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Abstract: This paper has two aims. The first is to develop a robust hierarchical tracking controller for
the DC/DC Buck-Boost-inverter—-DC motor system. This controller considers a high level control
for the inverter—-DC motor subsystems and a low level control for the DC/DC Buck-Boost converter
subsystem. Such controls solve the tracking task associated with the angular velocity of the motor
shaft and the output voltage of the converter, respectively, via the differential flatness approach.
The second aim is to present a comparison of the robust hierarchical controller to a passive controller.
This, with the purpose of showing that performance achieved with the hierarchical controller
proposed in this paper, is better than the one achieved with the passive controller. Both controllers are
experimentally implemented on a prototype of the DC/DC Buck-Boost-inverter-DC motor system
by using Matlab-Simulink along with the D51104 board from dSPACE. According to experimental
results, the proposal in the present paper achieves a better performance than the passive controller.

Keywords: DC/DC Buck-Boost converter; inverter; DC motor; trajectory tracking; robust hierarchical
controller; differential flatness; passive controller

1. Introduction

According to literature, several applications have benefited using DC/DC power electronic
converters as drivers for DC motors [1-7]. Particularly, mechanical systems [1], robots [2—4], electric
vehicles [5], and renewable energy [6,7]. Thereby, the design of controls for DC motors driven by
DC/DC power converters is a current research topic. On the one hand, important works dealing with
DC/DC converters-DC motor systems are: Buck-motor [8-18], Boost-motor [19-21], Buck-Boost-motor
[22,23], Sepic—motor and Cuk—motor [24]. In [8-24] the unidirectional drive of the motor shaft was
solved. This was accomplished due to the operation principle of the DC/DC converters since they
only deliver unipolar voltages. On the other hand, DC/DC converters have been used to generate
bipolar voltages with the aim of bidirectionally driving DC motors [6,25-31]; leading to the DC/DC
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converter—inverter-DC motor systems which are the subject of this paper. In this direction, the modeling
and experimental validation of the DC/DC Buck-inverter-DC motor system was reported in [25] by
Silva-Ortigoza et al. For the same system, a passivity-based tracking control and robust tracking
controls were proposed by Silva-Ortigoza et al. in [26] and Hernandez-Marquez et al. in [27],
respectively. Garcia-Rodriguez et al. in [28] and Silva-Ortigoza et al. in [29] developed the mathematical
model and a passive tracking control for the DC/DC Boost converter-inverter-DC motor system.
Moreover, for the DC/DC Buck-Boost converter-inverter-DC motor system, Herndndez-Marquez et al.
carried-out the modeling and experimental validation in [30] and designed a passive tracking control
in [31]. Lastly, Linares-Flores et al. solved the regulation problem associated with the DC/DC Sepic
converter-inverter-DC motor system via a passive control in [6]. It is worth noting that industrial and
mechatronic applications would be limited if [8-24] were only considered compared with [6,25-31].
For example, in mobile robots [2—4], and underactuated mechanical systems [32,33], among others.

Having undertaken the literature review associated with DC motors driven by DC/DC converters,
it was found that several controls have solved the angular velocity regulation and trajectory tracking
tasks in two fashions: (i) unidirectional [8-24] and (ii) bidirectional [6,26,27,29,31]. Motivated by the
ideas previously mentioned, the hierarchical control approach in mobile robotics (see [2—4,34]), and use
of DC/DC converter-DC motor systems (see [11-13,27]), the purpose of the present paper is twofold.
First, to introduce, for the first time, a robust hierarchical tracking controller for the DC/DC Buck-Boost
converter—inverter-DC motor system. Secondly, to experimentally validate the proposed approach and
compare to results associated with the passive controller reported in [31]. The aim of this comparison
is to show that performance achieved with the hierarchical controller is better than the one achieved
with the passive controller.

The remainder of this paper is as follows. In Section 2 the DC/DC Buck-Boost converter—inverter—
DC motor system is presented. In Section 3 the robust tracking controller is developed. In order
to verify the performance of such a controller, in Section 4 experimental results are shown. Finally,
concluding remarks are given in Section 5.

2. DC/DC Buck-Boost Converter-Inverter-DC Motor System

This section presents the DC/DC Buck-Boost converter—inverter-DC motor system and its
corresponding mathematical model.

