MIT
Libraries | D>pace@MIT

MIT Open Access Articles

A Model-Free Extremum-Seeking Approach to Autonomous
Excavator Control Based on Output Power Maximization

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Sotiropoulos, Filippos E. and H. Harry Asada. "A Model-Free Extremum-Seeking
Approach to Autonomous Excavator Control Based on Output Power Maximization.” IEEE
Robotics and Automation Letters 4, 2 (April 2019): 1005 - 1012 © 2019 IEEE

As Published: http://dx.doi.org/10.1109/lra.2019.2893690
Publisher: Institute of Electrical and Electronics Engineers (IEEE)
Persistent URL: https://hdl.handle.net/1721.1/127840

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of use: Creative Commons Attribution-Noncommercial-Share Alike

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/127840
http://creativecommons.org/licenses/by-nc-sa/4.0/

CONFIDENTIAL. Limited circulation. For review only
IEEE RA-L submission 18-1073.1

A Model-Free Extremum-Seeking Approach to Autonomous
Excavator Control Based on Output Power Maximization*

Filippos E. Sotiropoulos and H. Harry Asada, Member, IEEE

Abstract—A new approach to autonomous excavator control
that allows the machine to adapt to unknown soil properties is
presented. Unlike traditional force control or trajectory control,
the new method uses the product of force and velocity, namely,
the power transmitted from the excavator to the soil, as a signal
for adaptive excavation. Using an extremum-seeking algorithm,
an optimal excavation condition where the force and velocity
at the bucket take a particular combination that maximizes the
output power of the machine is sought and maintained. Under
this condition, the system finds the optimal depth of digging by
controlling the boom of the excavator. Also under this condition,
the output impedance of the excavator matches the impedance of
the load and, thereby, transmits the maximum power from the
machine to the soil. Theoretical analysis proves that an optimal
combination of force and velocity exists and is unique under mild
assumptions. An extremum-seeking algorithm using recursive
least squares is developed for maximizing the output power. The
method is implemented on a small-scale prototype system where
torque motors emulate nonlinear force-speed characteristics of
hydraulic actuators. Experiments demonstrate that the prototype
can execute excavation tasks adaptively against varying soil
properties and terrain profile.

Index Terms—Mining Robotics, Robotics in Construction, Field
Robots, Extremum-Seeking Control

I. INTRODUCTION

There is a worldwide shortage of skilled operators who
can operate excavators and other earth moving equipment
effectively and productively. Excavators, as shown in (Fig. 1),
are the key equipment in construction and mining industries,
which have shown a rapid growth in the last few decades. The
world market of the construction industry alone is over $8
trillion, which is predicted to reach over $10 trillion by 2020
[1]. Training excavator operators takes a long time and requires
a significant amount of investment. The work environment of
excavation is often harsh and dangerous, leading to difficulties
in recruitment and low retention rate. Large-scale mining sites,
in particular, are sometimes located in the middle of a desert or
an isolated place - an unpleasant environment for operators to
stay. Thus, the industries have been facing a severe shortage of
skilled operators, which is pervasive worldwide and hamper-
ing the growth of the industries. Therefore, the construction
and mining equipment industry has been investigating the
development of autonomous excavators as a solution to these
challenges. Excavators deal with soil and rocks, which are
distinctly more complex and challenging to manipulate than
typical discrete objects that the majority of robots deal with.
Soil and rocks are highly nonlinear, distributed, and time-
varying. The terrain profile and properties of excavation sites
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Fig. 1. Schematic showing the essential elements of a typical hydraulic
excavation machine. The three arm linkages and their respective hydraulic
actuators are indicated.

are uncertain, unstructured, and non-uniform. Furthermore, the
excavation machines themselves have complicated hydraulic
circuits which exhibit significant nonlinear dynamics. Through
years of experience, skilled operators of excavators are capable
of handling all these factors in making control and task
planning decisions for a wide set of situations.

