Energy-Optimal Velocity Profiles for Car-Like Robots

Pratap Tokekar, Nikhil Karnad and Volkan Isler

Abstract— For battery-powered mobile robots to operate for travel is fixed. However, this solution does not incorporate
long periods of time, it is critical to optimize their motion so any bound on maximum velocity of the robot. In [4], they
as to minimize energy consumption. The driving motors are a propose a rotational trajectory planner that minimizesethe
major source of power consumption. In this paper, we study . .
the problem of finding velocity profiles for car-like robots so as ergy con§umptlon. Thgy do not present. a systematic method
to minimize the energy consumed while tra\/e”ng a|ong a gNe to Comb|ne the SO|utI0nS fOI’ translat|0nal and rOtatlonal
path. trajectories. Thus, it is not clear if this approach yielas a

We start with an established model for energy consumption gptimal solution. Wang et al. [5] studied the problem of
of DC motors. We present closed form solutions for the finging a minimum energy trapezoidal velocity profile. As

unconstrained case and for the case where there is a bound . . L . .
on maximum velocity. We also study a general problem where W& will show shortly, trapezoidal profile itself is not optin

the robot's path is composed of segments (e.g. circular arcs iN terms of total energy consumption. In addition, they too
and line segments). We are given a velocity bound for each do not consider any upper bound on the velocity of the robot.
segment. For this problem, we present a dynamic programming  Further, their technique is only applicable for turn-iraqe-

solution which uses the solution for the single-constraintase 4y _forward type of motion for differential drives, and is
as a subroutine. In addition, we present a calibration methd . i
not experimentally verified.

to find model parameters. Finally, we present results from

experiments conducted on a custom-built robot. The rest of the paper is organized as follows: After
presenting the formal problem statement and the energy
|. INTRODUCTION model in Section I, we present a calibration procedure for

In this work, we study the problem of energy efficient navestimating the parameters of the energy model in Section IlI
igation. Specifically, we focus on car-like robots powergd b The optimal velocity profiles with and without a maximum
DC motors. It is well-known that the energy consumption ofrelocity bound are derived in Sections IV and V respectively
a DC motor depends on the angular velocity and acceleratiohhe application of these results to compute the velocity
We study the problem of computing the velocity profile of gorofile over an entire path composed of multiple segments is
robot so that it consumes a minimum amount of energy tpresented in Section VI. Experiments on our custom-robot
travel along a given path. are presented in Section VII. We conclude with a discussion

Even though energy efficient navigation is a fundamentain the utility of our results in Section VIII.
problem, it has received very little attention, and a com-
prehensive treatment is missing. Existing literaturetidels Il. PROBLEM FORMULATION

the work of Sun and Reif [1] who consider the problem \we are given a pathl along which the robot moves. Lét

of computing the optimal path over a terrain. Under thee its total length. Since the motion of the robot is restdct

aSSUmption that the friction coefficients are known acrosp II, we can represent the instantaneous position by a Sing|e

the terrain, they show how to compute a path that requirgsarameterz(¢). The forward velocity and acceleration of the

minimum energy to overcome frictional forces. This workrobot are represented byt) anda(t) respectively. We define

generates the path but does not yield an optimal velocithe state of the robot bX (1) = [2(t), v(t)]T. The state

and acceleration profile. In this sense, it is complementagyynsition equation can be written Xt) = [v(¢), a(t)]T.

to the present work. The problem we address in this paper is to compute the
In order to compute the velocity and acceleration profilesvemcity profile,v(t) of the robot alondgI which minimizes

power consumption needs to be modeled. Mei et al. [3he energy consumption for motion. We start with the energy
model the power consumption as a sixth-degree polynomighnsumption model in the next section.

of the robot’s speed using experimentally collected data.
However, their model does not incorporate acceleratiol. Energy Model
More importantly, they use this model to compare velocity
profiles but do not address the problem of computing an

optimal profile. o . . L .

