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Abstract: In order to solve the trajectory tracking task in a wheeled mobile robot (WMR), a dynamic
three-level controller is presented in this paper. The controller considers the mechanical structure,
actuators, and power stage subsystems. Such a controller is designed as follows: At the high levelis a
dynamic control for the WMR (differential drive type). At the medium level is a PI current control for
the actuators (DC motors). Lastly, at the low level is a differential flatness-based control for the power
stage (DC/DC Buck power converters). The feasibility, robustness, and performance in closed-loop of
the proposed controller are validated on a DDWMR prototype through Matlab-Simulink, the real-time
interface ControlDesk, and a DS1104 board. The obtained results are experimentally assessed with a
hierarchical tracking controller, recently reported in literature, that was also designed on the basis of
the mechanical structure, actuators, and power stage subsystems. Although both controllers are robust
when parametric disturbances are taken into account, the dynamic three-level tracking controller
presented in this paper is better than the hierarchical tracking controller reported in literature.

Keywords: mobile robots; DC motors; DC/DC power converters; control design; trajectory tracking;
dynamic three-level controller; hierarchical controller; PI current control; differential flatness

1. Introduction

Differential drive wheeled mobile robots (DDWMRs) have been intensively studied by the control
community over the last few decades [1,2]. Since these kind of systems are underactuated and they
are restricted in their lateral motion [3], any control task becomes a real challenge. In this sense,
four control tasks have been detected on the specialized literature [4-6]: regulation, path following,
obstacle avoidance, and trajectory tracking, the latter being the most studied due to its practical
applications. In this context, the dynamical model of a DDWMR is composed by three subsystems, i.e.,
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mechanical structure, actuators, and power stage. In this regard, the great majority of the published
papers only consider the mathematical model, kinematic or dynamic, associated with the mechanical
structure and, at most, the dynamics of the actuators. However, with the aim of achieving a better
performance in the DDWMR, recent papers have also included the dynamics of the power stage [7-10].
It is worth mentioning that considering the dynamics of the electric power supply renders the control
algorithm complex; but perhaps the performance of the DDWMR might be improved (for mechatronic
systems [11-14]).

Based on the aforementioned, when designing tracking controls for DDWMRs two directions
have been taken, both related to the mathematical model of the mechanical structure. These are,
when the control design is performed on the basis of: (i) the kinematic model or (ii) the dynamic model.
Thus, the following review highlights the papers that, additionally, take into account the dynamical
models of the actuators and the power stage subsystems. It is important to emphasize that this review
only contemplates papers published in the last 12 months. Complementary works can be found in the
literature review reported in [9,10].

1.1. Control Strategies Based on the Kinematic Model

Papers considering the kinematics of the mechanical structure in control design can be divided
in turn into three paths: (1) kinematics of the mechanical structure, (2) kinematics of the mechanical
structure plus dynamics of the actuators, and (3) kinematics of the mechanical structure plus dynamics
of the actuators and power stage. These approaches are described below.

1.1.1. Kinematics of the Mechanical Structure

The most common way of solving the tracking task in a DDWMR is by using only the kinematics
of the mechanical structure. For example, an adaptive visual control was presented by Li et al. in [15].
Xie et al. in [16] proposed a kinematic control combined with a dynamic compensator that achieves
asymptotic stability. A sliding mode control (SMC) with double control loop was reported by
Seo et al. in [17]. Boubezoula et al. in [18] designed a SMC for the flat outputs of the DDWMR
and by proposing an adaptive gain discontinuous control law a zero error convergence is achieved.
On the other hand, Miao et al. in [19] introduced a leader-follower control strategy based on a
distributed estimation law for each follower, with the aim of estimating the vector state of the leader,
and a distributed formation control law that uses the estimated information of the followers and the
formation error. In [20], Zhang et al. developed a discrete-time domain control that considers the
lost of data over an ideal communication network and two algorithms for compensate the delays
over that same network. In [21], Zhang et al. presented a vision-based control and an adaptive
continuous controller for solving the tracking and regulation tasks on the DDWMR. Roy et al. in [22]
proposed an adaptive switching gain-based robust control that considers linear parametric uncertainty,
whose efficacy was experimentally assessed with an adaptive SMC. Cui et al. in [23] reported a robust
control algorithm for solving the tracking and obstacle avoidance tasks that uses an adaptive unscented
Kalman filter for estimating the slippage of the wheels and an unscented Kalman filter for adjusting
the covariance of the noise generated by the slippage estimation process. In [24], Dénmez et al.
designed a visual servoing go-to-goal behavior controller to steer the DDWMR to a static target; such a
controller was also experimentally assessed with two controls, a PID control and a fuzzy-PID control.
Melo et al. in [25] introduced a leader-follower SMC that considers parametric uncertainty and uses
a fuzzy adaptive formation technique so that the parameters associated with perturbations are not
required. Falsafi et al. in [26] developed an optimal fuzzy logic controller that considers velocity
and acceleration restrictions imposed by the mathematical model of the DDWMR. Additionally,
the performance of the controller was assessed with a fuzzy controller and with a model predictive
controller via simulations performed in Matlab. In [27], Bai et al. presented a model predictive control
based on tire mechanics that prevents the sideslip and improves the performance of the DDWMR
when solving the tracking task. The proposed control was assessed with a kinematic model predictive
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control. Wang et al. in [28] proposed a smooth controller with time-varying feedback parameters that
solves the tracking and the stabilization tasks. Lastly, Guechi et al. in [29] solved the trajectory tracking
problem by designing a novel fuzzy predictor observer for dealing with the delay measurements and a
parallel-distributed compensation control for the mechanical structure.

1.1.2. Kinematics of the Mechanical Structure Plus Dynamics of the Actuators

When the kinematics of the mechanical structure and the dynamics of the actuators are considered
in control design, the performance of a wheeled mobile robot (WMR) is significantly improved [30-32].
In this direction, Marquez-Sanchez et al. in [33] reported and implemented on an embedded hardware
a two-level tracking control composed by a kinematic control for the mechanical structure and a PI
control for the actuators.

