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The focus of this thesis was to design an energy management system for Mar-
sokhod, a six-wheeled Martian rover. The rover is designed with a distributed
energy system, each wheel contains a battery, motor controller and H-bridge,
while each battery provides power to any other wheel. A background study is
performed, highlighting the challenges for producing and storing power on Mars,
forming the motivation for the energy management system. The design manages
the distribution of the battery power and coordinates the recharging needs of
each battery. The status of the whole system, power available and power needed,
is monitored so that the role of each individual battery can be adapted to suit.
The behavior of each battery is controlled by microcontroller, allowing for mod-
i�cation by software. To ensure realistic testing conditions, a motor controller
clone was implemented which sent measurements to a desktop computer for data
logging. The system implemented a MAX712 chip that used the delta-V recharg-
ing method. The current measurement was realized by the MAX4071 chip and
the battery voltage measurement was realized by a simple voltage divider. The
system operated as designed, however some key modi�cations to facilitate more
versatility and reliability are outlined.
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Chapter 1

Introduction

Critical to any mobile sensor platform is a reliable and stable source of
power. Power �uctuations can cause the main computer to restart or turn
o� or worse yet, cause burnouts in sensitive electronics. However, once a
reliable power source has been acquired, only half the battle has been won.
Many rovers take the common approach of harnessing the power of the sun
as their main power source. In addition, they use batteries to store energy
and discharge them when there is not enough solar energy. Harsh operating
conditions, such as those on the planet Mars, fuel the motivation for e�cient
use and storage of available power, as will be investigated throughout the
background study and will form the basis for the thesis. The rover upon
which the thesis is focused will be introduced in the following section.

This purpose of the background study in Chapter 2 is to provide an overview
of the main energy system components and the energy challenges faced on
the Martian surface. This will be accomplished by providing a detailed
overview of the hardships faced when attempting to harness power from the
environment. Three sources of energy will be explored: solar power, wind
power and batteries. First, the operation of solar cells will be investigated
and the impacts of the Martian solar irradiation on performance will be
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examined, followed by a breakdown of the solar array system on various
rovers with the focus on operational e�ciency. Next, the potential of the
Martian wind will be evaluated with special concern placed on frequency
and Earth equivalent wind speeds. Lastly, the operation of batteries will
be scrutinized with an insight into the battery systems of other Martian
rovers.

The insight into the operating conditions expected on Mars provided by
Chapter 2 will form the basis for the energy management board design
presented in Chapter 3.1. The design process begins by �rst presenting
a concept to facilitate e�cient management of the available power. The
design is examined sectionally, beginning with a high level system wide
block diagram and ending with a component level subsystem design.

The performance of each subsystem is evaluated in Chapter 4 with reference
to the requirements presented in Chapter 3.1. Quantitative results are
provided to evaluate the accuracy and performance, and any discrepancies
are addressed and assessed. The thesis ends with conclusions that can be
drawn from the analyses, and discusses any future work that could lead to
performance improvements.

1.1 The Marsokhod Platform

The mobile sensing platform on which the thesis will be based is the
Russian-fabricated Marsokhod. The Marsokhod rover is a unique design.
Its six titanium wheels are each independently driven by 70 W motors lo-
cated inside the wheels. The chassis design has three degrees of freedom,
one degree allowing for a movement similar to a textbook opening and clos-
ing, shown in Figure 1.1(a), and two degrees allowing the frame to twist,
shown in Figure 1.1(b). The articulation of the joints is passive, allowing
the rover to move over rocky terrain without the need for complicated ac-
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tive control. The shape of the wheels leaves little of the frame exposed,
minimizing the risk of high centering on rocks or other debris. The payload
can be mounted on stable platforms located in the middle and at each end
of the chassis. The physical dimensions of Marsokhod are approximately
65 cm wide by 115 cm long with a height of 30 cm. The Marsokhod with
motors and batteries weighs approximately 35 kg, however in other experi-
ments with the Marsokhod the total weight including payload has been 100
kg (Christian et al., 1997).

(a) Demonstration of 1 degree of freedom. (b) Demonstration of 2 degrees of free-
dom.

Figure 1.1: Marsokhod rover demonstrating passive articulation with 3
degrees of freedom.

The system as a whole is very distributed, located in each of the six wheels
is a 70 W motor, Motor Controller, H-bridge and battery pack, creating
a very low center of gravity. In addition to the six wheel motors, the
Marsokhod also has two arm motors, one located at each end, enabling
the Marsokhod to pull itself along di�cult terrain, or rolk. The Motor
Controllers use an ATmega128 microcontroller. The Marsokhod has a main
computer mounted to the outside of the frame that sends commands to each
Motor Controller via CANBus. The computer case houses ReadyBoard
710 single board system with a 650 MHz processor, ethernet, serial and
USB ports and a range of other features (Ampro, 2007). The computer
case also houses a 24 to 5 volt DC-DC converter, providing power to the
main computer and motor controllers, and a power distribution board.



1.2 The Planet Mars 4

The power requirements for the Marsokhod is 180 W under a worst case
scenario. To make the Marsokhod fully mobile, the batteries to be housed
in the wheels must be chosen and a recharging system be designed.

1.2 The Planet Mars

The planet Mars is located approximately 1.52 AU from the Sun, Earth's
second nearest neighboring planet. Due to its larger orbit radius, the length
of a Martian year is equal to 1.88 Earth years, meaning that missions to
Mars often leave in 25 month intervals, when the distance to Mars from
Earth is at a minimum. Mars is both slightly similar to and very di�erent
from Earth. Mars has not one but two small moons, Phobos and Deimos,
which are thought to be trapped asteroids. The equatorial radius of Mars is
approximately half that of Earth and is roughly one-tenth the mass, mean-
ing the gravity on Mars is much less than on Earth, only 3 m/s2, roughly
one-third. However the length of a Martian day in Earth hours is approx-
imately the same and Mars exhibits many of the same aeolian formations
found on Earth. Mars is home to Olympus Mons, the highest mountain in
the solar system at 27 km high, dwar�ng Earth's Mount Everest by a factor
of three. Mars is also home to the largest canyon in the solar system, Valles
Marineris, which is 4,500 km long, 200 km wide and up to 7.7 km deep.
Of all the planets, the seasons on Mars are most similar to those experi-
enced on Earth due to their comparable rotational axis tilts. The Martian
orbit is very eccentric compared to that of Earth, which has an interesting
e�ect on the seasonal intensities in the north and south hemispheres. The
eccentricity of the orbit coupled with the timing of perihelion and aphe-
lion make for a much milder seasonal temperature change in the northern
hemisphere than in the southern hemisphere. Temperatures on Mars range
from -140� in winters to 20� in summers (Squyres, 2004). Mars is also
subject to epic dust storms that can engulf the entire planet and raise the
mean temperature by as much as 30� (Phillips, 2001). These storms tend
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to arise in warm temperatures and as a result are seasonal events occurring
mostly during perihelion, when Mars is closest to the Sun (Squyres, 2004).

A rover mission to the surface of Mars has very di�erent considerations
than an orbiter mission to Mars. The amount of energy available from the
Sun on the surface of Mars is much less than in orbit due to the dusty
atmosphere. Also, in strong contrast to the 50� to 100� temperatures
experienced by the solar panels on an orbiter, the operating temperature
of solar panels on the surface would be much lower (Landis, 1998). Both
factors create a condition known as LILT, low intensity low temperature.
The Martian environment is home to many challenges for a rover, and the
e�ects of operating in this harsh environment will be explored in the next
chapter.



Chapter 2

Background Study

This chapter presents information to provide motivation and requirements
for the energy management board designed in Chapter 3.1.

2.1 Solar Power

The planet Mars is approximately 97,131,029 km further away from the
Sun than Earth. At this distance, the solar �ux density is lower, meaning
that the amount of energy that can be harnessed from the Sun on Mars has
a lower maximum value than on Earth. In addition, certain characteristics
of the Martian environment impose further problems for solar energy pro-
duction, the main perpetrator being the dusty atmosphere. The operation
of solar cells will �rst be investigated, followed by an outline of the chal-
lenges faced when operating on the Martian surface. The section will end
with an overview of solar arrays that have been implemented on current
and past rovers and landers.
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2.1.1 Solar Cell Operation

A solar cell is a device that converts light energy into electrical energy. The
main component is a semiconductor material sensitive to light of a partic-
ular spectrum that absorbs the light photons and pushes out electrons,
creating a current. The idea behind multi-junction solar cells is to stack
semiconductor materials, each sensitive to a di�erent portion of the light
spectrum. The semiconductors are carefully chosen so that radiation from
nearly the entire solar spectrum can be converted into electricity. Solar
cells are often only centimeters wide, but can be combined to form large
panels that can produce thousands of volts.

Figure 2.1: Typical current-voltage curve of a solar cell. (Spectrolab, 2007)

A useful graph of a solar cell is the current-voltage curve, or I-V curve.
A typical I-V curve is shown in Figure 2.1. These curves are obtained
by exposing the solar cell to a constant light source while keeping the
temperature of the cell stable and increasing the resistance of the load
from a short circuit to an open circuit. The current output of the solar cell
will change, as shown by the I-V curve. One point of interest is the voltage
where the current is zero, or the open circuit voltage VOC , which is the
voltage across the terminals when nothing is connected, a load of in�nity.
Another point of interest is the current where the voltage is zero, or the
short-circuit current ISC , which is the current produced when the terminals
are directly connected, a load of zero. The ideal maximum power produced
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by a cell is given by the area formed by a rectangle of height ISC and width
VOC . Given that the operating point can move along the I-V curve, there
exists a point on the curve where the cell produces a maximum amount of
power, called the maximum power point PM , which exists at the knee of
the curve. This point indicates the maximum e�ciency of the solar cell.
Another important concept is �ll factor, determined by the equation

PM

VOC × ISC

(2.1)

essentially representing a numerical value for the squareness of the curve,
or a ratio of theoretical maximum power to maximum useable power. A
square curve is desired because it suggests that the majority of the potential
power could be utilized. There exist circuits that track the PM so the
solar array is always operating at its most e�cient point. These circuits
are called maximum power point trackers, and are often used in power
systems implementing solar arrays as a primary power source. A maximum
power point tracker has inherent losses because the output must be further
converted to match the power bus voltage, and as such, some systems elect
to employ another method called direct energy transfer. Direct energy
transfer attempts to match the output of the solar array to the voltage
required by the power bus by an arrangement of parallel and series solar
cells. Figure 2.2(a) shows how di�erent voltage and current levels produce
di�erent power, indicated by the individual areas of the rectangles, while
Figure 2.2(b) demonstrates the concept of �ll factor.

The e�ciency of solar cells in converting light energy to electrical energy is
a�ected by many factors. The typical e�ciency of a solar cell ranges from
14 % to as high as 40 %. The main determinant of a solar cell's e�ciency is
how e�ectively it interacts with light. A stream of light is actually a stream
of photons, with each photon having a certain wavelength, and each photon
having a certain amount of energy that is related to its wavelength. The
bandgap of a semiconductor material refers to the minimum amount of en-
ergy required to free an electron from its bond, creating a current impulse.
If the energy of an incoming photon is too small, or is below the bandgap,
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(a) Output power at di�erent points on
the I-V curve.

(b) Visualization of �ll factor.

Figure 2.2: Solar array output power visualizations using the I-V curve.

nothing happens, accounting for roughly 25 % of the total lost energy. If
the energy of an incoming photon is too large, or is above the bandgap,
the energy is emitted as heat or light, accounting for roughly another 30 %
of lost energy. Other factors, such as the recombination of charge carriers,
a solar cell's natural resistance, temperature or photons being re�ected by
the cover glass, further contribute to lowering the e�ciency of a solar cell.
Solar cells work best under low temperatures, however sunlight generally
heats them up, degrading their I-V curve. A degraded I-V curve can look
di�erent in three ways. The I-V curve can have a lower ISC , which can
result from a lower solar irradiance or drop in temperature. The curve can
also have a smaller VOC , which normally results from an increase in temper-
ature. Temperature has an interesting e�ect on solar cells. As mentioned,
a reduction in temperature causes VOC to increase linearly while causing
ISC to decrease. A decrease in temperature also causes the bandgap to
increase, decreasing the amount of the spectrum that can be absorbed,
resulting in the decrease in ISC . Another form of degradation is a result
from a situation with low irradiance and low temperature, known as LILT.
A LILT situation causes the I-V curve to have a much rounder knee or a
broken knee, meaning the �ll factor will be lower. This limits the amount
of power available from a solar cell. Other phenomena associated to LILT
conditions are cell shunting and the formation of a rear contact Schottky
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barrier. (of Energy, 2006)

The performance of a solar cell is tested under controlled test conditions.
The air mass zero condition, or AM0, is often used to test the performance
of solar cells in an Earth orbit. The current test conditions to simulate a
Martian solar environment is the aforementioned LILT state. The e�ect
of LILT on solar cells is not completely understood, however in the next
section, the e�ects of operating on the Martian surface and the e�ects of
LILT will be investigated.

2.1.2 Challenges for Solar Cells on Mars

As mentioned, the Martian environment is unique and harsh. There is
only a limited experience with the conditions on Mars, and therefore un-
predictable outcomes are possible. Operating on the Martian surface in-
troduces three main areas of concern. The �rst is the Martian dust, ever-
present in the atmosphere in varying concentrations and having several
interesting e�ects. The other two concerns comprise the LILT conditions,
the low temperature combined with the low solar irradiance. The e�ect of
these three characteristics on the operation of solar cells must be addressed.

The dust a�ects the incoming solar radiation three ways:

� absorption

� di�usion

� spectral modi�cation.