. . . _ . ) ergy dissipated in the resistive winding, the energy reslir
Kan tand K'm [3] fm? t_he;]tolptlmal r:/eloct:rl]ty tprtoTI?. fort to overcome internal and load friction and the mechanical
a robot moving on a straignt fine, when ihe total ime Opower delivered to the output shaft. The instantaneous cur-
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We use the model described in [6] for energy consumption
a brushed DC motor. This detailed model considers the en-

dw(t)
dt

1)



and the voltage(t) across the motor is given by, The solutions forProblems 1, 2and 3 are presented in
Sections IV, V and VI respectively. We begin by describing
the calibration procedure to determine the model parameter

wherew(t) is the angular velocity of the motoK i and K1 lIl. CALIBRATION
are back-EMF and torque constarity; and7}, are internal

e(t) = i()R + Kpw(t) @)

o . ; . In this section, we describe a simple procedure to find
and load frictional torqued); is the internal damping force the energy model (Equation 3) of the robot for a given

and /), and.J; are motor and load moments of inertia. . .
oM e L : . flat surface. We use a custom-built robot (see Figure 1) for
Since linear velocity of the robot and angular velocity . S .
. - experiments. The robot is driven using two DC motors whose
of the motor for a car-like robot are proportional to each

. . . output shafts are connected together. It has car-likeistger

other, we can rewrite Equations 1 and 2 to yield the ener . .

. ) ontrolled by an independent servo motor. Separate bedteri
consumption can be written as,

are used to drive the DC motors and power the rest of the
ts . electronics on the robot.
E= [e(t)z(t)}dt.
0

_ /O ' [e102(0) + ex0?(1) + eso()
+ca +csa(t) + cﬁv(t)a(t)} dt.

where constantgq,...,cg are combinations of the motor
parameters, and(¢) and a(t) are the linear velocity and
acceleration of the robot obtained fran{t) and the radius
of the wheel. When the initial and final velocity values are thFig. 1. Left: Custom-built robot used in our experimenight: Attopilot
same forII, the net contribution by the terms Correspondingoltage and current measurement circuit from SparkFuntileics.

to ¢5 andcg is zero. Hence, we can rewrite the energy model

as,

A. Experimental Setup

E— /tf [cla2(t) +eav®(t) + csu(t) + caldt. (3) Our r_nethod .utilizes a simple current and voltage measure-
0 ment circuit (Figure 1) connected between the output of the

The constants:, ..., cs depend on the motor parameteré“mor driver circuit and the motor. This circuit measures th
which in turn depend on the robot design and the surface Gyment flowing through and the voltage across the motor.
which the robot is moving. These parameters can be obtain&§€ linear velocity of the robot is measured using an optical

using the calibration procedure presented in Section 11, €ncoder installed on one of its wheels. In the calibration
procedure described next, the steering of the robot is set so
B. Problem Statement that the robot moves in a straight line.

Recall thatIl is a path of lengthD. The energy con- B. calibration Procedure
sumption for a velocity profile(t) traversingIl is given by
Equation 3. The final time; can be fixed or kept free. We
study three problems of increasing generality. For each of(t) = by 4+ bov(t) +bsa(t), e(t) = by +bsv(t) +bga(t) (4)
the problems, the objective is to minimiZe subject to the
constraints given below:

We can write Equations 1 and 2 as,

where by, ...,bg are linear combinations of the internal
parameters of the motors. The calibration procedure tambta
Problem 1: There is no bound on the maximum velocity ofthe energy parameters consists of the following steps:

the robot. The robot starts from and returns to rest i.e., the STEP 1: Move the robot at a constant velocity{;)
initial and final boundary conditions are given@ad) = 0, for some time interval. Log the current and voltage across
v(0) =0, andxz(ty) = D, v(ty) = 0. the motor. Repeat for different.; values ranging from the
minimum to the maximum achievable velocity for the robot.
Figure 2(a) shows some of the actual profiles obtained during
calibration foruvg.; from 0.5m/s to 2.5m/s.

STEP 2: Compute the average current and voltage for
each of the above trials disregarding the initial accelenat
Problem 3: II consists of N segments made up of straightphase. Using Equation 4, we can find the paramétgrs.,
lines and curves. There is a separate velocity bound for eakh and b5 using least-squares linear fitting to the data (see
segment. For each segmeénive are given the velocity bound Figure 2(b and c)).

vm (i) and the distance to traveD(:), 1 < i < N. The STEP 3:To find the remaining two termis; andbg in the
objective is to find the optimal velocity profile over the eati model, we program the robot to move from rest at various
pathTI. The robot starts from rest and returns to rest at theet acceleration values,.; for some interval of time (see
end of the path. Figure 2(d)).