Despite various research efforts over the last three decades,
autonomous control has fallen short of providing an adequate
replacement for the efficacy and versatility of a well-trained
human operator. There are numerous challenges in the field
of earthmoving autonomy [2] which must be tackled in de-
veloping a completely autonomous system. One of the most
prominent issues is trajectory planning and real-time control
that adequately deal with tool-soil interactions. The first efforts
in autonomous digging were mostly a geometric approach to
planning trajectories [3]. Trajectory profiles were parametrized
and designed so as to fulfill objectives on soil volume exca-
vated and meet kinematic constraints imposed by the machine.
Interactions between the bucket and soil are considered by
using simple soil models such as the Fundamental Equation
of Earthmoving [4] (FEE) and identifying the pertinent soil
parameters. While the FEE assumes a flat blade moving
horizontally through the soil, efforts were made to expand the
applicability to sloped soil [5] and to include the increasing
accumulated soil in front of the blade [6]. Furthermore, many
other models have been proposed for predicting digging forces;
some of these are well summarized in [7].

Real-time feedback control that can adapt to varying soil
conditions has been studied by many groups. Some of the
earliest work on robotic excavation by Bernold [8] proposed
impedance control [9] as a potential method for controlling the
relationship between the path of the bucket and the resistive
force encountered during digging. It was observed that, given
a nominal desired trajectory, the excavator follows a modified
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trajectory depending on the resistive force from the soil. This
was applied and extended by Maeda and Rye [10] to prevent
excessively high forces from being generated at the bucket. The
desired terrain geometry is reached through iterative digging.
A related but differing approach was pursued by Dobson,
Marshall and Larsson [11] where the converse of impedance
control was investigated. An admittance-based controller was
implemented on a haul-loader which set the demand velocity
on the curl cylinder in response to measured reaction forces.
The method showed that admittance control can achieve high
levels of productivity and consistency for front loaders. An-
other force feedback method was recently proposed by Jud et
al. [12]. In their method an explicit desired force trajectory
is prescribed with lower priority being allocated to the bucket
path. Through simulation the authors showed that this results
in trajectories which are distinctly different depending on the
soil characteristics and are similar to the changes an expert
operator may take.

For the purpose of designing trajectories and control synthe-
sis, terramechanics and soil-bucket interactions have been stud-
ied. However, simple models fail to predict critical phenomena,
resulting in unreliable prediction, while more complex models
such as Discrete Element Modeling (DEM) are prohibitively
complex and too computationally expensive for real-time ap-
plications. Furthermore, all models rely on detailed knowledge
of the environment which is not possible to attain. In general,
model based methods are difficult to apply to unknown and
varying terramechanic conditions.

In the current work, a different approach is pursued. In-
stead of setting a desired force as well as setting particular
impedance, admittance, or compliance values, this method
aims to maximize a particular metric that is computable
through direct measurements. Specifically, this method maxi-
mizes the product of force and velocity, that is, power trans-
mitted from an excavator to the soil. Finding a desired value
for force, impedance, admittance, etc. requires both soil and
excavator properties. Since we can directly measure both force
and velocity, this power maximization approach does not need
explicit properties of the machine and the soil. Therefore, it
is model-free. Furthermore, the power transmission depends
on both soil and machine properties. As such, this approach
integrates both properties into a simple scalar metric and allows
the system to adapt to changes to both properties.

II. EXPERT OPERATIONS

Prior to explaining the details of the proposed control
algorithm, a brief description about excavator operations while
digging a ditch is presented. According to standard training
manuals of excavators in industry and excavator control lit-
erature [13], the operation of an excavator can be split into
three distinct phases. As illustrated in Fig. 2, the digging
operation of a standard trench-shaped ditch is performed in
three distinct phases: penetrate, drag, and scoop motions. The
role of the penetration phase is to pierce the soil surface and let
the bucket reach an effective digging depth and cutting angle
(the angle of the bucket with respect to the soil surface). This
is followed by a relatively flat motion where the bucket moves
forward, causing soil ahead of it to mechanically fail through

Scoop @

Penetrate @

T

| 5
Tt rrr— [ 2

I

1

Fig. 2. The typical phases in a digging cycle. This includes (1) penetrate,
(2) drag and (3) scoop. The second phase, dragging, often varies in length
depending on the characteristics of the soil.

shear and accumulate inside and in front of the bucket. The
effective depth and direction of the bucket vary depending on
the properties of the soil and the capacity of the machine. The
final phase, scooping, is to collect the accumulated soil into
the bucket so that it can be transfered to a destination.