Identical to solar radiation on Earth, solar radiation incident on the Mar-
tian surface has direct and di�use components. The di�used light rays are
scattered by the Martian dust and travel in all directions so that light does
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not travel in a straight path. It has been observed that during a Martian
dust storm it is possible that nearly all of the sunlight to reach the sur-
face has been scattered (Appelbaum and Flood, 1989). The high rate of
di�usion lowers the �ux through a horizontal surface, reducing the output
of a solar array. The high di�usion ratio also lowers the e�ectiveness of
concentration devices such as mirrors or lenses and of solar panel tilting
or aiming. Be�tting its nickname, The Red Planet, the Martian dust also
absorbs the blue wavelengths in the solar spectrum causing the sunlight
on the surface to be enriched in the red and infrared wavelengths. This
makes solar cell selection very important; a solar cell with high sensitivity
in the blue wavelengths would be useless and high sensitivity in the red
wavelengths is required. Another and potentially more important e�ect of
the modi�ed spectrum is its e�ect on multi-junction solar cell technologies.
Multi-junction solar cells rely on current matching between sub-cells com-
posed of di�erent materials. The current matching is highly dependent on
the solar spectrum and hence, a modi�ed spectrum can cause a current
mismatch between sub-cells. The degree of solar spectrum modi�cation
varies throughout the day as the Sun moves over the Martian horizon, so a
constant match is hard to maintain. This variation of the solar spectrum
and resulting current mismatch can cause unacceptable degradation of the
cells.

As expected, the dust does not remain suspended in the Martian atmo-
sphere, but rather settles on any horizontal surface. The Materials Ad-
herence Experiment conducted on the Sojourner Rover measured that the
power loss due to dust accumulation was 0.3% per Martian day, consistent
with the calculated value obtained from dust measurements conducted by
the Viking and Mariner missions. This factor alone is potentially the main
determinant for the lifetime of a mission; after 100 days, solar power pro-
duction would have decreased by 30% (Landis, 1998)! The solar arrays on
Spirit and Opportunity are rated to output a maximum of 140 W for up to
4 hours per Martian day, however given seasonal changes and dust accumu-
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lation the panels were expected to output a maximum of only 50 W at the
end of its 90 Martian day mission. However on more occasions than pre-
dicted, the accumulated dust on the solar panels of Spirit has been removed
and the solar array cleaned by a passing wind phenomena, possibly a high
velocity dust devil of which Mars is notorious. Studies on dust removal
systems have been performed in (Landis and Jenkins, 1998), however this
topic is beyond the scope of this research.

Operating on the Martian surface does provide advantages over operating
in an orbit. One advantage is the lower operating temperature of the solar
panels compared to the temperature experienced by the solar panels on an
orbiter. As mentioned earlier, the typical temperature of solar panels in
orbit are in the range of 50� to 100� . While an exact temperature of
solar panels on the surface of Mars could not be found, it could be assumed
to be approximately the same as the ambient temperature on the Martian
surface ranging from -140� to 20� . This lower operating temperature has
an e�ect on the choice of solar cell technology best suited for the Martian
conditions. In orbit, the high operating temperature forces the selection
of more expensive high bandgap cell technologies with a low coe�cient of
temperature degradation. The low operating temperatures on Mars would
actually make low bandgap high temperature coe�cient technologies such
as thin �lm amorphous Si desirable. The low temperature would result in
the solar panel actually being more e�cient. Another advantage to operat-
ing on the Martian surface is that the radiation environment is much less
harsh than that experienced by an orbiter. The thin Martian atmosphere
provides su�cient shielding against coronal mass ejections from the Sun,
so that additional solar cell protection is not needed, even the cover glass
is not needed. The lack of a cover glass could however result in the solar
array to su�er damages during the transport from Earth to the Martian
surface (Landis, 1998).

The e�ects of LILT conditions on the performance of solar cells, however,
are not well known. Some multi-junction GaAs cells perform extremely
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poorly. However, the results in (Gelderloos et al., 2002) claim that certain
multi-junction GaAs cells function with only a 1 % degradation under LILT
conditions compared a degradation of 0.9 % under AM0 conditions at the
same temperature. This provides hope that high e�cient multi-junction
cells can perform without signi�cant losses under LILT conditions, contrary
to what had previously been thought.

2.1.3 Output Potential

With the potential problems of using solar cells on Mars having been ad-
dressed, the variation of solar irradiance levels must be investigated as it
is the main environmental factor determining the photovoltaic system out-
put. The data for global irradiance on a horizontal plane, Gh, is presented
in Figure 2.3. The direct and di�use components of solar irradiance are
related by the simple formula

Gh = Gbh + Gdh, (2.2)

where Gbh is the direct beam irradiance on a horizontal plane and Gdh is
the di�use irradiance on a horizontal plane. When no storms were present,
an optical depth of 0.5 was typically measured. From Figure 2.3, this yields
an expected solar irradiance of 510 W/m2 during midday, severely lower
than the 1300-1400 W/m2 experienced by an Earth orbiting satellite . The
optical depth is a measure of transparency, de�ned as the fraction of light
that is scattered. A low numerical value of optical depth refers to a clear
day, while a high value suggests that it is dusty. An optical depth of 1 is
the approximate opacity experienced during a local dust storm, of which
an average of 100 were observed per Martian year each lasting a few days.
From Figure 2.3, it can be seen that during a local dust storm, a global
irradiance of 480 W/m2 could be expected at midday (zenith angle of 0),
approximately 94% of the irradiance experienced on a clear day. Global
dust storms occur one or two times per year and are categorized as having
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Figure 2.3: Variation of global irradiance with optical depth and sun zenith
angle on a horizontal surface (Appelbaum and Flood, 1989).

an optical depth greater than 1 and to last from 35 to 70 days or more.
From Figure 2.3, it can be seen that during a global dust storm, a global
irradiance of 240 W/m2 could be expected at midday. From Figure 2.3
it can be seen that during a global dust storm at midday with an optical
depth of 4, there still exists a considerable amount of solar irradiance. By
examining the direct beam and di�use solar component irradiations, pre-
sented in Figure 2.4, it can be seen that essentially all of the irradiance
has been scattered. The solar array output could be expected to be ap-
proximately 45% of the normal operating output, meaning solar arrays are
not rendered completely useless during a massive Martian dust storm as
previously thought (Appelbaum and Flood, 1989). The data in Figures 2.3
and 2.4 are based on measurements taken at the two locations of the Viking
landers and for less than two Martian years, which calls into question the
reliability of the samples. However the similarities between the measure-
ments taken from Viking lander I and II suggest that the suspended dust
characteristics are similar for regions at least within the same latitude of
the landing sites (Appelbaum and Flood, 1989).

The thermodynamic limit of solar energy conversion e�ciency is between
93 to 95 % (Razykov, 2003). The maximum e�ciency achieved to date
is 40.7 % by a multi-junction cell in 2006, however the highest e�ciency
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(a) Variation of beam irradiance.
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(b) Variation of di�use irradiance.

Figure 2.4: Variation of the solar irradiance components with optical depth
and sun zenith angle on a horizontal surface (Appelbaum and Flood, 1989).

rated for space applications are the ultra triple junction (UTJ) GaAs cells
with a minimum e�ciency of 28.3 % and a panel weight of 2.06 kg/m2.
The highest reported e�ciency for a thin �lm amorphous Si cell is 24.7 %,
however the highest space rated Si cell has an e�ciency of 14 % (Spectrolab,
2007). As previously mentioned, the single junction Si based technology is
more robust to current mismatch and could potentially be more e�cient
in the lower operating temperature, however it has been shown otherwise
in (Gelderloos et al., 2002). Also, the limited space and weight restrictions
favor small area arrays with high e�ciency, such as the UTJ GaAs cells
like those currently being used on the Martian rovers Spirit, Opportunity
and Sojourner (NASA, 2005). For this reason, the output of the UTJ GaAs
cells will be investigated. Assuming an optimal temperature of 28� and an
optical depth of 0.5, the UTJ GaAs cell would produce 510 W/m2×28.3% =

144 W/m2 at midday. The results of this calculation should be viewed
with caution because it includes no consideration for the e�ects of spectral
modi�cation or the LILT phenomena that are associated with the Martian
environment.

As seen in Figure 2.5, the solar irradiance varies drastically throughout the
day as does the temperature, both having an obvious e�ect on the output
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of the solar panels. The result is a window of operation, in which the rover
has enough power to perform tasks. In the following section, an overview
of the solar arrays implemented on Mars rovers will be examined with the
goal of obtaining an operating solar panel e�ciency.
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Figure 2.5: Diurnal variation of global irradiance on a horizontal surface
with an optical depth of 0.5 (Appelbaum and Flood, 1989).

2.1.4 Solar Cells in Current Space Applications

Solar cells have been available for space applications since the 1950's and
have played a major part in most spacecraft power system designs. The
Mars Path�nder Microrover Sojourner was the �rst functioning rover to
use multi-junction GaAs/Ge solar cells on Mars, and has produced some
very useful results. The results from the Sojourner rover should provide a
good comparison to the predicted results discussed in the previous section
because the latitude of the Path�nder landing site (15◦ N) is close to the
latitude of the Viking I lander site (22.3◦ N), from which most of the data
was taken. The Sojourner rover has a solar array of 0.22 m2 and is capable
of producing a maximum of 16 W, resulting in the standardized output of
72.7 W/m2 (Stone, 1996). The theoretical maximum e�ciency of the solar
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cells used on Sojourner is 18%, however the operating e�ciency of

16 W
0.22 m2

× 1

530 W/m2 = 13.7%,

demonstrates the e�ect of spectral modi�cation and LILT conditions to be
quite substantial, degrading the e�ciency by 18−13.7/18 ≈ 23%. The Mars
Exploration Rovers (MER) consist of six GaAs/Ge panels with a total area
of 1.3 m2. The panels produce a maximum of 140 W when fully illuminated,
yielding 107.7 W/m2 and a total of 900 W-hours per Martian day (Works,
2007). The solar cells implemented are more modern than those used on
Sojourner, having a maximum theoretical e�ciency of 27.5%. However as
with Sojourner, the operating and theoretical e�ciency drift when exposed
to the Martian conditions. The operational e�ciency is

140 W
1.3 m2

× 1

510 W/m2 = 21.2%,

degrading the operational e�ciency by 27.5 − 21.2/27.5 ≈ 23%, closely
coinciding with the e�ciency degradation experienced by Sojourner.

The Sojourner rover was able to perform all planned operations completely
under the power provided by the solar array (Laboratory, 1997). The Mars
Exploration Rovers directly distribute the power from the solar panels to
the operating devices, and store the excess power in batteries (Works, 2007).

2.2 Wind Power Potential

Martian wind had been suspected as early as 1954 by McLaughlin, who
thought the periodic albedo changes were due to wind rather than changes
in vegetation (Williams, 2007). The �rst conclusive evidence was provided
by the Martian orbiter Mariner 9, whose momentous �rst image transmis-
sions revealed a raging planet-wide dust storm (Phillips, 2001; Williams,
2007). After a month of orbiting, the dust �nally settled and exposed a
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diverse variety of aeolian features (Phillips, 2001). While Martian wind is
normally very calm, wind speed can reach as high as 130 m/s during a storm
and can gust to 25 m/s during a regular day (NASA, 2007b). Other mea-
surements of the strongest surface wind speed have been placed between 30
to 50 m/s (National Research Council, 2002). As mentioned in the previ-
ous section, high speed global wind storms occur approximately twice per
Martian year, while less violent local dust storms occurred approximately
100 times per Martian year. Despite the sparse occurrence of these storms,
their e�ect on the output of the solar arrays are drastic, hence the motiva-
tion for a wind turbine. These dust storms can last for hundreds of days
(Squyres, 2004), creating the need for an alternative source of power. The
reality of the problem was experienced and shown by the Mars Exploration
Rover Spirit, whose solar panel power production dropped to a dangerously
low level during a recent dust storm (Anitei, 2007).

While the stated speeds are impressive, the air density on Mars is 0.0155
kg/m3. For comparison, the air density on Earth is 1.2256 kg/m3, the
Martian atmosphere is only 1.3% as dense as that on Earth (NASA, 2007a).
The force exerted by a wind is called dynamic pressure, q, and can be
calculated by the equation

q =
1

2
ρv2 (2.3)

where ρ is the air density in kg/m3 and v is the air velocity in m/s. For
a given wind speed, the dynamic pressure would be 80 times less on Mars
than on Earth, given simply by the ratio of air densities. From another
perspective, this means that a wind on Mars must have a speed

√
80 ≈ 9

times faster than on Earth to achieve the same dynamic pressure (National
Research Council, 2002). Examining the previously stated wind speed �g-
ures, the highest wind speed of 130 m/s during a Martian wind storm would
have the same force as a 15 m/s wind on Earth. It should be noted that
despite the somewhat unimpressive Earth equivalent wind speed, the dust
particles propelled by the wind can reach speeds of 25 to 45 m/s (Phillips,
2001). While it is out of the scope of this research, the physical design of
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the windmill could be optimized for interaction with the dust which could
potentially contain more energy due to its higher mass.

To frame the potential power available in a Martian dust storm, the out-
put of current small windmills available for sailboat applications can be
examined throughout the range of Earth equivalent wind speeds. While
the performance of each windmill varies with the make and model of the
windmill, some operate in the 3 to 15 m/s wind speed range (Aerogen,
2007; ampair MicroWind, 2007), similar to conditions during a Martian
dust storm. The output of these windmills increases roughly exponentially
with wind speed, starting from 20 W at 3 m/s to 300 W at 12 m/s for a
windmill with a diameter in the neighborhood of 1.2 m and a weight of 12
kg. If the windmill were to be deployed on a Mars rover, it would have to
be optimized with lightweight construction and a high e�cient generator,
meaning the stated power to weight ratio would be more impressive. While
a wind turbine might not be feasible as a primary source of power due to
the inconsistent occurrence and low dynamic pressure, it could nicely com-
plement a set of solar panels and its value could prove to be crucial when
conditions for solar power production are not optimal. The conditions dur-
ing which the solar array is most ine�ective are the conditions during which
the windmill is most e�ective, and vice versa.

2.3 Batteries

A battery is a device that produces electricity by a chemical reaction. The
battery e�ect was �rst discovered by Luigi Galvani in 1786 by connecting
the leg of a frog between two metals, however this reaction was thought
to be animal electricity. Alessandro Volta realized from his past experi-
ence with capacitance that the frog leg could be replaced with a piece of
cardboard soaked in salt water, and hence in 1791 the �rst voltaic cell was
born. In 1799 Volta invented the modern battery by stacking galvanic cells
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on top of each other, forming a pile.

