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Abstract

The paper describes an analytical and experimental framework which investigates
performance of electrically-driven ground vehicles powered by battery packs, with
the objective of providing simple indications for preliminary sizing of rovers de-
signed for mission on the surface of extraterrestrial bodies. For this class of mis-
sions, power is at a premium, and energy-efficient locomotion is clearly a critical
issue. An analytical model for the estimate of cruise distance is derived and mo-
bility performance is thus analyzed as a function of cruise speed, relevant vehicle
parameters, soil mechanical properties, and atmospheric data. Results are then
validated by numerical simulations and an experimental campaign for an Earth-
based rover.

1. Introduction

Landed spacecraft can make detailed observations of a planet’s surface.
However, these observations are restricted to a small area. To obtain coverage
over a wider area, spacecraft can carry robots that are able to rove over the

surface. Crewed missions or robotic rovers provide not only mobility, but also
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the capability to perform complex tasks as well as intelligent and selective
observations [1, 2]. For extraterrestrial missions, power is at a premium, and
for a planetary rover mission, energy-efficient locomotion is thus critical.

In recent years, a number of missions have been planned and conducted
on planets, such as Mars, which involve the use of robotic ground vehicles
13, 4]. Rovers proved their effectiveness and resilience in exploring planets,
scouting natural resources, conducting scientific observations, and analyzing
samples of the planet soil, in many cases well beyond their intended oper-
ational lifetime [5]. Robotic rovers, like Spirit, Opportunity, and Phoenix,
which performed exploration of the Martian surface, were all powered by
means of rechargeable batteries, using solar power.

When fully illuminated, the rover solar arrays generate about 140 watts
of power for up to four hours per sol, provided that the rover needs about 100
watts to drive. The power system for the Mars Exploration Rover includes
two rechargeable batteries that provide energy for the rover when the Sun is
not shining, during the Martian night. Clearly, an accurate energy balance
between energy generated by the panels, stored in the batteries, and used
for motion and systems is crucial for maximizing the scientific return of the
mission [6].

Similarly, for Moon missions, future vehicles will need to maximize the
range covered for a given charge in the battery pack, which is roughly propor-
tional to battery weight. The experience with LRVs on the Moon in the early
"70s demonstrated how a guided vehicle can greatly expand the potential of a
manned mission to our satellite surface. In the near future, manned mission

to the Moon will thus employ mobility systems, based on improved versions



of the Lunar Roving Vehicle (LRV) used by the astronauts of the last three
Apollo missions (15, 16, and 17) [7, 8]. Such a development (possibly fea-
turing vehicles of different size and for a wide variety of mission objectives)
appears as mandatory, in view of the development of a long-term (or even
permanently inhabited) base on the Moon.

In light of this, the objective of this paper is to derive some quantitative
guidelines for optimizing vehicle performance within available battery capac-
ity. The data derived can be used by rover designers and scientific mission
planners, in order to maximize mission effectiveness. The paper thus provides
an analytical framework for investigating performance of electrically-driven
ground vehicles powered by battery packs, providing simple indications, use-
ful for preliminary sizing of vehicle battery pack.

Electric vehicles (EVs) have a long history which even precedes the his-
tory of gasoline engine vehicles, going back as far as the mid 19th century
[9]. However, only in the last decade EVs have received a growing attention.
But in spite of the remarkable impulse to study technically feasible solutions
for the design of terrestrial EVs, a theoretical evaluation of best range con-
ditions (and corresponding range estimate) for a realistic battery discharge
model is not yet available, to the best of the authors” knowledge. This is par-
tially related to the fact that terrestrial vehicles (especially in a short-range
city environment) usually undergo wide variations of speed, whereas internal
combustion engine are still the only viable solution for long distances [10].
Conversely, extraterrestrial rovers work at an almost constant velocity. An
approximately constant power required during the mission thus represents a

realistic assumption.



The availability of a sound approach for modeling the power balance
between energy stored in the battery packs, power generated by solar panels
and power required by rover motors and systems provides a good insight into
the relation between rover design parameters and expected performance. A
significant improvement in terms of operational capabilities of the vehicle is
expected, if a better exploitation of available battery charge allows to cover
longer distances.

Some of the main factors influencing terrestrial EV’s range are analyzed
in [11], with particular focus on environmental conditions, vehicle weight and
aerodynamic drag coefficient, driving style during accelerations, and an opti-
mized electric drive, made of properly-sized motors and battery packs. The
adoption of range-extending devices [12, 13, 14] and/or battery-switching
strategies [15] is typically ruled out from the analysis, because of cost and
complexity concerns, for an application to extraterrestrial rovers. Nonethe-
less, different approaches to enhance performance of battery-only electric
vehicles can be found in the literature. Increasing the amount of battery
capacity is the simplest way to increase EV range, but this results into a
concern on total vehicle mass, provided batteries contribute significantly to
the overall EV weight.

Another relevant issue is represented by the need for a reliable estimate
of the residual battery charge. Several methods have been developed in order
to estimate the state-of-charge of battery packs and the remaining driving
range. In Ref. [16], an energy-aware battery management system is pro-
posed to estimate battery voltage as a function of state-of-charge by means

of an Extended Kalman Filter. This model-predictive strategy is then used



to modulate the driver control of the vehicle using a setpoint controller for
optimizing energy consumption. The sensitivity and reliability of a range es-
timation algorithm under different operating conditions are evaluated in [17],
provided battery voltage is adaptively estimated as in [18], while highlight-
ing that modeling battery behavior is far from trivial, when effective battery
capacity depends on temperature, aging, cycling, and current drawn.

The so-called Peukert law adopts a power relationship between discharge
current and delivered capacity over some specified range of discharge currents
[19]. In Refs. [20] and [21] range equations for electric vehicles are derived
using Peukert law for the determination of discharge time as a function of
the current drawn, which in turn is obtained from the expression of required
power. However, it is important to underline that such analyses based on
Peukert law are valid under the hypothesis of constant discharge current at
constant battery voltage. These assumptions represent a major simplification
of the terms of the problem, provided that battery voltage slowly, yet steadily,
decreases during the discharge process and higher currents are thus required
to provide the same power to the electric motor [22]. For many applications
of interest, a constant-power discharge process is thus more representative
of the actual battery loading, as it happens for a steady-speed condition of
electric vehicles. In a recent work by the authors [23], where performance of
battery-powered aircraft is investigated, an integral formulation for constant-
power battery-discharge process is proposed, where time is expressed as a
function of discharged capacity and absorbed power.

This paper presents the first application of the empirical battery dis-

charge model recalled above to a class of electrically powered ground vehicles,



namely, extraterrestrial rovers, for which the constant speed /power working
condition represents the most likely operational scenario. Note that, for the
case of interest, the set of parameters which identify the problem, and in par-
ticular, the coefficients in the expression of required power at steady state
during the cruise, is different, for example, from that which characterizes the
cruise condition for electrically powered fixed-wing aircraft and rotorcraft.
Also the effect of environmental conditions (road slope and roughness, type
of soil, relative wind, etc.) is different. To this aim, the whole analysis is
properly revised to evaluate the set of parameters which identify the opti-
mal cruise condition. As an advantage with respect to existing models for
constant-power discharge processes [24], such an integral formulation does
not require the knowledge of voltage variations as a function of current and
residual capacity.

