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Abstract

Specific applications often require robots of small size for reasons such as costs,
access, and stealth. Small-scale robots impose constraints on resources such as power or
space for modules, but they still require great functionality to do challenging tasks such
as surveillance, urban search and rescue, application-specific sensing, robotic assembly,
etc.

This thesis develops a reconfigurable computing platform for small-scale resource-
constrained robots that allows rapid deployment of available hardware and software for a
specific task. Resource-adaptive control is introduced where control parameters can be
changed with respect to the resource usage such as power consumption, area, or
execution speed, as well as plant change. The use of a Field Programmable Gate Array
(FPGA) is essential in providing the flexibility in hardware for both sensor interfacing
and hardware-accelerated computation. In this study, reconfiguration is achieved by two
steps; static reconfiguration and dynamic reconfiguration.

This thesis utilizes reconfiguration technology in order to solve issues on resources
and functionality. Prior to executing a task, a robot needs to be equipped with necessary
sensors and actuators. This thesis introduces a new scheme of configuring a robot system
before deploying a robot into a field, which is called static reconfiguration. Static
reconfigurability of the hardware manifests itself in the form of a “morphing bus”
architecture that permits the modular connection of various sensors. It is a novel sensor
bus in the fact that no bus interface circuitry is required on a sensor side — the bus
“morphs” to accommodate the signals of the sensor.

Dynamic reconfiguration or run-time reconfiguration is performed in order to
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maximize the resource utilization in terms of power, area and speed while the robot is
executing tasks. A software architecture for hardware/software dynamic
reconfigurability is proposed and it provides for the reallocation of hardware and
software resources at run time as the mobile, resource-constrained robots encounter
unknown environmental conditions that render various sensors ineffective. A novel
strategy to search a configuration tree is presented and metrics for cost functions in the
tree are introduced. Resource-adaptive controller can modify control parameters, or
change the order of a plant model, or even choose a different control algorithm by

examining resource utilization during dynamic reconfiguration.
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l. Introduction

1.1 The resource-constrained robot

There are many robots in the field with different size and power (see Figure 1). They execute
different tasks with their own capabilities.

In [1], field robots are defined as robots that extend human’s sensing and/or manipulating
capability to a remote location. In my thesis, field robots are referred as robots which can operate
in difficult-to-access areas, and they are often required to do multiple tasks. Examples of field
robots would be a robot in nuclear plant, plume tracking [2], or urban search and rescue.

For specific applications, field robots often require small size for cost, access, stealth or other
reasons. Small-scale robots typically have significant constraints such as limited size or low
power, but they still require great functionality to do challenging tasks such as surveillance,

urban search and rescue. Also it requires adaptation capability for different environments.

Power

RWI ATRV-JR Honda ASIMO

Inuktun’'s VGTV

g i TerminatorBot

UMN Scout

Size

Figure 1. Various robots with different size and power.
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In this thesis, two examples of resource-constrained robots are introduced; TerminatorBot [3]
and a two-wheeled balancing robot.

In earlier work, a small-scale niche robot called TerminatorBot was developed for urban
search and rescue purpose. My contribution to this work was to find and design a powerful new
central processing board equipped with reconfigurable feature to replace an existing 8-bit

microprocessor. Different versions of TerminatorBot are shown in Figure 2.

(b) Core-bored search and (c) FPGA-based reconfigurable
computing platform

(a) Initial version

rescue version

Figure 2. Different versions of TerminatorBot.

TerminatorBot was a typical example of a field robot which requires reconfiguration feature
because of the following reasons.
* TerminatorBot has a small form factor for core-bored search and rescue operation.
e It cannot carry all the sensors available, but it can only be equipped with partial
sensors because of its small size.
* During run time, it can encounter unknown situation such as a broken sensor, an

obstacle, or a foggy view.

For the initial version of TerminatorBot, it had a large bulky tether connected to two external

PCs for motion control and vision processing. An Atmegal28 microprocessor [4] was used to



communicate with the external PC and drive motors. Atmegal28 is an 8-bit microcontroller with
128K Bytes in-system programmable flash memory, PWM channels, and 8 channel A/D
converters. The second version of the robot was aimed for core-bored search and rescue. This
version had a thinner tether for power, video, and command signals. The Atmegal28
microprocessor was adapted for motion control of 6 actuators. The external PC was still needed
for vision processing and Personal Digital Assistant (PDA) was used to provide kinematics and
user interface to command robot.

For the next generation of robot, both vision processing and motion control are integrated into
single chip by virtue of higher processing power of FPGA compared to the 8-bit microcontroller.
This version would be tetherless with battery power and wireless communication capability. It
still requires high performance to adapt different environment. However, heavy computational
tasks such as vision, motion control, etc often require more computational power than
conventional microcontrollers provide. An alternative to power-hungry, full-fledged CPUs for
small-scale robots to achieve such heavy-duty tasks is the relative power efficiency of hardware
acceleration. One way of providing this is to use Application Specific Integrated Circuits (ASIC)
which are custom-designed for a specific task. These, however, are often too constraining for a
general purpose robot. Each operation potentially requires a different suite of sensors and/or
actuators. Due to size and power constraints it is often not possible (or even necessary) to carry

all the sensors and actuators with it for all possible tasks.

Another example of resource-constrained robots is a two-wheeled balancing robot. The
balancing robot has dynamics similar to an inverted pendulum and is intrinsically unstable, and
it requires adaptive control to adapt the robot a changing environment such as plant parameter
variation. As a preliminary version of balancing robot the following figure shows one example

LEGO robot which was developed in our laboratory using LEGO Mindstorms NXT [5, 6].



The self-balancing robot has similarity with rockets or space shuttles in terms of stability
condition. Rockets are also inherently unstable and not easy to control a moving direction since
they generate propulsion from the bottom of them, which is pretty similar to the situation of
balancing a long stick with human’s hand. The dynamics of a rocket change even more
significantly when it is released at launch. One noticeable point about Rocket is that its mass is
changing as it consumes fuel, which means that plant parameters are time-varying and thus it

require certain kind of adaptive controller.

Figure 3. Photographs of LEGO balancing robot.

1.2 Reconfigurable computing

Reconfigurable computing was originally introduced in the late 1960s by Estrin et al. at
UCLA [7]. There has not been rigorous study because of lack of realizable reconfigurable
hardware. Reconfigurable chips such as Field Programmable Gate Arrays (FPGAs) have only
been around since the early 1990s for this kind of a computing platform. Papers with good
introductions and overviews of reconfigurable computing include [8-13]. They explain about the

trend, history, different methods, or tools in reconfigurable computing.



Reconfigurable computing has several advantages. First, it allows one to execute and test
more hardware than a physical logic gate limit and consequently it yields to conduct more tasks.
It also helps to save hardware resources or power consumption; otherwise additional hardware
will be needed to perform different tasks.

Another benefit is that it permits convenience in firmware update. With reconfigurable
computing, the firmware of a product can be updated later or certain feature can be added after

the product has been shipped.

1.3 FPGAs

A Field Programmable Gate Array (FPGA) is a type of user programmable digital logic
devices called Programmable Logic Devices (PLDs). A PLD is an integrated circuit that user can
program digital logic and various digital functions repeatedly. FPGA typically consists of
programmable logic blocks, interconnecting routing channels, and input/output pads as shown

below [14].

Routing
Channel

\i.

1FQ Pad

. . . . ..K Logic Block

Figure 4. FPGA structure.

y

The FPGA logic block can be realized in many ways. A basic logic block may consist of a 4-

input look-up table (LUT), and a D flip flop [14]. There is one output as shown below. The logic



block has four inputs and a clock input.

4| t |
Inputs — L[ﬁ“ D Flip Out
- F
Clock —s> 7

Figure 5. Logic block structure.

Control Algorithms were traditionally implemented using software platforms such as
microcontrollers or Digital Signal Processors (DSPs). In these software platforms control
scheme stored in memory is sequentially executed. In comparison with microcontrollers, FPGAs
provide parallel processing of modules to implement controllers and thus yield better
performance than microcontrollers with hardware-accelerated computation. DSPs are designed
to implement complex algorithms, but they are expensive compared to microcontrollers. In this

study, FPGA is used to implement digital controller to resolve both performance and cost issues.

1.4  Resource-adaptive control

Adaptive control has been historically used in process control dating back to 1951 when it was
proposed by Draper and Li [15]. They introduced a control system to maximize the performance
of an internal combustion engine in the presence of uncertainties.

Whitaker et al. [16] in 1958 researched adaptive aircraft flight control systems introducing
model reference adaptive control (MRAC) systems. A self-oscillating adaptive system was
considered by Li and van der Velde [17] in 1960. Astrom and Wittenmark [18] developed self-
tuning regulators (STR), which can be easily implemented using microprocessor and this control

scheme was widely applied in many control areas.



Zhang and Jiang [19] give an overview of adaptive control and reconfigurable fault-tolerant
control system and different mathematical tools are shown in the paper. Adaptive control is a
control technique to adjust controller parameters to adapt environmental changes such as plant
change or sensor uncertainties.

Compared to traditional adaptive control, resource-adaptive control is a new scheme to change
control parameters at run time in an FPGA. Approach in this thesis is to change the hardware
architecture of adaptive controller through FPGA reconfiguration. Resource-adaptive control is
proposed where control parameters are changed with respect to the resource usage such as power
consumption, area, or execution speed, as well as plant change. This strategy is applied in the
study of two-wheeled balancing robot. In resouce-adaptive control parameters are changed at run
time. Linear Quadratic Regulator (LQR) control was chosen to stabilize the robot, since it is a
full-state feedback controller and suitable to work with multiple-input multiple-output (MIMO)
system. Two feedback signals of the robot, position and tilt, are used for the LQR controller.
When there is any change in plant parameters which is causing instability of the robot and which
means change in robustness of the system, different Q or R values of the LQR controller are

chosen in order to meet design specifications.

The architecture of proposed resource-adaptive controller is shown below. A conventional
control system would be composed of a plant, actuators, sensors, interface logic and controller.
In addition to these classical blocks, resource-adaptive controller has the following functional
blocks.

*  ‘Environmental change detection’: While monitoring the system, this module detects any

change in plant, actuators, and sensors, for instance, plant parameter change, sensor
failure, or malfunctioning actuator.

*  ‘Reconfiguration mechanism’: From the result of environmental change detection, this



module will try to change control parameters, interface logic, or even order of plant
model.
*  ‘Reconfigurable controller’: It can change control parameters by way of reconfiguration

in order to meet performance requirements.

Environmental

Change
Detection
/ \ 4
k\ \ k Reconfiguration
Mechanism
Actuator Sensor
> > > > —
Interface Achialols Plant SSlSals Interface

Reconfigurable
Controller

Figure 6. Architecture of resource-adaptive controller.

Digital controllers are traditionally implemented by software running on microcontrollers or
DSPs. These processors execute operations serially in order to run algorithms. Compared to
these, FPGA provides concurrent processing of modules to implement controllers and will
potentially yield better performance than microcontrollers, even with hardware-accelerated
computation. FPGAs can also provide more flexibility than Application Specific Integrated

Circuits (ASIC), since ASIC are custom-designed for specific task. Reconfigurable computing



fits between the microprocessor and the ASIC, i.e. accelerating algorithms by implementing
them in hardware while achieving the flexibility to change the algorithm when required (see
Figure 7). Recent FPGA has processor core in it as well as logic blocks, for example, Virtex
series FPGA from Xilinx. Virtex-4 FX FPGAs could comprise up to two embedded PowerPC
405 cores. The IBM PowerPC 405 core is a 32-bit RISC CPU for use in custom logic

applications [20].

flexibility
General-purpose
processor
Programmable DSP
Reconfigurable
Computing / FPGA

Performance (Area/Power)

Figure 7. Tradeoffs between different paradigms of computation.

1.5 Problem description

This thesis develops a reconfigurable computing platform for small-scale resource-constrained
robots that allow rapid deployment of statically configured hardware and software for a specific
task.

Reconfiguration is essential for the following reasons: First, the robot has limited resources
such as battery power, small space, restricted RAM size, etc. Since the robot has battery power,

we may save power usage through reconfiguration if we can choose power-efficient modules and
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eliminate useless modules which consumed considerable power. The second reason is that the
robot needs to perform various tasks such as motion control, vision processing, sensor fusion, or
search and rescue operation. By way of reconfiguration, it could choose suitable configuration
for different tasks. For example, a robot might be used for searching collapsed building at one
moment and then for rescuing survivors the next. The other reason is that quality of service can
be improved such as task success rate or execution speed through reconfiguration.

Another issue regarding reconfiguration is the question of ‘When is reconfiguration
necessary?’. When task is changed, the robot may need to reconfigure to achieve the specific
task. Also, when the environment is changed, reconfiguration is required. For instance, when a
robot is moving from one terrain to another, it may reconfigure to adapt new terrain by changing
gait or reducing power usage. The change in the robot could be another reason for
reconfiguration, for instance, when sensor is broken or robot is not moving for any reason or the
mass of robot has been changed.

The following Figure 8 summarizes the need for reconfigurable platform with resource-

adaptive control.



Reconfigurable Platform

7
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Figure 8. Reconfigurable platform with resource-adpative control.

In this thesis, we propose and investigate a flexible low-cost high-performance system with
easy configuration. The system is designed around an FPGA framework that allows a user the
flexibility of using different devices without having to be concerned with the interfacing details.
It is based on the novel “morphing bus” concept [2, 21]. The novelty of this architecture is the
absence of interface logic on the side of the sensors and actuators with all the interface logic
being moved into the FPGA. The FPGA logic provides the dedicated hardware required to
achieve greater performance. The Virtex-II'"' Pro FPGA is used for this morphing bus. The
morphing bus uses static reconfiguration to interface devices prior to deployment. A prototyping
system was built to test its functionality.

I also propose a software architecture for hardware/software dynamic reconfigurability which
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provides for the reallocation of hardware and software resources at run time as the mobile,
resource-constrained robots encounter unknown environmental conditions that render various
sensors ineffective. I will characterize all the hardware/software components to drive rational
reconfiguration.

The difference between static and dynamic reconfiguration is illustrated in Figure 9. Static
reconfiguration, also called compile-time reconfiguration, is configuring a system before
dispatching a robot into a field. In contrast to this, dynamic reconfiguration, called run-time

reconfiguration, can configure a partial or whole system while run time.

Configure ——

(a) Static reconfiguration (or compile-time reconfiguration)

— | Configure —>

(b) Dynamic reconfiguration (or run-time reconfiguration)

Figure 9. Static and dynamic reconfiguration.

Resource-adaptive control is applied for two-wheeled balancing robot in order to adapt
changing environment or plant variation. A balancing robot has been modeled and this new
scheme is to change control parameters at run time or to reduce the order of plant model through

FPGA reconfiguration.



1.6 Related work

1.6.1 Reconfigurable computing in robotics

A system is described in [22] that has flexible I/O peripherals whose interfaces can be added
and modified by reconfiguring the embedded FPGA. However the only contribution that they
claimed in that system was that every pin on the chip they fabricated was identical and could be
controlled either as an input or output; either by the microcontroller or FPGA.

Rauma et al [23] proposed a system which takes parameters of bus width, number of modules,
number of registers etc and a software tool generates the correct structure for the control
applications. Templates were created for every module that described the interface to the bus.
This bus however was internal to the FPGA.

Guéganno and D. Duhaut [24] use the FPGA as an I/O card but use external interface logic
which our system seeks to eliminate completely.

In [25] a framework called ARCHITECT-R to design and program hardware for robots based
on FPGAs is presented. The aim of the project is to allow applications developed in CES (C for
Embedded systems) to be translated into hardware/software components, to be executed in a
microprocessor and hardware structures, both to be implemented in reconfigurable hardware.
This work implemented PID controllers in serial and parallel form. However unlike what is
proposed in this thesis, they had not dynamically reconfigured between them.

The YaMoR robotic platform [26] can be reconfigured both electrically and mechanically.
Reconfiguration of the electronics is achieved using the Spartan-3 FPGA with a Microblaze soft
processor. They use the module based flow to reconfigure the FPGA. The module is defined in
VHDL and synthesized by the user. They provide scripts for easily generating the corresponding

configuration bitstreams for dynamic partial reconfiguration. These scripts however are only
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valid for their specific robotic controller and are not general. They also allow the user the
flexibility to either implement the control software totally in software or have a mixture of
hardware and software. Their scripts will generate the appropriate bitstreams to configure the
device.