Problem 2: The maximum velocity of the robot ovdl is
bounded byv,,, i.e., v(t) < v, for 0 <t < t¢. The initial
and final velocities of the robot can be non-zero, é0) =
vo andu(ty) = vy subject tovy, vy < vp,.
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Fig. 2. Figures obtained during calibration on the corridorface. Left to right(a) The robot initially accelerates from rest to various sebwity values.
The average current and voltage is computed for the regicerevthe robot has reached.: (STEP 1).(b) Current consumption as a linear function of
the velocity, when the motor is not accelerating (STEP(@).Voltage applied to the motor as a linear function of the vigfpavhen the motor is not
accelerating (STEP 2Jd) Calibration procedure to determine the parameiein the energy model. The robot is accelerated with variotisseeleration
valuesase+ While logging current and voltage values (STEPS 3 and 4).

STEP 4: Compute the values @f andbg by substituting and states to get,
aser @andby, b, by andbs values obtained above in Equation 4

and taking the average of all the readings. a”(t) = ks1e™ — kispe™™ 7
STEP 5: Finally, the required parameters, ..., cs in the vt (t) = s1eft + spe Rt — (03 + 33) 8)
model used throughout the paper (Equation 3) can then be 2¢
calculated asy = bsbg, co = babs, c3 = bibs + baby, and « slekt Sge_kt c3 + S3
a4 = byby. z(t) = P ( 20, )t+84. 9)
Using the above procedure, we calibrated our robot on
a building corridor surface. The parameters obtained aftéfherek = \/% andsy,..., s, are constants.
calibration were:c; = 17.75, co = 1.16, c3 = 10.46 We can solve forsy, ..., s4 in terms of the final time ;
and ¢, = 4.70 Sl units The rest of the paper uses theseédy substituting the boundary conditions givenRroblem 1
parameters for illustrations. for v*(t) andz*(¢). We obtain,
§1 = — DFk So = s1eM
IV. OPTIMAL UNCONSTRAINED VELOCITY PROFILE ! kty+ ekts (kty —2) + 2’ 2 ! ’
51— 82
In this section, we present the solutionReoblem 1 We s3=2c1(s1+82) —¢3, s4=——p—. (10)

first state the necessary conditions and present the close
form solution for the optimal velocity profile. Then, we
discuss and provide insights for the structure of the odtim
profile. Finally, we compare the optimal profile with the . o [((14 eFts — (ekltr=t) 4 ckty)
commonly-used trapezoidal velocity profile. Due to space V' (t) = Dy/— ( Kty + ekt (kt; —2) + 2 ) (11)

constraints, we omit some proofs in this conference version . o . )
and direct the readers to the technical report [7]. Since the final time is free, it can be solved for using the

additional boundary condition (known as the transverngalit
condition) given by,

dBy substituting in Equation 8 we obtain the optimal
é{elocity profilev*(t) in terms oft; as,

C1

A. Solution toProblem 1

H(X*(tg),a*(ts), \*(ts),t7) = 0. 12
When there is no bound on the maximum velocity, the (X2 (tp),a(tp), A"(01), ) (12)
Hamiltonian [8] for this problem can be obtained as, Substituting Equations 7-9 and 10 above results in,
H(X(t), a(t), A(t),1) = c1a(t) + ex?(t) + eso(t) (D2 4+2)(1 =) 4 [Zhty (14 ) =0, (13)
1 1

+cqg + A (t)v(t) + Aa(t)a(t) (5
“ 1(tp() 2(falt) () which is an equation in single variabte (all other terms

where A (t) and \»(¢) are the Lagrange multipliers and @€ constant) and can be _solved using any solve_rs. (We
acceleratioru(t) is the control. used MATLAB’s sol ve function). Alternatively, if the final

The three necessary conditions for(t) to optimize the time is fixed, we can directly substitute this given value in

N : . Equation 11 to findv*(t).
Hamiltonian for all timet € [0, ¢ /] are given as, . . . .
0, ¢] g Figure 3 shows the optimal velocity and the corresponding

OH .« OH OH optimal control profile obtained for traveling distances of
ax A O=—ox 0=5- (6) 5, 35, 70 and 100m using Equation 11. It is worth noting
that the optimal profile reaches the same peak velocity and
Applying these necessary conditions, we can solve thaoes not go faster even if the distance to travel increases.
resulting partial differential equations for the optimahtrol This peak velocity value represents the energy trade-off

X*(t) =



Optimal Velocity Profil: i 3 i i . . . .
pmal Velocl Frofie 2 Opimalvs. Opimal Trapezoidat by the unconstrained solution i.ey, > . :% The details

are presented in [7]. Additionally, when the distance todta
19 L D is so small that the velocity profile does not change much
. (see Figure 3 whe® = 5m), unconstrained solution would
be feasible and hence, optimal.

