*Manuscript
Click here to view linked References

Passivity-based Tracking Control of an Omnidirectional Mobile Robot Using Only One
Geometrical Parameter

Chao Ren?, Yutong Ding?, Shugen Ma®"*, Liang Hu¢, Xinshan Zhu?

“School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China
b Department of Robotics, Ritsumeikan University, Shiga 525-8577, Japan
¢School of Computer Science and Informatics, De Montfort University, The Gateway, Leicester, LE] 9BH, UK

Abstract

This paper presents an output feedback tracking control scheme for a three-wheeled omnidirectional mobile robot, based on pas-
sivity property and a modified generalized proportional integral (GPI) observer. The proposed control approach is practical from
an implementation point of view, since only robot position information and one robot geometrical parameter (i.e., contact radius)
are required. Firstly, a dynamic model is given and passivity property is analyzed. Then the controller is designed based on pas-
sivity property and a modified GPI observer. The design objective is to preserve the passivity property in the closed-loop system,
which is conceptually different from the traditional control design methodology. Particularly, the designed control system takes
full advantage of the robot natural damping forces. Therefore, only considerably small or non differential feedback is needed. In
addition, theoretical analysis is given to show the closed-loop stability behavior. Finally, experiments are conducted to validate the

effectiveness of the proposed control system design in both tracking accuracy and robustness.
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1. Introduction

Recently, omnidirectional mobile robots (OMRs) are be-
coming increasingly popular in many applications, especially
those in narrow spaces with high maneuverability requirements,
such as warehouses, factories and hospitals. This is due to the
fact that OMRs can perform arbitrary motion in an arbitrary
orientation without changing the direction of wheels [1].

OMRs are typical nonlinear, time-varying, multi-input-multi-
output systems, subject to various external disturbances (i.g.,
uncertain payload, friction forces). In the literature, the dy-
namic modeling and control of OMRs have been studied by
many researchers in recent two decades [2—11]. In [2], a feed-
back linearization approach, resolved acceleration control (RAC),
was applied to an OMR with three lateral orthogonal-wheel
assemblies, in which the control performance depends on the
accuracy of the dynamic model. [3] designed a nonlinear con-
troller for an OMR using a trajectory linearization control method
with consideration of actuator dynamics. Considering static
friction effects, [4] presented a dynamic model for an OMR
and an experimental identification method to estimate the pa-
rameters of the static friction model. In [5], a model-predictive

*This work was supported by the National Natural Science Foundation of
China under Grant 61603270 and Tianjin Natural Science Foundation under
Grant 18JCQNJC04600.

*Corresponding author

Email addresses: renchao@tju.edu.cn (Chao Ren),
yutong_ding@tju.edu.cn (Yutong Ding), shugen.ma@ieee.org (Shugen
Ma), liang.hu@dmu.ac.uk (Liang Hu), zhongyang. fei@hit.edu.cn
(Xinshan Zhu)

Preprint submitted to Elsevier

control scheme with friction compensation using a static fric-
tion model was proposed for an OMR. Six parameters of the
static friction model were identified using the approach pro-
posed in [4]. However, the identification process is complex.
In [6], a linear optimal controller was designed based on a sim-
ple linear model, which is obtained by linearizing a complicated
dynamic model of a three-wheeled OMR using kinematics. In
[7], a smooth switching adaptive sliding-mode controller was
proposed to tackle the tracking tasks in the presence of both
structured and unstructured uncertainties. The parameters of
motor dynamics were assumed to be unknown. In [8], a switch-
ing quasi-linear-parameter-varying controller using LMI-based
techniques was proposed for a four-wheeled OMR. Considering
wheel switching, a continuous dynamic modeling and control
approach of an OMR were discussed in [9] and [10], respec-
tively. An observer was used to estimate the complicated dy-
namics, unmodeled dynamics and input-output cross-couplings
in [10]. It should be mentioned that the designed control sys-
tem in [10] depends on part of dynamic model information.
In [11], quantitative feedback theory was applied to design a
proportional-integral controller for robust low-level control for
a redundant OMR with four wheels.

All of the controllers mentioned above are model-based de-
sign approaches, in which a complete dynamic model includ-
ing motor dynamics (i.g., [2-6, 8, 11]) or at least part of the
dynamic model information (i.g., [7, 10]) is required. It is well
known that both the dynamic modeling and parameter identifi-
cation are complex and time-consuming in practice. Therefore,
model-based control design may be restrictive from an imple-
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mentation point of view if a dynamic model or its parameters
are unknown. From a practical point of view, a control sys-
tem design will be particularly attractive if the tedious dynamic
modeling and parameter identification process can be avoided.

