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ABSTRACT A sensorless control based on the exact tracking error dynamics passive output feedback
(ETEDPOF) methodology is proposed for executing the angular velocity trajectory tracking task on the
“full-bridge Buck inverter—DC motor” system. When such a methodology is applied to the system, the
tracking task is achieved by considering only the current sensing and by using some reference trajectories
for the system. The reference trajectories are obtained by exploiting the flatness property associated with the
mathematical model of the “full-bridge Buck inverter—DC motor” system. Experimental tests are developed
for different desired angular velocity trajectories. With the aim of obtaining the experimental results in
closed-loop, a “full-bridge Buck inverter—DC motor” prototype, Matlab-Simulink, and a DS1104 board
from dSPACE are employed. The experimental results show the effectiveness of the proposed control.

INDEX TERMS Motor drivers, power converters, full-bridge Buck inverter, DC motor, passivity control,
differential flatness, trajectory tracking.

. INTRODUCTION

Permanent magnet DC motors are used in a wide range of
applications [1]. Such applications, for mentioning a few, are:
domestic life (kitchen equipment, washing machines, toys,
cameras, etc.), public life (autobank machines, automatic
vending machines, ticketing machines, etc.), and industry
(industrial drives, machine tools, robots, etc.). From those
applications, and with the aim of achieving a better perfor-
mance in DC motors, in the last years these systems have
been intensively studied by the automatic control community.
In that direction, in the last decade, different topologies
of DC/DC power electronics converters have been used as
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drivers for DC motors. One of those topologies is the DC/DC
Buck power electronic converter. This topology has been
extensively used as a driver for DC motors; the most relevant
contributions regarding the latter has been reported in [2]-
[34]. Such contributions can be classified in “SISO DC/DC
Buck converter—DC motor” [2]-[30] and “MIMO DC/DC
Buck converter—inverter—DC motor” [31]-[34] for unidirec-
tional and bidirectional movement, respectively. The unidi-
rectional movement is related to the clockwise rotation of
the motor shaft, while the bidirectional one implies both, the
clockwise and the counter-clockwise rotation of the motor
shaft. Meanwhile, important contributions related to other
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DC/DC converters used as drivers for DC motors have been
reported in [35] and [36] (for multilevel and parallel Buck
topologies, respectively), [37]-[44] (for Boost topology),
[45]-[50] (for Buck-Boost topology), [51] (for Sepic topol-
ogy), [52] (for Luo topology), and [53] (for Cuk topology). In
the following, the “SISO DC/DC Buck converter—DC motor”
and the “MIMO DC/DC Buck converter-inverter—DC motor”
contributions reported in literature are presented.

A. “SISO DC/DC BUCK CONVERTER-DC MOTOR”
SYSTEM

For the first time, in 2000 Lyshevski developed the math-
ematical model and a nonlinear PI control for the angular
velocity regulation task for the DC/DC Buck converter—-DC
motor system [2]. Later, in 2010 Ahmad et al. in [3] analyzed
a comparative assessment of the PI, fuzzy PI, and LQR
control strategies for the velocity of the motor. In 2012,
Bingol and Pagaci in [4] used a virtual laboratory based
on neural networks for controlling the angular velocity of
the system. A year later, in 2013 a robust control based
on active disturbance rejection and differential flatness for
two configurations of the Buck converter—DC motor system
was addressed by Sira-Ramirez and Oliver-Salazar in [5].
Whereas Hoyos et al. in [6]-[9] studied the zero average
dynamics and fixed-point induced control for the motor speed
of a Buck converter and DC motor coupled system. By
exploiting the flatness of the system, for the angular velocity
tracking task, Silva-Ortigoza et al. explained two hierarchical
robust controls; in 2013 a sensorless control approach based
on integral reconstructors [10] and in 2014 the experimental
verification of a hierarchical control based on flatness [11].
An adaptive robust control based on dynamic surface control
and sliding mode control (SMC) was exhibited by Wei et al.
[12]. In 2015, Silva-Ortigoza et al. exposed a hierarchical
controller composed of two independent controls; one via
differential flatness (for the DC motor) and the other one
via a cascade scheme through SMC and PI control (for the
Buck converter), which were interconnected in order to work
as a whole [13]. A control based on the exact tracking error
dynamics passive output feedback (ETEDPOF) methodology
was presented by Srinivasan and Srinivasan in [14]. Addi-
tionally, Herndndez-Guzman et al. in [15] introduced a SMC
with PI controls to regulate the converter capacitor voltage,
the motor armature current, and the motor velocity. Later, in
2016 Khubalkar et al. in [16] utilized a fractional order PID
control whose tuning was executed with the dynamic particle
swarm optimization (dPSO) technique. Rigatos et al. in [17]
reported a control based on the differential flatness theory and
used a derivative-free nonlinear Kalman filter for compensat-
ing disturbances. Another solution was implemented in 2017
by Nizami et al. in [18], where a neuro-adaptive backstepping
control method, using a single-layer Chebyshev polynomial
based neural network, was exposed. In 2018, Rigatos et al.
in [19] provided a flatness-based control in successive loops
for the tracking task. Meanwhile, Khubalkar et al. in [20]
applied a fractional order PID control with an improved
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dSPO technique. Recently in 2019, Yang et al. in [21]
designed a discrete-time robust predictive speed regulation
algorithm by using a discrete-time reduced-order generalized
proportional-integral (GPI) observer. Likewise, Hanif et al.
in [22] proposed a piecewise affine PI control based on the
safe experimentation dynamics algorithm. While Kazemi and
Montazeri in [23] showed a fault detection system using a
combination of bond graph method and a switching observer.
More recently, in 2020 an H-infinity adaptive neurofuzzy
control method was exploited by Rigatos et al. in [24].
Whereas Rauf et al. in [25] elaborated a continuous dynamic
sliding mode control with high order mismatched disturbance
compensation. Additionally, Srinivasan et al. in [26] intro-
duced a sensitivity analysis for the ETEDPOF methodology
applied to the DC/DC Buck converter—DC motor system.
Lastly, the important problem of active disturbance rejec-
tion control was also tackled by Stankovi¢ ef al. in [27]
and Madonski et al. in [28] for harmonic disturbances and
multiple uncertainties, where resonant extended observers
were utilized. Other interesting papers, recently published,
associated with the connection of the DC/DC Buck power
converter and DC motor have been reported in [29] and [30].