The analytical solution presented for the unconstrained
form was derived for zero initial and final velocities. By
following a similar process, we can extend this to non-zero
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Fig. 3. Left The optimal velocity profiles for distancep —  Initial and final values to get,

5,35,70,100m have a similar structure reaching the same peak velocity ke ke
att = ty/2. Right: Comparison between optimal trapezoidal profile and 5 — (Uo - Uf)(l —e " — ktf) + Dk(l —e f)
general optimal profile. The general optimal profiles gasmgér savings 1 ektf(Q _ ktf) 4 efktf(Q 4 ktf) 4 ’

during accelerations and decelerations.
(vo —vy)(1 — eFts + ktp) — DE(1 — e¥tr)

Rt (2 —ktp) e R (24 ktp) —4
S1 — 82

S9 =

between moving faster (and consequently for a lesser time) 5 B 14
and moving slower (and for longer times). s3 = 2c1(s1+82) —¢3 —vo, s = - 14

k
Figure 3 shows the general optimal profile and optl—CASE 2: Unconstrained solution violatas(t) < v,

mal trapezoidal profile computed for traveling a distance . : : .
of D — 50m. The general optimal profile we compute In this case, the solution consists of unconstraiged

gains higher savings with respect to the trapezoidal pr(ﬁy(te)thzrvgggo?:sr C%?::Sra_:%eedoart?i;f glu?ogm% d(s),l[nsg a
file while accelerating and decelerating. For example, thlé)g c ph ) pum ) - d
optimal profile yields1.94% savings when travelingm, —C—U sequence havingorner pointsat timest = ¢, an
while the savings drop 16.32% when D = 100m for the © . (/!> along with its degenerate casee—C,C~U,C)

parameters calculated on our custom robot. These figures X\L en either or both of, and¢, equal to 0. This can be

highly system-specific. In situations where the robot has @ own easily by proving that all other sequences consume

frequently stop, following an optimal profile would result0"® etnzrgy t?an & — C — U sequence. The full proof is
in more energy savings and a longer lifetime. The velocit{?resen ed in [7].

profile computed in this work is guaranteed to minimize the We now show hOV\_’ _to obtain the solution for th|s case
energy consumption for the stated assumptions. in closed form. Specifically, we show how to obtaii(t)
for the unconstrained and constrained arcs and compute the

V. GENERAL SOLUTION INCORPORATING MAXIMUM corner pointst; andty — to.
VELOCITY BOUND

The optimal profile given in Section IV does not satisfyB' Solution

any bound on the maximum velocity imposed by the physical We begin by writing the velocity constraint in the form of

limitations of the robot. In this section, we solve for thestate inequalityS = (v(t) — v,,) < 0. The state inequality

optimal velocity profile with a bound on the maximumS is converted into a control equal_itﬁ(l) and interior

achievable velocityv(t) < wv,,. Additionally, the initial point constraintG by differentiating S once, leading to

and the final velocities of the robot can be non-zero i.e§®) = 9(t) = v and G = £(v(t) — v,,). The Hamiltonian

v(0) = vy andv(ty) = vy subject tovy, vy < vp,. is augmented with the control equality constraint between
In the energy model, we assumed that the initial anfi1,t; —t2] and is given by = H + u(t)a(t), wherepu(t)

final velocity are the same. Hence, the resulting profile froris the slack variable associated with the control constrain

Problem 2 when initial and final velocities are different and H is given by Equation 5.

would not be energy-optimal. However, such a case is only The three necessary conditions given in Equation 6 are

used as a subroutine for solving part Bfoblem 3 In used to obtain the optimal profile in the time interj@l¢, ]

Problem 3 the first and the last segments have zero initial ana@nd|t s —t2, t/]. On the constraint boundary, i€ [ti,t;—

final velocities respectively, and hence the resultingtsmiu ¢-], the following necessary conditions must hold,

obtained by usingroblem 2as a subroutine remains optimal. . . .

We now derive the analytical solution f@roblem 2by first X*(t) _ 8_H X*(t) _ 6_H 0= 6_H

discussing the possible structures of an optimal profile. oA oX da
Additionally, on the two cornerst (= ¢, t =ty —t2), the

following conditions must hold for the optimal solution [9]

(15)

A. Structure of optimal profile

Depending on the value af,, and D, the optimal velocity .
profile can belong to one of the following two cases: o _ oG I oG
CASE 1: Unconstrained solution does not violatg) < v,, H(t7) = H(ty) + ot , ) = Alty) - X .

