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HUMANLIKE MOTION CONTROL ALGORITHM FOR 

LUNAR AND MARTIAN GEOLOGICAL EXPLORATION 

AND POWER GENERATION 

ABSTRACT 

In the not too distant future, humans will return to the Moon and step foot for 

the first time on Mars. Eventually, humanity will colonize these celestial bodies, where 

living and working will be commonplace. Success in these endeavors will require a new 

set of concepts never imagined or even contemplated before. This dissertation 

demonstrates one (1) such novel concept with two (2) integrated applications, each of 

which demonstrates its own novel concept, all done in their entirety, and all of which 

are useful for the geological exploration and colonization of these celestial bodies. 

The main concept of this dissertation is:  a humanlike motion control algorithm 

called PID++, and the two (2) applications of this algorithm is 1) a robotic arm end 

effector called “Robotic End Effector for lunar and martian Geological Exploration of 

Space” (REEGES) with its design for interchangeability, and 2) the REEGES Power 

Station for day and night power generation on the Moon and Mars. 

The main idea of the motion control algorithm presented in this dissertation is to 

define a radically new, simple, and computationally lightweight approach to humanlike 

motion control. A new Proportional-Integral-Derivative (PID) controller algorithm 

called PID++ is proposed in this work that uses minor adjustments with basic 
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arithmetic, based on the real-time encoder position input, to achieve a stable, precise, 

controlled, dynamic, adaptive control system, for linear motion control, in any direction 

regardless of load, with characteristics that are unmistakably human. 

The first PID++ algorithm application of this dissertation is to illuminate a 

demonstrated, substantive means to facilitate the implementation of interchangeability 

of Space end effectors through the concept of a Universal Interface Design (UID). The 

“Robotic End Effector for lunar and martian Geological Exploration of Space” 

(REEGES) was developed to introduce this concept to the Space Research Community. 

REEGES uses the PID++ algorithm to control the rotation of its wrist joint. 

The second PID++ algorithm application of this dissertation is the development 

of a radically new method for the integrated, safe production of electrical power on the 

Moon and on Mars, continuously, day and night. The use of Solar Tracking by day and 

a Solar Rechargeable, Calcium Oxide Chemical, Thermoelectric Reactor by night is 

demonstrated. Called the REEGES Day/Night Power Generator Station, this form of 

thermoelectric power generation is mathematically modeled, simulation is performed, 

and a fully operational unit is built. The REEGES Power Station employs the PID++ for 

its operation. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Research Problem and Scope 

In the not too distant future, humans will return to the Moon and step foot for 

the first time on Mars. Eventually, humanity will colonize these celestial bodies, where 

living and working will be commonplace. Success in these endeavors will require a new 

set of concepts never imagined or even contemplated before. This dissertation 

demonstrates one (1) such novel concept with two (2) integrated applications, each of 

which demonstrates its own novel concept, all done in their entirety, and all of which 

are useful for the geological exploration and colonization of these celestial bodies. 

The main concept of this dissertation is:  a humanlike motion control algorithm 

called PID++, and the two (2) applications of this algorithm is 1) a robotic arm end 

effector called “Robotic End Effector for lunar and martian Geological Exploration of 

Space” (REEGES) with its design for interchangeability, and 2) the REEGES Power 

Station for day and night power generation on the Moon and Mars. 

Currently robotic motion control algorithms are tedious at best to implement, are 

lacking in automatic situational adaptability, and tend to be static in nature. Humanlike 

control is little more than a dream, for all but the fastest computers. The main idea of 

the work presented in this dissertation is to define a radically new, simple, and 

computationally lightweight approach to humanlike motion control. A new 
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Proportional-Integral-Derivative (PID) controller algorithm called PID++ is proposed in 

this work that uses minor adjustments with basic arithmetic, based on the real-time 

encoder position input, to achieve a stable, precise, controlled, dynamic, adaptive 

control system, for linear motion control, in any direction regardless of load. With no 

PID coefficients initially specified, the proposed PID++ algorithm dynamically adjusts 

and updates the PID coefficients Kp, Ki and Kd periodically. No database of values is 

required to be stored as only the current and previous values of position with an 

accurate time base are used in the computations and overwritten in each read interval, 

eliminating the need of deploying much memory for storing and using vectors or 

matrices. Complete in its implementation, truly dynamic and adaptive by design; 

engineers will be able to use this algorithm in commercial, industrial, biomedical, and 

space applications alike. With characteristics that are unmistakably human, motion 

control is now easy to implement on even the smallest microcontrollers (MCU) using a 

single command and without the need of reprogramming or reconfiguration. 

Exploration using robots will be an integral part of these activities. Even today, 

the use of robotic arms is critically important to NASA’s efforts to learn about the 

geology and makeup of these celestial bodies. When humans join these robotic 

explorers, someday soon, on the surface of Earth’s neighbors, we will want these 

robotic arms to do much more than their single, preordained, fixed assignments. We 

will want them to become much more flexible in their usefulness. The same way much 

of the usefulness of a human arm is derived from the human hand, a robotic arm’s 

usefulness is derived from its end effector. 

     We invite the research community to consider a need, yet to manifest itself as 
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important, when designing the robotic arms of the future, to consider in their designs the 

need for end effector interchangeability. This dissertation proposes herein, a 

demonstrated, substantive means to facilitate the implementation of interchangeability 

through the concept of a Universal Interface Design (UID). The “Robotic End Effector 

for lunar and martian Geological Exploration of Space” (REEGES) was developed to 

introduce this concept to the Space Research Community. REEGES uses the PID++ 

algorithm to control the rotation of its wrist joint. 

Fundamental to all life is energy. The energy that people use to sustain 

themselves, on Earth and in particular on these other worlds, is the integrated safe 

production of electrical power. Up until now, Spacecraft have primarily utilized two (2) 

primary sources of electrical power: Solar Electric and Nuclear. There are problems with 

both. Solar Electric generates no power at night and Nuclear power is extremely 

dangerous should the Spacecraft be destroyed during launch, as radioactive material 

would rain down on populations. The question is: how can electrical power be generated 

safely, on the Moon and on Mars, continuously, day and night? This dissertation proposes 

a radically new solution to this problem: Solar Tracking by day and a Solar Rechargeable 

Calcium Oxide Chemical Thermoelectric Reactor by night. Called the “Robotic End 

Effector for lunar and martian Geological Exploration of Space” (REEGES) Day/Night 

Power Generator Station, this form of thermoelectric power generation is mathematically 

modeled, simulation is performed, and a fully operational unit is built for testing and 

demonstration in this dissertation. The REEGES Power Station employs a newly 

developed Humanlike Motion Control Algorithm called PID++ for its operation on a 

computationally lightweight microcontroller. 
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1.2 Motivation Behind the Research 

The reader is asked to envision a not too distant future, when it is common place 

for humans to live and work on the Moon and Mars. When this happens, people will take 

their place alongside their robotic counterparts in exploring these celestial bodies. Having 

people on the surface of these bodies, offers many practical advantages. 

Today, motion control can be found in many aspects of every-day life, including 

items purchased at stores, as well as systems used in industry, medicine and space. 

Computer printers, fax machines, robot arms, and robotic surgery are a few examples of 

such devices and applications. 

Some of the applications, such as printers and fax machines, travel gracefully 

from place to place, but their motion is static. Change the system, such as its weight or 

size, and the device’s operation will probably come to a grinding halt. 

Humans are not burdened by a requirement to move only one particular object all 

of the time. A printer’s carriage motor, for example, is. Its control program will never 

move anything else. Humans can move, pickup, and putdown lightweight objects and 

heavy objects alike. Doing so is automatic and effortless. Today’s industrial robots can 

do this too, unfortunately only with extremely computationally costly algorithms running 

on high-speed computers. Motion control on a low-end computing device, with an 

algorithm such as the Proportional-Integral-Derivative (PID), will allow the controlled 

motion of only one particular object at a time. To move another object, perhaps heavier 

or lighter, with the same algorithm, would more than likely require at least the 

reprogramming of the PID coefficients (Kp, Ki, Kd), and the like. Figure 1.1 shows the 
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basic PID loop [1], where static PID coefficients are determined to compute the output 

control function u(t) based on Equation 1 according to the error e(t). 

 

Figure 1.1: Basic PID Block Diagram 

 

𝑢(𝑡) = 𝐾𝑝 × 𝑒(𝑡) + 𝐾𝑖 × ∫ 𝑒(𝜏)𝑑𝜏 + 𝐾𝑑 𝑑𝑒(𝑡)𝑑𝑡𝑡0    (1) 

 

Dynamic, on the fly adaptability are hallmarks of human motion control. With the 

algorithm presented in this dissertation, called the “PID++”, not only is this dynamic 

adaptability of humanlike control present, but also positional control with accuracy down 

to 0.0001”, as well as speed and acceleration control, typically found in expensive servo 

systems. The PID++ algorithm assumes a fully-specifiable, trapezoidal, acceleration and 

deceleration travel profile. 

Linear motion control is the moving of an object from Point A to Point B, also 

known as “a run”. There are 4 major classifications of linear motion control [2]: 

1) Type 1: Moving an object perpendicular to gravity with friction, whereupon the 

de-application of power causes the motion to stop. A printer carriage is an example of 

this Type 1 motion. 

2) Type 2: Moving an object perpendicular to gravity without friction (such as on 
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a frictionless table or in outer space). In this scenario, the de-application of power does 

not cause a slow-down of the object, but slow-down and stopping is affected by applying 

reverse power to the motor drive. A jet airplane landing on a runway, where reverse 

thrust is applied to the jets to affect a slow-down, and stop of the airplane, is an example 

of this Type 2 motion. 

3) Type 3: Moving an object parallel to gravity upward and against the force of 

gravity, i.e. lifting an object. A weight-lifting machine at the gym is an example of an 

apparatus that exhibits this Type 3 motion, where the user lifts a weight. 

4) Type 4: Moving an object parallel to gravity downward and with the force of 

gravity, i.e. the controlled decent of an object. A weight-lifting machine at the gym is an 

example of an apparatus that exhibits this Type 4 motion, where the user, in a controlled 

fashion, brings the weight to the bottom, on the platform. 

There are many examples of each of these 4 types of linear motion control, and 

other examples of compound types of linear motion control. 

Moreover, in a different but related context, the Moon with no atmosphere at all, 

and Mars with only a very thin atmosphere of practically no use to humans for sustaining 

life, will require people to maintain their own breathing spaces. One way to do this is 

through the use of spacesuits. No spacesuit will allow a person to do distant hikes from 

their home base on these worlds, as their oxygen capacity is limited. It is far more 

reasonable to expect people to live and spend most of their time at their home 

encampment, and control robots from there, that may be anywhere on the planet, in real 

time, and without delays, through orbiting satellite networks. 
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Artificial Intelligence has many more years of evolution to go before fully-

autonomous robots can be expected to do meaningful exploration unsupervised. The 

distant control of today’s robotic explorers by the Jet Propulsion Laboratory, while 

having made great inroads to these ends, still cannot have the degree of real-time control 

of these machines compared with the precision and speed of a human controlling them 

locally from the surface of the celestial body. 

Having robots as an integral part of Geological Space Exploration on the Moon 

and Mars, controlled locally and in real time by humans living relatively close by, allows 

designers of these robots to consider new things that have had no necessity to be 

contemplated before. 

Like today’s robotic explorers, having an integrated robotic arm is an absolute 

necessity. A robotic arm provides the flexibility and control that humans enjoy every day 

with the analogous anatomy of the human body. The same way the human hand provides 

great usefulness to the human arm, the usefulness of a robotic arm is derived from its end 

effector. 

Unlike the human body, a robotic arm’s end effector can be designed to be 

removable and replaceable, with an end effector of a different type to suit a different 

purpose, provided the robotic arm and the various end effectors all adhere to a Universal 

Interface Design (UID). The more universal the interface design is, allows for end 

effectors, from far and wide, all being compatible with the robotic arm. Having a simple, 

quick-interchange, interface on the robot arm will allow the replacement of the end 
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effector by astronauts living on the celestial body when the robot returns back to home 

base before redeployment. 

Furthermore, while envisioning a not too distant future, when it is commonplace 

for humans to live and work on the Moon and Mars, many pressing needs will come to 

the forefront, one of which is the need for electrical energy. Electrical power will be 

needed for all aspects of life for the astronauts, and the exploration of the celestial body 

they are on. This power will need to be generated continuously, day and night. Not doing 

so would be dangerous or deadly to the health and welfare of the astronauts. 

Currently, electrical power is usually generated in Space in either of two (2) 

different ways: Solar and Nuclear. Solar power generation suffers from the fact that 

electrical power can only be generated during daytime hours. Nuclear power generation 

suffers from the fact that it requires dangerous radioactive materials. These materials can 

be dangerous to the astronauts using these generators and are very controversial because, 

should the spacecraft carrying these generators into Space be destroyed during launch, 

these materials could shower down on the inhabitance below, and be life threatening. 