1.1.3. Kinematics of the Mechanical Structure Plus Dynamics of the Actuators and Power Stage

According with literature, there are only four papers that have considered together the kinematics
of the mechanical structure, the dynamics of the actuators and the power stage in control design.
All these approaches were based on the hierarchical control concept, where three levels of control,
one for each subsystem, were proposed. For example, Silva-Ortigoza et al. in [7] reported the first
three-level switched tracking controller that considered the kinematics of the mechanical structure
and the dynamics of the actuators and the power stage. Garcia-Sanchez et al. in [8] designed a
three-stage average tracking controller that also used the models of the same three subsystems. In such
a paper, an assessment of the controller was done when its switched implementation is carried out via
PWM or X — A-modulation. Later, Garcfa-Sadnchez et al. in [9] introduced a new three-level average
tracking controller that also took into account the three subsystems. In that paper, the developed
controller was experimentally assessed with a controller that neglects the dynamics of the power stage.
Lastly, Garcia-Sanchez et al. in [10] presented a new three-level switched tracking controller whose
performance was experimentally assessed with the three-level average controller reported in [9].

1.2. Control Strategies Based on the Dynamic Model

Papers considering the dynamics of the mechanical structure subsystem in control design, can be
divided in two paths: (1) dynamics of the mechanical structure and (2) dynamics of the mechanical
structure plus dynamics of the actuators. These approaches are presented below.

1.2.1. Dynamics of the Mechanical Structure

By using the dynamics of the mechanical structure for control design purposes, robust algorithms
can be easily designed [34]. Also, as stated in [35], a more realistic scenario is achieved when the torque
is used as the control input. In this direction, tracking controls that consider only the dynamics of
the mechanical structure are presented here. Nguyen et al. in [36] proposed a neural network-based
adaptive SMC that contemplates the slipping between the wheels and the ground and uncertainties
in the mathematical model. In [37], Mirzaeinejad and Shafei reported a predictive control whose
performance was assessed with a SMC. Huang et al. designed in [38] a neural-network tracking control
that was robust to parametric uncertainties.

1.2.2. Dynamics of the Mechanical Structure Plus Dynamics of the Actuators

Controls that take into account the dynamics of the mechanical structure plus the actuators in
its design can solve the tracking task in a more efficient way. However, the algorithm turns out to be
more complex. In this context, Kumar et al. in [39] introduced a hierarchical controller based on SMC
and PI control for the kinematic model and a PID control for the dynamics and the actuators. In [40],
Mirzaeinejad developed a robust optimization-based nonlinear control, whose feasibility was assessed
with a SMC.
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1.3. Discussion of the Related Literature, Motivation, and Contribution

The literature provided herein shows that five approaches have been naturally generated when
proposing tracking control algorithms for DDWMRs. These approaches are linked to the mathematical
model of the mechanical structure, as briefly shows the Table 1. In such a table, the acronyms MS, A,
and PS stand for Mechanical Structure, Actuators, and Power Stage, respectively.

Table 1. Tracking controls reported in literature for differential drive wheeled mobile robots (DDWMRs).

Mathematical Model of the
Mechanical Structure

Subsystem Kinematics Dynamics
MS [15-29] [36-38]
MS + A [33] [39,40]
MS + A +PS [7-10] —

As it can be observed in Table 1, when the dynamics of the mechanical structure subsystem is
used for control design purposes, at most the dynamics of the actuators subsystem has been also
introduced. However, the dynamics of the power stage subsystem has been neglected.

Motivated by the literature previously presented, see Table 1, the contribution of this paper
is twofold:

e To design a dynamic tracking controller that uses the dynamics of the mechanical structure,
actuators, and power stage subsystems. The proposed controller has three levels: at the high
level, for the mechanical structure, is a dynamic control; at the medium level, for the actuators,
are two PI current controls; at the low level, for the power stage, are two controls based on
differential flatness.

e  To experimentally validate the proposed controller and, in order to highlight the contribution of
this paper, to assess its performance with results of the hierarchical tracking controller reported
in [9]. This latter was designed on the basis of considering the kinematic model of the mechanical
structure and the dynamics of the actuators and power stage.

The rest of this paper is structured as follows. The dynamic tracking controller is designed in
Section 2. The experimental results of the proposed approach and the assessment with results of a
controller previously reported in literature are presented in Section 3. Finally, some conclusions are
given in Section 4.

2. Dynamic Three-Level Tracking Controller that Considers Actuators and Power
Stage Subsystems

2.1. Generalities of the DDWMR

The DDWMR is presented in Figure 1 and is composed by three subsystems: mechanical structure,
actuators, and power stage. In such a figure, and in the rest of this paper, the components of the
actuators and the power stage linked to the right and the left wheels are specified through the subscripts
r and [, respectively. In the following, each subsystem is described.

e  Mechanical structure. It is a differential drive type where v and w are the straight linear and
angular velocities, ¢ is the heading angle of the DDWMR, w, and w; correspond to the angular
velocities of the right and left driving wheels, respectively. The width of the DDWMR is 2/ and r
is the radius of each wheel. The origin of the xy world coordinate system is O and P is the origin
of the XY coordinate system fixed to the DDWMR. Additionally, P is placed at the middle of the
axis that is common to the left and right driving wheels. The center of mass of the DDWMR is P,
which is on the X —axis, and the distance from P, to P. is d. For the latter description, m. and my,
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are the mass of the body and wheel with a motor, respectively. I, I, and I, are the moment of
inertia of the body about the vertical axis through P, the wheel with a motor about the wheel
axis, and the wheel with a motor about the wheel diameter, respectively.

Actuators. Two DC motors are employed, one for each wheel, whose parameters (L,,, Ly, ) and
(Ra,, Ra;) correspond to the inductances and the resistances of armature, whereas (is,, is,), (07, %)
and (wy, w)) are the currents, the applied voltages at the armature terminals, and the angular
velocities of the shafts. Other parameters are (], J;), (ke,, ke,), (km,, km,), and (b;, by), associated
with the moments of inertia related to the rotors and motor loads, the counterelectromotive force
constants, the motor torque constants, and the viscous friction coefficients, respectively.