A modern battery is composed of one or more voltaic cells, each cell con-
taining two half cells connected in series by a conductive electrode. Each
cell has a positive and a negative terminal, separated by a solid or liquid
electrolyte. The electrolyte allows ions to move between electrodes, giving
birth to current. The electrical potential across the terminals of a battery
are called its terminal voltage. The terminal voltage of a battery that is
not being used is called its emf, electromotive-force. The terminal voltage
of a battery that is being used is less than its emf and likewise, the terminal
voltage of a battery being charged is greater than its emf. The terminal
voltage and capacity of a battery depend on the chemical reactions that are
producing the current. The rechargeable batteries mainly used in consumer
electronics have been nickel cadmium (NiCd), but other technologies such
as nickel metal hydride (NiMH) and lithium-ion (Li-Ion) cells have been
showing great advancements. Cells are typically rated in terms of their
milli amp-hour (mAh) capacity. A battery with a capacity of 1000 mAh
will be able to deliver 1 amp of current for one hour at room temperature.
This rate of discharge is 1c, where c is a value numerically equal to the
mAh rating of the cell. If the same battery were discharged at 500 mA, the
discharge rate is c/2 and it could deliver this amperage for two hours. The
c rate is also used when charging. Batteries are also typically classi�ed by
their speci�c energy measured in watt-hours per kilogram (Wh/kg), which
is a measure of the energy compared to its weight, and by their energy
density measured in watt-hours per litre (Wh/dm3), which is a measure
of the energy compared to its volume. Typical battery characteristics for
common consumer batteries are shown in Table 2.1.

The self-discharge rate refers to how much charge a battery looses while
being stored on the shelf, and in space applications, this characteristic
is worth some attention because batteries are often used to perform sys-
tem checks during the interplanetary �ight. As such, the temperature of
the battery during the interplanetary �ight is kept colder than would be
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Table 2.1: Comparison of rechargeable batteries typical in aerospace (Rat-
nakumar et al., 2002).

NiCd NiH2 NiMH AgZn Li-Ion
Speci�c Energy, Wh/kg 25 30 55 ∼100 >100
Energy Density, Wh/dm3 100 50 180 ∼150 >250
Cycle Life, 50% DoD >1000 >1000 >1000 <100 >1000
Self-Discharge per month, % 15 30 25 15-20 <5
Temperature Range, � -30 to 30 -10 to 30 -10 to 30 -10 to 30 -20 to 40
Charge E�ciency, % 80 80 70 70 ∼100

otherwise. This slows the chemical reaction and hence, the self-discharge.
During operations that require high current drains, such as pyro �ring upon
landing, the temperature of the batteries is often augmented to speed the
chemical reaction, allowing the batteries to better cope with the increased
demand. However operation at higher temperatures reduces the life of the
batteries. (mpower, 2005)

As a battery works through its discharge cycle, the output voltage varies,
as can be seen by a typical discharge curve in Figure 2.6. A �at discharge
curve is desirable because it simpli�es power regulation. The di�culty
with a �at discharge curve is determining the state-of-charge (SoC), which
indicates the capacity remaining in the battery. The SoC is helpful in
determining when to stop discharging or recharging a battery so as not
to permanently harm the battery. While very useful, the exact SoC of a
battery pack is not easily determined. As a battery pack is used, its capacity
degrades with each recharge-discharge cycle. This means that if the SoC
were determined by measuring the current leaving or entering a battery
pack, the estimated and actual SoC would drift apart. After only three
recharge-discharge cycles, the error between estimated and actual SoC can
be as large as 30% (Birk, 1997). A clear indication of when a battery has
completely discharged is demonstrated by the sudden decrease in terminal
voltage. This knee is typically more round for a NiCd battery, making it
possible to safely detect the full discharge and stop the discharge cycle.
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The knee of a NiMH chemistry is however much more square, presenting
a signi�cant problem when detecting the end of discharge; a battery can
su�er permanent damage if discharge is continued beyond this point. The
depth-of-discharge (DoD) is just the opposite of SoC, and is represented
as a percentage value. Accurate knowledge of the SoC and likewise, the
DoD, is crucial in maintaining the health of batteries. The peak current

Figure 2.6: Typical battery discharge curve at a rate of 1c. (Birk, 1997)

and maximum that a battery is capable of delivering is highly dependent
on the internal equivalent series resistance (ESR). All current delivered by
a battery must pass through the ESR, which reduces the terminal voltage.
More importantly, the ESR causes power dissipation and hence, heating of
the battery during high discharge rates (Simpson, 1993). The heat is an
indication of an e�ciency loss, meaning that some of the energy contained
in the battery is lost. The e�ect of a high ESR is more damaging to digital
battery operated devices than analog devices because of the high surge
current associated with digital use.(Buchmann and Inc., 2001)

In the forthcoming chapters, an overview of what has been used in space
applications will be covered, followed by an investigation into the charac-
teristics of the di�erent rechargeable battery chemistries. Finally, di�erent
recharging techniques will be analyzed.
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2.3.1 Mars Rover Battery Systems

As shown in the previous sections, the Martian environment presents many
challenges for a mission to the surface. The temperature swings on Mars
spawn the need for a warm electronics box, where the temperature of the
computer, electronics and batteries are kept within a safe operating range.

The rechargeable batteries used on the Path�nder lander were 27 V, 40
Ah Silver-Zinc (AgZn) chemistry, which have a very high speci�c energy
and energy density. The batteries were warmed with a heater and ther-
mal battery unit that both maintained the temperature of the batteries at
a minimum of 15 � to ensure e�cient charging and to boost the output
during pyro pulses by increasing the temperature. During the interplane-
tary voyage, the batteries were stored in a temperature between -5 � and
0 � and held at open circuit at 80 % state-of-charge. The batteries suc-
cessfully coped with the loads, supplying a nominal discharge current of
1 A during a nominal discharge duration of 16 hours. The batteries were
typically charged at a maximum current of 3.5 A for 6 to 8 hours. The
batteries over achieved the mission requirement of 30 charge-discharge cy-
cles, however the batteries were the main cause to the mission termination.
(Ratnakumar et al., 1999)

The Mars Exploration mission contained three sets of batteries: primary,
thermal, rechargeable, also protected by a warm electronics box keeping
the temperature of the batteries and electronics between -20 � to +30 �.
Each battery has a speci�c use and hence, a completely di�erent set of
requirements. The primary batteries located on the lander are used dur-
ing entry, descent and landing and during the mission critical deployment
sequence. All of the energy of the primary batteries were exhausted dur-
ing 1.25 hours, during which 650 Wh was supplied at a peak power of 250
W. As such, the primary batteries had to be well suited to high discharge
rates and have low heat generation because of the lack of active cooling
during the period of usage. The primary batteries also had to have very
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low self-discharge because the trip to Mars is very long, the typical high
speci�c energy and energy density common to all space applications. The
primary batteries chosen were a LOSX26, Lithium Sulphur Dioxide non-
rechargeable chemistry. The batteries were assembled in �ve parallel strings
of 12 D-size, 36 V, 6.8 Ah cells, for a total capacity of 36 V, 34 Ah. The
thermal batteries, also located on the lander, supported the pyro events
used during cruise stage separation. The batteries selected were Li-FeS2

chemistry. Each lander had two thermal batteries, for redundancy, each
capable of �ring 6 simultaneous NSI's, each NSI requiring 6 A of current.
The primary and thermal batteries are mounted to the lander, the only
batteries actually in rover are the rechargeable batteries. The rechargeable
batteries needed to last at least 300 cycles at 50 % depth of discharge at 0
� and needed to deliver approximately 360 Wh/sol for surface operations.
The low temperature performance of the batteries was of utmost concern,
the batteries had to be able to deliver multiple pulses of 25 A for 50 ms
at ambient and at low temperatures. Extensive research into developing a
battery to meet the requirements was invested, and the selected chemistry
was an advanced lithium-ion cell. Lithium-Ion was selected because it had:

� high speci�c energy - over 100 Wh/kg;

� high energy density - 200 Wh/dm3;

� good low temperature performance - 65 % room temperature
capacity available at -20 � at c/5 rate;

� high discharge rate capabilities - over 85 % at 1c rate at 25 �;

� long life cycle - over 500 cycles to 90 % initial capacity;

� good storability - over 85 % of initial capacity realizable after two
years of storage;

� high coulombic and energy e�ciencies, and;
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� low self discharge.

The size of the battery on the Mars Exploration rovers are half the size
and weight of an equivalent AgZn battery and one-�fth the size and weight
of an equivalent NiCd or NiH2 battery. The battery system on the rover
consists of two parallel battery strings, each with eight 10 Ah cells in series.
The total output of the battery pack is 30 V and 600 Wh, and is housed in
the warm electronics box. (Ratnakumar et al., 2002)

2.3.2 Consumer Rechargeable Battery Performance

While the prospect of using high performance, state-of-the-art batteries
is exciting, it is not feasible for a student project due to the cost and
availability. However if a prototype power and recharging system were con-
structed based on readily available consumer rechargeable batteries, the
system could be scaled to accommodate high performance batteries nor-
mally used in aerospace applications. For this reason, the characteristics of
NiCd, NiMH and Li-Ion batteries will be investigated.

The immediate leader in speci�c energy and energy density is Li-Ion, having
approximately twice the performance of NiMH, which has approximately
twice the performance of NiCd. The Li-Ion batteries are much more ex-
pensive than both the NiMH and NiCd chemistries, however the NiMH
batteries are not much more expensive than the NiCd batteries despite the
di�erence in performance, perhaps because the NiCd chemistry is much
more robust than the NiMH chemistry. An NiCd battery can handle deep
discharging and can be discharged at high rates without cell degradation,
maintaining a reasonably lengthy lifespan of over 1000 charge-discharge
cycles. However if the NiMH chemistry is repeatedly operated under high
discharge rates and a deep DoD, the cell life can be degraded to only 300 or
400 charge-discharge cycles. However with proper maintenance and usage,
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all three chemistries have a lifespan of approximately 1000 charge-discharge
cycles. The NiMH chemistry displays the best results if the batteries are
discharged with currents between 0.2c and 0.5c, and keeping the DoD rather
shallow. The NiMH chemistry has the highest self-discharge rate, being 1.5
to 2 times greater than NiCd and 5 times greater than Li-Ion. The Li-Ion
is not subject to memory or in need of periodic exercise cycles, whereas
both the NiCd and NiMH chemistries require a regular full discharge to
prevent the crystallization that causes memory. The NiMH is less prone to
memory compared to the NiCd, but with a tight regimen of deep-discharge
exercising cycles, the NiCd memory e�ect can also be minimized. The
NiCd chemistry responds well to all types of charging, fast or slow, without
many complications such as heating. The NiMH chemistry can lend itself
well to fast charging, however additional complexity is involved because the
batteries can heat up very quickly, causing permanent damage. Moreover,
the NiMH chemistry does not lend itself well to slow charging; the battery
could remain cold to the touch but be receiving a damaging overcharge.
The Li-Ion chemistry can be charged using a few methods, however all of
them take about 3 hours, while the NiCd and NiMH chemistries can be
charged in 1 hour using fast charging methods. An important factor for an
application with limited power availability is the recharging e�ciency. The
Li-Ion chemistry recharges at nearly perfect e�ciency, producing almost no
heat. The NiCd chemistry is noticeably less e�cient, recharging at an e�-
ciency of 90-70% while the NiMH chemistry is about 70%. As mentioned
before, the NiCd chemistry is very robust, this includes its ability to deal
with extreme temperatures. The NiCd can be operated at temperatures
as low as -40�, however the discharge rate is limited to a rate of 0.2c. As
covered by the previous section, large advances have been made with the
Li-Ion chemistry and can now also has impressive low temperature perfor-
mance, while the NiMH chemistry is still the most delicate of the three
which stops working at -20�. (Buchmann and Inc., 2001)
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2.3.3 Recharging Techniques

Batteries are recharged by driving a current through the battery from its
positive to negative terminals. The time needed to fully recharge a battery
depends on the amount of current being driven through it. A fast recharge
is possible with high currents or high c rates. Each battery chemistry tends
to favor one method of charging. The NiCd chemistry is very adaptable
and accepts a charge of any rate, while the NiMH favors fast charging. This
section is concerned with two recharging techniques in particular, a trickle
charge and a fast charge. To narrow the scope of material, the recharging
characteristics of the NiMH chemistry will be further scrutinized. This is
partly because recharging a NiMH battery requires more complex circuitry
and in general, a recharger designed for a NiMH chemistry can be used for
a NiCd battery, but not vice versa. The Li-Ion battery will no longer be
considered due to its higher price.

A trickle charge refers to a slow charge rate, typically 0.1c for NiCd. This
recharging technique is commonly used in overnight chargers which possess
no intelligence or knowledge of the SoC of the battery; the termination
method is timer based. This recharging technique can be particularly dam-
aging to NiMH batteries because of their low tolerance to overcharge and
the tendency of crystals to accumulate. Overcharging is almost guaranteed
during a long trickle charge because the total charge needed for a cell is
unique to each cell. If an overnight charger will deliver a full charge to
a new battery, it is guaranteed to overcharge a used battery. The NiMH
chemistry can handle a trickle overcharge, but at a typical rate of 0.05c.
The complications regarding a trickle charge is the main reason why a NiCd
charger must not be used with a NiMH chemistry.