Another alternative is needed to help make colonization and exploration of these worlds 

more feasible and safe. 

The question is: how can electrical power be generated continuously, day and 

night from the surface of the Moon or Mars, in a safe and effective way, while not 

requiring any hazardous or radioactive materials to operate? This dissertation is centered 

around addressing many of such questions and motivational discussions. 
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1.3 Contributions of Proposed Research 

The contributions of the proposed research are discussed further in the following 

three subsections regarding the humanlike motion control algorithm called PID++, and 

the two (2) PID++ applications: 1) a robotic arm end effector called “Robotic End 

Effector for lunar and martian Geological Exploration of Space” (REEGES) with its 

design for interchangeability, and 2) the REEGES Power Station for day and night power 

generation on the Moon and Mars. 

1.3.1 PID++ Algorithm Contributions 

The main concept introduced in this dissertation is a radically new, simple, and 

computationally lightweight approach to humanlike motion control. A new Proportional-

Integral-Derivative (PID) controller algorithm called PID++ is proposed in this work. 

We state the research problem definition by a single illustrative example: 

Assume a blindfolded person sits in front of a weight lifting machine at the gym 

and is asked to lift an unknown weight from the bottom of the platform to a specific 

height at a particular speed and with a particular trapezoidal, acceleration and 

deceleration profile. The person must at all times comply with this request, and has no 

foreknowledge of the amount of weight to be lifted (Type 3). After this run is completed, 

the user must do the same, with this same weight, or an unknown different amount, and 

bring this weight back down to the bottom of the platform (Type 4), while always 

maintaining compliance to the motion specifications. The person will do this repeatedly 

with many different amounts of weight, one after another. How would the person 
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approach this problem? What would the human/machine operation look like? 

This is a problem addressed by the PID++ algorithm, and more generally, 

addressing all four (4) motion control types with a single algorithm, while not requiring 

any sort of adjustment or reconfiguration. Additionally, the algorithm must be 

computationally lightweight, and as such, be able to execute well on even a small 

microcontroller (MCU) such as the Arduino Uno. 

The contributions of the proposed adaptive motion control idea in this document are 

two-fold. 

1) The proposed PID++ algorithm is able to perform any of the 4 types of motion 

control, independent of weight, all without any reprogramming, adjustments or 

foreknowledge / transfer function, of any kind, just like humans do all the time, 

but, with the speed, precision, and accuracy of a computer controlled machine. 

The algorithm is even able to cope with changes in load during the middle of a 

run. 

The assumption is that the machine executing the PID++ algorithm will never be 

asked to run with loads beyond its mechanical abilities. 

2) With basic arithmetic, minor incremental adjustments based on real-time input, 

has been made to achieve a stable, controlled, dynamic, adaptive control system, 

for linear motion control, in any direction and with any load. The simplicity of the 

basic arithmetic computations, done periodically as the run progresses, makes the 

algorithm computationally lightweight. 
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The proposed PID++ idea will be used in the other concepts proposed in this 

dissertation. 

1.3.2 End Effector Application Contributions 

For the first PID++ Algorithm application’s new concept, this dissertation 

proposes how Lunar and Martian geological exploration could be conducted practically 

and safely, for an extended period of time, while human explorers are on the surface of 

Earth’s neighbors. 

The contributions in this regard include introducing a Universal Interface Design 

(UID) for robotic arms and their end effectors for use on the Moon and Mars for 

Geological Space Exploration, by exhibiting a purposefully-built, fully-functional end 

effector for illustrating these purposes called the “Robotic End Effector for lunar and 

martian Geological Exploration of Space” (REEGES). 

1.3.3 Power Station Application Contributions 

For the second PID++ Algorithm application’s new concept, this dissertation has 

the contribution of proposing a new Power Station using a safe and effective approach for 

generating electrical power continuously, day and night from the surface of the Moon or 

Mars.  

On the surface of the Moon and Mars the most abundant and readily available 

energy source is the Sun. On Earth, over the eons of time, its rays have charged with 

energy the Chemistry of Life through photosynthesis, which provides all that lives on 
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Earth the energy rich food we eat, and even the existence in great abundance: Natural 

Gas, Oil, and Coal, used to energize our lives. 

If the Sun could likewise be utilized to store in chemical compounds great 

quantities of this chemical energy, and be able to do so over and over again, without loss 

or degradation, a means of solar rechargeability can be utilized to charge a compound’s 

chemistry by day, to be utilized exothermically by night. 

Known for thousands of years, limestone can be converted to unslaked lime 

(Calcium Oxide: CaO) by heating the stone to high temperatures in a kiln. With roots 

dating back to 13th century England, unslaked lime was used for cooking by mixing 

Calcium Oxide with water (H2O) producing a strong exothermic reaction, hot enough and 

long lasting enough to cook food. 

Heat like light is a form of energy. The heat produced from this Calcium Oxide 

and water reaction could be utilized on the surface of the Moon or Mars to produce 

electrical power during nighttime operations. By doing so at night, and with solar panels 

by day, at no time are people or machines dependent exclusively on battery power, with 

the worry that the batteries may be dead before sunrise is reached. Fortunately, this CaO 

+ H2O chemical reaction producing Calcium Hydroxide (Ca(OH)2) and Heat is 

completely reversible. It should be noted that all of these compounds are relatively safe.  

During the day, electrical power would be produced using solar panels that track 

the Sun. Additionally during these hours, it is proposed that a reflective parabolic dish of 

adequate size would also track the Sun and solar recharge the Calcium Oxide Chemical 
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Reactor Chamber with an adequately high temperature, converting all of the spent 

Calcium Hydroxide back into high-energy constituent Calcium Oxide and water vapor 

for collection and reuse. 

During the night, this fully recharged Calcium Oxide Chemical Reactor Chamber 

would be put into action for requisite nighttime power generation activities. Placed in a 

vertical orientation, and above the parabolic dish, this reactor chamber, of adequate size, 

and with a cubic shape, will be used in the production of electrical power in place of the 

daytime solar panels. 

When heat moves through a thermopile (from hot to cold) electrical power is 

produced. By encasing the Calcium Oxide Chemical Reaction Chamber with thermopiles, 

a means of converting heat energy into electrical energy is obtained. With heat sinking 

out to the extremely cold, outside, nighttime temperatures of these thin to no atmosphere 

extraterrestrial bodies, a means of great heat flow and thus electrical power is possible.  

In the reaction chamber would be an adequately sized reserve of Calcium Oxide, 

and a corresponding reserve of water stored in a sponge. Under the control of a 

computationally lightweight computing device, the sponge would be squeezed over time 

to release water in a controlled fashion over the Calcium Oxide stored within the reaction 

chamber, with the help of gravity present on these celestial bodies. A predetermined 

internal reaction chamber temperature would be reached and maintained for the duration. 

The time duration, internal temperature, voltage, current flow, and power dissipation are 

achieved by adequate designing, sizing, and scaling the components of the Solar 

Rechargeable Calcium Oxide Chemical Thermoelectric Reactor. 
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The embodiment of this design is proposed herein. Called the “Robotic End 

Effector for lunar and martian Geological Exploration of Space” (REEGES) Day/Night 

Power Generator Station, this form of thermoelectric power generation is mathematically 

modeled, simulation is performed, and a fully operational day/night unit is built for 

testing and demonstration in this dissertation. The REEGES Power Station employs the 

newly developed Humanlike Motion Control Algorithm called PID++ [3, 4] proposed in 

this dissertation for its operation on a computationally lightweight microcontroller. 

This research was initially developed to upgrade the solar panel power supply of 

REEGES the “Robotic End Effector for lunar and martian Geological Exploration of 

Space” [5] for day and night operation. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 PID++ Algorithm Review 

     For as long as humans have been on planet Earth, people have naturally and 

effortlessly been able to control their neural motor activities to be able to interact and 

shape the world around them. Today, the question is: can an algorithm be devised to 

endow a machine with the same degree of motor control as that of a single muscle of the 

human body controlled by the human brain? 

     To date, the work in this field [6-16] is primarily divided into four categories. All 

are computationally intensive, and none offer a unified approach to complete motion 

control: 

a) Single Neuron [6-8] 

b) Fuzzy Logic [9-14] 

c) Self-Tuning [15-16] 

d) Model Reference [16] 

     The work in [6] uses a Single Neuron to make PID adjustments for the motion of a 

mechanical arm. The authors in [7] proposed to improve the Single Neuron PID approach 

using Fuzzy Logic gain control, focusing on nonlinear and time delay control. The 

authors in [8] use a Single Neuron approach to tune the PID only to control the lateral 
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motion of an automobile driving down a road. 

The idea presented in [9] is a simulation study of the comparison of the classical PID 

with a Fuzzy Logic tuned PID related to hydraulics. The authors in [10] use a high-speed 

Application Specific Integrated Circuit (ASIC) to implement the Fuzzy Logic controlled 

tuning of the PID, strictly for aircraft roll control. In [11], the authors use a Digital Signal 

Processor (DSP) to execute a Fuzzy Logic based self-tuned PID to overcome servo 

deficiencies such as nonlinearity, and the servo lag phenomena. The authors in [12] use 

Fuzzy Logic to tune the PID for improved performance in the robot soccer game. The 

work in [13] is another Fuzzy Logic attempt to tune a PID for improved performance in 

the game of robot soccer. The work in [14] is a Fuzzy Logic approach to tuning a PID for 

purposes of compensating for increased friction on a solar tracker.  

The authors in [15] use traditional Self-Tuning of the PID controller on a high-end 

DSP to improve robot motion control. The idea of [16] is another attempt at PID 

adjustment for aircraft roll control by using two different approaches to tune the PID to 

improve performance: 1) traditional Self-Tuning, and 2) using a predefined model 

(Laplace System Transfer Function) as a means to adjust the PID. 

     The proposed algorithmic approach is the simplest and most dynamically adaptive 

technique for PID self-tuning, providing a complete motion control solution, unlike the 

prior related work [6-16] and others [17-23], for generalized humanlike motion control. 

 

 



17 

 

2.2 End Effector Application Review 

Since the dawn of the Space Age in the late 1950’s, robotics has played a major 

role in the exploration of Space and our extraterrestrial neighbors. 

Since the late 1990’s NASA has put specialized robots on the surface of Mars 

with ever increasing cost, complexity and capability. Every robotic explorer was a nearly 

one of a kind unit with no capability to interchange any of their robotic arm end effector, 

tool suites, as no human accompanies them on the surface of the planet. 

Although humans will not be returning to the Moon for some time or stepping 

foot on Mars for even longer, some work in the area of Space-based robotic explorer, end 

effector interchangeability has been done already [24-27], although none are meant 

specifically for Geological Space Exploration of the Moon and Mars. Very few 

comparable papers are available on the subject of this dissertation, as relatively little 

research has been done in this area, due to a lack of necessity, as manned Space missions 

to these celestial bodies has yet to begin. 

The work in [24] is related to the development of a replaceable end effector for 

the SherpaTT rover. The end effector is concerned merely with the manipulation of 

payloads, and is not involved with any sort of geological planetary exploration. 

Additionally, the robotic arm, while being able to autonomously dock with the end 

effector, has a limited amount of force that it can contend with mechanically. Data is hard 

connected through its interface as is power. Thermal transfer through the interface will be 

added in the next iteration. While it is convenient that the design of this interface supports 
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the quick connect docking, it is woefully inadequate for the size and mass of robotic arm 

end effectors that are currently being sent to Mars, much less those of future missions. 

The work presented in [25] focuses on the EU funded H2020 Standard Interface 

for Robotic Manipulation of Payloads in Future Space Missions (SIROM) and aims to 

bridge this gap by developing an integrated and inherently optimized multi-functional 

standard interface for mechanical, data, electrical and thermal transfer. The interface, in 

combination with custom end effectors, will allow designing modular and re-configurable 

systems that could be easily serviced and upgraded via a dedicated robotic system for 

planetary environments. While the dynamics of this interface is good, it lacks robustness 

and adaptability to future diverse requirements in chemistry and biology. 

The work in [26] is a survey paper of different approaches and technologies for 

the work done in [25] as [27, 28] also show. 

The work introduced in [29] is strictly interested in a novel docking mechanism 

with a T-type locking mechanism, suitable for multi-interface connections such as 

mechanical, electrical, gas, liquid, etc., and may be suitable for incorporation in the UID 

concept proposed in our dissertation. 

 

2.3 Power Station Application Review 

Since the dawn of the Space Age in the late 1950’s, space based power systems 

have been a major consideration. Usually our planetary neighbors, the Moon and Mars, 

being so close to the Sun have necessitated the use of only solar power for satellites and 
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other robotics for exploration, although the Apollo missions to the Moon did put a 

Nuclear Thermoelectric power generator on the surface. Usually Nuclear power solutions 

have been reserved for only very distant Space exploration such as the outer planets of 

our Solar System since the brightness of the Sun at these great distances is very faint, so 

solar power is not an option. 