Passivity is one of the most fundamental properties of robotic
systems [12]. Passivity-based control has been a very powerful
design concept in many control problems of robotics, i.g., robot
control [13, 14], teleoperation control [15, 16], to name a few.
On the other hand, generalized proportional integral (GPI) ob-
server is a disturbance observer characterized by a high dimen-
sional extension [17], and it thus has a good estimation perfor-
mance of fast-varying disturbances. GPI observer based control
has been successfully applied in various practical applications
[18-20], to name a few. However, although GPI observer based
control design does not require complete model information,
part of the model information is still needed.

In this paper, a passivity-based output feedback control (POFC)

is designed for trajectory tracking of a three-wheeled OMR.
Firstly, a robot dynamic model is given and the passivity prop-
erty of the robot is analyzed. Then the control system is de-
signed, in which a modified GPI observer is employed to esti-
mate disturbances and control errors. The design objective is to
preserve the passivity property of the robot in the closed-loop
system, which is conceptually different from traditional control
design, such as feedback linearization control approaches. It
should be emphasized that the differential feedback gains can
be selected considerably small or even zero due to an effective
exploitation of the robot natural damping. The resulting control
system only requires one geometrical parameter (i.e., the con-
tact radius of each wheel), without using any other model pa-
rameters. Theoretical analysis is presented to show the closed-
loop stability behavior. Finally, experiments are conducted to
compare the tracking accuracy and robustness of the proposed
control design against traditional model-based RAC.

The remainder of this paper is organized as follows. In
Section II, dynamic modeling and analysis of a three-wheeled
OMR are presented. The proposed passivity-based output feed-
back trajectory tracking control scheme as well as stability anal-
ysis is presented in Section III. In Section IV, implementation
details, experimental results and discussions are presented. Fi-
nally, conclusions are drawn in Section V.

2. Dynamic modeling and analysis

In this section, a dynamic model for the robot prototype is
given and then passivity property of the robot dynamic system
is analyzed.

The prototype platform is shown in Fig. 1, with three MY
wheel-II assemblies arranged at 120° intervals beneath the steel
disk. Each assembly is actuated with a DC motor. For a detailed
description of the MY wheel-II mechanism and the prototype
platform, the readers are referred to [21].

The two coordinate frames used in the modeling are shown
in Fig. 2: the world coordinate frame {W} fixed on the ground
and the moving coordinate frame {M} fixed on the robot geo-
metric center. The nomenclature is defined in Table 1.
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Figure 2: Coordinate frames of the omnidirectional mobile robot.

Note that, as shown in Fig. 1 and Fig. 2, each MY wheel-II
assembly has two contact points with the ground, and thereby
two contact radiuses exist for each wheel (i.e., D;, and D,,,)
[22]. In this paper, the average contact radius (i.e., Ly = (Dj,+
Dyu1)/2) is used in the dynamic model. In addition, it is as-
sumed that no slippage is between the wheel and the motion
surface. Part of the friction forces in the transmission system
(e.g. coulomb friction), dead-zone and backlash, and friction
forces between each passive wheel and ground are unmodeled.

The robot dynamic model in the world coordinate frame in-
cluding motor dynamics is given as follows [23]:

MgG+Cq+Dg=r, 1)

where T = Bu, which is considered as the virtual control input
in this paper, and the real control input, u = [u; u uz]7 , is the



Table 1: Nomenclature

World coordinate frame
T

o=[x » 0]
V= Ve Vy 0]

Mechanical constants
m Robot mass
Robot moment of inertia around

Robot position and orientation angle

T Robot translational velocity and
rotational angular rate

b the mass center of the robot
I Wheel moment of inertia around
v the wheel shaft
r Wheel radius
D, Inner contact radius
D,y Outer contact radius
Ly Average contact radius
Combined moment of inertia of
Iy motor, gear train and wheel referred
to the motor shaft
bo Combined viscous friction coefficient
of the motor, gear and wheel shaft.
kp Motor back EMF constant
ke Motor torque constant
R, Motor armature resistance
n Gear reduction ratio

supplied voltage of three motors; and

%p0+m 0 0
M=é 0 2po+m 0 ,
0 0 3poLo® +1,
0 3pod 0
C:p—2 —3ped 0 0|
0 0 0
Ipi 0 0
1)=pi2 0 3p 0 |
0 0 3piLy?