B. “MIMO DC/DC BUCK CONVERTER-INVERTER-DC
MOTOR” SYSTEM

In recent years, Silva-Ortigoza et al. described the de-
velopment and experimental validation of a mathematical
model associated with the DC/DC Buck converter—inverter—
DC motor system [31]. Likewise, the design of a control
based on the ETEDPOF methodology for the bidirectional
angular velocity tracking of the system was considered in
[32]. Later, Herndndez-Marquez et al. in [33] employed
two robust controls based on flatness for solving the an-
gular velocity tracking task of the DC/DC Buck—inverter—
DC motor system. Lastly, a control based on the adaptive
sliding mode technique with neural network estimation for
the bidirectional DC motor system consisting of a DC/DC
Buck converter, a full bridge inverter, and a DC motor was
investigated by Chi et al. in [34].

C. DISCUSSION OF RELATED WORK, MOTIVATION,
AND CONTRIBUTION

During the last years, different control strategies for driving a
DC motor fed via DC/DC Buck power converters have been
proposed. Related to such contributions the following was
found:

o For the “SISO DC/DC Buck converter—-DC motor” sys-
tem [2]-[30], the angular velocity control is unidirec-
tional. This latter, because the output voltage of the
Buck converter is unipolar. Some applications that have
been profited, although some kind limited, from using
this system can be found in mechatronic systems [54],
robotic arms [55], and wheeled mobile robots [56]-[58].

e By using the “MIMO DC/DC Buck converter—inverter—
DC motor” system [31]-[34] the unidirectional rotation
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restriction associated with the DC motor shaft is over-
come, since an inverter circuit is introduced between
the Buck converter and the DC motor. An application
recently developed that uses such a system can be found
in [34], where the problem of renewable energy power
source based on fuel cells was presented by Chi et al. in
2020.

Motivated by the benefits of the new “full-bridge Buck
inverter—DC motor” system [59]:

e On the one hand, this kind of system is a linear SISO
system, and at the same time, that drives bipolar volt-
age to the DC motor. In consequence, and unlike the
contributions presented so far for the “SISO DC/DC
Buck converter—-DC motor” system in [2]-[30], this
is the manner to overcome the unidirectional rotation
limitation associated with the DC motor shaft.

e On the other hand, the mathematical model of such a
system exhibits a special “energy managing” structure
[60], [61], which is naturally suited for the ETEDPOF
controller design methodology. This control strategy
was studied initially by Sira-Ramirez (see the seminal
work of Sira-Ramirez [60] for the underlying theoret-
ical considerations and see [61] for the potential of
this technique in applications). Among the numerous
applications in automatic control that have been de-
veloped regarding the ETEDPOF technique, one can
find those associated with traditional power electronics
[61], DC motors driven by DC/DC power converters
[14], [26], [32], [37], [43], [48], [51], [52], single phase
active rectifiers [62], three-phase Boost rectifiers [63],
airships [64], mobile robotics [65], renewable energy
systems [66], separately excited DC motors [67], in-
duction motor powered by photovoltaic panels [68],
transformerless multilevel active monophase rectifiers
[69], permanent magnet synchronous motors [70], and
magnetorheological automotive suspensions [71].