Starting from the analysis of power required at an approximately con-
stant speed, the constant-power battery discharge model is used to derive
a closed-form expression for cruise range, including the effects of different
ground scenarios and battery discharge process. Apart from considering the
vehicle at steady-state, the solution does not require further simplifying as-
sumptions or numerical discretization related to the use of constant voltage
models or models derived from Peukert law. The best range condition is
obtained as a function of the parameters which characterize the discharge
model, vehicle and soil characteristics and environmental conditions, which
significantly affect the optimal cruise condition and its extension [25], as
demonstrated in Section 3.

Note that the presence of (possibly strong) winds is a well known feature



of the Martian atmosphere. Moreover, the experimental validation of the
EV performance model for a terrestrial rover is performed in the open air,
and it is thus subject to the effects of wind. Among other environmental
parameters, temperature deserves a comment, provided that it significantly
affects battery discharge performance and lifetime [26]. Rechargeable batter-
ies can age prematurely at high temperatures (above 40°C) and electrolytes
can freeze at low temperatures (below -30°C). In order to keep battery tem-
perature between safe limits and reduce the magnitude of temperature cycles
(as it occurs during Martian diurnal cycles) [27], different passive or active
thermal control techniques have been considered. Provided the electronics
temperature is maintained between safe limits, the estimation of the cruise
range and the identification of the optimal driving strategy can be fine tuned
according to scheduled set of battery discharge model parameters (previ-
ously characterized on Earth through laboratory tests at different operating
temperatures).

The availability of an analytical solution for the evaluation of vehicle
range is particularly beneficial for preliminary design of EVs, where the op-
timal relation between vehicle empty weight, payload, and weight of battery
pack (proportional to capacity) is readily available and allows for a quick
evaluation of the effect of different vehicle configurations. Moreover, the op-
timal speed which maximizes the range can be obtained by means of simple
and efficient numerical algorithms, such as Newthon-Raphson scheme [28],
parabolic search or simplex method [29]. It should be also underlined that
dynamic terms (e.g. power required for accelerating the vehicle) could be

easily included in the analysis, if necessary. As an example, if a set of repeti-



tive tasks is envisaged for the EV, it is possible to identify a discharge model
that iterates the energy loss for each cycle, thus deriving a mission-specific
optimal condition basically using the same set of tools and the same battery
discharge model.

In the next section, the power balance of the EV and the battery discharge
model are discussed in the most general case. The analytical derivation of the
range equation and the determination of the optimal, maximum range, travel
condition is the subject of Section 3. In Section 4 numerical and experimen-
tal results are analyzed. First, a comparison with a Peukert-based discharge
model is considered for a numerical test-case applicable to a terrestrial vehi-
cle. An experimental campaign, performed on a small-scale monster truck at
the University of Bologna premises, shows the effectiveness of the proposed
technique and outlines a procedure with general validity for range optimiza-
tion of any electrically-driven vehicle and different battery technologies. The
approach is finally validated by numerical simulations for a relevant Lunar
environment [30], where comparisons with actual data for the LRV used dur-
ing the last Apollo missions are performed. A section of concluding remarks

ends the paper.

2. System Modeling
2.1. Analysis of Required Power
The total power required by a vehicle moving up a grade in a steady

speed condition is

Preq:Paux+Pst+Pmot (1>

where P, is the power required for on board auxiliary systems and possible

power-consuming payload (assumed to be independent from forward speed
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U), Py is the power necessary to steer the vehicle, and Py, = F0 U is the
power necessary to overcome the resistance, F,,;, along the vehicle direction
of motion (see Fig. 1).

It is supposed that steering capabilities are provided by an Electric Power
Steering (EPS) system made of a number Ny, of operative front and/or rear
electric actuators. The power required from the EPS strongly depends on the
particular trajectory followed and the presence of obstacles to avoid (wander
factor contribution), soil condition, and vehicle speed. In particular, for
increasing vehicle speed, steering activity should be gradually moderated to
ensure proper maneuvering stability at high speed. According to the results
obtained in [31] for a vehicle in motion, the power necessary to steer can be

approximated as a linear function of vehicle speed, namely
Py = Pyo+ Py U (2)

where Pyq > 0 and Py; < 0, provided Py remains non-negative over the
considered speed range. In the case of a manned vehicle, such parameters
are determined experimentally and are strongly related to the pilot’s driving
style.  When an unmanned rover is analyzed, Py, and Py, are typically
designed in order to satisfy a prescribed set of requirements posed on the
trajectory tracking performance and stability.

The total motion resistance I, is given by the following contributions:
Fmot:Fd+Fr+Fg+Fs (3)

where F} is aerodynamic drag, F). is the rolling resistance determined by N

wheels on the considered surface, Fj is the grade resistance, and F; is the



equivalent motion resistance obtained by taking into account power losses in

the vehicle suspension system.

Figure 1: Forces acting along vehicle moving direction.

Aerodynamic drag is expressed as [32]
F;=05pACH (U+1U,)? (4)

where p is density of the atmosphere, A is vehicle frontal area, and Cp is the
aerodynamic drag coefficient. U, is the component of wind speed (assumed
to be a constant) along the vehicle moving direction, which has a positive
sign when this component is opposite to the vehicle speed and a negative
sign when it is in the same direction as the vehicle speed.

The rolling resistance on soft surfaces, given by:
Fr _ FT(e:Et) + Frgint)’ (5)

consists of two major components: the internal losses in the wheel or track,
determined by bearing friction and wheel deflection, represented by the re-

sistance '™ and the external force F\**, expended on deforming the soil.
There are several other losses: the bulldozing of soil in front of the tread,

and the drag losses along the sides of the tread. These are usually low values
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and are neglected in this framework. The internal losses can be calculated
by considering the rolling resistance of a flexible wheel on a hard surface [30],
namely:

F — W coswy (6)

where W is vehicle weight, 7 is the surface slope angle, and u is the rolling
resistance coefficient, which depends on surface and wheel condition and
vehicle speed. Based on experimental results, many empirical models can be
found in the literature for calculating the rolling resistance coefficient on a
hard surface. For the purposes of the present paper, p is assumed to be a

linear function of speed [32], namely

= po+p U (7)

where po and pq are positive coefficients to be determined experimentally.
The external resistance is based on the soil-vehicle model referred to by
Rula and Nuttal [33] as the “Bekker/LLD soil-vehicle model C,,,” which is
mainly applicable to wheels with flexible tires interacting with soft soil. In
particular, the external resistance increases as the vehicle sinks into the soil.

