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Abstract— The model-free strategy called Active Disturbance Rejection Control (ADRC) is applied to the
pitch attitude control of a Twin-Rotor system. The original ADRC strategy is modified to account for the
quantization of system’s pitch angle associated with the use of an incremental encoder. The modifications
include the use of Algebraic Differentiator to smooth out the measured pitch angle, together with a Robust
and Exact Differentiator (RED) to estimate the main rotor propeller angular speed. Experimental results are
provided to illustrate the effectiveness of the modified ADRC strategy.

Keywords— ADRC, quantization error, differentiation, Twin-rotor.

Resumo— A estratégia de controle ndo baseada em modelagem matemdtica do sistema, chamada de Con-
trole por Rejeigdo Ativa de Perturbacao (ADRC), é aplicada ao controle do dngulo de arfagem de um sistema
Rotor-Duplo. A estratégia original do ADRC é modificada para que seja possivel considerar a quantizagao das
medidas de angulo de arfagem associada ao uso de um encoder incremental. As modificagdes incluem o uso
de um Diferenciador Algébrico para se obter um sinal suavizado correspondente ao angulo de arfagem medido,
juntamente com um Diferenciador Exato e Robusto para se obter uma estimativa da velocidade de rotagao do
rotor principal. Resultados experimentais sdo fornecidos para ilustrar a eficicia da estratégia ADRC modificada.

Palavras-chave— ADRC, erro de quantizacédo, diferenciacdo, Rotor-duplo.

1 Introduction

The design of controllers for nonlinear dynami-
cal systems usually relies on specific strategies for
specific classes of systems, with these classes de-
fined by properties associated with the underlying
mathematical models of the systems under consid-
eration (Slotine and Li, 1990; Khalil, 2001).

Contrary to this well-established approach
of investigating the control problem in rigor-
ous mathematical grounds based on well-defined
mathematical models, recently there has been
some very interesting papers defending the oppo-
site idea of using “model-free” strategies to con-
trol nonlinear systems. Particularly, one can high-
light the influential work by the professor! Han
(2009), where a new “universal” control strategy,
called the Active Disturbance Rejection Control
(ADRC) method, is purposely designed as a re-
placement for the popular PID controller. In the
same vein, Fliess and Join (2013) have presented
the idea of using time-derivatives estimation as a
step to control nonlinear systems without knowing
the underlying mathematical model.

The common point between these two model-
free strategies can be seen as the attempt to can-
cel the original dynamics of the system by means
of an appropriate estimation of high-order time-

IDeceased in April, 2008. See the message from the
Editor-in-Chief in (Han, 2009).
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derivatives of the system’s output. This means
that the presence of abrupt changes in the out-
put signal, as it would be expected if the system’s
output is quantized, could be deleterious to the
performance of the closed-loop system.

Following the idea of incrementally modify-
ing the original ADRC strategy to handle spe-
cific problems, e.g. as presented in (Zheng and
Gao, 2016), in this work a modified ADRC strat-
egy is proposed with two main objectives, namely:
(i) to present to a larger Brazilian control com-
munity the ADRC strategy (Han, 2009), together
with some very interesting concepts related to the
work in (Fliess and Join, 2013); and (%) to achieve
improved results using the ADRC method, even
when there is quantization in the output signal.
The improvement depends crucially on the ideas
in (Fliess and Join, 2013) to smooth the quan-
tized output signal. To show the effectiveness of
the proposed strategy, experimental results on the
pitch attitude control for a Twin Rotor System
(TRS) (Feedback, 2006) is provided.

2 Model-Free Control Techniques

To illustrate the main general ideas in the model-
free control techniques presented in (Han, 2009)
and (Fliess and Join, 2013), consider a Single-
Input Single-Output (SISO) input affine nonlin-
ear dynamical system with well-defined relative
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degree r. It is worth noticing that this class en-
compasses a large set of dynamical systems. In
this case, one can represent the system using a
special set of coordinates such that part of the
state vector is comprised by the output and its
corresponding time-derivatives (Isidori, 1989), i.e.

y " =F(y,9,...,y" ", 2)
+G(y7 y'7' . 7y(7‘71)7z)u’
=W (y,g,...,y" ", 2), (1)

where is the output; 7,...,y" 1) are its succes-
sive time-derivatives up to order r — 1; z € R™d
is the vector of state variables associated with the
system’s internal dynamics; u € R is the input;
and F(-) : Rt — R G() : RMa - R
and W(-) : R™™d — R™d are bounded nonlin-
ear functions, with G(-) nonzero in an open set.
By adding an even stronger requirement that the
system’s internal dynamics are input-to-state sta-
ble (Khalil, 2001) with respect to y, ¢, ...,y b,
or that there is no internal dynamics whatsoever
(i.e. the system has full relative degree), a simpli-
fied version of (1) can be considered:

" = F(t) + G(t)u, (2)

with F(t) = F(y,9,...,y" 1, 2) and G(t) =
G(y,7,... Ly, z) bounded functions. In both
strategies (Han, 2009; Fliess and Join, 2013) the
authors propose the use of a feedback linearizing
like control law

u= = (—ﬁ‘(t)+v)7 (3)

with F(¢) : R — R an estimative of the function
F(t); G. € R a nonzero constant used as an ap-
proximation for G(t); and v a virtual control input
whose final form will make (2) resemble, in both
cases, a stable differential equation on the error
variable e(t) = yret(t) — y(t), where yret(t) is the
reference signal to be tracked (Han, 2009; Fliess
and Join, 2013).

