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ABSTRACT Legged robots have demonstrated significant achievements in recent years. Some legged
robots have considerable flexibility and movement abilities. However, certain obstacles restrict the practical
application of legged robots, such as their high energy consumption. The energy consumption of a legged
robot is significantly higher than that of a wheel robot of the equivalent size for the same walking distance.
Reducing the energy consumption of legged robots is important for their practical application and further
development. This study proposes a quadratic-programming force-distribution controller, which minimizes
the energy consumption of hexapod robots. The controller reduces the energy consumption by optimizing
the instantaneous power of the robot at each time step. In a simulation environment, the proposed method
reduced the energy consumption by up to 9.43% and 6.30% in flat terrain and sloped terrain, respectively,
compared with two other methods. In hexapod robot experiment, the proposed method can reduce energy

consumption by 5.72% compared with position control.

INDEX TERMS Energy consumption, force distribution, hexapod robots, legged robots, optimization.

I. INTRODUCTION

With the rapid development of mobile robot technol-
ogy, many types of robots have been produced, including
wheeled [1], legged [2]-[4], and tracked [5] robots. Com-
pared with wheeled and tracked robots, legged robots are
more suitable for walking tasks in rough terrain, but are
also more complex and difficult to control. In recent years,
research on legged robots, including on their structure and
control, has seen tremendous progress. ANYmal is equipped
with an SEA (series elastic actuator) drive in each joint,
and is fully torque controllable [3]. It can execute walking
gaits, dynamically trot at a moderate speed, and perform
special maneuvers to stand up or crawl up very steep stairs.
Cheetah 2 achieved efficient trotting in planar experiments,
and high-speed dynamic bounding using a bounding con-
troller [6], [7]. This robot also has the ability of traversing
cluttered environments [8]. The latest version of cheetah 3 is
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demonstrated by a low Cost of Transport (CoT) over multiple
gaits at moderate speeds, with the lowest CoT of 0.45 found
during trotting [9]. However, there are theoretical problems
that restrict the application of legged robots. In particu-
lar, compared with other types of robots the high energy
consumption of legged robots significantly restricts their
application.

Researchers have employed various methods to reduce the
energy consumption of legged robots, including, a) designing
a special robot structure that can reduce the energy con-
sumption [10], [11], b) optimizing the gait parameters [12],
¢) optimizing the foot contact force [13], [14] and d) planning
energy-efficient trajectory for irregular terrain [15]. Roy et al.
studied the influence of the gait parameters of robots on the
energy consumption. Their contact-force distribution algo-
rithm is a pseudo-inverse algorithm, and the contact variable
is the joint force or contact force. To compare the energy con-
sumptions of the two distribution methods, they established
an energy-consumption model for a hexapod robot [13].
The energy-consumption model of the hexapod employs a

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 5393


https://orcid.org/0000-0002-8351-5178
https://orcid.org/0000-0002-6501-656X
https://orcid.org/0000-0003-2432-8329
https://orcid.org/0000-0002-3616-1266
https://orcid.org/0000-0002-1304-3988
https://orcid.org/0000-0002-1708-4197
https://orcid.org/0000-0003-3627-0232

IEEE Access

G. Wang et al.: Minimizing the Energy Consumption for a Hexapod Robot

piecewise function. This is because the joint of a direct-
current (DC) motor is an energy-consuming component,
which cannot store energy when performing negative work.
The objective of the present study is to design an optimal
force controller according to this energy-consumption model.
Gonzalez et al. established a DC-motor energy-consumption
model to optimize the energy consumption of a hexapod
robot [14]. In their study, gains from power regeneration
by the DC motors were not considered in the optimization
problem. Kar et al. utilized sequential quadratic program-
ming (QP) to determine the foot force distribution to mini-
mize the energy consumption of a walking robot [16].

Due to overconstraint of hexapod robot, the robot can
produce internal forces between the contact points which
has no influence on the robot acceleration. By using only
position control without force distribution, the joint torque
is easily out of range and the mechanical structure is easily
to be damaged, the contacted foot is more likely to slip with
the ground. The force distribution algorithm can solve these
problems and effectively improve the performance of the
hexapod robot: increase climbing angle, maintain dynamic
stability, and avoid foot slip in the rugged terrain, etc.

Conventional force-distribution methods can be roughly
divided into two categories: the pseudo-inverse and optimiza-
tion methods. The former is a common method for solving
the redundancy problem. It has a high calculation speed,
and is very suitable for real-time control of legged robots.
Jiang et al. introduced a friction duty factor pseudo-inverse
formulation for the real-time control of the foot-force dis-
tribution of multi-legged walking machines to minimize the
risk of foot-slip [17]. Hyon et al. calculated the external force
applied to the body to ensure the dynamic balance of a biped
robot called SARCOS [18]. Subsequently, they employed the
pseudo-inverse method to distribute the desired external force
over the contact feet. Mistry et al. obtained an analytically
correct solution using orthogonal decomposition to project
the robot dynamics onto a reduced dimensional space, inde-
pendently of the contact forces [19]. They calculated the
control torque via the pseudo-inverse method, to achieve the
inverse dynamic control of a biped robot.