Wheel sinkage (in) is calculated as

([ Wecosy "
2_( NSk ) ®)

where W must be expressed in b, S is wheel footprint area (in?), m is a

dimensionless exponent of soil deformation, and k = k./d + k, is soil con-
sistency coefficient (Ib/in™*2), provided k. is cohesive modulus of soil defor-
mation (Ib/in™*1), d is tire width of ground contact (in), and k, is frictional

modulus of soil deformation (Ib/in™*2). The total external resistance (N)
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caused by soil compaction is equal to
dk
[lext) — nr _OR Y omtl 9
0 = Ng () - ©
where z1 = 4.448222 N/1b is a conversion factor from pounds to Newton.
The grading resistance is represented by the component of vehicle weight

along the moving direction:
F, =W sinvy (10)

The total damper power losses are computed from the relation P, = N k, U?,
where k, = k,/3317.76, provided 3317.76 is a conversion factor and k, is
the (dimensionless) surface roughness coefficient. Based on power spectral
density estimates obtained from geological analysis, k, takes into account
the irregularities of the soil surface caused by factors such as soil texture,
aggregate size, and rock fragments. It is quantified by the deviations in the
direction of the normal vector of the real ground surface from its smooth
ideal form. For the aim of the present analysis, an equivalent resistance is

evaluated as Fy; = P;/U, namely:
F,=NkU (11)
Given Egs. (4)-(11), the total resistance in Eq. (3) becomes:
Foot = U+ LU + fo (12)

where

fo=05pACp U2 + W (siny + uo cos?y)
13
dk >2m+1 (13)

+N§(m+1
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fi=pACpUy+mW cosy+ Nk, (14)

and

2.2. Analysis of Available Power

Consider the sketch in Fig. 2, where a simplified electrical system is out-
lined for a sample rover. The power output of the battery pack(s) is processed
by the Power Management Unit (PMU), which includes all regulation sys-
tems that allow safe distribution of available power to vehicle users, according
to the required standards [34]. Note that the battery power is reduced by
losses within the PMU internal circuitry, made of transformers, converters,
voltage stabilization systems, and load control devices. For the aim of the
present study, an overall constant efficiency 7, is assumed to character-
ize the PMU task, provided that more accurate analyses are typically made

available at an advanced rover design stage.

Pouz AUX. SYSTEMS /=
& PAYLOAD @
Py
BATTERY Py b P, pmu Neps EPS SYSTEM
PACK(S) AL
(s) Teps
Prot

Tlpmu

ot
Bere PROPULSION
e SYSTEM @
Tlprop
Figure 2: Power distribution system of a sample rover.

The power output P, of the PMU is delivered to the electric users
through dedicated buses. According to Eq. (1) and Fig. 2, a certain amount

of power, P,,., is absorbed by auxiliary systems and payload, while the
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power dedicated to the EPS system is reduced by losses, accounted for by
the efficiency 7,5, within the steering actuators and the electric regulators.
Finally, let F; be the tractive effort produced by the powerplant torque and
transferred through transmission and final drive to the drive wheels. In a
steady-speed condition, the power required to overcome the total resistance,
Ppot, and the available tractive power, P, = F, U, are equal (assuming no
wheel slip). As a matter of fact, the power delivered to the propulsion system
is reduced by losses within the electric powertrain system made of speed
regulators, single or multiple electric motors, the transmission system, and
the final drives. Although each subsystem has its own efficiency, 9., 7, M,
and 7, respectively, for the purpose of the present work, they are combined
into an overall propulsive efficiency, Nprop = 1y N e Mg When no multi-
speed transmission is present in the drivetrain, the overall efficiency can be
considered as a function of vehicle speed only, Mprop = Mprop (U).

Taking into account Fig. 2 and imposing the balance between required

and available power, it follows that

Pmo PS
Ppmu _ t X t
Nprop Teps

Provided P, = Py /Npmy 1s the battery output power, one has

1 Pmo Ps
Pb: ( t+ ! +Pauac> (17)

npmu nprop neps

where the terms Py and P, can be expressed according to Eqs. (2) and
(12)-(15), respectively. Provided 7., is positive over the considered speed

range, one has that

P, =

1 |:FmotU +PstO+PstlU
npmu nprop (U) 775P8
= p3(U) U? + po(U) U? + p1 (U) U + po

-
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where

Ps + esPaua:
Do = t0 7717 (19)

Tlpma Tleps

is constant, whereas

_ fO neps + Pstl nprop (U)

n(0) Nomu Neps Mprop (U) (20)
A

A —— (1) (21)
b

P oy (U] 2

depend on vehicle speed. Please, note that in the presence of solar arrays,
the required power is reduced by the amount of solar energy generated by
the panels per unit time. This can be seen as a negative contribution to the
total required power, which recharges the battery when it exceeds the power

required for motion and systems.

3. Vehicle Performance
3.1. Maximum range for a constant power discharge process

Consider the expression obtained in Eq. (18). It can be noted that, for
a vehicle in a steady speed condition, the battery power is a constant. In
Ref. [23] a novel formulation for constant-power battery discharge process
is proposed, where discharge time is expressed as a function of discharged
capacity and absorbed power. Let I = I(t) be the current provided by the
battery pack at time ¢ and C' = C(t) be the discharged capacity, obtained as

C(t) = /0 I(s)ds (23)

Assuming P, > 0, the discharge process is stopped at time ¢y, when C; =
C(ty) = K Cp, with Cj equal to the nominal battery capacity and K < 1

15



a predefined discharge percentage. Discharge time can be expressed in the
form

ty=0PCY} (24)

where coefficients 6 > 0, ¢ < —1, and 0 < § < 1, which depend on battery
technology, ambient temperature, and number of series-connected cells, are
determined experimentally. Provided « = ¢; U is cruise range, from Eqgs. (18)
and (24) one gets:

x=0PClU (25)

Taking into account Eq. (18), the latter equation becomes

x =10 [ps(U) U + po(U) U* (26)
+p1(U)U +po]” CJU

A necessary condition for the optimal value of U which maximizes the dis-
tance x, that is, the best range speed, U = U,,, is obtained by solving the
equation dr/dU = 0. The sign of the first derivative before and after its
zeros (or, equivalently, the sign of the second derivative at the zeros) allows
for identifying maxima and minima of the range curve. In the most general
case Tprop, Which is typically estimated from vehicle datasheet or determined
experimentally, may depend on speed U. Hence, an analytical solution for
the equation dz/dU = 0 and the sign of d*z/dU? with general validity is
not available. An iterative root search algorithm, such as Newton-Raphson
scheme [28], needs to be implemented and the second derivative at the zero
can be evaluated by means of centered differences. As an alternative, the
function that relates vehicle speed to the expected range performance in