One key difference between these strategies is
the way the approximation F() is obtained. How-
ever, in both cases the process of computing a (1),
and therefore the energy of the control input in
(3), depends on the smoothness of the system’s
output signal, as it will be illustrated in the next
sections.

2.1 ADRC Fundamentals

A key subsystem in the ADRC structure (Han,
2009), shown in Figure 1, is the so-called Extended
State Observer (ESO), which is used to provide an
estimative of F'(¢) in (2). Consider the augmented
system

T1 =2, T2 = T3, -,
&r = Tr1 + G(t)u,
Erp1 = D(t), y =1,
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Figure 1: Modified ADRC topology. Subsystems
ID and ADP are novel additions.

which is equivalent to (2) as long as x,11 = F(t),

such that D(t) = dFdit). From this description, a

Luemberger-like observer can be designed as

i1 = + 1(y — 1),

By = @5+ la(y — 1), -,

P - R (4)
Tr = Ergp1 + Geu + 4 (y — £1),
i’r+1 =Lry1(y — 21),
where ¢;(-); i = 1,2,..., 7+ 1; are scalar, not nec-

essarily linear, functions of the observation error
y — Z1. Clearly, the structure in (4) can be seen
as a Unknown Input Observer (UIO) (Takahashi
and Peres, 1999) with D(t) and (G(t) — Ge)u(t)
as unknown inputs, such that the observer state
Zr41 1s used as an estimative for F(t) in (2); i.e.
E(t) = &pyq in (3).

Other two subsystems necessary to implement
the ADRC strategy are the Transient Profile Gen-
erator (TPQG), and the Nonlinear Weighted Sum
(NWS) (see Fig. 2 in Han (2009)).

The TPG is a second-order dynamical system
described by

- L B Galéa|
&1=8, &= pSlgn<§1 Yret + 2 )7 (5)

with y5.¢(t) = &1, and p a smoothing parameter.
System (5) acts similarly to a low-pass filter by
receiving the reference signal y,e¢(t) as its input
and producing a continuously differentiable out-
put y5.(t), that otherwise follows closely the orig-
inal reference signal. In addition, note that the ac-
companying signal g5 ¢(t) = & is also made avail-
able for control purposes.

Finally, in the NWS subsystem the virtual
control v in (3) is computed as a possibly non-
linear combination of e; = y(¢t) — 1, and ep =
U5.¢(t) — Zo. Particularly, in this paper, we have
the linear combination

v = Kper + Kqea, (6)

with K, Kq € R tuning parameters.

2.2 Differentiation Strategies

In Fliess and Join (2013) an alternative approach
to the ESO is employed to compute F(t) in (3) by
directly differentiating the system’s output y(t);
i.e. from (2) one has that F(t) ~ y") — Geu(t),
assuming that u(t) is known. To differentiate y(¢),
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the main idea is to consider that, for the last T
seconds, the system’s output can be approximated
by a polynomial time function with a prescribed
degree of nonlinearity m, such that

y(7)ma0+a17'+...+am7'm, TG[t—T,t], (7)

where the coefficients a;, ¢ = 0,1,2,...,m, are
computed based on the measured values of y(t)
in the last time window. Their computation is
derived following the rules of the so-called Oper-
ational Calculus in the Laplace variable s, as de-
tailed in Zehetner et al. (2007) and Mboup et al.
(2009). Interestingly, the coefficients computation
depends only on time integrals, which makes them
somewhat robust to noise, but introduces unavoid-
able time-delay in their estimation. Clearly, from
the knowledge of the coefficients a;, it is easy to
estimate the time-derivatives of y(t). This pro-
cedure will be called hereafter Algebraic Differ-
entiation Procedure (ADP). Note that the ADP
depends on the choice of the two parameters T
and m, but it is implemented as a linear finite im-
pulse response (FIR) digital filter, and therefore
it is stable.

An alternative approach to compute time-
derivatives is to consider the associated tracking
control problem where a controller is designed to
achieve lim; ,oo[x(t) — y(t)] = 0, with z(¢) the
state of the first-order pure integrator given by
T = u, and x,u € R. In this case, assuming
the fulfillment of the zero error objective, the con-
troller output signal u(¢) can be used as a esti-
mative for the time derivative of the signal y(¢).
Following this approach, in the so-called Robust
and Ezact Differentiator (RED) (Levant, 1998),
a second-order sliding mode controller (Shtessel
et al., 2014, Chapter 4) is employed to guaran-
tee finite-time convergence of the error, such that
a time derivative estimation with good accuracy
becomes available in short time. Despite this, the
presence of high frequency additive noise can de-
grade considerably the performance of the RED.