Based on literature [8], [12], [13] and observation of expert
operators, we can find that each phase of digging is performed
by coordinating particular links of an excavator:

¢ In the penetration phase, the arm (see Fig. 1) moves
downwards providing thrust into the soil, and the boom
also moves if necessary (depending on the soil geometry)
to ensure the insertion of the bucket into the soil. The
bucket (if placed in the correct orientation on approach)
does not need to move and, in fact, its movement is
generally restricted.

o In the dragging phase, the arm moves forward towards
the cab. The boom moves so as to adjust the bucket
trajectory, in particular, the depth of cut and direction of
cut with respect to the soil surface. The boom movement
affects the resistance encountered at the bucket. The
bucket linkage remains locked, making only very small
adjustments if necessary. The arm is the most active link
and moves only forward. It does the majority of the work
in the dragging phase.

o The final scooping phase is distinctly different from the
preceding phases. Here the main action comes from the
bucket, which curls upward to collect the soil moved in
the previous phases. The boom and arm mainly act to
prevent the soil from spilling out.

From the movements of each digging phase several points
may be noted. The first is that throughout the digging phases
all ordinary trajectories require the arm actuator to move only
in one direction: forward. The majority of fine adjustment to
the bucket tip position is performed with the boom control.

Secondly, the motion of the swing is not included in the
majority of ordinary digging trajectories. For this reason,
swing is generally ignored in most prior works on autonomous
excavation and is also omitted in this work.

Finally, among the three phases the dragging phase needs a
high level of operator skills. The boom must be controlled so
that an excessively large force may not work on the bucket.
The arm should not get stuck, but move forward at an adequate
speed despite unpredictable changes to soil properties and
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other conditions. For this reason we focus on the dragging
phase in this letter, and aim to develop a control algorithm
that emulates an expert’s operation in dragging.

According to expert operators during interviews, one of the
key operational skills is to match the capacity of the machine
with the load of soil. The bucket must move forward consis-
tently through the soil. This can be achieved with appropriate
boom control. Interestingly, experts never talked about a set-
point velocity and desired force/pressure, but emphasized the
match between the machine’s capacity and the load. With the
boom control, the load can be adjusted and matched with
the machine’s capacity. This can be interpreted as a type
of impedance matching where a large amount of mechanical
power is transmitted to the soil. The expert has the skill to
achieve this condition with skillful operations of control levers.

This expert statement makes sense from the physical view-
point. Essentially, the dragging phase is successive failure of
the soil (primarily in the shear mode) [4], [7], [14]. This
requires a large amount of energy to be transmitted to the
soil so that the bucket can overcome cohesion and friction
forces. Maximizing power output to the soil may result in the
most productive usage of the machine to remove soil because
the maximum amount of energy is made available for soil
interactions.

In the method proposed in this letter, the motion of the
excavator is updated in real-time so as to achieve a trajec-
tory which maximizes power transmitted to the soil. This is
achieved by using extremum-seeking control [15] to converge
on an optimal operation point. Similarly to what is seen in
the operation of excavators by skilled operators, this results in
distinctly different trajectories depending on the characteristics
of the environment [13]. The method does not depend on a
model of the environment or machine, but instead uses two
sensed quantities (speed and force). This allows the controller
to compensate for varying conditions of the environment
and machine, resulting in consistent digging motions which
maximize work done on the soil.