Paiz et al. used reconfigurable hardware in mini-robotic application [27]. Two application
examples are presented: reconfigurable digital controllers and image processing in robot vision.
They developed a mini-robot fabricated in Molded Interconnect Device (MID) technology
featuring an integration of electrical paths and components into the chassis.

Chakravarthy and Xiao [28] researched resource-constrained miniature robots with high
performance. They implemented Pulse Width Modulation (PWM) module and software PID

control algorithm, but they didn’t research dynamic reconfiguration yet.

The benefit of software-based computation over hardware-based computation is the ability to
reconfigure at run time. This Run Time Reconfiguration (RTR) of computation is the basis for
the flexibility and rapid growth of software-based solutions. But software requires a hardware
target on which to run.

FPGA chips can be reconfigured, too, but most only permit Compile Time Reconfiguration
(CTR). However, a new breed of FPGA chips, such as XC6000, Virtex-II Pro or Virtex-4,
allows Run Time Reconfiguration (RTR) of logic [29]. Furthermore, some of these new FPGA
chips, such as the Virtex-II Pro, have embedded microprocessor units (MPU), making it possible
to build power-efficient and highly reconfigurable system-on-chip designs. These systems
combine reconfigurable software, a power-efficient hardware target on which the software can
run, and reconfigurable hardware all on a single chip.

“hardware/software co-design” usually refers to methodologies that permit the hardware and

software to be developed at the same time - splitting some functions to be implemented in
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hardware for additional speed, while others are implemented in software to free up logic
resources. This is normally done offline. The combination of hardware/software co-design
techniques with online RTR capability at both the hardware and software levels can optimally
assign functions between the FPGA and software dynamically [30].

In order to achieve this level of RTR, the system specification must be partitioned into
temporal exclusive segments, a process known as temporal partitioning. A challenge for RTR is
to find an execution order of a set of sub-tasks that meet system design goals, a process known
as context scheduling. Several approaches can be found in the literature describing these
problems (e.g. [31]). All these approaches depend on performance and resource requirements of
the requisite sub-tasks to make an optimal tradeoff [30].

FPGA-based System-on-Chip (SoC) designs have been widely applied in digital system
applications and RTR research has been addressed by many researchers. Elbirt et al. explored
FPGA implementation and performance evaluation for the AES algorithm [32]. Weiss et al.
analyzed different RTR methods on the XC6000 architecture [29]. Shirazi described a
framework and tools for RTR [33]. Noguera and Badia proposed a hardware/software co-design
algorithm for dynamic reconfiguration [26]. FPGA power modeling and power-efficient design
have also been studied by various researchers [34-38].

Larson [39] studied gait adaptation which is also a kind of reconfiguration to change robot’s
gait with different terrain. She classified terrain to appropriately adapt gait. Gait bounce measure
was derived from vertical motion of tracked features during locomotion and then characteristics
of terrain were extracted from this gait bounce. Efficiency metric was used to show how terrain
classification may be used for gait adaptation. Zhao et al [40] investigated an FPGA-based PID
motion control system for small, self-adaptive systems. The tradeoffs between different designs
are discussed in terms of area, power consumption, and execution time. The characteristics can

be used to dynamically reconfigure the robot at run time.
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Yan Meng [41] presented an agent-based reconfigurable architecture and self-reconfiguration
platform for dynamic reconfiguration at run time by an embedded processor. However, they fail
to show experimental results of dynamic reconfiguration feature.

Ramacciotti et al [42] utilized dynamic reconfiguration methods to re-design control
electronics of a scientific space experiment module and showed better performance in terms of
area and power. Their experiments were limited by the capability of the ATMEL technology.

Danne and Bobda [43] did analytical research on dynamic reconfiguration of distributed
arithmetic controllers. They showed the architecture and task-graph of multi-controller and
analyzed the performance/resource trade-offs of distributed arithmetic implementation.

Paiz et al [44] showed a design flow for dynamically reconfigurable digital controllers using
System Generator from Xilinx. They developed system architecture in high-level descriptions,
but they failed to show concrete example of implementation for control applications.

To utilize the reconfiguration feature of FPGA, Blodget et al [45] introduced self-
reconfiguration platform using internal configuration access port (ICAP) and embedded
processor core inside of the FPGA.

Stewart et al [46] proposed a new software abstraction for designing and implementing
dynamically reconfigurable real-time software. They proposed programming model to provide
guidelines to control engineers for creating software modules by using port-based object.

Reconfigurable hardware in wearable computing is introduced in [47]. They presented a

concept and a prototype of a wearable unit with reconfigurable modules (WURM).

Basic tutorials on FPGA-based dynamic reconfiguration are shown in Appendix A. Other

researcher’s work on building partial reconfiguration flow is introduced.



1.6.2 Adaptive control and self-balancing robot

There is also continuous research on two-wheeled robots in recent years.

Robots similar to Segway have developed by a lot of researchers recently [48-52]. A hardware
design of a two-wheeled inverted pendulum mobile robot was described in [48, 50]. Inverted
pendulum type assistant robot (I-PENTAR) was described in [49]. The motion planning of
standing and sitting motions for the robot was proposed.

Adaptive control using LQR is developed by many researchers. Petersen [53] introduced gain
scheduled LQR to provide stability and robustness with respect to highly uncertain tire
characteristics and changing road conditions. The controller gain of LQR depends on the speed
which is gain scheduling. Gain scheduling was implemented by switching gain matrices.

Autonomous helicopter at MIT [54] used gain scheduling scheme for LQR synthesis based on
discrete switching of gain tables with a changing speed.

Budiyono [55] investigated a new Linear Parameter Varying (LPV) technique to do model
identification for small scale helicopter. The identification scheme employed recursive least
square (RLS) technique on the LPV system.

Adaptive LQR for Uninterruptible Power Supplies (UPS) was presented in [56, 57]. A
recursive least square (RLS) estimator identified the plant parameters which were used to
compute LQR gains regularly.

Automated controller implementation process using FPGA was shown in [58]. Control

methods such as PID, pole placement, LQR, LQG/LTR, and H,, are considered.



1.7  Thesis contributions

Contributions of this thesis are the following.

First, the design of a reconfigurable computing platform for small-scale, resource-constrained
robots is described. This platform adopts the morphing bus architecture for static
reconfigurability. The platform also incorporates an FPGA with CPU for hardware and software
reconfigurability. Application areas using this platform would be robotics, heterogeneous
wireless sensor networks, and wireless video sensor networks [59].

The second contribution is a new architecture of the morphing bus for static hardware
reconfigurability. This is a new bus architecture to interface devices without bus interface logic.
A software tool for configuration maintenance is developed.

The third contribution is a software architecture for hardware/software dynamic
reconfigurability for robotic applications in unknown environments. A new methodology to
choose an optimal configuration using a configuration tree is presented and metrics for cost
functions in the configuration tree are introduced. All the characteristics for each component in
the system are discussed in terms of area, power consumption, and execution time. The
characteristics can be used to dynamically reconfigure the robot at run time. A plant model can
be changed during run-time dynamic reconfiguration.

Finally an adaptive control scheme called resource-adaptive control is introduced in this study
and applied to a two-wheeled balancing robot. Resource-adaptive control is a new scheme to
change control parameters at run time in an FPGA and to change the hardware architecture of an
adaptive controller through FPGA reconfiguration. Modeling of the robot is established and
Matlab simulation of resource-adaptive control is conducted with a state-space model of the
system. LQR control was utilized to stabilize the robot. If there is any change in plant parameters

which are causing instability of the robot, different control parameters are selected in order to
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meet design specifications by way of FPGA reconfiguration.

1.8  Thesis organization

The organization of this thesis is as follows.

Chapter 2 explains static reconfiguration and the concept of morphing bus. It deals with the
tool developed to configure the morphing bus. Experimental setup to implement this concept is
illustrated here.

Chapter 3 explains general concept of dynamic reconfiguration which provides reallocation of
hardware and software resources at run time.

In chapter 4 resource-adaptive control is introduced with the case study of a balancing robot.
Modeling, simulation, and implementation of this control were explained in detail. Dynamic
reconfiguration is implemented for resource-adaptive controller.

Chapter 5 summarizes the ideas introduced in this thesis and concludes mentioning future

directions that might be sought.



Il.  Static reconfiguration: morphing bus

2.1  Introduction

Numerous bus protocols exist such as I’C, USB, PCL, VMEBus, etc. Some like USB achieve
plug and play capability by storing interface logic on the device. Thus the protocol is able to
query the device to gather interface information from it. Also logic is required for bus arbitration
in case multiple devices need to be serviced at any given time. This standard bus is depicted in
Figure 10.

The morphing bus exploits the static reconfigurability of the FPGA to provide an interface to
modular sensors and actuators without bus interface logic. As seen in Figure 11, the morphing
bus architecture gets rid of the need for interface and arbitration logic by providing a dedicated
rather than a multiplexed bus for each device with the flexibility to swap the position of each
device. The required data handshaking, data translation and signal processing is done on the

FPGA.

Bus-specific
Signals
Bus Bus Sensor/
CPU Interface -— Interface Converter Actuator
Standard Processor /0

Figure 10. Standard bus.
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FPGA /0

Figure 11. Proposed Morphing bus.

The bus is made up of circuit boards each of which is dedicated to only one or two sensors or
actuators. The main emphasis is that the boards should be of low complexity and thus small size.
Each board has electrical connectors at both ends. All the boards provide the same interface to
the preceding and succeeding stages. Thus their position in the bus can be swapped. Each board
uses as many bits of the bus as required to support the logic on that wedge and the remaining are
fed to the next connector of the next stage which in turn does the same and so on.

The input lines to a wedge are used as follows: few initial lines are dedicated to power and
ground. These are common to all circuit boards and run through all of them. Starting from the
next connection the wedge circuitry uses as many I/O pins as it requires. The remaining lines are
shifted to the output connector such that the unused lines are now immediately after the power
lines. Figure 12 shows an example of how the assignment of I/O of the FPGA takes place as
boards with different functionalities are added.

In Figure 12(a) the bare FPGA base board is shown. This is the heart of the system and in our
case consists of only the FPGA and supporting hardware along with a connector to start off the
bus. Figure 12(b) shows how the bus starts off. A camera plugged into the FPGA uses as many
pins are required and the rest are transferred to the start of an output connector. The motor driver
board uses 2 of these lines and passes the remaining in a similar fashion. Thus the FPGA pins
are assigned sequentially in the same order that the devices are being plugged in. If the positions

of two circuit boards in the chain are swapped, the pins of the FPGA connected to each device

21



will differ but overall the same pins will be used.

The morphing bus is designed for use in the TerminatorBot [3] and its structure is shown in
Figure 13. Because of the shapes of the wedges, when they are stacked up they take the form of
a spiraling staircase. To provide support to this structure mechanical reinforcements are provided.
Air is blown from the base upward, which follows the path along the spiral, cooling the ICs on
every wedge. The number of devices that can be connected in the morphing bus architecture is
limited by the number of available pins routed from the FPGA through the wedges, since each
board has a dedicated connection to an FPGA pin. This is ultimately determined by size of the
connector that can fit on each circuit board which in our case is limited by the size of the robot
this system is being used in. Also a large portion of the wedge is taken up by the pass through
routing of the unused lines, which again restricts us. However this is acceptable, since although
this places an upper limit on the number of devices, I have the great advantage of being able to
do without interface and arbitration hardware on the devices plugged in. Thus they can be very

small, ideal for deployed field robots.

22



(oo \\\\\\\\\

T O 0 I I

T coen Baseboard M Basehoard
Power %____ FPGA _,-—1—5 ! PW;«Wdeo
Lines I (L Line
s

s
A ™ _/f Capture

Ep M

thiy \\\\\\\\\\\\\\\ ool \\\\\\\\%

5%?5\\\\\\\\\\\%““ g k%xx\\\\\\%\ \-

LTI T I LLT] HHIHIIIIII

&b Baseboard W Baseboard
Pow Power

Video Vld PWWM \.w

Llnes Capt ure LLIHES Capture -

— /a’

T ,’f
— /z‘

|' /

Figure 12. Wedge diagram for morphing bus. (a) The FPGA base board. (b) When the first
circuit board is plugged into the base board, it uses some pins for the component supported and
the rest are routed through. (c - d) successive boards are plugged into previous ones, forming a

chain and all having direct connections to the base board FPGA.
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Another concern is that the boards are not hot swappable i.e. they have to be plugged in and
the device has to be configured before the system is turned on. This leads to complexity of
configuring the system prior to deployment, and dealing with module replacement at run time.
To simplify system configuration, a tools that takes in the order of the devices and HDL
interface descriptions of each and automatically generating a top level file and a corresponding
pin configuration file has been developed. These auto generated files can be used in the place

and route process.

(d)

Figure 13. TerminatorBot Morphing bus spiraling structure. (a) One wedge is connected to the
base board, starting off a chain where every wedge is connected to the previous. (b) FPGA base

board. (c) A single cheese wedge. (d) Two cheese wedges stacked one above the other.
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2.2 Tool for bus configuration

Plug and play based peripherals allow easy and quick system setup. However the devices on
the morphing bus do not use interface or arbitration logic, and thus do away with the extra
circuitry that allows the host to query the device. Due to this the control program has no way of
identifying the device type. This knowledge is essential as the FPGA routing and pin assignment
depends on it, to ensure that the appropriate module is interfaced to the sensor/ actuator.

A software configuration tool has been developed to support the morphing bus concept. The
tool has a database containing a library of modules in VHDL or netlist format which have been
individually compiled and tested. The devices connected to the bus prior to deployment, and the
order in which they are to be connected can be selected. Then the top-level .vhd and .ucf files are
generated. It automates the cumbersome task that would have to be performed manually
otherwise.

The tool is only concerned with the interface between the bus and the module instantiated in
FPGA logic. Thus even propriety FPGA cores can be included to handle processing

requirements of a device if I know the core interfaces to the external system.

2.3 Experiments and observations

In order to verify the functionality and the feasibility of the morphing bus, a prototype system
as shown in Figure 14 has been built. A Xilinx ML310 development board served as the
computing platform and base board. It contained a Virtex-II Pro™ FPGA. For the prototype
system a 20 bit wide morphing bus is used. The devices that I supported were a digital camera,

two motors with hardware PID position control, some LEDs and switches on boards to simulate
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other possible I/O combinations. One board consisted only of LEDs to simulate an output only
board on the morphing bus, a board of only switches simulating an input only device, and one
consisting of LEDs and switches for I/0. The motors had optical encoders, the outputs of which
were fed into the FPGA, and after processing signals are sent to the motors to control their
positions. Thus I feel that I had a rigorous setup to test the functioning of the bus. The camera
uses commands from the embedded PowerPC core to configure it, and then streams data into the
FPGA which handles the data synchronization and stores image data to memory. Image
processing algorithms could potentially be implemented.

Detailed information about hardware PID algorithm and schematic circuit diagram for each
module are shown in Appendix B [40]. It describes block diagrams of parallel and serial
implementation for hardware PID algorithm. Schematics of LEDs, switches and motors are also
presented.

I connected the modules in various permutations. Then using the automated tool I generated
the top level VHDL module. Using this I programmed the FPGA and tested that all the devices
in the bus were working as expected for the different device orderings. The tool freed up a lot of

time and effort that it would otherwise have taken to configure the bus.
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Base board with Virtex-1l pro™ FPGA

Module #4: Switches and LEDs

Module #3: LEDs

|

Module #2: Motor drivers Module #1: Digital camera

Figure 14. Morphing bus prototype.

