary to the absolute ones that are
mounted at the high-torque side of the gearboxes (Figure 3-17); this means that a certain
reduction ratio has to be taken into account.

The 10-bit resolution of the RLS encoders corresponds to a total count of 1024 increments
or a step-size of 0.35° for the 360° range of the module. As mentioned previously, in this thesis,
the C2000 LaunchPads come with 12-bit and 16-bit ADC resolutions, with a 3.3V level of
operation. To read the encoders, a voltage divider had been created on the Delfinod shields
and the 12-bit ADC variant had been assigned to them. This means that the total measurement
counts become 4095 due to the finer resolution that the ADCs provide. This does not mean
that the measurements are more accurate. On the contrary, if the resolution increases
furtherly, the measurements become noise sensitive (sensitivity errors) [55]. Concisely, the
main firmware driver realizes the following mathematical formula, presented in (3-17). The

idea here is to convert timgtothbereespantieyinerenemal er 0 s

encoder 09, ) Notethat both(modules are configured to report the angular position
of their rotor with respect to the zero-angle position of the leg.
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range On,. .
ninc - g%c,counts abs @ (3_17)

rangeclbs counts

1 ig : Gearbox reduction ratio (637/12 for the knee and 341/8 for the hip).
T range, ... = 2000: Total incremental encoderd sounts.
T range coums=409%: Total absolute encoderd sounts.

Quadrature Encoder
(at the back-side of the motor)

Gearbox

Pulley
Absolute Encoder

Figure 3-17. Laelaps lisinglej oi nt 6s dri vetrain

Moreover, the introduction of absolute encoders in the Laelaps Il setup allows the
integration of a safety feature ensuring that the legs operate always inside the predefined
angular limits, to avoid collisions with other parts of the robot. In Figure 3-18, the principle of
operation becomes apparent. Note that the figure is exaggerated to give a better view of the
discussed concepts.

)
=y

Virtual Spring

V\
Virtual Spring

@n

Figure 3-18. Laelaps Il leg's end-stop routine.
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The main task i s t o eatirggadndto daleulate ihepcorseespendilgoder r
virtual s pr i nigtbhedeg is moving irothe lighttbfueregion of Figure 3-18. More
specifically, a linear interpolation scheme is used to emulate a linear torsion spring. Let / ,
and / , be the angles of the relaxed fore and hind springs, respectively and K be the user-
defined spr i ngos. Byontsatkainntg t he absolutegqg,¢hroiudler 6s m
springos cont(fpisgivendon(@-8).but i on

?Kcéjf ")' q3

| AR
to=1 0, qi( o ) (3-18)
T, . )
TKG)q 4), g ¢
Note that the discussed end-stop springs are introduced to ensure that the upper limb of
the I eg does not crash with the robotds body due
desired trajectory is conf i gu kspate(daktareaind-igmd ol at e
3-18) . So, if the I eg ends up i flight-bdue ardahiewilhbé r t u al

the result of an externally applied load.

3.4 EtherCAT Motion Control Firmware Setup

Previous studies describe the EtherCAT technology and the former implementation of the
Laelaps Il firmware solution in detail [56]. This section initially lays a guide on how to import
the created TI CCS project and run it on the C2000 LaunchXL-F28379D platform.
Furthermore, the various aspects of the firmware are discussed in a structured way, to make
the learning curve less steep and the overall process more efficient. As far as the EtherCAT
slave software modules are concerned, the aim here is not to replicate the extensive available
literature, but to highlight the significant routines and operations related to the user-application.

3.4.1 Required Hardware

Here, the required components for a slave node are given.

1 1x EtherCAT Slave piggyback Controller (ESC) with ET1100 chipset. All the required
frame processing and EtherCAT functionality are implemented with this board. It is the
hardware in which the Physical and Data Link Layers are realized.

T IxTI 6s L ak28329D XMCU). The application layer of the app is realized here,

along with the generic EtherCAT stack and the IMU SPI communications.

1x Delfino shield designed in [50].

1x Custom EtherCAT shield designed in [20] that connects the MCU with the ESC.
1x DC-DC Step-Down Regulator 5V, 2A with USB [57].

2x RLS RMF44VE10BA10 absolute encoder assemblies for the initialization of the leg
(see Section 3.3).

=A =4 =8 =4

3.4.2 Hardware Connections

The control tower is shown in Figure 3-19. To assemble the boards, the components of the
previous section are required.
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TMS320F28379D Extension Board

........

"""""
W
.......

- Voltage Regulator
5 I,‘L- ge Reg

Plexiglass Supporting Base

Figure 3-19. Laelaps Il motion control's tower.

The whole EtherCAT slave (see Section 2.3.2) is supplied by the low-power supply
channel of Laelaps Il. This channel is fixed at 9 V as a future provision, since this voltage is
commonly met in most mobile battery systems and it is supported by all low-power electronics
currently operating on Laelaps |1 . [5Ng@ighighttdhel es s
in Figure 3-19) can receive 6.5 V to 40 V as input and output a 5 V, up to 2 A DC supply. Note
that as the input voltage increases, the thermal power dissipated in the LDOs increases, too.
So, in order not to stress their electronics, the input voltage should remain low. Moreover,
since Delfino requires both 5V and 3.3 V supply channels, an additional LM1117 Low-Drop
Out (LDO) voltage regulator [58]i s i ntegrated on to the iBelfinoi
manufacturer the aforementioned LDO outputs a 3.3 V power supply, with currents up to 800
maA.

The Delfino should be configured to operate with external supplies only. Specifically, the
jumpers JP1, JP2 and JP3 must be removed (see Section C.8). Furthermore, the slave should
be connected to the various subsystems that realize the forward and feedback control
branches of the underlying control architecture. An overview of the required connections is
illustrated in Figure 3-20. More specifically, the motors @lrives are connected to the RJ11
female terminals of the Delfinods shield. The
analog temrinals of the board, while the absolute encoders are connected to its female RJ9
connectors. The highlighted ZERO pins (see Figure 3-20) reset the absolute encoders at the
desired zero-angle position. To do this, a voltage pulse (3.3 V to 5 V) must be applied to the
respective pins (JZ1f or t he kneedZf enc ¢ ¢th&hebacamdas provisions
for this operation to be controlled by the Delfino, if necessary; hence the dual-pin headers
highlighted in Figure 3-20. However, this capability remains disabled in the current setup.
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Toe’s Quadrature encoder
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rive S

Encoder Terminal Encoder Terminal ez

Figure 3-20. Leg slave hardware connections.

3.4.3 Required Software

Next, all the software components need to be installed. By navigati f59],then t he T
latest version of Code Composer Studio (CCS) should be installed with C2000 software
components checked in the corresponding installation pane. One should also download the
latest C2000Ware from the CCS Resource Explorer. Currently, the project supports version
3.03.00.00, but with few adjustments in the properties menu, the update process to any future
version should be easy.
Also, a master has to be installed, not necessarily on the same PC. There are plenty of
choices for Windows and Linux masters. The Legged Robots Team currently maintains two
master setups. The first uses Twincat 3, a robust and well-proven suite running on Windows
with Visual Studio core. The second is a Linux hard real-time EtherLab Master with ROS
enhancements. Due to the complexity of the high-end, but still in development Linux master,
the use of B e cXih sudgésted ThE wterested teader may find and install
Twincat 3 in the following link [40]. The CSL-EP6 s Et her Lab mas talengwithay be f
build and deployment information, in the corresponding Bitbucket repository [60]. Note that
the slave-specific ENI files, required by the TwinCAT 3 master, can be found in [52], inside
TwinCAT Configuration Files folder. There are two flavors, one for the newly introduced
planner (designated by the suffix CONSTVEL) and one for the former planner (designated by
the suffix ELLIPTICAL). So, depending on the desired planner, the appropriate ENI should be
imported to TwWinCAT 3 (refer to Appendix A).

3.4.4 CCS Project Import and Setup

To import and setup the CCS project, follow the next steps.
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1. Download all the required project files by navigating to the CSL-EP Legged Robots
Team BitBucket repository [52].OpenTI1 6 s CCS. | f it is not alrea
on how to do it as well as import the downloaded project in Appendix E (Section E.1).
2. Next, a required Target Configuration for the debugger should be set. If such
configuration is not available from prior use, details on how to create one from scratch
may be found in Appendix E (Section E.2).
3. Modify the custom path variables to appropriate ones for the PC used at the time.
Those variables make the C2000Ware | ibraries
this:
1 Right-Click on t he pr oj ec tsduton exnptl royrtabirari ss¢ldate
Properties (Figure 3-21).
9 Optfor Linked Resources tab and modify the below variables.
i. C2000Ware_LOC to match the local installation folder of C2000Ware.
i. CLAMATH ROOTt o match the CLA Math | ibrary
commonly in C2000Ware main folder in ./libraries/math/CLAmath/c28.

b > EtherCAT Lu'laps Mot Show in Local Terminal | >
i g |

1 external_interrupt_cpud1 Add Files...
{5 External_Interrupt TEST

. c CtieC
45 F28379D_CLAHandsOn_$ i 2
&5 IMU_APP aste eV
5 IMU_APP_test R Delete Delete
i Lab11_cpudl Refactor >
13 Lab11_cpu2
5 Lab8
42 Laclaps.FID Rename... F2
3 mcbsp_loopback_dma_c
Impott 2 & Properties for EtherCAT Laelaps_Motion_Control o X
Export...
Show Build Settings... R o
Build Project Path Variables  Linked Resources
Clean Progect Resource F Path variables specify locations in the file system, including other path variables with the syntax “S{VAR}'",
Rebuild Project General The locations of linked resources may be specified relative to these path variables.
Refresh s v Build Defined path variables for resource ‘EtherCAT_Laelaps_Motion_Control'
2000 Compiler
N: Val New...
Close Project el ame slue New.
Bk gt % 2000 Hex Wity [Disabled] 2 C2000Ware_LOC CA\t\C2000Ware_3.03.00_00 Software
Coasi (5 CCS_BASE_ROOT Catices101N\ces\ces_base
Index N ppStyle
Debug > CCS_INSTALL ROOT C\ces1011\ces Remove
Build Configurations > Git (CG_TO0L_ROOT Citi\ces101 T\ces\tools\compileriti-cgt-c2000_20.2.2....
[P R e g i Project Natures 5 CLAMATH_ROGT Cit\C2000Ware._3.03.00.00_Software\libraries\math.
> }
Reload Pok Biia Firider Resul & COMMON_ETHERCAT_F... S{ORIGINAL_PROJECT_ROOT)\..
siopdFolypaceBug Bdes ety (= ECLIPSE_HOME C\tices101\ces\eclipse\
15 DebugAs 5 E>INSTALLROOT F2837XD  C:\ti\controlSUITE\device_support\F2837xD\v200
Restore from Local History.. £ ORIGINAL_PROJECT.RO... C:\th\controlSUITE\development_kits\TMDSECATCND.
Team > 5 PARENT_LOC DACCS_Workspace
Compare With 3 5 PROJECT_LOC Di\Git\laelaps-leg-firmware\EtherCAT Laelaps Motion..
5 TPR IR At
e Replace With > LPRODUCTS D) e
5 T_PRODUCTS DIR_TIREX  CAti
B uhev(AT_Laelaps_Monon_q Properties Alt=Enter 5 WORKSPACE_LOC DACCS_Workspace
? Apply and Close Cancel

Figure 3-21. CCS project's path variables.

Note that the project has multiple configurations. Details on how to enable and adjust
these configurations are given in Section 3.5.7. In the firmware description that follows,
whenever a feature is described, the corresponding predefined symbol will be referenced to
have a clear view of the underlying dependencies.

Finally, details on how to deploy the firmware to a LaunchXL-F28379D can be found in
Appendix E (Section E.3). At this point, the firmware can be deployed in its default
configuration. If the defaults do not suffice, the next sections describe thoroughly all the
available options.

3.5 Firmware Description

The firmwareds main operati on cFgure 322 illuatrdtesmbr at e d
Three of them are triggered by the ESC6s DC unit
224 and the fourth one (highlighted with gray) [
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Note that

in the

d e, ths hardtvareTtimér & usedoan & freg-ecountertfor o n s

EtherCAT-related operations. For interrupt priority reasons that will be discussed in Section

355 t he T

0s def aul t

Et her CAT

Har dwar e

TMDSECATCND379D_V1.0 development kit [61]) was modified.
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Figure 3-22. Laelaps leg firmware overview.

Abstrac

To facilitate the future development and understanding of the firmware, the MISRA
C:2012 coding standard has been adopted [62] (refer to Section 3.6). Moreover, the code
complies with the coding style discussed in Appendix G. Note that to this end, the created

Doxygen documentation [52] could help in getting an overall grasp of the firmware faster.
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The program may be considered in three distinct sections. The EtherCAT stack, the
planner and the controllers, with interconnections and dependencies among them to achieve
the desired functionality. The CCS project is organized in the following folders:

1 hal: This folder materializes the EtherCAT HAL. Specifically, it contains all the

peripheral drivers and routines for handling
application-related functionalities.
1 SPI_EtherCAT _slave_stack: I n here, the generic Ether CAT

They materialize the procedures discussed in Chapter 2. From now on, this folder will
be referenced as stack, for short.

9 Planners: This folder contains all the planning-related files. They realize the discussed

planners and other supplemental procedures (Section 3.2).

9 cmd: This folder contains the created linker command files that dictatet he pr oj ect 6

memory allocation.

Those said, the f i r mwar ed s e Xseamalyred mext. Firstly ihe required
initializations of the most significant peripherals and modules are discussed (highlighted with
yellow in Figure 3-22). Moreover, the control-related routines (highlighted in gray) are
described. Finally, the main application and its dependencies are analyzed (highlighted in
light-blue), along with other EtherCAT related implementations.

3.5.1 Firmware Initialization

The firmwar e sheging xa c the i main() function located in the
EtherCAT_Laelaps_Motion_Control.c f i | e (i nsi destack folder).pTheo main€)t 6 s
function calls the HW_Init() (located inside the c28xxhw.c, under stack) that in turn initializes

the Delfino MCU and the ESC. Eventually, the Delfino MCU is initialized by calling the
ESC_initHW(), located inside the etherCAT_slave _c¢28x_hal.c (under the hal folder). Then,

the low-level modules of the system are initialized by calling InitDelfino() routine. In this

function, depending on the run-time mode (debug or release), the required memory sections

are copied from FLASH to RAM. Next, the GpioSetup() routine is called and configures the

GPIO muxing options for every peripheral of the MCU. Then, the PdiSetup() handles the PDI

|l ayerds initializat i oCAT-relakeg exteroahihtéerrgpyt KINTB dor theh e Et h e
PDI_Isr)andtheusedSPI modul e. Currently, befborintheaRDBEs SPI1 A
related communications (USE_SPIA symbol, see Section 3.5.7). Moreover, the PDI-related

ISR is configured here, as XINT3 interrupt, having the highest priority among the three

EtherCAT ISRs (Figure 3-22). The purpose of the aforementioned interrupt will become

apparent in the following sections. These routines are components of the HAL and can be

found in etherCAT_slave_c28x_hal.c (under the hal folder).