III. POWER MAXIMIZATION EXTREMUM-SEEKING
A. Power Maximization Problem Statement

Hydraulic actuators, present in excavators, exhibit force-
speed characteristics similar to that conceptually sketched in
Fig. 3. The operational state of the machine is dependent on
the load acted upon. Depending on the depth of the bucket, the
load due to the soil varies and, thereby, the force exerted by the
arm actuator and its speed change. At one limit, if the boom
directs the bucket to go very deep into the soil, the arm actuator
may stall, thus exerting a maximum force, but zero speed. At
the other extreme, the bucket is barely touching the soil or
placed very shallowly into the soil. In this case, the force on
the arm actuator is very low and the speed is very high being
limited by the internal resistance of the machine. In both of
these limit cases, the power transmitted from the arm actuator
is minimum. In between lies an operating condition where
the bucket moves consistently through the soil with adequate
force and speed, exerting the maximum power through the
arm cylinder. As detailed in following sections of this paper,
a method is proposed where the state of maximum power
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Fig. 3. Conceptual sketch of force characteristics of hydraulic machine and
soil characteristics.

transfer is chosen as the desired state. As stated previously,
the goal is to maximize the work per unit time (P;) delivered
to the soil during the dragging phase such that soil shear failure
continues to occur.

Py = Fyv, (1)

where F; is the force acting on the bucket in the direction of
the arm movement, and v, is the bucket velocity in the same
direction. Several assumptions when formulating the problem
are made on the above work expression:

¢ The power due to the boom motion is ignored;
o The bucket is fixed during the dragging phase; and
o The process is quasi-static.

The force-speed characteristics of the arm’s hydraulic actu-
ator is described by a nonlinear function, g,:

Fm:gm(VmFO) 2)

where F, is the output force of the hydraulic cylinder, (pump
supply pressure) x (cross-sectional area of the cylinder),
and Fp is its value at zero speed, called a stall force. The
nonlinear function g, (v,,Fp) is assumed to be continuously
differentiable.

The soil resistive characteristics are expressed as:

Fa:fa(vayD) 3)

where D is the bucket depth of cut. The nonlinear function
fa(va,D) is assumed to be continuously differentiable. Also,
the force becomes zero for zero depth of cut: F, =0, for D =
0. For these force-speed characteristics we further assume the
following:

Assumption 1. The force-speed characteristics of hydraulic
actuators are non-positive in its partial derivative with respect
1o vy:
Igm
v,

Assumption 2. The output power of the hydraulic actuator
given by

<0, V>0 “)

By = Fyvq 5

is convex with respect to v, when the actuator is subject to
the force-speed characteristics (2). The maximum of actuators
output power is therefore unique.
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Assumption 2 holds for many actuator types, including
hydraulic actuators and electric motors.

Assumption 3. The soil characteristic equation, F, =
fa(va,D), is a monotonically increasing function of depth D
for an arbitrary positive v, :

9fa
aD

and is also a monotonically increasing function of v, for an
arbitrary D:
9fa

vy,

Fig. 3 illustrates the force-speed characteristics of a typical
hydraulic actuator and that of soil load that satisfy the above
assumptions.

>0, Vv,€ (07Va,max) (6)

>0, VD€ (0,Dnax) 7

B. Power Maximization as an Extremum-Seeking Problem

We aim to maximize the power delivered to soil by using
an extremum-seeking algorithm. The work delivered to soil
per unit time cannot exceed the maximum output power of the
actuator, Py jax:

I)S g Pm,max (8)

Let (v9,F°) be the pair of actuator speed and force that

a’*m
maximizes the actuator output power:

(V2 F,) = argmax P, )
Va,Fin

Because of the convexity assumption of the actuator output
power, the maximum power pair (v9,F?) is unique. Note that
the actuators speed and force are not only dependent on its
own characteristics, but are also determined by the load; that is,
the soil characteristics. The resistive force F; varies depending
on the depth of cut D. Now we can show that, under mild
conditions, there exists an optimal depth of cut D’ providing
an optimal load and that the optimal depth is unique.