The software for bus configuration tool is intuitive and easy to use. As shown in Figure 15 it
consists of two panels. The one on the left is the list of available devices that can be connected to
the robot, and the list on the right is that subset of those that are actually connected to the bus.
Modules can be selected from the database of available devices and added to the current bus
configuration. New modules can be added to the database, or old modules can be removed, and

the modified list can be saved to be loaded the next time at startup. Similarly different bus
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configurations can be saved and loaded.
Examples of two configurations are shown below. In Figure 15 we see two modules have been
selected and partial code is shown here, which was automatically generated for this

configuration.

i Morphing Bus Configuration Management

Devices Lisk Current Bus Configuration

cameraTest parallel motor controller
led wedge switch and led wedge

patallel motar contraller
switch and led wedge
switch wedas Add

|
Je=sl

Drawn

&dd Device Remaove from Bus

Remove Device Load Configuration Generate

i
i

Save Devices Save Configuration

entity toplevel is

port(

FPGA_LCD_DIR : out std_logic;

tl_Clk : in std_logic;

tl_FPGA_LCD_DIR_1 : OUT std_logic;

tl_mainbd_sw_1 : in std_logic_vector(2 downto 0);
tl_mainbd_led_1 : out std_logic_vector(2 downto 0);
tl_EN_M1 1 : out std_logic;

tl_PWM_M1 1 : out std_logic;

tl_EncA M1 _1 : in std_logic;

tl_EncB M1 _1 : in std_logic;

tl_EN_M2_1 : out std_logic;

tl_PWM_M2_1 : out std_logic;

tl_EncA _M2_1 : in std_logic;
tl_EncB_M2_1 : in std_logic;
tl_mb_ledl 2 out std_logic;
tl_mb_led2 2 out std_logic;
tl_mb swl 2 : in std_logic;
tl_mb_sw2_2 : in std_logic

R

end entity toplevel;

Figure 15. Morphing bus configuration management tool and Auto-generated code from the

current configuration.



Devices are listed in the code in the order they are in the bus configuration list. A new name to
be used at the top level is generated for every port signal of the modules in the list. This is to
ensure that there are no conflicts if a device is used multiple times — e.g. if more than one motor
or camera is used. The name consists of the original port name prefixed with “tl” for top level
and suffixed with a number corresponding to its position on the bus. The pin mapping .ucf file as

well as the port maps are also simultaneously written.
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I11.  Dynamic reconfiguration

3.1 Introduction

Partial dynamic reconfiguration is defined in [60]: “An important feature in the Xilinx
Virtex™ architecture is the ability to reconfigure a portion of the FPGA while the remainder of
the design is still operational. Partial reconfiguration is useful for applications that require the
loading of different designs into the same area of the device or the flexibility to change portions
of a design without having to either reset or completely reconfigure the entire device.”

A reconfigurable computing platform for a small-scale resource-constrained robot is
developed. Small-scale robots impose constraints on resources such as power or space for
modules, but they still require great functionality to do challenging tasks. The reconfiguration
enables them to choose a suitable configuration for different tasks. Also, Quality of Service
(QoS) such as task success rate or execution speed can be improved through reconfiguration.

I propose a software architecture for hardware/software dynamic reconfigurability which
provides for the reallocation of hardware and software resources at run time in the case of
environmental change or different task.

Here are some examples for TerminatorBot when dynamic reconfiguration is required.
Suppose navigation is being done with a camera, but it suddenly becomes very foggy, the
camera becomes useless. Then the hardware resources previously set aside for the camera can be
reconfigured for other sensors to compensate for the loss of sight through reconfiguration.
Another example is when a robot is manipulating an object, it can come close to the object using
visual servoing. After reconfiguration, it can use, for instance, force servoing to manipulate the

object.
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3.2 Platform for dynamic reconfiguration

In Figure 16, a reconfigurable computing platform is shown. An embedded processor monitors
the system performance and manages reconfiguration through a reconfiguration controller. Fixed
logic is determined by the first downloaded FPGA bitstream. An external memory contains the

database of component characteristics of resource utilization.

FPGA
Fixed logic
Reconfigurable
logic
Reconfiguration
controller

4L

External memory

Figure 16. Reconfigurable computing platform using an FPGA.

Figure 17 shows the flow chart of a dynamic reconfiguration scheme. From the result of an
initial static configuration, the system is already configured to have a limited number of sensors
and actuators. Given a task goal and an initial configuration, the robot will execute the
corresponding task. The embedded processor will keep monitoring the status of the robot. When
there is a need for reconfiguration, because of an environmental change or new task, a

reconfiguration controller will try to find a candidate configuration to meet the task goal. The
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database of characteristics, which contains hardware and software resource utilization is used to
determine valid configurations. When evaluating a potential configuration, metrics are required
to test the configuration to see if it meets a task goal. Then, reconfiguration with a new partial

bitstream will be performed.

Initial configuration Dynamic reconfiguration

Metrics for

<fj performance of

task execution

Choose v_alld conf_lgurat_lon « Configuration
from static reconfiguration pool

!

test valid configuration
with available resources
(area, power, speed, memory)

'

Find best-satisfying
configuration
to achieve task goal

'

Download full bitstream
and execute configuration

Need for
reconfiguration?

Find candidate configuration

eck if it mee
specific
task goal

<fj Metrics for
evaluation

Execute
reconfiguration

Figure 17. How to reconfigure.

The metrics for evaluating a given configuration, which is shown below, will be the function
of various elements including task success rates of the algorithms, execution speed, robustness
of the algorithms, etc.

(evaluation) = F{(task success rate), (execution speed),(robustness of algorithm), ...} (1)

At the evaluation stage, the power consumption of each module will be an important issue.
Power characteristics in the database can be utilized. Also, battery life can be monitored to

32



determine how much time is left to run the robot. Success rate of algorithms will be another
issue. The performance and robustness of sensors will be yet another measure. But, all these

metrics are highly task-dependent, so they need to be refined after certain tasks are determined.

3.3  Software architecture for dynamic reconfiguration

In a changing environment, dynamic reconfiguration is essential if a robot is to successfully
perform a given task. A new methodology to choose a better configuration is described in the

following.

Figure 18 shows a general framework to generate all possible candidate configurations. The
robot could have a different global task goal in a different situation. The robot needs to have
specific task goals, which can be termed a “local goal”, so that the potential configuration can
meet these specific criteria. Top level blocks to achieve a global goal are sensors, actuators, and
software algorithms, which are essential for the robot to execute any task. Solid lines are used
for these essential blocks which are located under the global goal. Because of the resource-
constraints, the robot can only use at any time a limited number of sensors and actuators. Even
though the robot has capabilities and performance to equip all the sensors available, the robot
could have limited sensors and actuators after the static reconfiguration. The dotted line below
the sensor block indicates multiple choices of different sensors. Each sensor needs to have an
actual hardware logic to interface the sensor and an algorithm to process the sensor data. The
locomotion could be implemented either in PID hardware or in PID software and the robot may
choose different gait motion to adapt to diverse terrains. The algorithms under the global goal
mean the integration of sensors and locomotion. In summary, the robot could have many

different configurations to accomplish the given task.

33



Local goal

.
[
.
..
.

.
[
.
.

. Local goal
Global goal
Tt rraaaL,,, Local goal
sensors Locomotion Algorithm
Sensorl | |Sensor2| | Sensor3 PID HW || PID SW algol algo2
HW1| |Algol| |HW2[|Algo2||HW3||Aigo3 gaitl gait2
R «.!'r_r ..... peodNYY
conf 1 conf 2 conf 3 ! conf4 | | conf5

Figure 18. General framework of choosing configurations.

3.3.1 Configuration tree

The configuration of a robot will vary depending on a given task or a surrounding
environment. Consider an example task which will help to understand the actual process of
finding the optimal configuration. A task such as ‘homing in a visual feature’ is chosen in this
case since an image processing module usually consumes considerable resources, thus creating a
need for dynamic reconfiguration. Specific task goals would be related to locomotion power,
success rate of the algorithm, and performance or robustness with different sensors.

In Figure 19, two methods of visual servoing are presented, which will be used in this
example task. With a user-selected feature, a user or supervisor points to a tracking feature with

a laser as shown in Figure 19 (a). A self-selected feature is shown in Figure 19 (b), a robot is
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trying to track an ellipse which is in back of the other robot.

(a) User-selected feature (b) Self-selected feature

Figure 19. Methods of visual servoing.

Selecting an optimal configuration from all possible configurations is based on searching a
tree-like graph which is similar to structure charts [61] because it is a top-down modular design
and has lines that connect modules . Branches in the tree are composed of method branches and
resource branches. In resource branches, resources can be allocated in the following ways:

1. static allocation
2. dynamic allocation
3. cooperative allocation

In static allocation, resources are determined at compile time when a robot is statically
configured. In dynamic allocation, resources can be assigned or removed at run time by using
dynamic reconfiguration. In cooperative allocation, a human is involved in the resource usage
and resources can be allocated at run time.

Method branches represent all the possible ways to implement the given task and one method

branch will be selected among all the method branches. Resource branches are comprised of all
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the available hardware and software implementations, and thus multiple resources can be
selected.

The constraint in this tree structure is that branches must terminate at resources since
combinations of available resources will eventually determine a candidate configuration. At the
end of branches all the resources will have cost functions related to the resource utilization and

functionality of the corresponding resources. Cost functions will be explained in detail in a later

section 3.3.2.

qetned g Dethoy
User Selected Buddy Fiducial Self Selected
Y \& S 2 3
y & 5 % .
& o> & % =3
Ellipse Ellipse
Feature Laser Spot Beacon Tracking Tracking
> > .
S &
Vision PSD

Figure 20. Example task of ‘homing in a visual feature’.
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Figure 21. Configuration tree with ‘user selected’ method.

Figure 22 displays a possible example of switching to a different configuration. In Figure 22
(a), a robot is using a KLT algorithm [62] for visual feature tracking. When there is any
environmental change and the camera is not functioning properly, the robot can reconfigure the

FPGA to use a laser spot for tracking as shown in Figure 22 (b).
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Figure 22. Different configuration for visual servoing.

Using the resource utilization and potential functionality of each component, cost functions
for each resource node are calculated first. Then, the optimal configuration will be chosen by
searching the tree with minimum cost functions.

The detailed bottom-up procedure to determine the cost values for each node in the

configuration tree is shown in Figure 23. The procedure is as follows:

1. Start assigning cost values for hardware or software implementation at the end nodes (Cl1,
C2, C3, ..., Cn), where n is the total number of hardware or software implementations.

2. Label cost values for resources at each end node (R1, R2, R3, ..., Rm), where m is the
number of available resources.

3. Transfer cost values to the upper node and combine cost values.

4. When combining cost values, add all the resources to cost values if there are existing
resources which are located at the same level of the tree.

5. Finish transferring cost values when they reach the top nodes.

6. The optimal configuration will be chosen by examining the cost values at the top nodes.
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Vision

Figure 23. Procedure to determine cost values in a configuration tree.

3.3.2 Metrics for the cost function

The functionality of each device will vary with a changing environment. Dotted lines in
Figure 23 indicate how the performance of a device affects the functionality of the
implementation and the cost values for the corresponding implementation will be dynamically
updated at run time. Thus, cost values are functions of functionality and resource utilization
measures.

In order to search the configuration tree, cost functions for each node need to be assigned. The
cost function not only includes resource utilization, but also includes functionality. If resource
utilization is only used for the cost function, the chosen configuration may not achieve the task

goal.
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Consider, for example, a camera. A camera requires use a lot of resources, such as a frame
memory or image processing algorithms, so that it will have a high cost value of resource
utilization. But a camera may be the best choice for feature tracking so that it will have the
lowest cost value of functionality. Therefore, cost functions will have the following relationships.

(cost function)= F{(resource utilization), (functionality)} ()
(resource utilization) = G{(power), (area), (speed), (memory), ... } 3)
(functionality) = H{(feature tracking), (laser detection), (gas detection),...;  (4)

The functionality value will vary dynamically depending on the situations. For example, when
it’s foggy, we need to find another configuration. This means that a camera is not functioning
well for feature tracking. So, the functionality value of the camera will be a higher value for this
foggy situation.

Some resources have strong relationships with functionality. For example, a camera will be
very effective at feature tracking, but a gas detector can not detect visual features. Some of the
resources, such as human, will not have concrete characteristics of resource utilization.

There are still challenging issues of quantifying the functionality of an implementation such as
feature tracking functionality of the KLT, or laser detection functionality of a position sensitive
detector (PSD).

In summary, all of these characteristics need to be tabulated in order to determine the cost

functions in a particular configuration tree.
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3.4  Experiments

3.4.1 Experimental platform

As a prototype system for the reconfigurable computing platform, experimental platform is
introduced and DC motor control is performed. The experimental FPGA based system is shown
in Figure 24. As shown in this figure, the required components of a complete system for motor
control include a trajectory generator, a PID module, a PWM module, an amplifier and motor, a
shaft encoder, and an encoder interface. The trajectory generator is implemented in software, the
PWM module and encoder interface is implemented on the FPGA, and the amplifier, motor, and
shaft encoder are external to the system. The PID module, which is the focus of this prototype

system, is implemented both in hardware on the FPGA, and for comparison, in software.
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Figure 24. FPGA experimental system.
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3.4.2 Functional test

A performance evaluation is meaningful only after the design is verified as functionally
correct. Each PID hardware design, which is shown in Appendix B, were implemented and used
to perform step response control of a motor. Additionally, a software implementation was
developed and tested. The same parameters and sampling period were applied to the hardware
PID implementations in the FPGA to perform the step response control tests. Experiment results
of step response control for all designs are shown in Figure 25.

To test motor control for each design, the motor was set to an initial position of 1000, then a
desired position command of 1200 was issued. From Figure 25, the horizontal dashed line is the
desired position, while the other curves are the real responses sampled from the encoder counter.
The results show that all the designs performed correctly and similarly. Response speed is fast,
overshoot is small, and static accuracy is high. The average rise time is 30.32 ms and the

standard deviation of the rise time is 0.7451. The steady state error is 0.
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Figure 25. Step response control experiment results.

3.4.3 Performance test

PID hardware design was implemented and used to perform step response control of a DC
motor. Additionally, a software implementation was developed and tested. Once the correctness
of the designs was verified, performance was analyzed. Xilinx provides a variety of performance
analyses, including resource utilization, speed, and power consumption, based on simulations of
the hardware design, as reported in [40]. Performance was based on these reports.

Resource utilization for each design was measured and analyzed, which is shown in Figure 26.
In one-channel and multi-channel serial designs, all arithmetic operations share one multiplier
and one adder, while in parallel designs there are 3 multipliers and 4 adders. Because of this,
serial designs have an obvious space advantage. However, some of this space savings is used up
with additional control logic.

Area and speed are conversely related. The advantages in area requirements shown for serial
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design are countered by their disadvantage in speed. While the datapath in the serial design is
shorter, thus the delay is shorter, more clock cycles are required. As expected, execution times
for serial design were longer, which is shown in Table 1.

Experimental results on power dissipation are shown in Figure 27 and Figure 28. Power
consumption is dependent upon the sampling and control clock frequency. Thus, to compare
power performance, motor commands were generated and the PID module was run at various
frequencies. The test data obtained in the step response experiments were used as input to the
hardware simulation of each PID design. In multiple-channel designs, for the same sampling
frequency of 0.12MHz and control clock frequency, power dissipation increases linearly as the
number of channels increases. It was expected that for the same sampling frequency and
execution time, the multiple-channel parallel based design would consume less power, because
the clock frequency of the parallel based design is lower. For one channel, the parallel based
design does consume less power; however, for a large number of channels, the parallel-based
design consumes more power than the serial-based. The result also shows that for the same
sampling frequency, the channel-level parallel design with a serial PID unit consumes the least
power, but the area requirements of the channel-level parallel design rapidly exceed the capacity

of the FPGA as the number of channels increases.
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Figure 26. Area comparison of multiple-channel designs.
Table 1. Clocks and execution times of designs.
Designs One-Channel Multiple-Channel (CLS)
Parallel Serial Parallel Based | Serial Based
Clock period | 44.270 ns 29.146 ns 48.955 ns 29.816 ns
(=50) (=30) (=50) (=30)
# of cycles 1 4 2 6
Sample period | ~50ns ~ 120 ns ~ 100 ns ~ 180 ns

45




500 -
450 -+
400 -
350 -
300 -
250 -
200 -
150 -
100 -
50
0 : : : ‘ ‘ ‘ ‘
0.001 0.012 0.12 0.25 05 125 25 6.25 8.333

—=— Serial

—e— Parallel

Power (mw)

Sampling frequency (MHz)

Figure 27. Power dissipation of one-channel serial and parallel design.
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Figure 28. Power comparison of multiple-channel designs.

3.4.4 Discussion on performance analysis
In this experiment of prototype system, preliminary work was conducted to explore control
system design for a resource-constrained robot based on an FPGA technique. Parallel and serial

architectures of the PID control algorithm were designed and implemented for one-channel and
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multiple-channel architectures.

Performance tests show that for a small number of channels, channel-level parallel design
with serial PID has the smallest area and consumes the least power. For more channels, the
channel-level serial design with serial PID has the smallest area requirements and the channel-
level parallel design with serial PID still consumes the least power, but the area requirements of
the channel-level parallel design with serial PID increases very quickly.