There exist many techniques for fast charging. Fast charging can be at
rates of 0.5c to as high as 4c. Inherent with the much higher current is the
greater risk of overcharge; however with a proper termination technique
the risk can be minimized. The charge can be terminated based on the
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Figure 2.7: Typical recharge curve of 3 NiMH cells charged at a rate of 1c
using delta-V termination. (Maxim, 2002)

temperature of the cells, terminal voltage or a combination of both. Dur-
ing recharging, the cell voltage and cell temperature follow characteristic
curves, shown in Figure 2.7. Full charge is denoted by the peak of battery
voltage or by the associated increase in cell temperature. By measuring the
slope of either curve, it is possible to detect when the cells have reached
a full charge. The delta-V technique refers to terminal voltage monitoring
while delta-T refers to cell temperature monitoring. The slope of the curve
varies with charge rate and as such, the delta-V and delta-T techniques
work best with charge rates of 0.5c or higher. A lower charge rate would
produce a very shallow peak and could easily go undetected causing cell
damage, another reason to avoid trickle charging NiMH batteries. To max-
imize the charge capacity held by the battery, after fast charge termination
has been detected, a topping charge at a rate of 0.1c is typically applied
for 30 minutes. After the topping charge, a continuous trickle current can
be applied to maintain the charge. A hybrid technique uses the cell tem-
perature and terminal voltage. During fast charge, if the cell temperature
goes above a threshold, charging is suspended until the cell temperature is
reduced. This technique can help to preserve the health of the cell because
it keeps the temperature within safe operating levels which are sometimes
exceeded when using only the delta-V technique. The absolute maximum
cell temperature of NiMH battery should not exceed 60�. Cell temperature
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also plays an important role during charging. The minimum temperature
limit to fast charge a NiMH battery at a 1c rate is 10� and at 0.1c is 0�,
while the NiCd can handle slightly colder charging temperatures. This is
because the low temperature reduces the ability of the cell to recombine
hydrogen and oxygen, which can cause a pressure build up and possibly
venting of gas causing irreversible damage. If charging in cold weather is
unavoidable, it is possible to house the battery with a thermal blanket to
increase the cell temperature before recharging. Similarly, recharging at
high temperatures reduces the ability of the cell to generate oxygen, reduc-
ing the voltage peak and causing a possibly undetected full charge if using
the delta-V termination technique. Cycling the NiMH chemistry at high
temperatures will reduce the life cycle of the cell. Optimum life time is
obtained by cycling the batteries in an ambient temperature of 20 �, with
a life time decrease of 20% if cycled at 30�.(Buchmann and Inc., 2001)

Another fast charging technique, known as step-di�erential, varies the charg-
ing current with respect to the SoC. High currents are used at the be-
ginning of the charge cycle, decreasing as the charging progresses. This
method is e�ective at reducing the high temperatures typically present
during the end of the charge cycle when the cells are less willing to accept
charge.(Buchmann and Inc., 2001)

2.4 Summary

This background study investigated the di�culties of operating on Mars
from the standpoint of energy generation and storage. The purpose of
the investigation was to provide motivation for the design of an energy
management system.

The e�ect on e�ciency of operating multi-junction GaAs/Ge solar panels
in LILT conditions were discovered to be quite profound, but still more ef-
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�cient than Si-based cell technology despite past research e�orts suggesting
otherwise.

The possibilities of wind generation were proven unfeasible if used as the
only source of power due to the inconsistent wind speed. However the neg-
ative e�ect of wind storms on solar power generation due to the increased
levels of dust in the atmosphere suggests that a small windmill coupled
with a solar array could complement each other well. The period when
solar generation is at its peak is when wind generation is at its recess, and
vice versa.

The current status of battery technology was investigated and it was found
that the past shortcomings of battery performance: temperature, e�ciency,
speci�c energy and life cycle, have been drastically improved in the last
years. The Mars Exploration rover mission could hardly have accomplished
what it has if the batteries were not what they are. As well, an examina-
tion of the nature of discharging and recharging batteries was performed,
introducing many terms and techniques to maximize the cell life.



Chapter 3

System Design

The background study presented in Chapter 2 outlined several challenges
for power production and storage in the context of mobile robots operating
on the surface of Mars. As with all autonomous mobile sensing robots
using solar panels, the diurnal variation of the solar irradiance poses as
a signi�cant problem. Throughout the course of a Martian day, there are
periods during which there is not enough power to operate as well as periods
when there is a surplus. The excess power can be stored in batteries to
bu�er the power provided by the sun and extend the hours of operation
into the night or early morning. However to maximize the utilization of
available power from the sun, the need for the ability to plan and manage
the stored and available power arises. The focus of this thesis, the design of
an energy management system, will provide the hardware means to realize
this goal.

3.1 System Requirements

Marsokhod, the subject of the thesis, is to be out�tted with batteries,
meaning that the energy management system will need to have the ability
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to not only discharge a battery, but to also disconnect it from the power
bus and initiate a recharging cycle. (The battery packs selected are 1850
mAh AA NiMH 10 cell packs due to their availability.) This basic function
forms the basis for the �rst requirement of the system:

Requirement 1: The capability to discharge and recharge a battery.

As mentioned in Chapter 1, the Marsokhod has a distributed battery sys-
tem with one battery pack in each wheel in addition to the power generation
scheme outlined in Chapter 2, consisting of both solar panels and a wind
turbine. While discharging all batteries simultaneously provides a robust
and high-capacity power system, it leaves little room for long-term sensing
possibilities, and during battery recharging the rover is rendered vulner-
able without any backup power. To increase the versatility of the power
system, the six battery packs can be separated into three groups and the
role of each group can be separated into three statuses which they can be
cycled through: discharge, recharge and backup. At any given moment,
two battery packs will be operating in each state. When operating in the
discharge status, the battery will be connected to the power bus and, de-
pending on the time of the day, either provide backup to the solar panels
or act as the main source of power. The battery proceeds to the recharge
status once the battery has been depleted, and moves to the backup status
upon completed recharge. The function of the backup status is to preserve
the health of the battery being discharged by providing additional power
if the power demands exceed a rate of 0.5c. Once the battery pack in the
discharge status has been depleted, the battery pack in the backup status
moves to the discharge status. The sequencing of the batteries is shown as
a state diagram in Figure 3.1 with a description of the states in Table 3.1.
The proposed sequencing plan is just one of many possibilities and optimiz-
ing the sequence is not the focus of the thesis. However if the system were
built with the ability to be controlled in such a manner, then the behavior
of the system could also be changed to conform to other sequencing plans
or to adapt to a change in solar irradiance or wind speed. For example, if
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Figure 3.1: Battery pack state diagram.

Table 3.1: State description.
State Operation Advance Condition
Discharge provide power to system when

generated power can not sus-
tain the load

battery pack depleted

Recharge engage in recharging cycle recharge complete
Backup provide power only if dis-

charge rate of the battery in
the Discharge state is greater
than 0.5c

battery in Discharge
state depleted

an extended high power operation is to be performed, it would be possible
to change the behavior and use all battery packs simultaneously for max-
imum capacity. Also, low power operations can be performed throughout
the course of an entire night, such as drilling. The central computer is to
have complete control over the recharging and discharging scheme, allowing
the behavior of the battery system to be modi�ed by software. Also if a
battery fails, the system is to have the ability to both detect the failure
and adapt the behavior to suit. The underlying idea is that of a centrally
controlled distributed battery network, and forms the basis for the second
requirement:
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Requirement 2: Battery cycle sequence controlled by a micro-
controller.

To realize the functionality of the second criterion, the battery voltage and
current would have to be monitored for SoC knowledge and discharge rate.
Additionally, if a subsystem were to malfunction while operating on Mars,
knowledge of the power drain could aid in localizing the faulty component.
The realization of the second criterion also stems the need for the ability
to switch batteries between these statuses. These two additional demands
form the third requirement:

Requirement 3: Battery power monitoring, switching and isolation
capabilities.

To be able to optimize the use of generated power, it should be possible to
change the recharge rate to best match the excess power produced by the
solar array. Throughout an operating day, spikes will exist where the sum
of power demanded by the rover and power demanded by the recharging
circuit is higher than the power generated by the solar array. It is at this
point when the batteries supply current. Power can be supplied by both
batteries and the solar array simultaneously so as to maintain a constant
current into the batteries being recharged. This additional ability forms
the basis for the fourth requirement:

Requirement 4: Selectable recharging rate.

3.2 System Outline

The requirements of the system outline in Chapter 3.1 will play a crucial
role in limiting the scope of the energy management circuit design. The
�rst decision to be made governs the complexity of the entire system, the
technique for regulating the bus voltage. There are three techniques to
control the bus voltage: unregulated, quasi-regulated and fully regulated.
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An unregulated bus has a voltage that varies signi�cantly because the bus
voltage is simply the battery voltage. The battery voltage can vary signi�-
cantly, up to 20% between a depleted and a fully charged battery or if the
battery is under a heavy load, meaning the components using the bus must
be able to handle this voltage variation (Wertz and Larson, 1999). This
regulation technique is shown in Figure 3.2(a).

A quasi-regulated bus controls the recharging of the batteries but still al-
lows the bus voltage to vary during discharge. The regulated charging of
the batteries helps to preserve the life of the batteries because the charging
cycle is governed by an additional recharging circuit. The bus becomes un-
regulated during discharge and is approximately a diode drop lower than
the battery voltage. The recharge regulation lowers the e�ciency and in-
troduces electromagnetic interference if used with a peak power tracker.
Again, the components using the bus must not be sensitive to bus voltage
variations (Wertz and Larson, 1999). This regulation technique is shown
in Figure 3.2(b).

A fully regulated bus regulates both the recharge and discharge of the bat-
teries. A fully regulated bus is the least e�cient of the three techniques
and introduces the most electromagnetic interference, however the advan-
tage of this technique is that the system behaves like a low impedance
power source. The bus voltage is constant, meaning integrating additional
loads to the bus is simple. This technique is suitable for systems that re-
quire low power and a constant bus voltage (Wertz and Larson, 1999). This
regulation technique is shown in Figure 3.2(c).

Throughout Chapter 2, it was repeatedly demonstrated that producing
power on Mars is a challenging task. It was also mentioned in Chapter
2.3.1 that the limit on the lifespan of a spacecraft is often governed by the
failure of its batteries. Therefore as a design methodology throughout this
thesis, the power e�ciency of components and the ability to maintain the
battery health will be highly favorable performance speci�cations.
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(a) Unregulated bus. (b) Quasi-regulated bus. (c) Fully regulated bus.

Figure 3.2: Block diagrams of the three bus regulation techniques.

While the unregulated bus is the most power e�cient of the three tech-
niques, it provides no control for preserving the health of the battery. As
such, for the unregulated technique to be chosen, the losses incurred from
regulation would have to be substantial. The losses from quasi- and fully
regulated techniques originate from the regulation itself. There are two
forms of regulation, linear and switch mode. A linear regulator acts as
a resistor and is therefore very ine�cient, especially in high power appli-
cations; however it is very easy to implement and requires few external
components. A linear regulator can only act as a step-down converter, so if
any voltage increase is needed, a boost switching regulator is needed. For
the purpose of determining the incurred losses of regulation, the e�ciency
of a switch mode power supply must be taken into account. Generally, the
e�ciency of such a system can vary between 80 to 90 percent. Considering
the worst case scenario, if all power delivered to the battery during charging
incurs an 80% loss, the battery charges with an e�ciency of 80% and the
power supplied by the battery incurs an 80% loss, for each 10W of power
delivered to the batteries, the power available from the batteries to the load
is only

= 10 W× E�charge × E�batt × E�discharge

= 10× 0.8× 0.8× 0.8

= 5.12 W.

This indicates a system e�ciency of only 5.12/10 = 51.2% which is un-
acceptable. However, if quasi- regulation instead of full regulation were
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implemented, the system e�ciency would be 0.8× 0.8× 100 = 64%. This
is still not an optimal solution, but has both the ability to preserve bat-
tery health and decent system e�ciency. This e�ciency could be greatly
improved if batteries with a higher charging e�ciency were used, such as
lithium-ion. However for the design of this thesis, Ni-MH batteries are to
be used for the reason of both cost and availability, so the battery charging
e�ciency must be taken into account.The balance between e�ciency and
regulated battery charging make the quasi-regulated bus a viable choice.

The Mars Path�nder implemented an unregulated bus because all of the
components using the bus could operate in a wide voltage range and it was
determined that there was no substantial bene�t gained by implementing
a regulated bus. To recharge the batteries, the bus voltage was raised,
forcing current into the battery, eliminating associated losses and charging
electronics (Shirbacheh, 1997). It should be noted that while the silver-zinc
batteries exceeded their targeted 30 cycles, the batteries were perceived as
being the cause for the end of the mission (Ratnakumar et al., 1999). The
power bus on the MER rovers is autonomously regulated by a shunt lim-
iter which removes excess energy from the bus. A battery charge board is
also implemented which provides protection against cell shorts and overdis-
charge (Neilson, 2005), and the method used for recharging could not be
found. In comparison, the MER rovers have far exceeded the targeted mis-
sion lifetime, albeit using much more advanced batteries than those used
on Path�nder.

The techniques introduced above are designed for single battery pack sys-
tems without the capability for simultaneous recharging of one battery pack
and discharging of another. The quasi-regulated bus design can be modi�ed
to meet the requirements outlined in Chapter 3.1. In addition to a power
bus, a recharging bus in direct connection to the solar array can be added
to facilitate the simultaneous recharging. A diode must be placed between
the batteries and the solar array to ensure that batteries are not charging
other batteries. Figure 3.3 is a block diagram of the discussed layout. The
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Main Computer communicates to the Motor Controllers via CANBus the
behavior of the associated battery, whereupon the Motor Controller sends
the needed control signals. The output from the Current Measure is fed
back to the Motor Controller to monitor the SoC and the discharge rate.
This is performed in all wheels, and hence the sequencing is possible. The
loads for the solar array are the recharger, motors and the DC-DC con-
verter, while the loads for a discharging battery is limited to the motors
and the DC-DC converter. The focus of this thesis will be to realize the
diagram shown in Figure 3.4.

Figure 3.3: High level block diagram of the Marsokhod.



3.2 System Outline 39

Figure 3.4: Block diagram of the energy management board.