—cosf— V3sin@ —cosf+ V3sind 2cosé

1
B= 3 —sinf+ V3cosh —sind— V3cosf 2sind |,
2Ly 2Ly 2Ly

2 2
_ n’lp _ kikp, _ nk .. e
po =5 p1 = %(bo+ FP), p2 = 7zt Dq is the dissipative

force, due to the combined viscous friction of the motor, gear
and wheel shaft, as well as the motor armature resistance, gear
reduction, etc. It relates to the loss or dissipation of energy.
Since D is positive definite, the robot is a fully damped sys-
tem. On the other hand, according to the standard passivity
definition, (1) defines an output strictly passive mapping from
the virtual control input 7 to 4. Note that, the passive mapping
from the real control input # to § cannot be guaranteed.

Property 1. M is a symmetric positive definite matrix, it sat-
isfies Amin(M)||x]1> < 27 Mx < Apax (M)||x|*, Vx € R3, where |||
denotes the Euclidean norm; Ay (+) and Apax(+) denote the min-
imum and maximum eigenvalue, respectively.

Property 2. With the definition of M and C in (1), M —2C is
skew symmetric.

Remark 1. The matrix D can be rewritten as follows:

30 0
nRa k[kb
D= b 3
rkt ( 0+ Ra ) 0 2 0
0 0 3Ly

It can be seen that, the robot natural damping is related to the
gear reduction ratio and wheel radius. More specifically, the
robot natural damping has a positive correlation with the gear
reduction ratio n and an inverse correlation with the wheel ra-
dius r.

3. Passivity-based control

3.1. Control system design

Assuming that the robot dynamic equation (1) is known, the
well-known passivity-based trajectory tracking controller can
be applied as follows [24]:

=M, +(C+D)q,—Kys, 2)

where ¢, = g4 — Ae, g4 = [xq Y 6417 is the desired robot tra-
jectory, e =q—qq, s =é+Ae; Ky and A € R3*3 are diagonal
positive definite matrices. The term Kj;s represents the damp-
ing injection.

Combining (1) and (2), the closed-loop error dynamics can
be obtained as follows:

M5 +Cs + Ds + Kys = 0. 3)

Based on Lyapunov stability analysis, it is straightforward
to obtain that s > Q as t — oo, and thuse —» 0,é —> 0 as t —» o
[24].

It is clear that the energy minimum of open-loop system (1),
i.e., (¢,q) = (0,0), has been shifted to (e,é) = (0,0) by the con-
troller (2). Note that the total energy of the open-loop system
D is

R T
Ho(q,9) = 54" Mq. @

The controller (2) actually reshapes the original open-loop
energy function of (4) into

1
Hi(e,é) = ESTMS, (5)

which is the total energy of the closed-loop system (3). This
is the well-known energy shaping plus damping ideas of the
passivity-based control approach [25].

Consider the case that the matrix M, C and D in (1) are
completely unknown and only the input matrix B is known. To



maintain the passivity property, the objective is to design a con-
troller which results in a closed-loop system maintaining the
similar structure of (3).
Then the open-loop tracking error dynamics can be written
as:
é=§—iy=-ANe+M (t—Cs—Ds)+f, (6)

where f = ~M~'(Cq, + Dq,) - §, + £(), is the time-varying
perturbation input vector, and &(¢) represents the modeling er-
rors, including ummodeled forces, parameter uncertainties and
external disturbances. Defining w = M f, then the following
assumption is made.

Assumption: The time-varying perturbation input vector w
can be approximated by a (p — 1)-degree family of Taylor time-
polynomial inputs and a residual term; that is,

p-1
w(t) ~ Z @t +8(1), (7

i=0

with a; € R33 being constant coefficients, and the kth time
derivatives of the residual term &(¢), i.e., ®(r)(k > p), being
uniformly absolutely bounded. Thus w® (¢) = §¥)(¢).