In order to adapt different environment, robot doesn’t need to choose one design to achieve
one performance goal, for example, maximum power. On the contrary, robot could change
designs or reconfigure the FPGA fabrics to adapt different situation considering all the trade-offs
such as circuit area, execution speed, and power consumption, and robot could find optimal

configuration for various condition.

47



IV. Application of resource-adaptive control

4.1 Introduction

An adaptive control scheme, called resource-adaptive control, is applied in this study for a two-
wheeled balancing robot. In resource-adaptive control parameters are changed at run time.
Linear Quadratic Regulator (LQR) control was chosen to stabilize the robot, since it is a full-
state feedback controller and suitable to work with multiple-input multiple-output (MIMO)
system. Two feedback signals of the robot, which are position and tilt, are used for the LQR
controller. When there is any change in plant parameters which is causing instability of the robot,

different Q or R values of the LQR controller are chosen in order to meet design specifications.

4.2  Plant modeling and state-space equation

The modeling of a two-wheeled autonomous robot is explained in Appendix C. The equations of
motion for the wheels are obtained and the free-body diagram of the robot and chassis are
depicted. The continuous state space equation and the transfer function of a robot position and an

applied input toque are obtained.

Given the following values for each parameter written in MATLAB code, poles and zeros of

the transfer function can be obtained from the open-loop transfer function, equation (38).

1
o

Mp % Mass of the robot"s chassis

Mw = 0.2; % Mass of the wheel

48




km = 0.04; % Torque constant
ke = 0.005; % Back emf constant
ip = 0.0005; % Inertia of the robot"s chassis
iw = 0.0005; % Inertia of wheel
Rm = .5; % Motor Resistance
= 0.03; % radius of the wheel
L =0.1; % distance between the center of the wheel and the robot"s
% center of gravity
g = 9.8; % gravitational accelerations

X(s) 0.0147s> —1.3067 )
V.(s) 0.0044s"* +0.0024s> —0.6152s> —0.2178s
, where X(s) represents the robot position and V,(s) is the applied torque input.
The state space equation for the open-loop system is calculated as:
[0 1 0 0 0
0 -0.5549 55612 0 3.3291
A = B =
0 0 0 1 0 ‘
10 -5.0441 139.6469 0 30.2648 ©)
1 0 0 0 0
C= D=
0 0 1 0 0

The state space equation for a closed-loop system can be obtained with the following LQR

parameters [63].
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[0 1 0 0 0 (7)

1489 518 -983 —10 -148.9
A. = B, =

0 0 0 1 0
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c Jr oo 0} b :m
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The closed-loop transfer function can be calculated as,

X(s) -1495> +13264
V.(s) s*+40s° +6555> +4619s+13264

®)

Table 2 shows the values of poles and zeros of the open-loop and closed-loop system with
different values of mass. As shown in Table 2, the open-loop system includes one right-half-
plane pole located at 11.7201 with initial mass. This means that the system is unstable with an
open loop case. With increased mass the open-loop system has larger value of a pole located at
20.995 which means a larger oscillation frequency which might be caused by the bigger mass.

The open-loop system also has one negative pole at -0.3528 which represents the velocity of

the robot, in addition to the negative conjugate pole. This pole located at left-half plane has
smaller magnitude with respect to the increased mass, which means slower velocity of the

robot.
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Table 2. Poles and zeros of the system.

Initial mass, M , = 0.5

Increased mass, M , = 3

Open-loop

system

Poles =[0; 11.7201; -11.9212; -0.3538]

Zeros = [9.4388 ; -9.4388]

Poles =[ 0;-21.4290; 20.9950 ; -0.1183]

Zeros =[9.8180; -9.8180 ]

Closed-loop

system

Poles = [-13.9734 + 8.5762i;
-13.9734 - 8.5762i ;
-6.0266 + 3.6088i;
-6.0266 - 3.6088i]

Zeros =[9.4350; -9.4350]

Poles =[-21.8851 + 5.9720i;
-21.8851 - 5.97201;
-4.1513 +3.2441i;
-4.1513 - 3.2441i]

Zeros =[9.8245 ; -9.8245]

Pole-zero plot is shown in Figure 29. In the figure, the open-loop system has one pole in a
right-half plane which means unstable nature of the robot similar to inverted pendulum.
Introducing LQR controller, the closed-loop system relocates all the poles to a left-half plane and
makes the system stable. One might try to use different techniques to balance the robot, for
example, PID control, root locus method, or frequency response method, but those methods fail
to stabilize the robot since they can just control one variable, such as, a tile angle not the robot’s

position [64].
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Figure 29. Pole-zero map for the system.

The root locus of an open-loop system with Mp of .5 shows that there is always one right-half-

plane pole with a unity feedback closed-loop system (refer to Figure 30). This means that a

simple unity feedback system with any proportional gain cannot guarantee stability for the

system.
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Figure 30. Root locus for the system.

4.3  Simulation of resource-adaptive control

MATLAB simulation of the proposed adaptive control scheme is shown in this section. As an
example of a plant parameter change, the mass of a robot chassis is considered to be changed. A
mass is usually an important factor in adaptive control since an aircraft or a space shuttle, for
example, is consuming fuel during its flight and its mass would decrease. When there is any
change in the plant parameter, the performance of the robot can be varying. In the case when
extra mass is loaded on top of the robot, it is expected that since the center of mass has moved to
an upper location, the robot would have more oscillation and longer settling time. The next
figure shows the increase of the rise time and settling time for the robot position when the mass
of robot chassis is increasing. This means that when there is any increase in the robot mass,
performance criteria does not meet at some instance, which requires suitable control technique to

recover to the original performance.
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Figure 31. Rise time and settling time for robot chassis w.r.t. the mass change of robot chassis.

4.3.1 Simple adaptive control scheme

A simple adaptive control scheme is presented in order to deal with plant changes. Here is the
simulation algorithm which performs LQR control and tries to adaptively modify control
parameters when it detects any performance degradation. This simulation algorithm will be

verified using MATLAB and then will be implemented in microcontroller and finally in FPGA.
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Figure 32. Flowchart of the simulation of adaptive LQR controller.

4.3.2 Simulation flow of adaptive LQR controller using MATLAB

Here are the detailed steps to simulate the LQR controller for this system using MATLAB

Performance criteria for this specific case were a rise time should be less than 0.4 second and a

55



settling time needs to be less than 1 second. ( Tr < 0.4 and Ts < 1.0)

1. Build state space model (A,B,C,D) for open-loop system
2. LQR controller for closed-loop system
a. Assign initial values of Q, R matrix
b. Run ‘Iqr’ library routine to obtain K matrix
c. Ac=A-B*K
d. State space model(Ac,B,C,D)
3. Nbar calculation to adjust reference input
a. Run ‘rscale’ user-defined routine to calculate Nbar
b. Bcn =Nbar*B
4. Step response
a. Generate Time (T), Input (U) matrix
b. Run ‘Isim’ library routine using the model(Ac, Ben, C, D)
5. Measure performance
a. Run ‘stepspecs’ user-defined routine to find settling time(Ts) and rise time(Tr)
b. If Ts or Tr does not meet criteria, change Q or R parameter and calculate settling

time and rise time again.

In Figure 33, magnitude of the step input is changed every 6 seconds and system performance
is measured and displayed. The mass of a robot chassis is changed from 0.5 Kg to 3 Kg at 4
seconds. At the time of 6 seconds, settling time is greater than 1 second which means system
performance does not meet design criteria. Therefore, at the time of 8 seconds, R value of LQR

controller is changed from 1 to 0.6, and then at the time of 12 seconds, the system shows
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reasonable performance which meets design criteria.
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Figure 33. Graphical output of the step response of LQR controller when using MATLAB.

4.4  Solving algebraic Riccati equation using VisualC

Before implementing LQR control in a microprocessor, it was verified using VisualC software.
In order to implement LQR control in a microprocessor, K vector needs to be calculated by
solving an Algebraic Riccati equation [5, 65]. CLAPACK [66] is a C language version of
LAPACK which provides routines for solving linear systems, eigenvalue problems, associated
matrix factorizations, etc. CLAPACK, version 3.1.1 for windows, was used to solve an Algebraic
Riccati Equation. An environmental setup to compile a source code in VisualC is explained in
Appendix F. Source code to implement LQR control using CLAPACK library and VisualC

software is attached in Appendix G and the result of execution is displayed in Appendix H.
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4.5 Implementation in Atmel microcontroller

After fixing several coding errors, LQR control in a microprocessor was implemented.
ATmegal28 from Atmel [67] was chosen as a microcontroller since it is one of powerful 8 bit
microcontroller and has enough features for this work. It provides the following features: 128K
bytes of programmable flash, 4K bytes EEPROM, 4K bytes SRAM, four Timer/Counters with
compare modes and PWM, 2 USARTSs, 10-bit ADC, etc. Here is the functional block diagram of

the software flow for the robot. Blocks within the dotted lines were implemented in Atmel

microcontroller.
. ! $ !
Gyroscopic : > !
Sensor :L p — Left Motor >
! Integration > LQR !
E Control E Wheels
E x System i )
Motor i > —> Right Motor >
Encoder ! L _ i, X !
: Differentiation > :

Figure 34. Functional block diagram of wheeled balancing robot.

4.6 FPGA reconfiguration

4.6.1 FPGA Implementation of resource-adaptive control

Hardware block diagram for resource-adaptive control using FPGA are shown below. While a
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PowerPC (PPC) processor is continuously monitoring the performance of the robot and stability,
gain matrices for an LQR controller will be updated by solving an Algebraic Riccati Equation. A
plant model can also be attempted to be changed to a reduced-order model to achieve the
required performance by reconfiguring the FPGA. Reconfiguring a whole controller can also be
considered, but controllers usually tend to provide similar performance when the states of a
system are given. Replacing a controller can be reasonable when there is any resource issue, for
example, when one controller is occupying too much of FPGA areas and there is a need to free

up some of logics.

FPGA
PPC core
DC motor and
Encoder Interface _ Measure
Performance
Static
Logic
gales Reconfiguration
Mechanism
Gyro sensor N
and Interface .

- : Reconfigurable Logic
A

. Static Logic

Figure 35. Basic hardware block diagram of FPGA implementation.

Here is an in-depth hardware block diagram to implement dynamic reconfiguration using

FPGA.
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Figure 36. Detailed hardware block diagram of FPGA implementation.

Refering to Figure 36, the following are specific modules which are to be implemented in

FPGA chip.
¢ Static logic

PWM Logic: This module generates pulse-width-modulated output signal to drive a motor.
High Width Generator: The output of an LQR controller is digital data. High width generator
module calculates the width size of a high state pulse.
Motor Encoder Interface: This module builds digital signals of motor position from A and B
phase of an encoder.
Differentiation: It can generate velocity information from motor position.
Integration: It can make tilt angle of the robot from angular velocity of a robot body.
UART: A serial communication module can be used to debug the board and communicate with a

host PC.
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VCM: A Virtex configuration manager will be used to configure the chip during a
reconfiguration stage.
Clock Divider: This module generates slower clock from the main clock.
ICAP: Internal Configuration Access Port should be instantiated in order to use a
reconfiguration feature in a Xilinx FPGA. ICAP provides a port internal to the FPGA for
configuring the FPGA device.

¢ Reconfigurable logic
Gain Matrices: This module includes Q, R, K, and T matrices which need to be updated during
reconfiguration. First, the LQR controller will load the Q and R matrices and calculate the K
matrix. Then an old K matrix will be updated with the new one. T matrix is used to calculate
new state vectors with a reduced-order plant model.
Plant Model: In the adaptive LQR controller, a plant will be modeled with various orders.
Depending on the decision of reconfiguration mechanism, different order of a plant model will
be chosen and an FPGA logic will be reconfigured with corresponding order of a matrix.

¢ Power PC (PPC) microprocessor core
Measure Performance: This routine will measure the performance of a robot which includes a
rise time and a settling time. Depending on the criteria, it will generate a suitable command to
the reconfiguration mechanism whether to change values of Q, R, and K, or to change the order
of a model.
Reconfiguration Mechanism: This module will actually perform reconfiguration according to

the output of performance-measuring module.

In order to achieve partial reconfiguration the following software tool chains are required to

be installed.
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* Xilinx ISE 9.2i SP4

*  Xilinx Partial Reconfiguration Patch for ISE 9.2i SP4
*  Xilinx PlanAhead 10.1i

*  Bus Macros

e  Xilinx Platform Studio EDK 9.21

Xilinx PlanAhead software is used to floorplan a design, assign partial reconfiguration region,

and then implement partial reconfiguration flow by using ExploreAhead feature of PlanAhead.
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4.6.1.1 Integration module for implementation

Here is a block diagram for integration which will be used in the design of FPGA
implementation of resource-adaptive control. Trapezoidal Rule was used to implement the

hardware version of numerical integration.

o/ @ b-a)

f@+ /) o

4
2
0
-2
Figure 37. Numerical integration using trapezoidal rule is expressed in discrete-time domain.

(b-a)
2

Yy =Vt {f(a)+ f(b)} (10)

, where y, indicates the numerical integration at the index of n. a and b are the points in a

small trapezoid.

Hardware block diagram of numerical integration is shown in the following Figure 38. This
block diagram will be implemented in an FPGA chip. The current value of gyroscope sensor will
be added with previous one. The result will be multiplied by 4/2 which is small time division.
h is the sampling period. The result of multiplication will be added with previous result of
multiplication. Finally the calculated output will be the numerical integration of gyroscope
sensor data which represents tilt angle.
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Figure 38. Hardware block diagram for implementing numerical integration.

4.6.1.2 Differentiation module

A simple differentiation using two points was used in this implementation.

zf(x*‘hz_f(x) (11)

J'(x)

, where f(x) represents position value from motor encoder. /4 is the sampling period for each

position value.
In the following numerical differentiation block diagram, current value of position is

subtracted by previous one and the result is multiplied by 1//4 . The output of multiplier

represents velocity which is numerical differentiation of position.
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Figure 39. Hardware block diagram for implementing numerical differentiation.

4.6.1.3 VHDL module for LQR controller

A control input to the plant in a LQR controller is given below.

u=—Kx+Nr (12)

, where u represents a control signal for the plant and 7 is a reference signal to the plant. N
is introduced to compensate the problem of non-zero steady-state error with an LQR state

feedback controller.

—> N | Plant f———p
T
~K

Figure 40. LQR state feedback controller with a compensation block.

Figure 41 represents hardware block diagram for implementing LQR state feedback controller
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and the output u# of this module denotes a control signal for the plant.

MPL1

K(1)
ADD1

X(1)

MPL2
K(2) —»
ADD3
X(2) —»] -

MPL3

K(3) — ] £oos

ADD2

X(3) —m

MPL4 MPL5
K(4) —»| N —»

X(4) —» r

Figure 41. Hardware block diagram for implementing LQR controller.

4.6.2 Dynamic reconfiguration

The following example is to change a plant model during run-time dynamic reconfiguration.
While a Supervisor module will constantly check the performance of the robot, it can generate
the command of selecting a different plant model and feed input to a configuration manager
module. The configuration manager will try to load a new plant model into a memory. When
finished the calculation of a new plant model, there is a command to switch a plant model and

the system will have the new plant model which might provide better performance.
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Figure 42. Run-time dynamic reconfiguration of plant model.

Reconfiguration will be achieved by the following three strategies.

1. Change LQR control parameters:

While running a LQR controller, if there is any need to change gain matrices by

measuring the performance, gain matrix K will be updated to meet the design specification.

2. Change the order of a model:

If the system is still performing poorly though the gain matrix was changed, reducing

the order of a plant model can be attempted.

3. Change a controller:

When there is any resource problem (such as FPGA logic area, power usage, or

speedup of logic), a controller can be changed. For example, parallel PID hardware
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algorithm can be exchanged with serial PID implementation in order to secure more logic

space and reduce power consumption [40].

4.6.3 Plant model reduction

In this section plant model reduction which is one way of dynamic reconfiguration to achieve
better performance is explained. A state space equation for an open-loop system was shown in

equation () which is fourth-order system:

0 1 0 0 0
e 0 -05549 55612 0|  |33291
o 0 0 1 | o
(13)
0 -5.0441 139.6469 0 30.2648

(1 0 0 0 0
C= D=
0 0 1 0} M

A new plant model with the reduced order of three is derived using square-root balanced

truncation method [68] and specific steps of calculation to build the following third-order system

are shown in Appendix J.