Eq. (26) can be plotted and the best range condition identified either graph-
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ically on the plot or numerically by means of a search algorithm, such as the
parabolic search or the simplex method [29].
When 1,0, is constant, the expression of dz/dU is proportional to a third

order polynomial, and dx/dU = 0 if
(Be+ 1)psU? + (2 + D)pa U + (e + 1)p1 U 4 po = 0 (27)

which has, in general, only one real positive solution, for realistic values of
system parameters. For example, when no wind nor slope is present along an
ideal straight trajectory, all the coefficients of the terms in Eq. (27) with a U
power are negative, and only the last one, namely the term related to Py,
and Py, is positive. The sequence of signs is thus — — —4, which indicates
that, according to Descartes’ rule, there is only one real positive solution
[35]. When there is a slope, only the linear term in U, namely (e + 1)p;, may
change sign, with the sequence becoming — — ++. Again, this represents a
sufficient condition for proving that there is only one real positive root of the

polynomial, in the form:

1

Uy = =z
b 3(3¢+ 1) ps

{(26 +1)pr+Q+ g (28)

where

3/ S+ V5?2 —4R3
Q= 5
R=(2¢+1)°p; —3(3e+1)(e + 1) p1 ps (29)
S =2(2¢ +1)% py + 27(3e + 1) p3 po
—9(3e+1)(2¢ + 1)(e + 1) p1 p2 p3
Provided that the polynomial in Eq. (27) grows towards —oo as U — +00,

the first derivative is expected to be positive before the root and negative

17



after it, thus indicating that the zero of the first derivative corresponds to a
maximum for z.

Only when slope and wind forces combine in terms with opposite direc-
tions, a more complex situation with two maxima and one local minimum
for x can be found, which, by the way, is obtained for unusually high values
of slope angle and/or wind. Thus, in the most realistic cases, the positive
real root is the only real solution of the polynomial equation, which can be
easily determined by means of a root-finding numerical algorithm or Cardan

formulas [28].

3.2. Vehicle range for variable power

The analytical solution in Eq. (27) for the approximate model with con-
stant 7),,4p, Or the numerical one for a more realistic model, which accounts
for variations of overall powertrain efficiency with working conditions, both
provide a best range speed under the assumption of constant power during
the whole cruise. The results obtained within this framework can be useful
for preliminary sizing of a vehicle, accounting for an average power drawn
from the batteries during a reference mission. However, mission planning
typically requires to account for possible variations of the environment (soil,
slope, prevalent wind, etc.), which makes the constant power assumption un-
realistic. In order to develop a more general mission planning tool, which can
account for variations of power required during different mission segments, a
variable power battery discharge model is also introduced.

Assume that the battery is discharged at power P, for a time interval
tq < ty. A residual discharge time ¢, =ty — t; at power P, is thus available,

which can be related to a corresponding value of a residual battery charge,
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C,, where t,, = § Pf C?, which implies
Cr = [(ty — ta)/ (6F)]"

The available residual discharge time, £,, for a different value of the power

drawn from the battery, B,, can be estimated as ¢, = § ]5; C#, and the process

can then be iterated for a second segment, if its duration is less than £,.
Letting ' be the residual charge available at the end of the k-th mission

segment, which requires an average power P, and lasts Aty, it is
Cr = [CF_, — Aty /(5P

The rover mission, made of N segments which require different average
power, Py, k = 1,2,..., N, because of soil and/or slope variations, is thus
feasible if the residual charge at the end of the last segment is non-negative,
that is Cy > 0. Moreover, the best range speed evaluated in Section 3.1
also provides the speed which minimizes the charge drawn from the battery
for a given distance, thus maximizing the residual charge at the end of the
segment.

If one needs to maximize mission effectiveness (e.g. by maximizing the
residual charge at the end of the mission, so that a shorter time is required
for the recharge process), each segment needs to be performed at the best
range speed for the required power level. The determination of the best range
speed, if compatible with mission objectives, thus provides a precious tool
for rover mission analysis and design. If vehicle velocity is constrained by
other factors, it is still possible to determine the maximum distance that can

be covered over a portion of the planet surface where condition can vary.
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4. Results

The approach presented in Sections 2 and 3 is validated for three test
cases. First, the results of numerical simulations and an experimental cam-
paign are reported for sample terrestrial rovers. In particular, the effect of
different wind conditions and road slopes is investigated in the simulation
scenario. The best range speed is then derived following the approach out-
lined in Section 3. The analysis of required power is finally reported for
the LRV, based on actual data from the last three Apollo missions. Vehi-
cle performance is investigated and numerical results are then compared to
those available from the Extra Vehicular Activity (EVA) reports. In what
follows, measurement units are expressed in the metric system, except where

otherwise indicated.

4.1. Terrestrial Rover: Simulation Results

Consider a small-scale four-wheeled rover characterized by W = 30 N,
powered by a 3S Li-Po battery pack with nominal voltage V, = 11.1 V
and nominal capacity Cy = 2.2 Ah. The parameters for the aerodynamic
drag model are p = 1.225 kgm™3, A = 0.06 m?, and Cp = 0.25. The
vehicle moves along an ideal straight line on dry smooth asphalt, such that
no steering is required (Py; ~ 0 W), power losses in the vehicle suspension
system are negligible (k. =~ 0), and the rolling resistance is only determined
by tire internal losses, according to Eq. (6) (namely, wheel sinkage z ~ 0 m).
The coefficients for the rolling resistance of the vehicle are py = 0.01 and
w1 = 3.6-107* s/m [32]. The power required for on board auxiliary systems
and payload is P,,, = 11.3 W, the PMU is characterized by 7pm, = 0.94,
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and the efficiency of the propulsion system is assumed to be a constant,
Nprop = 0.89.

The battery model coefficients in Eq. (24) were estimated from a dedi-
cated test campaign performed according to the procedure described in [23]
on a FullPower® battery pack at the ambient temperature T, = 26°C, using
a Maynuo® M9715 DC electronic load, which allows discharge programs at
constant power. Expressing discharge time ¢ in hours, the battery model
parameters are 0 = 12.23, ¢ = —1.014, and § = 0.9644.

Numerical simulations are performed for different wind and slope con-
ditions. The following scenarios are presented and discussed: 1) the vehicle
moves downhill in the presence of a tailwind component; 2) the vehicle moves
on level dry asphalt in quiet air; 3) the vehicle moves uphill in the presence
of a headwind component. The parameters adopted for the three cases and
the values of motion resistance coefficients in Eqs. (14) and (15) are reported

in Table 1.

Table 1: Numerical analysis (terrestrial rover): total resistance parameters.

Case 7 [deg] Uy [m/s] fo [N/(m/s)’] f1 [N/(m/s)] fo [N]

1 -2 -1 0.0092 -0.0076 -0.7380
2 0 0 0.0092 0.0108 0.3
3 +2 +1 0.0092 0.0292 1.3560

The total power required from the battery in a steady speed condition
is plotted in Fig. 3.b as a function of ground speed. The corresponding
range, calculated according to Eq. (18) for a 80% usage of battery nominal
capacity, is reported in Fig. 3.a, where the best range condition (in what

follows indicated with the subscript 'br’) is highlighted by means of a X
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symbol for each one of the considered cases. Maxima were determined by
applying a Newton-Raphson method to Eq. (27). The algorithm converges
in 3 or 4 iterations, using the midpoint for the considered speed range as
initial guess and requiring a residual error below 10~% m/s at convergence.