3.2.1 Subsystem De�nition: Recharger

The role of the recharger is simply to recharge the batteries using a switch-
mode power supply. The method for charge termination should be the
delta-V technique or one of its derivatives. The charging current must
have the ability to be changed by a control signal. The recharging circuit
must output the charging status to the Motor Controller, such as a Done
signal. As mentioned earlier, the batteries to be used in the Marsokhod
are two 10 cell AA Ni-MH battery packs in series, matching the required
24V power bus voltage. The recharging circuit must be able to recharge
20 AA cells. When switching between discharging and recharging statuses,
there could be dangerous consequences if, for an instant, the battery is
both being recharged and discharged. There must be a step of isolation
to prevent this, justifying the need for the next subsystem. The detailed
block diagram for the recharger subsystem is shown in Figure 3.5.
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Figure 3.5: Detailed block diagram of the recharger subsystem.

3.2.2 Subsystem De�nition: Switches

The role of the switches is to reliably change between discharging and
recharging. The switch can be realized by either solid state components
or a relay. The main concern in design of the switch subsystem must be
reliability. A detailed block diagram for the switch subsystem is shown in
Figure 3.6.

Figure 3.6: Detailed block diagram of the switch subsystem.

3.2.3 Subsystem De�nition: Control Logic

The role of the control logic is to translate control signals from the mi-
crocontroller into control signals for the switches. The control logic must
be designed to operate according to a set truth table, designed to avoid
any possible shorts or faults. To successfully initiate a recharging cycle, a
de�ned sequence of control signals must be followed. If, for some reason,
the required sequence has not been followed, the control logic will return
to the default operating mode. The failure to initiate the recharging cycle
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will be detected by the status output of the recharging signal. The default
state to which operation is returned should force an operation that ensures
the highest probability of safety for the rover. The detailed block diagram
for the control logic subsystem is shown in Figure 3.7.

Figure 3.7: Detailed block diagram of the control logic subsystem.

3.2.4 Subsystem De�nition: Power Measurement

The role of the power measurement subsystem is to sample the battery
voltage and rate of current in or out of the battery. These measurements
will allow the calculation of the battery SoC and fault detection, and will
provide the input for the transition condition of the Backup status. The
measurements must not be invasive and act as a load because the measure-
ment circuits themselves can change the actual property being monitored.
The method for measuring current must be able to measure current during
the recharging and discharging cycle, in other words, be bidirectional. A
detailed block diagram for the power measurement subsystem is shown in
Figure 3.8.
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Figure 3.8: Detailed block diagram of the power measurement subsystem.

3.3 Hardware Design

This section will describe and justify the components used for the hardware
realization of each subsystem. The circuit for each subsystem will be shown
in the corresponding subsection.

3.3.1 Subsystem Design: Recharger

Initially, two design possibilities were considered for the recharger subsys-
tem. The �rst possibility was to implement a switch-mode power supply
coupled with a microcontroller to both provide the pulse width modulation
necessary for the switch-mode power supply and serve as a delta-V detec-
tion device. The second possibility was to implement an integrated circuit
capable of meeting the requirements outlined in Chapter 3.2.1. A market
scan suggested it would be possible to ful�ll the design needs using an inte-
grated circuit. It was concluded that the research and design necessary for
a switch-mode power supply including the proper pulse wave modulation
and integration with a microcontroller as well as the necessary components
and software for peak detection, was far more complicated than merely
using a ready made integrated circuit.
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Two integrated circuits were examined, the MAX712 from Maxim and the
DS2715 from Dallas Semiconductor. The DS2715 uses solely the dT/dt
termination method and also uses a secondary termination technique for
battery safety by monitoring battery voltage, battery temperature and the
time of charge. The MAX712 can be designed to use dV/dt termination,
dT/dt termination or a dV/dt with temperature limitation, and all meth-
ods incorporate a charge timeout. The DS2715 is more modern and in-
corporates recent knowledge about Ni-MH batteries, however its maximum
supply voltage is only 16.5 volts. It would be possible to power the chip
from a 5 volt source, however the MAX712 is be able to operate from the
24 volt bus. It was decided to use the MAX712 because

1. it can operate from 24 volts;

2. it is better documented; and,

3. substantial research had already been invested into MAX712 devel-
opment when the DS2715 became a possibility.

A problem identi�ed early in development is that when charging batteries,
the voltage used by the recharge circuit to force current into the batteries
must be greater than the voltage of the batteries when fully charged. The
speci�cations for the MAX712 recommend using a voltage equal to

= 1.9 V× number of cells + 1.5 V
= 1.9 V× 20 + 1.5 V
= 39.5 V.

Towards the end of a high c rate recharge cycle, the voltage of each cell
rises signi�cantly. The 1.9 volts per cell leaves a safety margin to guarantee
that the input voltage will always be higher than the voltage of the battery
pack. The 1.5 volts in addition is to account for a worst case voltage drop
across the switching transistor and other components in the circuit. If the
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cells were to be all charged in series, the only solution would be to step
up the 24 V to 40 V, introducing a whole new set of losses. In addition to
the voltage requirement, the maximum number of cells in series that the
MAX712 could charge is 16 cells while the DS2715 is capable of charging
only 10 cells, much less than the required number of 20 cells. Interest-
ingly, these two problems can both be resolved with the identical design
change; discharge the batteries in series and recharge them in parallel. The
minimum recommended voltage to charge the batteries would then be

= 1.9 V× 10 + 1.5 V
= 20.5 V,

which means that the existing 24 V bus could be utilized and that 10 cells
in series would be charged, well within the capabilities of the MAX712
chip. Additional complexity would be needed for the design of the control
logic and switch subsystems, however it is easily justi�ed by the severity
of the problem it helped to solve. Recharging battery packs in parallel
provides the recharger with less personal knowledge of the exact SoC of
each pack and has a slight possibility that all the charge current could go
to one battery pack, however this is only a concern for missions over �ve
years (Wertz and Larson, 1999).

The overall design of the recharge circuit was modeled from the datasheet
of the MAX712. It was decided, for simplicity, to only use the dV/dt
termination technique, although future versions of the circuit could employ
more complicated methods for termination. The pin con�guration of the
MAX712 is shown in Figure 3.9 and the recharge circuit is shown in Figure
3.10 for the convenience of the reader for the following discussion. The
MAX712 fast charges batteries by forcing through them a constant current.
Once turned on, the MAX712 operates in one of two states, fast charge
or trickle charge. During fast charge operation, the current through the
battery is high. Once the conditions for charge termination have been
detected, the current reduces to a trickle charge. The switching of the
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power MOSFET is controlled by the DRV and CC pins. The DRV pin is
a variable current sink. The amount of current it sinks is governed by the
voltage drop across resistor Rsense, which is to be kept at a constant 250
mV. The amount of current the DRV pin sinks is in fact the driving signal
for transistors Q1 and Q2, which creates the driving signal for the power
MOSFET M1 and hence, the recharging current. For clarity, the DRV pin
increases the amount of current it sinks if the voltage across Rsense falls
below 250mV, and decreases the sink current if the voltage is higher. For
switch-mode operation, an error ampli�er fed by the CC pin is used as a
comparator with the 220pF C2 adding hysteresis. The frequency switching
can be controlled by the capacitance of C2: increasing the capacitance
lowers the frequency and vice versa. Current is driven through the batteries
for a period of tA, after which a battery terminal voltage measurement is
taken. The period tA is determined by the chosen timeout and can range
from 21 to 168 seconds. Two measurements are required to determine the
voltage slope, meaning it can take up to 3 × 168s = 504s to properly
detect a fully charged battery. The timeout was wired for 180 minutes,

Figure 3.9: Pin con�guration of the MAX712. (Maxim Integrated Prod-
ucts)

allowing enough time for a 0.5c recharge cycle, assuming an 80% recharge
e�ciency and an error margin. To change the charging current during a
recharge cycle, a second Rsense with a MOSFET in series were placed in
parallel with the original Rsense, e�ectively reducing the resistance by half,
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Figure 3.10: Circuit diagram of the switch mode Ni-MH battery recharger.
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causing the MAX712 to react by doubling the current. The rate select
modi�cation is shown in Figure 3.11. It was decided to design the circuit

Figure 3.11: Charge rate select modi�cation.

with two MOSFET-resistor pairs to allow for a possible three di�erent
charge rates or, if one MOSFET fails, for redundancy. The MOSFET's are
by default turned o� by a pulldown resistor, only to be opened by a control
signal from the Motor Controller. The rate select would increase the charge
current with each subsequent MOSFET-resistor pair that is cued in. The
capacity of the battery packs being used for the experiments is 1850 mAh.
However, the design is to charge two battery packs in parallel, essentially
doubling the capacity. To charge the battery packs at a rate of 0.5 c, a
current of 0.5× 1850 mA× 2 = 1.85 A needs to be used, which means that
the value of Rsense must be

0.25 V = 1.85 A× Rsense

Rsense =
0.25 V
1.85 A

Rsense = 0.135 Ω.

The nearest available standard resistance value is 0.12 Ω, meaning the
recharging current would be 0.25 V/0.12 Ω = 2.08 A. This would recharge
the batteries at a rate of 2.08 A/(1850 mAh× 2) = 0.56c, above the lowest
recommended charge rate for delta-V detection. The three rates of recharge



3.3 Hardware Design 48

current would be 2.08 A, 4.16 A and 6.25 A. The status of charging could
be easily monitored by the Motor Controller by a small addition to the
FASTCHG pin, shown in Figure 3.12. The proposed design meets all of
the requirements outlined in Chapter 3.2.1.

Figure 3.12: Charge status monitor circuit.

The inductor used is a 470µH rated for 4.0 A of DC current from C&D
Technologies. The current rating of the inductor is less than the current
that the recharger is designed to potentially provide, however for reasons
of availability and price, this inductor was the best solution available. It
is still possible to test the capabilities of the recharger, just not the maxi-
mum recharging rate of 6.25 A. When the full capabilities of the recharge
circuit are to be used, an inductor with a higher current rating must be
found. The switching MOSFET selected is an IRFR9024N P-type capable
of supplying 11A through the drain and a maximum VDS of 55 volts. The
other transistors were designed for a maximum VCE of 60 volts. The N-
type MOSFET's to increase the charge rate were chosen for its very small
on resistance. They are rated for a drain current of 18 A and a maximum
VDS of 30 volts.

3.3.2 Subsystem Design: Switches

Throughout Chapter 3.2 and 3.3.1, the need for three switches has been
identi�ed. The functions of the three switches are to

[1] isolate/engage discharging;



3.3 Hardware Design 49

[2] isolate/engage recharging; and,

[3] change the con�guration of the battery packs from series to parallel.

To ensure that the computer always has power, even under a possible fault,
the normal or default state of the switches should allow for discharging
of the batteries. This suggests that switch [1] is to be normally closed,
switch [2] is to be normally open and the default state of switch [3] is
to con�gure the battery packs in series. While the physical realization of
switch [1] and [2] can be done using single switches, the design of switch
[3] is somewhat more complex and involves a combination of two switches.
A block diagram of the two switches necessary to realize this functionality
can be seen in Figure 3.13 by switch S4 and S5. It was also decided to
implement a fourth and �fth switch to add another step of isolation when
switching between a discharge and a recharge cycle. The location of the six
necessary switches are shown on the energy management board in Figure
3.13.

Figure 3.13: Location of switches on the energy management board.

As mentioned in Chapter 3.2.2, there are two possible solutions to real-
ize the function of a switch. The �rst solution is a relay. A relay is an
electrical switch that opens or closes a set of contacts under the control of
an electromagnet. The control of the electromagnet often originates from
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a lower voltage control signal while the voltage through the contacts is a
high voltage or current. The relay safely allows control of the high voltage
line by a low voltage signal, completely isolating and protecting any con-
trol logic, microcontrollers or users at the source of the control signal. The
second possibility is to implement a solid state design. Solid state refers to
an electrical device that does not use vacuum tubes or moving parts, but
uses electrons moving through a semiconductor material, a transistor such
as a MOSFET or a BJT.

The solid state implementation of switches [1], [2] and the additional iso-
lation switches would be fairly straight forward as the voltage level during
switching can be easily determined. However the solid state implementation
of switch [3] would require a more extensive design because the gate-source
voltage is not constant. In contrast, if relays were implemented, there would
be no additional design complications because the current �owing through
relays has no impact on their operation. It was decided to use relays for
all of the switches mainly due to the design complexity of solid state im-
plementation. It would have been possible to use transistors for some of
the switches without many complications, but it was decided that the only
bene�t gained would be a circuit board with a smaller physical size. No
signi�cant power advantages were to be had and once a design for control-
ling one relay had been �nalized, it would be easy to replicate the design
for all switches.

The operation of two types of relays was investigated, monostable and
bistable. A monostable relay has a default state, such as normally open or
normally closed. For a monostable relay to move from the default state,
power must be applied to its coil. If power to the coil is broken, the relay
returns to the default state. In contrast, a bistable relay does not have a
default state. The control of a bistable relay is done with pulses, pulse the
coil to switch one direction, pulse the coil the opposite direction to switch
it back. Once the switch is in a position, the coil does not need constant
power applied to the coil to maintain the state. This provides generous
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power advantages over a monostable relay; however the appealing feature
of a default state is then lost. To meet the requirements outlined in Chapter
3.2.2, a default state must be possible. If power needs to be applied to the
relays in order to reach the default state, the purpose of the default state
is essentially defeated. As such, it was decided to implement monostable
relays.

Relays are available with coils of di�erent operating voltages. For the in-
tended application, there existed two available voltage levels from which to
operate the coil, 5 volts and 24 volts. If a 24-volt coil were used, an addi-
tional transistor would be needed to allow control from a microcontroller.
While a 24-volt coil would add a mild amount of circuitry complexity, it
would also provide another layer of isolation between the microcontroller
and possible sources of damaging voltage spikes. If a 5-volt coil were used,
it would seem that the relay could be activated from a signal directly from
the microcontroller. However, a 5-volt relay from Omron is rated at requir-
ing 400 mW to operate the coil. Upon examination of the datasheet for
the microcontroller being used, an Atmel ATmega128, the ports were only
rated at sourcing a maximum of 400 mW combined for all ports, meaning
that only one relay could be activated at a time. It would still be possible
to use 5-volt coils, but the same additional transistor as that required for
the 24-volt coil would have to be used. It was decided to use relays with
24-volt coils because

1. 24 volts was already being widely used in the current design;

2. 5-volt coils would still need the additional transistor circuit, and;

3. using 24 volts avoids loading the 5-volt DC-DC converter supplying
the main computer and motor controllers.