[-0.3541 0 0 2.4494
A, = 0 11.6539 0.6924| B,, =|2.3268
|0 1.1155  0.0663 2.2326
[-2.4494 -0.2662 2.9864 0
Cyi = D, = (14)
| 0.0002  0.5053 0.0300 0

totbnd = 0.1044

,where fotbnd indicates a bound for the infinity norm of an error between original and reduced

model.

Parameters for the LQR controller can be obtained as shown below.

68



11999 1304 -14630
0,,, =2000xC,,,'C,,, =| 1304 652 -1560 | R,, =R=1

(15)
-14630 -1560 17839
K,, =[93.7535 58.9185 -130.7624]
Another plant model with second-order system can be also obtained as follows:
4 = -0.3541 0 B - 2.4494
MU0 1.7953e-15] M7 |-2.4495
co -2.4494 -2.4495 D - 0 (16)
M2 712.4468¢-004 -3.0184¢-016 M0

totbnd =0.3269

Parameters for the LQR controller for the second order system can be obtained as shown

below.

2000 r B 11999 12000 o
Our = XCyy Cyy = M2 =

12000 12000
K,, =[-104.0638 -109.5445]

(17

Bode plot of original open-loop system and reduced-order systems are displayed in Figure 43
and Figure 44. Regarding the first output of bode plot, which is the position of the robot, both of
the reduced-order systems show little difference from the original system in magnitude response.
But for the second output, which is the tilt angle of the chassis, the third-order system shows
about maximum of 20 dB deviations from the original system but the second-order system

indicates about maximum of 60 dB differences in magnitude.
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Figure 43. Bode plot of the original fourth-order model and the reduced third-order model.
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Figure 44. Bode plot of the original fourth-order model and the reduced second-order model.
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Simulation results of step responses for the reduced-order model are investigated using
MATLAB. The following figures show the step response of the original fourth-order model and
reduced-order models with LQR control, where Matlab is used in this simulation. These
responses indicate that the initial backward motion of the robot goes smaller and the swing width

of the tilt angle lessens as the order of plant model reduces.

Step Response of Original Fourth-order Model
0.6 . . . . . . .

0.4+

0.2+ B

0.2} i
0.4} 7

-0.6+ |
robot position
tilt angle

_08 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time (s)

Figure 45. Step response of original fourth-order model (rise time: 0.2960, settling time: 0.6147).
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Step Response of Reduced Third-order Model
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Figure 46. Step response of reduced third-order model (rise time: 0.4844, settling time: 1.4048).

Step Response of Reduced Second-order Model
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Figure 47. Step response of reduced second-order model (rise time: 0.2206, settling time:

0.6114).
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4.7  Experiments and observations

4.7.1 Experimental platform

In order to verify the functionality of resource-adaptive control, a balancing robot has been built
using FPGA board as shown in Figure 48. Digilent FX12 FPGA board with Xilinx Virtex-4
FX12 FPGA served as the main platform and processing unit. Two sensors are used in this robot.
One is gyroscope sensor ADXRS401 from Analog Devices and it can measure angular rate with
a range of £75 °/s. The other one is accelerometer sensor ADXL203 from Analog Devices and it
can measure acceleration with a full-scale range of £1.7 g. A robotic frame was selected from
Digilent robotic kit which includes rugged metal frame with holes and two 1/19 ratio
motor/gearbox with ABS plastic wheels. For motor amplifiers Digilent PMOD HBS5, H-bridge
motor amplifiers were used which also includes encoder circuitry. For Analog-to-digital (A/D)
converter, Digilent PMODADI has been chosen. It has two 12-bit A/D converters with a
maximum sampling rate of one million samples per second which is fast enough for the most

robotic applications.
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Figure 48. Two-wheeled balancing robot using FPGA board.

Figure 49 shows an example image to gather sensor information. The screen capture of Xilinx
Chip Scope Pro software displays how to obtain the data of gyroscope sensor and the sensor data

are intrinsically noisy and typically drifts over time.
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Figure 49. Data capturing of gyroscope sensor for 6.72 seconds when the robot is stationary

upright position.

4.7.2 Experimental results of reduced-order models
4.7.2.1 Step responses without any load

Experimental results of step responses for different plant models are investigated. In this
experiment there is no load to the motors, which means that a robot doesn’t have any contact
with ground and it’s in the air. The following figures show the step response of the original
fourth-order model and reduced-order models with LQR control, which is conducted in Virtex-4
FPGA board. LQR controller was implemented in FPGA board written in VDHL and encoder

data are captured using Xilinx Chip Scope Pro software. Experimental results show that both the
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rise time and settling time decrease with reduced-order model.

Step Response Output
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Figure 50. Step response of original fourth-order model (rise time: 1.0592, settling time: 1.4674).
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Figure 51. Step response of reduced third-order model (rise time: 0.8851, settling time: 1.2130).
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Figure 52. Step response of reduced second-order model (rise time: 0.8685, settling time:

1.1750).

4.7.2.2 Step responses with load

The following figures show an example of step responses of the robot with load. At this time a
robot is on the ground and moving around. Thus output signals contain high frequency noise and
spikes. Step input was employed at time 3 seconds and zero input was again applied at time 11
seconds. All those output figures show noisy data due to the intrinsic nature of balancing robot.
As the order of robot model is reduced, the output indicates a little bit higher magnitude of step

response and more perturbation or sway.
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Figure 53. Step response of the robot with load (fourth-order plant model).
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Figure 54. Step response of the robot with load (third-order plant model).
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Figure 55. Step response of the robot with load (second-order plant model).

The following figure represents tilt angle of the robot while conducting step response experiment.
Since the robot is continuously balancing itself, the tilt angle data are pretty noisy and centered

at zero angle.
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Figure 56. Capturing of tilt information of the robot during step response experiment.

4.7.3 Experimental results of plant change
In this experiment the mass of plant has been changed. More mass of 200g was added to the
robot in order to examine any change in system performance with plant change. From the result
of simulation, slower rise time and slower settling time can be expected, but it’s not easy to
identify those properties from the experimental results. The following figure shows a step

response of the robot with same step input profile as previous experiment. It shows even less

noisy position values at steady state.
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Figure 57. Step response of the robot with added mass (fourth-order plant model).

4.7.4 Experiment with LEGO balancing robot

Experimental results with LEGO balancing robot are shown in this section in order to
compare the result with FPGA board.

First experiment is to control the self-balancing robot while maintaining its position. The
following measurements are used to control the robot; angular velocity, angle, position, and
velocity of the robot. Angular velocity is obtained from gyroscopic sensor and the tilt can be
calculated by numerical integration. Position of the robot is measured by encoder of the motor
and velocity of robot can be computed by numerical differentiation. All of these four
measurements are being used to determine driving power for the two motors.

Source code for stationary self-balancing robot is shown in Appendix K and detailed
specification of LEGO Mindstorms NXT is shown in Appendix L.

The following figure shows a captured tilt angle of LEGO robot while maintaining its position.
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The data are captured for 6 seconds and 3000 points are captured. The robot has tilt range of -14°

and 8 °.

Tilt Output

tilt [degree]

time [s]

Figure 58. Captured tilt angle of LEGO robot while maintaining its position.

Then additional mass of 650g is appended to the LEGO robot in order to examine the
robustness of the robot to a plant change. There is slight change when there is additional mass to

the robot. The magnitude of oscillation is decreased a little and the frequency of oscillation has

been increased, which can be expected when there is an increase in mass of plant.
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Tilt Output

tilt [degree]

Figure 59. Captured tilt angle of LEGO robot with added mass while maintaining its position.

The following figures show step responses of the LEGO robot. A step input was employed at
time 1 second and zero input was applied at time 3. The first figure was generated when there is
no extra mass and the next figure was made when there is additional mass of 650g. As you can

see from the step response result, there is obviously decreased rise time with appended mass.
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Figure 61. Step response plot with additional mass.
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4.7.5 Partial reconfiguration flow

Partial reconfiguration design flow is shown here using Xilinx ISE 9.2 with Xilinx PlanAhead

10.1.

PlanAhead software is used to floorplan a design, having one partial reconfiguration region
with two reconfigurable modules, and then partial reconfiguration implementation flow is
chosen by using ExploreAhead feature of PlanAhead. In order to verify the design in hardware,
Digilent FX12 board is utilized, which has Xilinx Virtex-4 FX12 FPGA. iMPACT software is

used to download the full and partial bitstreams.

Here are some basic terminologies used in partial reconfiguration.

Reconfigurable Region (RR) is the physical area on the FPGA device which will be
reconfigured by different reconfigurable modules. The specified region will be maintained and

single top level netlist is assigned.

Reconfigurable Module (RM) is the logic which will occupy the reconfigurable region.

Usually more than one reconfigurable module is defined for each reconfigurable module.

Bus Macro is the logic macro which is interfacing between static logic and reconfigurable

region. In PlanAhead they must be manually placed to decide the interconnection points.

Partial Bitstream is the bitstream file which is generated from each reconfigurable module.

The number of partial bitstream will correspond to the number of reconfigurable modules.

Merged Full Bitstream is the file which contains one configuration combining static logics
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with reconfigurable modules for each reconfigurable region.
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Figure 62. Complete system block diagram.
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Figure 63. Project Flow using PlanAhead.

Specific steps for partial reconfiguration are explained in Appendix M in detail.

Here are the results of implementation.
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In Table 3 DSP48 resource is required in reconfigurable module and thus reconfigurable
module needs to be deliberately placed where DSP48 is located. From Table 4 the size of
resultant bitstream is shown and it can be beneficial to figure out the size of file while
downloading. Boundary crossing nets in Table 5 represent the totally utilized wires used to

interconnect between static and reconfigurable module and bus macros are sitting between two

modules.

Table 3. Physical resource utilization for partially reconfigurable module.
Type of Site Available Required % Utilization
LUT 864 229 26.50
FF 864 0 0.00
SLICEL 216 70 32.41
SLICEM 216 70 32.41
DSP48 8 5 62.50

Table 4. Statistics for partially reconfigurable module.

Type Value
Bitstream size 43783 Bytes
No of Frames 14

Number of Frame Region 2

Table 5. Boundary crossing nets statistics.

Boundary Crossing Nets
128

87




Table 6. Physical resource counts for partially reconfigurable module.

Cellview Name Count
DSP48 5
GND 11
INV 31
LUTI 1
LUT2 192
LUT3 4
LUT4 32
MUXCY 219
MUXF5 16
VCC 11
XORCY 155
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The following Figure 64 shows floor plan of the FPGA chip (Xilinx Virtex-4 FX12) in
PlanAhead and the rectangular box at upper right side indicates the reconfigurable region. Bus
macros are placed on the right edge of the reconfigurable region. LQR controller is implemented
in this reconfigurable region. For example, with initial static configuration, the reconfigurable
region could be configured to have LQR controller with fourth-order plant model. During
dynamic reconfiguration, this region could be reconfigured to contain LQR controller with third-
order plant model. Refer to Figure 36 for detailed hardware block diagram of LQR controller.

In Figure 65 connected nets are displayed and all the modules are placed. As it can be easily
identified, the red rectangular box at upper right side indicates a reconfigurable region and all the
bus macros are located the right side of the red box with gray color.

Floor planning view for each static or reconfigurable module is also attached in Figure 66 and

Figure 67.
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Figure 64. Floor planning in PlanAhead software.
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Figure 65. floor planning view of both static and reconfigurable module using FPGA editor.
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Figure 66. floor planning view of only static module using FPGA editor.
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Figure 67. floor planning view of only reconfigurable module (Iqr_fourth) using FPGA editor.
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V. Conclusion

This dissertation has developed hardware and software architectures for a reconfigurable
computing platform targeting a small-scale resource-constrained robot.

In this thesis, a static reconfiguration architecture called Morphing Bus was presented, which
allows flexible and rapid assembly of sensors and actuators. This is a novel architecture to
interface multiple sensor and actuator systems without a bus interface logic. With the morphing
bus, a quick and easy method to deploy systems can be achieved. It has the flexibility of
swapping and adding or removing devices prior to deployment along with dedicated connections
to the computing platform without the use of a bus interface logic or an arbitration logic. A tool
that configures the bus was developed and rigorously tested to show the validity of the morphing
bus.

A software architecture for hardware/software dynamic reconfigurability was also proposed,
which provides the reallocation of hardware and software resources at run time. A new
methodology to choose an optimal configuration using a configuration tree is presented and
metrics for cost functions in the configuration tree are introduced. The cost function not only
includes resource utilization, but also involves functionality. Preliminary testing of the system
was done on PID control architectures, which were experimented with serial and parallel
structures of the PID control. The reconfigurable hardware gives us the ability to save resources

as well as accommodate new types of sensors.

This reconfigurable platform constituted the backbone for the TerminatorBot and such
platform would be applied to other resource-constrained systems. For example, in heterogeneous
wireless sensor networks, we could construct two robots with the different set of sensors and

make them cooperate to do one task.

94



This reconfigurable platform was applied to an adaptive control scheme where control
parameters can be modified to adapt a changing environment. Resource-adaptive control, which
is a new type of adaptive control, utilized LQR control to decide feedback gains for a FPGA-
based balancing robot. The dynamic reconfigurable platform can chose different gains for LQR
controller or change the order of the plant model. The reconfigurable platform was evaluated
with a change in the mass of a plant. Lastly, the performance of the FPGA-based balancing robot
was compared with a LEGO balancing robot which was developed in our laboratory. Similar to
the FPGA-based robot, the LEGO robot had a gyroscopic sensor to obtain a tilt angle of the
robot body. Rise time and settling time were measured with changing plant parameters for both

of the robots.

Future work would include developing task aware reconfiguration of FPGAs where a
processor can choose suitable reconfigurable modules depending upon given tasks.

The morphing bus concepts can also be extended to an internal morphing bus where a
symmetric morphing bus structure can be extended internally into the FPGA to facilitate
dynamic system reconfiguration. Then, it can also be applied to develop operating systems for
FPGAs. Morphing bus structure can provide relocatable system modules. Some modules can be
used to run control algorithms, while others can be used to interface devices on the bus and these
modules will eventually constitute operating systems for FPGAs.

This hardware reconfigurable platform can be combined with a software adaptation technique.
For example, when the platform is applied to Larson [39]’s gait adaptation, a robot can change

its hardware structure by way of reconfiguration in order to support gait adaptation.
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Appendix A. Tutorials on FPGA-based dynamic reconfiguration

The basic tutorial on partial reconfiguration flow is explained in Xilinx application note,
xapp290, which is based on modular design flow.

This modular design flow and source code is working fine in ISE 6.3 Xilinx software, but it
doesn’t support later version of ISE such as ISE 7.1, 8.1 or later.

From ISE 8.2, Xilinx starts to provide new way of design flow called Easy Access Partial
Reconfiguration (EAPR).

But, it was not an easy work to build a working partial reconfiguration flow. Setting up the
software environment was took considerable time. All the software chain need to match exact
version. It can generate strange error while synthesizing or place and route. Furthermore, when
you’re using wrong version of software, even though you may not have any problem until the

final stage of implementation, you can encounter a fatal error which you cannot identify at all.
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Appendix B. Hardware block diagrams of modules for morphing bus
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Figure 68. Top level module of PID algorithm.

Figure 69 shows the parallel design of a PID incremental algorithm. The design requires 4

adders and 3 multipliers. All bold signals are I/O ports, while others are internal signals.

The clock signal clk is used to control sampling frequency. EncdCnt, the encoder counter

value, represents the current position P. The negation of P, P _neg, is generated by bit-wise

complementing and adding 1. At the rising edge of control, signal e(n) of the last cycle is latched

at register REG1, thus becomes e(n-1) of this cycle. In the same manner, e(n-2) and u(n-1) are

recorded at REG3 and REG4 by latching e(n-1) and u(n) respectively. The registers can be set to

initial values of 0 by asserting the reset signal, Reset. As long as the desired position P, is also

initialized to 0 when the system is reset, the control output is 0, which can keep the controlled

object (e.g. the motor, in this system) static.
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The computed control output variable u(n) may exceed the range that the controlled object can

bear. Bounder is a value limitation logic that keeps the output in the user defined range of

UpBound and LowBound.
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Figure 69. Parallel implementation of PID algorithm (PIDO1_par).
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To minimize area, in the serial design only one arithmetic operator is used for each kind of
arithmetic operation. As shown in Figure 70, there is one adder and one multiplier. Other parts,
including arithmetic operators, registers, multiplexers and other logic, are called the datapath.
Registers are used to store intermediate results. At the rising edge of the clock, the input signal
of the register can be latched only if the load input signal is asserted. In each clock cycle, the
control unit, which is a finite state machine, sets selection signals of multiplexers according to

the current state and input, effectively defining the input to each operator.
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Figure 70. Serial implementation of PID algorithm (PIDO1 _srl).
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In multiple-channel design, either a PID unit is dedicated to each channel, referred to as
Channel-Level Parallel (CLP) Design, or one PID unit is shared by all channels, referred to as
Channel-Level Serial (CLS) Design. The tradeoffs are in area, speed, and complexity. A parallel
design occupies quite a large area as the number of channels increase, whereas a serial design
requires a more complex control unit and obviously takes longer to compute all channels.
Because CLP designs are so straight-forward, only CLS designs are presented in this section.
The PID units of each design can be either serial (referred to as serial PID based design) or

parallel (referred to as parallel PID based design).