Although humans will not be returning to the Moon for some time or stepping 

foot on Mars for even longer, some work in the area of Space-based power systems, for 

long term inhabitance and exploration has been done already [30-34], although none are 

chemically driven and meant specifically for Space Exploration of the Moon and Mars. 

Very few comparable papers are available on the subject of this dissertation, as relatively 

little research has been done in this area, due to a lack of necessity, as manned Space 

missions to these celestial bodies has yet to begin. 

The work in [30] is related to the utilization of the naturally occurring large 

temperature changes that happen between day and night on the Moon and Mars. These 

large temperature changes are stored and utilized to make power as the system oscillates 

between day and night. This is a passive means of power generation utilizing current 

conditions as a means to generate power. 

The work presented in [31] focuses on a means of improving solar power 

generation through dust mitigation. As with all solar power solutions, it still suffers from 

the fact that power is not generated when there is no Sun. 
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The work in both [32] and [33] focus on nuclear power generation for Mars and 

other space exploration projects. Nuclear approaches are hazardous to human life by 

definition and this will not change. 

The work introduced in [34] is a very unique concept related to solar power 

generation. The paper suggests using solar panels on satellites to collect the solar energy 

and then beam the energy down to the surface where needed. Theoretically, because the 

satellites could be anywhere in orbit, and with many satellites in orbit, there would be 

continuous energy harvesting and delivery to the surface where needed. While this 

solution does indeed solve the problem of having continuous energy generation for 

colonization and exploration of the Moon and Mars the issue with this is that it is an 

extremely expensive solution considering what it would cost to put many satellites in 

orbit around these celestial bodies. 

The proposed solution put forth in this dissertation is relatively inexpensive, and 

small. Further the power generators can be mass produced and delivered with the 

astronauts going to these places as well. It is envisioned that many hundreds of these 

power generators would be used by a colony of explorers on the Moon and Mars. 
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CHAPTER 3: RESEARCH PLAN 

 

3.1 PID++ Algorithm Plan 

     In this dissertation, an algorithm is devised to approach the problem of obtaining 

humanlike motion control operation using a low-end microcontroller, an Arduino Uno, an 

Arduino Motor Control Shield, Encoder Pulse Counter Shield, Gear-Motor with 

Integrated Encoder, Pulley Wheel, Run Start Button, and a Laboratory-grade Test Fixture 

with Assorted Precision Weights as shown in Figure 3.2. 

 

 

 

 

 

Figure 3.2: PID++ Development and Test Apparatus 

3.1.1 PID++ Algorithm Design 

The PID++ algorithm is designed to provide a complete holistic solution to motion 

control. With a single command, a full run, from beginning to end, is executed. Figure 

3.3.a) shows the overall control block diagram and Figure 3.3.b) shows the MAIN 

Weights 
Gear Motor 

with Encoder 

Arduino 
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LEVEL FLOW CHART, command line parameters and operation of the PID++ 

algorithm. 

Like the basic PID, the following equations (2-6) are used. However, the output of the 

PID++ algorithm expressed in Equation 2 at time t, is computed based on dynamic Kp, Ki 

and Kd coefficients, not initially specified. 

PID Equations: 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐾𝑝 × 𝑒𝑟𝑟𝑜𝑟 + 𝐾𝑖 × 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 𝐾𝑑×𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣e             (2) 

where, 𝑒𝑟𝑟𝑜𝑟 = 𝑋𝑑𝑒𝑠𝑖𝑛𝑎𝑡𝑖𝑜𝑛 − 𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡                                                                      (3) 

where, 𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑒𝑛𝑐𝑜𝑑𝑒𝑟𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛                                                                             (4) 

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 = 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 𝑒𝑟𝑟𝑜𝑟 × 𝑑𝑡                                                                                   (5) 

𝑑𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 = (𝑒𝑟𝑟𝑜𝑟 − 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠_𝑒𝑟𝑟𝑜𝑟) / 𝑑𝑡                                                              (6) 

The PID++ routine is called with a destination value (Xdesination in encoder counts 

(or cnts), e.g. 125,000), a plateau travel speed (Vmax in counts/ms), an acceleration 

(Adesired in counts/ms2), a minimum time granularity (dtmin in seconds, e.g. 0.005), and 

a physical quantization granularity tolerance called precision (unitless, e.g. 0.01), as the 

user specified inputs. 

After variable initialization and first-pass execution through FLOW CHART #0, the 

program enters the main loop until the destination is reached but for no longer than a 

maximum allowable drive interval. In this loop, if the minimum time granularity has been 

reached, then, FLOW CHART #1 is executed, otherwise and always, the current position 

is checked to determine if the destination has been reached within a target number of 

counts. 



23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: a) PID++ Control Block Diagram. b) PID++ Flow Chart - Main Level 

Upon exiting the main loop if the destination has been reached, the PID++ routine 

returns success otherwise the routine returns failure. 

_ 
+ 

Xdestination 

PID++ algorithm 

Compute Kp, Ki, Kd 

dynamically, on-the-fly 

Process/Plant ∑ 
error(t) 

output(t) 

(3a) 

Vmax Adesired precision 
encoderPosition(t)  

 

(3b) 



24 

 

Figure 3.4 shows FLOW CHART #0. The first step of this section is the one-time 

calculation of the “div” parameter through the execution of a 3-dimensional polynomial 

(Equations 7-9). This polynomial takes the Vmax and Adesired parameters as inputs. See 

Figures 3.5 and 3.6. 

𝑑𝑖𝑣 = f(𝑉𝑚𝑎𝑥) − 𝑔(𝐴𝑑𝑒𝑠𝑖𝑟𝑒𝑑)              (7) 

f(𝑉𝑚𝑎𝑥) = (14871.428374977424 + (𝑉𝑚𝑎𝑥 × 58.963462093835631) + (𝑉𝑚𝑎𝑥2 × 

(−4.4655757092373358)) + (𝑉𝑚𝑎𝑥3 × 0.024514638540135931))                                 (8)  

g(𝐴𝑑𝑒𝑠𝑖𝑟𝑒𝑑) = (−1402.4961019577061 + (𝐴𝑑𝑒𝑠𝑖𝑟𝑒𝑑 × 20724.637961900153) + 

(𝐴𝑑𝑒𝑠𝑖𝑟𝑒𝑑2 × (−70942.626241111837)) + (𝐴𝑑𝑒𝑠𝑖𝑟𝑒𝑑3 × (−6557.7905889448139)))   (9) 

This “div” variable is used in the on-the-fly tuning process of the PID++, for updating 

the PID coefficients, performed in real-time throughout the run. These equations were 

developed empirically with much data taken in actual runs. From all this data, the “div” 

parameter equations were derived using regression and curve fitting models. 

The f(Vmax) portion of the “div” value relative to a precise time base “dt” allows for 

the proper update rate of the basic PID coefficients to affect a desired plateau speed. The 

slope of the trapezoidal acceleration and deceleration is affected by the g(Adesired) 

portion of the “div” variable by augmenting the way the f(Vmax) functions, by either 

enhancing or retarding its effect. By doing so, the slope of the trapezoid is affected on the 

way to the Vmax speed and from the Vmax speed back to stop motion. By making small 

adjustments as needed on the way to the destination on a periodic basis, minor 

modification in real-time is all that needs be done. This can be done with simple 

arithmetic, thus with a low computational cost. 
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After this “div” calculation, the rest of FLOW CHART #0, is the first pass execution 

of the PID++ algorithm, at time = 0. This code does an initialization of running variables 

and PID coefficients at this point in time. From here, the first PID calculation is made and 

outputs (Equations 2-6), held within fixed limits, are sent to the motor to begin the run. 

Figure 3.7 shows FLOW CHART #1 which shows the output control structure of the 

PID++ algorithm which is executed periodically in the Main Loop, every dtmin. At this 

programming level, a set of PID coefficients (Kp, Ki, Kd) have already been set. Using 

these current coefficient values, the running output (Equation 2) is determined and used 

to control the motor, with adjustments made every dt. 

In terms of the detailed operation, the PID++ algorithm has eight specific areas of 

operation called phases. These phases correlate to the “phase” of the run that the 

algorithm is in the process of executing: 

• Phase 0: Initialization and first pass at time = 0. 

• Phase 1: First half of run, velocity is too low. 

• Phase 2: First half of run, velocity is too high. 

• Phase 3: First or second half of run, velocity has plateaued, and running at the 

specified velocity (Vmax). 

• Phase 4: Second half of run, before the end of run deceleration zone, plateaued, but 

velocity has become too low over time. 

• Phase 5: Second half of run, before the end of run deceleration zone, plateaued, but 

velocity has become too high over time. 
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• Phase 6: End of run deceleration zone. 

• Phase 7: Projected velocity at the destination is outside of “precision”. 

• Phase 8: Projected velocity at the destination is within “precision”. 

FLOW CHART #1 begins by confirming that at least a dtmin time period has elapsed 

since the last execution of this flow chart. If so, the current position and velocity is 

retrieved from the encoder. The “error” used with the proportional term of the PID is 

calculated (Equations 3, 4). If the algorithm is not currently in Phase 3, the integral term 

is computed (Equation 5). However, if the algorithm is in Phase 3, no adjustment in the 

integral term is necessary. Now, the derivative (Equation 6) and run “completion” 

fraction (Equation 10) is calculated. 

𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = 1 − 𝑒𝑟𝑟𝑜𝑟𝑋𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛 − 𝑋𝑠𝑡𝑎𝑟𝑡 

= 𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡−𝑋𝑠𝑡𝑎𝑟𝑡𝑋𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛−𝑋𝑠𝑡𝑎𝑟𝑡(10) 

FLOW CHART #2 is then executed to determine any retuning of the PID coefficients. 

As a programmatic simplification, Kd = Kp / 3.0 is used. With all variables now updated, 

the PID calculation is made and outputs (Equation 2), held within fixed limits, are sent to 

the motor for the current iteration of the run, and repeated for the duration of the run. If 

the motor should overshoot the destination, the output is negated and attenuated as a 

means to drive the motor back to the precise destination target (Xdestination), within a 

fixed count tolerance. 

Figure 3.8 shows FLOW CHART #2 which begins the low-level coefficient tuning 

code. The flow chart that gets executed next (FLOW CHART #3, #4, or #5), is 
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determined in this section of the code based on the current value of the run “completion” 

fraction (Equation 10). 

Figure 3.9 shows FLOW CHART #3 for the retuning of the PID coefficients during 

the first half of the run. The objective of the first half of the run is to accelerate the motor 

at the Adesired specification to the Vmax velocity and plateau there into the second half 

of the run, and make adjustments if necessary to maintain Vmax within “precision”. 

Key to the computationally lightweight nature of the PID++ algorithm is small 

adjustments done with just basic arithmetic. 

Using the “div” value calculated only once at the beginning of the run, based on the 3-

dimensional polynomial, (which confluents Vmax and Adesired into this single floating 

point number “div”), the Kp and Ki coefficients are given minor adjustment as needed. 

In Figure 3.9, if the current velocity (Vcurrent) is under Vmax, as would be the case 

during the initial acceleration of the run, Kp and Ki are increased by “dt/div” (Kp = Kp + 

dt/div, Ki = Ki + dt/div). Once the Vmax speed is reached, the position is marked 

(Xdecelerate is calculated for the 2nd half of the run to form a symmetrical trapezoid 

acceleration/deceleration profile). Should there be an over-speed situation, only Ki is 

decreased by “dt/div” (Ki = Ki – dt/div) and Kp is left unchanged. During the plateau 

phase while running at Vmax to within “precision”, no adjustments to the Kp or Ki 

coefficients are made. 

Figure 3.10 shows FLOW CHART #4 which continues the plateau through the 2nd 

half of the run, up to the end of run deceleration zone begun at Xdecelerate. If Vcurrent is 

under Vmax, Kp and Ki are increased by “dt/div” (Kp = Kp + dt/div, Ki = Ki + dt/div)). 
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Should there be an over-speed situation, only Ki is decreased by “dt/div” and Kp is left 

unchanged. During this plateau phase while running at Vmax to within “precision”, no 

adjustments to the Kp or Ki coefficients are made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: PID++ - Flow Chart #0 - Initialization Stage 
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Figure 3.5: PID++ - Vmax Polynomial 

 

 

 

 

 

 

 

 

Figure 3.6: PID++ - Adesired Polynomial 
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Figure 3.7: PID++ - Flow Chart #1 – Output Control Level 
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Figure 3.11 shows FLOW CHART #5 which begins at the Xdecelerate point in the 

run. At this point, the motor has completed most of the run and must now decelerate to a 

stop by the time it hits the Xdestination. 