Power stage. This subsystem is made up of two DC/DC Buck power converters, one for each
motor. Here, (E,, E;) are the power supplies, (u,,u;) are the switched control signals that regulate
the voltages (v,,v;) at the terminals of the capacitors (C,, C;) and the loads (R, R;) through
the transistors (Qy, Q;) and the diodes (D, D;), while (i,,i;) are the currents that flow in the
inductances (L;, L).

Power stage subsystem Actuators subsystem Mechanical structure subsystem

Qi L

+ T it +l

v

_T D, _T

Left DC/DC Buck power converter Left DC motor

£ R

Qr L, Lq, R,
+« T ¥ +l + ‘la, Wy
E'r; Ur X Ur CT Rr 197‘ ®
1 D _T .
Right DC/DC Buck power converter Right DC motor Differential drive type

Figure 1. Subsystems composing the DDWMR under study.

2.2. Design of the Dynamic Three-Level Tracking Controller

This section presents the design of a dynamic three-level tracking controller for a DDWMR.

The proposed controller introduces in its design the dynamics of the three subsystems mechanical
structure, actuators, and power stage. The structure of this controller is described below.

1.

High-level control. It comprises a kinematic control (v, wy) ensuring (x,y, ¢) — (x*,y*, ¢*)
and a computed-torque control (1, 77) ensuring (wy, w;) — (wf,wy), i.e., that (v,w) — (vf, wy).
The latter allows to compute the desired armature current to be tracked by each actuator of
the DDWMR.

Medium-level control. Here, two PI current controls are proposed. These controllers ensure that
electric current through the motor armature circuits reach their required values to generate the
desired torque that was computed in the previous step. These PI controls deliver the reference
values (9,, 9;) for voltages to be applied at the motor armature terminals and represent the voltage

profiles that must be tracked by the output voltage of the power stage.
Low-level control. In this level, two average controls based on differential flatness are designed.

These controllers deliver the variables (u,0,, a0, ) that represent the signals to be applied to the
transistors of the Buck power converters. Such controls ensure that voltage at the output of the
power stage tracks the desired profile computed in the previous step.

With the aim of working as a whole, the controls designed in items (1), (2), and (3) are

interconnected by using the hierarchical controller concept [7-10].
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2.2.1. High-Level Control

This subsection presents a kinematic control and the design of a computed-torque control for the
mechanical structure subsystem of the DDWMR.

The configuration of the DDWMR can be described by the five generalized coordinates
q=[xy, 90,0, where (x,y) are the coordinates of Py, ¢ is the heading angle of the robot, and 6,,
0; are the angles of the right and left driving wheels (see Figure 1). Assuming that the wheels move
without slippage, then the dynamic model of the DDWMR is given by [35]:

q="5(q)v, 1)
M(q)v+C(q,9)v=B(q)T, @)
where
5COS¢Q 5COSQ
e e
jsing  3sing 2Pl +l B (ml 1)
S (q) = 2L _ﬁ ’ M (q) =% 72 2 72 4 2 ’
1 0 iz (mf* 1) 1z (ml>+1) + Ly
0 1

2
, 0 = medg 10
C 7 - 2 ¢ 7 B - 7
(9,9) <;ch 49 0 ) (9) (0 1)

and v = [wy, w;]T represent the angular velocities of the driving wheels, previously defined. Whereas
T = [1,7]" is the input vector of torques T, and 7; applied at the right and the left driving wheels,
respectively. It was defined m = m. 4 2my and I = med? + 2mpl? + 1. + 21,. In the previous
equations, and in the rest of the paper, the derivative with respect to time ¢ will be specified by a “dot”
or by d/dt.

The kinematic control is based on the kinematics of the DDWMR Equation (1). After defining
v = /%% + y? and w = ¢ the kinematics can be expressed as:

X =vcosg,
Yy =vsing, (3)
p=w,
where v and w are the inputs.
The main objective of the kinematic control is to guarantee that (x,y, ¢) — (x*,y*, ¢*). This is,

the DDWMR must track a desired trajectory imposed by a reference DDWMR whose kinematic model
is given by:

x* = v* cos ¢,

y* =v"sing", 4)
.k *

P =w,

where the configuration of the reference DDWMR is given by the triplet (x*,y*, ¢*) and the reference
inputs are v* and w™.
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Based on Equations (3) and (4) the tracking error is defined as:

e1 Kycosgp Kpsing 0 x*—x
e | = —Kysing Kycosg «a v-y |, ®)
es3 0 0 1 pF— ¢

where K, and & are positive constants. It is important to note that determinant of matrix in Equation (5)
is K2, meaning that the matrix is non-singular. After computing the time derivative of Equation (5),
and considering Equations (3) and (4), the following error dynamics is obtained:

é1 *Kz €y — Ke3 U*Kz coses
& | = 0 —e] — & ( ) + | v*Kysines + aw™ | . 6)
é3 0 -1 w*

According with [35], replacing [v,w]T by the following control inputs is suitable for
tracking purposes:

vf = v coses + Kyey,

@)

wr =w" +v"Kzex + Ky sines,

where K; and K3 are positive constants. The control inputs Equation (7) allow that (e1, ez,e3) — (0,0,0),
as shown in [41], as long as « = 1/K3 and v* > 0. Consequently, it is achieved that
(x,y,¢) = (x*,y*, ¢*) when t — oo.

The computed-torque control is based on the dynamics of the DDWMR Equation (2). Such control
is proposed as follows:

r:hﬂ@(ﬁkﬁ?l@%%@)+CW@ﬁa @®)

where T = [1, 7] and
wy — wy
v=v—vt="" "T], ©)
w) — w

K, = diag {kpo, kpw } , K; = diag {kiy, ki },

v is defined by the following inverse transformation:

(=0 7))
()=

where vy and wy, given by Equation (7), are used.
After replacing the torque-control Equation (8) in the dynamics of the DDWMR Equation (2) the
following error dynamics are obtained:

and v* is defined as:

(11)

==
I S
Sl
N———
7~
<
o
v

ot
ﬁ:—&m—m/ﬁ@. (12)
JO
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Note that Equation (12) can be expressed, according with Equations (10) and (11), as follows:

t

= —kpu® —kip | Ods, (13)
Jo
t
& = —kpo@ — ki / wds, (14)
0
where
f):v—vf, cD:w—wf,

and kyu, kiy, kpw, kie, are sufficiently large positive constants allowing that (&, @) — (0,0).