The electronic diagram of the system under study is shown in Figure 1. As can be observed, such a
system is composed of three subsystems: Buck-Boost converter, inverter, and DC motor. The DC/DC
Buck-Boost converter steps-down or steps-up the input voltage to the DC motor. This converter is
composed of a power supply E, a transistor Q; and a diode D that regulate the output voltage v in
capacitor C and load R, and an inductor L where the current i flows through. The inverter aims to
drive the bidirectional rotation of the motor shaft. It is composed of four transistors which are labeled
as Q; and Q,; these devices operate complementary to each other. That is, if Q5 is on, then Q, is
off and vice versa. Regarding the DC motor, parameters R, and L, are the armature resistance and
armature inductance. While i, and w are the armature current and angular velocity of the motor shaft.
Additionally, for the DC motor, the parameters J, b, k., and k;, are considered, which correspond to the
moment of inertia of the rotor and load, the viscous friction coefficient, the counterelectromotive force
constant, and the torque constant, respectively.

Ej

DC/DC Buck-Boost converter Inverter DC motor

Figure 1. DC/DC Buck-Boost converter—inverter—DC motor system.
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The average model of the DC/DC Buck-Boost—inverter-DC motor system, according to [30],
is given by

di

L% = Euygo + (1 - ulav)vr (1)
dv .v,
CE = _(1 — Uigp)i — R LaU2qy, )
di .
Lu?: = Vg — Raig — kew, 3)
dw .
]E = kmis — bw, 4)

with u1,, € [0,1) and upe, € [—1,1] the duty cycles of the Buck-Boost converter and inverter,
respectively, whereas the remainder of the parameters were previously defined.

3. Hierarchical Controller

By considering the hierarchical controller approach, similar to the one used in mobile robotics
[2—4,34] and DC/DC converter-DC motor systems [11-13,27]. In this section, a hierarchical controller
that solves the bidirectional angular velocity tracking task for the DC/DC Buck-Boost-inverter-DC
motor system is designed. This controller has the following structure:

A. High level control. This is a differential flatness-based control, uz,,, and is related to the
inverter-DC motor subsystems. This control ensures the required voltage ¢ so that the
bidirectional angular velocity trajectory tracking task can be achieved, i.e., w — w*.

B. Low level control. In order to solve the voltage tracking on the Buck-Boost converter subsystem,
ie, v — v*, an alternative model of the converter is used along with the differential flatness
approach to generate the control u1,,.

C. Integration of controls. The controls designed in items A and B are interconnected through an
inner control-loop, giving rise to the hierarchical controller.

3.1. High Level Control

Assuming, from the very beginning, that the DC/DC Buck-Boost converter and the inverter-DC
motor subsystems operate independently, then, from Equations (3) and (4), the mathematical model
associated with the inverter-DC motor is,

di, .
L,— e =1 — Ryi, — kew, 5)
dw .
]E - kmlu - bw, (6)

with ¢ being the motor armature voltage, defined by
¥ = vuggy. 7)

According to [12,35], the flat-output of Equations (5) and (6) is F, = w. Therefore, the model of
the inverter-DC motor subsystems is rewritten in terms of such an output as,

L bR
]k . . - - +k3) b. (8)
m

From Equation (8), a control strategy that allows F, — F}, with F; being the desired angular
velocity, is:

0= F2+ (bLa+]Ra)F2+(

_]La 1 bR,
o= Tt o Ola IR Bt (Tt k) o ©)
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If Equation (9) is introduced in Equation (8), then the tracking problem related to the angular
velocity of this subsystem is reduced to control the following:

=y (10)

where y is an auxiliary control defined by

.. . . t
yzgf@gy4@fagf4pf%é(573Mu (11)

with dy, 41, and Jy being the control gains. Once Equation (11) is replaced in Equation (10), the tracking
error is defined as e = F, — F5, and the derivative with respect to time of the resulting expression is
calculated. Then, the tracking error dynamics is obtained:

€y + 0p8y + 5162 + Sper =0 (12)
whose characteristic polynomial in closed-loop is
pa (5) = 8% 4 652 + &5 + do. (13)

By equating Equation (13) with the following Hurwitz polynomial:

pau (s) = (s +a2) (2 + 282ms + ) (14)
witha; > 0, 52 > 0, and wy, > 0. Hence, the gains Jy, 41, and Jy are determined by
& = ay + 25wy, 01 = 25wt +Wh, b = awh, (15)
thus, it is assured that F, — F;.