Thus, inspired by the control applications based on the ET-
EDPOF methodology, in this paper a sensorless passivity-
based control that considers the ETEDPOF strategy and
flatness is proposed for the new “full-bridge Buck inverter—
DC motor” system. Also, it is worth noting that the study of
this system could lead to a favorable impact, giving rise to
a new research topic, in renewable energy [34], mechatronic
systems [54], robotic arms [55], wheeled mobile robots [S6]—
[58], [72], permanent magnet synchronous motors [73], in-
duction motors [74], and underactuated systems [75]-[79].

From the aforementioned discussion of the state-of-the-art
and motivation of the work, the main contributions of this
study can be summarized as follows:

1) To design a sensorless passivity-based control by using
the ETEDPOF methodology for solving the angular
velocity trajectory tracking task for the new “full-
bridge Buck inverter—DC motor” system.

2) To obtain the reference trajectories for the “full-bridge
Buck inverter—-DC motor” system. The implementation
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of the proposed control, via the ETEDPOF methodol-
ogy, requires some reference trajectories. Such refer-
ence trajectories are generated through the differential
flatness concept, since the mathematical model of the
system enjoys the flatness property.

3) To experimentally verify the performance of the con-
trol, designed via the ETEDPOF methodology and the
flatness concept, for different types of desired angular
velocity trajectories. For this aim, a built prototype
of the “full-bridge Buck inverter—DC motor” system,
Matlab-Simulink, and a DS1104 board from dSPACE
are used.

4) To accomplish a revision of the experimental closed-
loop tracking errors, that are acquired after implement-
ing the proposed ETEDPOF control on the system, and
the experimental open-loop tracking errors (obtained in
[59]). Such a revision is carried out with the intention
of showing how the system in closed-loop is benefited
from the ETEDPOF strategy, rather than for compara-
tive purposes.

The remaining part of this paper is organized as follows:
Section II provides a brief introduction to the “full-bridge
Buck inverter—-DC motor” system. Section III presents the
design of the passive control via ETEDPOF for solving the
trajectory tracking task on the system. The reference trajec-
tories of the system are obtained by exploiting the flatness
property and are presented in Section IV. Then, Section V
discusses the experimental implementation of the proposed
control and also presents the experimental validation of its
performance. Finally, the paper is concluded in Section VL.

Il. ANEW “FULL-BRIDGE BUCK INVERTER-DC
MOTOR” SYSTEM

The electric circuit of the full-bridge Buck inverter—DC mo-
tor system is shown in Fig. 1. Such a circuit can be divided
in two systems: The full bridge Buck inverter modulates and
supplies bipolar voltage v to the DC motor via the input . It
comprises a power supply E and an array of four transistors,
denoted by Q1, Q;, Q2, and Q, that operates according
to the clock cycles depicted in Fig. 1. In addition, the first
subsystem is composed of an LC' filter; where the current
¢ flows through the inductor L and the voltage v appears
over the terminals of capacitor C that is connected in parallel
to the load R. The DC motor corresponds to the system
actuator, and is made up of the following elements: R,, L,
and ¢,, corresponding to the armature resistance, armature
inductance, and armature current, respectively. Whereas w is
the angular velocity of the motor shaft. Other important pa-
rameters of the motor are J, b, k., and k,,, corresponding to
the moment of inertia of the rotor and motor load, the viscous
friction coefficient of the motor, the counterelectromotive
force constant, and the motor torque constant, respectively.

According to [59], the average mathematical model of the
full-bridge Buck inverter—-DC motor system shown in Fig. 1
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|Positive cycle (v > 0) [T |_I"[oFF OI\;

Full-bridge Buck inverter

FIGURE 1. Full-bridge Buck inverter—-DC motor system and clock cycles u
associated with Q1, Q,, Q2, and Q,, for the positive cycle (v > 0) and the
negative cycle (v < 0).

is given by,

di

Ld—z = —v + Fugy,
dv v

C—=i——=—1
i~ "TR™ n
diq :

aé =vU—- Raza - kewa
di

Jdi: = kmia — bw,

with ug,, € [—1,1], being u,, the duty cycle or average
input signal of the system. Whereas the rest of the variables
and constants related to the mathematical model (1) were
previously defined.

lll. DESIGN OF THE PASSIVE CONTROL VIA ETEDPOF
This section presents the design of a passivity-based control
for solving the trajectory tracking task on the full-bridge
Buck inverter—DC motor system. Such a control is based
on the ETEDPOF strategy, whose underlying theoretical
considerations were presented in [60]. Whereas some appli-
cations of this strategy in connection with traditional power
electronics were carried out in [61].

A. ETEDPOF CONTROLLER DESIGN METHODOLOGY
By invoking the seminal work of Sira-Ramirez [60], the
derivation of the ETEDPOF methodology will be given here
in a general setting for a better understanding. Thus, with
the aim of applying such a strategy, the following convenient
representation for a system is used,

Ai = [T (tgw) — Rl + Bug, + n(t), 2)
being J (ugy ), for all ugy,, of the form,
T (taw) = Jo+ Y _ Jitti,, 3)
i=1

where A"*™ is a symmetric, positive definite, constant, ma-
trix, J (g )™ ™ is a skew symmetric matrix (the matrices
Jo and J;, % = 1,...,m, are constant and skew symmetric
matrices), R™*™ is a symmetric, positive semi-definite con-
stant matrix, z™*! is the state vector of the system, B™"*"™ is
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a constant matrix, u*! is the average control input vector

(each component u;,, takes values on the closed interval
[~1,1] of the real line), and 7(¢)"*! is a smooth vector
function of time ¢ or, sometimes, a vector of constant entries.