The optimization method represents an alternative force
distribution method. As the controller calculation speed
increases, legged robots increasingly employ optimiza-
tion algorithms to solve the distribution problem [20].
Most of these optimization problems are transformed into
convex optimization problems. Galvez et al. proposed a
force-distribution algorithm based on the static equilibrium
equation for the SILO4 quadruped robot [21]. The inequality
constraints of the algorithm include friction-cone constraints
and joint-torque limits. Righetti ef al. developed an inverse-
dynamics controller for floating-base robots under contact
constraints. This controller can minimize any combination
of linear and quadratic costs of the contact constraints and
commands [22]. Their method can guarantee the minimiza-
tion of the contact forces to reduce slipping on difficult
terrains, while ensuring a strong tracking performance for
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the desired motion. Vaillant et al. proposed a multi-objective
QP controller for the humanoid robot HRP-2, which can
climb vertical industrial ladders [23]. Hutter ef al. demon-
strated that the behavior of a complex robotic machine can
be described by a set of least-squares problems with dif-
ferent priorities, including motion, torque, and force opti-
mization [24]. They described a legged robotic system as
simultaneously executing multiple tasks that can be classified
into three categories: motion, joint-torque, and contact-force
tasks. Siyuan et al. designed a real-time walking controller
for a three-dimensional full-size humanoid robot with online
optimization [25]. The low-level controller solves the full-
body floating-base inverse dynamics by formulating them as
a quadratic-programming problem, and the high-level con-
troller guides the robot using trajectories that are optimized
online using simplified models. For the low-level control,
they employed an inverse-dynamics approach to identify the
torques that best satisfy the desired motion. Focchi et al.
proposed a planning/control framework for the quasi-static
walking of quadrupedal robots, which was implemented for
a demanding application in which the regulation of ground
reaction forces was crucial [26]. The motion-control module
was a QP controller. Experimental results indicated that a
75 kg quadruped robot (HYQ) was able to walk between two
highly sloped (50°) V-shaped walls. Grandia et al. proposed
a new formulation for learning the dynamics of legged robots
performing locomotion tasks that could improve the tracking
performance of HyQ [27].

Although the aforementioned force-distribution algorithms
have been verified through simulations and experiments,
they have not targeted the energy consumption. This study
focuses on the problem of the energy consumption of
hexapods, aiming to reduce the energy consumption via the
force-distribution method. The contributions of this study
are summarized as follows. 1) We derive an instantaneous
power model for hexapod robots, based on a single-DC motor
energy model. According to the instantaneous power model,
a new inverse-dynamics optimization controller is proposed,
which can reduce the energy consumption of hexapod robots
by optimizing the instantaneous power. 2) We develop a
hexapod-robot control framework, in which the optimization
controller is embedded in the hexapod robot for real-time
control.

The remainder of this paper is organized as follows.
Section II describes the construction of the rigid-body
dynamics model for hexapod robots. In Section III, the energy
optimization algorithm is presented, and the efficiency of the
proposed algorithm is analyzed via a numerical simulation.
Section IV introduces the control architecture of the simu-
lated hexapod. Section V discusses the results of simulation
experiments, and finally the conclusions are presented in
Section VI.

Il. INVERSE DYNAMICS OF HEXAPOD ROBOTS
A schematic of the mechanism of a hexapod robot is pre-
sented in Fig. 1, where ) 5 and ) 5 denote the body
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FIGURE 1. Mechanism of a hexapod robot.

coordinate and reference ground coordinate, respectively.
The six legs around the body are denoted by LF (left-front)
leg, LM (left-middle) leg, LH (left-hind) leg, RF (right-front)
leg, RM (right-middle) leg, and RH (right-hind) leg; and A;,
H;, and K; denote the root, knee, and hip joints of the i leg,
respectively. The rigid-body dynamics model for a hexapod
robot of this configuration can be expressed as

Mg+h=5S"t 472, ()

where ¢q is the vector of joint positions and base positions
and orientations; M is the inertia matrix; & is the sum of the
gravitational, centrifugal, and Coriolis forces; S is a selection
matrix, whose top six rows are zeros and correspond to the
floating base, with the remainder being an identity matrix;
T is the vector of joint torques; A is the vector of k lin-
early independent constraint forces; and the support Jacobian
Jeo = [Jp Jr] is the Jacobian matrix for all contacts. The
Jacobian has two forms: J, is the robot-body Jacobian matrix,
and J, is the robot-joint Jacobian matrix.