C. Existence of an Optimal Point

Since the process is quasi-static, inertial forces are ignored.
Therefore, the output force of the arm actuator balances the
force acting on the bucket in the same direction:

F,=F, (10)
Therefore,
h(DaF()ava)Efa(VaaD)_gm(VavFO):0 (11)

Differentiating the above with respect to v,, we obtain that

d 2] 0
aVah(DvF()aVa):T%fa(vaaD)_ngin(Va»FO)7’50 (12)
since
g{“ >0, VD€ (0,Dpa) and 85;’” <0, VFy>0. (13)

From the implicit function theorem, there exists an explicit
function relating v, to D:

ve=@(D,Fy), VD€ (0,Dmax), VFp >0 (14)

Lemma 1. Given a constant Fy, we can show that:

99

== <0

oD
Proof. From the total derivative of function h(D,Fy,v,) we

can obtain

5)

afa afa agm
d dD — dv,=0 16
v, Vet ap 9P T, v (16)
since Fy is constant. Therefore, from assumptions 1 and 3
9fa
9Va D
oD  9fa _ Ogm <0. a7
vy v,
[ |

Suppose that the maximum power pair (v, F,2) satisfies the
soil characteristic equation,

F, = fa(vg, D), (18)
where the pair also satisfies,
Fr = gm(va, Fo) (19)

From the implicit function theorem, these two conditions
reduce to

Z:¢(D7FO)

If the stall force Fy is chosen such that the above algebraic
equation has a solution for D, then the depth of cut that
provides the machine with the optimal load is unique because
the function ¢(D,Fp) is a monotonically decreasing function
of D, from Lemma 1. At this particular depth of cut D the
load of the soil gives the optimal combination (v9,F), which
is to deliver the maximum power to the soil:

(20)

Ps,max = I'mMax = VZF}/Z > VuFm~ (21)

In other words, the output impedance of the actuator matches
the load impedance. All we need to do is to control D via
the boom motion so that the actuators output power can
become a maximum. This is an extremum-seeking problem.
Note that we do not need a model of soil characteristics, nor
the actuators force-speed characteristics. We have to assume
the basic properties of functions f, and g,, but there is no
need to know the profiles of the functions.

D. Extremum-Seeking Algorithm

Fig. 4 shows the output power P, against the depth of cut
D. The optimal dragging operation is achieved by seeking the
peak of the output power by controlling the depth of cut.
Extremum-Seeking Control (ESC) estimates the gradient of
the output power curve, and controls the depth of cut via the
control of the boom in the direction of the maximum output
power.

The correction to boom trajectory must be made in such a
way so as to increase the power output of the machine from the
arm. As such, the ESC controller determines the local gradient
of output power with respect to the boom position, x;, and
corrects using a proportional-integral adaptation law (Fig. 5).
Classical ESC uses simply an integral adaptation law, but the
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Maximum Output Power, P a4y

\

Output Power, Pg

Depth of Cut, D

Fig. 4. The ESC algorithm guides the state of the machine to the peak power
condition based on the estimated local gradient.

combination of a proportional term has been shown to improve
transient performance [16], [17].

The recursive least squares algorithm with forgetting factor
[18] is used to calculate the estimated local gradient él of
power with respect to boom position. The gradient is deter-
mined by estimating the parameters, 8y and 6;, of the simple
estimator model:

B = 01x,+ 6o (22)
As such, the gradient estimator is given by:
5 ; S 1K) [P (k) — ET (K)B(k — 1)]
0(k)= 0O(k—1 23
W= B s im
T
S | S T o o

a | a ET (R E (k)

where k is the time step, (k) = [6; (k), Bo(k)]” € R**! is the
estimated parameter vector at time k with (k) being the
local gradient as defined previously and éo(k) is the offset.
Pn(k) € R is the arm power measurement at time k and
E(k) = [xp(k) 1] T e R2XV s the regressor which is composed
of the boom position and a constant unity term. X; € R?*? is
the covariance matrix used for the parameter estimation at time
k and « is the ‘forgetting factor’ which is set between 0 and
1.