From (2), the desired dynamics of the system is repre-
sented as follows:

Ai* = [T (up,) — Rl2™ + Bug, +n(t), )
with
T (h,) =TJo+ Y T, (5)
=1

where x* and u, are the desired state vector and the desired
average control input vector, respectively.
Defining the state error and average control error as:

e=x—1%, €y = Uap — Uny- 6)
By subtracting (4) from (2), and after using (6), it is obtained:

Aé = [T (ugw) — Rle+ Bey,, + [T (Uaw) — T (u,)] x*.
@)

Now, by replacing (3) and (5) into (7) the following is
obtained:

Ae = [j (uav) - R] e + Bey,, + <Z \Zeuiav> z*
i=1

= [T (uap) — R]e+ [B+ (J12", ..., Tnz")] eu,, -

=:B*

®

Then, the exact open-loop tracking error dynamics is given
by,

Aé = [T (uaw) — Rle + B'ey,,. 9)

According to the ETEDPOF methodology [61], the control
€u,, that achieves e — 0 is determined by,

ew,, = —IB e, (10)

being I' = diag[v1,72,.-.,7Ym] > 0. Thus, the closed-loop
tracking error dynamics, that is obtained after replacing (10)
into (9), is:

-Ae - [j(ucw)

In order to assess the stability of the closed-loop dynamics
(11), the following positive definite Lyapunov function is
proposed,

—Rle — B TBe. an

%eT,Ae. (12)

The time derivative of such a positive definite function, along
the controlled trajectories of the tracking error dynamics,
yields

Vie)=eTAé = —eT [R + B*FB*T} e,
which guaranties that e — 0 as long as,
R+ BTB" > 0. (13)
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B. VELOCITY-SENSORLESS TRACKING CONTROL FOR
THE FULL-BRIDGE BUCK INVERTER-DC MOTOR
SYSTEM

After applying the previous results to the full-bridge Buck
inverter—DC motor system, the following is obtained:

o First, it is verified that the average model (1) can be

represented by means of the energy managing structure
(2). For this, by simple inspection it is found that,

1
A =diag[L,C, L,,J], R =diag O,E,Ra,b ,
0 -1 0 0 [E 0
1 0 -1 O 0 0
Jwa) =10 1 o _p | B=|o| "= o]
0 0 kp O 0 0
. . T * L% *  ex 1T
x = [i,0,4q,w] = vr Wt

where J (uq,) complies with being a skew symmetric
matrix, due to k,,, = k. in a DC motor [80]. Whereas
x*, as previously mentioned, corresponds to the desired
state vector of the system. It is worth mentioning that,
for the system under study, z* is composed of *, v*,
17, and w* representing the desired reference trajectories
associated with 4, v, 74, and w, respectively.

e Second, it must be verified that condition (13) is satis-
fied. For this, after finding R +B*I'B*T and by invoking
the Sylvester criterion [81] it is shown that,

Ezfyl 0 0 0
* T 0 % 0
R4+ B TB* = 0 0 R, 0 > 0,
0 0 0 b

with 7, > 0. In this manner, it is concluded that the
closed-loop system is asymptotically stable.

o Lastly, after verifying the previous two items and by
considering (6) and (10), it is concluded that the pro-
posed ETEDPOF control that solves the trajectory track-
ing task for the full-bridge Buck inverter—DC motor
system is determined by,

Ugy = —N B — %) + ul,. (14)

The reference trajectories +* and ), will be obtained
from exploiting the differential flatness property en-
joyed by the system (1).

C. ADVANTAGES AND LIMITATIONS OF THE ETEDPOF
CONTROLLER

Having designed the passivity-based control by using the
ETEDPOF strategy for solving the trajectory tracking task
in the full-bridge Buck inverter—DC motor system, now it
is convenient to highlight the advantages and limitations of
such a strategy. In this regard, the following are considered
to be advantages:
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o The control (14) requires only the measurement of the
converter current, ¢, and the knowledge of the reference
trajectories ¢* and u,. Therefore no mechanical sen-
sors, such as tachometers or encoders, are needed for the
experimental implementation of the ETEDPOF control.
In fact, when it is applied to electromechanical systems,
in general, such a passive control demands only the
use of electric variables (see the applications previously
mentioned in section I-C).

o The usage of the ETEDPOF methodology invariably
results in linear, time-varying, state feedback controllers
for trajectory tracking tasks, that achieve asymptotic
stability [60], [61].

o The potential applications of this strategy is wide, since
most of power electronics devices (such as DC/DC
converters, DC/AC converters, and AC/DC converters)
and interesting combinations of these devices with DC
and AC motors are accurately described by the special
“energy managing” structure (2). Moreover, nowadays,
the ETEDPOF control law has applications in airships
[64], mobile robotics [65], renewable energy systems
[66], [68], and magnetorheological automotive suspen-
sions [71].