3.2. Low Level Control

Considering that, it does not exist an interconnection between the Buck-Boost converter and the
inverter—-DC motor, that is i, = 0; from Equations (1) and (2) the following model is obtained:

di

LE = Eulm, —+ (1 — M]aU)U, (16)
dv )

CE = —(1 = u140)i — R 17)

Since a direct control strategy for the voltage v leads to a non-minimum phase system, i.e.,
an infeasible system [36,37]. In this paper, the first alternative model of the converter reported in [38]
is used, instead of Equations (16) and (17),

dv  RE[Euigo + (1 — t140)V]

- = 1
at L(20—E) ' (18)
where i is defined by
. v(v—E)
By expressing Equation (18) in terms of F; = v,
! [L(2F — E)F — ERF, ]| (20)

“lav = FRE— R)



Energies 2018, 11, 2500 50f 15

and based on differential flatness theory [35]. A suitable definition for u1,, to achieve the control
objective is,

1

Ulgy = m [L(2F1 - E)U - ERFl] . (21)

After replacing Equation (21) in Equation (20), the tracking problem related to the voltage of the
converter is reduced to control the following:

F =7, (22)

where 7 is an auxiliary control. With the aim of ensuring that F; — F;, with F being the desired
voltage, a convenient selection for 7 is

t
U:Ff—ﬁl(Fl—Ff)—ﬁo/o(Fl—Ff)dTr (23)

being (B1, Bo) positive constants. Once Equation (23) is replaced in Equation (22), the tracking error is
defined as ey = F; — F|’, and the derivative with respect to time of the resulting expression is calculated.
Then, the tracking error dynamics is obtained,

é1+ ,Blél + ,3061 =0 (24)
whose characteristic polynomial is
p1(s) =s* +Prs + o (25)

After equating Equation (25) with the following Hurwitz polynomial:

P1a (s) = 5> + 2510m,5 + @y, (26)
it is found that the gains 1 and By are given by

ﬁl = zglwi’l]/ ﬁO = (‘U}%]/ (27)
which guarantees that F; — F; as long as ({1, wp, ) > 0.

3.3. Integration of Controls

In order to solve the bidirectional angular velocity trajectory tracking task for the
DC/DC Buck-Boost converter—inverter-DC motor system, a hierarchical controller is
designed in this subsection.

By considering the mathematical model Equations (5) and (6), it was found that a control ensuring
w — w* is given by Equation (9); that is,
bR

1
H+F(bLa+]Ra)w+ (ku +kg> w, (28)
m m

_ JLa

0=

where y is determined by Equation (11). On the other hand, ¢ was defined in Equation (7) as
8 = vuogy (29)

and considers the voltage v as the power supply of the inverter—DC motor subsystems. Thus, the
control associated for these subsystems is found to be
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9
Uqy = o (30)

Furthermore, since the inverter-DC motor is fed by a Buck-Boost converter, a control achieving
v — v* is given by Equation (21); that is,

1

Ulgy = m [L(2v — E)y — ERv], (31)

where 7 is determined by Equation (23). Therefore, the hierarchical controller, resulting from the
interconnection of controls Equations (30) and (31), executes the trajectory tracking of both the voltage
and the bidirectional angular velocity of the system.

4. Experimental Results

With the aim of highlighting the contribution of this research, the hierarchical controller
previously designed is experimentally compared with the passive controller recently reported in
[31]. The experimental implementation of both controllers is carried-out on a built prototype of the
DC/DC Buck-Boost converter—inverter—-DC motor system. Thus, this section presents the experimental
results associated with both controllers. That is:

e  Hierarchical controller (designed in Section 3):
1

"ao = ER(E—0) [L(2v — E)y — ERv], (32)
Uogy = % ny + 1 (bLy + JR,) @ + (ka +ke) w} , (33)

with
t
h=0 =i (v—v)—po | (v-v)dr,
0
t
=@ — 6 (0 — &%) — 6 (W — w*) —50/ (w — w*)dr,
0
where the gains (1, Bo) and (dy, d1,dp) are given, respectively, by