The leg of a hexapod robot has a 3R configuration, and the
foot is a spherical hinge that can bear ground contact forces
but does not bear contact torques. The dimension of J . is 3u,
where u is the number of supporting legs. To achieve static
and stable walking, the hexapod robot must ensure that the
number of contact feet is >3 at each time step. According to
Table 1 [24], n. > 3, which is the degree of overconstrained
for hexapod robot. Thus, the robot is an over-constrained
system at each time step. There are an infinite number of
solutions for 7 that achieve perfect tracking of §,. Thus,
the joint torques can be used for optimization and distribution
to improve the performance of the hexapod robot. Given

TABLE 1. Dimensions of a hexapod.

Supporting

number(u) 3 4 3 6
rank(J, ) 9 12 15 18
rank(J, ) 6 6 6 6

ne 3 6 9 12
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the desired generalized acceleration §,;, which is set by the
motion planner, the joint torque can be calculated using the
pseudo-inversion [28], and is expressed as

T = (5,07S")"S, 0" Mg, + hl. 2)

IlIl. ENERGY OPTIMIZATION ALGORITHM

A. ENERGY-CONSUMPTION MODEL FOR

HEXAPOD ROBOTS

The energy consumption of a hexapod robot depends mainly
on the energy consumption of the joints of each leg, as all
joints are driven by a DC motor. Roy ef al. analyzed the
energy consumption of the DC motor of a hexapod robot [13].
The energy consumed by a single motor during a time interval
T is given as

T
E— / UlLdr. 3)
0

where U, is the applied voltage and /, is the armature current.
The behaviors of a DC motor can be explained by the torque
and voltage equations:

T = K;Ia (4)
Ue - Kvgm (5)
dl,

U, =U.+RI, +LE’ (6)

where 1y, is the torque of the rotor; K; is the torque constant;
K, is the voltage constant; ,, is the angular velocity of
the rotor; R is the armature resistance; L is the armature
inductance, because pure inductor store energy in the form of
magnetic field and does not consume any energy, so consider
it to be null [13], [14]; and U, is the induced voltage in the
armature windings opposing the applied voltage. Considering
the transmission ratio and efficiency of the joint, the driving
torque and joint angular velocity can be expressed as

p— T 7
Tm—n_N @)
O = wN (8)
E=/T(U +R1)1dr=fTKvm+/TR—t2

o o o Kin o KZ2nN?
9)

where N is the speed ratio of the transmission mechanism,
w is the angular velocity of joints, and 7 is the transmission
efficiency. The energy consumption of a single joint of a
hexapod robot in the time interval T is expressed as

T Kviw:iTii R:
E,-,-:f <A( WOy L T2 )dr,  (10)
0

Krmj * Kgn?N? Y
where
>0
Ay =17 =0 (11)
0 (x<0).

Rj, nj, Ky; and K7; are the armature resistance, the transmis-
sion efficiency, the voltage constant and the torque constant of
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Jjth joint respectively. w;; and t;; are the angular velocity and
joint torque of ith leg, jth joint respectively. Equation (11)
represents a piecewise function because alternating positive
and negative work occurs in each joint during the walking
process of a hexapod robot. However, the motor is an energy-
dissipating element, and thus the negative work does not
recover the consumed energy [13]. According to (10), the
energy consumption of a hexapod robot in the time interval
T can be expressed as

Kv‘a),“‘l,',“ R;
/ A( ! “>+ i )dt (12)
N 2 2 2 U
ke 1( Krjn; K7n7N;

] J

The instantaneous power of a hexapod robot is determined by
differentiating (12) with respect to time:

6 3
Kvjwijtj Ri
Py (o (B s ) o
i=1 j=1 R

Krjn;

The energy-consumption characteristics are difficult to
compare for different mobile-robot configurations. The unit
mass and unit walking distance are used as parameters for
evaluating the energy-consumption characteristics. Here, this
research employs the cost of transport (CoT) to evaluate the
energy-consumption characteristics [29]. This is expressed as

E; P

CoT = = —, (14)
mgLg mgv

where E; is the energy required for a vehicle with weight
W to travel a distance Ly, P is the consumed power, and v
is the vehicle speed. The CoT is useful for comparing the
efficiencies of different types of vehicles, and it considers the
power consumed per unit mass and unit speed.

B. OPTIMAL FORCE DISTRIBUTION

ALGORITHM CONTROLLER

Because the energy consumption is given by the integral of
the power consumption with respect to time, it is decreased
if the instantaneous power consumption is minimized for
each time step. However, the energy-consumption model for
legged robots is a piecewise function, which does not conform
to the standard form of QP. We expect our algorithm to exhibit
an inverse-dynamics optimization form based on QP [22].
To adopt QP, this section analyzes the energy-consumption
model of the robot and converts it to a quadratic form,
which can be employed as the objective function of the QP
algorithm.