Whereas the following is considered to be a limitation of the
ETEDPOF control:

o When electrical abrupt changes, or mechanical load
perturbations, are introduced in some parameters of the
system the results show that the performance of the
system in closed-loop is not robust. However, this could
be overcome when the ETEDPOF control is modified as
in [66] or when it is combined with algebraic estimation
methods as in [14], [37], [67]-[69].

IV. GENERATION OF REFERENCE TRAJECTORIES VIA
DIFFERENTIAL FLATNESS

The differential flatness property associated with (1) is used
for generating the reference trajectories ¢* and v, that are
required in (14). For this aim, firstly, it is shown that the
full-bridge Buck inverter—DC motor system is controllable
and, hence, differentially flat. Secondly, after differentially
parameterizing all variables of the system in terms of the flat
output, the required reference trajectories will be obtained.
This, will allow the experimental implementation of the
designed ETEDPOF control (14) for solving the trajectory
tracking task on the full-bridge Buck inverter-DC motor
system.

The average mathematical model of the full-bridge Buck
inverter—DC motor system, given by (1), can be represented
as:

& = Az + Bug,, (15)
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where
1
0 -7 0 0 E ;
1 _ 1 _1 0 6
C RC C v
A = O 1 R, ke | B = 0 5 xr = .
T. " L. L. la
0 0 ¥i i

Based on [82], the controllability matrix C associated with
(15) turns out to be,

C=[B AB A’B A*B]

E o __E_ _B__
L L2C RL2C?
0 £ E _ E(R’LC+R?L.C—LL,)
B LC T~ RLC? RZL2L,C3
o E E(RR,C+L.)
0 0 IL.C T T RLL2C?
Ekpy,
0 0 0 JLL,C
(16)
In this way, it is found that
E‘k,,

Thus, system (15) is controllable and, therefore, flat. From
the latter and since C~! exists, then it is possible to find the
flat output of the system, y, from the following mathematical
relation:
1 JLL,C

y=1[0001]C "z = T, w. (18)
Consequently, and without loss of generality, the flat output
is considered to be the angular velocity of the full-bridge
Buck inverter—DC motor system, this is, y = w. In this
way, variables ¢, v, i,, and the average control input g,
all associated with (15), are determined by the following
differential parameterization:

: (JLGC) 3) (bRLaC+JRRaC+JLa>__
t=(—""|w’ + w

m knR
<bLa+JRQ+JR+bRRaC+kek:mRC’> .
+ w
knR
bR, + kky, + DR
( L )w, (19)
" :JLadb—k (bLa—l—JRa) ot (bRa +/€e> o, (20)
km km k'ﬂl
J b
g =—U — 21
g kmw—i-kmw, 21
JLLOY )
Ek,,
n bRLL,C + JRR,LC + JLL, ®) 4 g
FiR w aw
n bR,L + k.k,,L + bRL +bRL, + JRR,
EknR @
bR, + kekp,
22
(i), -

with
bLLa—i—JR L+JRI+bRR,LC+k k., RLC+JRL
Ek,R

From the aforementioned, the reference trajectories ¢*, v*, ¢},
and u, are obtained when a desired angular velocity profile
* is proposed and replaced into (19), (20), (21), and (22),

respectively.

V. HARDWARE AND EXPERIMENTAL RESULTS IN
CLOSED-LOOP

In order to validate the performance of the proposed ETED-
POF control, experimental tests are carried out on a built
platform of the full-bridge Buck inverter—DC motor system.
For this aim, a block diagram of the connections related to
the system and the ETEDPOF control is firstly presented.
Then, after executing the experimental tests associated with
four different desired angular velocity profiles w* and by
considering the system nominal parameters, given by (23)
and (24), the obtained results are reported and commented.
Later, an experimental assessment of the ETEDPOF control
is realized when abrupt changes in the converter load R are
introduced into the system. Lastly, the ETEDPOF control is
experimentally compared with a PID control with the aim of
verifying the dynamic response of the system in closed-loop.

A. DIAGRAM OF THE SYSTEM IN CLOSED-LOOP
Fig. 2 depicts the block diagram of the connections among
the software (Matlab-Simulink), the hardware, and the sys-
tem in closed-loop that has been used for the experimental
tests.

The blocks composing the diagram of Fig. 2 are described
below:

o Desired trajectory and reference trajectories. In this
block, by using Matlab-Simulink, the desired angular
velocity w*, and the reference trajectories ¢*, v*, 45, and
u’, are programmed. These latter, are found through
w* and the system differential parameterization given
by (19)-(22).

e ETEDPOF control. The sensorless passivity-based con-
trol for solving the trajectory tracking task in the system,
given by (14), is implemented in this block via Matlab-
Simulink. The control gain parameter y; was chosen to
be:

1 = 0.003.