To do this, a “projection” calculation of the speed is made by looking at the 

deceleration rate relative to the remaining distance to travel to get to the Xdestination 

(Equation 11). 

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =  𝑎𝑏𝑠 ((((𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡 – 𝑉𝑙𝑎𝑠𝑡)(𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡 – 𝑋𝑙𝑎𝑠𝑡)) ×  𝑋𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛)   +  𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − (((𝑉𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝑉𝑙𝑎𝑠𝑡)(𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝑋𝑙𝑎𝑠𝑡)) ×
 𝑋𝑐𝑢𝑟𝑟𝑒𝑛𝑡))          (11) 

If at this point in time, the “projection” is within the “precision” then a “holdCount” 

variable (which is only used in this section of the code) counts the number of times the 

“projection” is within the “precision”. This “holdCount” value, which can increase as the 

motor approaches the destination, is used to dynamically augment the statically 

calculated “div” value, derived from the 3-dimensional polynomial. Kp is untouched, and 

Ki is then increased by “dt / (div + holdCount)”. That is, Ki = Ki + dt / (div + holdCount). 

If on the other hand, the “projection” is outside of the precision, then Kp is increased 

by “dt / (div + holdCount)”, and Ki is decreased by “dt / (div + holdCount)”. That is, Kp = 

Kp + dt / (div + holdCount), Ki = Ki – dt / (div + holdCount). 
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Figure 3.8: PID++ - Flow Chart #2 – Completion Control Level 
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Figure 3.9: PID++ - Flow Chart #3 – First Half of Run (Acceleration and Plateau) 
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Figure 3.10: PID++ - Flow Chart #4 – Second Half of Run (Plateau - Before the End 

of Run Deceleration Zone) 
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Figure 3.11: PID++ - Flow Chart #5 – Second Half of Run (End of Run Deceleration 

Zone) 
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3.2 End Effector Application Plan 

With our vision of the future of Lunar and Martian Space Exploration in mind, we 

express the problem future Space engineers will need to confront when humanity 

colonizes the Moon and Mars. 

Space exploration is extremely expensive. One way to combat this problem is 

through on-demand repurposing of machinery. In the field of Geological Space 

Exploration, the most critical machine is the robotic arm. 

Currently, when a robotic arm is sent to the Moon or Mars, the arm has a single 

end effector with a fixed tool suite. This is understandable as these robotic arms don’t 

have a human to travel with them, to these celestial bodies, to affect any sort of hardware 

changes. 

When humans colonize these bodies however, all of this will change. Humans 

will work alongside of these robots, and suddenly there will be a premium on efficiency 

and cost savings, as it makes no sense to have a separate robot for different end effector 

tool suites. It is far more cost effective to have a single robot with a fixed robotic arm 

with interchangeable end effectors with each end effector having a different tool suite. 

One end effector for example, may specialize strictly in drilling, grinding, polishing, and 

photographing rocks. Another end effector tool suite, may have a combination of 

different tools for drilling, elemental analysis, and sample collection. One end effector 

may have an X-ray spectrometer, and another end effector may be designed to work in 

some other band of wavelengths. Further, another end effector still, may be concerned 

with experimenting with the chemistry or biology of the geology. The possibilities are 
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limitless for the designers of these end effectors, and the net effect overall is 

extraterrestrial, geological exploration conducted far more cost effectively. 

With an eye specifically towards Lunar and Martian Geological Exploration 

conducted with surface robotics, the use of a robotic arm is an absolute necessity. Our 

focus being strictly on maximizing the versatility of these robotic arms requires the 

ability to use multiple end effectors for any given robotic arm, as the end effector gives 

the arm functionality and ability. 

So how can a myriad of end effectors, each with a different tool suite, be made to 

quickly and seamlessly attach to the end of a robotic arm of suitable size and strength, 

and still provide complete functionality? The use of a Universal Interface Design (UID) 

is proposed herein. 

The fundamental purpose of the proposed interface is to be a provider of utilities 

and data communications. Each utility is to be provided through a unique physical 

connector design. No two (2) utilities may have the same connector design. 

So the questions now become: what are utilities, and how should they be 

provided? A utility could be a voltage level, such as 5V DC, or 24V DC. A utility could 

also be the supply of gas pressure, such as air, oxygen, or helium. A utility could be 

vacuum, or the supply of a liquid chemical. In short, a utility is anything that needs to be 

or can be supplied to or provided to an end effector, for whatever purpose. These utilities 

are supplied to the end effector through the different unique connectors, and would be 

plugged in, one by one, to the back of the end effector. The design and style of each 
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connector, for each utility, would be agreed upon and made a standard by some world-

wide governing body. More utilities could be added as needed, by the governing body, at 

any time, to satisfy a new need. 

The Universal Interface Design (UID) proposed here, would handle all data 

communications (command, control, status, video, results, etc.) with the end effector 

quite differently however. Encrypted, short range, Radio Frequency (RF), data 

communications links would be employed, using an agreed upon standard that is best 

suited for these purposes. The reason why data communications is proposed through RF 

and not a fixed hard wired connector like the utilities is to minimize connectors and 

thereby simplify installation of the end effector onto the robotic arm. 

This dissertation details REEGES, a fully-functional Robotic End Effector, for 

conceptual lunar and martian Geological Exploration of Space, with its Universal 

Interface Design (UID), which includes the mounting bolt. 

 

3.3 Power Station Application Plan 

With our vision of the future of Lunar and Martian Space Exploration in mind, we 

express the problem future Space engineers will need to confront when humanity 

colonizes the Moon and Mars. 

For as long as modern humans have walked the Earth, there has been an ever-

present need for energy. Energy takes many forms, whether it’s a wood burning camp 
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fire, the burning of fossil fuels, solar collection panels, wind, or nuclear. Energy is an 

absolute necessity for human survival. 

Currently, when robotic explorers are sent to these celestial bodies, solar energy is 

primarily used, as solar energy is present in abundance during the daytime hours. When 

night or a solar occlusion occurs, our robotic friends are simply put to sleep for the 

duration to save battery power until full daylight returns. 

Humans are not machines that can be simply turned on and off. No human living 

on the Moon or Mars would choose to live on battery power during the night and be 

satisfied worrying if their batteries will be dead before morning is reached, as their lives 

will depend on many power hungry systems for survival and exploration. 

As there is no free oxygen on these worlds, the burning of any sort of fossil fuel is 

not a possibility. Further, no one would choose to live anywhere near a nuclear power 

source with all of the deadly radioactive materials it would contain. 

So Space engineers of the future will be left to ponder the following question: 

When the Sun is gone how can energy be generated on a dark and lifeless world in a safe 

and effective manner?  

As day follows night, and night follows day, the storage of the energy of the Sun, 

the only form of Energy on these bodies that is readily and abundantly available, is the 

only option. So the question now is: How can Solar Energy be stored? 

On Earth, solar energy is stored by plants. Through photosynthesis, plants take the 

Sun’s rays to produce high-energy sugars which form the bases of all of Earth’s food 
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chains. The plant life itself, from millions of years ago, is the basis of the fossil fuels that 

currently energize our lives, be it in cars, planes, or the electricity generated to power our 

homes. 

Likewise on the Moon and Mars, highly energized chemicals, like plant sugars, 

can be utilized to store, deplete, and restore, again and again, the energy of the Sun. So 

the question now becomes: What chemical is stable, safe, and suitable for this challenge. 

The answer is Calcium Oxide (CaO). 

Using nothing more than water (H2O) to exothermically release its chemical 

energies to form Calcium Hydroxide (Ca(OH)2), Calcium Hydroxide can easily and 

losslessly be solar recharged, by simply “baking” it in the concentrated rays of the Sun, at 

a high enough temperature, causing this compound to revert back to the original Calcium 

Oxide and water from which it came. The next question is: How can Calcium Hydroxide 

be “baked” on the Moon and Mars to affect this reversion? The use of a solar oven is 

proposed. This oven is simply an adequately sized reflective parabolic dish that tracks the 

Sun during the daylight hours. At the focal point above the parabolic dish the “baking” 

process takes place at 512 °C [35]. 

With the basic solar energy storage, release, and recharge method defined, the 

place where all of this will occur is in an adequately sized, cubic shaped, chemical 

reaction chamber made of aluminum/silver alloy, chosen for its lightweight and excellent 

thermal conducting properties. This chamber mounted on one side, on a pedestal, above 

the concavity of the parabolic dish, at the dish’s optical focal point, will be responsible 
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for the conversion of the heat generated in the core of the reaction chamber into usable 

electrical power. 

Mounted on the entire surface area of the four (4) outermost sides of the reaction 

chamber will be square shaped thermopiles which perform the actual conversion of the 

thermal energy emanating from the reactor core into usable electrical energy at a 

predefined power level. 

The way a thermopile works is by converting the motion of heat from one side of 

the thermopile to the other into electrical power. Heat moves when there is a temperature 

differential. By having one side of a thermopile exposed to the high internal reactor core 

temperatures and the other side of these thermopiles exposed to the extremely cold night 

or solar occluded temperatures on the surface of the Moon or Mars when this reactor will 

be in operation, the ability to have this “motion of heat” is greatly enhanced, thus making 

optimal conditions for the production of electrical power. 

Key to this entire process is the attainment and maintenance of a constant 

temperature on the hot side face of the thermocouples. A means and method of 

temperature control is necessary. This will be done by controlling the rate of water 

dispensing on top of the Calcium Oxide stored inside the reaction chamber. As the water 

required for this reaction to take place will be stored in the fibers of a synthetic sponge, 

this water will be released by compressing this sponge. The rate at which the sponge is 

compressed is directly related to the rate of water dispensing which is therefore directly 

related to the internal reaction chamber temperature. 
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This sponge, being half cubical in shape, will be large enough to hold enough 

water to complete the reaction of all the stored CaO in the reaction chamber. By 

compressing this sponge at a slow enough rate to last the entire duration of night, a 

constant internal reaction chamber temperature can be maintained for the duration, 

assuming the reaction chamber and all of its components are scaled and sized correctly.  

Compressing the flat face of a wet sponge is similar to compressing a nonlinear 

spring. What this means is that it takes ever greater force to compress a sponge, as a 

sponge is compressed more and more. The rate of increase in force is exponential.  

The compression of the wet sponge will be accomplished with a DC motor, gears, 

and screw assembly, mounted of the 6th side of the cubic reaction chamber (opposite the 

supporting pedestal), to affect a linear motion of a wire screen covering the CaO facing 

surface of the sponge. This wire screen must draw up and compress the sponge at a 

constant linear rate over time for the duration of operation of the reaction chamber. Water 

will rain down onto the CaO. 

Because the force required to compress the sponge changes exponentially over 

time, the requisite computationally lightweight microcontroller must be able to cope with 

this while compressing the sponge at a perfectly linear rate over time, and be able to 

modify this rate as necessary, to maintain a preset internal reaction chamber temperature, 

for the duration of operation of the reaction chamber. 

The motion control algorithm running on the microcontroller to control the 

sponge compression will be the PID++ [3, 4]. This algorithm is designed to give 
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humanlike motion control capabilities to cope with these adverse requirements, while 

executing on a computationally lightweight microcontroller like the Arduino. The 

Arduino will be used for the microcontroller in this project. 

Figure 3.12 shows an artistic illustration of the REEGES Power Station. 

 

Figure 3.12: Power Station Illustration 
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CHAPTER 4: IMPLEMENTATION AND TEST PLAN 

 

4.1 PID++ Algorithm Implementation 

The algorithm is initially developed with the aid of MATLAB simulation and 

MATLAB is also used for graphical output to report the algorithm responses and results 

of operation based on data from actual runs. 

Additionally, real-time data from actual runs are reported in the Arduino IDE for 

detailed analysis. The actual motor operation in the Arduino IDE is coded in C 

programming language. The implementation/development platform and test apparatus 

have been depicted in Figure 3.2. 