After the generic low-level configurations, the SetupControl() routine is called. This
function initializes the control peripherals used in the application. First, the CLA unit (see
Section C.3) of the microcontroller is initialized by calling the InitCla() routine, located inside
the clasetup.c (under hal). This happens only if the application is preconfigured to use the CLA
capabilities, as it will be discussed thoroughly in Section 3.5.7. At this point, the control ISR,
triggered by the timer O, is mapped to the appropriate interrupt handler. If the CLA control
execution is enabled (CLA_CTRL symbol, see Section 3.5.7), the ClaControl_Isr() serves
the control loop. In any other case, the CpuTimerOQ_Isr() is used. Both of them are located in
etherCAT_slave_c28x_hal.c, under the hal folder. More on this matter will be discussed in
Section 3.5.2.
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Next, SetupControl() runs the quadrature encoder startup sequence. In the previous
version of the firmware, the encoders had to be initialized manually. With the introduction of
the absolute encoders, the whole process has been automated (AUTO_STARTUP symbol,
see Section 3.5.7). The described functionality is materialized by two functions located in
posspeed.c (inside hal folder), ReadAnalog() and POSSPEED _InitJoints(). These functions
are described next.

The function ReadAnalog() controls the ADC operation. To reduce the noise in the
measured gquantities, the oversampling technique [63] is used. In brief, the routine takes four
readings from each ADC and averages them. Next, it calculates the relative angle w.r.t. the
zero-angle position of the leg and stores the results to memory. Besides its usage in the
initialization process, the function may be used also during normal run-time, cyclically, to
outputinfor mat i on about t he diagtosefpossibie slippageionother failurasn d
in the drivetrain. Note that the ADCs are used in blocking mode. This means that they produce
interrupts that do not propagate to the CPU, since the control flags, like the PIERX, are
disabled (see Section C.3). This way, each time the CPU requests an ADC reading, it has to
wait until the operation is finished; hence, while loops are used in the code.

The function POSSPEED _InitJoints() is responsible for the conversion of absolute

encodersd® measurements to the colnbriefstipeaouthé ng i nc
performsa sampling procedure that takes the absolute
the ReadAnalog() function, averages them and converts the results to two 32-bit unsigned

i nteger s t hat correspond t o t he sought i ncrem

procedure is actually the realization of (3-17), for both joints of the leg. The user may change
the averaging filter ABS ENO SAMPLONG_TME (im[s])diefihityri ng t he
in posspeed.h file (under hal). Last | vy, the whole process can be
bhue and red LEDs are blinkimeg throughout the ro
Next, the end-stop routine functionalities discussed in Section 3.3 are configured. To
activate this functionality, the END_STOP Predefined Symbol (Section 3.5.7) should be
defined. The routines involved in the process are listed below. They are located inside the
posspeed.c, under the hal folder.
1 ENDSTOP_Init(). Initializes the end-stop routined snstance. By default, it is called
inside SetupControl() routine, during startup.

1 ENDSTOP_FvsCalc(). Cal cul at es t he virtual springéos
EtherCAT loop cycle.
1 ReadHipPos(). Reads the hipbs absolute encoder an

ENDSTOP_FvsCalc() function.
To modify the behavior of the end-stop routine, there is a variety of different options to
consider in order to achieve the desired result. Nevertheless, by default, the firmware
emulates a linear torsion spring (3-18), with the parameters shown in Figure 3-23. The
aforementioned options are adumbrated below:
1 Change CalcFvs() to realize the desired spring type. By default, a linear one is used.
1 Modify ENDSTOP_DEFAULTS (located in posspeed.h, under hal) to change the
range of the restricted angles of Figure 3-18. By default, these angles are set to 63°
and 40° for the hind and fore boundaries, respectively with a 7° workspace for each
virtual spring. Note that the measurements of the absolute encoders have significant
inherent noise, and thus very small springsodé6 wor kspa
Generally, the virtual stperin'tem@%SﬁlO\}/.or kspace sh
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T Finally, the initializati on chhngeddotmamtbes cal |
requirements at the time, as shown in Figure 3-23.

Spring-Endstop Spring Contant (K) Global Saturation Fore & Hind Spring’s
Object Limit Workspace

outine St"l_lctf_r'exﬂ\nstancel \

5pring_end5top.Init(&spring_endstop, g_UmaxHip / 7.ef, g UmaxHip, 7.0f, 7.ef);

// Initialize End-Stop

Figure 3-23. End-stop routines initialization function call.

After the end-stop routines, SetupControl)cal cul ates the planner 6s
namely y_.. in (3-15) and | .. in (3-16), by calling TrajectoryBoundaries(). Then it sets up
the control | oopbds ti mer Cprdigdpwldner()ioalled,@sFghré s C200
3-24 illustrates.

Timer’s Clock Frequency [MHz]
Timer Instance Timer’s Interrupt Period [us]

Con<F1nguT1me: (&CpuTlmer‘e 200.0f, 100. Bf),

Figure 3-24. Timer O interrupt period setup.

Moreover, the SetupControl) conf i gures the PWM channel s th
actuators, by calling the InitEpwm()r out i ne. The ePWM1l module is as
drive, while the ePWM2 modul e i s as s i Thereldckstae ruhningpa @ 10@ n e .

MHz rate ( fme <ock)- IN the current application, the ePWMs are configured to operate in a 20

kHz rate ( fpwm), as the equation (3-19) suggests, in up and down count mode, with TBPRD
beingthetime-based period register that condihgdd[6d]s t he t
This frequency is dictated by [65haad nust pegteatdri t i es

than the respectivecont r o | | oopds f r equAccooding tq Nyaquist theceesnt s ect i
[66], the control l oopbs freqguency cannot be high
frequency,sinceduty-cycl e updates are configured fountoccur ;
event (referto[64]) . Thi s prevents PWM si gn-eytleuddatestr upti ons

— fpwm,clock _100 [MHZ]
“m 2GBRD 2 2500

Moreover, the control-related interrupts are enabled in the corresponding PIE groups (see
SectionC.3f or further informati on ab oNekttie&hefCAhod6s i n
Sync interrupts are configured. SyncO_lIsr() is configured by ESC_configureSyncOGPIO() as
XINTS5 interrupt. Likewise, ESC_configureSync1GPIO() configures the Syncl_Isr() to be
triggered by the XINT4 external hardware interrupt. These interrupts will be furtherly discussed
in Section 3.5.5. At l ast, t he MCéatiivated iand tafeer somepptesonfigure@
EtherCAT checks the firmware advances to the main-loop.

20 kHz (3-19)

3.5.2 Motion Control

An important function of the main-l oop i s the timer 0 interrupt t
controllers. This ISR requests and reads the position indicated by the quadrature encoders,
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updates the contr ol | e fosdéate gainsrandneeenteallysalld trem.ifave up
this end, two PIV (Proportional-Integral-Velocity) controllers, previously introduced in [20],

were used. The firmware has provisions for CPU or CLA controller run-time. The C2000 Digital

Control Library (DCL) comes with a variety of optimized choices to cover a wide range of

possible applications. The reason PIV control is selected over the traditional PID, is that it

does not add any zero in the closed-loop transfer function of the system, and as a result, it

presents low oscillations during the transient state. The controller is displayed in Figure 3-25.

For a deeper understanding of its architecture, refer to [67].
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Vi Saturation Enable Switch
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g Lowpass Filter’s
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Figure 3-25. DCL's PIV controller overview [67].

To give a more intuitive understanding of the used PIV controller, its continuous time
equivalent, without the implemented filter and saturation, is given in equation (3-20); with Kp
being the proportional gain, K, the velocity gain, K, the integral gain and K, the input set-
p o i mveightparameter thatis left to 1. The EtherCAT master sets these gains to each slave,
along with the saturation limitsand t he f i | t eNoté that thegpropbstiona gam takes

part in all of the PIlIVds ter ms.
u(® = K, (Ker(t) -v(1) KoKew(t) KeKpr(t) v(e))dt (3-20)
The DCLO6s PIV i mpl ement at ipassfiterscocoteff neise fram t unab |
the velocity approximation in the derivative path. Conci sel y, the controll eros

configuration parameters are the control gains, a parameter related to its low-pass filter and
the contr ol ef fort ds gdmaxdip /agtUmaxiKned im fimiwars, ingidea r i a b | ¢
etherCAT_slave_c28x_hal.c). The saturation | imits are currentl
continuous operation current limits, namely 41.17% and 38. 25% f or the hipos
motors, respectively. In Figure 3-25, t he c on tpasofitdr s matesialidedby the c,

and ¢, coefficients that in turn are calculated in (3-21), with T, bei ng t he digital c
sampling periodand f,,a ti me constant rel atefg,)BB2).the filte
2 T -2 .
=——— andc, =—® 'with T, 9.1f{ns] (10kHz 3-21
Cl Ts+2fcbw CZ Ts 2 bw ) {n ]( ( )
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Special attention should be given to the saturation limit of the hip, if the end-stop routine
is activated. Then, the end-stoprouti ne 6 s ¢ o i ) s addad toithe saturéted output of
the controller (£, ,,) and their sum is saturated again, according to the global saturation limit
definedin Figure 3-23. Thi s does not apply to the-siopseesd coc
are located only at the hips.

The DCL_runPID_L1() function of the PIV controller is coded in assembly, like the one
used in the previous implementation, namely DCL_runPID_C1(), but presents better CLA
execution time than the corresponding FPU32 run-time. Definitive proof of that claim is
provided by the results of some benchmarks execu
Guide [67]. A comparison table is extracted and presented as Table 3-2 below.

t (3-22)

Table 3-2. DCL controller performance comparison.

Function Controller Type CPU Compatibility Cycles Size [Words]
DCL_runPID_C1 PIV FPU32 83 99
DCL_runPID_C4 PID FPU32 86 92
DCL_runPID_L1 PIV CLA 53 70
DCL_runPID_L2 PID CLA 45 58

To make DCL operational there are a couple of steps, which should be taken care of. The
reader is encouraged to look up the information on DCL in its accompanying manual [67].
Nevertheless, a brief workflow is laid out in Appendix F.

Control ISR

The default control ISR, namely ClaControl_lIsr(), is located in etherCAT_slave c¢28x_hal.c,
under hal folder. It materializes the digital control loop and is called by timer O at a 10 kHz
rate. In the following code snippet,t he r out i n ebécome® gpeareat.t Briedlyn the
handler retrieves the angle feedback of the quadrature encoders, updates the controller
instances by calling UpdatePidParameters() and triggers the CLA control task 1. The
alternative ISR, instead of triggering the CLA task, runs the CPU flavor of the same controller
type, namely DCL_runPID_C1().

__interrupt  void ClaControl_Isr  (void )

I

/I Acquire Leg's Joints Position Readings -- Reviewed SA Warning
I

gep_posspeed. Calc (&qgep_posspeed);

1

/I Translate Raw Positions to Normalized Angles with Gear Ratio

1

g_NormAngleKnee = ( float )g_RawPosKnee * BELT_REDUCTION_RATIO
* KNEE_REDUCTION_RATIO / 2000.0f;

g_NormAngleHip = ( float )g_RawPosHip * BELT_REDUCTION_RATIO
* HIP_REDUCTION_RATIO / 2000.0f;

1

/I Update Leg Controllers' Parameters
1

UpdatePidParameters();
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1

/I Enable EALLOW Register Access
1

EALLOW;

1

/I Software Trigger CLA's Control Task (Task 1
1

ClalForceTask1();

1

/I Disable EALLOW Register Access
1

EDIS;

1

/I Update Angle Application's Variables in [100* Ded
1

g_KneeAnglel00 = ( float )g_NormAngleKnee * 360.0f * 100.0f;
g_HipAngle100 = ( float )g_NormAngleHip * 360.0f * 100.0f;

I

/I Update Speed Application's Variables in [1000* rad/s]

I

g_VelocityKneel000 = ( int32_t )(( float )(gep_posspeed. SpeedPrl * 1000.0f));
g_VelocityHip1000 = (  int32_t )(( float )(gep_posspeed. SpeedPr2 * 1000.0f));

1

/I Increment Timer O Interrupt Counter
1

CpuTimerO. InterruptCount ~ ++;

1

/I Acknowledge the PIE Group Interrupt

1

PieCtrlRegs. PIEACKall =PIEACK_GROUP1;

} /I ClaControl_Isr

CLA Setup
Following the steps, referenced in Section C.3, the Laelaps Il motion control firmware
comprises functions that set up the CLA module along with task-specific code. The code is
modular and may be easily generalized to support any common application. This framework
consists of the following files:
9 clasetup.c, which includes InitCla() f unct i on t hat is responsi bl
initialization and setup.
1 clashared.h, a header that contains all the declarations of the routines, variables, and
definitions that CLA uses.
9 clatasks_C.cla, a .cla source file that contains task-specific routines that realize user-
code functionalities.
1 cla_utilities.cla, a .cla source file that accommodates supplementary CLA routines.
The initialization of the CLA is a generic procedure and as such, it is presented in
Appendix C (Section C.3). With a few modifications concerning the used tasks, it can be
adjusted to serve different applications. More on this can be found in the literature [64].

CLA Controller Task

gwo of the total eight CLA tasks are used. The first one, with the highest priority, runs the
controllers and sets their PWM outputs. It is called inside the ClaControl_Isr() (located in
etherCAT_slave_c28x_hal.c, under hal folder) by a software trigger at 10 kHz. The second
materializes the planner and will be furtherly discussed in Section 3.5.3.
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__interrupt  void ClalTask1 (void )
{

/i

/I CLA Control Task is used
/i

#if defined(CLA_CTRL)

1

/I Call Knee's & Hip's Control Routines
1

RunKneeController();
RunHipController();

1
/I Increment CLA Task 1 Debug Counter
1
g_ClaCounter++;
#endif // CLA_CTRL

} /I End Of ClalTask1()

3.5.3 Trajectory Planning

The ConstVelApp() routine (located in constvel.c, under Planners) realizes the main user-
applicationthatcallsthenewly-i nt r oduced pl a mproeessésshe usedwdriabless an d
interfacing every applicat ipmiodls TheaGRUeptariner i t h t h
materialized in ConstVelPlanner2() routine. The alternative CLA planner is called with a
software trigger, namely ClalForceTask2().
Note that the ConstVelApp() is called inside the APPL_Application() (discussed in the
next section) at t he Et her CATOs | oopther at e (
CONSTVEL_PLANNER symbol with the ELLIPTICAL_PLANNER one, the previous
i mpl ementationbs planne85Wd.an be used (see Sectiodca
After the necessary EtherCAT cycle -calculation, the routine calls the
UpdateControlParameters() to refresh the control-related parameters of the application by
processing the latest EtherCAT slave PDO objects received by the ESC. Next, the end-stop
routi neds isacquired,d isedgdEND &STQP symbol, see Section 3.5.7). Moreover,
the time variable of the trajectory (3-8) is calculated. Next, the routine implements a state
machine, illustrated in Figure 3-26. Entering suitable parameters to all EtherCAT output
variables and switching into Operational State (1) will force Laelaps to execute the desired
movement (see Section 3.5.4).