Define e; = e, e; = é and w; = w. Then the open-loop track-
ing error dynamics (6) can be rewritten in state space as

é=e,
ér=—-Aée+M ' (t—Cs—Ds)+ M 'wy,
Wi =wy,
(3)
wp_l =Wp,
Wy, =8P,

Assuming that M=1I, then C(q) = 0 is satisfied if it is defined
using the Christoffel sysmbols [12, 26]. Define é; and é, as
the estimation of e and e;, respectively. Then a modified GPI
observer can be derived for the error dynamics (8) as follows
[26]:

él = éz—Aél +(/lp+1 —-Ae,

C))

l;t\’p_l = l@‘p +/llé,

‘;‘\’p = Agé,
where & = e — &1, the observer gains 4, € R¥3,i=0, 1,...p+1
are diagonal positive definite. A;; is used to represent the jth
diagonal element in 4;, j=1, 2, 3. w; is the estimation of w;, i =
1, 2,...p. pis the order of GPI observer.

The selection of A; is to make sure that the poles of the ob-
server error dynamics in three channels are placed at the desired
locations. The characteristic polynomial of the observer error
dynamics for each channel is as follows:

n(s)) = s 2+ Apenys P + o+ Aysj+ ojs (10)

where j =1, 2, 3. With proper selection of 4;, é = él andw ~wj.
For the sake of simplicity, the poles in the three channels
are placed in the following manner:

1(s;) = (5 +we )P, (11)

where j =1, 2, 3, w,; (w,j > 0) is a parameter to specify the
desired poles. In this paper, the observer order p is set as 2, and
then the observer gains can be easily obtained by comparing

(10) and (11) as follows:
w? 40
ol 4 ol 3
/l() = a)o2 . /l] = 40)02 ,
wys 4w},
60)31 4w
/12 = 60)§2 . /13 = 4w02
6w? 4woy3

The design objective is to derive a controller resulting in a
similar structure of (3), in order to preserve the passivity prop-
erty in the closed-loop system. Therefore, a possible selection
of the controller can be given as:

T=—K @, +Ae)—w1 = —Kys + K é — w1, (12)

where & = é—él.
With the selection of (12), the closed-loop tracking error
dynamic equation can be obtained by combining (6) and (12):

Ms+Cs+Ds+Kys=o0. (13)

where o = K é +Ww and w = w —w, . It is noted that the closed-
loop tracking error equation (13) has a similar structure with
(3). It can be proved that system (13) is strictly passive from o
to s.

Finally, since 7 is a virtual control input, the real control
input of the proposed trajectory tracking controller is given as
follows:

u=B (=K, +Ae)—)). (14)

It can be seen from (9) and (14) that the only required model
parameter in implementation of the designed control system is
the contact radius Ly, which is the geometrical information of
robot. Compared with traditional model-based control design,
such as RAC in [2], the tedious dynamic modeling and param-
eter identification process can be avoided. As a result, the pro-
posed control design may be an attractive option from an im-
plementation point of view. In addition, it can be seen in the
observer (9) and controller (14) that only the position feedback
signal is needed without measuring the robot velocity.

Remark 2. As already mentioned before, since the robot proto-
type is a fully damped dynamic system, the damping injection
may be avoided by exploiting the robot natural damping. In
other words, K; may be set quite small or even zero in prac-
tice because of an effective exploitation of the robot natural
damping. This design concept is totally different from tradi-
tional control design approach, such as RAC in [2]. In [2], the
robot natural damping is canceled in the feedback linearization
and K, has to be set large enough to ensure system stability. It
should be pointed out that high frequency disturbance may be
introduced into the control system due to large K.



3.2. Stability analysis

The boundedness of é and W have been proved in [26], and
thus o is bounded.
Theorem 1. The closed-loop system (13) is bounded-input
bounded-output (BIBO) stable with respect to the pair (s,0),
i.e., 381, B2 > 0 such that

lIsll <81 +B2llol, (15)
andee L3 ,ée L3,

Proof. Consider a Lyapunov function:
1
V(1) = 5sTMs. (16)

According to Property 1, the Lyapunov function (16) satis-
fies:

1 1
Eﬂmier)usu2 <V< Eamax<M>||s||2. (17)

The derivative of (16) can be derived as follows:

v =s"Ms+1s" Ms
=sT(0—Cs— Ds—Kgs)+ 55T Ms
=sTo+ %ST(M—ZC)S —sT(D+Ky)s
=sTo—sT(D+Ky)s.

(18)

Note that Property 2 has been used in (18).