With the aim of showing the stability in closed-loop of the kinematic control Equation (7) and the
computed-torque control Equation (8) with the DDWMR, the following Lyapunov function candidate
is proposed. This function is inspired by that proposed in [34], and it is complemented by some terms
arising from rotative and translational velocity errors:

@) = 1K 1 K
V(€1,€2, e3, 7, ~) 2 13% + *; Kle% + 7;
2

Tio N1, (N1 (.
+§<v +w)+2kw</0 vds) +§kw /Owds . (15)

The time derivative of V along the trajectories of the closed-loop system is given as:

(1 —coses)

) KiKj3 . Ky . . - .
V= —K%e% — Kie10 — 123 gin? ez — K—lw sines — kpvv2 — prwz,
2
V < —xTQx,
where
2 K
K3 0 - 0
LI ! T
Q= & ¢ 21, x=lle[sines], [0], @[]
-3 0 Ky 0
2 K 4
1
0 - 0 Kpw

Matrix Q can be rendered positive definite if and only if its four principal minors are positive.
This is always possible using large enough values for Ky, K3, Ky, Kpw. This ensures that V < 0and,
hence, ¢, €2, e3, U, @, are bounded. Computing V it is found that:

. : - . 2K1K5, . Ky . .
V= —ZK%elel — Kyé610 — Kqeq0 — ! 363 sines cos ez — K—lw sines
2

K ~ . ~ A ~ A
— K—lweg, cos e3 — 2kpy 00 — 2K 0@.
Since ey, 3, e3, U, @, are bounded so are é;, é5, é3 if v* and w* are bounded. Also note that # and @
are bounded if kpy, kiy, kpw, ke, are positive. Hence, V is bounded and Barbalat’s lemma ensures that
V — 0ast — oo, implying that (eq,e3, ¥, @) — (0,0,0,0) locally. This result and considering that:

@=w—wr=w-— (0" +0"Kzes + Kzsinez) — 0
also imply that e; — 0if v* > 0. Thus, recalling that matrix in Equation (5) is nonsingular it is found
thatx* —x = 0,y*  —y = 0,¢* — @ = 0.

It is stressed that conditions ensuring this result are the following: (a) T is computed as in
Equation (8), where Equations (7) and (11) are employed, (b) the controller gains Ky, K3, K3, Ky, Kpew,
must be chosen such that the four principal minors of matrix Q be positive, (c) the integral gains
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Kiy, Ki,, may take any positive values, (d) v* and w* must be bounded functions of time with v* > 0
for all time.

2.2.2. Medium-Level Control

This subsection presents a PI current control for the actuators subsystem of the DDWMR.
The dynamics of a DC motor, expressed in terms of its angular velocity w, the armature current i,,
and voltage applied at the armature terminals ¢ is given by [41]:

Lu% — 0 — Ryi, — kotw,

t (16)
d—w = —bw + ki
dt - mta-

With the intention of achieving that the generated torque reaches torque T defined in Equation (8),
the torque equation

T = kyi® (17)

is employed to compute the required electric current i; to flow through the armature circuits.
Then, the following PI electric current control is proposed

=70 (i5, ~ios) +n [ (i5, ~ia) 18)

where subindex k stands for both r and I, whereas (g, v1) are the positive control gains, to achieve
(ia,,ia;) — (i3,,i3 ). The theoretical justification behind this affirmation is the following.

Defining e; = i, — i; to represent the electric current error in any of the two motors, adding and
subtracting some convenient terms, and using the Laplace transform with zero initial conditions, it is
found that the feedback connection of Equations (16) and (18) results in

Ei(s) = Gi(s)Ia (s) + Ga(s)w(s),

Gi(s) = _Re (s+Ra/La) B
M Re/la @ Bpies 4 (19)
k T

Ga(s) = —=%s Ly

7
T 824 Retdog
i L,

where E;(s), I(s), w(s), stand for the Laplace transforms of e;, i}, w, respectively. Note that G; (s) and
Go(s) are stable if v9 > 0 and 1 > 0.

In Figure 2 the magnitude Bode diagram of Gj(s) is presented. From this Bode diagram, it is
concluded that the tracking error ¢; is small if the integral gain -1 is chosen to be large. Although this
is valid for slow changing electric current profiles i;(t), i.e., for desired electric currents with
low-frequency components, choosing larger integral gains allow to track electric current profiles
with faster changes, i.e., desired electric currents with higher-frequency components. This is because
the corner frequency +/71/L, is shifted to the right. Moreover, to avoid a large resonant peak,
the proportional gain ¢ must be chosen to be larger as the integral gain ; is increased. Thus, it can
be concluded that i, (t) remains close to i} (t) in steady-state, for an arbitrarily fast changing electric
current profile 7} (t), if both vy and 7; are chosen to be large enough. Note that a 0 [dB] magnitude for
high frequencies in Figure 2 means that |i; — i} | = |i}|, i.e., that i,(t) = 0.

On the other hand, Figure 2 also presents the magnitude Bode diagram of G,(s). Note that,
because of the factor k. /71, attenuation for all frequencies is achieved as 7 is chosen to be large.
However, 79 must also be large as < is large to avoid a large resonant peak. Hence, the effect of
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fast-changing external torque disturbances can be attenuated by using large values for both g and ;.
Thus, the fact that (i4,, is ) remain close to (i; , i; ) in steady state, as stated above, is well justified.

’Gl(]w) aB ‘GZ(jw) 4B
A Y1
0 > W 0 1 § » W
L — 20dB/dec
R, j (ke !
20log (37 7 a0dB]dec 2010 (%) 7 20dB]dec N

Figure 2. Frequency response to time varying i; and w.
2.2.3. Low-Level Control

In this subsection, the design of a differential flatness-based control for the power stage subsystem
of the DDWMR is presented.
The behavior of a DC/DC Buck power converter is governed by the following average model [42]:

L% = —v+ Eugyp,
t (20)
cv_,_ 2

dt R’

where u;, € [0,1] is the average input. When 1, is replaced by the switched input u € {0,1},
the mathematical model is known as switched model.