While the measurement of the converter current, ¢,
demanded by the proposed control is carried out via
a Tektronix A622 current probe. Lastly, the reference
trajectories ¢* and wu, required in (14) are obtained
from the block previously described.

o Board and signal conditioning circuit. This block shows
the connections between the DS1104 board and the full-
bridge Buck inverter—DC motor system. The realization
of the discrete switching control (u) associated with the
designed continuous control (u,,) is accomplished by
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ETEDPOF control

Desired trajectory and reference trajectories
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FIGURE 2. Software and hardware diagram of the full-bridge Buck
inverter—DC motor system in closed-loop.

means of the PWM sub-blocks of the DS1104 board.
Such a realization allows the correct activation of tran-
sistors Q1, @1, Q2, and Q, of the full-bridge inverter.
Regarding the built circuit of the full-bridge inverter,
four IRF640N MOSFET transistors and two IR2101
drivers are used. While the electric isolation between the
DS1104 board and the power stage is achieved through
optocouplers 6N137. On the other hand, currents (¢ and
ia), voltage (v), and angular position () are adapted by
using signal conditioning (SC) blocks.

o Full-bridge Buck inverter—DC motor system. This block
corresponds to the system under study. The values of
parameters related to the full-bridge Buck inverter are
the following:

E=32V, L=4.94mH, C=4.7 uF, R=48 Q. (23)

Regarding the DC motor, the values of its parameters
correspond to those of the model ENGEL GNMS5440E-
G3.1 (24 V, 95 W) and are defined as,

L,=2.22 mH, kp=120.1x1073 Nva
R,=0.9659Q,  k.=1201x107° ¥ (24)
J=118.2x10"3 kg-m?, b=129.6x 1073 Nams
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The measurements of ¢, v, and § were carried out with
a Tektronix A622 current probe, a Tektronix P5200A
voltage probe, and an Omron E6B2-CWZ6C incremen-
tal rotary encoder, respectively.

Lastly, a picture of the used hardware for starting up the
full-bridge Buck inverter—DC motor system in closed-loop
is shown in Fig. 3.

FIGURE 3. Picture of the used hardware for starting up the full-bridge Buck
inverter—-DC motor system in closed-loop: 1) Power supply E, 2) PC, 3)
DS1104 board from dSPACE, 4) Tektronix P5200A voltage probe to measure
v, 5) Tektronix A622 current probe to measure 4, 6) Full-bridge Buck inverter,
7) Power supply of the instrumentation stage, 8) Tektronix A622 current probe
to measure ¢,, 9) Omron E6B2-CWZ6C incremental rotary encoder to
measure 6 (and consequently, w), and 10) DC motor.

B. EXPERIMENTAL RESULTS OF THE SYSTEM IN
CLOSED-LOOP

With the aim of verifying the performance of the ETEDPOF
control on the built system, in the following, the experimental
results for four different desired angular velocity profiles are
presented. Each plot shows first the results of the DC motor
variables, i.e., w and i, and then the results associated with
the full-bridge Buck inverter variables, i.e., 7, v, and ug,. In
obtaining all the results of this subsection the nominal pa-
rameters of the full-bridge Buck inverter—DC motor system,
previously defined in (23) and (24), have been used.

Experimental test 1

In this experiment, the proposed desired trajectory is of the
Bézier type and is defined as,

w* (t) = Ww; (tz) + [wf(tf) — W; (ti)]go (t, ti, tf) s 25)
where ¢ (t,t;,t¢) is given by

0 tétia

3
t—t; t—t;
+1800 (4 )" — 1575 (=4 )

e (t,tity) = A g
t—t; t—t;
+700 (=4 )~ 126 () ]
t
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With this proposal it is achieved that w* smoothly interpo-
lates between w; = —10 % and Wy = 10 % over the
times ¢; = 4 s and ty = 6 s, respectively. The corresponding
experimental results are depicted in Fig. 4.
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FIGURE 4. Results of the experimental implementation of control (14) on the
full-bridge Buck inverter—DC motor system when the desired trajectory is of
the Bézier type (25).

Experimental test 2

Now, with the intention of checking the performance of
the control when periodic signals are considered as desired
trajectories, in this second test the profile for w* is defined as
a sinusoidal function given by,

w*(t) = 10 sin(0.87t). (26)

The experimental results in closed-loop of this test are shown
in Fig. 5.

2=
= — la
1
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ts
- [s]
0 2 4 6 8 10
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=< —1 NV —v -t 1 — Ugy
1 15 05
1 -15 05
- tls]| 30 tlsl -1 ts]

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
FIGURE 5. Experimental results of the full-bridge Buck inverter—-DC motor

system in closed-loop when the sinusoidal angular velocity profile (26) is
considered.