 

4.2 End effector Application Implementation 

The end effector created for this project (REEGES) has a Tool Head as shown in 

Figure 4.1. This Tool Head has five (5) integrated tools in its tool suite. These tools 

shown in order of usage are the LED Light Tool (Figure 4.2), the Remote Thermal 

Sensor Tool (Figure 4.3), the Diamond Drill Tool (Figure 4.4), the Laser Spectrometer 

Tool (Figures 4.5 and 4.8), and the (Sample Collection) Vacuum Tool (Figure 4.6). 
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Figure 4.1. Tool Head 

 

 

Figure 4.2. LED Light Tool 

 

 

Figure 4.3. Remote Thermal Sensor Tool 
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Figure 4.4. Diamond Drill Tool 

 

 

Figure 4.5. Laser Tool 

 

 

Figure 4.6. (Sample Collection) Vacuum Tool 
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Figure 4.7. Side and Drill Tool Cameras 

 

 

Figure 4.8. i-Phos Spectrometer 

 

 

Figure 4.9. Motorized Ball Bearing Wrist Joint under PID++ Control for 

Rotational Motion 
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Figure 4.10. Diamond Drill Tool Motor 

 

 

Figure 4.11. Tool Head Assembly Preparation 

 

 

Figure 4.12. Internal View 
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Figure 4.13. Internal View Close-up 

 

 

Figure 4.14. REEGES Pre-Final Assembly 

 

 

Figure 4.15. REEGES Final Assembly 
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Figure 4.16. REEGES Fully-Assembled 

 

 

Figure 4.17. REEGES Fully-Operational 

 

The theory of operation of REEGES is that the remote geologist would use the 

LED Light to search for a suitable rock sample, and then the Remote Thermal Sensor 

determines the temperature of the rock sample of interest to determine its current internal 

temperature. Because there are large temperature swings particularly on the Moon, 

depending on day or night operation, there could be changes in rock hardness that need to 

be taken into account in terms of downward pressure applied by the robotic arm when 

drilling the rock sample using the Diamond Drill. The Diamond Drill Motor is shown in 

Figure 4.10. From here, the rock powder sample is then analyzed for its elemental 
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composition using the Laser Tool and iPhos (Visible Light) Spectrometer in combination. 

The visible light emitted upon energizing the powder rock sample under test while being 

lased, is then detected and spectrum analyzed by the spectrometer and its spectrum 

analysis software, looking for peaks and valleys in the wavelength emissions that betray 

the sample’s elemental composition. Finally, if the sample rock powder is deemed 

suitable for sample collection (and eventual sample return to Earth) the sample is then 

collected using the (Sample Collection) Vacuum Tool, and stored in the Sample 

Collection Vessel shown in Figures 4.16, and 4.17. 

Now, obviously there is a glaring missing piece for actual operation on the Moon 

and Mars (given that these celestial bodies have either no atmosphere at all, or just a very 

thin atmosphere), and that is a source of positive air pressure. This consideration is 

beyond the scope of this project along with everything that would be required to 

accommodate this very necessary requirement. 

Figure 4.7 shows the Side and Drill Tool Cameras used to send real-time video of 

the five (5) tools while each is in operation. 

The Tool Head is rotated under PID++ control to get a desired tool for operation 

into position, using the Motorized Ball Bearing Wrist Joint shown in Figure 4.9. 

Figures 4.11-4.15 show the general overall construction of the REEGES during 

final assembly. 

Figure 4.16 shows the complete system for extraterrestrial operation, with its 

three (3) major components: 
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1) REEGES for attachment to a robotic arm. 

2) The Sample Collection Vessel attached to REEGES through the UID. 

3) Solar Panels for powering REEGES through the UID to recharge REEGES’ 

Lithium Ion Battery shown in Figure 4.13. 

Figure 4.17 shows the complete system with ground station laptop computers. 

The laptop computer on the right is running the Spectrum Analysis Software Package for 

the elemental identification of the rock powder sample under test. 

 

4.3 Power Station Application Implementation 

This dissertation proposes to make a thermoelectric (TE) power generator, with 

USB voltage output compatibility, and with the following operating specifications 

(Equation 12): 

V =  5V, I =  2A, Operating Time =  12Hours 

𝐸𝑛𝑒𝑟𝑔𝑦 =  𝑉 ×  𝐼 ×  𝑇 =  120WH =  0.120KWH =  432,000 𝐽𝑜𝑢𝑙𝑒𝑠 =  432 𝐾𝐽  
(12) 

We assume an Energy Conversion Efficiency of 1.5%. So, the amount of 

chemical energy required to make this much electrical 𝐸𝑛𝑒𝑟𝑔𝑦 =  28,800 𝐾𝐽. 
The chemical equation generating this Chemical Energy is: 

𝐶𝑎𝑂 (𝑠) +  𝐻2𝑂  (𝑙) →  𝐶𝑎(𝑂𝐻)2 (𝑠)  + (𝛥𝐻𝑟 =  −350 𝐾𝐽/𝑚𝑜𝑙)                            (13) 
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The relation in Equation 13 is an exothermic reaction [36].The required density and size 

(space) are computed hereafter. 

Moles of CaO required = 28,800 𝐾𝐽 / 350 𝐾𝐽/𝑚𝑜𝑙 =  82.28571429 𝑚𝑜𝑙 (𝐶𝑎𝑂). 

There are 56.0774 𝑔/𝑚𝑜𝑙 𝐶𝑎𝑂. 

So 82.28571429 𝑚𝑜𝑙 ×  56.0774 𝑔/𝑚𝑜𝑙 =  4,614.368914 𝑔 𝐶𝑎𝑂 is required in the 

reaction chamber. To be conservative we will use 5,000g CaO. 

5,000𝑔 𝐶𝑎𝑂 / 56.0774 𝑔/𝑚𝑜𝑙 =  89.162479 𝑚𝑜𝑙 𝐶𝑎𝑂. 

There are 18.01528 𝑔/𝑚𝑜𝑙 𝐻2𝑂. 

Assuming a stoichiometricly equal quantity of 

𝐻2𝑂: 89.162479 𝑚𝑜𝑙 𝐻2𝑂 ×  18.01528 𝑔/𝑚𝑜𝑙 =  1,606.287025𝑔 𝐻2𝑂. 

To be conservative we will use 2,000g H2O. 

There are 3.34 𝑔/𝑐𝑚³ 𝐶𝑎𝑂. So 

5,000𝑔 𝐶𝑎𝑂 / 3.34 𝑔/𝑐𝑚³ =  1,497.005988 𝑐𝑚³ 𝐶𝑎𝑂 =  91.3529103 𝑖𝑛³ of 𝐶𝑎𝑂. 

There is 1.0 𝑔/𝑐𝑚³ 𝐻2𝑂. 

So 2,000𝑔 𝐻2𝑂 =  2,000 𝑐𝑚³ 𝐻2𝑂 =  122.0474882 𝑖𝑛³ of 𝐻2𝑂. 

There are 74.093 𝑔/𝑚𝑜𝑙 𝐶𝑎(𝑂𝐻)2 and there are 2.21 𝑔/𝑐𝑚³ 𝐶𝑎(𝑂𝐻)2. 

This reaction producing 89.162479 moles of Ca(OH)2 will occupy a space presented in 

Equation 14: 
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(89.162479 𝑚𝑜𝑙 ×  74.093 𝑔/𝑚𝑜𝑙) / 2.21 𝑔/𝑐𝑚³ =  2,989.283057 𝑐𝑚³ = 182.4172443 𝑖𝑛³ of 𝐶𝑎(𝑂𝐻)2       (14) 

To account for the space occupied by the sponge and other parts, we assume a 

216in³ capacity reaction chamber, cubical in shape, which will have interior dimensions 

of 6.0” × 6.0” × 6.0”, and exterior dimensions of 6.25” × 6.25” × 6.25”. The 

aluminum/silver alloy reaction chamber wall thickness will be 0.125”. 

4.3.1 Thermopile Design for Miniaturization 

Thermopile on a Chip (ToC): 

The designs will be a semiconductor based high-density count, array/junction 

thermopile (Figure 4.18) to produce a large Seebeck effect with a low internal module 

resistance, to generate 5V DC and 2A of current using multiple 4 in² (2” × 2”) thermopile 

modules on each of the outer 4 sides of the reaction chamber: So 4 ToC modules are 

needed. 2A / 4 modules = 0.5A / module. We will design for 0.5A / ToC module. 

Using a mathematical model for the proposed system (shown later), scaling up, 

with series connected, 169 junctions (13×13) array, should be able to produce 

approximately 5V @ 0.5A current output capability by utilizing 169 of these 169 junction 

Serial Arrays (in a 13 × 13 fractal pattern), connected in parallel. This quantity of parallel 

connected Serial Arrays will be used to get a sufficiently low enough overall internal 

system resistance to do this. Additionally, having 169 thermopile arrays connected in 

parallel will have the added benefit of Built in Reliability (BiR) by providing 169 

redundant circuit pathways. Should one of these circuit pathways suddenly fail due to a 
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manufacturing flaw, or pathway burnout from metal migration due to extended use, 168 

circuit pathways are still functional for reliable, though slightly degraded, power 

generation capability. 

 

Figure 4.18. Single thermoelectric couple where Th>Tc. 

This Thermopile on a Chip (ToC) design, utilizing 28,561 junctions, will be 

miniaturized onto a Silicon substrate, and then encapsulated between 2 thermally-

isolated, ceramic wafers. 

Thermopiles on Silicon are currently widely used for Infrared Detection Sensors. 

Typically, they consist of a few hundred junctions connected in series and generate on the 

order of µV/C. Other research in this area involves bulk micromachining of the 

thermopile onto a Silicon substrate, which is limited by this technique to a maximum of 

1000 junctions, but is capable of producing up to 500mV/C. None of these thermopiles 

were ever designed for any significant power generation [37]. 
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Figure 4.19. AutoCAD layout of a 2500 junction (50×50) series connected TE generator. 

The Thermopile on a Chip (ToC) design proposed here, on the other hand, is 

designed specifically for significant power generation. One of the 169 junction (13×13) 

Series Connected Arrays is similarly illustrated in Figure 4.19. Utilizing Bismuth 

Telluride (Bi2Te3) with its high Thermodynamic Figure of Merit of up to 2.4 at room 

temperature, p-doped and n-doped raised structures of this compound will be made using 

possibly Halogens or Group IV or Group V atoms and either the Czochralski Method of 

Single Crystalline growth, or Molecular Beam Epitaxy for Superlattice Crystalline 

Manufacturing. These are the leading methods and materials used for growing n-doped 

and p-doped Bismuth Telluride (Bi2Te3) raised structures [38]. More research will be 

required to determine which high-volume, manufacturing, fabrication process can best be 

adapted to the production of these doped Bismuth Telluride (Bi2Te3) raised structures, 

grown on a Silicon substrate, and how best that can be done. 
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Figure 4.20. State-of-the-Art thermoelectric materials over the years. 

The Seebeck Coefficient of the raised structures is purely a function of their 

chemical composition, not their geometry or dimensions. Bismuth Telluride (Bi2Te3) is 

the best, well-known thermoelectric compound for low temperature applications [39]. See 

Figure 4.20. 

The biggest issue in the circuit design is the role of series resistance in each one of 

the 169 junction (13×13) series connected arrays. The length and width of the circuit 

pathways is determined by the geometry of the layout. The degree of miniaturization 

causes these pathways to be long and narrow. Maximizing the cross sectional area of the 

circuit pathways through increased depth or thickness will combat this issue to maximize 

current delivery capability of each of these arrays. Placing 169 of these arrays in parallel 

to each other should deliver a significant current, as the mathematical model for this 

system will show. 
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As the individual junction V/C is a function of the electrical characteristics of the 

n-doped and p-doped Bismuth Telluride (Bi2Te3), obtaining the 5V DC electrical output 

from each 169 junction (13×13) Series Connected Arrays, should not be an issue, as 

voltage is additive. 

The critical dimensions of the ToC are: 

1) The overall size of the packaged power module. 

2) The size of the chip contained within the packaged power module. 

3) The area of each of the 169 junction (13×13) Series Connected Arrays. 

4) The area occupied by each individual junction. 

5) The cross sectional area of each circuit pathway. 

4.3.2 Design Rules 

1) There must be 169 junctions per Series Connected Arrays. 

2) There must be 169 Series Connected Arrays connected together in parallel.  

3) Each Series Connected Array must be designed to handle 2.96mA at a minimum. 

4) There must be adequate spacing around each junction to ensure electrical 

isolation. 

5) Adequate height must be given to the n-doped and p-doped raised structures to: 

a) Help obtain thermal isolation between each side of the Thermopile on a 

Chip (ToC). 

b) To provide space for a thermally and electrically insulating chemical 

compound to reside between the raised structure junctions. 
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c) Properly sandwich the Thermopile on a Chip (ToC) between the 2 ceramic 

wafers using a thermally conducting and electrically insulating, industry 

standard joining adhesive. 

Obtaining thermal isolation at this scale is a sizable challenge, and will be 

addressed by the selection of an adequately thermally and electrically Insulating chemical 

compound, mentioned in ‘Design Rule 5b’ above. 

4.3.3 Temperature Discussion 

Daytime on one side of the Moon lasts about 13.5 days, followed by 13.5 nights 

of darkness. The other side of the Moon is in perpetual darkness. When sunlight hits the 

moon's surface, the temperature can reach 260°F (127°C, 400°K). When the sun goes 

down, temperatures can dip to -280°F (-173°C, 100°K). 

A Mars day called a “Sol” lasts 24 hours and 37 minutes, with seasonal changes 

that vary the length of the day and the night. A summer day on Mars, at noon, at the 

equator may get up to 68°F (20°C, 293°K), but at night the temperature can drop to about 

-100°F (-73°C, 200°K). At the poles the temperature can drop to a low of about −243°F 

(−153°C, 120°K). 