The relay and additional circuitry is shown in Figure 3.14. When a coil is
deactivated, high voltage spikes are produced. The diode is necessary to
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allow the energy from the coil to be drained, protecting the transistors in the
circuit. The transistor is a simple BJT in a common emitter con�guration.
The resistors at the base of the BJT act to limit the current into the
base and as pulldown resistors. It was decided that the functionality of

Figure 3.14: Circuit diagram enabling microcontroller control of a relay
coil.

the six switches could be condensed into four relays. Examining Figure
3.13, it was decided that switch S4 and S5 in addition to switch S1 and
S6 were to be implemented as a double pole change-over relay (DPCO).
This type of relay houses two switches with two possible positions where
both switches are operated by the same coil. The other switches were to
be implemented as single pole change-over (SPCO), which houses only one
switch per relay with two possible positions. The SPCO relay could be
con�gured to act either as a normally open or a normally closed switch.
The location of the switches (Sx) on the energy management board and
names of their associated relay (Kx) is shown as a block diagram in Figure
3.13. The chosen relays were the Omron G2RL, 24-volt family, capable of
running 12 A through the contacts for the SPCO and 8 A for the DPCO.
The voltage limit could pose a threat because, as mentioned in Chapter
3.3.1, the voltage of the batteries can reach as high as 1.9 volts per cell,
meaning a possible total of 38 volts once the cells are returned to a series
con�guration. However this voltage is the terminal voltage, ocurring when
the batteries are unloaded and immediately after a recharge cycle. The
cell voltage will settle to approximately 1.45 volts per cell after some time,



3.3 Hardware Design 53

resulting in a series voltage of 29 volts. Also, when the batteries begin
to supply power, the battery voltage will drop signi�cantly. As a result,
the 30 volt limit on the relay contacts should su�ce. The design of the
recharger in Chapter 3.3.1 allowed for a maximum recharging current of
6.25 A while the maximum allowable discharge rate will be much lower
and will be monitored by microcontroller, so the 8 A maximum current
capabilities of the DPCO relay contacts should also be su�cient. The
transistors used were 2N3904 NPN BJT, simply for their availability; the
task was simple and did not require extensive research.

3.3.3 Subsystem Design: Control Logic

With all the necessary relays identi�ed, the control logic could be designed.
The �rst step to designing control logic is to de�ne a truth table. The
requirements outlined in Chapter 3.2.3 state that the truth table must
avoid possible short circuits or faults and have a de�ned sequence that
must be followed to initiate a recharge cycle. Control signals for four relays
need to be created, so it would be possible to generate all possible control
signals from two microcontroller output pins. However this would make
it impossible to have intermediate steps for bit error avoidance. If three
microcontroller signals were used, a possible eight control signals would
exist, meaning it would be possible to create a de�ned sequence of bits
to initiate a recharge cycle. If the sequence is not followed, operation is
returned to the default state. Also required is a state to accommodate the
Backup status, in which the battery packs are connected in series but are
disconnected from the power bus. The truth table presented in Table 3.2
uses three microcontroller signals A, B and C to produce the four relay
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control signals K1, K2, K3 and K4. The equations of the relay signals are

K1 = A XOR B XOR C;

K2 = C XOR B XOR A;

K3 = [[[(C XOR B) AND C] AND K2] XOR A] XOR (C XOR B), and;
K4 = K3 AND A.

If none of the microcontroller signals are active or an error occurs, none of
the coils are energized and operation is in discharge mode. The sequence
to initiate a recharge cycle begins by �rst disengaging the battery from
the power bus by opening relay K2 in Figure 3.13. The batteries are then
placed in parallel by relay K3. Next, the MAX712 is powered up and the
batteries are connected to ground by relay K4. Lastly, relay K1 connects
the batteries to the recharge circuit and initiates the recharge cycle. The
truth table was constructed so that the relays are only activated if one
control bit is present; two control bits returns the system to the default
state. Once all control signals are 1, the recharge cycle begins. The truth
table shown in Table 3.2 can be realized by the circuit in Figure 3.15. The
integrated circuits chosen are the CD4081BE CMOS quad 2-input AND
gate and the CD74HC86E quad 2-input exclusive-OR gate. The chips are
powered by 5 volts and because the output of the logic is to turn on a BJT,
the source current capability of the chips is not a concern due to the small
amount of current required.
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Figure 3.15: Circuitry operating according to
the truth table.

A B C K2 K3 K4 K1
0 0 0 0 0 0 0
0 0 1 1 0 0 0
0 1 0 1 1 0 0
0 1 1 0 0 0 0
1 0 0 1 1 1 0
1 0 1 0 0 0 0
1 1 0 0 0 0 0
1 1 1 1 1 1 1

Table 3.2: Truth table.

3.3.4 Subsystem Design: Power Measurement

The product of the power measurement subsystem is two analogue voltages
ranging from 0 to 5 volts. These two signals will be the scaled representation
of both battery voltage and current. The measurement signals must range
between 0 and 5 volts because it is the limit of the analogue-to-digital con-
verter (ADC) embedded on the ATmega128 microcontroller. The methods
for measuring the battery voltage and current are quite di�erent, and the
design of each measurement will therefore be discussed in separate sections.

Power Measurement: Battery Voltage

As mentioned in Chapter 3.3.2, the battery voltage after a recharge cycle
can reach as high as 38 volts. This voltage must be scaled down to a max-
imum of 5 volts so it can be converted by the microcontroller throughout
all possible values. The measurement could be taken using two di�erent
methods, a simple voltage divider or by the use of operation ampli�ers.
The use of a voltage divider would be extremely easy to implement and
if high resistance values were used, the power dissipated by the resistors
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would be negligible, providing a non-invasive method for sampling. Oper-
ational ampli�ers (op-amps) are useful because they have very high input
impedance meaning they require very little current to amplify the signal
being sampled. They are, however, better used as an ampli�er than as
a means of scaling. If an operational ampli�er were to be used, the de-
sign would have to be much more complex than that of a simple voltage
divider. It was decided to use a voltage divider to measure the battery
voltage because of the pure simplicity of its design and implementation.
Resistances in the hundred kilo-ohms were to be used, resulting in a leak-
age current in the micro-amps. The voltage divider was designed with
resistance values of 510kΩ and a 68kΩ, resulting in a theoretical scaling
factor of (510kΩ+68kΩ)/68kΩ = 8.5. Standard resistors with an accuracy
of 5% were used and upon implementation, measurements were taken to
determine the actual scaling factor. The scaling factor was experimentally
found to be 8.65, which is the value used for calculations.

Power Measurement: Battery Current

Two methods for performing the current measurement were investigated.
The �rst method is simply measuring the voltage drop across a known
resistance. This method is e�ective and easy, however it introduces an
unnecessary source of power dissipation as all of the current going into or
out of the battery will have to �rst pass through the resistor. The second
method uses the electromagnetic property called the Hall e�ect. It passes
the current through a magnetic �eld and measures the potential di�erence
on opposite sides of an electrical conductor. The method is non-invasive,
that is it does not introduce any additional loads. However, unfortunately
the range of current to which the Hall e�ect current sensors are sensitive
to exceed the expected rates in the system. As a result, a Hall e�ect
sensor could not be used, leaving the current sensing to the traditional �rst
method.
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Measuring current in one direction is simple. A di�erential op-amp mea-
sures the voltage di�erence across a resistor and ampli�es the di�erence
to within the voltage range of the analogue to digital converter. A simple
calculation can determine the current through the resistor. However, to
measure a bidirectional current with a di�erential ampli�er is more com-
plex. Inspection of the Maxim product line uncovered an integrated circuit
that accomplished the task in a small package, the MAX4071 bidirectional,
high-side, current-sense ampli�er with reference. The only external com-
ponent required by the chip was a current sense resistor. The simplicity of
implementation of the MAX4071 made it an easy choice. The pin con�gu-
ration of the MAX4071 is shown in Figure 3.16.

Figure 3.16: Pin con�guration of the MAX4071. (Maxim Integrated Prod-
ucts)

The single output produced by the chip communicates the direction of the
current by referencing the signal to 1.5 volts. If current �ows in one direc-
tion, the output is above 1.5 volts, if current �ows in the opposite direction,
the output is below 1.5 volts. The chip also implements a selectable gain
of 50 or 100, meaning the value of resistance could be very low. For the
maximum expected current, the datasheet recommended using a resistance
of 0.01 Ω, meaning during periods of the highest current rate, the power
dissipated by the current sense resistor would be milli-watts. The chip can
be powered by an external 5 volts, providing a necessary layer of separation
between measurement device and measured component. The implemented
circuit is shown in Figure 3.17. The chip was wired for continuous opera-
tion by connecting the SHDN pin directly to Vcc. It was decided that the
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current measurement needed to have the capabilities to turn o� on a real
Mars rover, however for the purposes of prototyping and to ease testing,
it would su�ce to have the chip constantly performing conversions. The
internal gain was set to 50 to guarantee that the measured voltage drop
across the current sense resistor would be within the output range.

Figure 3.17: Block diagram of the implemented current measurement cir-
cuit.

The placement of the RS- and RS+ pins with respect to the current sense
resistor was deliberate. As mentioned before, the measurements are refer-
enced to 1.5 volts. The maximum signal output voltage is 5 volts, which
means that the range of measurements for one current direction is 1.5 volts,
while the other direction is 3.5 volts; one direction of current has a larger dy-
namic range. It is obvious that the current direction intended to be smaller
should be represented in the area with smaller dynamic range. Part of the
design criterion is battery health, and as such, the discharge rate of the
batteries will be monitored and kept to a rate of approximately 0.5c which
translates into a current of approximately 1 A with the current batteries.
The recharge rate however, is designed for current rates as high as 6.25 A,
meaning that the current direction during a recharge cycle should corre-
spond to a signal out value above 1.5 volts. The RS- and RS+ pins were
therefore wired as shown.
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The OUT pin and the REF pin are both sent directly to the analogue
to digital converter of the microcontroller. The reference voltage must be
known because if it is to vary slightly, the output signal could be e�ected.

To calculate the current represented by the OUT voltage, the following sim-
ple calculation can be performed. Suppose, for example, that the MAX4071
outputs 3.2 volts. The chip is wired with a gain of 50 and the current sense
resistor value is 0.01 Ω. The rated accuracy is 1.5%. The current is then

= (OUT− REF)/gain/Rcurrent sense
= (3.2− 1.5)/50/0.01

= 3 A ±1.5%,

indicating that current is �owing into the battery. Likewise, if an output
of 1.1 volts is detected, the current is

= (1.1− 1.5)/50/0.01

= −0.8 A ±1.5%,

indicating that current is �owing from the battery. The maximum discharge
current that can be measured is

IDisMax = (0.05− 1.5)/50/0.01

IDisMax = −2.9 A.

The maximum recharge current that can be measured is

IRechMax = (4.95− 1.5)/50/0.01

IRechMax = 6.9 A,

which is more than the maximum possible recharge rate of 6.25 A for which
the recharger was designed.



Chapter 4

Results and Analysis

This chapter will discuss the operation of subsystems by �rst introducing
the method used for testing, then presenting the results and lastly, an
analysis of the results. Not all subsystems will be covered in this chapter
because the operation of some of the subsystems is more dependant on
successful construction than on design.

Construction of the system began with the control logic. Initially, the sys-
tem behaved erratically and not according to the truth table, however errors
in soldering were found and after repair, the circuit behaved as designed.
Next, the relays and the additional circuitry were assembled. Tests showed
that the relay coils consumed 384mW when energized. The current path
when all relays were not activated showed a battery voltage over 24 volts,
suggesting that the batteries were in fact in series. When all the coils were
energized, the battery voltage was just over 12 volts, suggesting that both
the battery packs were in parallel and the design was functioning correctly.
The other subsystems, the power measurement and the recharger, are more
complex and were tested more extensively; they will be covered in the fol-
lowing sections. An additional characteristic of the system will be tested,
the ability to service a load from both generated power, such as from the
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solar array or from wind generation, and from batteries. This feature was
included in the design requirements however it required no additional cir-
cuitry. An analysis will be be performed to determine the e�ectiveness of
the unregulated discharging technique.

The energy management board is to theoretically be integrated into the
Marsokhod as seen in Figure 3.3. The status of the batteries will be com-
municated via the Motor Controller, which is merely an ATmega128 micro-
controller. To accurately gauge the information that will be transmitted to
the Motor Controller and to the Main Computer, a replicate of the system
was designed, and will be brie�y introduced in the next section.

4.1 Motor Controller Clone

The output of the power measurement subsystem is an analogue value and
hence, must be digitized. This would normally be performed by the ADC
on the Motor Controller, however the controllers themselves are moder-
ately expensive. Unexpected and possibly dangerous results are common
throughout initial testing, so it was decided that a clone of the Motor Con-
troller should be fabricated and used for testing. A simple circuit of the
ATmega128 was designed that simply expanded each pin of the microcon-
troller to a terminal block. This enabled wires to be easily attached to the
microcontroller. The ADC was wired with an L-C noise �lter. Included on
the board was an RS232 driver to allow serial communication to a com-
puter. The role of the microcontroller was simple. It was to continuously
perform analogue to digital conversions and send the converted values to a
computer via serial communication. From there, operations such as data
logging and data processing could be performed using MatLab. This ability
would be especially useful when testing the recharger subsystem to exam-
ine the dV/dt curve, or to generate statistics for the power measurement
subsystem.
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4.2 Power Measurement

The main concern of the power measurement is accuracy. The values of
current and voltage that the power measurement subsystem produces will
contribute to the accuracy of the SoC knowledge and to preserve the health
of the batteries by maintaining a safe discharge rate.