With the intention of accomplishing that (v,, v;) — (8, 9;), a differential flatness-based control is
designed. For this purpose, the dynamics Equation (20) is expressed in terms of its flat output [43],
S = v, as follows [44]:

LC .. L . 1

A suitable proposal for u,, is given by:
Ugp = — U+ ==S+ =S, (22)

being p an auxiliary control to be defined.
After introducing Equations (22) in (21) the following closed-loop dynamics is found:

Sy = p. (23)

In order to achieve that S — S* as long as t — oo, being S* the desired voltage profile to be
tracked by the output voltage of the Buck converter, the control signal y is proposed as:

VZS*—/ﬂz(S'—S'*)—ﬁl(S—S*)—ﬁo./Ot(S—S*)dU- (24)

When Equation (24) is replaced in Equation (23) and the voltage tracking error is defined as
ec = S — 5%, the tracking error dynamics in closed-loop is obtained:

e+ ,132?}: + ,Bléc + ﬁoec =0, (25)



Sensors 2020, 20, 4959 11 of 25

whose characteristic polynomial is given by:

pe(s) = s+ ,stz + B1s + Bo- (26)

After equating Equation (26) with the following Hurwitz polynomial:
pa(s) = (s +a) (% +28wns + ), 7

where (a, ¢, wy,) are positive constants; the control gains B, f1, and By are found to be:

B2 = 2Cwy +a, B1 = 2Cwna + w?, Bo = aw?.

2.2.4. Dynamic Three-Level Tracking Controller

This section presents the design of a dynamic three-level tracking controller for the DDWMR.
Such a controller is based on the hierarchical controller concept [7-10] and results from the
interconnection of the controls previously designed in Sections 2.2.1-2.2.3.

After considering the kinematic and the dynamic mathematical models of the mechanical
structure subsystem, the controls Equations (7) and (8) were proposed. These controls allow the
DDWMR Equation (3) to track a desired trajectory imposed by the reference DDWMR Equation (4),
ie, (wr,wy) — (wy,wf)and (x,y,9) — (x*,y*, ¢*). Since two DC motors are required to generate
the desired torque in Equation (8), the current control Equation (18) was proposed for the actuators
subsystem. Thus, the control inputs ensuring (ia,, is;) — (i3 ,i7 ) are given by:

t
O =0, (i —ia) +m, /0 (i — i) dr, (28)

and
t
0 =0, (it —in) + 71, | (it —in) d, (29)
for the right and the left DC motors, respectively, with i; and i; defined as:

ok p—1 %
la, =kn T,

* —1_ % (30)
Za, = Am Tl 4
where Equation (17) has been used. In Equation (30) the following is considered:
(1) = (% 7). (31)

with (7, 77) given in Equation (8). On the other hand, each DC motor is fed by a DC/DC Buck power
converter and with the aim of achieving (v,,v;) — (¢,,9;), the average control Equation (22) was
designed. Hence, the right and the left Buck power converters are governed by the following average
control inputs:

L,C, L, 1

Ugy, = E, Hr + rrEr Uy + EU/

t
pr =5 = P, (00— 57) = o, (0r = 7) — o, [ (0 — e},

(32)
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and
U LiCi + Li + ! v
av; — = HI o Yl = YL
E R/E E
1 151 1 t (33)
w =07 — B, (0 = 9) — By, (01—07)—%,/0 (v —vp)dr,
respectively. In Equations (32) and (33) it is considered that:
(v, 0f) = (O, ). (34)

It is worth mentioning that the design of the average controls Equations (32) and (33)
is based on the average mathematical model of the Buck power converter Equation (20).
Consequently, the corresponding switched implementation u, and u; is carried out through the
following ¥ — A-modulators:

1 .
ur =7 [1—sign (e,)], (35)

€ = Ugy, — Uy,

and

u = % [1 —sign (e;)], (36)

él = uuv, — Uy

for the right and the left Buck power converters.

In short, the switched controls Equations (35) and (36) achieve (v, v;) — (8, 9;) which yields
(ia,,ia) — (i3, iz ). Based on this, it is easily observed that the DDWMR will track a prescribed
trajectory, i.e., (w,, w;) — (wy,wf) and (x,y, ) — (x*,y*, ¢*). In Figure 3 the block diagram of the
dynamic three-level tracking controller developed here is depicted.

(’U* ’ W*) Ur
s
=1
Reference £ I Right Buck power ¥ — A - Modulator
1| converter control
WMR S |
El |
<
31 U = |
— S r Uy
S gl . | g,
% =1 Right DC "
> b=l motor control I Right Buck
*fj, 0%‘3 I — I power converter
(3
+ | LA
()—' Kinematic control I Torque I Uy
to current
| |
3 DRI B T
= Transformation matrix Wr ]
B [W::| _ F L } ['Uf] wf I Dynamic control | |
[ T2 i
i [ N T |
| |
| SR )
I Left Buck power converter & left control signals I

Figure 3. Block diagram of the dynamic three-level tracking controller.
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3. Results from the Experimental Prototype in Closed-Loop

With the intention of highlighting the contribution of this paper, this section presents an
experimental assessment of the dynamic three-level tracking controller designed in Section 2.2 with
the hierarchical tracking controller reported in [9]. Likewise, the prototype of DDWMR used for the
implementation of the controllers is described. Lastly, the experimental results are shown.

3.1. Controllers to Be Assessed

This subsection presents the generalities of the two controllers to be assessed. In this direction,
the dynamic three-level tracking controller is firstly introduced, followed by the hierarchical tracking
controller reported in [9].