CaO and H2O will produce a strong exothermic reaction (sometimes called the 

'slaking of lime'). The temperature can reach up to 572°F (300°C, 573°K) starting from 

room temperature 68°F (20°C, 293°K). 

4.3.4 Mathematical Modeling of the ToC 

Bismuth Telluride Thermoelectric (TE) Module: 
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Bi2Te3 – N Doped and P Doped Material properties are shown through Equation 15: 

Figure of Merit:  ZcT =  0.8 to 2.4 @ 298K (76.73F, 24.85C) 

Seebeck Coefficients:  Sn  =  Sp  =  220.0 × 10−6V/K 

Electrical Resistivity:  n  =  p  =  0.6 × 10−5m 

Thermal Conductivity:  n  =  p  =  1.4W/mK        (15) 

 

 

 

 

 

 

 

Figure 4.21. Constituents of a series connected TE module. 

Overall Objective: The overall objective is presented through the voltage, current, 

resistance and power parameters shown in Equation 16.  Vo  =  5V I =  0.5A RL =  (Vo / I)  =  (5V / 0.5A)  =  10.0 Po  =  (Vo  ×  I)  =  (5V ×  0.5A)  =  2.5W                                                                 (16) 

Series Connected Thermocouple Design: (See Figure 4.21 and Equation 17) Nstoc  =  13 ×  13 =  169 Thermocouples 
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A/L =  2.0μm Th  =  300K (80.33F, 26.85C) Tc  =  150K (−189.67F, −123.15C) DT =  150K                                          (17) 

Bi2Te3 Modeling: (Physical properties by Melcor [40] and shown in Equation 18) s1  =  22224.0   1  =  5112.0   1  =  62605.0 s2  =  930.6    2  =  163.4   2  =  −277.7 s3  =  −0.9905   3  =  0.6279   3  =  0.4131 s4  =  1.0 ×  10−9   4  =  1.0 × 10−10  4  =  1.0 × 10−4(18) 

General Polynomial: The general polynomial can be derived from Equation 19. Xth,c  =  ((x1  +  (x2  ×  T) +  (x3  ×  (T²)))  ×  x4) s,, →  {X =  ((Xth  + Xtc) / 2)}                                                                            (19) 

Plug & Play: Equation 20 presents the plug and play parameters involved for the design. 

V/K    m    W/mK sth  =  0.000212259  th  =  1.10643 ×  10−5  th  =  1.6474 stc  =  0.000139528  tc  =  4.374975 × 10−6  tc  =  3.024475 s =  0.000175894   =  7.7196375 × 10−6   =  2.3359375 (20) 

Series Connected Thermocouple Modeling: Equation 21-24 show the calculations for the 

series connected ToC modeling. Sstoc  =  (s ×  2 ×  Nstoc)  =  0.059452172 V/K (Series Seebeck Coefficient) (21) Rstoc  =  ( ×  (L/A) ×  2 ×  Nstoc)  =  1304.618738(Series Resistance)         (22) 
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Kstoc  =  ( ×  (AL ) ×  2 × Nstoc) = 0.001579094W
K (Series Thermal Conduction)(23)                  

Maximum Power from each Series Connection of Thermocouples: (See Equation 13) Psmax  =  (((Sstoc  ×  DT)²) / (4 ×  Rstoc))  =  0.015239628W   (24) 

Minimum Number of Parallel Connected, Series Connection of Thermocouples: (See 

Figure 4.22 and Equation 25) Nptocmin  =  (Po / Psmax)  =  (2.5W / 0.015239628W) =  164.046 =  12.808²   (25) 

 

 

 

Figure 4.22. TE generator with a parallel arrangement of series connected TE modules. 

We are going with Nptoc  =  13² =  169 Parallel Connected, Series Connection of 

Thermocouples. 

For maximum efficiency, we want Rgen = RL, thus, see Equation 26: Rgen  =  (Rstoc/Nptoc)  =  (1304.618738 / 169) =  7.719637503                  (26) 

Close to 10 

Projected Overall ToC Current Delivery: (Equation 27) Itoc   =  ((Sstoc  ×  DT) / ((Rstoc / Nptoc) +  RL)) Itoc  =  ((0.059452172 ×  150) / ((1304.618738 / 169) +  10)) Itoc  =  0.503273602A                                                                                             (27) 

Projected Overall ToC Voltage Output Capability: (Equation 28) 
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Votoc  =  (Itoc  ×  RL)  =  (0.503273602A ×  10)  =  5.032736024V              (28) 

Projected Overall ToC Power Dissipation Capability: (Equation 29) Potoc  =  ((Votoc ²) / RL)  =  ((5.032736024V²) / 10)  =  2.532843189W     (29) 

Thermal Requirements Analysis: 

Using the Seebeck, Thomson, and Peltier Effects, the general equation for heat demand is 

seen Equation 30: Qh  =  ((Sstoc  ×  Th  × Itoc)  +  (Kstoc  ×  DT) – (0.5 × Itoc² ×  Rgen)) Qh  =  ((0.059452172 ×  300 ×  0.503273602) + (0.001579094 ×  150) – (0.5 ×  0.503273602² ×  7.719637503)) Qh  =  (8.976212625 +  0.2368641 –  0.977631562) Qh  =  8.235422063W                                                        (30) 

System Efficiency Calculation: (Equation 31) Eg  =  (Potoc /Qh) ×  100% =  (2.532843189W / 8.235422063W) ×  100% = 30.75547519%           (31) 

Thermal Dissipation to Heat Sink (See Figure 4.23 and Equation 32): Qc  =  (Qh – Potoc)  =  (8.235422063W –  2.532843189W) =  5.702578874W(32) 

 

 

 

 



64 

 

 

 

 

 

 

 

 

Figure 4.23. Area to length ratio of TE power generator device. 

4.3.5 Physical ToC Design 

 

Equations 33-35 show the physical ToC design computations considering the thermal 

resistance property.  

 =  Thermal Resistance, hs =  heat sink, te =  thermoelectric 

hs  =  (1 / Kstoc) =  (1 / 0.001579094W/K) =  633.2745232K/W                (33) 

te  =  (1 / (2 ×  Nstoc  ×  n,p  × (A / L)))                                                               (34) (A / L)  =  (1 / (2 ×  Nstoc  ×  n,p  ×  te)) 

For maximum efficiency, we want te = hs, therefore: (A / L)  =  (1 / (2 ∗  Nstoc  × n,p  ×  hs)) (A / L)  =  (1 / (2 ×  169 ×  1.4W/mK ×  633.2745232K/W)) (A / L)  =  3.3370541m                                                                                             (35) 

We are going with (A / L)  =  3.3370541m for each leg of all thermocouple junctions. 

Individual Thermocouple Design: 
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All dimensions are in Microns. See Figures 4.24 and 4.25. 

Blue = Metal, Red = Bi2Te3 Semiconductor, Yellow = Insulating Chemical Compound 

 

Figure 4.24. Top view. 

Each Thermocouple Entity is 130m × 130m 

Each semiconductor leg:  (A / L)  =  (5000m² / 1500m) =  3.333m  

Size of Each 13 x 13 = 169 Series Connected Thermocouple Array: (13 ×  130m) ×  (13 ×  130m) =  1690m x 1690m 

 

Figure 4.25. Side view. 

Putting 1105m around each Series Array for spacing: (1690m + (1105m ×  2))  ×  (1690m + (1105m ×  2))  =  3900m x 3900m 

Each Series Array is placed on 3.9mm centers. 

4.3.6 Total ToC Layout Area 

 

The following computations in Equations 36-38, show the calculations for the total ToC 

layout area. We have a 13 ×  13 =  169 Series Arrays Connected in Parallel, thus: 
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(3900m ×  13) × (3900m ×  13)  =  50700m ×  50700m                          (36) 

Size of Complete Enclosed ToC Module: 50700m ×  50700m =  1.996063” ×  1.996063” =  2” ×  2”                           (37) 

Reactor Chamber Side Face Surface Area Calculations: SAtot  =  6.25in ×  6.25in =  39.0625in² =  0.0252016m²                                  (38) 

Black Body Radiation Calculations: (See the parameters and computations in Equation 

39) 

Emissivity of Black Anodized Aluminum/Silver Alloy:  =  0.85 

Stefan Boltzmann Constant:  =  5.67 × 10−8W/m2K4 

Stefan Boltzmann Equation: j∗ =   ×  T4 Pnet  =  Pemit − Pabsorb Pnet  =  SAtot  ×   ×   ×  (Th4  −  Tc4) Pnet  =  0.0252016m² ×  0.85 ×  5.67 × 10−8W/m2K4  × (300K4  −  150K4) Pnet   =  9.223301257W                                                                                              (39) 

4.3.7 Thermal Demand 

According to [41, 42], the thermal demand can be computed as follows (Equation 40): Td  =  (Pnet   − Qh) =  9.223301257W –  8.235422063W = 0.987879194W (Thermal Surplus)       (40) 

4.3.8 Voltage Regulation 

These 3 diode components (see Figure 4.26) will be integrated onto the ToC 

substrate. These components provide 2 protections:  1) The linear diodes prevent current 
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flow should hot/cold be applied to the wrong sides of the ToC. 2) The Zener diode 

clamps the output voltage to 5.0V to prevent an over voltage output. All four (4) ToC 

modules are connected in parallel to deliver 2A of current @ 5V. This power output will 

be sent to a Thermopile to USB Power Adapter (98% efficient) for output and use. 

 

 

 

 

 

 

Figure 4.26. Voltage regulation on ToC. 

4.3.9 Heat Flow and Thermal Sinking 

Pure silver with its thermal conductivity of 407W/mK @68F is the best possible 

metallic thermal conductor. As such, silver alloyed with aluminum is the material of 

choice for fabricating the reaction chamber cube. The reaction chamber will be black 

anodized to improve emissivity. The four (4) 2” × 2” ToC modules will be affixed to the 

four (4) outer perimeter walls of the reaction chamber with Silver filled Epoxy. 

Additionally, Silver filled Epoxy will be used to attach thermal heat sinks, also made 

from black anodized Silver/Aluminum Alloy, to the ToC modules. Finally, the exposed 

surface area not covered by the individual ToC modules will be covered with thick 

thermal insulation, all in an effort to maximize heat flow from the reaction chamber 

through the ToC modules, out to ambient. The only side of the reactor cube not to be 
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covered with thermal insulation is the bottom, as this area needs direct exposure to the 

solar energy, from the parabolic dish, during the daylight hours for solar chemical 

recharge. 

Modeling of the ToC overall design shows: 

1) 5V DC should be obtainable. 

2) 500mA should be deliverable. 

3) 2.5W of electrical power should be available for dissipation. 

4) A balanced resistance between the Load and the ToC Module is obtainable. 

5) A complete solution is obtainable with a DT = 150K using a CaO chemical 

reactor. 

6) A good System Efficiency value is obtainable with this ToC Module 

configuration. 

7) A compact, cubic, individual Thermocouple design, for ease of design layout, is 

shown. 

8) A fully modular design philosophy has been demonstrated. 

9) Layout of the Series Connected Array Design and the complete Parallel 

Connected Toc Module Assembly should be straightforward. 

10) Strong mechanical properties of the complete ToC Module assembly are evident. 

11) Good thermal isolation between the hot and cold sides of the module should be 

obtainable. 

12) The complete four (4) ToC CaO and water chemical reactor system is feasible. 
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CHAPTER 5: RESULTS 

 

5.1 PID++ Algorithm Results 

To observe the operation of the proposed PID++ algorithm, many scenarios with 

different travel distances, speeds, trapezoidal acceleration/deceleration profiles, and 

weight quantities were tested on a single software compilation. Different load weights 

ranging from 0g up to 1Kg were used. For the purpose of illustration, the preliminary 

experimental results with 2 different weights are graphically demonstrated in this section 

of the dissertation document. Further, a video demonstration has been produced, and is 

available showing the running apparatus with 5 different weights. 

5.1.1. Graphical Responses 

The distance traveled (encoder position in cnts), output of the PID++ algorithm 

applied to the motor, and the speed of the motion in each test scenario are graphically 

shown in each horizontal 3-plot Figure of subsection 5.1.1. Time is shown in seconds, 

and speed is shown in cnts/ms. 

Figures 5.1 and 5.2 show the MATLAB output for the basic/standard PID in the UP 

direction with 10g and 1Kg and its poor response. As can be seen, the destination of 

125,000 cnts is not reached and/or the speed and acceleration are lacking control, 

showing that the basic PID needs readjustment of coefficients for different weights. 
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Figure 5.1: Basic PID UP – 10g 

 

 

 

 

Figure 5.2: Basic PID UP – 1Kg 

 

 

 

 

 

Figure 5.3: PID++ UP – Vmax 30cnts/ms, Adesired 0.015cnts/ms2 – 10g 

 

 

 

 

 

Figure 5.4: PID++ UP – Vmax 30cnts/ms, Adesired 0.015cnts/ms2– 1Kg 
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Figures 5.3 and 5.4 show the MATLAB output of the PID++ as specified, with the 

correct plateau and trapezoidal values. 