State Machine = 1

Configurational State

Operational State

» Time variable of the trajectory

Time variable of the trajectory

planning resets.

* Output PWM signals of knee and

planning increments.

* Output PWM signals of knee and

hip motors are enabled, depending hip motors are disabled, depending

on the control commands

on the control commands

State Machine = 0

Figure 3-26. Laelaps Il motion control's state machine.
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Special attention should be given in the MotionModeControl() routine that controls the
pl annerés operational stat e acheroaredkspeaifg vatiablest he mas
t hat dictate the robotds motion state, l'i ke mo\
Section 3.5.4). Specifically, the LaelapsHalt() (located in constvel.c, under Planners)
immobilizes the quadruped smoothly, whenever the master requests it. To define how smooth
this transition should be, modify the HALT_TRANSITION symbol (in [s]), located at the same
source file. Also in here, by calling the UpdateTrajectoryParameters() the trajectory-related
parameters of the application are refreshed and the parameter saturation feature (Section
3.2.2) is materialized. Finally, the CLA or CPU planner is called, if the CLA_PLAN symbol is
defined or not, respectively (see Section 3.5.7). The ConstVelApp() routine that materializes
the described procedures is illustrated in the following code snippet.

void ConstVelApp (void )
{
1
/I Update State Machine Variable
1
g_StateMachine = (Buttons0x7000.State_Machine > 0);

1

/I Calculate EtherCAT Cyclic Loop's Period in [s]

I

const uint32_t CycleTime = sSyncManOutPar. u32SyncOCycleTime ;
const float dt=( float )CycleTime /1000000000.0f;

1

/I Update Control Related Parameters
1

UpdateControlParameters(dt);

1

/I Update Debug LEDs States

/I -- MISRA Rule 10.8 Violation (Reviewed): Type castings of composite

Il expressions of different or wider type category are allowed in this

/I project, since the compiler is fixed and implementation spec ific.
1

GPIO_WritePin(31U, ( uint16_t )!(ButtonsOx7000.Blue_LED > 0U));
GPIO_WritePin(34U, ( uintl6_t )!(ButtonsOx7000.Red_LED > 0U));

1

/I End - Stop Routines are enabled
1

#if defined(END_STOP)

1
/I Calculate Virtual Spring's Control Effort Contribution
/I -- Static Analysis Warning Reviewed
1
spring_endstop. FvsCalc (&spring_endstop);
#endif // END_STOP

1

/I State Machine is Enabled (Operational State)
1

if (g_StateMachine == true )

Il

/I Increment Time

Il

g_t+=dt;

Il

/I Calculate Step - Invariant Time Variable in [s]
I

if  ((9_TrajTf + g_TrajTs) > 0.0f)

{

g_tMod = fmodf (g_t + g_TimePhase, g_TrajTf + g_TrajTs);
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The same principles apply in the case of the former planner implementation [20]. Its
firmware structure is modified to comply with the one above for consistency.
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CLA Planner Task

If the CLA planner is used, the CPU activates a software trigger to the CLA. Thep |l anner 0 s
code is executed inside CLAOSs cbnaparédtoZheconttoibs t as k,
one (task 1), is responsible for the planning and inverse kinematics procedures. It is triggered

at the rate of the EtherCAT cycle (default 2.5 kHz) by a software trigger (IACK command). It

may be viewed in the following code snippet.

__interrupt  void ClalTask2 (void )

/I

/I CLA Planner Task is used
/I

#if defined(CLA_PLAN)

I

/I Constant Velocity Planner is used

I

#if defined(CONSTVEL_PLANNER)

1

/I Call CLA's Constant Velocity Planner Routine with Ground Collision
/I Avoidance Feature.

1

ConstVelPlanner2();

I

/I Elliptical Planner is used

I

#elif  defined(ELLIPTICAL_PLANNER)

1
/[ Call CLA's Elliptical Planner Routine with Ground Collision
/I Avoidance Feature.
1
EllipticalPlanner();
#endif  // CONSTVEL_PLANNER

g_ClaCounter2++;
#endif  // CLA_PLAN

} /[ End Of ClalTask2()

3.5.4 EtherCAT Communication

The EtherCAT stack is responsible for the whole slave setup, which involves all the data
structures and communications between the TMS320F28379D microcontroller and ET1100

EtherCAT controller.ltsmai n part i s generated automatically
tool (SSC) [38].
Theuserorthesuper vi sory |l ogic that controls the rob

the stepbs paramet er s o fleve eontiollers Baged @ennhe intandgdu st t h «
whole-body motion. As in every control architecture, feedback is necessary to assess the
current state of the robot and make decisions for the next ones. To this end, the EtherCAT
network has to circulate these parameters and update the PDO objects of all nodes in the
network.
The input and output variables of the project can be monitored via EtherCAT
communication. Each variable has a specific type (e.g. BOOL, INT), belongs to a Record
(general address) containing more variables of identical or different type and has a unique
name within the Record. Output variables are those which are controlled and determined by
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the master node during the execution of the stack and their index always begins with 0x70,
while input variables are designated by each slave and their index always begins with 0x60.
They are configured in EtherCAT_Laelaps_Motion_ControlObjects_ CONSTVEL.h (under the
stack folder) and may be reviewed in Table 3-3 and

Table 3-4.

Table 3-3. Ma s t dnpudt process data objects.

Index  Sub-Index Data Type Name Comments
0x6010 Record hip angle
0x01 INT16 hip_angle Rotational angle of hip [deq]
*100
. . Desired rotation angle of hip
2 INT1 D h I
0x0 6 esired_hip_angle [deg] * 100
0x6012 Record Feedback Time
Time variable from slave
1 INT1 Ti . .
0x0 UINT16 me device (t in (3-8)) [s]
0x6014 Record knee_angle
Rotational angle of knee
0x01 INT16 knee_angle [deg] * 100
. Desired rotation angle of
0x02 INT16 Desired_knee_angle knee [deg] * 100
0x6020 Record Commands
Output of PIV control for
0x01 INT16 PWM10000 knee knee [%] * 100
: Output of PIV control for hip
0x02 INT16 PWM10000_hip (%] * 100
0x6030 Record Velocity
. Rotational speed of knee
0x01 INT32 velocity _kneel000 [rad/s] * 1000
0x02 INT32 velocity_hip1000 Rotational speed of hip

[rad/s] * 1000

Table 3-4. Ma s t eoutpus process data objects.

Sub- Data
Index u Name Comments
Index  Type

0x7000 Record Buttons

0x01  BOOL State_Machine State machine variable (Figure 3-26)

0x02 BOOL Initialize_clock Not used
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0x7010

0x7012

0x7014

0x7020

0x7030

0x03 BOOL
0x04 BOOL
0x05 BOOL
0x06  BOOL
0x07 BOOL
0x08 BOOL
0x09 BOOL
Record
0x01 INT32
Record
0x01 UINT16
Record
0x01 INT32
Record
0x01 INT16
0x02 INT16
0x03 INT16
0x04 INT16
0x05 INT16
0x06 INT16
Record
0x01 INT16
0x02 INT16

Initialize_angles

Inverse_Kinematics

Blue LED

Red_LED

LAELAPS_HALT

Reverse_Dir

Transition_time
Desired _x_value
Desired_x_value
TargetMode
FilterBandwidth
Desired_y_ value
Desired_y value
ControlGains

Kp100_knee

Kd1000_ knee

Kil00 knee

Kp100_hip

Kd1000_ hip

Ki100_ hip

TrajectoryParameters

x_cntr_traj1000

y_cntr_traj1000
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Not used
Not used
On-board blue LED switch
On-board red LED switch
Stand-still mode switch

Reverse ro b o dirécsion

Time for smooth transition functions

[s]

Variable for future use

1% order filterd <, in (3-22) [HZ]

Variable for future use

Proportional gain of the kneed s
controller (K Q00 in (3-20))

Velocity gain of thekneed s c on
(K, Q000in (3-20))
Integral gain of the knee6 s c on-

(K, Q00 in (3-20))
Proportional gain of the hipd s
controller (K Q00 in (3-20))

Velocity gain of the hipd s cont
(K, Q000in (3-20))
Integral gain of the hipb s cont

(K, Q00 in (3-20))

x center of the semi-ellipse (X, in
(3-11)-(3-12)) [mm]

y center of the semi-ellipse (Y, in
(3-11)-(3-12)) [mm]



0x03

0x04

0x05

0x06

0x07

INT16

INT16

INT16

INT16

INT16

a_ellipsel00

b_ellipsel00

traj_Tf100

phase_T100

traj_Ts100

Ampl i tude eakis(ainl i

(3-11)-(3-12)) [cm]

Ampl i tude ysakis(binl i

(3-11)) [cm]
Swing-phase period (T
[s/100]

Phase shift (Dt

phase

Stance-phase period (T,
[s/100]

wing

tance

in (3-8))

[%T ..] in (3-8))

in (3-8))

The PDO variables are handled by several functions of the project; the most significant of
these functions are triggered by the DC Unit of the ESC (see Section 2.2.4). Any user-code
related to the application should be called by the following routines. The code is extensive and
under

may be reviewed in EtherCAT_Laelaps_Motion_Control.c sour ce f
SPI_EtherCAT _slave_stack folder.

APPL_GenerateMapping() declares the PDO data sizes and is configured by measuring

how many bytes each PDO tethers.

UINT16 APPL_GenerateMapping(UINT16 *plnputSize, UINT16 *pOutputSize)

{
I

/I Master Input PDOs # bytes

1

*plnputSize =22 U

1

/I Master Output PDOs # bytes

1

*pOutputSize =38 U
return ALSTATUSCODE_NOERROR;

}  // End Of APPL_GenerateMapping()

APPL_InputMapping() performs the transfer of the mast er 6 s

Del finods

| gdle&ISCihemor y
APPL_OutputMapping() performs the transfer ofthema st er 6 s

ESCb6s memDet yi hods.

APPL_Application() is the main function which is used for user-specific code and
materializes the main application. It is called in a cyclic manner by the SyncO_Isr() (DC Mode)
or i n t hMainleop(aroutirte,sif no real-time execution is configured (Free Run). Its

t o

code implementation is presented in the following code snippet.

void APPL_Application (void )

{
I

/I Elliptical Planner

I

#if  defined(ELLIPTICAL_PLANNER)

1

is used

/I Call Elliptical Planner's Application

I

EllipticalApp();
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I

/I Constant Velocity Planner is used

I

#elif defined(CONSTVEL_PLANNER)

I

/I Call Constant Velocity Planner's Application
I

ConstVelApp();

#endif  // ELLIPTICAL_PLANNER

} /l End Of APPL_Application()

3.5.5 Interrupt Priorities

In an EtherCAT slave, the ESC triggers the interrupts with external signals (XINT interrupts)
when the former is configured to operate in DC synchronization. Section 2.2.4 pointed out that
there are three ISRs that handle the major operations of EtherCAT, namely SyncO_lsr(),
Syncl_lIsr() and PDI_lIsr(). These interrupts have the following mapping to the routines
mentioned in the previous section, when the slave operates in DC Synchronization mode:
1 SyncO_Isr() A APPL_Application()
1 Syncl Isr() A APPL_InputMapping()
1 PDI_Isr() A APPL_OutputMapping()
In this section, their functionality is not discussed, but they are investigated regarding their
interrupt priorities. According to the HAL configuration provided by TI ( Contr ol Sui t e
TMDSECATCND379D_V1.0 development kit [61]), the aforementioned ISRs are mapped to
XINT5 (INT12.3), XINT4 (INT12.2) and XINT1 (INT1.4), respectively. Table C-1 (Appendix C)
states that their core priorities are 16, 16 and 5, respectively. This would create a problem in
the current application. The XINT1 interrupt, as can be seen in Figure C-5 (Appendix C), has
very high priority (5.4), hi gher than that of t
requirement of the current firmware is to execute the control loop with the highest determinism
possible. To account for this matter, the PDI_Isr() trigger has been modified to XINT3
(INT12.1). This implicates that the control loop has now higher interrupt priority compared to
the EtherCAT ISRs. This means that the motion control loop is promoted and runs in a hard
real-time context. To verify this, the procedure of Section 3.5.6 was executed. To conclude,
all of the ISR priorities are set as follows.
1 SyncO_lIsr() has 16.3 priority.
1 Syncl_lIsr() has 16.2 priority.
1 PDI_Isr() has 16.1 priority.
1 Control ISR has 5.7 priority.
In the previous configuration of the firmware, the two controllers had been triggered by
separate ePWM ISRs, namely EPWM1 (INT3.1) and EPMW2 (INT3.2) (Figure C-5, in
Appendix C). These ISRs have 7.1 and 7.2 priorities, respectively. In other words, the previous
kneeds controller (7.1) had a higher priority t
had lower priorities compared to the previous PDI_Isr() (5.4), but higher than those of the
other EtherCAT-related ISRs (16.2 and 16.3). So, in the current configuration there is an
explicit dependency regarding the priority of the control and EtherCAT-related routines. This
was not the case in the previous implementation.
The modification of the timer in HAL was made, since few peripherals can compete the
TI 6s default i nter r PPItIsrf);, miFigureiCt5 yApperlig C)gonlyesdmet o t he
ADCs have higher priority than XINT1 interrupt. Also, the timers 1 and 2 have very low core
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priorities, since they belong to the last two PIE groups. To understand the logic of the C2000
interrupt architecture refer to Section C.3. Note that the priorities apply only in the case that
more than one interrupts are being triggered in the same CPU cycle. Interrupt nesting is not
allowed by default. The ISRs that were not serviced and possible others that are triggered
during the servicing of the interrupt are stacked. After completion, the highest pending ISR will
eventually be serviced.