The estimated gradient is then padded by zeros to make a
new vector ¥, whose dimensions are consistent with the input
to the low level controller u(k) = [x14 X24 x3,d]T e R3x1
The variables x; 4 are the desired actuator positions for the low
level controller where i = 1,2,3 represent the desired position
trajectory for the boom, arm and bucket respectively.

w(k)=[6i(k) 0 0] er¥>! (25)

The input u(k) in discrete time can then be determined using
the adaptation law:

u(k) = Kpy(k)+y(k)+d(k)+r(k)
Y(k) =g W) +yk— D] +y(k—1)

where K, € R is the proportional ESC gain and 7; € R is the
ESC integration time constant. d(k) is the dither used to excite

(26)
27)

Excavator
State

Trajectory Excavator
Controller System

Excavator
Input

reference

+ + i
'
L :
i .
| Dither 1 Gradient 1
' i Estimator | |
'

Output Power
Measurement

Fig. 5. High-level block diagram of the power maximizing algorithm utilizing
ESC. The Trajectory Controller block accepts state measurements and the
desired joint trajectory. It can take many forms, depending on the chosen
implementation but implements the low level control of the robot. The
Gradient Estimator, determines the local gradient of Output Power with
respect to the tunable trajectory parameter. The integrator block and K, gain
term represent the trajectory adaptation law.

the system to be able to detect the local gradient. A sinusoidal
dither is used which is equivalent to:

d(k) = [brsin(@ik/Ar) 0 0] e R3! (28)

where @; € R is the dither frequency, b; € R is the dither
amplitude and Az € R the sample time. r(k) € R3*! is the ref-
erence trajectory determined from a trajectory planner paired
with the proposed algorithm.

Assumption 4. The dither signals provide persistent excitation
such that there exist constants py >0 and T > 0 where:

+7-1

Y &&7 > pel, Vk>T. (29)
j=k

1 k

T
This is a typical persistence of excitation condition [18] and
is practically met by either a sinusoidal or stochastic dither.

IV. EXPERIMENTAL IMPLEMENTATION

This algorithm was implemented on a small-scale robotic
excavator in order to verify its feasibility and validate the effec-
tiveness of the proposed scheme for autonomous excavation.

A. Experimental Setup

The experiment setup consists of a 3 degree-of-freedom
electrically-powered excavation robot (Fig. 6). The robotic
excavator is scaled approximately 1:11 compared to a mid-size
excavator (Komatsu PC-200 excavator). The arm and boom of
the robotic excavator are powered by two torque motors (90W
Maxon ECO90 flat brush-less DC motors) with 50:1 gear heads
(Harmonic Drive). The bucket is actuated with an integrated
motor (100W Dynamixel Pro Servo motor). The boom and arm
motors are driven by Maxon Escon 50/5 motor drivers, while
the bucket motor has an integrated driver. A micro-controller is
used to implement the low-level feedback control of the joints.
The reference point is communicated from a desktop computer
running ROS [19] connected serially via USB. The power
maximizing loop is implemented on the desktop computer.
The earth environment is created by filling large containers
with soil placed in front of the robot.

As discussed in section II, excavators have to perform dis-
tinct phases of operation. Accordingly, the robotic excavator is
controlled based on three distinct modes of operation, as shown
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IMU sensors

6-axis force sensor

Bucket

Fig. 6. Small scale excavation rig
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Boom: PID
Arm: PID
Bucket: PID

Curl
Boom: PID
Arm: PID
Bucket: PID

Drag & Penetrate
Boom: PM-ESC

Arm: VFC
Bucket: PID

Switch to
Drag Mode

Reference:
Manual operator

Reference:
Autonomous

Standby
All Joints Disabled

Fig. 7. Finite state machine representation of the mode switching between
the different phases of the robot during the experiment. During each phase,
the control mode of every joint and the reference point setting method is
specified. PID represents a velocity PID controller, PM-ESC is the proposed
algorithm and VFC represents the velocity feedback controlled simulated
internal dynamics.