 

 

 

 

Figure 5.5: PID++ UP – Vmax 30cnts/ms, Adesired 0.040cnts/ms2 – 10g 

 

 

 

 

Figure 5.6: PID++ UP – Vmax 30cnts/ms, Adesired 0.040cnts/ms2– 1Kg 

 Figures 5.3 and 5.4 begin the UP direction MATLAB output graphs of the PID++ as 

specified, with the correct plateau and trapezoidal values of Vmax=30cnts/ms, 

Adesired=0.015cnts/ms2. 

Figures 5.5 and 5.6 show the MATLAB output of the PID++ as specified, with the 

correct newly specified plateau and trapezoidal values. Figures 5.3 and 5.5 Output graphs 

show the searching at the end of the run to find the correct Xdestination. Figure 5.6 Speed 

and Position graphs show the learning process involved in dealing with a relatively large 

weight to maintain specification. 
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Figure 5.7: PID++ UP – Vmax 30cnts/ms, Adesired 0.055cnts/ms2 – 10g 

 

 

 

 

 

Figure 5.8: PID++ UP – Vmax 30cnts/ms, Adesired 0.055cnts/ms2 – 1Kg 

 

 

 

 

Figure 5.9: PID++ UP – Vmax 120cnts/ms, Adesired 0.040cnts/ms2 – 10g 

 

 

 

 

 

Figure 5.10: PID++ UP – Vmax 120cnts/ms, Adesired 0.040cnts/ms2 – 1Kg 
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Figures 5.7 and 5.8 show the MATLAB output of the PID++ as specified, with the 

correct plateau and trapezoidal values of Vmax=30cnts/ms, Adesired=0.055cnts/ms2. 

Figure 5.7 Output graph shows the searching at the end of the run to find the correct 

Xdestination. Figure 5.8 Speed and Position graphs show the learning process involved in 

dealing with a relatively large weight to maintain specification. 

Figures 5.9 and 5.10 show the MATLAB output of the PID++ as specified differently, 

with the correct plateau and trapezoidal values. Both Figures 5.9 and 5.10 Output graphs 

show a small amount of searching at the end of the run to find the correct Xdestination. 

Figure 5.10 Speed and Position graphs show a decreased learning process involved with a 

larger weight due to the higher Vmax. 

 

 

 

 

Figure 5.11: PID++ UP – Vmax 120cnts/ms, Adesired 0.055cnts/ms2 – 10g 

 

 

 

 

Figure 5.12: PID++ UP – Vmax 120cnts/ms, Adesired 0.055cnts/ms2 – 1Kg 
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Figures 5.11 and 5.12 show the MATLAB output of the remaining UP graphs of the 

PID++ as newly specified, with the correct plateau and trapezoidal values. Both Figures 

5.11 and 5.12 Output graphs show some searching at the end of the run to find the correct 

Xdestination. Figure 5.12 Speed and Position graphs show a decreased learning process 

involved with a larger weight due to the higher Vmax. 

 

 

 

 

Figure 5.13: Basic PID DOWN – 10g 

 

 

 

 

Figure 5.14: Basic PID DOWN – 1Kg 

Figures 5.13 and 5.14 begin the MATLAB output graphs in the DOWN direction 

starting with the basic PID with 10g and 1Kg and its poor response. The decreased output 

level for the heavier weight can be noticed because of gravity in the DOWN direction. 
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Figure 5.15: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.015cnts/ms2 – 10g 

 

 

 

 

Figure 5.16: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.015cnts/ms2 – 1Kg 

 

 

 

 

Figure 5.17: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.040cnts/ms2– 10g  

 

 

 

 

 

Figure 5.18: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.040cnts/ms2– 1Kg 
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Figures 5.15 and 5.16 show the MATLAB output of the PID++ as specified, with the 

correct plateau and trapezoidal values. Figure 5.15 Output graph shows the searching at 

the end of the run to find the correct Xdestination. Figure 5.16 Speed and Position graphs 

show that the learning process is not involved with the DOWN direction because of 

gravity assistance. 

Figures 5.17 and 5.18 show the MATLAB output of the PID++ as specified, with the 

correct plateau and trapezoidal values. Both Output graphs show the searching at the end 

of the run to find the correct Xdestination. Figure 5.18 Speed and Position graphs show 

that the learning process is not involved with the DOWN direction because of gravity 

assistance. 

 

 

 

Figure 5.19: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.055cnts/ms2– 10g 

 

 

 

 

Figure 5.20: PID++ DOWN – Vmax 30cnts/ms, Adesired 0.055cnts/ms2– 1Kg 
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Figures5.19 and 5.20 show the MATLAB output of the PID++ as specified, with 

the correct plateau and trapezoidal values. Both Output graphs show the searching at the 

end of the run to find the correct Xdestination. Figure 5.20 Speed and Position graphs 

show that the learning process is not involved with the DOWN direction because of 

gravity assistance. 

 

 

 

 

Figure 5.21: PID++ DOWN – Vmax 120cnts/ms, Adesired 0.040cnts/ms2– 10g 

 

 

 

 

Figure 5.22: PID++ DOWN – Vmax 120cnts/ms, Adesired 0.040cnts/ms2– 1Kg 

Figures 5.21 and 5.22 show the MATLAB output of the PID++ as specified, with 

the correct plateau and trapezoidal values. Figure 5.22 Output graph shows the searching 

at the end of the run to find the correct Xdestination. Figure 5.22 Speed and Position 

graphs show that the learning process is not involved with the DOWN direction because 

of gravity assistance. 
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Figure 5.23: PID++ DOWN – Vmax 120cnts/ms, Adesired 0.055cnts/ms2– 10g 

 

 

 

 

Figure 5.24: PID++ DOWN – Vmax 120cnts/ms, Adesired 0.055cnts/ms2– 1Kg 

Figures 5.23 and 5.24 show the MATLAB output of the PID++ as specified, with 

the correct plateau and trapezoidal values. Figure 5.23 Output graph shows the searching 

at the end of the run to find the correct Xdestination. Figure 5.24 Speed and Position 

graphs show that the learning process is not involved with the DOWN direction because 

of gravity assistance. 

From the graphical responses, it is clearly observed that in all runs with PID++, 

the desired distance traveled (0-125,000 cnts) in the UP direction and (125,000-0 cnts) in 

the DOWN direction, and the user specified Vmax with the desired 

acceleration/deceleration were correctly achieved from the plateau and trapezoidal 

profiles for different weight loads. 
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5.1.2. PID++ Comparison to Other Approaches 

Unlike every other approach for intelligent motion control including 1) Basic PID, 

2) Single Neuron (Deep Learning), 3) Fuzzy Logic, 4) Classic Self-tuning and 5) Model 

Reference (Laplace Transform), the PID++ algorithm requires no pre-knowledge of the 

system of any kind, just like humans do all the time. Furthermore, no computationally 

costly math is required and therefore the system is able to run with ease on a standard 

microcontroller and not a DSP which most of the other techniques (2-5) require. The 

PID++ algorithm (unlike all of the other techniques) also comes with complete run 

motion control included, and therefore, can be implemented with a single command line 

entry: 

e.g.) call PID++(125000, 120.0, 0.045, 0.005, 0.01); 

This command is all that is required to run the motor from the current location to 

encoder position 125,000 at a speed of 120.0 counts/ms, a symmetrical trapezoidal 

acceleration/deceleration profile of 0.045 counts/ms2, a dtmin of 5ms, and a motion 

precision of 1%. 

5.1.3. Computational Complexity Analysis 

The computational complexity of the PID++ algorithm in Big O notations is O(n / 

(dtmin ×1000)), where n refers to the total number of encoder position samples (which is 

taken every 1ms) and dtmin is some multiple of this sample rate. This is while neural 

networks require O(n4) for forward propagation and O(n5) for back propagation (n being 

a parameter of the network structure, e.g., number of layers/neurons, or iterations). 

As no other algorithm including 1) Basic PID, 2) Single Neuron (Deep Learning), 
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3) Fuzzy Logic, 4) Classic Self-tuning and 5) Model Reference (Laplace Transform)is 

even capable of complete run motion control, as is the case with the PID++, no 

comparable Big O value for these different other approaches can be put forth for a 

comparison. 

As this algorithm has been designed to be computationally lightweight, the 

addition of any AI enhancements to this approach is therefore not a consideration. 

5.1.4. Limitations 

When the PID++ algorithm is applied and used properly, the results are quite 

remarkable, as shown and described in this dissertation. To obtain this though, certain 

simple electrical and mechanical guidelines must be followed: 

1) The motor must be properly sized for the amount of load required to be moved 

or lifted. 

2) Adesired values must be set appropriately and reasonably for the Vmax speed 

specified for the run, otherwise Vmax may never be reached. 

3) Vmax should be set to reasonable values depending on the size of the motor 

and the given mass to be moved or lifted in the run. 

4) Xdestination should be a reachable value. 

5) The motor power supply should be sized properly for the motor size and size 

of the masses to be moved or lifted. 

6) For large loads lifted by relatively small motors, the 

ENCODER_TARGET_COUNT will need to be enlarged to allow the motor 

to more easily find the Xdestination. This is just like human behavior. 
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5.1.5. PID++ Algorithm Applications 

The PID++ algorithm is applicable to a variety of sectors: 

1) Commercial: printers, toys, appliances, etc. 

2) Industrial: Computer Numeric Control (CNC) machines, 3D printers, robotics, 

general motion control. 

3) Biomedical: bionics, prosthetics, artificial limbs, artificial implants, robotic 

surgery. 

4) Space: Robotic Landers, Lunar and Martian Geological Exploration 

(REEGES). 

 

5.2 End Effector Application Results 

 

 

 

 

 

(a)            (b) 

Figure 5.25. REEGES UID, (a) rear view, (b) side view 
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Figure 5.26. REEGES Rear View 

     Figures 5.25a and 5.25b show the connections of the Sample Collection Vessel 

and the Solar Panels via the Universal Interface Design (UID). These devices are plugged 

into REEGES with unique connectors (see Figure 5.26). 

     The two (2) connectors chosen for REEGES are a USB 5V connector and a 

Hybrid Power Connection/Vacuum Tube. The Power Connection powers the vacuum 

motor for the sample collection activity. 

     Looking at Figure 5.26, there is room on REEGES for up to eight (8) unique 

connectors (encircling the bolt) on its Universal Interface Design (UID). These 

connectors would supply up to 8 utilities on a more advanced version of REEGES. 
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     Utilities could be any of the following, for example: 

1) Different Voltage Levels: 5V DC, 24V DC. 

2) Positive Pressure (air, oxygen, helium). 

3) Vacuum. 

4) Liquid Chemicals for Chemistry and Biological Experimentation. 

5) Thermal Heat Sink. 

     The UID includes the physical mechanic fastener element. REEGES has a ¾” 

Steel Bolt and Nuts. Other, better alternatives, could be selected. 

     Finally, the UID proposed here uses Bluetooth Low Energy (BLE) for 

command, control, and status information over an Advanced Encryption Standard (AES) 

data communication link. Wi-Fi is used for video return. Other, more suitable, Space-

grade RF communication protocols and encryption schemes could be chosen instead. 

 

5.3 Power Station Application Results (COMSOL Report) 

5.3.1 Software Information 

COMSOL v5.3 (Build: 316) was used to do the modeling for this section of this 

dissertation as illustrated in Figure 5.27. 
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Figure 5.27. Power Station - Thermoelectric Generator - Series Portion - 1 G and 2.5  

Loads. 

5.3.2 Study 

This study computes the generated current when the temperature difference between the 

ceramics plates is at its maximum value. This study uses an optimization solver to find 

the generated current at this maximum temperature difference. The corresponding voltage 

is also returned. This model assumes the Ambient Temperature = 150K and the 

Absolute Atmospheric Pressure = 0 Atm. 