The serial PID based CLS design is shown in Figure 71. It requires two cycles for context
switching in addition to the four cycles required for a serial PID control unit. One read cycle is
required before the start of the PID algorithm to load both the previous computation results and
the channel-specific parameters from RAM. Also, a write-back cycle is required after completion

of the PID algorithm to store those data.
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Figure 71. Serial PID based multiple-channel design.
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The parallel PID based CLS design is shown in Figure 72. In this design, the PID algorithm is

executed in only one cycle, but context switching is still required. The read cycles for both

parallel and serial based designs are the same. The writing of the results to RAM could be

implemented either as a separate write-back cycle or as part of the PID computation cycle. A

separate cycle increases the cycle count for each channel, thus increases the delay, which is

significant because the critical path delay of the parallel design is quite long relative to the serial

design. Therefore, the write-back of the results is included in the PID algorithm.
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Figure 72. Parallel PID based multiple-channel design.
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Figure 76. Test module #4: motor driver.

Appendix C. Modeling of balancing robot

This section provides modeling of a two-wheeled balancing robot. First, the equations of motion
for wheels are obtained. The free body diagram of the robot is shown below in Figure 77. The

lists of used symbols are shown in Appendix D.
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Figure 77. The free body diagram of wheeled balancing robot.

According to Newton’s law of motion, the sum of forces on the horizontal x direction gives

D> F, =Ma

Mji=H,~H

(18)

Since there is no acceleration on the y direction, the sum of moments around the center of the

wheel gives

> M, =Ia

1,0,=C—H,r

From the DC motor dynamics, the output torque to the wheels can be obtained

c=190_“hikey  Kuy
dt R R

m m

Thus, plugging equation (20) into (19),
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Hf:_kmke 0, + k, Va—]—wéw @21)
R, ¥ R r r

m

Substituting equation (21) into (18) to get the equation for the wheels,

ijé:_kmke 0, + k, Vu—iéw—H (22)
R, ¥ R, ¥ r

The angular rotation can be transformed into linear motion by simple transformation,

éwr =X
éwr =X
It yields,
1 -k k k
M, +— | x=—"x+—"V,-H (23)
r R, r R r

Next, the robot chassis can be modeled as an inverted pendulum using Newton’s law of motion.

The free body diagram of the chassis is shown below.
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7,—721;;7’

Figure 78: The free body diagram of the chassis.

The sum of forces in the horizontal direction:
SN F =M, i=H~[Mfcos6+M,I6" sin6]

The sum of forces perpendicular to the pendulum:

ZFXP :Mp)'écosH:Hcost9+Psin@—MpgsinH—Mplé

The sum of moment around the center of mass of pendulum:

—chosH—Plsin9=Ipé

Combining equation (25) and (26) the final equation is shown as below

1,0+M ,glsin@+M,1°0 =-M Ixcos6

Using equation (23) and (24),
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(25)

(26)
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I.\. —kk, . k . 5 2
(MW+_v;jx= noe X+ Va—Mpx—Mplé’cosH+Mp10251n0
r R,r R,r

m

Rearranging these equations (27) and (28),

2N A . .
(I,+M,[7)0+M ,glsin@=—-M [icosf

(MW+I—V2”+ij)'c'+ Il;mk; X+ M ,10cos@—M 160" sind = ;c’" Vv,
r r r

m m

(28)

(29)

(30)

Linearized by assuming @ =7 + ¢, where ¢ represents a small angle from the vertical upward

direction.

. doY
Therefore, cos@ =—1, sin@=—¢ and — 1 =0
The linearized equation of motion is

M, . M gl
= X+
(U, +M, 1) (,+M,]*)

;

M I

p

—k,k : k

Xz m e x+ m

r r

The continuous state space equation is obtained as:
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]w 2 Iw Iw
M, +—5+M, R\ M, +—+M, Ry M, +—5+M,

0 1 0 0 - 0
2 2 52
X _(]P +A42Pl )kmke M X ([p +Mp12)km
X- Rmr Qeq Qeq x R ]/.Q
.1=10 0 0 1 + "=
’ M gl M L, M / Molk
¢ _Mpl kmke pg W+7’7+ r ¢ £
2 O RmrQeq
L le" Qeq ng | B

v, (33)



[t 00 o]k [o], y
"o o1 o|g| |o]" 59

where, O, = KMW + [—gj(lp M)+ Mp]p}
r

From the continuous state space equations (33) and (34), let’s start to obtain transfer function

between X (s) and V,(s).

Laplace transform of equation (31) and (32) are as follows,

(L, +M,[*)s’D(s) = M Is* X (s) + M ,glD(s) (35)
(M ey )SzX(S)—M Is*D(s) +— ke sX(s)+ ky V (s) (36)
vt r r Rmr2 R,r ¢

When you rearrange equation (35),

2
M pls

D(s) =
© (7, +M 175> — M gl]

X(s) (37)

plugging equation (37) into (36) , an open-loop transfer function of position X (s) and input
V. (s) is obtained.

k k
“N\L 4+ M) ——"—M gl
X(s) Rmr(p p)y Rr8

V() %)

k k 1 k k
4 m'Ve 21,3 w 2 m’Ve
0,5t + "% (1, +M 1*)s —Mpgl(Mw+r2+Mp)s M gl

m

m
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Appendix D. List of symbols for modeling of a balancing robot

x : Displacement

x : Displacement velocity

¢ :Angle

¢- : Angular velocity

€ : Tilted angle of the chassis

€, :Rotation angle of the wheel

7 : Radius of wheel

V., :Applied torque

k _ : Torque constant

k, :Back emf constant

R : Motor resistance

P : Reaction force between the wheel and the chassis of y-component of the force
H : Reaction force between the wheel and the chassis of x-component

H, :Friction force between the ground and the wheel

C : Output torque

M : Mass of the wheel

w
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M o Mass of the robot’s chassis

g : Gravitational acceleration, 9.81 m/s’
[ : Distance between the center of the wheel and the robot’s center of gravity

I . Inertia of the robot’s chassis

[ :Inertia of the wheel

w

Appendix E. Source code for MATLAB simulation

% Resource-adaptive control implementation using LQR
%

clear all;

fprintf("\n\n \n");
display("Start of simulation 1117);

global Qx;

global Qy;

global R;

Qx=2000;

Qy=50;

R=1;

fprintf("\nOriginal values of Q and R --> ¥);

fprintfF("Qx : %6.1F Qy : %6.1F R : %3.1F \n", Qx, Qy, R );

global Mp;
Mp=0.5;
fprintf("Original values of Mp : %3.1F Kg \n", Mp);

f LOR = 1;
f_stepspecs = 1;
X0 = [0 0 O 0];
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Yall = [1;

Tall = [0:.01:18]; % remove the ending integer to match with size of step input
signal

NumPeriod = ceil(Tall(end)/2); % divide time period by two seconds which is

each simulation period

Ul1=0.4*ones(1, length([0:0.01:6])-1);
U2=0.2*ones(1, length([6:0.01:12])-1);
U3=0.4*ones(1, length([12:0.01:18])-1);
Uall = [u1l, U2, U3];

for ii=1:NumPeriod
Ttemp = find(Tall<=(ii-1)*2);
Tstart = Ttemp(end);
Ttemp = find(Tall<=ii*2);
Tend = Ttemp(end)-1;
T = Tall(Tstart:Tend); % determine each simulation time, T
U = Uall(Tstart:Tend);

if ii == 3
Mp = 3; % increased mass
f LR = 1; % since there is change in system model, 1 need to

recalculate LQR to obtain new K

fprintf("-——————- - \n");

fprintf("Change mass of robot chassis to %3.1F Kg at time %3.1f seconds \n-",
Mp, (1i1-1)*2);

end
if f_LQR ==

f LOQR = 0;

[Ac, Bcn, Cc, Dc] = LQRcal(Q);
end

% step response
[Y.X]=Isim(Ac,Bcn,Cc,Dc,U,T,X0);
Yall = [yall; Y];

X0 = X(end,:); % initial value for step response of the next period

if mod(ii,3)==1 % generate new step input every 6 seconds
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[x_overst,x_Ts,x_Tr]=stepspecs(T,Y(:,1)");
display("Controller performance ...");
fprintf("rise time: %6.4F settling time: %6.4F \n", X Tr, x _Ts);

Vot
% check if plant change
iIf X Tr >= 4] xTs >=1

T LOR = 1; % need to run LQR again to recalculate K
R = R*.6;
%Q = Q*1.5;
fprintf("--————————— \n");
fprintf("Since design specification does not meet, Modify Q or R ...\n");
fprintfF("Qx : %6.1F Qy : %6.1Ff R : %4.2F \n\n", Qx, Qy, R );
end

end
end
figure(1);

plot(Tall(1l:end-1),Yall);
legend("robot position®, "tilt angle®, "Location”, "SouthEast");

Appendix F. How to compile a code in VisualC using CLAPACK

A method of how to compile a code to solve Riccati equation in VisualC with CLAPACK

library is presented in this appendix.

When compiling any code using CLAPACK, special consideration to setup LIB directory is

required.
a. Add “\LIB’ directory in C/C++ general configuration properties (refer to Figure 79).

b. Add “.\LIB’ directory in Linker properties (refer to Figure 80).
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Appendix G. Source code to implement LQR control using VisualC

Source code to implement LQR control using CLAPACK library (version 3.1.1 for windows)
and Microsoft Visual Studio 2005 software is presented in this appendix. The screen capture of

results is shown in Appendix H.

//
// Objective : to implement LQR control using CLAPACK library
//

// Version 1.1 (6/7/08)

// -- try with single precision
// Version 1.0 (5/4/08)
// —- 1 used "dgees” subroutine in CLAPACK to run schur decomposition

//
#include <stdlib.h>
#include <stdio.h>

#include "blaswrap.h™
#include "f2c.h"
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#include "clapack.h"
//#include <math_h>

L1111/ /777777777777///7/7/777777//7///77/777
#define N_ 8

#define NMAX N_

#define NxN (N_*N_)

#define NA_ (N_/2) // size of row of A matrix
#define NAXNA (NA_*NA )

#define LWORKB (3*N_*3*N )
#define IWORKB  (3*N_*3*N )

#define TRUE 1
#define FALSE O

#define Allocate(n,t) (t*)malloc((n)*sizeof(t))

L1111 777717177777777/777777777777///7/7/7/7777////777

// subroutine declaration

//

void printm(real *a, int row, int col);

void printm_int(integer *a, int row, int col);

void matrix_mult(real *a, int a_row, int a_col, real *b, int b_row,
*c);

real* MatrixCopy(real *m, int row, int col);

real* gauss_elim(real *A, int A_row, int A_col, real *b, int b_size);
int MatrixInvert(real *A, real *invA, int row, int col);

L1171 77777177777777/777777777777/////7//7/7777/////777
// main routine

//

//

int main(void)

{

/* 3x3 matrix A
[ 76 25 11;
27 89 51;
18 60 32] */
//static real M[NxN] = {
76, 27, 18, 25, 89, 60, 11, 51, 32};

int b_col,

real
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// Hamiltonian matrix "M*

static real M[NxN] = {

0.0000, 0.0000, 0.0000, 0.0000, -2000.0000, 0.0000, 0.0000, 0.0000, 1.0000, -
0.5549, 0.0000, -5.0441, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 5.5612, 0.0000,
139.6469, 0.0000, 0.0000, -50.0000, 0.0000, 0.0000, 0.0000, 1.0000, 0.0000, 0.0000,
0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, -1.0000, 0.0000,
0.0000, 0.0000, -11.0831, 0.0000, -100.7555, 0.0000, 0.5549, -5.5612, 0.0000,
0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000, -1.0000, 0.0000, -100.7555,
0.0000, -915.9592, 0.0000, 5.0441, -139.6469, 0.0000 };

//static real M[N_*N_] = {

0.35,0.09, -0.44, 0.25, 0.45,0.07, -0.33, -0.32, -0.14,-0.54,-0.03, -0.13, -0.17,
0.35, 0.17,0.11}%;

static real wr[N_];

static real wi[N_];

static real work[LWORKB]; // [(2+NxN)*NMAX];
static real us[NMAX*N_];

static integer iwork[IWORKB];

static real us11[NAXNA], us21[NAXNA];
static real inv_usl11[NAxNA]:
static real P[NAxXNA] = {

0.0, };

static real Beye[NAxXNA] = {

1,0,0,0, O0,1,0,0, 0,0,1,0, 0,0,0,1};
static real B_tr[NA_] = {

0, 3.3291, 0, 30.2648};
static real K[NA_ ];

int N = N_;

int NA = NA_;
int Nunit = 1;
int Ida = NMAX;

/* Local variables */
static integer i, j;

static integer info, sdim;
static integer ldus = NMAX;
static logical bwork[N_];
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static integer Ilwork = 3*N_; // (2+NMAX)*NMAX;
static integer liwork = 3*N_; // (2+NMAX)*NMAX;

extern logical select();

printf("* \n original M is ... \n");
printm(M, N, N);

// "dgees® subroutine in CLAPACK

// input: *M" -- Hamiltonian matrix
// output: "M" -- quasitriangular Schur matrix T
// "us® -- unitary matrix U

sgees_("'v", "S", (L_fp)select, &N, M, &lda, &sdim, wr, wi, us, &ldus, work,
&lwork, bwork, &info);

for (i=0;i<NA;i++)
for(J=0;j<NA;j++)
usli[i+j*NA] = us[i+j*N_]; // Ull = US(1:N,1:N);
for (i=0;i<NA;i++)
for(J=0;j<NA;j++)
us21[i+j*NA] = us[i+(*N_+NAY]: // 21 =
US((N+1):N*2,1:N);

MatrixInvert(usll, inv_usll, NA, NA); // inv(Ul1l) : gauss elimination

// P matrix is the solution of riccati equation
matrix_mult(us2l, NA, NA, inv_usll, NA, NA, P); // P

u21 * inv(Ul1l);

// K is the state feedback gain vector for LQR control
matrix_mult(B_tr, Nunit, NA, P, NA, NA, K); // K = inv(R)*B"*P

if(info == 0) /* succeed */
{
printf('"\n success !! \n"");
printf("" \nQuasitriangular Schur matrix T is ... \n");
printm(M, N, N);

printf(" \nUnitary matrix U is ... \n");
printm(us, N, N);
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printf(C'"\n U1l .._.\n");
printm(usll, NA, NA);

printf(""\n U21 ..\n");
printm(us21l, NA, NA);

printf("" \n P matrix is ... \n");
printm(P, NA, NA);

printfC™\n K ..\n");
printm(K, Nunit, NA);

else
fprintf(stderr, " error : %d\n", info);

printf("'\n Press any key to exit !! ');
getch(Q;

return info;

logical select(real *ar, real *ai)
{
logical d, select_;
if (far < 0 ) // check if the real part is negative !!! This is used in
reordering schur matrix
d = TRUE;
else
d = FALSE;

select_ = d;

return select_;

void printm(real *a, int row, int col)

{

int i, j;
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printfC'['"); // for MATLAB

for (i=0;i<row;i++)

{
for(J=0;j<col;j++)
{
printf("" % 8.3F",a[i+j*row]);
}
printf("*;\n"); // for MATLAB
}
printf(C'J\n"); // for MATLAB

void printm_int(integer *a, int row, int col)