4.2.1 Description of Test Platform

To test the accuracy of the current and voltage measurements, accurate
knowledge of the two values must be known so a comparison can be made.
The method for measuring the battery voltage is very simple and uses no
active components, meaning the success of this test is more dependent on
the accuracy of the ADC of the microcontroller. The control voltage mea-
surement is performed by a digital multi-meter (DMM), which is compared
against the voltage reading received by the computer from the microcon-
troller. The DMM takes two measurements to be compared to the value
received. The �rst is taken at the battery terminals themselves, while the
second is taken at the output of the voltage divider. The �rst measure-
ment provides insight into the accuracy of both the voltage divider and
the ADC, while the second set of measurements only provides insight into
the accuracy of the converter. A range of values were tested, and the data
used to generate standard deviation and variance statistics relative to the
DMM measured value. Statistics for discharging will be presented with
veri�cation that proper operation is maintained during recharging. Accu-
rate measurement values during discharging is more important than during
recharging because the purpose of the power measurement subsystem is to
guard against overdischarge and protect from high discharge rates.

Statistics for the current measurement will be performed in a similar man-
ner, however three control measurements were performed. One control
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measurement is taken by a DMM in series with the battery, providing a
direct measurement of current. The second control measurement is taken
by measuring the voltage drop across the current sense resistor and cal-
culating the current. The third measurement is taken at the output of
the MAX4071. These three measurements are necessary because they each
provide insight into di�erent characteristics of the current measurement
subsystem. The statistic obtained by the DMM in series provides insight
into the accuracy of the sensing resistor, the MAX4071 and the ADC. The
second method provides insight into the accuracy of the MAX4071 and
the converter, while the third measurement provides insight into the ac-
curacy of only the converter. Di�erences between each successive type of
measurement will eliminate one source of imprecision. Similar to the bat-
tery voltage measurement, statistics for discharging will be presented with
veri�cation that proper operation is maintained during recharging.

The two DMMs utilized were tested for their relative measurement accu-
racy. It was found that when measuring the same voltage, the measure-
ments varied by a mean of 0.0196 volts with a standard deviation of 0.0096,
meaning that if the measurement system has an error of 20 mV, this could
very well be due to the DMMs themselves.

4.2.2 Results

This section contains results from four separate tests of two di�erent mea-
surement systems. To simplify the organization, the results will be pre-
sented in two parts. First, the results obtained during a battery discharge
will be presented, followed by the performance during a recharging cycle.

The resolution of the measured data has an impact on the accuracy of the
results themselves. The resolution of the measured data is constrained by
the number of bits in the ADC. The ATmega128 microcontroller has a 10
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bit converter, translating into a battery voltage resolution equal to
VBATT

scale =
ADC value× VREF

1024

VBATT =
1× 4.98 V

1024
× 8.854

VBATT = 43 mV.

The resolution for current measurements is then

I× gain× RCURRENT =
ADC value× VREF

1024

I =
1× 4.98 V

1024
÷ 0.5

I = 9.7 mA.

These results can be con�rmed by Figure 4.1(a) and Figure 4.1(b) which
shows the resolution of voltage and current respectively, as received from
the microcontroller. The spike in the trends corresponds to a di�erence of
one bit.
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Figure 4.1: Veri�cation of calculated resolution for measurements.

Discharge Results

The results obtained for the battery voltage measurement are plotted in
Figure 4.2. The value received from the microcontroller is referred to as
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Measured, Terminal refers to the DMM measurement of battery voltage
and Scaled refers to the DMM measurement from the voltage divider. The
statistics of mean di�erence and standard deviation are shown in Table 4.1.
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Figure 4.2: Plot of battery voltage measurements.

Table 4.1: Battery voltage measurement statistics during discharge.
Relation Mean Di�erence (V) Std. Dev. (V)
Measured to V. Scaled 0.074 0.039
Measured to Terminal 0.100 0.038
Scaled to Terminal 0.029 0.008

The results obtained for the battery current measurement are plotted in
Figure 4.3. The value received from the microcontroller is referred to as
Measured, Series refers to the DMM measurement of current, VR refers
to the voltage drop across the sensing resistor and VMAX4071 refers to the
voltage output of the MAX4071. The statistics of mean di�erence and
standard deviation are shown in Table 4.2. In this table, I VR refers to
the current calculated from the VR value and I VMAX4071 refers to the
current calculated from the VMAX4071 value. It should be noted that for
the following results, the gain was set to 100.



4.2 Power Measurement 66

1 2 3 4 5 6 7 8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Sample

B
at

te
ry

 C
ur

re
nt

 (
A

)

 

 
Measured
Series
I V

R

I V
MAX4071

Figure 4.3: Plot of battery current measurements.

Table 4.2: Battery current measurement statistics during discharge.
Relation Mean Di�erence (A) Std. Dev. (A)
Measured to I VMAX4071 0.0061 0.0015
Measured to I VR 0.0669 0.0168
Measured to Series 0.0262 0.0087
I VMAX4071 to I VR 0.0730 0.0163
I VMAX4071 to Series 0.0324 0.0095
I VR to Series 0.0414 0.0231

Recharge Results

Both the battery voltage and battery current measurements su�ered from
aliasing due to the switch-mode recharging. When the switching MOSFET
turned on and o�, the battery voltage and current were also a�ected and
the measurement devices responded. The switching frequency is approxi-
mately 30kHz while the sampling frequency varied around 1Hz. For both
measurement devices, a low pass R-C �lter was implemented. The interest
of the measurements for recharging lies in the change of data over minutes,
so a �lter with a very low cuto� frequency was designed. The �lter for the



4.2 Power Measurement 67

voltage measurement was designed with a resistance of 15kΩ with a capac-
itance of 80nF providing a cuto� frequency of 133Hz. The �lter for the
current measurement used a 20nF capacitor attaining a cuto� frequency of
530Hz. The slightly higher cuto� frequency for the current measurement
was to enable sudden changes in load current demands to be detected. The
output of the battery voltage is shown in Figure 4.4(a) and the battery cur-
rent is shown in Figure 4.4(b). While the signal variance is still somewhat
high, it has been smoothed into a recognizable trend.
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Figure 4.4: Power measurement output during recharging.

4.2.3 Analysis

Both the battery voltage and current measurement subsystem seemed to
function correctly. The results during a recharge cycle will not be included
in determining the accuracy due to the e�ects of aliasing caused by the
switch-mode power supply. However as mentioned before, the accuracy
of the power measurement subsystem is not as crucial during recharging
as it is during discharging, so the inaccuracy caused by aliasing is tol-
erable after implementing an RC �lter. In fact, the only reason an RC
�lter was implemented was to enable recognizable data logging plots to be
generated throughout a recharge cycle. During normal operation, it could
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be bene�cial to remove the RC �lter altogether. The reason for this is
so that the power measurement subsystem can better serve its secondary
function, a means for debugging. If a component begins to draw a large
amount of power, the �rst step to determining which component it could
be by examining the frequency of the high power draw and matching that
frequency to the operating frequency of known components. The RC �l-
ter implemented would essentially completely remove this functionality. It
was mentioned that the sampling frequency was quite low, approximately
1Hz, which would not be very useful for debugging. However the sampling
frequency is mainly limited by the slow data processing of the desktop com-
puter being used. Also, the clock frequency of the microcontroller being
used is set at the minimum 1MHz; it is capable of operating as high as 16
MHz which would dramatically increase the sampling rate. The datasheet
of the ATmega128 states that it takes 13 clock cycles to perform an A-D
conversion, which means that the maximum sampling frequency could be
approximately 16 MHz÷ 13 = 1.23 MHz, which does not include memory
write. The analysis of the accuracy of the power measurement subsystem
will be done in two parts, beginning with the voltage measurement, followed
by the current measurement.

Voltage Measurement

The statistics presented in Table 4.2 can suggest the amount of error from
two sources: the error introduced by the voltage divider and the error intro-
duced by the ADC. The relation of Scaled to Terminal indicates that there
is in fact very little measurable error produced by the voltage divider with
the experimental instruments used because the measurement di�erences of
the DMMs used is very close to the measured error. This indicates that
the scaling factor of 8.65 is accurate.

The error introduced by the ADC is very large compared to the scaling
factor error, as can be seen by the mean di�erence of Measured to Scaled
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of 74mV. This, however, is still larger than the resolution of 43mV of the
converter. The datasheet for the microcontroller states an accuracy for the
converter of 1.5 LSB, which would equate to 7.28mV at the voltage divider
output and 63mV at the battery terminal. This value of accuracy is very
close to the experimentally determined di�erence between the Measured
and Scaled values. The measured bit error was slightly higher at 1.75
LSB. It is not possible to merely adjust for this error because the error is
not constant, as seen in Figure 4.2. As a result, the maximum obtainable
accuracy of the voltage measurement implemented is 70mV. It should also
be noted that the error is roughly additive, meaning that the mean error
between Measured and V. Scaled plus the mean error between V. Scaled
and Terminal roughly equals the error between Measured and Terminal.

Current Measurement

The statistics presented in Table 4.2 can suggest the amount of error from
three sources, the ADC error, the error of the MAX4071 and the error of
the current sensing resistor. An initial examination of the statistics reveals
that the most accurate measurement device relative to the Series measure-
ment, is interestingly, enough the MAX4071 itself. Closer examination of
Figure 4.3 suggests that the accuracy of the MAX4071 increases at higher
current rates. This could be due to the fact that the current sense resistor
used by the MAX4071 was designed for current rates as high as 6 A, while
the current rates expected during discharge are under 2 A. The di�culty
arises in accurately measuring current because of the wide dynamic range
of current that is expected. The current sense resistor used was very low,
0.01Ω, meaning that the voltage drop across the resistor during low currents
would be extremely small and more prone to ampli�cation error. This is
evident in Table 4.2 by the mean di�erence of I VR relative to Series. The
current rates calculated by measuring the voltage drop across the current
sense resistor has the highest error of all values relative to the Series. For
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the VR measurement, the voltage drop measured by the DMM was always
under 10mV, which is less than the amount of deviation between DMMs
as determined in Chapter 4.2.1, which suggests that these measurements
can be safely disregarded. An error of interest is the mean di�erence be-
tween the Measured and I VMAX4071 of 0.0061 mA, indicative of the ADC
error. This error would translate to a bit error of 1.25 LSB, slightly lower
than experienced during the battery voltage measurements but within ex-
perimental error. The datasheet of the MAX4071 states an output error
of less than 1.5%. The observed output error was a mean of 6.4% with a
standard deviation of 1%. If the mean error percentage were taken only for
the higher values of current, the error percentage would then be only 5.4%
with a standard deviation of 0.4%. This error percentage still includes the
error introduced by the ADC. The error percentage produced during the
highest current rate with the error from the analogue to digital removed is
4.3%. The error is still quite high compared to the rated error percentage,
but this could be reduced even further if current rates in the range of 4
to 7 A were measured. Ideally, this is the range of currents the MAX4071
would be measuring when using the implemented resistance.

4.3 Recharge Circuit

There are many possible focus areas for the recharging system, but the main
priority is simple: it must recharge the batteries. The ability to detect a full
charge will be scrutinized as will the overall health of the batteries during
recharging.

4.3.1 Description of Test Platform

The test platform designed utilizes the Motor Controller clone described
in Chapter 4.1. The battery voltage and current are measured through-
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out a recharging cycle to verify that the charging current is as expected
and that the dV/dt charging method is properly executed. In addition, the
battery temperature is monitored to ensure that the longevity of the batter-
ies is not compromised. Battery temperature is measured by a thermistor
in series with a known resistance, upon which voltage drop is measured.
The three battery characteristics are sent to a desktop computer via serial
communication and the data is processed using MatLab.

4.3.2 Results

The plot of battery voltage, current and temperature throughout a recharg-
ing cycle is shown in Figure 4.5. When the battery voltage peak was de-
tected, the fast charge cycle terminated and a small trickle charge of 0.3 A
began. The batteries were initially completely depleted and were recharged
in parallel with a current of 1.8 A as measured in circuit, equating to a rate
of 1800 mA/(2×1750 mAh) = 0.51c. The maximum capacity of 1750 mAh
was determined from the datasheet of the batteries. The current rate was
a signi�cant 280 mA less than expected. It would be expected to take
approximately 2 hours to recharge the battery packs at this rate, however
the charge was terminated after approximately 55 minutes. It can be seen
that the batteries reached a maximum temperature of approximately 40�
which is well below the maximum cell temperature of 60�. The battery
voltage at the end of the cycle was approximately 15.5 volts, equating to
a cell voltage of 1.55 volts per cell. According the the datasheet, the cell
voltage at the end of a recharge cycle should reach approximately 1.6 volts
if recharged at 1c, meaning the battery cell voltage observed suggests that
the batteries were fully charged. This, however, is contrary to what can be
observed in Figure 4.6, which shows battery voltage during the recharging
cycle and a mean curve of the battery voltage. This �gure clearly shows
that the characteristic battery voltage peak towards the end of the cycle,
as seen in Figure 2.7, was never reached. It appears that a battery volt-
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Figure 4.5: Battery voltage, current and temperature throughout a recharg-
ing cycle.

age slope of zero could have been present, however it was not indicative
of a full battery charge. The batteries were discharged at a rate of 250
mA to determine the charge capacity. If the batteries were fully charged,
it should take approximately 7 hours to completely deplete the batteries.
The datasheet con�rms that if discharged at 370 mA, 1750 mAh of charge
is available. The discharge time was only four hours, implying that the
batteries were in fact not fully charged. The batteries delivered approxi-
mately 1 Ah of charge, implying that they were charged to approximately
half their capacity, consistent with the SoC determined from the charge
time.

Three possible causes were identi�ed. The �rst possibility was that both or
one of the battery packs had been damaged throughout the course of the
testing phase and had a signi�cantly lower capacity. The second possibility
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Figure 4.6: Battery voltage delta-V recharge curve.

was that the charging current was too low for the capacity of the battery
packs in parallel. As mentioned in Chapter 2.3.3, if the rate of recharge
is too low, the delta-V slope will not be as pronounced, making detection
more di�cult. The recharging rate of 0.51c was just on the lower limit of
the recommended rate when using the delta-V technique, meaning the low
rate could be a likely cause. The third possibility arises from an observa-
tion of the recharging current plot in Figure 4.5. The recharging current
had a slow but de�nite downwards trend. If the recharging current were
changed, this could alter the slope and trend of the battery voltage, pos-
sibly causing a false charge termination. It was also thought that perhaps
the timeout was falsely programmed, however another recharge cycle was
immediately activated after the premature termination and charging ended
approximately 6 minutes later, so this possibility was rejected.