1) ENERGY OPTIMIZATION

For a specific hexapod robot, the mass is constant and the
velocity is set by the motion planner. According to (14),
the energy consumption can be reduced by minimizing the
instantaneous power for each time step. The piecewise func-
tion A(x) in (11) can also be expressed as

Alx) = 1x+ ! |x| (15)
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By substituting (15) into (13), the instantaneous power func-
tion can be expressed as

( |+ K + R./ 2)
2:2: WijTij WijTij T 5 s i) -
i i1 2n;Ky; JKV KTjanj

(16)

Because this function contains an absolute-value function,
it does not conform to the standard form of QP. For ;;, u;; > 0
and v;; > 0 satisfy the following:

|t = wij + vij (17)
Tjj = Ujj — Vij. (18)

If w; > 0, then
|a),-j1:,-j| = wjj(uij + vij). (19)

If w;; < 0, then
|wiTij| = —wij(uij + vij). (20)

According to (19) and (20), the instantaneous power (16) can
be expressed as

b NS (@i Ky o o] Kgv
=> > (aD +AGD)

i=1 j=1 |y~ Ky lwij|” Krmj
Riujj — vij)?
+—(2” g) @)
3 n?N;

This instantaneous power function can be used as the objec-
tive function for energy optimization, and can be expressed as

min P, (22)
where
T T
u E E u u
= (0) (Be)r (%) (0)+e(3) e
w=C- wy ) (24)
v=C(- v _— (25)
g = (a),/ Kyjwi
""u’ K
wjj  Kyjw;j
) ) 2
fws] Ky 2o
R;
R = 2 22 27
Ki,niNj

2) EQUALITY CONSTRAINT

The energy optimization algorithm distributes joint torques
and contacts under the condition that the joint angles and joint
speeds are known. According to the dynamic model of the
hexapod, the equality constraint can be expressed as

7 Jf)(;) = Mi+h. (28)
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By substituting (18) into (28), the equality constraint of the
dynamics can be expressed as

Aeqx = beqv (29)
where
Aeg = (ST =ST JT) (30)
beq =Mg+h (31)
x = (ul vT ATHT, (32)

3) INEQUALITY CONSTRAINT

There are also inequality constraints for describing the com-
plex behavior of legged robots. The inequality constraints of
hexapod robots are discussed in the following.

a: JOINT-TORQUE INEQUALITY CONSTRAINT

The driving torque of the motor of the robot is limited, and
this limitation is related to the motor parameters of the robot.
The actuator constraint can be expressed as

T<71<T, (33)

where T and T are the upper and lower limits of the driving
torque, respectively, which depend on the motor parameters
and the preset safety factor.

b: CONTACT FORCE DIRECTION CONSTRAINT

Because the foot of the hexapod robot cannot grasp the
ground, it can only generate a repulsive force, and cannot
produce traction. The normal contact force constraints can be
expressed as

Fni > 0, (34)
where Fyj is the normal contact force of thei™ contact.

¢: FRICTION-INEQUALITY CONSTRAINT

The contact force of a single leg should be limited to the
friction cone, to prevent slippage at the contact position.
The friction-cone constraint is widely employed in force-
distribution research. It is a nonlinear constraint that is lin-
earized and can be expressed as

CiF; <0, (35)
where
1 L =i
1 -l
-1 1 -
Fi = (Fru, Fryi, Fni)' . 37

where u; is the ith leg’s coefficient of friction. Fry; and Fry;
are the friction force in x and y direction.
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FIGURE 2. The friction cone of a contact foot.

C. NUMERICAL SIMULATION ANALYSIS

ElSpider is an electric-drive heavy-duty hexapod robot devel-
oped by the Chinese State Key Laboratory of Robotics
and Technology of the Harbin Institute of Technology
(Fig. 3) [30]-[32]. The robot adopts a regular hexagonal
arrangement, in which the legs are evenly distributed around
the body and each leg has three degrees of rotational freedom.
The robot is approximately 1.9 mlong, 2.1 m wide, and 0.5 m
tall, and it weighs approximately 330 kg. It has 6 x 3 degrees
of freedom (DOFs), giving a total of 18. The robot has the
following parameters: the radius of the trunk body (0.4 m),
coxa link (0.18 m), thigh link (0.5 m), and shank link (0.5 m).
The mechanical and geometric parameters of this hexapod
robot are presented in Table 2.

FIGURE 3. ElISpider hexapod robot.

TABLE 2. Mechanical and geometric parameters.