{
int i, j;
printf(C'['"); // for MATLAB
for (i=0;i<row;i++)
{
for(J=0;j<col;j++)
{
printf("% 6d ",a[i+j*row]);
}
printf(';\n""); // for MATLAB
}
printf(C'I\n"); // for MATLAB
}
Y e
// perform matrix multiply, c=a *b
//
// a matrix has dimension of a_row and a_col
// b matrix has dimension of b_row and c_col
// c matrix has dimension of a_row and b_col
// and a_col and b_row should be the same.
//
// input : a matrix, b matrix
// output : c matrix
//
void matrix_mult(real *a, int a_row, int a_col, real *b, int b_row, int b_col,
*c)
{

real
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int i, j, k;
real temp=0.0;

for (i=0;i<a_row;i++)

{
for(J=0;j<b_col;j++)
{
temp = 0.0;
for(k=0;k<a_col ;k++)
temp += a[i+k*a_row]*b[k+j*b_row];
c[i+j*a_row] = temp;
}
}
}
/)=
// Gauss Elimination method
//
// input A, b —- A is a matrix (A_row x A col), b is a vector (b_size)
// output : X -- x has dimension of A_row x 1
//

real* gauss_elim(real *A, int A_row, int A_col, real *b, int b_size)
{
real *a, *m; // matrix

real *x; // vector

int i,j.,k,n;

a = MatrixCopy(A, A_row, A _col); // allocate memory for "a" matrix in the

"MatrixCopy" subroutine

m = Allocate(A_row*A_col, real);
x = Allocate(A_row, real);

n = A_row;

for(k = O;k<n-1;k++){
for(i = k+l;i<n;i++){
mLi+k*A_row] = a[i+k*A_row]/a[k+k*A_row];
for(=k+1;j<n;j++)
a[i+j*A_row] = a[i+j*A_row] -
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mLi+k*A_row]*a[k+j*A_row];
b[i] = b[i] - m[i+k*A_row]*b[K];

// back-substitution for upper triangular matrix "a*

x[n-1] = b[n-1}/a[(n-1)+(n-1)*A_row];

for(i=0;i<n-1;i++){
x[n-2-i] = b[n-2-i];
for(=n-i-1;j<n;j++)
x[n-2-1] = x[n-2-i] - a[(n-2-1)+j*A_row]*x[j]:
X[n-2-1] = x[n-2-i)/a[(n-2-1)+(n-2-1)*A_row];

}

free(a);

free(m);

return Xx;
}
/)

// MatrixlInvert: Performs matrix inversion using gaussian elimination.
//
int MatrixInvert(real *A, real *invA, int row, int col)

{
real *b, *x; // vectors having dimension of row x 1
int i,k;
if(row = col) // matrix must be square in order to invert

return -1;

for(i=0;i<col;i++){
b = Allocate(row, real);

for(k=0;k<row;k++) b[k] = O; // "b" is vector having
dimension of row x 1

b[i] = 1;

X = gauss_elim(A, row, col, b, row); // A*x = b, A and b are

inputs and x is solution

// output of gauss_elim is vector "x" and

// this "x" is each column of inverse matrix of "A-
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for( k=0;k<row;k++) invA[k+i*row] = x[k];

free(b);

return 0;

// copy all the data from source matrix "m" to destination matrix "n-
//
real* MatrixCopy(real *m, int row, int col)

{
real *n; // target matrix
int i,j;
n = Allocate(row*col, real);
for(i=0;i<row;i++)
for(J=0;j<col;j++)
nfi+j*row] = mLi+j*row];
return n;
he

Appendix H. Output screen capture of implementing LQR control

This appendix is the screen capture of the result of source code in Appendix G, which is to
implement LQR control using CLAPACK library. At the end of this output, K matrix can be

found and it shows the same result of MATLAB LQR control routine.

Hami ltonian matrix M is ...
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[ 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000;
0.000 -0.555 5.561 0.000 0.000 -11.083 0.000 -100.756;
0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000;
0.000 -5.044 139.647 0.000 0.000 -100.756 0.000 -915.959;

-2000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000;
0.000 0.000 0.000 0.000 -1.000 0.555 0.000 5.044;
0.000 0.000 -50.000 0.000 0.000 -5.561 0.000 -139.647;
0.000 0.000 0.000 0.000 0.000 0.000 -1.000 0.000;

Quasitriangular Schur matrix T is
-19.145

[ -13.962

-3.864

0.000
.000
-000
.000
-000
-000

o O O O O

20.177

-13.962

0.000
.000
-000
.000
-000
-000

o O O O O

17.642
-5.976
-0.662

0.000

0.000

0.000

0.000

Unitary matrix U is ...
[ -0.005

0.072
-0.050
0.836
-0.541
-0.020
-0.021
0.005

Ull is ..

[ -0.005

L

0.072
-0.050
0.836

U2l is ..
-0.541
-0.020
-0.021

0.000
-0.108
-0.037
-0.490
-0.751
-0.071
-0.420
-0.023

0.000
-0.108
-0.037
-0.490

-0.751
-0.071
-0.420

0.000
0.084
0.104

-0.216
-0.360
-0.139
0.885
0.056

0.000
0.084
0.104

-0.216

-0.360
-0.139
0.885

32.795 252.125 713.183 550.325 952.272;

33.838 127.017 -365.777

19.486

-5.976
0.000
0.000
0.000
0.000

0.025
-0.308
-0.153

0.069

0.115
-0.925
-0.039

0.073

0.025;
-0.308;
-0.153;

0.069;

0.115;
-0.925;
-0.039;

13.361
-17.610
13.962
-2.878
0.000
0.000

0.119
-0.210
0.961
0.069
-0.004
-0.078
-0.090
-0.003

-26.575

15.553
27.087
13.962
0.000
0.000

0.050

0.507
0.081
-0.030
0.016
-0.244
-0.045
-0.820

-45.575 1541.543;
85.268 721.343;
-19.374 -230.326;
15.008 3.117;
4.774 -34.176;
5.976 39.148;
-0.329 5.976;

0.148 0.980;
-0.752 0.122;
-0.154 -0.094;
0.057 -0.013;
-0.020 -0.003;

0.231 0.011;
0.167 -0.011;
-0.551 0.123;
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0.005 -0.023 0.056 0.073;

P matrix is ...

[ 696.468 121.252 -135.535 -14.815;
121.252 28.315 -32.382 -3.635;
-135.535 -32.382 44.905 4.592;
-14.815 -3.635 4.592 0.500;

1

K is ..

[ -44.725 -15.741 31.185 3.031;
1

Press any key to exit !!

Appendix I.  Atmel source code

Source code to implement LQR control using schur decomposition method is presented in this
appendix. This program is developed with the target board of CEREBOT II from Digilent Inc,

which contains Atmel ATmega64 AVR processor with 64KB flash, 4KB SRAM, and 2KB

EPROM.

/ /
/* test p/g for CEREBOT 1l from Digilent Inc. */
/* */
/* function: Implement LQR control using schur decomposition */
/ /

#include <inttypes.h>
#include <stdio.h>
#include <avr/interrupt._h>

#include <compat/deprecated.h>
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#include "blaswrap.h"
#include "f2c.h"

#include "clapack.h"

L11717777777777777777/77/77/77777

#define MYBPS 9600UL
#define SYSCLK 8000000UL // fosc = 8MHz

L1177 777/77777777777///////77/777/7/7/7///77777
#define N_ 8

#define NMAX N_

#define NxN (N_*N_)

#define NA_ (N_/2) // size of row of A matrix
#define NAXNA (NA_*NA))

#define LWORKB (3*N_*3*N_)
#define IWORKB  (3*N_*3*N)

#define TRUE 1
#define FALSE O

#define Allocate(n,t) (t*)malloc((n)*sizeof(t))

//extern int sgees_(char *jobvs, char *sort, L _fp select, int *n, real *a, int
*Ida, int *sdim, real *wr, real *wi, real *vs, int *ldvs, real *work, int *lwork,
logical *bwork, int *info);

L1171 77777177777777/777777777777/////7//7/7777/////777

// subroutine declaration

//

void printm(real *a, int row, int col);

void printm_int(integer *a, int row, int col);

void matrix_mult(real *a, int a_row, int a_col, real *b, int b_row, int b_col, real
*c);

real* MatrixCopy(real *m, int row, int col);

real* gauss_elim(real *A, int A_row, int A_col, real *b, int b_size);

int MatrixInvert(real *A, real *invA, int row, int col);

L1171/ 777777777777////777/77777
int uvart_putcharl(char c) // serial port 1
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if (c == "\n")

uart_putcharl("\r");
loop_until_bit_is_set(UCSR1A, UDRE1l);
UDR1 = c;

return O;

char uart_getcharl(void) // serial port O
{
//while ( T(UCSROA & (1<<RXCO0)) ) ;
loop_until_bit_is_set(UCSR1A, RXC1l);
return UDR1;

L1117/ 77777777777777/7777/777//777//777/777//7/7//7/77/7/7/
void delay_ms(uintl6_t delay) {

uintlé_t i;

while(delay > 0){
for( 1 = 0; 1 <390; i ++){
}
delay -= 1;

void delay ms2(uintl6_t delay) {
uintl6é_t i;
while(delay > 0){
for( 1 =0; 1 <39; i1 ++){

delay -= 1;

L11177777777777777777/7/77777777///7////7//7777/777

int main(void)

{

// variables for cerebot ///////////////////7/
uintl6é_t baud;
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// variables for clapack ////////////////////7/7

0.0000,
0.5549,

139.6469, 0.0000, 0.0000,

0.0000,
0.0000,
0.0000,
0.0000,

static real

0.0000, 0.0000, 0.0000, -2000.0000, 0.0000, 0.0000,

MINXN] = {

0.0000, -5.0441, 0.0000, 0.0000, 0.0000, 0.0000,

0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000,
0.0000, -11.0831, 0.0000, -100.7555, 0.0000, O

0.0000, 0.0000, 0.0000, 0.0000, 0.0000, 0.0000,

-915.9592, 0.0000, 5.0441, -139.6469, 0.0000 };

static real wr[N_];
static real wi[N_];
static real work[LWORKB]; // [(2+NxN)*NMAX];

static real

us[NMAX*N_7;

static integer iwork[IWORKB];

static real

static real

static real

static real

static real

static real

int N = N_;

US11[NAXNA], us21[NAxXNA];
inv_us11[NAXNA];
PINAXNA] = {

0.0, };

Beye[NAXNA] = {
1,0,0,0, 0,1,0,0, 0,0,1,0,
B_tr[NA_] =
{
0, 3.3291, 0, 30.2648};

KINA_1;

int NA = NA ;

int Nunit =

1;

int Ida = NMAX;

/* Local variables */

static integer i, j;

static integer info, sdim;

static integer ldus = NMAX;
static logical bwork[N_];

0.0000,

1.0000, -

0.0000, 5.5612, 0.0000,

-50.0000, 0.0000, 0.0000, 0.0000, 1.0000, 0.0000, 0.0000,

0.0000, -1.0000, 0.0000,
.5549, -5.5612, 0.0000,

-1.0000, 0.0000,

0,0,0,1};

-100.7555,
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static integer Iwork = 3*N_; // (2+NMAX)*NMAX;
static integer liwork = 3*N_; // (2+NMAX)*NMAX;

// extern logical select();

extern logical select(real *ar, real *ai);

L1117 777777777777777777777777777///////77/7777777/7

delay_ms(20); // wait until the board is ready

// serial communication setup
LI11177777777777/7777/7777/7777/777//777//777//7/7/7//777777

baud = (SYSCLK / (16 * MYBPS)) - 1;

UBRR1H = (unsigned char)(baud >> 8);
UBRR1L = (unsigned char)baud;

UCSR1B = (1<<RXEN1) | (1<<TXEN1);
UCSR1C = (3<<UCSZ10);

sei Q;

L1177 7777777777777777777777777/7/7777777777///////77777/////////77777//77/
/* */
printfC\r\n\r\n\r\n BKKIM>> test v4 .. ");
printf("'\r\n press any key to start .. ");

// start of routine of LQR control using clapack ///////////////////77/
// "sgees_" subroutine in CLAPACK

// input: *M" -- Hamiltonian matrix
// output: "M" -- quasitriangular Schur matrix T
// "us® -- unitary matrix U

sgees_("'v", "S", (L_fp)select, (integer *)&N, M, (integer *)&lda, &sdim, wr,
wi, us, &ldus, work, &lwork, bwork, &info);

for (1=0;i<NA;i++)
for(J=0;j<NA;j++)
usll[i+j*NA] = us[i+j*N_]; // Ull = US(1:N,1:N);
for (i=0;i<NA;i++)
for(J=0;j<NA;j++)
us21[i+j*NA] = us[i+(J*N_+NAY]: // 21 =
US((N+1):N*2,1:N);
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return O;

logical select(real *ar, real *ai)

{
logical d, select_;
if (far < 0 ) // check if the real part is negative !!!l This is used in
reordering schur matrix
d = TRUE;
else
d = FALSE;
select_ = d;
return select_;
}

Appendix J. Procedure of square-root balanced truncation model reduction

Model reduction is to remove states from the original system and to compute reduced-order
system while maintaining similar characteristics from the original system. Square-root balanced
truncation model reduction is used in this study, which is implemented in Matlab and has

function name of ‘BALMR’.

In balanced truncation model reduction, kth order reduced model G,,(s) is computed from a

possibly non-minimal and not necessarily stable, nth order system G(s) such that

G,(s)=C,(Is—4,)"'B,, +D,,
G(s)=C(Is—A)"'B+D
|G(iw) -G\, (jw)||, < totbnd, (39)

totbnd =2 svh(i)

i=k+1
The n-vector svh contains the Hankel singular values of the stable and antistable parts of
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G(jw), which are the square-roots of eigenvalues of their reachability and observability

grammians. Since the original system is unstable, G(s) will be splitted into the sum of stable

and antistable parts.

The Matlab procedure of ‘BALMR’ balanced-truncation model reduction is as follows.

1. Split the system into stable and antistable part. Use Matlab function ‘stabproj’.

G(s)= 4|8 iginal 40
s) = c 1D : original system (40)

, where the matrix symbol [‘*‘} denotes state space realization of the given system.

G(s) =G G _ 4, | B, Ay | B,
() L (8)+GR(s) C |D + C |D (41)

: stable system and antistable system

Where, 4 4.7 V' is unitary transformation matrix in a block ordered
VTAV :|: L 12:|
0 4,
schur form.
X
xR

, where X, 1is state variable for the stable system and x, is state variable for the

antistable system.

2. Find hankel singular values and grammians P,Q for each subsystem. Use Matlab function

‘hksv’.
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HSV,, B, O,
HSVy, Py, O

3. Find smallest hankel singular value which will be used for model reduction.

4. Run balanced-trunctation model reduction for each system

4, | B Awe | B
GF(s)zGLF(S)JrGRF(S):{ i’,ﬁ}{ o RF} 43)
CLF DLF CRF DRF
where [4,, | BLF}: SL’LTALSL,R| SL,LTBL
Cir | Dy CuSp ‘ D

_ARF | BRF —| _ |:SR,LTARSR,R | SR,LTBR:|
| CRSR,R ‘ DR

, where S, ; means the basis for the left eigenspace for the stable system. S, , means the
basis for the right eigenspace for the stable system. S, means the basis for the left eigenspace
for the antistable system. S, . means the basis for the right eigenspace for the antistable
system. Refer to [68] for further detail.

In order to find the transformation matrix for the state variable, equation for C,. or C,.
can be considered. Compare the output equation for G,(s) with G,.(s) assuming D, as

Zero matrix.

CLSL,RxLF =C,x;
T T
C, CLSL,RxLF =C, C.x,
S, rXp =X, (44)

r r . . .
S, S X =8, X, (since S, , may not be square if order is reduced.)

(8,478, )' S,
Xip =Wrr OLr LR XL
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T -1 T . ..
Xpp =(SR,R SR,R) SR,R X, with similar manner.

Here x;. and x,. represent the state variables for the reduced-model system. The new
state variable of x,,. or x,. has reduced rank compared to old state variable of x, or x,,

which means that the new state variable is a projection from the old state variable.

5. Add two systems together

y B ALF| 0 | B,

GM(S):|:CM DM}:GF(S): 0 | App | By
M M

Crr | Crr | D,

(45)

, where Xx,, denotes the final state variable for the combined system of stable and

antistable systems and 7" represents transformation matrix between x,, and Xx.