Combining (17) and (18), the following inequation is gained:

’ 2Amin(D+Ky) 2V
V<-Sheon VTt \1on ol (19)
==7V+ | 1an ol

where y; = % > (. Divide both sides of (19) by 2 \VV:

vV d Y1 f 1

Define H = \/‘_/, yz%l >0, e=
be rewritten as:

s lrll, then (20) can

H<-yH+s. 21
Then there is:

H(t) < H(0)exp(—yt) + 3 [1—exp(—y1)],¥t€[0,00). (22)

Since —yt <0, 0 < exp(—y?) < 1, inequation (22) can be writ-
ten as follows by combining with (17):

1//lmm—(M)||s||$HsH(O)+£. (23)
2 Y

Then the following can be obtained:
llsll < B1+B2lloll, (24)
_ 2 __ 1
where 81 = || 7—=35H(0). B2 = 51— 7

Since s = é + Ae, and A € R¥3 is diagonal positive definite,
it can be easily conclude that if s € £, thenee £3,é € L3,.
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Figure 3: Schematic of the experimental setup.

4. Experiments

Fig. 3 shows the complete schematic of the experimental
setup. The central controller and motor controllers are sim-
ple microcontrollers (all are dsPIC33FJ128MC804 from Mi-
crochip). They were programmed to operate at 40 million in-
structions per second. Three DC motors (Maxon) are the same
with gear reduction ratio of 185.7 and the nominal voltage of 24
V. Each motor is installed with an incremental encoder (1024
counts per turn, Maxon). Three DC motor drivers (LMD18200
from Texas Instruments) are identical.

As seen from Fig. 3, the communication between the cen-
tral controller and the three motor controllers is via CAN bus,
which was programmed to operate at 1 Mb/s. The central con-
troller calculates the control law and generates the control input
to three motor controllers. Then each motor controller gener-
ates the corresponding pulse-width modulation (PWM) signal
to each motor driver. In addition, each motor controller col-
lects information from encoder and then sends it to the central
controller via CAN bus. The robot posture is determined using
odometry which is commonly used in the tracking control study
of mobile robot [27, 28], to name a few. The laptop is used to
receive experimental data via UART. The sample time is set as
10 ms.

4.1. Tracking performance

In this part, experiments were conducted to compare the
tracking performances of the proposed design against traditional
model-based RAC in [2]. The parameters of the robot proto-
type were identified as follows: m = 35 kg, I, = 1.35 kg-m?,
r=0.06 m, Dj, =0.147 m, Dy, =0.236 m, Lo = 0.192m, Iy =
3.15x 107 kg-m?, k; = 0.0292N -m/A, k, = 328 rpm/V, n =
186, by = 1.5x 107 Nms/rad, R, = 0.61 Q. It should be re-
minded that only the geometrical parameter L is needed in the
proposed control design without requiring any other model pa-
rameters.

The controller parameters of RAC were set as:

16 40
K, = 16 , K= 40 . @5
16 40



Table 2: Experimental results: IAE of RAC and POFC
Index IAE.,(m) IAEg(rad) MAE.(m) MAEg(rad)

RAC 0979 1.972 0.511 0.132
POFC 0.360 0.202 0.012 0.021

The controller parameters of POFC were set as:

16 1
A= 16 , Ky= 1
4 1

(26)

The observer parameters of POFC for the x and y channel were
set as w,] = wyy = 16 rad/s, and the observer parameter for the
rotational channel was set as w,3 = 4 rad/s. It should be noted
that all of the experiments in this paper were conducted using
the same parameters above, without any retuning.

The integral of absolute error (IAE) and maximum absolute
error (MAE) were used to evaluate the control performances.

The definition of IAE and MAE are as follows:

IAEym] = [ (lex|+|ey)ar.
IAE [rad) = [ legld1.

MAE,,[m] = max{ max ey, max|ey| },
MAEg[rad] = max|eg|.

In the first experimental scenario, the robot was commanded
to track a circle of 0.8 m radius within 30, i.e., x; =0.8 cos(%t)
m; y; = 0.8sin({5¢) m. In the first 10 s, the robot performed
translational motion without rotation, i.e., 6; = 0 rad. After 10
s, the desired robot orientation angle was set as 8; = 0.35(¢—10)
rad. The robot initial posture was set as [0.8(m) 0(m) 0(rad)]”.
Experimental results are shown in Fig. 4. The calculation re-
sults of IAE and MAE (steady state) are shown in Table 2.