Parameter Length (m) Mass (kg)
Body 0.4 121.9
Coxa link 0.18 3.6
Thigh link 0.5 22
Shank link 0.5 7.2
Foot 0.025 0.2

In the numerical simulation, we assume that the robot has
no frictional energy loss, i.e., the mechanical efficiency of
the robot is 100%. In addition, to eliminate the influence
of different motion conditions of the hexapod robot set by
the motion planner, a pre-planned identical trajectory curve
and a constant gait are be employed in the numerical anal-
ysis. This simulation stipulates that the hexapod robot uses
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FIGURE 4. The results for the average power and CoT on flat terrain.
a) Average power. b) CoT.

a triangle gait to walk forward, and the forward distance
of each step is 0.1m. In addition, the foot-end swing tra-
jectory uses a pre-planned cycloid trajectory. This research
employ torque optimization [19] and pseudo inverse dynam-
ics [24] as the comparison algorithms to analyze and com-
pare the effectiveness of the proposed energy optimization
algorithm. Fig. 4 illustrates the energy-consumption charac-
teristics (average power and CoT) of three algorithms for
hexapod robots at different speeds on flat terrain. As shown
in Fig. 4(a), the average power of the energy optimization
method is reduced compared with the other two methods.
The pseudo inverse dynamics algorithm achieves a better
energy-saving effect than torque optimization, but is inferior
to the energy optimization algorithm under the same velocity.
In addition, as the speed increases the power increases for all
the algorithms. Fig. 4(b) shows the CoT for the different algo-
rithms at different walking speeds. It can be observed that the
energy optimization algorithm reduces the CoT parameters
under different walking-speed conditions compared with the
other two algorithms. Fig. 5 depicts the instantaneous power
of ElSpider on flat terrain at three speeds. The instantaneous
power values optimized by energy optimization are the lowest
among the three algorithms at each step time.

Righetti et al. previously employed the ratio of the tangen-
tial to the normal force to evaluate the distribution character-
istics of contact forces [33]. We adopt a similar method to
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FIGURE 5. Instantaneous power of EISpider on flat terrain.

analyze the contact characteristics of our force-distribution
algorithm. Our hexapod robot (EISpider) has a perfectly
symmetrical configuration with its six legs evenly distributed
around the cylindrical base and contact forces also have sym-
metrical distribution characteristics. According to the contact
forces of six legs, the front legs’ contact forces (normal and
tangential) and hind legs’ contact forces are symmetrical, and
middle legs’ contact forces are the average of the forces on
the front and hind legs. Therefore, the leg contact forces of
the entire robot can be revealed by the contact forces of LF
and RH legs. So the LF leg and the RH leg are selected as
the object of the foot force analysis in context. Fig. 6 shows
the distribution of the foot contact force for the LF and RH
legs on flat terrain. As shown in Fig. 6(a), the ratios of Ft/Fn
obtained using the pseudo inverse dynamics method for the
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FIGURE 6. The distribution of the normal contact forces to the tangential
contact forces on flat terrain. (a) LF leg. (b) RH leg.

LF and RH legs are 0.006 and 0.003, respectively, indicating
that this force-distribution algorithm can reduce the tangential
force distribution on flat terrain. The Ft/Fn ratios optimized
by torque optimizations are 0.407 and 0.410 for the LF and
RH legs, respectively, which indicates that the foot end is
prone to slippage. The Ft/Fn values for energy optimization
are 0.1043 and 0.1126 for the LF and RH legs, respectively,
which are between those of the other two algorithms.

The energy-consumption and contact-force characteristics
on terrain with a 20° slope also be analyzed, where the
hexapod robot system is subject to tangential forces. Again,
the energy optimization algorithm decreases the energy con-
sumption compared with the other two methods, as shown
in Fig. 7. The average power of the energy optimization
algorithm at 0.5 m/s is 698.2 W. The energy consumption
of the torque optimization algorithm is 746.3 W at the same
speed, implying that the proposed algorithm reduces the aver-
age energy consumption by 6.45% compared with torque
optimization. Fig. 8 shows the curve of the instantaneous
power variation at three speeds. It can be observed that the
instantaneous power for the energy optimization algorithm
is the lowest among the three algorithms at each time step.
Fig. 9 illustrates the distribution of the foot contact force for
the LF and RH legs. Fig. 9(a) shows that the proportions
for the torque optimization method and energy optimiza-
tion method are essentially equal, satisfying the friction-cone
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FIGURE 7. The results for the average power and CoT on sloped terrain.

constraints while proportions of the pseudo inverse dynamics
method exceed the friction-cone constraints, it’s because the
inequality constraints cannot be considered in pseudo inverse
dynamics method. All three algorithms satisfy the friction-
cone constraints in Fig. 9(b). The average ratio for torque
optimization in this case reaches 0.610, and is larger than that
for the LF leg.

Table 3 presents the results for the average power and CoT
on flat and sloped terrain for torque optimization, pseudo
inverse dynamics, and energy optimization. The power con-
sumed by the robot increases with the walking speed, and
the power of the robot is significantly higher on the sloped
terrain than on the flat terrain at the same walking speed.
The average CoT values for torque optimization, pseudo
inverse dynamics, and energy optimization are respectively
0.231, 0.167, and 0.156 for flat terrain and 0.435, 0.424,
and 0.407 for sloped terrain. Thus, the energy optimization
method achieves the smallest CoT of the three algorithms.