Experimental test 3
The realization of the third experimental test takes into ac-
count the following desired angular velocity trajectory,

W (t) = 10 (1 - e—QtZ) sin(0.87t). 27)

Thus, the corresponding experimental results are presented in
Fig. 6.

8
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FIGURE 6. Experimental results in closed-loop when the desired angular
velocity is defined by the sinusoidal with exponential amplitude type trajectory
(27).

Experimental test 4

Lastly, the fourth experiment uses the desired trajectory pro-
file defined in (28). While the obtained experimental results
are depicted in Fig. 7.

w*(t) = 10 sin(0.1257¢2). (28)
20— 2=
Y —w - W = — g
10t— 1
0/\/\/ NN
-10 -1
¢ 1
-20 -2
0 2 4 6 8 10 0 2 4 6 8 10
ZE — 1 B Sy 1 — Ugy
1 15 05
ARVAY °/\/\/ O/V\/
1 -15 05
, ) i) ti

0O 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

FIGURE 7. Experimental results associated with the implementation of the
passivity-based control (14) when w™ is considered to be the sinusoidal
trajectory with time-varying frequency (28).

C. COMMENTS ON THE EXPERIMENTAL RESULTS
Based on the experimental results (see Figs. 4-7) it is con-
cluded that the sensorless passivity-based control, for the
angular velocity trajectory tracking task, in the full-bridge
Buck inverter—-DC motor system achieves the objective, i.e.,
w — w*.

Until now, the only experimental work related to the full-
bridge Buck inverter—DC motor system, is the one where
its mathematical model was developed and experimentally
validated [59]. In the experimental tests reported in [59]
the four desired trajectories w* used there were the same
ones used in this paper, i.e., (25)—(28). Thus, in order to
highlight the performance of the proposed ETEDPOF control
(14), in the following, the similarity between w versus w*
and v versus v* is quantified from the experimental results
obtained in closed-loop (developed in this paper) and those
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in open-loop (reported in [59]). This latter is realized with
the intention of showing how the system is benefited from
the designed ETEDPOF control, rather than for comparative
purposes. Since, as it is well known, the closed-loop and
the open-loop results cannot be compared; this is because in
open-loop there is no feedback and, hence, no regulation is
performed.

On the one hand, the closed-loop tracking errors associated
with the experimental results of the angular velocity (e, ., ;)
and the voltage (e, g, ;) are defined as:

*
CwEyj =W — W,

. 29)
CvE, ] =V — U,

where subscript E.;j, with j € {1,2,3,4}, indicates the

experimental result in closed-loop from which the tracking

error is obtained. On the other hand, the open-loop tracking

errors associated with the experimental results for the angular

velocity (e, g, %) and for the voltage (e, g, 1) are defined as:
€wE k=W —w:, 30)
CvEyk =V — U,

where subscript E,k, with k € {1,2,3,4}, represents the

experimental result in open-loop from which the tracking

error is obtained [59].

Having defined the experimental closed-loop tracking er-
rors in (29) and the experimental open-loop tracking errors in
(30); the plots of the tracking errors for w and v, associated
with the desired angular velocity profiles w* (25)—(28), are
presented in Fig. 8. As can be observed in Figs. 8(a), 8(c),
8(e), and 8(g); it is clear that the closed-loop tracking errors
forw (i.e., e, £, {1,2,3,4}) are smaller in magnitude than their
corresponding open-loop tracking errors (i.€., €, £, {1,2,3,4})-
This, as previously mentioned, is due to in open-loop there
is no feedback and consequently no regulation is performed;
leading that the open-loop error be different to zero. And,
in accordance with Figs. 8(b), 8(d), 8(f), and 8(h); a similar
assess is obtained for the closed-loop tracking errors asso-
ciated with v (i.e., e, g, {1,2,3,4}) in comparison with their
corresponding open-loop tracking errors (i.e., €, g, {1,2,3,4})-
This, again, is due to in open-loop there is no feedback.

Meanwhile, note that the closed-loop tracking error plotted
in Figs. 8(a) and 8(b) (see e, .1 and e, g,,1), and 8(g) and
8(h) (see e, g ,4 and e, g,,4) is smaller compared to the one
plotted in Figs. 8(c) and 8(d) (see e, r.,2 and e, g_,2), and
8(e) and &(f) (see ey, g ,3 and e, g,,3). Such a behavior is
due to the desired trajectories (25) and (28) have less sign
changes compared to the desired trajectories (26) and (27),
respectively.

From the aforementioned, it is concluded that the designed
ETEDPOF control achieves the objective of trajectory track-
ing, i.e., w — w*, and also achieves that v — v™*. Thus,
validation of the performance associated with the designed
sensorless passivity-based control, given by (14), for the
angular velocity trajectory tracking task in the system, is
satisfactory. However, in accordance with the limitation of
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(a) Tracking errors in w, for the de- (b) Tracking errors in v, for the de-
sired trajectory w* (25). sired trajectory w* (25).
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(c) Tracking errors in w, when the (d) Tracking errors in v, when the
desired profile is given by (26). desired profile is given by (26).
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(g) Tracking errors in w, for the de- (h) Tracking errors in v, for desired
sired trajectory (28). trajectory (28).