Results are summarized in Table 2.
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Figure 3: Numerical analysis (terrestrial rover): power and range as a function of cruise
speed.

Table 2: Numerical analysis (terrestrial rover): best range conditions.

Case 7 [deg] U, [m/s] Uy [m/s] Py, [W] 2 [km]

1 -2 -1 8.2 10.09 59.51
2 0 0 7.8 21.19 26.78
3 +2 +1 7.5 31.45 17.17

Note from Table 2 that the best range speed becomes smaller when the
driving scenario determines a more demanding power profile and the achiev-
able range decreases. However, the variation of the optimal speed is relatively

small, if one considers that a reduction of only —8.6% occurs in Uy, going
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from Case 1 to Case 3, compared to a corresponding reduction of the achiev-
able best range as large as —71.2%, due to an increase in the required power
almost by a factor 3. Also, the maximum in the range curves becomes 'flat’ if
a less favorable scenario is considered, resulting into a more acceptable degra-
dation of performance if a deviation from the best range speed occurs. In
Case 1, for example, a 10% decrease of speed from the optimal value results
into —1.9% of range degradation. In Case 3, the same percentage deviation
from the best range speed determines a variation as small as —0.58% with
respect to the maximum range. It is worth noting that, unlike Cases 1 and 2,
the power curve of Case 3 is not monotonically increasing over the considered
range of speed, showing, in particular, a minimum for U = Up, . = 5.5 m/s.
According to the battery model in Eq. (24), such a minimum-power condition
allows the vehicle in the considered scenario to perform maximum endurance
for a value of speed different than zero.

In Fig. 4 vehicle range estimation performed by Eq. (26) is further dis-
cussed and validated by experimental data. Starting from the analytical
results obtained for Case 2, summarized in the second line of Table 2, an ex-
periment is performed where the FullPower® battery pack is discharged by
means of the electrical load to the 80% of the nominal capacity Cy, at the con-
stant power P, = P, (Uy,) = 21.19 W. In such a case, discharge time results
to be tezp = 57.2 min, corresponding to the range xezp = tezp Upr = 26.77 km.
The estimation error between the model-predicted range at U = Uy, and the
corresponding one obtained experimentally is 0.04%. A comparison is also
performed for other two values of vehicle speed, calculated as 0.5 U, and

1.5 Uy, where the required battery power is given by 14.33 W and 36.59 W,
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respectively. The estimation errors with respect to the experimental values
respectively result into —0.05% and —0.35%, thus showing the effectiveness

of the proposed approach (see the circle markers in Fig. 4).
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Figure 4: Numerical analysis (terrestrial rover): range as a function of cruise speed for
different battery-discharge models (Case 2).

A comparison to a classical Peukert-based approach is also provided for
Case 2, where the assumption of constant current during battery discharge
is considered. In the present framework, the equivalent constant voltage is
considered as the mean value between the open-loop fully charged battery
voltage and the nominal voltage, namely V, = (V; 4+ V;) /2 = 11.85 V, pro-
vided V; = 12.6 V. Hence, the equivalent constant current relative to the
discharge at P, =const. is I, = B,/V.. Let R; be the battery hour rating,
that is the discharge time over which the nominal capacity was determined
by the manufacturer (typically 1 h for small rechargeable battery packs).
Provided n = 1.19 is the Peukert coefficient estimated for the considered

battery at Ty = 26°C, predicted endurance is given by Peukert equation
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tw = R (K CyV./P)" (where K = 0.8), according to the formulation
used in [23]. In the case when n = 1, the ideal situation in which discharge
time is simply inversely proportional to the absorbed power is obtained ac-
cording to [20], provided the equivalent constant voltage is assumed to be
equal to the nominal voltage, namely V, = V), and CyVy = 24.42 Wh is the
battery nominal energy.

The variation of range with speed obtained for the battery model derived
for a constant power discharge process (solid black line in Fig. 4) is compared
to the range evaluated for the classic Peukert (constant current) discharge
process described above (dashed gray line in the same figure) and the ideal
battery model (solid gray line). The ideal battery model provides a slightly
shorter range estimate at all considered velocities, with a difference in the
order of 3%. Conversely, Peukert’s law provides a higher estimate at slower
speed, with an increase in range estimate as high as almost 10%, in the lower
speed range, where current drawn from the battery is smaller, thus determin-
ing a beneficial effect on effective battery capacity for a Peukert exponent
n > 1. The difference with respect to the constant power discharge model
vanishes, for the considered test case, at approximately U = 9 m/s, where
higher currents are drawn from the battery and Peukert’s effect determines
a reduced effective battery capacity.

Fig. 4 also shows that maximum range is attained by the three battery
models at different speeds. The best range condition obtained by means
of the two Peukert-based formulations described above are summarized in
Table 3. These results can be compared with those reported, for the same

operational conditions, on the second line of Table 2). Once again, the differ-
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ence is less significant for the ideal battery, which provides an almost identical
value of the best range speed, if compared to that obtained for the constant
power discharge model. Also note that, if the value reported in the first line
of Table 3 was assumed as the best range speed, where P, = 19.45 W, the
range calculated by the model in Eq. (26) would provide a sub-optimal condi-
tion, where x = 26.59 km, with a variation which is only 0.71% smaller than
the value reported in Table 2. Conversely, the use of Peukert’s law provides
a significantly lower best range speed, although also in this case the actual
range evaluated by means of the constant power discharge model would be

reduced by approximately 1% only.

Table 3: Numerical analysis (terrestrial rover): vehicle best range conditions according to
Peukert-based approaches (Case 2).

Peukert model n V. [V] Uy [m/s| Py, [W] . [km]

Ref. [23] 119 1185 7.1 19.45 2777
Ref. [20] 1 111 79 21.37  25.88

As a final example, the variable power battery discharge model is applied
to a case where the rover is assumed to drive along an 8 km long level pat-
tern, followed by a climb (2 km at 10 deg of slope, then 1 km at 30 deg),
reaching a plateau, almost 850 m higher than the initial altitude, where a
scientific payload is activated. The payload requires 10 W of power, which,
during this last phase, adds to the rover system power (12 W). As reported
in Tab. 4, three missions performed at constant speed, equal to 4, 8, and
12 m/s, respectively, are considered, together with a fourth, optimal one,
where the best range speed is considered for each mission segment, depend-

ing on the required power. In this case, the optimal speed is 7.8 m/s during
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the initial segment, 7.6 and 7.4 m/s during the two climb segments, respec-
tively, and 9.6 m/s when the payload is activated along the level pattern
on the plateau. Acceleration and deceleration transients between segments
have a negligible impact on the overall energy balance of the mission and

are thus neglected. Table 4 shows that the residual charge at the end of the

Table 4: Numerical analysis (terrestrial rover): performance analysis of a sample four-
segment mission.