B1 = 2¢1wny, Bo = wi,, (34)
dy = ax + 26rwy,, 61 = 28rwp,ap + w%z, o = ﬂzwiz. (35)

e  Passive controller (recently reported in [31]):

Utgp = Ul — 71 (V" — E) [f (ifi*)+%(va*)}, (36)
Ungy = Uagy — Y2 {— bl:): (v—"v") 40" (is — 1;‘)] , (37)
with
o () o B ().
it = é (Jo* + bw*), (39)
Ul = E%W (LEZ: - v*) , (40)

« _ (La]\ @ (Lab+RaJ\ @ (Rab W
= (1) & (LER) @ (R Yo @
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and [y1,72] > 0 with « defined as,
y v*—E Rqb Lk bw*? + v*
-\ E km ") \kmv*) R’

The prototype used for implementing the hierarchical controller and the passive controller
is described in this subsection. With the aim of a fair comparison the prototype reported in [31],
associated with the passive controller, has been used in this paper. In this way, the experimental results
are obtained by using the diagram of the system in closed-loop shown in Figure 2.

4.1. Experimental Testbed

DC/DC Buck-Boost converter—inverter—DC motor system

NTE2984

MURS40

2 1)L
28] (i
E = L Lg""f@ w o io
So )
> >3 DC motor Encoder
< g GNMS5440E-G31 E6B2-CWZ6C
A622
Controllers Board and conditioning circuit
Hierarchical Controller e
B— .| e dSPACE E
av
o L @
d
[0 Sioml — S
U2av I Signal 1
w* U2av

Passive Controller

i

D ; Ui g i@V pe—
. . Signal 2
I G T g
iq U2av
[D—1 D
[ Analog
m inputs
d
D

Figure 2. Connections diagram of the system in closed-loop.
In Figure 2, connections of the experimental testbed to the DS1104 board and Matlab-Simulink
are illustrated. The blocks composing such a figure are described below:

e  DC/DC Buck-Boost converter—inverter-DC motor system. This block corresponds to the built
prototype of the system under study. Regarding the DC/DC Buck-Boost converter, according to
[31], the following parameters are considered:

L =494mH, C =1144 uF, R=640Q, E=24V.

Whereas, four IRF640 transistors and two circuit-drivers IR2113 were used for the inverter. Related
to the DC motor, an ENGEL GNM5440E-G3.1 (24 V, 95 W) is used whose parameters are:
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L, =222mH,  ky=120.1x 107> Nm,
R, =09650Q, k., =120.1x1073Y¥s

rad’

J=1182x10"3kgm?  b=129.6x 1075 Nms,

e Board and conditioning circuit. This block electrically isolates the DS1104 board from the power
stage via the NTE3087 and TLP250 optocouplers. Also, this block drives the converter and inverter
when generating, through PWM1 and PWM2, the switched inputs u; and uy, respectively.

e Controllers. In this block, the synthesis and programming of the hierarchical controller
Equations (32) and (33) and the passive controller Equations (36) and (37) is carried-out via
Matlab-Simulink. The corresponding program is shown in Figure 3, where the following four
stages are observed: (i) Signals acquisition, (ii) Reference variables, (iii) Hierarchical controller,
and (iv) Passive controller.

Signals acquisition Hierarchical controller

From A622 current probe

From A622 current probe U2av

s

From P5200A voltage probe

/500>

From Omron E6B2-CWZ6C encoder Passive controller

[0 }—3 @

SC

1
4
8

la

v
5

N

4]
a

%

ﬁﬁas??a?
S )
S 2

S

*

Ulav

Reference variables v Ulav

u
- Uzaw 2av

Figure 3. Controllers block implemented in Matlab-Simulink.

(i) Signals acquisition: Acquires all the system measurements, i.e., v, w, i, and i, by using a P5200A
differential voltage probe, two A622 current probes, and an Omron E6B2-CWZ6C incremental encoder,
respectively. In this block, a signal conditioning (SC) is also performed in each signal.