FIGURE 8. Tracking errors of variables w and v of the full-bridge Buck
inverter—DC motor system; associated with the four desired angular velocity
profiles w™ given by (25)—(28) and considering the system nominal parameters
given by (23) and (24). Being e, g, {1,2,3,43 and e, g, {1,2,3,4) the
obtained closed-loop tracking errors after implementing the proposed
ETEDPOF control on the system. While e, E,{1,2,3,4} and e,, B, {1,2,3,4}
are related to the experimental open-loop tracking errors of the system.

the ETEDPOF strategy (previously mentioned in section
III-C), such a control is not robust when some perturbations
are considered into the system; this latter is verified in the
following.

Experimental test 5

This experimental test is performed when changes in R are
introduced into the built experimental platform of the system.

9
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Thus, with the aim of evaluating the performance of the
system when abrupt variations are executed, the following
change in R is proposed:

0s<t<7.5s,

R
Hm = { 30%R 7.5s<t<10s. G

The trajectory w* considered in Experimental test 5 is defined
in (25). The associated experimental results are presented in
Fig. 9. Since the control based on ETEDPOF is not robust, a
tracking error for v and w will remain from ¢ > 7.5 s to the
end of the experiment. Thus, motivated by the experimental
results when abrupt variations are executed into the system,
the design of robust controls are considered as future work.
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FIGURE 9. Results of the experimental implementation of control (14) on the
full-bridge Buck inverter—DC motor system when w™ is of the Bézier type (25)
and the abrupt variations in R (31) are carried out.

Lastly, a visual comparison between the ETEDPOF con-
trol (14) and a PID control is carried out with the aim
of verifying the dynamic response of the full-bridge Buck
inverter—DC motor system in closed-loop. The experimental
results are presented below.

Experimental test 6

In this experiment both, the ETEDPOF control and a PID
control are experimentally implemented on the built platform
of the system when the nominal parameters, defined in (23)
and (24), are taken into account. The desired angular velocity
trajectory to be followed by the motor shaft is proposed to be,

0 0s<t<3s,

5 3s<t<6s,

10 6s<t<9s,

6 9s <t <12s,

w*(t)=4¢ 0 12s <t < 15s, (32)
-5 15s<t <185,

—10 18s<t<2ls,

—6 21s<t<24s,

0 24 s <t <27s.

The corresponding experimental results are depicted in Fig.
10. As can be observed in such a figure, the dynamic response
of the system is apparently better when the PID control is
used. However, it is also verified that the currents 7, and 7
and the voltage v, all of them associated with the ETEDPOF

10

control, are smaller in magnitude than their corresponding
ones related to the PID control, i.e., iap,p» 2pyp, and Uy, s
respectively. This latter implies that the PID control could
compromise the integrity of the built platform, since the
currents are bigger enough to damage the circuitry. Finally,
note that the controls u,, and u,, ., never get saturated and
the peaks of both signals are practically instantaneous.

20
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FIGURE 10. Experimental results of the ETEDPOF control (14) versus a PID
control, both experimentally implemented on the full-bridge Buck inverter-DC
motor system when w™ is given by (32) and considering nominal parameters.
Here, signals w, iq, ¢, v, and u,.,, are related to the ETEDPOF control.
Whereas, signals w correspond to
the PID control.
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VI. CONCLUSIONS

A velocity-sensorless tracking control approach based on the
exact tracking error dynamics passive output feedback (ET-
EDPOF) methodology for a new full-bridge Buck inverter—
DC motor system was presented in this paper. With such a
methodology, it is only required the measurement of current
i and the knowledge of the reference trajectories ¢* and
ur, for solving the tracking related to w. Therefore no
mechanical sensors, such as tachometers and encoders, are
needed for the implementation of the control. The nominal
reference trajectories demanded by the ETEDPOF control
are obtained by exploiting the differential flatness property of
the mathematical model associated with the full-bridge Buck
inverter—DC motor system. Regarding the implementation
of the ETEDPOF control, its realization was executed by
using Matlab-Simulink and the DS1104 board on a prototype
of the system. According to the experimental results it is
concluded that, in general, the trajectory tracking task is
solved satisfactorily when system nominal parameters are
considered. However, when abrupt variations in the system
nominal parameters are introduced, w and v no longer track
to w* and v*, respectively.

Finally, motivated by the obtained experimental results, in
particular those in Fig. 9, the design of a robust control that
takes into account abrupt perturbations in parameters of the
system is considered as future work. Also, applications in AC
motors, mechatronic systems, robotic arms, wheeled mobile
robots, underactuated mechanical systems, and renewable
energy are considered as future work.
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