speed res. capacity at the end of k—th segment [Ah]  residual

[m/s] K Cy Cy Cy Cs range [km)]
4 1.76 1.088 0.616 0.088 0.66
8 1.76 1.256 0.824 0.314 3.46
12 1.76 1.161 0.703 0.178 1.96
Upa 1.76 1.257 0.825 0.315 356

(7.8m/s) (7.6 m/s) (7.4m/s) (9.6 m/s)

climb varies significantly, as a function of the speed of the rover during the
approach and climb, thus resulting in large difference in the available range
for performing the mission, with the payload switched on. At the same time,
the total distance covered on the plateau for a constant speed of 8 m/s is
only marginally shorter than the longest possible pattern, obtained when
all mission segments are performed at the best range speed. This is due to
the fact that the maxima of the range curves are flat, becoming flatter as
the power drawn from the batteries gets higher. Hence, rover cruise perfor-
mance does not vary significantly, if rover speed remains sufficiently close
to the best range value. As an interesting consequence of this result, the
assumption of an average power during the whole mission provides a reliable

global performance index, in terms of overall distance, without the need of
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a detailed analysis of the power drawn during each mission segment and the
determination of the corresponding optimal speed.

Remark 1 Note that guidelines for preliminary sizing of vehicle battery can
be derived from Eqgs. (19)-(22), (24), and (25). As an example, a procedure
similar to the sizing approach proposed in Ref. [23] for fixed-wing electric
aircraft can be obtained. After expressing vehicle weight as W = Wy + W,
where W is the operative empty weight (that includes structure, propulsion
system, payload, and auxiliary systems weight) and W}, is battery weight, let
o= Wy/Ey =W,/ (Vo Cp) indicate battery weight/energy ratio (that is, the
inverse of battery energy density) and assume that the discharge process is
stopped at time ty, when Cy = C(ty) = K Cy. Vehicle total weight is now
written as W = Wy + oV, Cy such that, for a desired endurance or range,
Egs. (24) and (25) are, respectively, a function of the only variable Cy. For
a desired speed U, the latter equations can be solved in terms of Cj by a
numerical algorithm, such as Newton’s iterative scheme [28], thus providing
the design nominal capacity required for the considered vehicle performance.
For the terrestrial rover analyzed in Case 2, with Wy = 28.14 N and o =
0.0763 N/(Wh), assuming Cy = 2.2 Ah, it follows W, = ¢V, Cy = 1.86 N
and W = Wy + W, = 30 N, as already pointed out. Suppose the vehicle
is designed to perform a mission at constant speed U = 10 m/s. With the
given battery, endurance and range respectively result to be t = 42.3 min
and z = 25.25 km with K = 0.8. If desired endurance is set as t; = 70 min,
the required nominal capacity becomes Cy = 3.75 Ah, while W, = 3.17 N
and W = 31.31 N. On the other hand, if a requirement is set on the desired

range, for example 4 = 60 km, the required nominal capacity becomes
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Co = 5.47 Ah, while Wj, = 4.63 N and W = 32.77 N.

4.2. Terrestrial Rover: Fxperimental Results

The terrestrial vehicle considered for the test campaign is a Traxxas®
E-Maxx, depicted in Fig. 5, a small-scale monster truck with a weight W =
47.88 N and a wheelbase [ = 0.34 m. Traction is provided by a four-wheel
drive powered by two Titan® fan-cooled 14.4 V 550-size motors through
a Cardan shaft. Motor regulation is performed by a 14.4 V EVX-2® Elec-
tronic Speed Controller which is operated by a Ardupilot® Mega (APM) 2.6.
The main board is connected with a 3DR® GPS uBlox LEA-6 with Compass
module and a 3DR® 433 MHz telemetry module. Remote control commands
are processed by a 2.4 GHz FrSky TFRS8 onboard receiver. Vehicle motors
and on board systems are powered by a 4S Li-Po battery pack by Turnigy®,
with a nominal voltage V; = 14.8 V and a nominal capacity Cy = 5.4 Ah.
Battery model coefficients, estimated by a dedicated test campaign at am-

bient temperature Ty = 26°C, are 6 = 18.54, ¢ = —1.026, and § = 0.9670.

The first phase of the experimental campaign is represented by the identi-
fication of the curve describing required battery power as a function of speed,
without prior knowledge of system parameters that characterize pg, p1 (U),
p2 (U), and p3 (U) in Egs. (19)-(22). To this aim, the vehicle was driven
along a straight line on level dry asphalt, v = 0 deg, at different constant
throttle settings, in the absence of wind components, U,, = 0 m/s. The vehi-
cle speed and the corresponding power consumption, respectively calculated
from GPS and a wattmeter sensor, were obtained as the mean value over

At = 5 s for each driving segment at constant throttle setting (note that
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Figure 5: Battery-powered RC car used for the experimental campaign.

At was selected in order to exclude the vehicle acceleration phases). The
results are summarized in Table 5, where the first line reports battery power
at rest, namely P, (U =0) = Puz/Mpmu, directly measured by laboratory

test. Experimental data in terms of battery power consumption are provided

Table 5: Experimental results (terrestrial rover): power consumption as a function of
speed.

speed [m/s] battery power [W]

segment  throttle [%] mean std. dev. mean  std. dev.

1 0 0 - 2.2 -

2 10 1.6 0.09 17.08 2.70
3 20 3.9 0.09 42.05 0.43
4 30 6.3 0.26 74.16 0.76

in Fig. 6 (see the circle markers). Note that an ad-hoc characterization of
efficiency npmu, Mepss and Nprop = Mprop(U), as described in Eq. (18), is not
necessary in this framework. In fact, according to the experimental setup,

the wattmeter directly estimates electrical power required from the battery
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pack as P, = V' I, where V is battery voltage, thus including any mechanical
and electrical loss which occurs between the battery pack and the wheels.
In the present case, the function in Eq. (18) is approximated by a polyno-
mial with constant coefficients, based on experimental data. In particular,
a third order polynomial is used for curve fitting, according to Eq. (18),
such that P, (U) = p3 U + py U? + py U + po, where p3 = 0.0635 W/(m/s)?,
p2 = —0.03163 W/(m/s)?, p; = 9.24 W/(m/s), and py = P, = 2.2 W (see
the dot line in Fig. 6). Estimated range as given by Eq. (25) is also re-
ported for K = 0.8 (solid line in Fig. 6). The best range speed results to be
Upr = 2.4 m/s, where Py, = 25.05 W and zp, = 24.21 km.
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Figure 6: Experimental results (terrestrial rover): battery power consumption as a function
of speed.