(ii) Reference variables: Regarding the desired trajectories v* and w*, they were proposed for all
the experiments as follows:

vt =71; () + [af(tf) —0; ()] (¢, t;, tf)/ (42)
" =wi () + [wp(ty) — ;i ()]t ti tr), (43)

g

where ¢(t, t;, tf) is defined by the following polynomial:

0 fort <t

ot ti tr) = (ti‘jl_)s {20 —45 (=) +36 (;fj‘i)z ~10 (t*f‘*gi)g] for t € (t;,tf),
1 fort > tr.

t—t
=t
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Considering the aforementioned, the desired trajectories v* and w* smoothly interpolate between
the initial voltage and velocity, selected as:

Di(4s) =25V,  w;(4s)=—-10, (44)
and the final voltage and velocity, chosen as:
vp(6s) =30V,  ws(6s) =102, (45)

that is, [t;, t;] = [4s, 6 s]. Thus, after replacing v* (Equation (42) ) and w* (Equation (43)) in
Equations (38)—(41), the rest of the reference variables, this is, i*, i;, uj,,, and u3,, are obtained.

(iii) Hierarchical controller: Here, the implementation of controller Equations (32) and (33)
is carried-out via Matlab-Simulink. Gains of this controller, i.e., (81, o) and (J,61,d0), given by
Equations (34) and (35), were obtained by selecting its parameters as follows:

=25 wy, =100,
ap = 15, Cz = 4.8, Wy, = 50.

(iv) Passive controller: The controller Equations (36) and (37) is programmed in this block through
Matlab-Simulink. Gains of this controller, i.e., y1 and 7,, were chosen as:

71 = 0.0004, 72 = 0.0002.

Lastly, a photograph of the system in closed-loop is shown in Figure 4.

Figure 4. Prototype used to obtain the experimental results.

4.2. Experimental Results

With the intention of showing the contribution of this research, in this subsection, the experimental
results of the hierarchical controller, proposed in this paper, and those of the passive controller recently
published in [31] are presented. Both controllers are implemented on the built prototype of the DC/DC
Buck-Boost converter-inverter-DC motor system shown in Figure 4.

The experimental results are reported as follows. On the one hand, in Figures 5 and 6, the results
associated with the hierarchical controller, that is, Equations (32) and (33), correspond to vy, iy, U140,
Wy, ig,, and Upgy, . The results related to the passive controller, that is, Equations (36) and (37), are vy,
ip, Wiav,s Wp, iﬂp, and uyg, p On the other hand, in Figures 7 and 8, the results of the tracking errors
associated with the hierarchical controller correspond to ey, ¢;, , €, and iy, - These errors have been
defined as,
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ey, = V" — vy, e, =1 —ip, ew, = W' — wy, €, = lo = lay-

While the results of the tracking errors related to the passive controller are Cvy/ Ciys Cayr Cig, s
and have been defined as,

ey, = V" — Uy, ej, =1 —ip, Cw, =W — Wy, €y, = 1o = lay-

4

The experimental implementation of the system in closed-loop takes into account abrupt variations
in parameters R and E. Considering such variations in these parameters is extremely important in
control design, since they are the most common changes in this type of systems.

4.2.1. Experiment 1

With the aim of assessing the performance of both hierarchical controller and passive controller,
this experiment presents the behavior of the system when the following abrupt variation in R is
considered:

< 7.
Rm_{R 0<t<75s, (46)

") 30%R 75<t<10s.

In Figure 5 the corresponding results, related to Equation (46), are depicted. Figure 7 shows the
tracking errors related to system variables, i.e., v, i, w, and i,, for both controllers.

Two important aspects can be observed in Figures 5 and 7: (1) in general, both controllers solve the
trajectory tracking task; however, the hierarchical controller achieves a small tracking error; (2) related
to robustness, when perturbation Equation (46) is considered the passive controller stops executing the
tracking task, whereas the hierarchical controller solves it successfully. On the other hand, for both
controllers, u1,, and uy,, never get saturated.