It is shown in Fig. 4 (b) that the tracking error of the pro-
posed POFC is much smaller than that of model-based RAC in
both translational and rotational motion. As is displayed in Ta-
ble 2, the JAE,, and JAEg of RAC are almost 3 times and 10
times as large as those of POFC, respectively. It is also found
that the MAE,, and MAEy of RAC are almost 5 times and 6
times as large as those of POFC, respectively. This is due to the
fact that unmodeled dynamics (i.g., friction forces) and param-
eter uncertainties exist in the robot control system, which will
deteriorate the tracking performances of model-based RAC. How-
ever, in the proposed POFC, the unmodeled dynamics and pa-
rameter uncertainties can be estimated in the observer (see Fig.
4 (c)) and compensated in the control input (see Fig. 4 (d)).

Moreover, the proposed output feedback design only re-
quires the robot position information, while RAC is a state feed-
back design requiring both position and velocity information.
Emphasis should be paid that velocity signal is obtained by dif-
ferentiating the position signal in many cases, which may result
in deterioration of the control performance due to the introduc-
tion of high frequency noise.

Table 3: Robustness Comparisons.
IAE JAEWT(m) IAE}(m) IAE)7(rad) IAE} (rad)

RAC  0.147 0.538 0.136 0.637
POFC  0.058 0.075 0.032 0.053
MAE MAENT(m) MAE)(m) MAE)'" (rad) MAE) (rad)
RAC  0.012 0.035 0.011 0.094
POFC  0.005 0.006 0.005 0.007

4.2. Robustness

In this experimental scenario, a lemniscate trajectory was
selected to compare the robustness of the proposed design with
RAC. The reference lemniscate trajectory was set as: xg = 0.4
cos(z5t) m; yg = 0.4sin(55¢) m. In the first 40 s, the robot orien-
tation was fixed, i.e., 8; = 0 rad. After 40 s, the desired orienta-
tion angle was 6, = 75(¢—40) rad. The robot initial posture was
set as [0.4(m) 0(m) O(rad)]”. The control parameters of both
RAC and POFC were set to be the same as before.

Fig. 5 shows the experimental setup for the robustness test.
The experiments were conducted on a rubber floor, to increase
friction forces. To introduce payload disturbances, a chair was
installed on the robot prototype. In the first 60 s, no payload dis-
turbance was introduced. After 60 s, payload disturbance was
introduced by adding a person (weight: 70 Kg) on the robot
prototype (i.e., totally 105 Kg). In other words, the robot mass
has been increased 200% compared with the original mass (i.e.,
35 Kg). Besides, robot moment of inertia around the mass cen-
ter (1,) and friction forces also have a significant change due
to the payload disturbance. Therefore, both large parameter un-
certainties and large external disturbances were introduced after
60 s. Experimental results are shown in Fig. 6 and Fig. 7. Table
3 also shows the performance index of the two control methods
after 60 s. IAE)‘X,T, MAEX‘;T, IAEgVT and MAEZVT represent
the index of performance without payload disturbances. JAEY |
MAE)‘?;, IAE;V and MAEZV represent the index of performance
with payload disturbances.

It can be seen in Fig. 6 that the control performance of
RAC has large deviations after the payload disturbance was in-
troduced (i.e., after 60 s). It is also illustrated in Table 3 that
MAE,, and MAEy of RAC with payload disturbances have re-
spectively increased to 292% and 855% compared with RAC
without disturbances. However, it can be seen from Fig. 7 and
Table 3 that for POFC, the tracking performance remains al-
most the same after payload disturbance was introduced. As a
result, compared with RAC, the proposed POFC achieves much
better robustness to large parameter uncertainties and large ex-
ternal disturbances.

4.3. Discussion

The experimental results above demonstrate that the pro-
posed POFC enjoys essentially much better robustness to large

external disturbances and large parameter uncertainties, yet achieves

much better tracking accuracy performances, compared with
RAC. It should be emphasized that the superior performance
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Figure 4: Experimental results of RAC and POFC (circle trajectory): (a) Reference trajectory and responses in the xy-plane. (b) Tracking errors. (c) Estimated
disturbances w(r) by observer. (d) Control input u(f).

of the proposed POFC is achieved only requiring a geometric
parameter, i.e., Lo, without any other robot model parameter
information.