In order to prove the effectiveness of the proposed approach, data col-
lected during the experimental campaign are also used to identify, for each

i-th constant-speed segment, the reference quantity xp/ACy, k = 1,...,4,
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where x, and AC} are, respectively, the range and the capacity discharged
during the i-th segment at the constant speed Uy (calculated as the mean
value over At = 5 s reported in Table 5). Note, in particular, that z; /AC; =
0 km/(Ah) since no range is covered at U; = 0 m/s, while a certain amount of
discharged capacity, AC] # 0 Ah, is used to power systems. With regard to
the other segments, it is xo/ACy = 5.33 km/(Ah), z3/AC5 = 5.33 km/(Ah),
and x4/ACy = 4.66 km/(Ah). Results are reported in Fig. 7 (see the circle
markers, representing experimental data).

An exponential function is used to fit experimental data points, namely
(x/AC)(U) =riexp(roU) + ryexp (r4 U)

where r; = 6.873, 1y = —0.06224, r3 = —6.873, and r, = —1.28 (see the
solid line in Fig. 7). The fitting function shows a maximum for U* = 2.5 m/s
(3.3% higher than the value estimated by battery model), where (z/AC)* =
5.60 km/(Ah). Multiplying the specific range at that point by the total
available capacity C' = 0.8Cy = 0.8 - 5.4 = 4.32 Ah, one obtains z* =
24.21 km, as properly estimated by battery model.

4.8. Apollo Lunar Roving Vehicle: Simulation Results

The Lunar Roving Vehicle (LRV), visible in Fig. 8, is a four-wheel electric
vehicle designed to operate in the low-gravity vacuum of the Moon and to
be capable of traversing the lunar surface, allowing the astronauts of the last
three Apollo missions to extend the range of their surface Extra Vehicular
Activities (EVAs). On each mission, the LRV was used on three separate
EVAs, for a total of nine lunar traverses. In what follows, the analysis will

be focused on the Apollo 15 mission, that provided a greater opportunity
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Figure 7: Experimental results (terrestrial rover): specific range as a function of speed.

for the study of the physical and mechanical properties of the lunar surface

than any other previous mission. The LRV has a mass of 210 kg and was

Figure 8: Commander David Scott drives the LRV near the Apollo 15 Lunar Module
Falcon (courtesy of NASA).

designed to hold a payload of an additional 490 kg on the lunar surface, in-

cluding two astronauts. Each wheel has its own electric drive, a DC series
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wound 0.25 hp (186.5 W) motor capable of 10 000 rpm, attached to the wheel
via an 80 : 1 harmonic drive with no gear shifting, and a mechanical brake
unit. Maneuvering capability is provided through the use of front and rear
steering motors. Fach series wound DC steering motor is capable of 0.1 hp
(74.6 W). Main power is provided by two 36 V silver-zinc potassium hydrox-
ide non-rechargeable batteries with a capacity of 121 Ah, while the Lunar
Communication Relay Unit is powered by a dedicated 400 Wh battery [36].
Passive thermal controls keep the batteries within an optimal temperature
range (4 and 52°C).

No atmosphere characterizes the lunar environment, such that p = 0
kg/m? and there is no aerodynamic force opposing the vehicle motion. On
the other hand, particular attention is required to analyze the interaction be-
tween the LRV and the lunar surface. In support of the Apollo soil mechanics
investigations, extensive lunar soil simulation studies were conducted, based
on data from Apollo 11 mission. In parallel with these investigations, exten-
sive analyses were performed from photographic data obtained by the U.S.
Lunar Orbiter Spacecraft programs [37] and in-place soil mechanics data ob-
tained by the U.S.S.R. Luna spacecraft missions [38]. From these studies,
the lunar surface was subdivided into four main categories - Smooth Mare,
Rough Mare, Hummocky Uplands, and Rough Uplands. Based on power
spectral density estimates, the parameter k,, which accounts for damper
losses in Eq. (11), varies between 17.5 and 300. For the analysis of EVAs
performed during the Apollo 15 mission, the roughness coefficient is selected
as k. = 17.5 (Smooth Mare low range traverses).

The mechanical properties of lunar soils are remarkably similar to those
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of terrestrial granular soils of comparable gradation, although the chemical
composition of the two soil types may be dissimilar. The mechanical behavior
of lunar soils appears to be dominated by the particle size distribution, par-
ticle shape, and packing characteristics (density, void ratio). In particular,
quantitative measurements of the soil mechanical properties at the Apollo
15 site indicate that the soil conditions are variable on a regional basis, in
accordance with pre-mission estimates for the LRV behavior, based on wheel-
soil interaction tests performed on a wide spectrum of lunar soil simulants,
under 1/6-g gravity conditions [30]. According to post-mission analyses, the
soil model which yields the least percent deviation of estimated performance
from effective LRV performance is Soil B in Table 7 of Ref. [30].

A vehicle mass M = 626 kg is considered, corresponding to weight W =
Mg =1017 N (228.69 1b), where g = 1.625 m/s? is the gravity acceleration
on the Moon. The parameters for the “Bekker/LLD soil-vehicle model C,,”
and for the internal rolling resistance are reported in Table 6, from which
one derives the soil consistency coefficient, k = k./d + k, = 3.0292 1b/in?,
and the wheel sinkage, z = 0.3 in, according to Eq. (8).

Starting from the analysis of the torque generated by the single DC
motor to allow vehicle motion at constant speed [30], the propulsive effi-
ciency is estimated as 7,4, = 0.40, with negligible variation over the design
LRV speed range, restricted to 13 km/h (although a top speed of 18 km/h
was recorded during the Apollo 17 mission). The efficiency of the PMU
is estimated to be 7y, = 0.8, which also includes cable losses. The to-
tal power absorbed by auxiliary systems include the contributions given by

the Signal Processing Unit (SPU), the Directional Gyro Unit (DGU), and
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Table 6: Rolling resistance parameters according to Soil B Bekker/LLD soil-vehicle model
Cu.

Parameter Symbol Value Units
External rolling resistance

Wheel footprint area S 62 in?

Tire width of ground contact d 6.85 in
Exponent of soil deformation m 1

Cohesive modulus of soil deformation ke 0.2 Ib/in™*!
Frictional modulus of soil deformation k& 3 Ib/in™*+?
Internal rolling resistance

Zero-order rolling coefficient o 0.01
First-order rolling coefficient 1 3.6-107* s/m

the Integrated Position Indicator (IPI) [7]. After the LRV starting proce-
dure, requiring about 3 min at a higher battery discharge rate, P, sta-
bilizes at the value of approximately 40 + 16 = 56 W, where 16 W is the
total power required by the electronic speed controllers of the four trac-
tion motors. For a vehicle in motion, the gross power delivered from the
PMU to the steering system according to Fig. 2, is directly estimated as
Py (U) [Neps = (Psto + Pst1 U) [Neps = Ngt - Wa - 74.6 —3.5U W, where Ny
is the number of active steering motors and 74.6 W is the maximum electrical
power absorbed by the single electric actuator. The parameter 0 < Wa <1
is an empirical factor that accounts for a percent usage of maximum steering
power at very low speed and includes a wander effect, determined by LRV
path deviations in the presence of obstacles and driving errors. In addition,
based on the trend analysis in [31], the power delivered to the servo-motors

reduces by 3.5 W for every m/s. After checkout of the Apollo 15 LRV, it was
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found that front steering mechanism was inoperative, such that EVA T was
performed with only the rear steering actuators active (Ng = 2). During
EVA II and III, instead, full steering was recovered (Ng = 4). A likely 30%
usage of available steering power at low speed (Wa = 0.3) is assumed for
EVA T and III, where frequent path deviations occurred with similar wander-
ing activity. According to Ref. [39], EVA II was characterized by a smoother
direct route, with about one fourth (Wa = 0.075) of the required steering
effort that characterized EVA T and III.