3.1.1. Dynamic Three-Level Tracking Controller

According with Section 2.2, the controller is composed of the following three levels:

e High-level. This control comprises the kinematic control given by,

vf = v"coses + Kpey,

. _ (37)
wf=w"+v Kyey + Kz sines,
and the computed-torque control proposed as,
t
T=M{(q) (1'/* — K7 — Ki/ ﬂds) +C(q,9)v, (38)
0
where K1, K3, K3, K, and K; are the controls gains.
e  Medium-level. Corresponds to the PI current controls designed as,
. . t . .
B = o, (i, —ia,) + 71’/0 (iy —iq,) dT, (39)
t
0 =0, (it —in) +71, | (it —in) a7, (40)
with (79,,71,) and (7o, 71,) positive constants.
e  Low-level. It was designed on the basis of the differential flatness concept as follows,
u —chr;t—i— L, z')+1v
av, — rT 5 9T = U,
E, R,E, E, t 41)
pr = 3 = Ba, (& = 95) = B, (0 = 7) — o, [ (or =) d,
and
u LG + Li U+ ! (4
=7 MT o T o
“ = M RE E; (42)

¢
Hi :ijf_,BZZ (Z)I_Z)?()_.Blz (Ul—z.]l*) _ﬁOI/O (Ul_vl*)dr’
where the control gains (B2,, B1,, Bo,) and (B2,, B1,, Bo,;) were found to be,

ﬁZr = 20wy, + ar, ,31, = 20wy, ay + wﬁ,, ,BOr = arwyzz,/

and

2 2
,le = Zglwi’ll + Ell, ,Bll = Zglwnlal + wnll ,BOI = ulwt’ll'



Sensors 2020, 20, 4959 14 of 25

3.1.2. Hierarchical Tracking Controller

This controller was reported in [9] and also comprises three levels: high, medium, and low. In this
regard, the high-level control is the same as control Equation (37), whereas the medium-level control
was designed on the basis of the first order approximation of Equation (16) and was given by,

_ 6y + Crwy

V] 43
r 7 (43)
t . 1 K,
Or = wy —ky, (wr —wy) — ki, (wy — wy) doy, Or=—, ¢r=—,
0 Or Or
and
9 = 41 +€lwl, (44)
¢
t 1 K
6 = wf —ky (w; —wi) —k; w; — wi)doy, =, =—,
1 =@ —kp (W) —wy) z,o( | —wj)do 4 o ol o

while the gains kp,, k;,, kp,, kil were defined as,

kp, = 21,wm,, ki, = w%h’ kp, = 2(:11“)”1,' kip = w'2111'
Related to the low-level control, it corresponds to the same used by the dynamic three-level
tracking controller, i.e., Equations (41) and (42).

3.2. DDWMR Prototype and Connections Diagram

The controllers to be assessed are tested on a DDWMR prototype via Matlab-Simulink,
the real-time interface ControlDesk, and a DS1104 board. The prototype is shown in Figure 4 and its
dimensions are 390 x 1073 m in length, 360 x 1073 m in width, and 350 x 1073 m in height, whereas
its mass is 19 kg. The wheels are steered by brushed DC motors GNM3150 + G2.6, provided with a
20:1 gearbox each, and are driven by DC/DC Buck power converters.

DC/DC Buck power converters

Current- f)robes

-

P5200A Voltage probes

L DS1104 board

Figure 4. DDWMR prototype.
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On the other hand, Figure 5 depicts the connections diagram of the DDWMR in closed-loop.
As can be observed, the DDWMR is tested with either the dynamic three-level tracking controller or
the hierarchical tracking controller and Matlab-Simulink along with a DS1104 board.

Tracking controllers

@—bParametric I |@>wr _T_ @ -
curve
& : | Bl 0T
I
I

(
I
| Time l(v*’w*)
I
I
I

|’_ © Kmematie T )
control Dynamic |
| T control Current |
| pU Y @ @ control Dynamic three-level
| @ Wy Torque to Diq, tracking controller I
PR S P g |
A P B R e |
| * % % s
D Y wk » W T T e B2 19[ Differential flatness I
I @ x 7l &) average control
I g é lay v — |
| . olu* Uav, Modulator a I
D=l 0 |
__________ 1 |
Desired trajectory | Differential > U
________ L U |
|
|
|
|
I

> -
Acquisition and conditioning I
of signals vy, iy, 44, and w; to
implement u; in the left wheel|

of the DDWMR )|<—

N s s S ————————————
7. |
E DS1104 board |

e e e

Ref |
D?)%Ifeﬁcri | @—»w? Ui Hierarchical tracking
controller
Wi
e y o
DDWMR, data acquisition, and signal conditioning

| |
|
| 7] | ] I
| d 22 - |
D S |
| = |+ SC|« |

=
| |
| P5200A V Ur |

0 oltage
| = <_ differential probe |
| | Ur > N % Right Buck |
- ) o0 A622 in converter

| Llar )< T‘E 7 <_ Current probe |
I < |
| | A622 |
| — Current probe

= I
| %) > § 8 & |

— |
I up > P 8 E |
| 2]

— (27 I
| |
| |
| |
| |
| |
| !

Figure 5. Connections diagram of the DDWMR in closed-loop with the tracking controllers.



Sensors 2020, 20, 4959 16 of 25

In Figure 5 the following blocks were used:

(a) Tracking controllers. The dynamic three-level tracking controller Equations (37)—(42) and the
hierarchical tracking controller Equation (37), Equations (41)—(44) reported in [9] were programmed
in this block. Additionally, the following six sub-blocks were defined:

)

@

®)
(4)

©)

(6)

Kinematic control. Corresponds to the high level of both tracking controllers and is given by
Equation (37). It requires the physical parameters of the mechanical structure defined as,

r=0.075m, 2¢ = 0.40 m.
The gains of this control for the dynamic three-level tracking controller are,
K1 =01, Ky, =5, Kz =1,
whereas for the hierarchical tracking controller are,
Ki =12, Ky, =08, K3 =0.9.
Dynamic control. This control is also related to the high level of the dynamic three-level

tracking controller and is given by Equation (38). In this control, the following parameters of
the mechanical structure are required:

me =158kg, my =247kg, I =0.135kgm?, I, = 0.00375kg-m?, I, = 0.0015kg-m?,
while the gains were selected as,
kpp =50,  kijy =140,  kpo =30, ki, = 150.