5.3.3 Input Data 

Table 1. Input Geometry Parameters 

Name Expression Value Description 

length 1690[µm] 0.00169 m Total length 

width 1690[µm] 0.00169 m Total width 

height 2100[µm] 0.0021 m Total height 

d_conductor 50[µm] 5×10-5 m Conductor thickness 

d_ceramics 250[µm] 2.5×10-4 m Ceramics thickness 
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Name Expression Value Description 

leg_length 100[µm] 1×10-4 m 
Leg cross section in 

length 

leg_width 50[µm] 5×10-5 m 
Leg cross section in 

width 

leg_height 
height - 2×(d_conductor + 

d_ceramics) 
0.0015 m Leg height 

pitch 17.5[µm] 1.75×10-5 m Pitch 

n_length 

floor((length - 2×pitch - 

leg_length)/(leg_length + 

pitch)) + 1 - 
mod(floor((length - 2×pitch - 

leg_length)/(leg_length + 

pitch)) + 1, 2) 

14 
Number of legs in 

length 

n_width 

floor((width - 2×pitch - 

leg_width)/(leg_width + 
pitch)) + 1 

24 
Number of legs in 

width 

network_len

gth 

(leg_length + 

pitch)×n_length - pitch 
0.0016275 m Length of legs network 

network_wid

th 

(leg_width + pitch) ×n_width 

- pitch 
0.0016025 m Width of legs network 

N 

(floor((length - 2×pitch - 

leg_length)/(leg_length + 

pitch)) + 1 - 

mod(floor((length - 2×pitch - 
leg_length)/(leg_length + 

pitch)) + 1, 2)) 

×((floor((width - 2×pitch - 

leg_width)/(leg_width + 
pitch)) + 1))/2 

168 
Number of 

thermocouples 

 

Table 2. Input Operating Parameters 

Name Expression Value Description 

Tref 300[K] 300 K Hot side temperature 

dT0 150[K] 150 K Prescribed temperature difference 

 

Tables 1 and 2 are used as input data in the COMSOL software to define the geometry 

and operating conditions of the thermoelectric model for simulation. 
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5.3.4 Materials 

For p-type semiconductor materials, a Seebeck coefficient with negative sign is used. For 

n-type semiconductors, the Seebeck coefficient should be positive. 

The material Bismuth Telluride - Bi2Te3, P-Type was used in the simulation as shown in 

Figure 5.28. 

The material Bismuth Telluride - Bi2Te3, N-Type was used in the simulation as shown in 

Figure 5.29. 

The material Tungsten was used in the simulation as shown in Figure 5.30. 

Table 3. Tungsten Material Properties 

Name Value Unit 

Density 17800 kg/m³ 

Heat capacity at constant pressure 132 J/(kg·K) 

Thermal conductivity 175 W/(m·K) 

 

Table 3 defines the material properties of the Tungsten Pads shown in Figure 5.30. 

 

 

Figure 5.28. P-Type Legs. 

 



87 

 

 

Figure 5.29. N-Type Legs. 

 

 

 

Figure 5.30. Tungsten Pads. 
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Figure 5.31. Copper Connectors. 

 

Table 4. Copper Material Parameters 

Name Value Unit 

Electrical conductivity 5.998×107[S/m] S/m 

Heat capacity at constant pressure 385[J/(kg×K)] J/(kg·K) 

Relative permittivity 1 1 

Density 8960[kg/m³] kg/m³ 

Thermal conductivity 400[W/(m×K)] W/(m·K) 
 

 

Table 5. Copper Basic Settings 

Description Value 

Relative permeability {{1, 0, 0}, {0, 1, 0}, {0, 0, 1}} 

Electrical conductivity 
{{5.998×107[S/m], 0, 0}, {0, 5.998×107[S/m], 0}, 

{0, 0, 5.998×107[S/m]}} 

Coefficient of thermal 
expansion 

{{17×10-6[1/K], 0, 0}, {0, 17×10-6[1/K], 0}, {0, 0, 
17×10-6[1/K]}} 

Heat capacity at constant 

pressure 
385[J/(kg×K)] 
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Description Value 

Relative permittivity {{1, 0, 0}, {0, 1, 0}, {0, 0, 1}} 

Density 8960[kg/m³] 

Thermal conductivity 
{{400[W/(m×K)], 0, 0}, {0, 400[W/(m×K)], 0}, {0, 

0, 400[W/(m×K)]}} 
 

 

Table 6. Copper Linearized Resistivity Settings 

Description Value 

Reference resistivity 1.72×10-8[×m] 

Resistivity temperature coefficient 0.0039[1/K] 

Reference temperature 298[K] 

 

Tables 4, 5 and 6 define the material properties of the Copper used, as shown in Figure 

5.31. 

 

5.3.5 Geometry of Model and Mesh 

 

Figure 5.32. Geometry Model. 
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Table 7. Geometry Model Units 

Length unit µm 

Angular unit deg 
 

Table 8. Geometry Model Statistics 

Description Value 

Space dimension 3 

Number of domains 675 

Number of boundaries 4048 

Number of edges 7422 

Number of vertices 4052 

 

Table 9. Geometry Model Mesh Statistics 

Description Value 

Minimum element quality 0.2044 

Average element quality 0.6836 

Tetrahedral elements 346640 

Triangular elements 172966 

Edge elements 47445 

Vertex elements 4052 
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Figure 5.33. Geometry Model Mesh. 

Table 10. Geometry Model Mesh Size Settings 

Description Value 

Maximum element size 116 

Minimum element size 8.4 

Curvature factor 0.4 

Resolution of narrow regions 0.7 

Maximum element growth rate 1.4 

Predefined size Finer 

 

Tables 7 and 8 define the geometry model units and presented statistics of the Geometry 

Model shown in Figure 5.32. Tables 9 and 10 present the Model Meshing statistics and 

size settings of the Geometry Model Mesh shown in Figure 5.33. 
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5.3.6 Results 

Maximum temperature difference = 150(K). 

 

Figure 5.34. Surface Temperature (K).

 

Figure 5.35. Isosurface Temperature (K). 
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Figure 5.34 illustrates the models external surface temperatures, and Figure 5.35 shows 

the internal isosurface temperature of the model. 

5.3.7 1 G Load (Open Circuit) 

 

Figure 5.36. Multislice Electric Potential (V) (1 G Load). 
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Figure 5.37. Terminal Voltage (V) (1 G Load). 

 

Figure 5.38. Terminal Current (A) (1 G Load). 
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Figure 5.36 shows the spacial voltage distribution through the model with a 150K 

temperature difference across the model with a virtual open circuit load of 1 G. Figure 

5.37 shows the voltage generated across the temperature ΔT range of 0 to 150K with a 

virtual open circuit load of 1 G. Figure 5.38 shows the current generated across the 

temperature ΔT range of 0 to 150K with a virtual open circuit load of 1 G. 

Maximum Generated Voltage across Load (V) (1 G Load) = 9.8881 V. 

Maximum Generated Current through Load (A) (1 G Load) = -9.8881×10-9 A. 

5.3.8 2.5  Load (Running Circuit) 

 

Figure 5.39. Multislice Electric Potential (V) (2.5  Load). 
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Figure 5.40. Terminal Voltage (V) (2.5  Load). 

 

Figure 5.41. Terminal Current (A) (2.5  Load). 
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Figure 5.39 shows the spacial voltage distribution through the model with a 150◦K 

temperature difference across the model with a running circuit load of 2.5. Figure 5.40 

shows the voltage generated across the temperature ΔT range of 0 to 150◦K with a 

running circuit load of 2.5. Figure 5.41 shows the current generated across the 

temperature ΔT range of 0 to 150◦K with a running circuit load of 2.5. 

Maximum Generated Voltage across Load (V) (2.5  Load) = 0.024648 V. 

Maximum Generated Current through Load (A) (2.5  Load) = -0.0098593 A. 

The COMSOL simulations show this model in fact well outperformed the original design 

calculations. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 

The PID++ algorithm uses minor adjustments in tuning on a periodic basis to achieve 

extremely precise, humanlike motion control. Whereas most PID controllers require that 

the transfer function of the process be known and that the PID coefficients be configured 

for that specific process, generally represented as the Laplace transform, the proposed 

PID++ algorithm can operate with any linear motion control process, without any 

foreknowledge of the system transfer function and regardless of load. 

The proposed algorithm shows that humanlike motion control is possible and with 

accuracy and precision only obtainable with a computer-controlled system. Additionally, 

it is demonstrated to be computationally lightweight as it successfully executes with 

precision and speed on just an Arduino Uno. 

Many different travel distances, speeds, trapezoidal acceleration/deceleration profiles, 

and weight quantities were tested with a single software executable, and demonstrated to 

operate successfully. This motion profile is most suited for linear motion control unlike 

others such as parabolic profiles used more for nonlinear applications [43]. 

In the future, testing with larger electric motors and heavier loads will be performed. 

Moreover, the PID++ algorithm will be tested with other types of propulsion systems 

with a Pulse Width Modulation (PWM) input as well. Furthermore, beta testing with 
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commercial, industrial, biomedical, and space applications will be pursued. 

Space exploration with humans living on the Moon and Mars will be extremely 

expensive. Everything that can be done to minimize cost and maximize productivity 

should be done. The proposed Universal Interface Design (UID) for robotic arm end 

effectors will help do this. 

     REEGES, the end effector exhibited in this dissertation has successfully 

demonstrated full functionality for conceptual Geological Space Exploration on the Moon 

and Mars. This hardware is not Space-grade. REEGES incorporates the Universal 

Interface Design (UID) concept for demonstration. 

     Envisioning the future of the UID Standard for end effectors, will call for 

much work by world-wide entities for standardization. Future directions include the 

following: 

1) Finalize a Universal Interface Standard of voltage supply, air pressure, vacuum, 

RF communications, etc. and associated physical connectors for end effectors for 

Space-based robotic arms. 

2) The physical mounting bolt, or alternative method, for an end effector (to connect 

to a robotic arm in Space) width and length dimensions as well as the material 

(steel, titanium, etc.) must be defined as part of this Universal Interface Standard 

(UID). 

3) End effector maximum weight/mass and size dimensions must be defined as part 

of this Universal Interface Standard (UID) as well. 



100 

 

Space exploration with humans living on the Moon and Mars will be extremely 

expensive. Cost-effective, safe, and effective power solutions for the colonization and 

exploration of the Moon and Mars will be needed. 

The REEGES Day/Night Power Generator Station is one such solution. 

By storing the energy of the Sun in the form of energy rich chemicals, of 

sufficient mass, using a method that is completely solar renewable, over and over again, 

electrical power can be delivered day and night on an otherwise cold and lifeless world.  

The REEGES Day/Night Power Generator Station exhibited in this dissertation 

has successfully demonstrated full functionality for conceptual power generation on the 

Moon and Mars. This hardware is not Space-grade. 

Envisioning the future of humanity’s colonization and exploration of the Moon 

and Mars is accompanied by the realization that electrical energy generation will be of 

the upmost importance. In addition to power generation there is the question of power 

delivery, standardized voltage levels, AC vs. DC, power frequency values, power 

connectors, wiring and many other things that need to be considered and agreed upon as 

universal standards for use on these extraterrestrial colonies. 

The concept introduced here with the REEGES Day/Night Power Generator 

Station, can contribute to this effort. Future directions of this project for actual use on the 

Moon and Mars include the following: 

1) Scale up this project for a more useful voltage level, as well as current delivery 

and operating time to suit the actual conditions on these celestial bodies. 
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2) The entire project assembly must be upgraded to Space-grade hardware. This 

includes adding insulation and hardware protection from the extreme adverse conditions 

of outer space including protection from the intense solar radiation present there. 

3) Earth bound testing needs to be done in a vacuum chamber, and at the extreme 

lunar day and night temperatures. 

4) The precise temperature, under the extreme lunar conditions, needs to be 

determined for the reversion of Calcium Hydroxide back to Calcium Oxide and water. 

The 512°C temperature mentioned above is for use on Earth. 

5) The fixed position reaction chamber above the parabolic dish needs to be made 

adjustable by making the fixed length pedestal that it is mounted on, extendable, so the 

reaction chamber can be moved outside of the optical focal point of the parabolic dish 

once the Calcium Hydroxide reversion process is completed to prevent excessive heating 

of the reactor chamber. 

6) The specially designed thermopiles presented in this dissertation need to be 

manufactured for use with a Space-grade version of this project. 
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APPENDIX 

1) End Effector Functional Demonstration: 

https://drive.google.com/file/d/1vrX_qDj47LKXSpIUXg9LWYHmqrkXpenX/vie

w?usp=sharing 

2) A video demonstration of the PID++ algorithm has been produced, showing the 

running apparatus with 5 different weights: 

https://drive.google.com/file/d/1TxrR1KVJrK9-

MQwQ7g2V7SHqIMLap8kk/view?usp=sharing 

3) A video demonstration of the PID++ algorithm has been produced, showing the 

running apparatus being perturbed with additional weight in the middle of the run: 

https://drive.google.com/file/d/1srQa7-

tWygYTdhgD6qDDNeEmUY1dp20M/view?usp=sharing 

4) Two (2) video demonstrations of the PID++ algorithm has been produced, 

showing the running apparatus being used to stretch a spring with exponentially 

increasing force and at a constant speed for use with the REEGES Power Station: 

https://drive.google.com/file/d/1gmwO2rjFTbphkviofS-eMyYe8-yaT-

wF/view?usp=sharing 

5) Close Up View: 

https://drive.google.com/file/d/1kfdUxDIRvQoHycTb_69_3WSjKKUmVylD/vie

w?usp=sharing 
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