Reference:
Autonomous

Begin
Experiment

Abort or Curl Finished

in Fig. 7. The operating mode and the transition conditions
among them are encapsulated in the finite state machine. In
this robotic excavation system, the first active phase, where
the robot moves to the initial position, is performed manually.
A human operator is to determine the starting point of digging,
and the robot controller performs the rest of the cycle.

Various methods can be used for estimating the output
power. For example, a torque and velocity measurement at
the actuator would be the most direct measurement method.
Directly measuring torque, however, is practically challenging;
instead, the torque 7 can be estimated by measuring the current
of the motor i,,,. Then the torque is estimated using the motor
torque constant Kr: T = Krigrp.

The result of power maximization depends on the force-
speed characteristics of actuators. It is important to evaluate
the algorithm for realistic actuator characteristics. To this
end, the force-speed characteristics of a hydraulic cylinder
are emulated by the torque motors with nonlinear velocity
feedback. Namely, the torque motor is tuned to exhibit the
following nonlinear torque-speed characteristics analogous to
F, = gm(Fo,va) as discussed in section III-A:

larm = g:,,(f(),a)a) (30)

where 7y is the stall torque and @, the arm speed. This can
be linear or nonlinear, reflecting the resistance at valves and

’g 0.8 ’é
Z Z
] ]
0.6 g
(=} (=}
= =
o .
=} =}
2 04 B . 1 5]
= Wi =
0.2 - - G, | 0.2 . -
= Designed Dynamics |~ 3g& = Designed Dynamics
+ Measured Values . + Measured Values
0 0
0 5 10 15 0 5 10 15
Motor Speed (rad/sec) Motor Speed (rad/sec)
(@) (b)

Fig. 8. Torque-Velocity characteristic of the arm actuator implemented to
mimic a desired internal motor dynamics. Linear (a) and quadratic (b) speed
to force characteristics are demonstrated.

orifices. See Fig. 8. Figure 8(b) shows the quadratic relation
that hydraulic valves exhibit.

In preliminary testing it was noted that both the depth, as
well as its rate of change were significant in modulating soil
resistance. Hence, the ESC algorithm was in fact implemented
with respect to boom velocity.

V. EXPERIMENT

Experiments using the robotic excavator were conducted
for diverse conditions. Specifically, the following tests were
performed:

« Validation of Power Maximizing Extremum-Seeking Con-

trol (PM-ESC);

« Comparison to force control;

« Comparison of behaviors for hard and soft soil;

« Adaptation to changing soil properties;

« Bench geometry test;

o Multiple dig cycle trajectories.

The first test aims at establishing the efficacy of the extremum-
seeking scheme to maximize the power consumed. This is
achieved by comparing the PM-ESC controller to a force-
feedback method. To have a like-for-like comparison of the
algorithm, the force control is implemented in a similar archi-
tecture as the PM-ESC algorithm. In other words, the force
control is implemented such that the force of the arm actuator
is regulated by controlling the motion of the boom actuator:

Vd,1 :PI(Farm,d) (31)

where v4 1 is the velocity set point of the boom which is
sent to the low level controllers and PI(Farm’d) indicates a
proportional-integral control law acting to track the desired
reference force Fm 4.

The other tests attempt to evaluate the effectiveness of the
algorithm for excavation.

A. Experimental Test Results

In this section, the experimental results from the small-
scale excavation rig are presented and discussed. For these
tests, the linear internal impedance characteristic (Fig. 8a) was
implemented.
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Fig. 9. Comparison of power output from arm actuator utilizing PMC and
force feedback

1) Power Maximization Validation: In Fig. 9 one can com-
pare the performance of the PM-ESC excavator control to
the force control method tested on a flat soil surface. As can
be seen, the PM-ESC reaches the machine maximum power
state and remains in its vicinity. In contrast, the force control
approach is considerably less consistent and power output
varies more throughout the digging cycle. This shows how
PM-ESC is effective at maintaining the machine close to the
optimal operating condition.