In this case, the optimal velocity profile computed in PRV R '
Section 1V is a valid solution for the constrained case. This H(t t2)+) = Ay t2)_ )
can happen when,, is larger than the peak velocity reached A((ty =t2)7) = A((ty —t2)7) (16)



Using these conditions, we can solve for the optimal VI. OPTIMAL PROFILE OVERMULTIPLE SEGMENTS
the off-boundary exponential curves and timigst; andés.  the problem of finding an optimal velocity profile over a
The optimal velocity profile is given by, path consisting ofV segments (see Figure 5). Depending on
st (ekt 1 ek@h—t) _ (1 + 2kt )) + 0, the s_urface on wh|ch a c_ar—hke _ropot operates, the maximum
feasible speed without either slipping or overturning facte

O=st<th segment will depend on the radius of the segment. Hence, for
vi(t) = vm, ti1 <t<ty—ty each segment, we fix a maximum allowable veloaify(i)
sp (e7hlbr=t=2t2) 4 eklty=t) _ (1 4 ¢%kt2)) 4 y;,  and are given a distand@(i), 1 <i < N to travel.
tp—ty <t <ty The robot initially starts at and returns to rest, ig(l) =

(17) 0andvy(N) = 0. The velocitiesi (i) andv (i) can be non-

We can obtain the values of these constants and tim&gro for all other intermediate segments. We can compute the
using the initial and final conditions, the transversaline Ooptimal velocity profile for a given segment, if we know the
dition given in Equation 12, and the interior point consttai vo(i) andwv (i) that the optimal velocity profile uses.

v*(t) = v inty <t <ty —tyto give,

Optimal Velocity Profile

g1 = _M So — — (vm — v5) 0.5m, 0.2m/s o
L= (eFti —1)2” 2= (eFtz —1)2’ o7
1 cq + cav? — 2cov9v fos
ty = — ln( 4 Colm, 22 07m 6m, 0.8m/s 6m, 0.8m/s Zoa
k cq — CoV2, s,
1 0.2
2(covm (s — cavUm) (Vm — 0)) 2 ) y
¢y — U2, ’ Im, 0.4m/s o5 5
1 cq + CQU; — CoUf U,
bty = E ln( 2 Fig. 5. Left: Typical path for a robot composed of two straight line
Cq4 — C2Vp,

. (18) segments and two turns of different radii. Segments haerdift maximum
2(caUm(cqa — CQUfUm)(Um — Uf))§ allowable velocities, depending on their radRight: Optimal velocity
) profile with different bounds for different segments. Theegi path consists
of 4 segments with bounds,, = {0.8,0.2,0.8,0.4}m/s and distances
{6,0.5,6,1}m

+

cq — Cov2,

The final time can then be calculated by using the totdl =

distance to travel and the distances traveled in the two | . Vinae be the maximum offv,, (i), Vi} over all seg-
exponential curves.

ments. We then discretize the velocity space at the segment
oty —ta) — x* (1) boundary intoM equal partitonsy® = £ V,,,,.0 <k <
tp=titizt . ' M. Let C(v® i) be the cost to reach the velocity®) at
the i*" segment boundary. L& (vo, v, vs) be a function

which gives the energy consumption for an optimal velocity
profile in a segment starting withy and ending withv¢. If

Optimal velosiy Profle Optimal Velocity Profil eithervy > v, or vy > vy, then the function returns the
v cost asE(vy, vm,vy) = co. We can then use the following
14 recurrence for theé!” segment boundary and< k < M:

B) 5\ —  mij @ ; — ©) N k)
C(v ,Z)—OglgnM(C(’U yi—1)+ E(Y o (1), v ))

It is easy to see that ifip or vy is equal tov,,, thent; =0
or to = 0 respectively.
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Fig. 4. Left: Optimal Velocity profile obtained for maximum velocity . . .
boundv,, = 1m/s. Right: Optimal velocity profile withvy = 0.8m/s, ~ The solution can be obtained by backtracking from

vm = 1m/s andvy = 0.1m/s for traveling 25m. C(v®, N) and finding optimal segment boundary velocity
values. The optimal velocity profile can then be constructed
Figure 4 (left) shows the optimal velocity profile obtainedusing these optimal boundary velocity values to find individ
for traveling a distance at5m with the maximum velocity ual segment profiles.
bound set tov,, = 1lm/s and vy,vy = 0, along with Figure 5 (right) shows the optimal velocity profile obtained
the corresponding solution when there is no constraint amsing above dynamic programming for a path consisting of
the maximum velocity. Figure 4 (right) shows the optimald segments. The velocity bounds for these segments are
velocity profile obtained for the traveling a distance26tn, v, = {0.8,0.2,0.8,0.4}m/s. This solution is optimal up
with velocity boundwv,, = 1m/s and initial and final to numerical precision along the segment boundaries only
velocitiesvy = 0.8m/s andv; = 0.2m/s respectively. and exact everywhere else.