Torque to current. In this sub-block the mathematical transformations from torque to current

Equation (30) are programmed, where ky;, = ky;, = 1.748 N- m/A.
Current control. Corresponds to the medium level of the dynamic three-level tracking

controller and is given by Equations (39) and (40), while its gains were proposed as follows:

Yo, = 2.8, Y1, = 15, ’)/01 = 2, ’y]l =10.
Differential flatness control. This control is associated with the medium level of the
hierarchical tracking controller and is defined by Equations (43) and (44). In these equations
the following parameters are required:

pr=20x10"3, K, =634x103,  p=20x10"3,  K;=580x1073.
The gains of this control were found by proposing the following parameters:

¢1, = 1.63, wp, =245, 1, = 1.25, wp,, = 20.
Differential flatness average control. This one corresponds to the low level of both tracking
controllers and is given by Equations (41) and (42). This block contains the following nominal
parameters of the power converters:

R, =R =10Q, C =C=220uF, L,=10129mH, L;=106mH, E, =E =28V.

Also, the parameters of the corresponding gains are programmed in here. For the dynamic
three-level tracking controller the parameters were proposed as,

ar = 300, ¢r = 850, wy, =800,  a; =350, ¢& =800, wy, = 600,
while for the hierarchical tracking controller, the following parameters were defined:
a =120, ¢r =150, wy, =80,  a; =180, ¢ = 150, wy, = 250.

The synthesis of this control was carried out through the X — A-modulators
Equations (35) and (36).
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(b) Desired trajectory. The trajectory to be tracked by the DDWMR, when either the dynamic
three-level tracking controller or the hierarchical tracking controller is used, is proposed as a

circle path given by,
x* = Asinwt,
y* = A(1—coswt),
¢F = wt, (45)
v = Aw,
w* = w,

where A = 1.5m, w = 2nf rad/s,and f = 1/T Hz, being T = K; s and K; a constant value to
be defined.

() DDWMR, data acquisition, and signal conditioning. Here, the connections between the DDWMR
prototype and the DS1104 board are presented. The data acquisition of voltages (vy,7;),
currents (i, ij,i4,,1a,), and angular velocities (wy, wy) is carried out through Tektronix P5200A
voltage probes, Tektronix A622 current probes, and Autonics E5058-1000 incremental encoders,
respectively. In addition, a signal conditioning (SC) is executed in each signal.

3.3. Experimental Results

This subsection presents a visual assessment, through experimental results, of the dynamic
three-level tracking controller proposed in this paper, Equations (37)—(42), and the hierarchical tracking
controller, Equations (37), (41)—(44), reported in [9]. Note that, in such experiments, the results
associated with the dynamic three-level tracking controller are labeled as v4(x4), ¢4, wWr,, w; 1 Orgr Oty
ig,, ia;, iry, and i v while the results related to the hierarchial tracking controller correspond to vy (x),
Pk, Wy, Wy, Ury, Uy, 1r, and iy . On the other hand, the results of the tracking errors associated with
the dynamic three-level tracking controller correspond to ey, ey,, and ep,. These errors have been
defined as,

* * *
x; =X — Xy, ey, =Y —Yi, o, =@ — Q4.

While the results of the tracking errors related to the hierarchical tracking controller are ey, ey,,
and Cops and have been defined as,

K ok o x
€y =X — Xg, ey, =Y —Yis Cor = ¢ — Pk-

The rest of variables are the desired trajectories to be tracked and were previously defined.

With the aim of enhancing even more the contribution of this paper, the experimental results in
closed-loop contemplated three cases: (i) when nominal values of all parameters associated with the
DDWMR were considered, (ii) when abrupt variations appeared in loads (R;, R;) of the Buck power
converters, and (iii) when abrupt variations were introduced in power supplies (E;, E,) of the Buck
power converters.

3.3.1. Experiment 1: Considering Nominal Values

The performance of the DDWMR in closed-loop, with either the dynamic three-level tracking
controller or the hierarchical tracking controller, when no kind of variations appeared in its parameters
is presented in Figure 6, whereas Figure 7 shows the tracking errors related to x, y, and ¢, for both
controllers. For these experiments, the value of parameter K; = 16 s, meaning the tracking task was
solved in 16 s. The reason for choosing such a value is because when K < 16 s neither the dynamic
three-level controller nor the hierarchical controller solved the control objective. However, when
K; = 16 s the dynamic one achieves (x,y, ¢) — (x*,y*, ¢*) but not the hierarchical one, since this
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latter did not consider the dynamic model of the subsystem mechanical structure, as can be observed
in Figures 6 and 7. This, in turn, means that the DDWMR in closed-loop with the hierarchial tracking
controller could not drive high speeds. Thus, the good performance of the proposed approach was
validated, since all signals tracked their corresponding desired trajectories, i.e., the control objective
was achieved.

4 8 18—
35l ) == w@) ey @) T — s - gy e T oy, - Wy e W
St JPEEEN) 1 159
31.E - ~ 6 £
)5l > | 12
2 3 4 9\
15 : Jtaet e—— P
1 ,' 2 ,—" 6 i
0.5 3
0 Loz L ts t s
25 -15 05 05 15 25 0 4 8 12 16 0 4 8 12 16
18— —
s _% — Wy - Wy e W) 350> — vy, - Uy e O, 35> — oy, -y e
& 30 30
12 25 . 251
9 20 204
R At S et
6% il recerdoeim=odo S 15 Mm 15
| - 10 10
3 #’
5 5
t|s t[s t|s
. s, s, g
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16

0 4 8 12 16 0 4 8 12 16

Figure 6. Experimental results in closed-loop when considering nominal values in all parameters of
the DDWMR.

10

tls]
0.1 : : : 5 : :
0 4 8 12 16 0 4 8 12 16

Figure 7. Tracking errors when considering nominal values in all parameters of the DDWMR.
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3.3.2. Experiment 2: Variations in Loads R, and R;

19 of 25

With the aim of assessing the robustness of both tracking controllers, the variations of Table 2 for
loads R; and R; were introduced. In these results the value of parameter K; = 24 s, i.e., the motion of
the DDWMR was slightly slower compared to the previous experiment, as depicted in Figure 8.

Table 2. Abrupt changes in R, and R;.