The described behavior implicates that each ISR is serviced to completion and as a
consequence servicing the time-critical control ISR may be delayed if it is triggered during the
execution of the EtherCAT-related ISRs. According to Section C.3.2, nesting can be enabled
in software with specific commands inside the ISR in which, servicing other interrupts is
intended. This way, specific ISRs may be enabled, utilizing the activated software interrupt
nesting. However, in the current case results have indicated that there are data access
conflicts when the EtherCAT ISRs are interrupted. In the future, the tasks that cause such
problems should be located in the code. This way, the interrupt nesting may be activated after
their execution. This analysis is extensive and is left for future work.

Another way to approach this matter is to decouple the control loop from the CPU. By
consulting Section C.4, it could be argued that the CLA can handle every peripheral on the
device. Currently, it handles only the PWM. If the eQEP modules were added, the control ISR
would have been redundant, since the CLA could have been triggered in hardware by any
peripheral. This way, the interrupt priorities are bypassed, since timer 0 hardware signal to the
CLA does not interfere with the CPU at all. Since task 1 (CLA control task) has the highest
possible task priority, the control loop becomes fully deterministic. This could have been
implemented in the current version, but there is a conflict regarding how CPU and CLA
represents pointers in memory.

Pointers are interpreted differently on the C28x CPU and the CLA. The CPU treats them
as 32-bit data types (address bus size being 22-bits wide can only fit into a 32-bit data type),
while the CLA only has an address bus size of 16 bits. The eQEPs are currently handled by
the POSSPEED structure, located in posspeed.h, under hal folder. This structure was
introduced in all/l of the previous firmware vers
available examples of the C2000Ware library. It is a compact way to manage and store the
guantities that are calculated from the eQEP readings, like the angular velocity approximation,
but contains pointers. However, if in a future version the previously described pointer conflict
is solved, the control loop could run in a definitive fully-deterministic manner. One solution is
discussed in [68]. Note that this architecture may result in data access conflicts that are used
simultaneously by the CLA and CPU. This must be taken into account when designing the
proposed setup.

To conclude, in the current implementation, the control loop is promoted, having higher
interrupt priority. However, since the interrupt nesting is not supported, the problem only
applies if an EtherCAT-related ISR is being serviced at the time that timer O triggers the control
ISR. Nevertheless, in the current configuration, it is ensured that the control interrupt will be
serviced first, after the completion of the running ISR. Furthermore, the controllers have the
same priority in contradiction with the previous versions that were inconsistent in this regard.
Lastly, they run in a very high frequency, significantly higher t han t he one of Eth
and no disruptions in the systemds response wer ¢
test phase of the firmware.
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HAL Modifications

In the previous sections the whole firmware has been described. As may be understood, the
firmware consists of the Ether CAT stackHALgener at
implementation ( Cont r o ITBIDSECAAGND379D_V1.0 development kit [61]). To
account for the problems that this implementation came with (see previous section), the HAL
was modified.
The first modification concerns the use of timer 0 triggering the control ISR. EtherCAT
stack uses by default this timer as a free counter and thus, no modifications are necessary.
Nevertheless, to decouple the two processes, the timer 0 has been replaced with the timer 1
in the following HAL routines:
I ESC _getTimer()
1 ESC_clearTimer()
The second madification concerns the PDI_Isr() external interrupt. The XINT1 interrupt of
the TIlI&ds i mplementat i ofortheeasong thah wegeeadalyzedin thel NT 3

previous section. This implicates certain chalfdde in th
described adjustment is illustrated in Figure 3-27.
’,
B TI’s default
// Enable EALLOW Register Access
//
EALLOW;
/7
// Remap. XINT1 ISR to ESC_applicationLayerISR Modified
/7
PieVectTable.XINT1_INT = &ESC_applicationLayerISR; //
// Enable EALLOW Register Access
// 7/
// Setup SPI XBar Options EALLOW;
//
InputXbarRegs.INPUT4SELECT = ESC_SPI_INT_GPIO; /7
GPIO_SetupPinOptions(ESC_SPI_INT_GPIO, GPIO_INPUT, // Remap XINTB'ISR to ESC_applicationLayerISR -- MISRA VIOLATION
GPIO_PULLUP | GPIO_ASYNC); /7
PieVectTable.XINT3_INT = &ESC_applicationLayerISR;
//
// Falling Edge Interrupt //
/7 // Setup SPI XBar Options -- MISRA VIOLATION (Reviewed)
XintRegs.XINT1CR.bit.POLARITY = 0x0; /7
InputXbarRegs.INPUT6SELECT = ESC_SPI_INT_GPIO;
7/ GPIO_SetupPinOptions(ESC_SPI_INT_GPIO, GPIO_INPUT,
// Setup XINT1 Configuration Register GPIO_PULLUP | GPIO_ASYNC);
//
XintRegs.XINT1CR.bit.ENABLE = 1; /7
// Falling Edge Interrupt
/7 /7
// Disable EALLOW Register Access XintRegs.XINT3CR.bit.POLARITY = 0x0;
1/
EDIS; 1/
// Setup XINT1 Configuration Register
//

XintRegs.XINT3CR.bit.ENABLE = 1;
/, //

// Disable EALLOW Register Access
‘7

I

EDIS;

Figure 3-27. PDI external interrupt modification.

356 Firmwareds Perfor mance

Timing Considerations

In this section, the execution time of each ISRismeasur ed. To this end, t
function ESC_getTimer() was used at the starting point and at the end of each ISR. Then,

their execution time Dt.,, was calculated with (3-23), with n,_, being the timer reading at the

beginning of the ISR and n__, the one at the end. The results are listed in Table 3-5.

end

69/217



n n

Db, = st withf, 200 [MHZ] (3-23)
clock
Table 3-5. Firmware ISRsdexecution time.
Routine Execution Time [eS]
ClaControl_lsr() 2.040
SyncO_lIsr 17.085
Syncl lIsr 18.805
PDI_lsr 131.700

From the results of Table 3-5, it becomes clear that the control ISR is significantly faster
compared to the others. This is partially due to the use of the CLA. The ISR in the current
configuration stores data and triggers the CLA, with both being tasks that the CPU can execute
fast. Another interesting thing is that the PDI_Isr() takes significantly more time compared to
the others and sur passes gshismeamsthatohk cohtroléSR6 s per i
is likely to be triggered during the execution of PDI_Isr() and consequently become a pending
interrupt. To verify that this does not cause significant problems, the firmware has been tested
extensively. Also, the procedure of the next sub-section comes as a profiling to determine the
interrupt triggering period of each ISR.

Interrupt Profiling

To measure the triggering period of the firmware interrupts, a vector was placed at the
beginning of each ISR. In this vector, a number of consecutive timer counts was stored, using
the ESC_getTimer() routine. This procedure can be understood intuitively in the following
code snippet. Note that the vectors and variables used for this procedure are removed from
the mainline version of the firmware.

interrupt  void ESC_applicationLayerlSR ()
if (g_SwitchProf==1 U
g_SwitchProf=2 U,
g_InterlSR= true ;

CpuTimer2Regs. TIM. all = 0;
}

if (bDcSyncActive ==1U && g_| nterlISR == true )

g_CounterPDI++;
if (g_CounterPDI <=2)

g_PDlIStart[g_CounterPDl -1] =~(( uint32_t )(CpuTimer2Regs. TIM. all ));

}

#ifdef ETHERCAT_STACK
PDI_Isr();
#endif

PieCtrlRegs. PIEACKall = PIEACK_GROUP12;
if (bDcSyncActive ==1U && g_l nterlSR == true )

if (g_CounterPDI <=2)

g_PDIEnd[g_CounterPDI -1] = ~(( uint32_t )(CpuTimer2Regs. TIM. all ));

70/217



The results can be reviewed in Figure 3-28. Each ISR returns to the Main-Loop after
completion. This adds return and call latency, for example at each control ISR right after the
completion of PDI_lIsr(). The EtherCAT-related ISRs have insignificant delay that can be
justified, if the increased overhead that the external interrupts present (refer to [64]), compared
to other interrupt sources, is taken into account.
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Figure 3-28. Interrupt profiling results.

On the other hand, the control ISR has insignificant run-time (2.04 ¢s), but its execution
is not strictly deterministic. In Figure 3-28 a pattern is observed; every four ISRs, one is
delayed for 95.03 ¢s. This delay is significant compared to the desired cycle of the control
loop (100 ¢s). This implies certain flunctuationsi n t he moti on contral s ba
digital control system,t he sampling frequency i s assthci ated
(Nyquist-Shannon theorem [66]). Currenlty the robot does not operate at such high
frequenciesandi t s moti ons are not di srupted by the af
drops. Nevertheless, this fact should be considered in future designs.

Lastly, the EtherCAT PDOs are updated by the PDI_Isr(), but the application variables,
like the control parameters are refreshed during the SyncO_lIsr(). This means that the delayed
control ISR, being serviced right after the PDI_Isr(), runs with the control parameters that were
updated in the the previous EtherCAT cycle.

CLA Performance Gain

This section is dedicated to the achieved performance. The benchmark consisted of a CPU

timer measuringtheel apsed ti me of each CLA taskés beginni
compared with the corresponding timings achieved by the older setup. The acquired data are

presented in Table 3-6. Also, the main function run-times are measured for future reference

and completion.
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Table 3-6. Firmware's performance overview.

Processor Routine Execution Time [€S] Call Overhead [es]
Planner 3.02 -
cPU Controllers 3.29 -
Planner 2.76 0.14
CLA Controllers 1.39 0.135

From Table 3-6, one may deduce that the actual CPU gain from CLA usage is at minimum
6.31 es. That is not a significant reduction, but through integrating this module into Laelaps

firmware, experienceanddoc u ment ati on have been acquired.

still under development and its present processing power requirements are relatively low. With
time, the software will eventually evolve along with its needs, while CLA, IPC for dual-core
functionalities and DMA may make the actual difference. At last, it should also be noted that
both of the routines are running faster on CLA than on CPU.

357 Managing the Projectébés Configurations

From the previous sections, it should be obvious that there are multiple configurations of the
project that are managed with the Predefined symbols in the Project Properties pane. In the
above sections, each time that a configuration was referenced, the corresponding symbols

The

were referenced too. These symbols can be managedinpr oj ect 6 s (Right€lcleant i e s

Pr oj e ct é&g208Qompiler -> Predefined Symbols), while a list is given in Table 3-7.

Table 3-7. Firmware's Predefined Symbols List.

Predefined Symbol Name Serves Comments
CPU1 System Choose run-time CPU
Send absolute encoders readings via
ABS DEBUG User Code EtherCAT for debug purposes instead
of velocities
CLA CTRL User Code Execute controllers with CLA instead of
FPU
END_STOP User Code Enable end-stop routines
CLA PLAN User Code Execute planner with CLA instead of
- CPU
CONSTVEL_CONTROLLER User Code Use the constant velocity planner
ELLIPTICAL_CONTROLLER User Code Use the elliptical planner (previous)
LEFT_LEG User Code Left-leg slave configuration
RIGHT _LEG User Code Right-leg slave configuration
AUTO STARTUP User Code Use automatic initialization for the
- encoders
INTERFACE_SPI EtherCAT Choose SPlassl a vRD) s
- Stack
_LAUNCHXL_F28379D System LaunchPad firmware configuration
USE_SPIA EtherCAT Choose SPI channel for PDI use
- Stack
FLASH System Initialization from FLASH
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RAM System One time initialization from RAM

EtherCAT Enable the prescribed EtherCAT Stack
Stack code files

CLA_C/CLA_P Linker Create CLA-specific linker sections

ETHERCAT_STACK

As for the CLA_C / CLA_P symbols, they should be specifiedinthe Pr oj ect 6 s pr ope
pane( Ri ght CIl i ck o AdRancej§ @ptionsd-s ColraamcFile Preprocessing).
They manage the memory allocation in the linker file if CLA tasks are used. More about the
command file will be discussed in the next section.

Major Project Configurations

To define the most significant options and configure the major aspects of the project, the

following steps must be followed.

1. There are four different project configurations. Two for the left leg, and two more for

the right. Each leg has a debug configuration, in which the firmware is stored in RAM.
The other one is a Flash configuration that constitutes the release version of the
application. Generally, during experiments, the Flash configuration should be used.
These options are demonstrated in Figure 3-29.

Build Targets |
Index >
Build Configurations > Manage. |
B og e Set Active > [9] 1 Left Leg FLASH LAUNCHXL F283790_SPIA (C2000 EtherCAT i AUNCHXL ing
Restore from Local History.- i AL 2 Left_Leg RAM_LAUNCHXL_F283750_SPIA (C2000 EtherCAT slave AM on Delf INCHXL- 19 SPIA with FB1111-0141 for Left Legs of Laclaps)
Team > Clenal
Compare With > Build Selected...

3 Right_Leg_FLASH_LAUNCHXI_F283750_SPIA (C2000 EtherCAT slave software running from FLASH on Delfino LAUNCHXL-F283750 using SPIA with F81111-0141 for Right Legs of Laclaps)
4 Right_Leg RAM_LAUNCHXL_F283790_SPIA (C2000 EtherCAT RAM on Delfino LAUNCHXL SPIA with FBT111-0141 for Right Legs of Laelaps)

Figure 3-29. Different leg firmware configurations.

2. To further exploit and manage the different functionalities that the project comes with,
certain Preprocessor and Linker symbols have to be defined (Section 3.5.7). Figure
3-30givesan overview of e ac $symmlgmdybeleit & dajasltafno T h e
special configuration is desired. If the readings of absolute encoders during tests need
to be displayed, the ABS_DEBUG symbol has to be defined.