2) Soil Hardness Comparison: One key challenge in ex-
cavation is that an autonomous excavator needs to deal with
different soil properties and choose appropriate trajectories.
The small scale excavation rig was tested on soils of different
hardness. The first is a dry sand which offers lower resistance
compared to the wet and compacted sand which it is com-
pared to. A series of single dig cycles in each of the two
environments are plotted in Fig. 10. As would be expected,
the algorithm reacts to the different environments resulting
in distinctly different digging trajectories which each operate
closely to the maximum power state. The hard soil trajectories
resemble the typical shallow ‘penetrate-drag-scoop’ while the
softer soil trajectories take a deeper and shorter path (which is
also the preferred method used by experts in loose soil). The
soft soil trajectories, in fact, were on average ~ 70% deeper
compared to the hard soil.

3) Soil Hardness Transition: A particular challenge in exca-
vation is that the soil properties are highly changeable and can
vary throughout an excavation cycle. A comparable situation is
tested. A soil environment is established where there is a step
change in hardness at some point in the horizontal direction.
This is achieved by setting up the soil with a divider which is
used during filling of the soil container. This is then slipped out
prior to testing. The test is executed both for soil transitioning
from hard-to-soft as well as soft-to-hard. The results from this
can be seen in Fig. 11. For soft-to-hard, the penetration and
initial drag is at a deep depth before quickly moving to a
shallow depth once the hard soil is reached. The converse
occurs for the hard-to-soft soil environment. Furthermore, Fig.
12 shows how after encountering the new soil type the power
momentarily reduces, but then the adjustment in cutting depth
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Fig. 10. Comparison of trajectories arising from the robot interacting
with different soils. The softer soil (orange) results in deeper and shorter
trajectories.
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Fig. 11. Trajectories for the excavator moving through soil which changes
properties abruptly. The dashed lines represent the point at which the soil
hardness transitions.

restores a maximum power state promptly.

4) Bench Soil Geometry: It is often the case in excavation
tasks that the machine has to remove soil from an angled
soil surface known as a ‘bench’. This scenario is replicated in
experiment and the resulting machine trajectories are observed
(Fig. 13) to follow the constructed soil geometry. The boom
moves upwards significantly so as to follow the soil surface
geometry despite the reference trajectory being a static boom.

— — Theoretical Maximum Power | |
— Soft-to-Hard Soil Test Power

Power (W)

Time (5)

Fig. 12. Power from arm for rig operating in soil which includes an abrupt
transition in soil hardness
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Fig. 13. Multiple trajectories for the excavator digging an angled soil surface.
Nominal trajectory has zero boom velocity which would result in the bucket
getting stuck.
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Fig. 14. Excavator digging in successive cycles without restoring the soil
environment

5) Multiple Dig Cycles: When digging over multiple cycles
(for example while excavating a trench or simply removing
large amounts of material) the terrain shape is constantly
changing from cycle to cycle and can take irregular geometries.
The algorithm follows different paths in every successive cycle
so as to excavate a large hole (Fig. 14).

VI. CONCLUSION AND FURTHER WORK

The results presented demonstrate that power maximization
as a control objective and ESC as a means to achieve this are
effective in creating an adaptive digging controller. The result-
ing algorithm can be combined with other planning strategies
to give excavation robots the ability to adapt to changing
conditions while maximally utilizing their capabilities to move
soil.

From the various tests which were undertaken, we identified
avenues for potential further development. One simplification
used in this letter (and in much of the excavation literature) is
excluding motion of the swing during digging. Expert opera-
tors, however, sometimes utilize the swing so as to modulate

resistance or follow more complicated soil geometries. For
example, if there is an angled bench then the depth varies
not only in the radial direction, but also laterally. In this
case, probing as proposed in this letter is especially essential.
While the effect of vertical motion on bucket load generally
follows a known trend (motion upwards generally decreases
force and vice versa), the effect of motion in the swing
direction on bucket load is unknowable. ESC then allows
the excavator to autonomously seek the most advantageous
swing motion. Expanding the implementation to include swing
actuators would allow this. Additionally, characteristics of the
soil learned from one dig cycle could be incorporated into
successive dig cycles’ trajectory planning, possibly resulting
in faster convergence to an optimal state.
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