With the increased climbing angles, the CoT parame-
ter will continue to increase regardless of which method
is used. In order to show that our force distribution algo-
rithm is also effective when climbing a slope compared to
comparison methods, we explore the relationship between
the climbing angle and the CoT of three force distribu-
tion method (Fig. 10). We found that among the three

5399



IEEE Access

G. Wang et al.: Minimizing the Energy Consumption for a Hexapod Robot

250 N
\~ — — — - Torque Opt.
~ s‘\ Energy Opt.
————— Pse. Inv. Dyn|
2001
=
3]
3
o
[=9
1501
100 0 1 2 3 5
Time[s]
(a) Climbing velocity is 0.1m/s
v=0.3m/s
800 T
— — — - torque optimal
\ energy optimal
TJO00RY |- — — Pse.Inv.Dyn.
= 600[
5
Z
& 500(1
40071
300 3
Time[s]
(b) Climbing velocity is 0.3m/s
v=0.5m/s
1400 T
— — — - Torque Opt.
Energy Opt.
1200 | — — — Pse. Inv. Dyn. |§ q
! £ b
. \ \
__1000f \ ’\
g
2
2 800r
[-wt
600 - -
4 .
000 1 2 3 5
Time[s]

(c) Climbing velocity is 0.5m/s

FIGURE 8. Instantaneous power on terrain with a 20° slope.

comparison methods, the CoT parameter of the energy
optimization method is the smallest, which indicates that
the energy consumption optimization method can reduce
the energy consumption of the hexapod robot at differ-
ent slope angles. We also found that this energy saving
effect is getting smaller as the climbing angle increases.
If walking on the ground, energy optimization method
can save energy by 32.8% compared to torque optimiza-
tion. If the slope is 20 degrees, the energy optimization
method can save energy by 6.4% compared with the torque
optimization.
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FIGURE 9. Distribution of the normal contact forces to the tangential
contact forces on sloped terrain. (a) LF leg. (b) RH leg.

IV. CONTROL ARCHITECTURE OF HEXAPOD ROBOTS

This section describes the motion planner, control algorithm,
and simulation architecture. The motion planner plans the
movement of the body and legs based on the gait parameters.
The control algorithm implements the control of all joints of
ElSpider. The simulation for ElSpider, built by ROS (Robot
Operating System) and Gazebo, combines the motion planner
and control algorithm.

A. MOTION PLANNER

For some quadruped robots, the centroid position must be
adjusted during static walking to ensure stability [34], [35].
Because the configuration of the legs of the hexapod robot is
symmetrical and the number of landing legs is at least three,
it is easy to ensure that the projection of the center of gravity
of the robot is located in the supporting polygon. Therefore,
a linear trajectory can be planned for hexapod robots. The
motion planning of a hexapod robot consists of two levels:
the planning of the body trajectory and the planning of the
trajectories of all the legs.

1) BODY-MOTION PLANNING

Various walking gaits have been proposed by researchers,
such as the central pattern generator (CPG) [36] and free
gait [37]-[39]. Only three supporting legs can support the
hexapod statically; the other three legs either swing to achieve
a high speed or serve as supporting legs to increase the
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TABLE 3. The results of average power and COT.

Velocit Flat Terrain Sloped Terrain(20°)
6(:n(-:/csl)y Average Power(W) CoT Average Power(W) CoT
Torque  Pse. Inv. Energy Torque  Pse. Inv. Energy Torque  Pse. Inv. Energy Torque  Pse. Inv. Energy
0.1 80.01 58.10 54.09 0.232 0.169 0.157 150.5 146.9 140.7 0.437 0.426 0.409
0.2 159.3 115.4 107.47 0.231 0.168 0.156 300.2 292.9 280.8 0.436 0.425 0.408
0.3 239.2 173.3 161.55 0.232 0.168 0.156 450.9 439.8 421.8 0.436 0.426 0.408
0.4 315.2 227.1 211.79 0.229 0.165 0.153 597.2 581.6 558.3 0.434 0.422 0.405
0.5 394.9 285.9 265.73 0.229 0.166 0.154 746.3 726.2 698.2 0.433 0.421 0.405
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walking stability. Thus, there are three typical gaits for E1Spi-
der, as shown in Fig. 11: the (a) tripod, (b) quadruped, and
(c) one-by-one gaits. During a single period of walking with
these three typical gaits, the state of each leg changes once
between the swing and support states.