0= 9 — 1
> —Up, vp V" = —1p iy " —Ulq, Ulaw,
-10 6 0.75
220 | 0.5
3 .
230 A ru,rnn.'.ﬁ.rn:-:. 7..'.‘\:”,,-“' e R 025
N tFl ol T B s
0 2.5 5 7.5 10 0 2.5 5 7.5 10 0 2.5 5 7.5 10
20— 3= 1.5
<. — . . .
e —wp —w, -w* = —tay, —la, -l | Uan,

10 1.5
/ AL 05

0 O 1 purda it i \
\ }.C;;-.--‘.‘-;‘r’ 0 \
-10 —I.SJ -0.5 \ _

0 25 5 1.5 10 0 2.5 5 7.5 10 0 2.5 5 7.5 10

Figure 5. Experimental results in closed-loop when variations in R are considered. The results
associated with the hierarchical controller correspond to the graphics denoted by vy, iy, U140,, Wi, ia,,
and u,y,, while the results related to the passive controller are labeled as vy, i, Ulap,, Wp, igp, and

U2avp,,-
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0=
=, —v, U
-10
-30
t|s
40 5]
0 2.5 5 7.5 10

ZO"T
Sy
ol T T
0
.10
20 a5 s

0.75

0.5

0.25

11 of 15
—Ulaw, _ulavp
MLMQ”M/-—//—’
t [s]
2.5 5 7.5 10
—U2quy, _u2avp
tIs]
2.5 5 7.5 10

Figure 6. Experimental results in closed-loop when abrupt changes appear in E. The results related to
the hierarchical controller are denoted as vy, iy, U1ay,, Wh, ia,, and o4y, . Meanwhile, the corresponding

results of the passive controller are labeled as vy, ip, Uigy,, Wp, iap, and U2ap, -

15

-15

-30

12 =

-12 ‘
0 25

Figure 7. Graphics related to tracking errors, when the abrupt variation in R (Equation (46)) is
considered. In these results, the tracking errors associated with the hierarchical controller are denoted

by ey, €j,, €w,, and ¢;, , while for the passive controller the corresponding errors are represented by ey, ,

€y €y and 8, -
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15 = —
4 i<
Z —e, €y, = —e, —e€
0 7/\ P \/— 0 "‘W'W"‘"""‘"""\‘."/’"‘Juuluumw |
15/ -4
t|s t|s
9 A R 2 - R R 1
0 2.5 5 7.5 10 0 2.5 5 7.5 10
=1 <
6 i. ewh ewp — _ezah iap
1.5
OHr " v \ A TTRY. Y A
! RV .,qu e
l 0 //
t|s t|s
By B -1.5‘ . tH
0 2.5 5 7.5 10 0 2.5 5 7.5 10

Figure 8. Tracking errors of the system in closed-loop, when the abrupt change in E (Equation (47)) is
considered. In these graphics the tracking errors associated with the hierarchical controller are denoted
as ey, €;,, €w,, and Ciy, 7 while the errors related to the passive controller are represented by €v,s €, €y
and 8, -

4.2.2. Experiment 2

In this experiment, the performance of both controllers is assessed when an abrupt variation in
power supply E is introduced. For this objective, the following variation in E is proposed:

50%E 7.5<t<10s. (47)

{E 0<t<75s,
En=

The experimental results of both controllers, when perturbation Equation (47) is considered,
are shown in Figure 6. Whereas the corresponding tracking errors are depicted in Figure 8. From the
obtained results, even if abrupt variations appeared in power supply E, it is observed, again,
that the hierarchical controller solves in a better way the tracking task of main variables, i.e., v
and w. Meanwhile, the passive controller does not achieve the tracking task when the abrupt change
appears in E.

5. Conclusions

By means of designing a robust controller, the tracking task associated with the DC/DC
Buck-Boost converter—inverter-DC motor system has been solved. The practical implementation
of such a controller was performed using Matlab-Simulink along with the D51104 board on a built
system prototype. The experimental results successfully demonstrate the effectiveness and robustness
of the proposed controller.

In order to accomplish the aforementioned, and based on the hierarchical controller approach,
two controls based on differential flatness were developed; one of them for the DC/DC Buck-Boost
converter and the other for the inverter-DC motor subsystems. Then, the hierarchical controller was
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experimentally implemented on a built prototype of the system. With the aim of showing the good
performance of the controller proposed in this paper, an experimental comparison was carried-out
with the passive controller recently reported in [31]. After an assessment of the obtained results,
when abrupt perturbations in R and E are considered, it is shown that the system performance with the
hierarchical controller is better than the one achieved with the passive controller when the trajectory
tracking task is solved.

Motivated by the obtained experimental results, related to the robustness of the proposed
controller for the DC/DC Buck-Boost converter—inverter-DC motor system, applications in mobile
robotics [2—4,34] and underactuated mechanical systems [32,33] are considered as future work.
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