VII. EXPERIMENTS Figure 7 shows the optimal, slower and faster velocity
profiles executed by the robot in the corridor. The optimal
To test the validity of our results, we performed ex-profile computed is also shown in Figure 7 as dashed. Table |
periments using our custom robot. The experiments wekhows the comparison of the energy consumption for all
performed on the smooth corridor surface for which the robake trials conducted. As we can observe, the optimal profile
was calibrated. We first computed the analytical solutian focgnsumes lesser energy than the two sub-optimal profiles.

was then sampled at0Hz and values were stored in a distance traveled increases.

lookup table.
TABLE |
ENERGY CONSUMPTION DURING EXPERIMENTS
| D (m) | Eupt(J) | Eslow(J) | Efast(J) |
T ST 20 296 303 319
ol ; E 45 656 694 696
£ | h
Eue—:. \‘I ' .“
; : 3 VIII. CONCLUSION
o (R £ Al 8 " "; In this work, we studied the problem of computing a
' velocity profile for a car-like robot so as to minimize the
Time in secs energy consumed while traveling along a given path on a
, _ _ _ _ flat surface. We presented closed form solutions for two
Fig. 6.  Optimal velocity profile executed by the robot for tiple

cases: no constraints on the robot’s speed, and a single-uppe

bound on the speed. We also studied a general case where
the robot’s path is composed of segments and we are given
a speed upper-bound for each segment. For example, the

Figure 6 shows the optimal profile computed using theobot’s path can be composed of circular and straight-line
dynamic programming solution presented in Section VI, fosegments. When the robot is following the circular sub-path
three segments with distancés= 10m, 3m and10m and the maximum speed it can achieve can be less than the
maximum velocity constraints as, = 1m/s, 0.2m/s and maximum speed for the straight component. These bounds
1m/s. The computed velocity profile is shown as a dasherthay vary depending on the surface properties. For this
curve. The total energy consumed over the entire profilgeneral case, we presented a dynamic programming solution
was 595.J. As can be seen, the actual profile executed hashich builds on the solution for the single-bound case.
small deviations arising due to noise and disturbances®n th In addition, we presented a calibration procedure for
surface. In this work, we pre-compute the optimal trajectorobtaining robot’s internal parameters related to energy co
for the robot. A useful extension to this could be to desigsumption. We demonstrated the utility of the calibration
an optimal velocity feedback controller which minimizeg th procedure and the algorithms presented in the paper with
energy consumption. experiments performed on a custom-built robot.

We compare the energy consumption of our optimal profile
with two commonly-used trapezoidal profiles. The maximum o L o
speeds for these profiles are chosentas/s and 2m/s, () fSunand % Ref, (o0 fdng eneroy.minimizing paths rrans,
so that the robot covers the same distance taking more apg v. Mei, V. Lu, Y. Hu, and C. Lee, “Energy-efficient motionianning
less time than the optimal respectively. We perform these for mobile robots,” inlEEE International Conference on Robotics and

. Automation vol. 5, 2004.
comparisons fo) = 20m and D = 45m. [3] C. Kim and B. Kim, “Minimum-energy translational traj@cy gener-

ation for differential-driven wheeled mobile robotggurnal of Intelli-
gent and Robotic System#l. 49, no. 4, pp. 367-383, 2007.

[4] ——, “Minimum-Energy Rotational Trajectory Planning rfo
Differential-Driven Wheeled Mobile Robots,” inProc. 13th Int.
Conf. on Advanced Robotic2007, pp. 265-270.

[5] G. Wang, M. Irwin, P. Berman, H. Fu, and T. La Porta, “Optimg
sensor movement planning for energy efficiency,Pimceedings of the
2005 international symposium on Low power electronics aesigh
ACM, 2005, p. 220.

segments. The dashed curve shows the optimal profile cothsieg the
dynamic programming solution for segments with = 10, 3, 10m and
maximum velocity constraints,, = 1,0.2, 1m/s.
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