The current to each battery was monitored by DMMs in series with each
battery. It was found that the current into each battery was unequal, sug-
gesting that one battery had in fact su�ered a loss of capacity throughout
the testing process. It was decided to procure a completely new set of bat-
teries and repeat the tests. The batteries acquired had a capacity of 2000
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mAh, meaning the charging rate would be slightly smaller. When charged
in parallel, the cycle was again terminated prematurely, however it was not
due to incorrect zero voltage slope detection. The MAX712 appeared to be
functioning correctly, but it seemed that the slope of the voltage curve was
too small. To increase the charging rate, one battery pack was charged,
e�ectively doubling the charging current. The battery pack was discharged
to approximately 80% depleted, judging by the cell voltage and time of
discharge. The expected time to reach a full charge was calculated to be
(0.8 × 2000 mAh)/1800 mA = 53 minutes, however with a recharging ef-
�ciency of 80% it could be expected to take 66 minutes. The recharging
cycle is shown in Figure 4.7. The time of recharge was approximately 67
minutes, as calculated. The battery temperature rose considerably higher
as a result of the increased current rate. The temperature exceeded the
maximum recommended temperature of 60�, however the recharge cycle
ended shortly after.
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Figure 4.7: Battery voltage, current and temperature throughout a recharg-
ing cycle when recharging only 1 battery.

The delta-V curve of the one battery pack throughout a recharge cycle is
shown in Figure 4.8. It can be seen that the cell voltage reaches a maximum
of approximately 1.68 volts, again suggesting a full charge. The trend at the
end of the charge cycle has a slightly negative slope for approximately 10
minutes. As mentioned in Chapter 3.3.1, the time between battery voltage
samples could be as long as 8 minutes, meaning this slightly negative slope
is justi�ed. The voltage curve, in comparison to Figure 4.6 represents
a full recharge cycle with the sudden voltage increase and peak towards
the end of the cycle. The successful recharge cycle when charging one
battery indicates that the recharge rate was too small for two batteries in
parallel. The parallel recharge rate was approximately 0.44c, below the
lowest recommended rate for delta-V recharging.
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Figure 4.8: Battery voltage delta-V recharge curve for 1 battery.

The power used by the recharge bus was 24 V at 1.47 A, meaning that the
e�ciency at the end of the charging cycle was (1.80 A× 15.5 V)/(1.47 A×
24.0 V) = 79.1%. This e�ciency was slightly lower than the assumed 80%
e�ciency in Chapter 3.2. However, it was noticed that the e�ciency varies
with frequency. When operating at a frequency of 80kHz the system oper-
ated at an e�ciency of 56% which resulted in the MOSFET overheating.
However, when operating at 23kHz the e�ciency was 85.4%, a �gure more
suitable for switch-mode operation.

The microcontroller was able to force a higher charge rate by engaging the
MOSFET-resistor pair. The current was roughly doubled, increasing to
3.55 A. The microcontroller was also able to detect the fast-charge status of
the recharger. The recharge circuit kept the recharge current constant even
if the input voltage varied from 21 V to 28 V. This is important because
if the current varied it could alter the battery voltage curve, fooling the
MAX712 into falsely detecting a voltage peak.
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4.3.3 Analysis

The test conducted with one battery pack provided conclusive evidence that
the recharger could perform a recharge cycle terminating with the delta-
V technique. The current could be doubled by the microcontroller, which
could also detect the fast-charge status. The charging current was, however,
lower than designed. The voltage across RSENSE, the resistor determining
current rate, was measured and observed with an oscilloscope, and was
found to be regulated to the correct 0.255 volts. This suggests that the value
of Rsense is in fact 0.255 V/1.8 A = 0.142 mΩ, indicating that there is an
additional 22 mΩ present. The voltage drop across RSENSE was observed by
soldering a wire to the positive side of the resistor and attaching the ground
of the probe to the ground of the board. To test for the additional voltage
drop, a wire was soldered directly to the negative side of the resistor and a
measurement taken. It was found that the voltage drop across the resistor
was only 0.218 volts. The voltage drop is consistent with the calculated
value if actual current is used, 1.8 A × 0.12 Ω = 0.216 V. The additional
voltage drop between the BATT- pin of the MAX712 and the negative side
of the resistor was measured to be 0.042 volts. The resistance between the
negative side of RSENSE and the BATT- pin equates to 0.042 V/1.8 A =

23 mΩ, consistent with the calculated value. This means that the value of
the current sense resistor that the MAX712 essentially feels is the sum of
RSENSE and 23 mΩ, leading to a smaller charging current. This additional
resistance is due to poor board design. There is a ground plane, however
it was necessary for the ground plane to be passed from the top layer
to the bottom layer through three vias, creating a bottleneck. It is now
understood that the grounding scheme was insu�cient.

For the recharge cycle, the battery temperature rose above the limits of
safe operation. If a hybrid delta-V delta-T method were used, perhaps
the temperature of the battery could be kept lower which would aid in
maintaining the longevity of the battery. The dead battery is most likely
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the result of accidental over-discharge and repeated deep discharge cycles.
It should also be noted that this make and model of battery pack was
proven to be unreliable and easily damaged. During the initial testing of
the recharger circuit, two used battery packs of the same make and model
were the subject of tests. It was discovered that these used battery packs
were also initially dead.

The dead battery did serve to shed light on the fact that the recharging
scheme is vulnerable. The recharger must have the ability to recharge
batteries separately because if one battery pack fails, then the other battery
pack must also be removed from the battery network with the current
design. Also, it was shown that charging current through each battery was
helpful in determining the capacity of each battery pack, and could also be
implemented in future designs. If the batteries were recharged separately
instead of in parallel, battery recharging requires lower current and hence,
could be performed during a wider period of a Martian day. The recharging
cycle would also be more personal; the recharger would possess knowledge
of the battery voltage of only one battery pack.

4.4 Dual Source Capability

This section will address the ability of the system to act as a dual source,
that is, the ability to provide power from both generated power and batter-
ies. The goal of this section is to analyze the unregulated battery discharge
technique.

4.4.1 Description of Test Platform

The test platform is simple. A laboratory power supply simulates the
power generator, solar array or wind turbine, and services a load in parallel
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with the batteries. The load is modeled as a variable power resistor. To
simulate low power generation, the power supply is current limited. The
current draw from each power supply is monitored for di�erent scenarios
to determine how much power each supply is providing.

4.4.2 Results

The results presented in Table 4.3 were obtained two hours after a recharge
cycle. The battery terminal voltage was 27.6 volts, much higher than the
designed 24-volt power bus. In Table 4.3, VSUPPLY refers to the supply
voltage, VLOAD refers to the voltage across the load resistor, ILIM Supply
refers to the current limit of the supply, ISUPPLY is the current provided by
the supply and IBATT refers to the current provided by the battery packs.

Table 4.3: Measurements demonstrating the dual source ability, IL=1.15A.
VSUPPLY (V) VLOAD (V) ILIM Supply (A) ISUPPLY (A) IBATT (A)

24 25.3 0.5 0.0 1.15
VBATT 25.8 0.5 0.5 0.65
VBATT 26 ∞ 0.72 0.43

It can be seen that when VSUPPLY is set to 24 volts, all of the current is
provided by the battery packs. This is because the voltage of the battery is
higher than the voltage of the supply. However, if the voltage of the supply
is adjusted to match the voltage of the battery, then the source provides
the limited 0.5 amps and the battery provides the additional 0.65 amps.
If the current limit on the source is removed, the load on the battery is
relaxed and the load voltage rises to 26 volts. This voltage is the point
where the supply voltage equals the battery voltage, and the current is
mostly supplied by the supply.
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4.4.3 Analysis

The dual source ability utilizing the unregulated battery discharge method
proved to be �awed. The test conditions that best represented the design
returned results that were not ideal. The battery provided all of the power
because the battery voltage was much higher than the power bus. If the
battery continued to discharge, the battery voltage would fall to 24 volts at
which point the power bus would also begin to provide power. According
to the datasheet of the batteries, the cell voltage would reach 1.2 volts
(24 V/20 cells = 1.2 V/cell) when the battery is 86 % depleted if discharged
at 0.2c, 57% depleted if discharged at 1c and 4% depleted if discharged
at 2c. This indicates that if the load current were much larger than the
tested load current, as with the demands of the operational Marsokhod, the
battery voltage would quickly fall to the power bus voltage and power drain
from two sources would begin. The actual ability to service a load from
two sources is demonstrated in Table 4.3 for the condition when the source
voltage is raised to the battery voltage. When the source is current limited
to 0.5 amps, the remainder of the 1.15 amp load current is provided by
the batteries, hence achieving the dual source functionality. If the current
limit on the power source is completely removed, the power balance can
essentially be controlled by the voltage of the source. The unregulated
discharge scheme proved that it functions, however tests with the rover
must take place to guarantee reliable operation.



Chapter 5

Conclusions and Future Work

This chapter presents conclusions that can be drawn from the system test
results and analyses that were performed in Chapter 4 with reference to
the design requirements outlined in Chapter 3.1. This chapter will close
with some considerations for future work.

5.1 System Test Conclusions

The energy management system designed was not perfect, however the sys-
tem was able to perform. Perhaps the main element that was lacking in
the system design was careful planning. The successes and failures experi-
enced from designing and testing the recharger, current measurement and
the unregulated discharge method will only lead to a much more reliable
second design.

After careful analysis of the recharger performance, recharging was at-
tempted with one battery pack, which yielded a complete recharge cycle.
This proved that the recharge current was too low for the increased ca-
pacity of two packs in parallel. The charging current was explained by
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an additional resistance between ground and the Rsense, the product of
a poor board design. The e�ciency of the recharger was initially lower
than expected from a switch-mode supply, however after the frequency of
switching was tuned, an e�ciency of 85.4% was achieved. The evidence
presented proves that the charging circuit can detect a full charge using
the delta-V technique. The implementation of an ATmega128 during test-
ing proved the ability to control the battery cycle by microcontroller. The
microcontroller was able to read measurements to determine the battery
status and cycle the battery to di�erent states of operation, meeting the
second requirement in Chapter 3.1. The vulnerabilities of charging batter-
ies in parallel were exposed, indicating that the recharger must possess the
ability to monitor the voltage curve of both batteries. Despite the short-
comings, the recharger designed and built throughout this thesis provided
crucial insight into the operation of a switch-mode recharger. In hindsight,
if a custom microcontroller controlled recharger were built, it would have
been much more versatile with the ability to be directly controlled. How-
ever, one must learn to walk before one attempts to run. An outline of
the possible microcontrolled recharge circuit is discussed in the following
section.

The power measurement subsystem met all requirements in Chapter 3.1 and
performed with acceptable accuracy. The battery voltage measurement was
accurate within the limits of the experimental equipment. The main error
introduced in measuring the battery voltage came from the ADC embedded
in the microcontroller. Regardless, the measurement of battery voltage is
accurate to within 100 mV of the measurement produced by a digital multi-
meter. The battery current measurement capabilities of the MAX4071
proved to be quite impressive, however the wide dynamic range of current
proved to be a challenge. For small current, the error was signi�cantly
higher than during larger current. The overall error experienced was larger
than the rated error percentage of 1.5%, as stated in the datasheet. The
smallest error percentage attained, with the ADC error removed, was 4.3%.
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However with the current design, the current measurement performed with
an accuracy of at least 30 mA.

The ability to provide power from dual sources was less than ideal. Batteries
naturally act as a current source with a varying voltage, but the factor
that governs the power source from which current is drawn is voltage. It is
di�cult to say that the current system would perform well. It was shown
that the battery voltage after a recharge cycle would perhaps quickly be
lowered to the voltage of the power bus, at which point the dual power
source ability would arise. The power bus voltage could �oat by as much
as 4 or 5 volts if under heavy load, however if the load components do not
require a small voltage window this technique of discharge could function
properly.

5.2 Future Work

The design of the energy management system could be improved in a num-
ber of ways. The main areas of weakness are the recharger and the current
measurement, and will be discussed below.

The current sense resistor allowed measurement of currents up to 7 A dur-
ing recharging and 3 A during discharging. To increase the accuracy during
small current rates, it would be possible to implement the same design for
increasing the recharge current, using another resistor-MOSFET pair in
parallel with the existing current sense resistor. The MOSFET could be
engaged during the recharge cycle to measure the higher currents during
recharging and turn o� the MOSFET during discharging. This would pro-
duce a higher voltage drop across the current sense resistor during discharg-
ing and, if the observed behavior in Chapter 4.2.3 persists, less ampli�cation
error. Another, even simpler solution would be to remove the bidirectional
capabilities all together. Current measurement during a recharge cycle is
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not completely necessary however it is bene�cial for the added capability
of fault detection and localization.

The dual source capabilities were somewhat compromised by the high bat-
tery voltage after discharge, altering the power balance. If a peak power
tracker were implemented alongside the solar array, a voltage regulator
would also be required. If the batteries were not discharged in series, this
regulator could be implemented as a multiple input 12 to 24-volt step-up
switch mode regulator. The regulator could take the batteries and gen-
erated power as input. The regulator could also realize a more complex
method to divide the load between each power input.

The exposed weakness of parallel recharging highlights the need for a
method to monitor each battery pack. A microcontrolled system could
be designed to detect and monitor the voltage curve of each battery, and
more closely match the charging current to both the number of batteries
connected and the excess solar energy. The recharging current could utilize
the same technique of regulating the voltage drop across a resistor as in the
current design, however each parallel battery pack could have a MOSFET-
resistor pair in series. The microcontroller would need to have knowledge
of the voltage slope of each battery. Charge termination could be realized
by simply switching o� the MOSFET in series with Rsense and the battery.
The microcontroller could implement knowledge of battery temperature,
acting either as a threshold high/low or to proportionally adjust current.
The recharging needs of the entire rover could be realized by one recharger.
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