It should be noted that K; in POFC (see (26)) was set con-
siderably small compared with that of RAC (see (25)). Actu-
ally, it is shown in simulations and experiments that K; can
be set as zero, yet the control performance remains almost un-
changed. Therefore, the problems due to large differential feed-
back, such as introduction of high frequency noise, can be avoided.
This is because the proposed controller makes an effective ex-
ploitation of the robot natural damping. The robot prototype
itself already has large enough damping. However, if the robot
natural damping is not large enough, damping should be added
in the controller.

For RAC, however, the parameter K; should be selected
large to add enough damping, since the natural damping of the

Rubber Floor

e — robot itself has already been canceled in the controller. If RAC

uses the same samll K, as that of POFC, it is found in the ex-

Figure 5: Experimental setup of robust tests. periments that the control system cannot work and have severe
oscillations.
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Figure 6: Experimental results of RAC: (a) Reference trajectory and responses in the xy-plane. (b) Reference trajectory and responses in the rotational direction.

(c) Tracking errors.
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Figure 7: Experimental results of POFC: (a) Reference trajectory and responses in the xy-plane. (b) Reference trajectory and responses in the rotational direction.

(c) Tracking errors.

5. Conclusions

In this paper, a passivity-based output feedback tracking
control scheme has been proposed for a three-wheeled OMR
using only one geometric parameter. Compared with tradi-
tional RAC, the proposed control approach does not require any
model parameter information except the contact radius. The
controller is designed based on a modified GPI observer and
passivity property. The design objective is to preserve the pas-
sivity property of closed-loop system, which is conceptually
different from the traditional control design theoretic method-
ology. The designed control scheme takes full advantage of the
robot natural damping forces, where only considerably small
or non differential feedback is needed. Stability analysis has
shown that the control system is BIBO stable. Experimental re-
sults have demonstrated that the proposed POFC enjoys much
better robustness to large external disturbances and large pa-
rameter uncertainties, yet achieves much better tracking accu-
racy performances, compared with RAC.

References

[1] J.-B. Song and K.-S. Byun, “Design and control of a four-wheeled omni-
directional mobile robot with steerable omnidirectional wheels,” J. Robot.
Syst., vol. 21, no. 4, pp. 193-208, 2004.

[2] K. Watanabe, Y. Shiraishi, S. Tzafestas, J. Tang, and T. Fukuda, “Feed-
back control of an omnidirectional autonomous platform for mobile ser-
vice robots,” J. Intell. Robot. Syst., vol. 22, pp. 315-330, 1998.

[3]

(4]

(3]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

Y. Liu, J. J. Zhu, R. L. W. II, and J. Wu, “Omni-directional mobile robot
controller based on trajectory linearization,” Robot. Auton. Syst., vol. 56,
no. 5, pp. 461 — 479, 2007.

A. Conceicao, A. Moreira, and P. Costa, “Practical approach of mod-
eling and parameters estimation for omnidirectional mobile robots,”
1EEE/ASME Trans. Mechatronics, vol. 14, no. 3, pp. 377-381, 2009.

J. C. L. Barreto S., A. G. S. Conceicao, C. E. T. Dorea, L. Martinez,
and E. R. de Pieri, “Design and implementation of model-predictive
control with friction compensation on an omnidirectional mobile robot,”
IEEE/ASME Trans. Mechatronics, vol. 19, no. 2, pp. 467476, 2014.
K.-Y. Tu, “A linear optimal tracker designed for omnidirectional vehicle
dynamics linearized based on kinematic equations,” Robotica, vol. 28,
no. 07, pp. 1033-1043, 2010.

J.-T. Huang, T. Hung, and M.-L. Tseng, “Smooth switching robust adap-
tive control for omnidirectional mobile robots,” IEEE Trans. Control Syst.
Technol., vol. 23, no. 5, pp. 1986-1993, 2015.

D. Rotondo, V. Puig, F. Nejjari, and J. Romera, “A fault-hiding approach
for the switching quasi-LPV fault-tolerant control of a four-wheeled om-
nidirectional mobile robot,” IEEE Trans. Ind. Electron., vol. 62, no. 6, pp.
3932-3944, 2015.

C. Ren, S. Ma, Y. Sun, and C. Ye, “A continuous dynamic modeling ap-
proach for an omnidirectional mobile robot,” Adv. Robotics, vol. 29, no. 4,
pp. 253-271, 2015.

C. Ren and S. Ma, “Generalized proportional integral observer based con-
trol of an omnidirectional mobile robot,” Mechatronics, vol. 26, pp. 36—
44, 2015.