Laelaps Il Motion Control
Predefined Symbols . DEEAULTSERINGS

Planner s
with CLA P & | without CLA P & with wi with CLA_C & | without CLA C &
CLA_PLAN CLA_PLAN CONSTVEL_PLANNER | ELLIPTICAL_PLANNER CLA_CTRL CLA_CTRL

Constant
Stance Velocity

End-Stop
Routines

without without
END_STOP AUTO_STARTUP | AUTO_STARTUP

Disabled Automated

Figure3-30. Pr oj ect 6 satiane.nf i gu

Absolute Encoder
Debugging

with without with END_STOP

ABS_DEBUG ABS_DEBUG
Enabled

Laelaps Startup

Version Type

with FLASH | without FLASH

Abs. Encoders'
Readings are fed to
Velocity ECAT
Variables

Joints' Velocities are
fed to Velocity ECAT
Variables

The above configurations can be defined from the tabs displayed in Figure 3-31.
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EtherCAT Laelaps_Mot Show in Local Terminal 2 &) Properties for EtherCAT Laelaps_Motion_Control
temal_interupt_cpudl  Adq Files.
teml InteruptTEST || Y . Predefined Symbols
8379D_ClAHands0n ¢ ) COPY s > Resource r
S Paste CtrlsV General
1U_APP [imu_adis1636 =
& . “ i : |Right_Leg_FLASH_LAUNCHXL_F28379D_SPIA [ Acti
1U_APP_test 3 Delete Delete Build Configuration: |Right_Leg. [Active]
Eiiat + C2000 Compiler
Py Refactor > Processor Options
b11_cpud2 MoeS Optimization - -
b8 it Optons Pre-define NAME (--define, -D)
elaps_FID Bac 2 Performance Advisor CPUT
e e END_STOP
cbsp_loopback_dma_c Import 5% recelined oymoo’s CLAPLAN
PR > Advanced Options CLACTRL
i Export.. > €200 Linker END_STOP
e €200 Hex Utilty [Disabled] ABS DEBUG
Show Build Settings... o CONSTVEL_PLANNER
PpStyle =
Build Project Debug SoHLLES
o Git
Cleen roicst Wit
i Open Properties Dizlog Project Natures _LAUNCHXL_F28379D
Rebuild Project USE_SPIA
FLASH
%] Refresh F5 ETHERCAT_STACK
Close Project
Build Targets % &5 Properties for EtherCAT_Leeleps_Motion_Control
Index > |
type filter text il il
Build Configurations > LA Command File Preprocessing
> Resource
[> RunPolyspace Bug Finder General
i et « Build Configuration: | Right_Leg_FLASH_LAUNCHXL_F28379D_SPIA [ Active ]
eload Polyspace Bug Finder Resul R
Debug As > Processor Options
i Optimization
Restore from Local History... ‘“‘:,“de Soiors Pre-define preprocessor macro_name_to_value_ (--define)
Team 2 Performance Advisor -
Compare With > Predefined Symbols fSaee=
Replace With X > Advanced Options
v C2000Linker
AT Laelaps_Motion_C | Properties AltEnter Basic Options
File Search Path
« Advanced Options
Command File Preprocessin
Disgnostics
Linker Output
Symbol Management
Runtime

Figure 3-31. Predefined Symbols and Linker Symbols tabs overview.

3. This configuration step involves the sett
to reduce ADC sampl iTa qné@dsy this rpdrameternravigateotd s e .

posspeed.h (under hal folder) and change ABS_ENC_SAMPLING_TIME to the
desired sampling time in [s] (Section 3.5.1).

4. Another setting that requires attention

them, change the corresponding global variables (g_UmaxHip / g_UmaxKnee). Refer
to Section 3.5 for further information on configurations. The valid range is 0.0 to 1.

5. Next, configure the end-stop routines, by changing the settings displayed in Figure
3-23 if the defaults do not suffice.

6. Finally, the source files of the controllers are located inside the hal folder. Depending
on the desired configuration and the previously set Predefined Symbols (CLA_CTRL
and CLA_C), only the corresponding planner should be included in the building
process. To exclude the others, Right-Click on their source files and opt for Exclude
from Build option.

After the above configurations, the firmware along with the applied modifications can be

deployed. For further details refer to Appendix E (Section E.3).

358 Firmwareds Linker Command Fil e

For the linking process, partially described in Section C.7, a custom command file was created
to optimize the resources and integrate CLA and DCL capabilities. The command file comes
in two flavors. One in RAM run-time configuration and another in FLASH configuration. These
fles may be found under the cmd folder, inside the project tree, namely
2837x_RAM_Ink_cpul_CLA.cmd and 2837x_FLASH_Ink_cpul CLA.cmd. To view the
memory allocation designated by those files, navigate to View->Memory Allocationat T | @GS
menu ribbon. It should be noted that in order to change the available stack and heap sizes,
one should navigatetoPr oj ect Properties ( Ri g>BasicOptions &
in Figure 3-32. In the current firmware version, the assigned heap and stack sizes were chosen
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to be close to the highest possible dictated by
there are no specific requirements regarding these parameters. They should be tuned to
achieve an optimal result in a potential future version that will have more specific requirements.

Basic Options
File Search Path Heap size for C/C++ dynamic memory allocation {--heap_size, -heap) | 01000

v C2000 Linker Specify output file name {--output_file, -0) | ${ProjNamel.out |

> Advanced Options Set C system stack size (--stack_size, -stack) | 0800 |
C2000 Hex Utility [Disabled]

Debug

Warn if an unspecified output section is created (--warn_sections, -w)

Figure 3-32. Stack & Heap size setup pane.

Note that the CLA scratchpad section configured in the custom command file, along with
itssize,issi mi | ar t o t hhe CLAR ddanpilerstbrasalkthe local, auto variables,
and function arguments to this logical memory section. Again, there were no specific
requirements for its size and thus a relatively high value (0Ox800)c o mpar ed t o the TI 0
(0x100, i n the o0RE3IKD IFlLABH CLA Onk @pWwhamd)dvas chosen.

Last but not least, specific #pragma instructions have been used throughout the code, to
dictate to the compiler, which time-critical functions should be loaded to RAM during the
fir mwar e dThis is d gaad practice, due to the proven faster execution capabilities of
RAMO6s routines. Geoffietveeh ddditionaliddta spase aad code exekation
time, which should be considered during the design stage of the application. In the current
firmware, the control ISR is executed on RAM, since it is called in high frequencies and its
execution should be as fast as possible. Moreover, Tl has configured in its original HAL
i mpl ement at i on TMDSBAATGND37®uV 10 edvedopment kit [61]) specific,
time-critical functions to be executed on RAM.

3.5.9 Compiler Information

The firmwar e us e 28xtampilerV20.2.4L.TX lei$ thewstartdarddzompiler for
the C2000 Delfino microcontrollers. The compiler optimization level is currently left to O (none).
In a future version, a higher level could be applied, but with due care, since it can lead to
heavily erroneous firmware run-time. These options are located inside the Project Properties
pane (Ri ght Cl i ck on>Plpertigslect 6s Name
The C28x compiler is used to build CPU source files (.c) along with their headers. For the
CLA, a different compiler is used that builds all the .cla files of the project along with their
headers. These headers may be included in both .c and .cla files. If there are variables that
ei ther compil eedoshobhled deoel &p difdef stawaturedwithctmee at e a't
symbol __ TMS320C28XX_CLA_.

3.6 Firmware Check and Verification

A significant part of any software development process should be dedicated to ensuring that
the code is free from glitches. Bugs impose a major threat for the system and its users.
Specifically, the Laelaps Il is a high-power machine with a primary target to operate in a wide
range of environments, while interacting with people during tests. Hence, the need for
assurances of a clean and bug-free code is imperative.

Another aspect of such processes is to create an application that would be easily
understood and maintained by a third person. For this reason, certain standards and rules
must be followed. The introduction of such protocols is a vital part of modern workflow
approaches in software development, along with the preservation of a strict version control
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system. Also, to assist further the maintenance and scalability of the code, documentation
should be created. Inthe cur r ent case, t he f has mengenerdted withe scr i pt
Doxygen. The resultingHTMLmay be inspected in the [p3.oj ect os
The CSL-EP 6 s L e dgseTdamRas adopted such procedures to ensure that every
application is safe and ready to play. Likewise, in the present thesis, the developed firmware
is written in compl i ance -ariticallandsebueity standard, MISRA 6 s | e a
C: 2012 [69]. Of course, there are certain deviations to adjust the standard to the current
pr oj ect.dVere onghe MISRA compliance are discussed in Appendix H (Section H.1).
Note that only the herein developed code complies with the formerly mentioned coding style
(Appendix Gy and MI SRA standard. Tl 6s HAL and ETGO6s Et
their own coding style and were not revised.
The codeis analyzedwithi n d u s t r y éode ahalysis tbolgitltat guarantee zero False
Negative warnings. This means that the code becomes immune to any run-time errors due to
overflows, illegal function calls, and divisions by zero, etc. The application has been reviewed
and relieved from the reported bugs. In Table 3-8, the results of the executed analysis are
presented, taking into consideration the defects illustrated in Figure 3-33. Only the custom
files have beenrevised,because t he additional TI baslaldeddypr ar i es
been tested by their respective distributors. The listed defects of the custom source files are
mostly False Positives of the static analysis tool and data type conversion warnings.
Nevertheless, they are not considered as defects in the current firmware and were left on
purpose. In the source files, every violation that was identified by the Static Analysis but was
not modified has been documented in comments. For many more details, refer to the auto-
generated reports which accompany the software, located in the respective Bitbucket
repository [52].
=)--[~] Defects

- [/] Numerical

+ Static memory

& Dynamic memory

[ Data flow

+ Resource management

+ Programming

[ [] Concurrency

[ [] Security

+-[] Cryptography

+-[_] Tainted data

- [V] Good practice

[ [] Performance

Figure 3-33. Possible defects, the Static Analysis may find.

Table 3-8.  Static analysis results.

File Status Defects
constvel.c Rev. 2
elliptical.c Rev. 1
planners.h Rev. 2
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EtherCAT_Laelaps_Motion_Control.c Rev. (Only custom entries) 9
etherCAT_slave_c28x_hal.c Rev. (Only custom entries) 11
posspeed.c Rev. 15

posspeed.h Rev. 3

Total 43

3.7 Conclusion

In this chapter, the Laelaps Il motion control firmware is described and analyzed thoroughly.
The newly introduced implementation improves many aspects of the former ones by adding
several features and exploiting De |l f i no & s
coding standard facilitates the overall development process and in combination with the
adopted static analysis tools, many bugs have been eliminated (see Section 3.6). Also, the
automation of the startup sequence and the introduced firmware safety features can
accelerate the experiments with the robot and prevent possible failures. Overall, the firmware
fulfills the real-time requirements that were set throughout the development process with many
test results indicating it (see 3.5.6). Note that the delay of the control ISR should be accounted
and solved in a future version. Nevertheless,n o pr obl ems wer e

operation.
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4 |nertial Measurement Units

An Inertial Measurement Unit (IMU) is an electronic device that measures and reports a body's
acceleration, angular rate and sometimes the surrounding magnetic field, using a combination
of accelerometers, gyroscopes and sometimes magnetometers. This technology is mature
enough to be broadly applicable in many technological fields; from applications in everyday
life (e.g. smartphones) to aerospace, high-accuracy systems. In robotics, IMUs are essential
in state estimation and without them, autonomy would not be feasible.

The CSL-EP Legged Robots Team has at its disposal two Analog Devices IMUs, namely
ADIS16364 and ADIS16375. They are two high-precision 6-DOF inertial units, combining data
from 3 embedded angular accelerometers and gyroscopes. Each sensor incorporates
industry-leading iIMEMS technology with signal conditioning that optimizes its dynamic
performance. The communication between ADIS163xx and Delfino is established through the
standard SPI protocol. According to their datasheets [70] [71], they present an exceptional
dynamic response in acceleration and angular velocity changes and can withstand and
measure severe impacts. Therefore, the integration of these systems into the Laelaps Il robot
is a big step towards autonomy and awareness of its environment.

This chapter investigates the development and incorporation of two IMU slaves to the
current Lael apsé6 Et h e.ridtally, some tthearatidal preliminaries are laid.
Furthermore, the used hardware components and electronics are presented. Most of the parts
are designed and manufactured in-house with SOTA methods. Moreover, a major section in
this chapter is the firmware of each IMU EtherCAT slave and its capabilities. Lastly, the
verification of the aforementioned systems is considered.

4.1 Gyroscopes

The goal of a gyroscopic system is to tinmoack che
account predictable phenomena produced by physical laws [12]. The first mechanical system

which materialized this idea was invented by Bohnenberger [72]. Initially, such systems relied

on the conservation of the angular momentum of a nearly frictionless rotating wheel like the

one illustrated in Figure 4-1.

Gyroscope
frame

Spin axis

Gimbal

Figure 4-1. Gimbaled gyroscope.

Nowadays, technology has made leaps in the field of Micro Electro-Mechanical Systems
(MEMS), introducing small devices with incredible accuracy and almost no moving parts.
Commonly, such sensors rely on the transfer of energy among vibratory modes, based on the
Coriolis effect [73]. There are plenty of configurations available with the most common being
the one of the tuning-fork (Figure 4-2). A crystal vibrates the tines of the fork linearly (driven
vibration) and as the whole structure rotates, the Coriolis causes the forks to oscillate out of
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the plane. This displacement from the plane of oscillation is measured to produce a signal
related to the system's rate of rotation.

Input

Rotation Driven Tine
Rate q} Vibration

o<

“Coriolis
Acceleration
Response
Coriolis
Response

4

Figure 4-2. Tuning-forkd rinciple of operation.

4.2 Accelerometers

Accelerometers are simple structures with the most widely known being the one of the mass-
spring-damper (m-c-k) with the well-known dynamic behavior. By tuning the m-c-k parameters,
the system should reach a stable fixed point whenever a static force is present. A more
accurate, small and generally modern setup uses piezoelectric phenomena [74] to measure a
small massbapplied forces by translating its displacement into voltage differential.

An IMU package houses all of the above components, along with others that support
measurement conditioning and interfacing. It may be visualized as a microcontroller that takes
each sensor 6s , precesses thenmand tmakes them available to another
computing system.

4.3 Serial Peripheral Interface

The Serial Peripheral Interface (SPI) is a synchronous communication protocol used in
embedded systems for short-distance communications. SPI devices communicate in full-
duplex mode using a master-slave architecture with a single master on the bus. The master
device creates a frame for reading and writing. Multiple slave devices are supported through
selection with individual Chip Select (CS) lines. To begin communication, the bus master
configures the clock, using a frequency supported by the slave device, typically up to a few
MHz. During each SPI clock cycle, full-duplex data transmission occurs. The master sends a
bit on the MOSI line and the slave reads it, while the slave sends a bit on the MISO line and
the master reads it (Figure 4-3). This sequence is maintained even when only one-directional
data transfer is intended. The use and the realization of this protocol is clarified in Section
4.4.3.
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SPI cs > CS SPI
Master Slave
SCLK »{ SCLK
MOSI » SDI
MISO |-= SDO

Figure 4-3. Serial Peripheral Interface (SPI) overview.

4.4 ADIS163xx Hardware Description

The ADIS163xx IMUs have specific requirements for mounting and connectivity. To this end,
Analog Devices provides tailor-made mounting boards, namely the ADIS16IMU1, with robust
mounting and easy, plug and play connectivity. The inertial units, along with the mounting
breakout board may be reviewed in Figure 4-4 and Figure 4-5.

ANALOG
DEVICES
ADIS16364BMLZ

0045
AD061109-1

34031 A

() (b)
Figure 4-4. (a) The ADIS16364 IMU. (b) The ADIS16375 IMU.