R, Rl
Ry t<8s R; t<8s
65% R, 8s<t<1l6s 65%R; 8s<t<1l6s
20% R, 16s<t 20% R; 16s<t
4 8— —
3.5 : ba (zd) T (zk) o y* (I*) '-C.é - Sod - ()Ok SD* 12 $ wTr] w'f‘k " w:
318 61" £
s 9 L
250 }
(!
2 4 6 kl_ o -
1.5 \apor
1 2 3
0.5
0 N z [m] 0 t [s] 0 t [s]
25 -1.5 -05 0.5 1.5 2.5 0 4 8 12 16 20 24 0 8 12 16 20 24
12 g — Wy - Wy - Wy 30 E —_— Uy = Uy - Y, 30 E — vy, -- -
g 25¢ 25
9 — n
205, 20
61 A T4 T SR S R U : 15
\'s > | UG,
\ Y’k l - 10 10}
R s et
5 L._ sk % 5 bansss
. e s T
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 8 12 16 20 24
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15  Faat
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0 | | t [s]]
0 4 8 12 16 20 24
2F= ‘ .
3 . . 3t= . B
15 — 7’(1[ ....... l:l i — lld - - ’le
1 F
0.5 K 1.5F 1
’ | N T o , R — t[s]j
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Figure 8. Experimental results in closed-loop with abrupt changes in R, and R;. The results of the

dynamic three-level tracking controller are labeled as y,;(x4), ¢4, wr,, w; 10 Orar Olys Ly Bay, By, and 4,

while the results associated with the hierarchical tracking controller correspond to yi(x¢), ¢k, wr,, wy,,

Ury, U1, br, and i,
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As it can be observed in Figures 8 and 9, tracking errors appeared when using the hierarchical
tracking controller, despite its robustness and the slower movement of the DDWMR. This is due to
the controller does not consider the dynamics of the mechanical structure. In contrast, the dynamic
three-level tracking controller did achieve (x,y, ¢) — (x*,y*, ¢*), validating its good performance and
robustness. It is worth emphasizing that although both tracking controllers were indeed robust, the
hierarchical one was limited when selecting the trajectory to be tracked by the DDWMR. This means
that when using the kinematics of the mechanical structure in control design, the DDWMR could fail if
curve trajectories were imposed at high speeds.

02— : : : : 0.8 — :
g e [R— e ....... e ’g 6 [R— e ....... e
£ T4 Ya ®d = Ty Yk P
s 0.6
0.1FE )
3 ]
£) 4 0415
0 %fxff‘}z“wsrgmbwwwwi‘apfdiv 02+ b
H : ; , )
tm o
t[s +
ol W . . . W
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Figure 9. Tracking errors when the abrupt changes in R, and R; (Table 2) are considered. In these
results, the tracking errors associated with the dynamic three-level tracking controller are denoted by
ex,, ey, and ey, while for the hierarchical tracking controller the corresponding errors are represented

by ex,., ey, and eg,.

3.3.3. Experiment 3: Abrupt Changes in Power Supplies E, and E;

The performance and robustness of both tracking controllers are assessed when considering the
abrupt changes of Table 3 for power supplies E, and E;. Similar to the previous experiment, here the
value of parameter Ks = 24 s. The results of the experiment are shown in Figure 10.

Table 3. Abrupt changes in E, and E;.

Emr E'"11
E, t<8s E; t<8s
85%E, 8s<t<16s 85%E 8s<t<16s
50% E, 16s<t 50% E; 16s <t

According with Figure 10 the DDWMR in closed-loop with the hierarchical tracking controller
failed, once more, to track the desired trajectory, i.e., tracking errors appear (see Figure 11), while
the dynamic three-level tracking controller achieved, again, the control goal (x,y, ¢) — (x*,y*, ¢*),
validating both its good performance and robustness.

In brief, the experimental results presented in Figures 6-11 demonstrate that the dynamic
three-level tracking controller successfully solved the trajectory tracking task. In this regard,
two aspects must be highlighted: (1) no matter whether or not variations were considered in some
parameters of the DDWMR, (x,y, ¢) — (x*,y*, ¢*) was achieved; and (2) the DDWMR in closed-loop
with such a controller was capable of solving the task in a smaller time, compared with the hierarchical
tracking controller.
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Figure 10. Experimental results in closed-loop when abrupt changes in E, and E; are introduced.
The results associated with the dynamic three-level tracking controller are labeled as y;(x4), ¢4, wr,,
Wy, Orgs Ol ta,, lay, iry, and 77, while the results related to the hierarchical tracking controller correspond

to yk(xk)/ Plr Wrys wlk’ Orer 'U]k, irk, and ilk'
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Figure 11. Tracking errors of the system in closed-loop, when the abrupt changes in E; and E; (Table 3)
are considered. In these graphics the tracking errors associated with the dynamic three-level tracking
controller are denoted as ey, ey,, and ey,, while the errors related to the hierarchial tracking controller
are represented by ex,, ey,, and egp,.
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4. Conclusions and Future Work

The design of a novel dynamic three-level tracking controller for a DDWMR has been presented
in this paper. The controller considers in its design the dynamic model of the mechanical structure,
actuators, and power stage. Hence, three levels were proposed for the controller: (1) the high level,
for the mechanical structure, is composed by a dynamic control and a kinematic one; (2) the medium
level, for the actuators, is a PI current control; and (3) the low level, for the power stage, is a differential
flatness-based control.

With the aim of showing the feasibility and robustness of the proposed controller, an assessment
with the hierarchical tracking controller reported in [9] was carried out through experiments
on a DDWMR via Matlab-Simulink, the real-time interface ControlDesk, and a DS1104 board.
Based on the experimental results, the dynamic three-level tracking controller solves the tracking
task, i.e., (ex 17€y4:€p d) — (0,0,0), even when abrupt variations are introduced in some parameters of
the DDWMR (see Figures 7, 9 and 11), while the hierarchical tracking controller failed to solve the
control objective, since it was designed on the basis of the kinematic model of the mechanical structure.
This latter means that high speeds cannot be considered when such a model is used.

Finally, future research will be focused on solving the obstacle avoidance and the path following
control tasks by using the approach presented in this paper. On the other hand, and with the aim
of possibly generating a new direction for this research topic, it would be interesting to implement
some kind of learning technology such as machine learning [45] or Internet of things (IoT) [46,47].
Also, using wireless network sensors (WSNs) [48] could be another interesting path for highlighting
even more the research proposed in this paper.
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