Here is an example by numerical values when reduced order is three,

0 1 0 0 0
0 -0.5549 55612 0 3.3291
A= B=
0 0 0 1 0
(46)
0 -5.0441 139.6469 0 30.2648

(1 0 0 0 0
C: D:
0 0 1 0} M
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. -11.9212  -0.1343 5 _ 15.8702
L 0 03538 “ |-6.3581

(47)
-0.0034 0.9427 0
C, = D, =
-0.0835 -0.0130 0
[11.6539  0.6924 5 - 2.3268
R 11155 0.0663|  ° |2.2326
(48)
102662 2.9864 0
CR= DR=
0.5053  0.0300 0
20.0034 0.9427 -0.0198 0.3331
0.0409 -0.3331 -0.0907 0.9376 X, .
-0.0835 -0.0130 0.9919 0.0949 X,
0.9957 0.0158 0.0869 -0.0294
_[8.4716 [10.6633 -8.8451 _[10.0003 -0.0002
E710.0522 ] F | -8.8451 57.1294 L1.0.0002  1.2562
1.6688e+15 0.0040e+015 -0.0668¢+015
HSV, = - (50)
0.1113 -0.0668¢+015 1.1242e+015
_[0.0230e+015  -0.2401e+015
R1.0.2401e+015 2.5084e+015
Sorted hankel singular values are as follows,
HSV =[1.6688e+15 8.4716 0.1113 0.0522] (51)

A, =-0.3541 B, =2.4494
o 244941 [0 (52)
10,0002 F 1o
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(53)
CkF::Ck Dy, =D,
where S, =[ 0.0001 } 5 =[ 0.4021 } 5 =SRR={1 0}
+ 1 -0.3851 * 1 -2.5969 ’ |
totbnd =0.1044
[-0.3541 0 0 | 2.4494
A,=| 0 11.6539 0.6924| B, =|2.3268 (54)
0 1.1155  0.0663 | 2.2326
[-2.4494 -0.2662 2.9864 | m
CM’: [h[:
| 0.0002 0.5053  0.0300 | 0
0.0582 —-0.3761 0 0 -0.3547 0.1276 3.5937¢-5 0.0520
Xyoss=| O 0 1 o[ﬂ: -0.0198 -0.0907 09919  0.0869 |x
0 0 0 1|-F 0.3331 0.9376  0.0949  -0.0294

(55)
When the reduced order is two, a final state variable can be obtained with the following
transformation matrix.

0.0582 -0.3761 0 0 Xy
x =
M ord2 0 0 0.0726 _1.2213 xR

-0.3547 0.1276 0 0.0520
= X
-0.4082 -1.1518 -0.0440 0.0422

(56)

Appendix K. Source code for LEGO self-balancing robot

// LEGO two-wheeled balancing robot
// k1, k2, k3, k4 feedback gains are specified below

const tSensors GyroSensor = (tSensors) S1; //gyro sensor//
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#define GyroScale 4
#define half_h 2 // Increment used in Runge-Kutta integration
#define t_scale 500

task main

{

float a=0.2, aa=0.001; // aa is the Ffilter time-constant to take care of the
gyro drift

float theta_bias = 0;

// This is the feedback loop gain

float k1 = 0.2; // position feedback gain
float k2 = 90; // velocity feedback gain
float k3 = 8; // tilt feedback gain

float k4 = 10.0; // angular velocity feedback gain

long f1=0, 2=0, Gyro_value = 0;

int pwr=0, batt=0;

float GyroBias = 593.8; // This is the bias that | had to apply to my gyro
sensor. You may need to find your own gyro bias

float k pwr; // This is the gain that is computed adaptively based on the
battery voltage (as the battery is drained, the gain is increased)

int i=0;

float theta=0, theta_old=0, t_old=0;
float x=0, x_old=0, x dot=0;

// This causes the motors to stop when they are set to zero
bFloatDuringlnactiveMotorPWM = false;

theta old = 0;

t_old= nSysTime;

1=0;

x_old=0;

ClearTimer(T1l);

// Find the gyro bias associated w/ the balanced position

// Hold the robot in the balanced position for 3 sec to find the gyro bias
GyroBias = 0;

while (timel[T1] < 3000) {
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// filter the sensor output

Gyro_value = SensorValue(GyroSensor);

waitlMsec(100);

GyroBias = (1-a)*GyroBias + a*Gyro_value;
¥
// play a sound when the training is over
PlaySound(soundBlip);

//nxtDisplayTextLine(4, "G_B: %d", GyroBias);

// 1 ended up hard-coding the bias after measuring it a few times.
// comment out the following line if you want the Gyro bias to be measured

adaptively

GyroBias = 593.8;

// Measure the battery voltage and compensate for it by adjusting the
gain (k_pwr)
batt=nAvgBatterylLevel;
k_pwr = 0.7 + (0.7-1.1)/(8816-8196)*(batt-8816);

nMotorEncoder[motorC] = O;

nMotorEncoder[motorA] 0;

while(true) {

1++;
// Runge-Kutta integration (http://en.wikipedia.org/wiki/Runge-kutta)
waitlMsec(half_h);
T2 = (SensorValue(GyroSensor)-GyroBias)/GyroScale; // f(tn)
waitlMsec(half_h);
theta = theta_old + (f1+2*f2)*(nSysTime-t_old)/t_scale;

theta old = theta;

X = nMotorEncoder[motorC];

// compute the linear velocity

x_dot = x-x_old;
Tl = (SensorValue(GyroSensor)-GyroBias)/GyroScale; // f(tn+h/2)
t_old = nSysTime;

x_old = x;
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// Compute the long-term average of tilt
theta_bias = theta_bias*(1-aa) + theta*aa;

pwr = kl1*x + k2*(x_dot) + k3*(theta-theta_bias) + k4*f1;

motor[motorA] = (k_pwr*pwr );
(K_pwr*pwr );

motor[motorC]

Appendix L. Specification of LEGO Mindstorms NXT

1. Processors
* Main processor: Atmel 32-bit ARM processor, AT91SAM7S256, 256 KB FLASH, 64 KB
RAM, 48 MHz
* Co-processor: Atmel 8-bit AVR processor, ATmega48, 4 KB FLASH, 512 Byte RAM, 8§
MHz
2. Interface
* 4 input ports 6-wire interface supporting digital and analog interface
* 3 output ports 6-wire interface supporting input from motor encoders
* 4 button user-interface Rubber buttons
3. Communication
* Bluetooth wireless communication (CSR BlueCoreTM 4 v2.0 +EDR System)
* USB 2.0 communication Full speed port (12 Mbit/s)
4. Programming Language

* RobotC Software [15]
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Appendix M. Partial reconfiguration implementation using PlanAhead

Implementation of partial reconfiguration using PlanAhead software is explained in this
appendix.
Software and hardware environments are as follows.
Software conditions:
- ISE 9.2i Service Pack 4 with PR overlay
- PlanAhead 10.1
Hardware Environments:
- Digilent FX12 Development Board with Xilinx Virtex-4 FX12 FPGA

- JTAG Programming cable

Specific procedure of partial reconfiguration is as follows.
1. Start PlanAhead program

Click on Create A New Project

Hew Project

Project Name

Enter a name for your project and specify a directary where the project data Files
will be stored

Project narne: |pru:uject_3 |

Project location: | C:\Thesis_DPRIDPRE_t1 (-]

Project will be created at: ;3\ Thesis_DPRIDPRE_E1Yproject_3

Choose top-level ngc file and add directories of static logic and reconfigurable modules.
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New Project |

Import Metlist
Specify the EDIF or NGC netlist that contains the top module, and optionally a list g{s

of directories to be used as a search path,

Netlist file: |C:\Thesis_DPRIDPRG_t1\Synthitopitop.ngc | =)

Metlist directories

i Thesis_DPRADPRE_ELSynkRistaticiPWMMLogic -
C:\Thesis_DPRIDPRE_E11SynthirModule_|griadder B
C:\Thesis_DPRADPRE_E1SynthirModule_|gribounder
C:\Thesis_DPRADPRE_E1SynthirtModule_|qrilgr_fourth
i\ Thesis_DPRIDPRE_E11SynthirModule _Igrilgr_second
C:\Thesis_DPRIDPRE_E11SynthiriModule_Igrilgr_third
C:\Thesis_DPRADPRE_E1\SynthirModule _lqriMultiplier
4\ Thesis_DPRIDPRE_E1\Data

<

[ < Back ][ Mext = ][ Cancel ]

Select specific Virtex-4 FPGA for Digilent FX12 card.

(8 Select Part El
=

= wirkexd

£ avirkexd

| grirtexd

| girtexd

I wirkemaf

= qufxlZ

== sfas

i wodvfxl2sF363-
i wodviel2sF363-12
= avfxz0

| dvfxd0

| dvFxa0

1 4vfx100

= 4vfx140

-1 wirkexdlx

#-15) virkexdsx

[ oK J[ Cancel l

Import ucf constraints from ‘Data’ directory.

Mew Project

Import Constraints

Impart physical and timing conskrainks From a UCF file, You can alsa impart a UCF
file later with the Import Constraints command,

Constraints files

i\ Thesis_DPR\DPRE_E1\Dataltop.uck
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Select File > Set PR Project from the menu to make an active partially reconfigurable project.

pdate Metlist. ..

Export Floorplan, ..
Export Phlocks..,
Export IF...
Export I/O Ports.,..

= Print...

Set PR Project

Exit

2. Create static and reconfigurable Pblocks

Select all static modules and create static Pblock.

Metlisk O3 & =
=
[ top
£ Mets (31
(= Primitives {Z8)
Hight'thizen_M1 (High'WthGen)
LQRconkral_M1 (rModule_lqr)

Unplace. ..

Instance Properties. ..

Chrl+E
Chrl+U

& Assign...
# Unassign
&F

Diraw Phlock

| Mews Phlock

Set Reconfigurable. ..

0y
o
H

Metlist O
& | |
[3] kop

<[ Mets (31
(= Primitives {28)

M @
o

B

Parent: |[ROOT o«

&ssign selected instances

[ oK ]’ Cancel l

Select reconfigurable module and draw a rectangular Pblock in floorplan window.
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(B Mew Pblock

Meklist O g & X
7 [§ Marne: Jblock LQRcontroI 11
-5 Mets (31) Coords
[l Primitives (28)
[+ [ HightwthGen_M1 I:ngh'-.-'-.-'thGen]l o left: 3B
E LQRcontral F1frtodule lar ¥ tap: -
g p: 4%
: [ MotEnd [ Instance Properties... Ctrl+E _
@ HoiseFi ¥ right: 505
E NoiseF| : Y boktom: 23 %
- [ MoiseF| & Assidn...
- PwMLy o Assian selected instance
[  Draw Pblock
Mew Phlock, 0K -” e

3. Place components

Select Create Site Constraint Mode.

g.g ;o IR | &R

|Create Site Constraink Ml:u:le

Select bus macro instances from top-level Primitives folder and place them on the right side of

reconfigurable Pblock. Then place bufg instance at BUFGCTRL X0YO.
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Metlist Og & x @
= A

>
P

#

EN_M1_OBUF (OBLF) =4
il Encé_M1_TBUF (IBUF) -
[l EncE_M1_IBUF (IELF) Z

(il Igr_macro_1 {busmacro_xcdv_r g
ill lgr_macra_10 (busmacro_xcdy_ i
lgr_macra_11 {busmacro_xcdw_
lqr_macra_12 {busmacro_xcdy_

il Igr _macro_13 {busmacro_xcdy_
lqr_macro_14 {busmacro_xcdy_
lgr_macra_15 {busmacro_xcdw_

ill lgr_macro_16 (busmacro_xcdw

il Igr_macro_2 {busmacro_xcdv_r

(il Igr_macro_3 {busmacro_xcdv_r

ill lgr_macra_4 {busmacro_xcdv_r
lgr_macra_S {busmacro_xcdy_r
lqr_macra_6 {busmacro_xcdy_r

il Igr _macro_7 {busmacro_xcdv_r
lqr_macra_8 {busmacro_xcdv_r

: Create Site constraint

ill mainbd_sw0_IBUF (IBUF)
ill mainbd_sw1_IBUF (IBUF)
[l PWM_M1 _OBUF (OBUF)
il Reset_M1 (FOR)
il Reset_M1_not00011 {LUTZ)
-] %5T_GND (GND)
[T RET_WCC (VEC
- [ HighWwthGen_M1 (HighwithGen)  » .
£ ¥ £ »

[ Metlist | & Constraints [ Package | G Device X 4 b B

4. Set and add reconfigurable modules

Select reconfigurable Pblock and select ‘Set Reconfigurable’.

Instance Properties. .. Chrl+E
Assign...

Unassign

Draw Phlack

Mew Phlack

Set Reconfigurable. ..

Select Primitives

Add reconfigurable modules of Iqr third and Iqr second.
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Add Reconfigurable Module

Import Netlist
¢}

Specify the ECIF or MGC netlist that contains the top module, and optionally a lisk E\
of directories to be used as a search path.

Metlist File: |C:'I,Thesis_DF‘R'l,DPRIS_t1'I,S\,-'nth'l,rMu:u:IuIe_Iqr'l,Iqr_third'l,rMu:udule_Iqr.ngc |E]

Metlist directories

1 Thesis_DPRIDPRA_E1SynthirModule_gradder
i Thesis_DPRYDPRE_ELSynthirModule_lgribounder
i\ Thesis_DPRADPRE_ELSynthirModule_lgriMultiplier

< Barck ” Mext = l[ Cancel

5. DRC check and view results
Select Tools = Run DRC in PlanAhead menu.

Tools | Window  Select  Layouk  Help
& Mew Pblocks...

Partition. ..

Place Pblocks. ..
Autoplace I/ Parts, .,

= Clear Placement Constraints, .,

Id[l

Shows Hierarchy Fi

Fun Timeahead, .,
Fun DR.C...

Q& #

6. Implementation of partial reconfiguration and Assemble the design

Execute Initial Budgeting and static implementation by clicking ‘Launch Runs’. Then, PR
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implementation on each reconfigurable module.

Exploreshead Runs . -
[#  Pun Properties... CHi+E
[ | Mame atus Progress Skart
# Delete... Delete 2
4| =.[3 floorplan_t
g -+ - Apply Strategy...
B =@ phlock_LQReontral_M1 Save As Strategy...
' ) stated [ 0%
& B Edit Strategies. .. N
started [ J0%
@ Create Runs... started [ 0%
[» Launch Runs...
S o
Console | & DRC Resulks &2 Exnpl g
[ Run PR Assemble..,
L
Explorefhead Runs Og /%
| Mame Flow Strategy Stakus Progress Skart Elapsed Timing Score Unrouted | Description
1) 2.3 Floorplan_t
= Loy static PR @ Static Defaults PR Complete! I 100% 09,9, 28 2H 1147 00:00:50 0 0 Static Defaults
B =] pblock_LQRcontrol_tM1
i B LQReontral_M1_lqr_Faurth PR9 PR Module Defaults  PAR Complete! [ 100%  09.9.28 2T 11:48  00:00:56 0 0 PR Madule Def.
i B LQRcontrol_M1_lar_third PR @ PR Module Defaulks  PAR Complete! I 100% 09,9, 28 2 1143 00:00:53 0 0 PR Moduls Def.
Ep LORcontrol_M1_lqr_second FR Y9 PR Module Defaulks  PAR Cornplete! I 100%  09.9.28 2% 11:48  00:00:43 ] 0 PR Madulz Def.
< | >

Run PR Assemble by right-clicking one of the Reconfigurable modules. Then, select initial

Reconfigurable module which will be included in the static full bitstream.

(8 Assemble PR Project

Description

This is the final step of the Partial Reconfiguration implementation process, The Fallowing bwo programs
will be run as part of this step: verification (PR verifydesign) and assembly (PR_assemble). The
vetification step will produce a partial bitstream file for each Reconfigurable Module in the design. The
assemble step will produce a merged bitstream file with the configuration defined below in the Initial
Configuration Field

[] Skip Yerification Step

Additional Options

verification Options: | |

Assembly Options: | |

Initial Configurations

Instance Cell Reconfigurable Module

rodule_lgr

[ OK ][ Cancel
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In Windows Explorer, open the following directory and find generated partial and full bitstreams.

fddress |2 C W Thesis_DPRWDPRE_E] Wproject_3Wproject_3.runs Wiloorplan_1 ¥merge

Mame Size | Tvpe
lgreontrol_mi_lgr_fourth_partial bit 43 KE BIT File
lgreontrol_mil_lgr_second_partial. bit 43 KE BIT File
lgrconkral_mil _lqr_third_partial, bit 43 KE EBIT File
phblock_lgrcontral_mi_blank, bik Z3KE BIT File
stakic_Full, bit 552 KB BIT File
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