Figure 4-5. The ADIS16IMU1 breakout board.

4.4.1 ADIS16xx Connection with LaunchXL-F28379D

On the discussed breakout board, the connection with Delfino is materialized with an IDC
cable, specifically the Samtec TCSD-08-D-02.00-01-N-R. This interface requires an
intermediate custom board to handle the IMU signals and power supplies. This board is
developed and analyzed in Section 4.4.2. The IDC cable and the connector (Samtec EHT-
108-01-S-D-SM) mounted on the previously mentioned custom PCB, are illustrated in Figure
4-6.
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Bone

() (b)
Figure 4-6. (a) Samtec EHT-108-01-S-D-SM. (b) Samtec TCSD-08-D-02.00-01-N-R.

The Analog Devices breakout board rewires the IMU signals to the IDC connector.
Apparently, any design should take into account Table 4-1 to avoid mistakes and possible
damage to the equipment.

Table 4-1. ADIS breakout board circuit scheme.

CIRCUIT LAYOUT ADIS163xx ADIS163xx BREAKOUT BOARD
PIN NAME PIN # PIN #
POWER SUPPLY 101112 101112

GND 13|14 15 71819
DOUT (MISO) 4 4
DIN (MOSI) 5 6
SCLK 3 2
CS 6 3
DIO1 7 13
DIO2 9 14
DIO3 1 15
DIO4 2 16

4.4.2 IMU and LaunchXL-F28379D Interface Board

As previously stated, ADIS16364 and ADIS16375 are two high-end IMUs that will be exploited

in the pose estimation of the Laelaps t fuadruped. Toi nt egrate them into
architecture, the creation of an interface board along with the required firmware is of utmost
importance. This design should follow certain guidelines and rules to create a high-
performance sensory system.

Circuit Schematics

The aforementioned intermediate PCB was designedu si ng Aut odsoftwMaré [§5.Eagl e
The created schematics are shown in Figure 4-7. To incorporate only the required
components, Delfinod Bbrary was dissected to use only the lower half of the board. Also, the

chosen step-down regulators were imported from Mouser online electrical symbol repository.

The wiring of the created board is illustrated in Table 4-2.

81/217



U1 3

LM1085IT-12/NOPB N
1 a

- cuo N

ouT 2
.
i
Iy

10 uF

Q[2.3v]

LaunchPac*m[Ew TMS320F28379D
EEEYN
w2 3 \ '}
DJ— NEY A + K JE - =
100 nF — 4 Bl o — a0 60 =]
L a2 62 g —~ s w V0[5,\z'l\ =T
— 4 83 — s
GND 5 ol 15 & E Lok 1S mNﬁT
— 45 65 — s
w e B pATA READY 3 o 585
a6 — 7 54 H
1B 6B GND - 73 53 MOSI g 3%
— 4 60— RESET { 42 v |- 3%
— 50 FU — 71 51—
53
gu
J16 nn %
el not 3 DATA_READY S
- 162 J1e2 ) |
) J16_3 2103 CLK A .
q ~es 3l 14, RESET PIN
4 GND GND miso sl 6, Doz
| Mosl 7 —9, DIO4
<
=
a
SPI

oy
3]
IMU_CONNECTOR
EHT-108-01-5-D-SM % +/CI5Y]
RESET PINT R 2 2 CIK
= C 2], . [2 MISO 0[3.3V]
o 1. &
= v
% - 7 8 - 1MU_SUIPPLY_SELECTOR
8 pli}
] INU_SUPPI FA T T 1 IMU_SUPPLY 2
il DIOL_18 | 3 1; [ 14 DIO
umJ vl kiks) 15 16 16
i _IL
BGNDDIO3_JUMPER :EE
e e
== pio4_bUmPER
DfTA_READY_SELECTOR D0 Bl ZND

Figure 4-7. Intermediate custom PCB schematics.

Table 4-2.  Intermediate-board& signal layout.

CIRCUIT LAYOUT LAUNCHXL-F28379D ADIS163xx BREAKOUT BOARD
PIN NAME PIN # (HEADER J#) NAME (PIN #)
POWER SUPPLY 41 (J5) [3.3V] | 61 (I7) [5V] Vee (10|11 12)
GND 1|2 (310-16) | 60 (J6) | 62 (37) GND (7181 9)
MOSI 55 (J6) DIN (6)
MISO 54 (J6) DOUT (4)
CLK 47 (J5) SCLK (2)
cs 59 (J6) CS (3)
DATA READY 74 (38) DIO1 (13) or DIO2 (14)
RESET 73 (J8) RST (1)
AUX SIGNAL 1 48 (J5) DIO3 (15)
AUX SIGNAL 2 42 (J5) DIO4 (16)

Power Sub-Circuit

The board consists of two low-power supply channels, one for 5V and another for 3.3V. Both
of these channels are imperative for the function of the LaunchPad. On the other hand, only
one is rooted in the corresponding IMU. To achieve this, since ADIS16364 demands a 5V
power supply [70] in contradiction with ADIS16375 that requires 3.3V [71], a selector jumper
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was placed on the board. ¢ achoose appropriate supply regulators, the power consumptions
for each electronic component included in the design are presented in Table 4-3.

Table 4-3.  Different components' power consumption.

PROPERTIES Delfino ESC ADIS16364 ADIS16375
Input Voltage [V] 3.3|5 5 5 3.3
SS Current [mA] 325 (440 max) 350 (700 max) 49 173

Transient Current [mA] N/A N/A N/A 1500 [400us]

In the case of the Delfino microcontroller, the listed current values are representative of
the test conditions givenin[76]. The actual devi c eida applicationeih t

vary with the applicationd sode and pin configurations. Inth e ma n u f desttcanditiens 6 s
there are significantly higher power demandsc ompar ed t o t he ¢sincerbetn t

CPUs are enabled and many peripherals, like ePWMs that are not used in the current
application. The regulators were chosen to fulfill even these high current consumptions in
order to be on the safe side under any operational condition, with provisions for further
expansion in the future. Note that the 5 V power supply channel is not used by the
microcontroller, but it supplies external components (e.g. ESC) connected to the LaunchPad.

Since the cost remains at the same levels,ani on t h e deaignevasadoptes .d-or
the 3.3 Vchannel,the T 6 s  LITWike®l 86w Dropout Regulator (LDO) was selected. As
may be seen in the corresponding datasheet [77], it outputs up to 3 A. As for the 5 V supply
branch,the ST 6 s L 7 8 0 $78]Waslclpsen, which can output up to 1.5 A. Generally,
LDOs entail decoupling capacitors to cutoff transients and high-frequency noise phenomena
(Figure 4-8). By referring to their datasheets, a list of peripherals and rooting tips are proposed
for each LDO. To furtherly enhance the proposed filters, additional 100 nF capacitors were
positioned near the coupling point of each load.

Vin ——{IN out *— Vour' ,
GND |
Vi o— { L78Xx | ——e—oVo
Ll I 2 _10uF ¢, =0.33uF — T Co=0.14F
“T 10 uF “T> Tantalum T T
i €S25220

Figure 4-8. Proposed decoupling capacitors for the chosen linear voltage regulators.

To prove that the proposed design is on the safe side, specific Safety Factors (SFs) have
been calculated. From t he d a-tasesonditonsgTablewt@)rasdtfor the steady-
state operation, the SFs of each power supply channel for the two IMU slaves are listed in
Table 4-4. Note that the SFs are calculated with the equation (4-1), with |__ being the
maximum current consumption of each channel and | the maximum current that each
LDO can output.

supply,may

l max ( 4- 1)

supply,max

Sk

supply — |
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Table 4-4. IMU slaves' power supply channels Safety Factors (SFs).

Power Supply ADIS16364 SLAVE SF [%] ADIS16375 SLAVE SF [%]
5V (1.5 A max.) 200.3 214.3
3.3V (3 Amax.) 681.8 489.4

The slaves are going to be supplied by the low-power supply channel of Laelaps Il (9 V
by default). According to [79], the output current of the LDOs depends on the drop-out voltage,
which is the difference between the input with the output voltage. The minimum drop-out
voltage required to maintain regulation is rated at 1.5 V for the LM1085IT and 2 V for the
L7805CV. So, the input voltage for each slave should be higher than 7 V. Since Laelaps Il
operates at 9 V, the requirement is fulfilled. Note that as the input voltage rises significantly
higher than the minimum required, the power dissipated in each LDO rises too. So certain
thermal limits should be taken into account in the design. A thermal analysis is performed in
Appendix |, using the thermal specifications that the datasheets provide. Besides this analysis,
an experiment was executed to verify the results. In the same Appendix, its description can
be found. The results indicate that for input voltages above 12.7 V, the LM1085IT LDO
overheats and its thermal protection disables it. So, the whole EtherCAT slave must always
be supplied with lower than 12.7 V input voltages.

SPI Bus Sub-Circuits
As formerly mentioned, the two Analog IMUs are communicating, transferring readings and
commands via SPI. In this section, the hardware realization of this protocol is considered,
along with techniques to ensure minimum noise and seamless operation in high frequencies.
General bus design guidelines propose minimum trace impedance and the same low
trace length for each of the four SPI signals [80]. The PCB software suite used here comes
with an arsenal of great tools for a diversity of needs. By running the ULP script fi | e Hrggt
r i .,one may review each trace6 attributes and act accordingly. In the current scheme, the
SPI 6s traces we the sarkeelgngth anchimpadanoex thtTable 4-5, all of the
tracesd ¢ h ar act summasized. The maximwan SPI functional frequency is dictated by
the IMU datasheets [70] [71]andDe | f i n o 0 s . Tha gaid, @ 12 MHz $Péckock is used
with ADIS16375 and a 600 kHz one with ADIS16364. In the case of ADIS16364, if burst read
(refer to Section 4.6.3) is not intended to be used, this value can be increased.

Table45. Custom PCB traces6 attributes.

Fmax L A R Whin Winax Imax

SIGNAL [MHZz] [mm] [mMm?]  [MOhm] [mm] [mm] [A]
DIO3 3245.13 92.385 0.014 113.01 0.406 0.406 1.25
DIO4 3269.15 91.706 0.014 112.18 0.406 0.406 1.25
RESET_PIN 5361.33 55.919 0.014 68.4 0.406 0.61 1.25
CLK 5625.08 53.297 0.028 32.6 0.813 0.813 2.45
VOI[3.3V] 5886.04 50.934 0.044 19.94 1.27 1.27 3.75
DIO4_PIN 6217.4  48.219 0.021 39.32 0.61 0.813 1.85
MISO 6253.86 47.938 0.021 39.09 0.61 0.61 1.85
DATA_READY  6564.9 45.667 0.021 37.24 0.61 0.61 1.85
SUPPLY_10V  6653.77 45.057 0.044 17.64 1.27 1.27 3.75
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MOSI
cS
IMU_SUPPLY
DIO3_PIN
VOI[5V]
DIO1
DIO2
RESET

7058.21
7642.41
7985.16
8639.69
9374.19
9935.61
10003.2
38487.7

42.475
39.228
37.545
34.7
31.981
30.174
29.97
7.79

0.028
0.014
0.044
0.028
0.044
0.014
0.014
0.028

25.98
47.99
14.7
21.22
12.52
36.91
36.66
4.76

0.813
0.406
1.27
0.813
1.27
0.406
0.406
0.813

0.813
0.813
1.27
0.813
1.27
0.406
0.406
0.813

2.45
1.25
3.75
2.45
3.75
1.25
1.25
2.45

Board Overview

The designed PCB is using a limited space at the lower half of the LaunchPad, to reduce cost
along with its volume demands. The traces are optimized having adequate clearance among
them, to eliminate signal interferences. The reader may refer to the extended work in [81] and
the guide in [82], to get a deep insight into the field of high-end PCB design. During the design
process, Eagle provides tools, like ERC and DRC checks to optimize the design and ensure
its manufacturability. The rules that these checks follow can be imported if the default ones do
not suffice. Many PCB manufacturers, like Eurocircuits, provide their own .dru configuration
files, compatible with all major PCB design software packages. Since the boards were
purchased from Eurocircuits, the PCBs were designed in compliance with these .dru files. In
Figure 4-9 and Figure 4-10, the final PCB design may be examined.

Figure 4-9. (a) Upper PCB side. (b) Lower PCB side.

85/217

(b)

(b)
Figure 4-10. (a) Custom PCB design overview. (b) Assembled boards.



As may be realized by the board in Figure 4-10, the bottom and top copper layers are
short-circuited as ground (GND) to reduce the total number of traces and, along with some
vias, the total impedance of the circuit. The exported from Eagle .brd file was uploaded to be
analyzed with the more advanced Eurocircuits tools. The verdict of those manufacturability
tests was exceptional, with copper plating fault indexes nearly 100% pass. All of the design
files may be found in the respective Bitbucket repositories [83] [84].

4.4.3 IMU Slave Housing

To enclose the aforesaid board assembly, a 3D printed housing was created. An effort was
made to be as compact as possible, ensuring the integrity of the hosted components and their
cooling needs. The housing is illustrated in Figure 4-11. For the drawings and the basic
dimensions refer to Appendix L.

EtherCAT Input Port
er Supply EtherCAT Output Port

Delfino Debugger

€Y (b)

Figure 4-11. (a) Housing 1 inside view. (b) Housing i closed view.

4.5 ADIS163xx Delfino Firmware Setup

To use the sensors with LaunchXL-F28379D, the appropriate firmware was developed. The
main tasks of the firmware are to communicate via SPI with the connected IMU, set the
necessary parameters, get the sensor readings and establish the EtherCAT communication.
Figure 4-13 outlines the general functionality of the designed firmware. To furtherly understand
the structure, refer to the created Doxygen documentation [83] [84].

The various aspects of the firmware are discussed in an organized way, to make the
learning curve less steep and the overall process more efficient. As far as the EtherCAT slave
software modules are concerned, the aim here is not to replicate the extensive available
literature, but to highlight the significant routines and operations that interfere most with the
user-application.

4.5.1 Required Hardware

Firstly, a sum-up of all the necessary components is illustrated in the list below.
1 1x EtherCAT slave piggyback controller (ESC) with ET1100 chipset. All the required
frame processing and EtherCAT functionalities are implemented with this board. It is
the hardware in which the physical and data link layers are realized.
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T IxTI 6s L akr8®3e9D XMCU). The application layer of the app is realized here,
along with the generic EtherCAT stack and the IMU SPI communications.

1 1x ADIS163xx IMU, along with its breakout board for proper connectivity.

1 1x Custom EtherCAT shield PCB. The interface board that connects properly the MCU
with the ESC, designed in [20].