R. Comasolivas, J. Quevedo, T. Escobet, A. Escobet, and J. Romera,
“Modeling and robust low level control of an omnidirectional mobile
robot,” J. Dyn. Sys., Meas., Control, vol. 139, no. 4, 2017.

R. Ortega and M. W. Spong, “Adaptive motion control of rigid robots: A
tutorial,” Automatica, vol. 25, no. 6, pp. 877 — 888, 1989.

J. Zhang and C. C. Cheah, “Passivity and stability of human-robot inter-



[14]

[15]

[16]

(17]

(18]

[19]

(20]

[21]

(22]

(23]
(24]

(25]

[26]

[27]

(28]

action control for upper-limb rehabilitation robots,” IEEE Trans. Robot.,
vol. 31, no. 2, pp. 233-245, April 2015.

S. F. Atashzar, M. Shahbazi, M. Tavakoli, and R. V. Patel, “A passivity-
based approach for stable patient-robot interaction in haptics-enabled re-
habilitation systems: Modulated time-domain passivity control,” IEEE
Trans. Ind. Electron., vol. 25, no. 3, pp. 991-1006, 2017.

L. Sabattini, C. Secchi, B. Capelli, and C. Fantuzzi, “Passivity preserving
force scaling for enhanced teleoperation of multirobot systems,” IEEE
Robot. Autom. Lett., vol. 3, no. 3, pp. 1925-1932, 2018.

M. Shahbazi, S. F. Atashzar, M. Tavakoli, and R. V. Patel, “Position-force
domain passivity of the human arm in telerobotic systems,” IEEE/ASME
Trans. Mechatronics, vol. 23, no. 2, pp. 552-562, April 2018.

H. Sira-Ramirez, C. A. Nuifiez, and N. Visairo, “Robust sigma—delta gen-
eralised proportional integral observer based control of a ‘buck’ converter
with uncertain loads,” Int. J. Control, vol. 83, no. 8, pp. 1631-1640, 2010.
A. Rodriguez-Angeles and J. Garcia-Antonio, “Active disturbance rejec-
tion control in steering by wire haptic systems,” ISA Transactions, vol. 53,
no. 4, pp. 939 — 946, 2014.

G. Ramos, J. Cortés-Romero, and H. C.-E. Ram, “Spatial observer-based
repetitive controller: an active disturbance rejection approach,” Control
Eng. Pract., vol. 42, no. 0, pp. 1 — 11, 2015.

J. Yang, H. Cui, S. Li, and A. Zolotas, “Optimized active disturbance
rejection control for dc-dc buck converters with uncertainties using a
reduced-order GPI observer,” IEEE Trans. Circuits-I, vol. 65, no. 2, pp.
832-841, 2018.

S. Ma, C. Ren, and C. Ye, “An omnidirectional mobile robot: concept and
analysis,” in Proc. of the 2012 IEEE Int. Conf. Robotics and Biomimet-
ics(ROBIO) , Guangzhou, China, Dec. 2012, pp. 920-925.

C.Ren and S. Ma, “Dynamic modeling and analysis of an omnidirectional
mobile robot,” in Proc. of the 2013 IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems (IROS) , Tokyo, Japan, Nov. 2013, pp. 4860-4865.
C.Ren, Y. Sun, and S. Ma, “Passivity-based control of an omnidirectional
mobile robot,” Robotics & Biomimetics, vol. 3, no. 1, p. 10, 2016.

J.-J. E. Slotine and W. Li, “On the adaptive control of robot manipulators,”
Int. J. Robot. Res., vol. 6, no. 3, pp. 49-59, 1987.

R. Ortega, Passivity-based control of Euler-Lagrange systems: mechan-
ical, electrical and electromechanical applications. London, U.K.:
Springer, 1998.

M. A. Arteaga-Pérez and A. Gutiérrez-Giles, “On the GPI approach with
unknown inertia matrix in robot manipulators,” Int. J. Control, vol. 87,
no. 4, pp. 844-860, 2014.

Y. Chung, C. Park, and F. Harashima, “A position control differential drive
wheeled mobile robot,” IEEE Trans. Ind. Electron., vol. 48, no. 4, pp.
853-863, 2001.

S. X. Yang, A. Zhu, G. Yuan, and M.-H. Meng, “A bioinspired
neurodynamics-based approach to tracking control of mobile robots,”
IEEE Trans. Ind. Electron., vol. 59, no. 8, pp. 3211-3220, 2012.