The S-curve is employed to generate the body trajectory
for ElSpider from the start posture to the end posture during
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prevents unexpected acceleration of ElSpider. The position,
velocity, and acceleration function curves of the body are
depicted in Fig. 12, where Ts is the constant jerk time,
T is the constant acceleration time, and Ty is the time from
the middle of the acceleration process to the middle of the
deceleration process. The distance can be easily calculated as
S = vmaxTM. At the start of a phase, the motion planner of
ElSpider calculates the body trajectory for this phase, and at
the end of the phase ElSpider waits for all swinging legs to
land on the ground and calculates the body trajectory for the
next phase.
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2) LEG-MOTION PLANNING

There are two states for a single leg: swing and support. After
the body trajectory of ElSpider is generated, the next step is to
generate the trajectories of the six legs. The trajectories of the
supporting legs are easy to calculate according to the body tra-
jectory and the kinematics of ElSpider. The walking of legged
robots depends on the movement of each supporting leg.
To achieve the planned movement of the body, the trajectories
of the supporting legs must be planned. In Fig. 13, ¥g, 2po,
and Xp; represent the ground coordinate, starting trajectory
point coordinate, and coordinate of the i" trajectory point,
respectively; gOT and giT are the transformation matrices
between these coordinates; and gp, Eop, and E’ip represent the
positions of the foot in these respective coordinates. Assum-
ing that there is no slippage, the coordinate transformation
matrix satisfies the following relationship:

2P = 5ol P (38)
Sp = G.1 Bip. (39)
body trajectory
= end

FIGURE 13. Coordinate transformation relation diagram of a single
supporting leg.

Combining (38) and (39) yields
PP =GT 5T E'P (40)

Using (40), a foot trajectory can be planned according to
the initial body posture, initial foot position, and desired
trajectory of the body. Thus, the body of the robot can execute
the planned motion.

The trajectory of a specific swinging leg is divided into
two parts: the transition and full-swing. During the transition
part, the foot position rises or falls between the preset height
and the ground. During the full-swing part, the foot position
traverses to the anterior extreme position (AEP), and the path
is generated by a polynomial designed to smooth the motion
without accidental loading.

B. CONTROL ALGORITHM

A feedforward control algorithm similar to that utilized
by Mistry to control the motion of hexapod robots is
employed [16]. However, we replace the first item of the con-
troller with several different force-distribution algorithms,
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including the pseudo-inverse dynamics controller, torque
optimal controller, and energy optimal controller, to verify
the proposed force-distribution algorithm. The feedforward
controller is expressed as

T = O0pt(q,q,qq) + KpS(qq — @) + KpS(qq — @), (41)

where Kp and Kp are proportional-derivative (PD) feed-
back gain matrices, S is a selected matrix, and Opr() is the
force-optimization algorithm term.

C. SIMULATION ARCHITECTURE

A dynamic simulation is employed to verify the proposed
force-distribution algorithm. The simulation platform for
the hexapod robot is based on Gazebo and ROS, produced
by the Open Source Robotics Foundation. We utilize the
torque-control plugin of ros_control to control the joint
torques of the hexapod robot in the simulation. The designed
control framework is illustrated in Fig. 14. This includes the
motion-planning, trajectory-execution, PD-controller, and
optimal-controller modules. The motion-planning module
plans the gait parameters of the robot and the motion of
the trunk. The gait parameters include the walking distance
and rotation angle for one step. The module plans the trunk
trajectory according to the gait parameters. The trajectory
module plans the trajectories of all legs according to infor-
mation obtained from the motion planner module, including
all the swinging and supporting legs. The PD-controller mod-
ule controls the joint-position errors and produces a torque
array Tpp. The optimal controller has three built-in con-
trollers, as previously mentioned, and generates the optimized
joint torque T qpt.

Motion Planner

i Trp
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FIGURE 14. Control framework for the EISpider hexapod robot.

V. EXPERIMENTS AND DISCUSSION

Simulation experiments are used to illustrate the advantages
of the energy optimization algorithm. We employ the pro-
posed algorithm and two others for the hexapod-robot sim-
ulation. To ensure the consistency of the movement process,
the same motion-planning parameters are utilized in the walk-
ing processes of the three force-distribution algorithms. The
controller PC’s 4 core CPU Processor Base Frequency is
1.8 GHz. The average calculation time of torque optimiza-
tion method, pseudo inverse dynamics method, and energy
optimization method are 1.4ms, 18.5 ms, and 1.5ms.
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FIGURE 15. Snapshots for static walking on flat terrain.
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FIGURE 16. Energy consumptions of three force-distribution algorithms
on flat terrain.

First, we analyze the energy consumption characteristics of
a hexapod robot on flat terrain. The movement process of this
hexapod robot is illustrated in Fig. 15. Fig. 16 shows the rela-
tionship between time and energy consumption for the three
force-distribution methods. It can be observed that the energy
consumption of the energy optimization algorithm is the low-
est among the three algorithms for the entire walking process.
Additionally, we observe that the energy-consumption curve
of the robot exhibits a step shape. This is because when the
foot states alternate between the support and swing states,
the velocity of the robot decreases to 0. Thus, each step
in the figure indicates that the robot has moved forward
by one step. The average speed of the hexapod robot in
this simulation is 0.133 m/s. The average powers for the
torque optimization, energy optimization, and pseudo-inverse
dynamics methods are 405.3, 367.1, and 394.6 W, respec-
tively, over the entire moving process. The CoT parameters
corresponding to these three methods are 0.972, 0.881, and
0.947, respectively. We analyze the contact characteristics
of the force-distribution algorithm, similar to Section 3. The
contact characteristics of the three methods are depicted in
Fig. 17. Fig. 17(a) shows the contact-force distribution of the
LF leg. The average ratios for the pseudo inverse dynamics,
energy optimization, and torque optimization methods are
0.106, 0.149, and 0.369, respectively. Fig. 17(b) shows the
contact-force distribution of the RH leg. The average ratios
for the three force-distribution algorithms are 0.131, 0.156,
and 0.388, respectively.