1 1x Custom IMU Shield PCB. The intermediate board operating as a rewiring scheme
between the MCU and the IMU. Also, it provides the required power supply for the
whole board assembly.

1 1xIMU Housing (Figure 4-11). It is used to host the assembled boards and electronics
and can be placed anywhere on the robot.

The reader should consult the Appendix K for a detailed description of the required

components.

Note that depending on the | MU (ADI S163614

power supply selector should be configured accordingly, by placing a female jumper to the
appropriate pins (see Figure 4-12). Note that ADIS16364 operates with a 5 V supply (green
box), while ADIS16375 operates with a 3.3 V supply (blue box).

ADIS16364

ADIS16375

Figure 4-12. ADIS163xx IMU shield's power supply configurations.

4.5.2 Required Software

After all the physical components are gathered, the software components must be installed.
By navi gat i ng[59] the latesteersibn od GodesCompeser Studio (CCS) could be
installed with C2000 software components checked in the corresponding installation pane.
One should also download the latest C2000WARE from the Resource Explorer. Currently, the
project supports version 3.03.00.00, but with few adjustments in the properties menu, the
update process to any future version should be easy.

Secondly, a master has to be installed, not necessarily on the same PC. There are plenty
of choices for Windows and Linux masters. The Legged Robots Team currently maintains two
master setups; one using Twincat 3, a robust and well-proven suite running on Windows with
Visual Studio Core, and another, Linux hard real-time EtherLab Master with ROS
enhancements. Due to the complexity of the high-end, but still in development Linux master,
the use of Be 8lshuggedted. Fheinwerested ané may install Twincat 3 in [40].
The EtherLab master may be found, along with build and deployment information, in the
corresponding Bitbucket repository [60].
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4.5.3 Building and Deployment

After completing the initial steps, one can import, build and deploy the IMU application. To
complete the task, several steps must be followed:

1. Navigate to the link in [83] and download imu_adis16364-ecat-slave for ADIS16364

or in [84] to download adis16375_imu_ecat_slave for ADIS16375. In here, the
ma s t &NI &l file (under TwinCAT Configuration Files folder), the corresponding
Excel files, and the SSC0&6 s p (toomodify brsrebuild the EtherCAT stack) are
included, too.

4. OpenTl 6 s CCS. I'f it is not alreadyndhowssa al | ed,

import the downloaded project in Appendix E (Section E.1).
2. Next, a required Target Configuration for the debugger should be set. If such
configuration is not available from prior use, details on how to create one from scratch
may be found in Appendix E (Section E.2).
3. Modify the custom path variable to the one of the PC used at the time. This variable
makest he C2000Ware | ibraries WVadethisl e t o the pr
a. RightCl i ck on the pr osolationtef p | @ mab mrfdsselect t he
Properties like in Figure 3-21.
b. Opt for the Linked Resources tab and modify the variable C2000Ware_LOC to
match the local installation folder of C2000Ware.

Finally, details on how to deploy the firmware to a LaunchXL-F28379D can be found in
Appendix E (Section E.3). At this point, the firmware will be deployed in its default
configuration. If the defaults do not suffice, consult the next sections to understand it
thoroughly and make the required adjustments.

4.6 Firmware Description

Thef i r mwareds main operation can betriggecedbyghbhe at ed i
ESCO6s D eas extamialthardware interrupts. Inside these ISRs, the user-application is
i mpl ement ed. The applicationds mai n t aslks i nNv o
communications, requesting sensory readings and pass them to the respective EtherCAT
PDOs to be sent to the master. These matters will be discussed in detail in the sections that
follow.

The CCS project is organized in the following folders:

1 hal: This folder materializes the EtherCAT hardware abstraction layer (hal).

Specifically, it contains all peripher al dr
communications.
1 SPI_EtherCAT Slave Stack: I n her e, the generic Ether CAT

They materialize the procedures discussed in Chapter 2.

1 ADIS163xx Library: This folder contains all the IMU related routines. Some of them
handle the SPI communications with the sensory module and others materialize the
user-functionalities discussed in the current section.

1 cmd: This folder contains the created I|inker
memory allocation.
Those s ai d, the fir mwarie anslyzed xnexc Fitstly,othe rdquiredw

initializations of the most significant peripherals and modules will be discussed (highlighted in
yellow, in Figure 4-13). Moreover, the main application and its dependencies will be analyzed
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(highlighted in light-blue), along with other EtherCAT related implementations. Note that both
IMUs operate in a similar manner and their applications have basically the same architecture.
Thus, the discussion that follows applies to both of them. Note that the parts that differ will be
pointed out.

To facilitate the future development and understanding of the firmware, the MISRA
C:2012 coding standard has been adopted [62] (refer to Appendix H, Section H.2). Moreover,
the code complies with the coding style discussed in Appendix G. Note that to this end, the
created Doxygen documentation [83] [84] could help in getting an overall grasp of the firmware
faster.

Laelaps Il ADIS163xx IMU

Firmware (Power-Up)

N\
MCU Initialization

GPIO Setup

Initialize MCU-IMU
SPI Module
InitSpiB()

v

ESC & PDI
Intialization &
Setup

i ___ [FE

Interrupts’
Activation

v

MU
Communciation
Check
IMUCommsCheck()

R T

Activate IMU's
Default
Configuration
ADISConfig()
—

| HW Interrupts (DC MODE)

7

SYNCO ISR

Transfer Master Output
Data to MCU Memory

User Application
APPL_OutputMapping() APPL_Application()

Check & Change MAIN APPLICATION
the IMU's Filtering
Settings

Store the
Readings to the

Calculate Cycle respective
Bypass EtherCAT PDOs
Compensation —‘—‘

s ~ - N
Bypass Redudant ;
IMU Read/Write > g;?:e;hg::s%fs
Cycles

L \ )

Figure 4-13. IMU firmware overview.
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4.6.1 Initialization

The firmwareds execut imam( fretpn nilscateda tin  the h e

ADIS163xx_IMU_ECAT_SLAVE.cf i | e (i n s i dstackfolder). The nmajn@ aalts the

HW _Init() function (located inside the c28xxhw.c, under stack) that in turn initializes the

Delfino MCU and the ESC. Eventually, the Delfino MCU is initialized by calling the

ESC_initHW(), located inside the etherCAT_slave c¢28x_hal.c (under the hal folder). In this

function, depending on the run-time mode (debug or release), the required memory sections

are copied from FLASH to RAM. Next, the low-level modules of the system are initialized.

Furthermore, the InitGpio() routine is called and configuresthe TI6 s def aul t GPI O m

options for every peripheral of the MCU. Next, t he PDI | ayer 6s i ni

configuring the SPIA module (USE_SPIA symbol, see Section 4.6.8). Moreover, the SPIB

channel is configured to serve the MCU-IMU communications. In the next section, the

configured SPI settings are examined. Finally, the EtherCAT-related external interrupts that

trigger the firmwarebds main | SRs are configured.
After the generic, low-level configurations, the interrupts are activated. Next, the

IMUCommsCheck() routine is called. This function performs a communication test with the

connected IMU to ensure its proper operation. The initialization concludes by calling the

ADISConfig() routine that configures the IMU module to a desired setup. These two functions

are located in ADIS163xx_utilities.c, under ADIS163xx Library folder. For further information

refer to Sections 4.6.4.

4.6.2 SPI Protocol Software Setup

The primary task of the firmware is to establish the SPI communication with the corresponding
I MU. From t he de[v0l[¢lg thédreqdirad SRIssdiup parameters are exported
in Table 4-6. At this point, the developer should be careful on how each manufacturer defines
the different SPI modes. In the specified table, SPI mode settings are written according to
each di spreferebce.tFa thérsst of this thesis, the convention of [85] is adopted.

Table 4-6. IMUsGSPI supported settings.

SPI SETUP LAUNCHXL-F28379D ADIS16364 ADIS16375
ROLE Master Slave Slave
CLOCK [MHZz] ¢ 12.5 (Normal Mode) 2 (1 for Burst Read) 15
MODE 2 [POL 1| PHADQ] 3 [POL1 | PHA1l] 3[POL1|PHA1]
MSB MODE N/A First First
TRANSFER MODE 16-bit 16-bit 16-bit

Delfino comes with three built-in SPI channels. Since channel A is preoccupied with the
ESC communications, the SPIB is configured to service the IMUs. For an in-depth analysis of
the SPI and GPIO muxing refer to [76]. Note that the SPI is used in a blocking manner. This
means that the CPU waits for the results of a requested transcation, before advancing to the
next task.
All of the above settings are materialized in the SpiConfig.c file (under ADIS163xx Library
folder), by the InitSpiB() routine. To shorten the development time, C2000 dr i ver | i bds
enhancements are enabled. This library is used as a learning shortcut, but the caveat is in
lower register parametrization capabilities, compared to bitfield coding. In the current project,
dr i v ecapaliilitie® ae more than adequate.
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4.6.3 ADIS163xx General Setup

After initializing the SPI communications, both devices (Delfino and IMU) are ready to
communicate and transfer data. To get well-conditioned measurements, ADIS163xx modules
have filtering and dynamic range options to reject noise and get clean readings. The developer
has to decide the range of the IMU readings as well as the averaging preprocessing. Increased
averaging filtering comes at the expense of a lower sampling rate and bandwidth. The above-
described functionality is exploited by setting appropriate values at the prescribed registers,
designated in ADIS163xx datasheets [70] [71]. These filtering options are materialized in the
corresponding routines, stated in the below lists. Also, in the Bitbucket repositories [83] [84],
Matlab files exist that model the frequency response of the aforementioned filters.

ADIS16364 LIBRARY

f TapFIRCtrl(). Sets the averaging filter options. Specifically, if mis the user-input, 2™
samples will be averaged, eventually. It manipulates the 2 lower bits of SENS_AVG
register (refer to [70]).

T DRngFIRCtrl(). Set s t he g ynamis cange.eLoveer rahge translates to
increased sensitivity. It manipulates the appropriate bits of SENS_AVG register (refer
to [70]).

ADIS16375 LIBRARY

1 GyroFIRCtrl()/ AcclFIRCtrl().Act i vates one of the .Specialuf actur
filtering options are supported, but not implemented in the current routine. It
manipulates the appropriate bits of FILTER_SEL1 and FILTER_SEL2 registers (refer
to [71]).
1 ChangeDECRate(). Sets the averaging low-pass filter options. Here, if mis the user
input, m samples will be averaged. It manipulates the appropriate bits of DEC_RATE
register (refer to [71]).
Many other settings can be tuned to activate a variety of supported features; however the
above ones are more than suf fNbotethathoth IMUsuppditael ap s ¢
detailed frame alignment, at a datasheet specified point of precursion. Last but not least, to
account for the unpleasant MEMs gyroscope bias artifact caused by perpetual linear
accelerations, ADIS163xx modules have an optional compensation feature that may be
enabled. These configurations are activated with the ADISConfig() routine.

4.6.4 ADIS163xx Main Routines and Operation

ADIS16364

After the initial settings, ADIS16364 is ready to transmit the required sensor measurements
as long as it receives the prescribed commands. The general communication scheme is
simple and is completed in two consecutive SPI transfers. The first one transmits the
requested register address, and in the second one, the IMU sends a 16-bit unsigned integer
that corresponds to the contents of the aforementioned address. The second transfer is
optionally triggered by a prescribed data-ready pulse. To get the final signed floating-point
value of the reading, some software processing is required since the raw readings are
configured in two® complements format. Furthermore, the 16-bit word is scaled by a factor.
The location of e acshcommomy isit eitherdtse 144 8iBor tHei 12™f bit r
depending on the register. The functions along with their description may be reviewed below.
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1 SensorRead(). Implements single register reads (2 SPI transfer cycles). It is the main
function for reading the s e n s cegistefs.

1 BurstRead(). With this function, ADIS16364 outputs multiple readings in consecutive
cycles, with a single command as a trigger (Figure 4-14).

ﬁ-l 1 2 3 4 5 12 [
b))

DIN x 0x3E00 H DON'T CARE )—

DOUT x PREVIOUS H SUPPLY_OUT H XGYRO_OUT H YGYRO_OUT H ZGYRO_OUT }1’(\-( AUX_ADC )—

Figure4-14. Bur st Readds SPI operation overview.

1 RawToReal(). Raw to float conversion of the register readings.

1 SensorWrite(). Single register-write routine, mainly used for writing values to
command-registers that change the IMUG general setup. It is also an auxiliary function,
which is used by others.

1 ResetIMU(). Sensor software-reset function.

TwosComp(). Two& complements, signed to unsigned conversion of a value.

1 IMUCommsCheck(). Requests the fixed ADIS16364-ID number and checks if the

received value is correct as a simple and indirect SPI communication check.

All of the above routines come as a module and may be used with an #include of the
corresponding header file (ADIS16364.h). There are two versions of ADIS16364 firmware
available, with and without EtherCAT capabilities. By adding EtherCAT capabilities to the
designed drivers, the IMU device may be used as a slave and be integrated directly into the
Lael apsd6 net wor k.

=

ADIS16375

A slightly modified firmware adapted to the requirements of ADIS16375 IMU is developed.
Some routines utilize the two SPI cycles to read the contents of a register, while others serve
general purposes. The difference of the ADIS16375 IMU is that it produces measurements
with greater precision than the former one. So, to read a measurement register in high
precision mode, four SPI cycles are required. Two of them are for transmitting high and low
r egi s tldeesses@nddhe remaining ones are for receiving the contents of each register.
Admittedly, this procedure may be executed with three SPI cycles by modifying the firmwared s
routines, but the gain of this would be insignificant, and the firmware would become more
complex. Figure 4-15 illustrates the described procedure.

DIN --< 0x1A00 >—< 0x1800 >-< AD%Eﬁgss >--.
DOUT mmmmcm e — e -<z GYRO 0U'I>-é GYRO LOV>---

Figure 4-15. ADIS16375 sensor's high-precision read operation.

An important remark to avoid confusion is that due to the large number of registers that
ADIS16375 disposes of, they are organized into separate register pages. So to modify a
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specific register, its actual page needs to be activated beforehand. Refer to the accompanying
datasheet [71] for further information. The remaining procedures to get the actual floating-
point value of the register are the same with the described in ADIS16364 case (Section 4.6.4).
The developed routines alongside their descriptions may be found in the list below.

1 SensorRead(). Implements single sensor reads (4 or 2 SPI transfer cycles-depending

on the precision mode).