In the absence of additional information, battery parameters are evalu-
ated on the basis of the results in [23], where rechargeable lithium polymer
(Li-Po) cells are analyzed. Note that a single Li-Po cell has a voltage of 4.2
V when fully charged and a nominal voltage Vi = 3.7 V at the end of a safe
discharge process. Hence, in order to satisfy the electrical standards of the
LRV, based on a 36 V battery bus, a pack of 9 series-connected Li-Po cells
(95 configuration) is here considered, providing a voltage between 37.8 and
33.3 V during discharge. By extrapolating the data in [23] for a 95 battery,
the following parameters are obtained at the reference temperature of 23°C:
0 =33.8, e = —1.025, and 8 = 0.9664.

In Table 7 the three EVAs performed during the Apollo 15 mission are
analyzed. For each EVA, U represents the average speed, obtained from the
odometer reading at the end of the traverse divided by the ride time; ¥ is
the average slope angle, weighted on the effective time spent while climbing,
descending or driving on a flat surface; x is the odometer distance. Given the
power profile parameters as obtained from Eq. (22), the discharged capacity
Conoder is estimated from the model in Eq. (26) with U = U and compared
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to the LRV ampere-hour integrator readouts. Compared to the results avail-

Table 7: Comparison of measured and computed Apollo 15 LRV energy consumption
(Soil B).

EVA _traverse characteristics power coefficients discharged capacity
U [m/s] 7 [deg] =z [km] Do p1 P2 P3 Chodel [Ah]  Cineas [Ah]  error [%]
1 9.50 0.00 10.3  125.95 80.87 1222 0 174 17.5 -0.6
2 9.15 0.23 12.5 97.98 93.63 1222 0 21.6 20.5 +54
3 8.75 0.33 5.1 181.90 99.18 1222 0 10.8 11.4 -5.3

able in Table 5 of Ref. [30], it can be noted that the estimation of discharged
capacity by Eq. (26) is in closer agreement with the measured current con-
sumption. In particular, the estimation error remains bounded below 6% for
all EVAs (with respect to the median deviation as high as 30% in [30]), with
a maximum overestimation error in EVA II.

Remark 2 Although the level of agreement between the computed and mea-
sured energy losses is considered to be very satisfactory, there are various
uncertainties and error sources that may account for these discrepancies.
These include: a) errors in the ampere-hour integrator and odometer read-
outs; b) errors in post-mission estimates of the slope distribution at the
Hadley-Apennine region; ¢) errors in estimating the energy consumed by the
navigation system, steering, control and display console, and other compo-
nents, or activities not related to the traction-drive system; d) uncertainty in
the estimation of soil characteristics; e) errors related to the parametrization
of battery model. With respect to point d), methods for predicting terrain-
shearing parameters online are available in recent literature [40], to be used
in future missions for optimal route planning and traction control purposes.
In this way, the traversability prediction and the determination of optimal

driving strategies could be updated in real-time with no prior knowledge of
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vehicle-soil interaction parameters. With respect to point e), it is worth not-
ing that provided battery model parameters are derived from experimental
data, originally obtained in [23] for an initial battery temperature of 23°C.
According to the analysis in [39], the temperature inside the battery control
units before each EVA ranged between 18°C and 36°C. In particular, at the
beginning of the first traverse, battery temperature actually was 23°C. As a
final consideration, note that wheel slip is not accounted for by the analysis
of wheel-soil interaction in Section 2. Wheel slip may, for example, affect
odometer accuracy and determine performance degradation. However, for
low slope angles, LRV crew detected no wheel slip on Moon. This is not sur-
prising because, from terrestrial experience, a wheel slip of less than about
20% is not detectable by the vehicle driver. From ad hoc wheel-soil interac-
tion tests it was then estimated that effective wheel slip was less than 2 —3%
on flat Moon surfaces. Hence, it is disregarded in this framework.

Consider the traverse parameters described in the first line of Table 7,
where EVA T is analyzed with Soil B model. The total power required from
the battery in a steady speed condition on a flat surface is plotted in Fig. 9
as a function of speed (see black symbols). Estimated range as given by
Eq. (25) is also reported for C' = Coger = 17.4 Ah. A best range condition
exists, where U, = 11 km/h, P, = 487.1 W, and z3, = 10.34 km. Tt
can be noted that Uy, lies outside of the operative LRV speed range. As a
matter of fact, the maximum is “flat”, meaning that large variations of LRV
speed are necessary for locally marginal gains in terms of expected range.
Results are also provided, in the same plot, for a different selection of soil

model parameters, representative of regional variations of soil mechanical
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Figure 9: LRV performance during EVA 1 for different soil models.

properties (see gray symbols). In such a case, valid for Soil LSS;-8, wheel
sinkage reduces to z = 0.18 in and a performance improvement occurs for
the same current consumption. The best range speed remains substantially
unaltered (U, = 11.1 km/h), while battery power reduces to Py, = 432.0 W,
and the best range increases to xj, = 11.8 km. Finally, if U = 9.5 km/h, as
in EVA I, the range becomes z = 11.72 km.

5. Conclusions

Performance of an electrically-powered exploration rover is discussed by
means of a novel integral formulation for constant-power battery-discharge
process. Performance is analyzed as a function of cruise speed and the best
range driving strategy is identified as a function of relevant vehicle parame-
ters, soil mechanical properties, and atmospheric data. Results are compared
with those available in the literature, based on constant-current discharge
models, and validated by numerical simulations and experimental tests on a

small-size terrestrial rover powered by Li-Po batteries.
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Particular attention is given to the application of the proposed method
to performance analysis of the Lunar Roving Vehicle, used in the last three
Apollo missions for Moon surface exploration. Based on available vehicle
data, post mission analysis, and a detailed characterization of lunar soil me-
chanical properties, the required battery power is accurately evaluated as
a function of speed for the different Extra Vehicular Activities performed
during the Apollo 15 mission.

The principles developed for the determination of best-range conditions
are of general validity. Hence, the effectiveness of the proposed approach
and the simplicity of the experimental setup prove to be encouraging for
improving the preliminary sizing methods of electrical vehicles of any size

and task for future missions, under the assumption of constant speed.
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