We also perform a hexapod simulation for sloped ter-
rain to analyze the energy consumption characteristics of
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FIGURE 17. The distribution of the normal contact forces to the
tangential contact forces.

these force-distribution methods, as illustrated in Fig. 18.
Under this condition, the robot is subjected to the tangential
forces of each supporting leg. Similar to the previous flat-
terrain simulation, we ensure that the different foot force-
distribution algorithms employ the same trajectory-planning
parameters. Fig. 19 depicts the relationship between the time
and energy consumption for the hexapod robot on the slope.
As shown, the energy optimization algorithm reduces the
energy consumption compared with the other two methods
over the entire walking progress. The torque optimization
method exhibits the highest energy consumption, which is
consistent with the previous numerical simulation results.
The average walking speed of the robot is 0.133 m/s, which
is similar to that in the flat-terrain simulation. The aver-
age powers for the torque optimization, energy optimiza-
tion, and pseudo-inverse dynamics methods are 447.3, 477 .4,
and 468.6 W, respectively, over the entire moving process.
The CoT parameters corresponding to the three methods are
1.073, 1.145, and 1.124, respectively. We analyze the char-
acteristics of the force-distribution algorithm in the sloped
environment for each method, as shown in Fig. 20. Fig. 20(a)
shows the contact-force distribution of the LF leg. The
CoT values of the three force-distribution algorithms are
0.221, 0.262, and 0.300, respectively. Fig. 20(b) shows the
contact-force distribution of the RH leg. The average ratios
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FIGURE 18. Snapshots for static walking on terrain with a 10° slope.
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FIGURE 19. Energy consumptions of the three force-distribution
algorithms on terrain with a 10° slope.
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FIGURE 20. The distribution of the normal contact forces to the
tangential contact forces. (a) LF leg. (b) RH leg.

for the force-distribution algorithms are 0.191, 0.346, and
0.486, respectively.

The simulation results are presented in Table 4. For the flat
terrain, the energy optimization algorithm reduces the energy
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FIGURE 21. Experimental snapshots for static walking (energy opt).
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FIGURE 22. Experimental instantaneous power and energy consumption
of two methods: energy optimization and position control.

consumption by 6.97% compared with the pseudo inverse
dynamics method and 9.43% compared with the torque
optimization algorithm. For the sloped terrain, the energy
optimization algorithm reduces the energy consumption
by 4.55% compared with the pseudo inverse dynamics
method and by 6.30% compared with the torque optimization
algorithm.

The authors validated the effectiveness of the proposed
energy optimization algorithm on ElSpider hexapod robot:
position control and energy optimization control. The gait,
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TABLE 4. Simulation results for average power and CoT.

Energy Opt. Torque Opt. Pse. Inv. Dyn.
power CoT power CoT Power CoT
Flat 367.1 0.881 4053 0.972 394.6 0.947
Slope 4473 1.073 4774 1.145 468.6 1.124

walking speed and walking distance of ElSpider robot are
consistent in these experiments (Fig. 1). The instantaneous
power of ElSpider hexapod robot could be calculated by joint
torque and joint speed during walking. The results of the
instantaneous power of two methods are shown in Fig. 2 (a).
It can be seen from the results that the instantaneous power
using energy optimization is less than pure position control.
We integrate the instantaneous power with time and obtain
the energy consumption with time during the whole move-
ment progress (Fig. 2 (b)). The results show that the energy
optimization algorithm can reduce energy consumption by
5.72% compared to position control during the entire walking
process.

VI. CONCLUSION

We focused on the problem of energy consumption for hexa-
pod robots. A DC-motor model was constructed to analyze
robot energy consumption. Then, an instantaneous-power
objective function in a QP form was derived from the sys-
tem energy-consumption model. Our method minimizes the
energy consumption of a hexapod robot by optimizing the
instantaneous power at each time step. To verify the valid-
ity of the energy optimization algorithm, we performed a
numerical simulation under the assumption of zero mechan-
ical energy loss and robot prototype experiment named
ElSpider. We designed the control framework using ROS,
which includes different optimal-force algorithms in the con-
trol architecture. We performed a dynamic simulation using
Gazebo to verify the energy optimization algorithm compare
with other methods. The results of the numerical analysis
and dynamic simulation demonstrate the effectiveness of the
energy optimization algorithm, which reduces the energy
consumption and CoT compared with two other algorithms.
We also implement a prototype experiment which shows that
this method can reduce energy consumption compared to
position control.
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