1 RegRead(). Reads a single 16-bit register.
RawToReal(). Performs raw to float conversion of the register readings.
1 RegWrite(). Single register-write routine, mainly used in setting-registers, to change
the IMU® gyeneral setup. It is also an auxiliary function, which is used by other
functions.
ResetIMU(). Sensor software-reset function.
TwosComp(). Implements a two& complements, signed to unsigned conversion of a
value.
PageCheck(). Executes the register-page check and change functionalities.
X/YIZ_VelocityReading(). Cumulative linear velocity approximation routine.
XIYIZ_AngleReading(). Cumulative angle approximation routine.
IMUCommsCheck(). Requests the fixed ADIS16375-ID number and checks if the
received value is correct, as a simple and indirect SPI communication check.

=

=A =4

= =4 =4 =

4.6.5 ADIS163xx EtherCAT Application

The main target of the firmware is to integrate the IMUsi nt o t he r obot 6s
With this in mind, two slave stack applications were developed, each tailored to get the most
of the corresponding IMU. The EtherCAT master must be able to request the readings of
specific sensors of the IMUs and receive them. Also, the filtering options must be handled by
the master, too. With this in mind, in the following sections the created EtherCAT applications
are discussed.

ADIS16364 EtherCAT Application

The main aspect of an EtherCAT application is the process data that it handles (see Section
2.2.5). They are distinguished in output and input objects. The former ones are all of the
variables that can be modified by the master and are interpreted as commands or virtual
switches by the slave. The latter represent the data that is provided to the master by the slave.

Et her

There is extensive documentation on how to design and build an EtherCAT application6 s st ac k

[35] [86] [87] [88]. The reproduction of such manuals in this thesis would be redundant.
Nevertheless, a short guide could be found in Appendix B for completeness purposes. The
ADIS16364 process data are presented in Table 4-7 and Table 4-8.

Table 4-7. ADIS16364 EtherCAT PDO-Inputs.

Index Sub-Index Data Type Name Comments
0x6000 RECORD READINGS
0x01 REAL XGyro_out X-Axis gyroscope reading
0x02 REAL YGyro_out Y-AXxis gyroscope reading
0x03 REAL ZGyro_out Z-Axis gyroscope reading
0x04 REAL XAccl_out X-AXxis accelerometer reading
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0x05 REAL YAccl_out Y-Axis accelerometer reading

0x06 REAL ZAccl_out Z-Axis accelerometer reading
0x07 REAL XTemp_out X-Axis temperature reading
0x08 REAL YTemp_out Y-Axis temperature reading
0x09 REAL ZTemp_out Z-Axis temperature reading

Table 4-8. ADIS16364 EtherCAT PDO-Outputs.

Index Sub-Index Data Type Name Comments

0x7000 RECORD IMU_CONTROLS
0x01 BOOL XGyro_sw X-Axis gyroscope switch
0x02 BOOL YGyro_sw Y-AXxis gyroscope switch
0x03 BOOL ZGyro_sw Z-Axis gyroscope switch
0x04 BOOL XAccl_sw X-AXxis accelerometer switch
0x05 BOOL YAccl _sw Y-Axis accelerometer switch
0x06 BOOL ZAccl_sw Z-Axis accelerometer switch
0x07 BOOL BurstRead_sw Burst-read switch
0x08 BOOL XTemp_sw X-Axis temperature switch
0x09 BOOL YTemp_sw Y-Axis temperature switch
0x10 BOOL ZTemp_sw Z-Axis temperature switch
Ox11 BOOL Reset_sw Software reset switch
0x12 Pad_5 Alignment padding
0x13 USINT Tap_Citrl Averaging filter tap number
0x14 USINT DRng_Citrl Dynamic range selection

The main  application, namely the APPL_Application() routine (in
ADIS16364_IMU_ECAT_SLAVE.c, under stack) is triggered by an external hardware interrupt
by the ESC (DC mode)at t he rate of the defined Ether CAT c
ADIS16364 has 819.2 default sampling rate. So, the aforementioned EtherCAT frequency
results in redundant IMU transactions. To avoid this behavior there are two solutions. In the
first one, the master sets the external interrupts to be triggered at a lower frequency compared
to the default one of the Laelapsdé network. An a
application is to calculate the redundant cycles and with the use of a software counter bypass
IMU reads in the redundant triggers.
Briefly, the application sets the filtering and measurement conditioning settings that the
master requests, calculates the cycle bypass count and calls the IMUOpStateMachine() that
implements the bypass mechanism and reads the requested by the master IMU registers. The
described routine follows in the below code snippet.
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uint32_t

I

/I EtherCAT Loop Frequency in [Hz]

I

float CycleFrequency = 1000000000.0f / (

I

CycleTime = sSyncManOutPar.

/I Calculate Frequency Bypass Total Count

I

SamplingCount = ( uintl6_t )(CycleFrequency
exp2f (g_ActiveTaps)));

/ (ADIS_SMPL /

}

Il

/I EtherCAT non
Il

else

{
I

/I Reset Frequency Bypass Count

I
SamplingCount = 0U;
}

I
/I Run IMU Operation State Machine
1

IMUOpStateMachine(SamplingCount);

} /I End Of APPL_Application()

ADIS16375 EtherCAT Application

Likewise, the process data, presented in Table 4-9 and Table 4-10, are adapted to ADIS16375

- DC Mode Operation

u32Sync0CycleTime ;

float )CycleTime;

needs.
Table 4-9. ADIS16375 EtherCAT PDO-Inputs.
Index Sub-Index Data Type Name Comments
0x6000 RECORD READINGS

0x01 REAL XGyro_out X-AXxis gyroscope reading
0x02 REAL YGyro_out Y-Axis gyroscope reading
0x03 REAL ZGyro_out Z-Axis gyroscope reading
0x04 REAL XAccl_out X-AXxis accelerometer reading
0x05 REAL YAccl_out Y-Axis accelerometer reading
0x06 REAL ZAccl_out Z-Axis accelerometer reading
0x07 REAL XAngle_out X-Axis delta-angle reading
0x08 REAL YAngle_out Y-Axis delta-angle reading
0x09 REAL ZAngle_out Z-Axis delta-angle reading
0x10 REAL XLinVel_out  X-Axis delta-linear velocity reading
Ox11 REAL YLinVel_out  Y-Axis delta-linear velocity reading
0x12 REAL ZLinVel_out  Z-Axis delta-linear velocity reading
0x13 REAL Temp_out Temperature reading
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Table 4-10. ADIS16375 EtherCAT PDO-Outputs.

Index Sub-Index Data Type Name Comments

0x7000 RECORD IMU_CONTROLS
0x01 BOOL XGyro_sw X-Axis gyroscope switch
0x02 BOOL YGyro_sw Y-AXxis gyroscope switch
0x03 BOOL ZGyro_sw Z-Axis gyroscope switch
0x04 BOOL XAccl_sw X-Axis accelerometer switch
0x05 BOOL YAccl_sw Y-AXxis accelerometer switch
0x06 BOOL ZAccl _sw Z-Axis accelerometer switch
0x07 BOOL XAngle_sw X-Axis delta-angle switch
0x08 BOOL YAngle sw Y-Axis delta-angle switch
0x09 BOOL ZAngle_sw Z-Axis delta-angle switch
0x10 BOOL XLinVel_sw X-Axis delta-linear velocity switch
0x11 BOOL YLinVel_sw Y-Axis delta-linear velocity switch
0x12 BOOL ZLinVel_sw Z-Axis delta-linear velocity switch
0x13 BOOL Temp_sw Temperature switch
0x14 BOOL High_Precision High preCiSi?:OZinsor reading
0x15 BOOL DEBUG_LED Debug LED switch
0x16 BOOL RESET_IMU Software reset switch
0x17 UINT Dec_Rate Set decimation filter rate
0x18 USINT Gyro_FIR_Cirl Gyroscopes lowpass filter control
0x19 USINT Accl_FIR_Ctrl Accelerometers low-pass filter

control

The above-presented process data modules are easily expandable and adaptable to any
application. There are certain rules to follow that are partially described in the Excel file, in
which the app is constructed. The reader should certainly refer to these documents [45] [89]
for an in-depth understanding.

Likewise in the previous case, the same bypass mechanism is implemented and by calling
the IMUOpStateMachine() routine, the firmware reads the sensor registers that the master

has requested.

void APPL_Application (void )

{
I

/I Bypass Frequency Count

Il
uint16_t

I

SamplingCount = 0U;

/I DC Mode Operation Variable

I
const uintl6_t

Variable Initialization

DC_MODE = bDcSyncActive;
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46.6 EtherCAT PDO routines

Besides the main APPL_Application() routine described above, there are other two that
handle the data transaction between the MCU and the ESC. The routines are listed below:
1 APPL_InputMapping(). Performs the transfer of the ma s t enpudwarialles from the
Del finobds | cge&SCdemory to

1 APPL_OutputMapping(). Performs the transferofthema st er 6 s out put vari

theESCO6s memory to Delfinods.
Lastly, the APPL_GenerateMapping() declares the PDO data sizes and is configured by
measuring how many bytes each PDO tethers.

4.6.7 Interrupt Priorities

In an EtherCAT slave, the ESC triggers the interrupts with external singals (XINT interrupts)
when the former is configured to operate in DC synchronization. Section 2.2.4 points out that
there are three ISRs that handle the major routines of EtherCAT, namely SyncO_lsr(),
Syncl_lIsr() and PDI_lIsr(). These interrupts have the following mapping to the routines
mentioned in the previous section, when the slave operates in DC Synchronization mode:

1 SyncO_Isr() A APPL_Application()

1 Syncl Isr() A APPL_InputMapping()

1 PDI_Isr() A APPL_OutputMapping()

In the current section, their functionality is not discussed. They are investigated regarding
their interrupt priorities. According to the configuration provided by the Tl, the aforementioned
ISRs are mapped to XINT5 (INT12.3), XINT4 (INT12.2) and XINT1 (INT1.4), respectively.
According to Table C-1 (Appendix C), their core priorities are 16, 16 and 5, respectively. Since
they are organized in PIE groups, each one has an internal group priority. So the eventual
priorities are listed below:

1 SyncO_lIsr() has 16.3 priority
1 Syncl_lIsr() has 16.2 priority
1 PDI_lIsr() has 5.4 priority

In the current firmware setup, there are no other interrupts running. S o , the TI1 &s

configuration has been adopted.

468 Managing the Projectds Configurations

There are multiple configurations of the project that are managed with the Predefined symbols
in the Project Properties pane. In the above sections, each time that a configuration was
referenced the corresponding symbols were referenced, too. These symbols can be managed
inprojectos (Rriagpar tGleisc k o0 n> 2000 Cenpiterd-s Prédefined
Symbols), while a brief list is given in Table 4-11.

Table 4-11. Firmware's Predefined Symbols List.

Predefined Symbol Name Serves Comments
CPU1 System Choose run-time CPU
DEBUG System Choose debug style of compilation
INTERFACE_SPI EtherCAT Stack Choose SPlassl a vRD) s
_LAUNCHXL_F28379D System LaunchPad firmware configuration
USE_SPIA EtherCAT Stack Choose SPI channel for PDI use
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FLASH System Initialization from FLASH

RAM System One time initialization from RAM
ETHERCAT STACK EtherCAT Stack Enable the prescrlbegl EtherCAT Stack
- code files
CLA_ C/CLA P Linker Create CLA-specific linker sections

4.6.9 Compiler Information

The firmware uses t he V20.24LTXleif thewstfartdardan®ier faro mpi | e 1
the C2000 Delfino microcontrollers. The compiler optimization level is currently left to O (none).

In a future version, a higher level could be applied, but with due care, since it can lead to

heavily erroneous firmware run-time. These options are located inside the Project Properties

pane (Ri ght Cl i ck on>Plpertigslect 6s Name

4.7 Firmwareds Memory Management

To optimize and enlarge the portion of memory that the current application has at its disposal,

Tl 6 s d e frfdewhstmodifiednlk tee current firmware, the same custom linker file is used

as in the leg slaves 6 c(@estien 3.5.8). Here, the CLA capabilities are not required and

therefore, disabled with a simple definition changeintheinthePr oj ect 6 spaperRighter t i e s
Click on Pr ejAdvarcdl Optibha m&€ommand File Preprocessing and define

CLA_P =0 and CLA_C = 0). As for the stack and heap memory sizes (0x800 stack and

0x1000 heap), there are no specific requirements. So, the samesizeswi t h t he moti on c
firmware are used. For more details, refer to Section 3.5.8.

4.8 IMU Validation

The designed IMU EtherCAT slaves should be verified before their final integration on the

robot. This thesis investigates all of the components of the aforementioned slaves. The main

goals of the validation process are:
1. To verify the correct operation of the designed firmware.
2. Totestt he integration of the | MU slaves in the
3. To make an initial assessment of ADIS163xx general performance.

4.8.1 Experimental Setup

denchmark tests were designed and executed for both IMUs. Each one was compared to a

ground truth IMU with superior performance, namely the Xsens MTi-200 [90] (Figure 4-16). It

comes as a complete I MU solution that i ncorpor a
high quality inertial readings.

Figure 4-16. Xsens MTi-200 IMU.
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For the experiments, the Xsens IMU was mounted below the ADIS163xx, at the position
illustrated in Figure 4-17. To avoid complex frame transformations and other possible error
sources, the experimental setup was kept to the simplest possible. Note that the designed
testr i gbds ai m i s trect opemtion af the whold shaee, notqust the IMU as a
sensory package. If the primary target was the latter, a more sophisticated structure should
had been designed.

Figure 4-17. ADIS16375a c c e | e r o waddateon setup.

To validate the gyroscopes, random rotational movements were executed. As it will
becomeclearint he ex per i mthetestriy was eotated bly Isand in every axis. Near
the end of each experiment, a complex movement was executed to excite the gyroscopes of
every axis simultaneously.
On the other hand, to validate the accelerometers, the created test-rig was mounted on a
linear rail-guide, as Figure 4-17 illustrates. In the accelerometer experiments, the whole
structure was being moved, linearly, back and forth w.r.t. the rail. The particular orientation
(Figure 4-17) allowed the excitation of all accelerometers simultaneously. Note that in
ADI S16364 case, t her e was -ari®o In othrecwordsnthetwhote test-a t t he
rig was placed directly on the rail-guide, without the inclination structure of Figure 4-17. There
were some technical difficulties with TwinCAT 3 at the time that the inclination structure was
added and the experiments with ADIS16364 were not completed. So, for this IMU, the results
of older experiments are presented. Note that the only difference regarding the experimental
setups of the two ADIS163xx IMUs was thetest-r i g 6 s o0 (no iechinatiart).i o n
Tosynchronize the Xsens®é measurements with th
impacts were created at every experiment. Also, each experiment took few seconds, since the
IMUs have drift during their operation. So, as the time passes their measurements deviate
significantly.
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