In this work both differentiation strategies
ADP and RED will be employed, respectively, to
counteract the output signal quantization, and to
provide an estimative of one of the system’s state
variables not directly measured (Section 4).

3 Twin-Rotor Description

The Twin-Rotor System, shown in Figure 2, is a
two-degrees of freedom electromechanical system
used in didactic control experiments (Feedback,
2006).

By locking up the yaw movement around the
vertical axis, the rod that unites the two propellers
is allowed to swing up and down as it changes
the pitch angle orientation around the horizontal
axis, and the TRS becomes a one-degree of free-
dom mechanism.

ISSN 2525-8311

Figure 2: Twin-Rotor System — TRS.

The main propulsive torque used to control
the pitch angle is associated with the rotational
speed w shown in Figure 2, which depends on the
input voltage applied to a DC motor that drives
the propeller. The pitch angle is measured by
means of an incremental encoder with limited res-
olution, leading to quantization of system’s out-
put.

By applying Newton’s second law to the rota-
tional movement around the horizontal axis, and
by representing the DC motor dynamics as a first
order linear system; i.e. by neglecting the DC mo-
tor armature electrical current dynamics; one has
that (Feedback, 2006)

1 = T2, (8)
Iviz = Typ(ws) — Tw(z1) — Te(x2), 9)
TmiS - _bmxS + k:mu7 (10)

where x1 = ¢ is the pitch angle; xo = ¢ is the
angular speed around the horizontal axis; x3 = w
(see Figure 2) is the rotational speed of the main
propeller; u is the DC motor input voltage; with
I, the Twin-Rotor moment of inertia around the
horizontal axis; 7, by, and ky, are the mechani-
cal time constant, viscous friction coefficient and
steady-state gain, respectively, of the DC motor
that drives the propeller. The net mechanical
torque applied to the system is the sum of three
contributions, namely the propulsive torque

Tp(.’Iig) = alxg + Q2T3; (11)

with a3 > 0, ag > 0 propeller thrust coefficients;
the weight force restoration torque (the center of
gravity does not coincide with the center of ro-
tation) Ty (z1) = mgsin(xq); with mg > 0 a pa-
rameter equal to the product of the weight force
times the distance from the center of mass to the
horizontal axis; and the viscous friction torque
Ti(x2) = bsxa; with by > 0 the friction coefficient.

The TRS parameters mgy = 0.3199Nm, I}, =
7.02x1072kgm?, a; = 0.0152Nm/(rad/s)?, as =
0.0738 Nm/(rad/s), by = 11.5 x 1073 Nms/rad,
Tm = 0.7980s, kn = 1.2178(rad/s)/V and
b = 1.1106 were estimated from open-loop input-
output data collected in seven different experi-
ments. By minimizing the mean squared error
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between the measured pitch angle and the sim-
ulated output for the same input voltage signal,
the optimal set of parameters was searched for,
taking as initial values the nominal parameters in
(Feedback, 2006).

4 A Modified ADRC

Quantization of the system’s output signal in-
troduces high frequency content associated with
abrupt changes in the measured values. In the
case of the Twin-Rotor, this is a consequence of
using an incremental encoder to measure the pitch
angle. In this work a smoothing technique based
on the use of an Algebraic Differentiation Proce-
dure (ADP) (see Section 2.2) is employed to pro-
vide a differentiable approximation of the system’s
output to the ESO input (see Figure 1). This
modification results in lower energy for the con-
trol signal variation, as it will be shown in Section
5.

In addition, an Inverse Dynamics (ID) sub-
system is used to drive indirectly the Twin-Rotor
propulsive torque. This is accomplished by com-
puting the necessary input voltage to be applied
to the TRS main rotor in order to achieve a target
rotational speed associated with a desired propul-
sive torque as computed by the ADRC strategy.
More specifically, from (11), by assuming that
Tp(x3) = Tg(t), at each time instant, the positive
value z3(t) that satisfies the polynomial equation

T(t) = o (2§(t))* + cpa§(t) is determined. The
input voltage is then computed, from (10), as

u) = o [rmn®) + b)), (12)
where p(t) is the output of a RED (Section 2.2)
whose input is #9(¢). Therefore, ideally the series
connection of the blocks ID and TRS in Figure 1
would compose an equivalent second-order me-
chanical system whose input is torque, and whose
output is pitch angle. It is worth noting that, al-
though the approximated dynamical cancellation
in (12) is not robust to parametric uncertainties
in the DC motor parameters, by relying on the
ADRC strategy, one expects to still have good re-
sults, as it was indeed the case as presented in
Section 5.

5 Experimental Results

The modified ADRC performance is tested
through five experimental results obtained in a
real Twin-Rotor system. The experiments have
been set to take 60s with sampling time 10ms,
m =1 and T = 0.2s for ADP in (7).

Initially, a first comparison analysis is per-
formed between two control strategies based on
pure ADRCs (see Section 2.1), in which one strat-
egy, namely ADRC(3), makes use of an ESO
for estimating three states while the other one,
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namely ADRC(4), estimates four states. In a first
set of experiments these controllers are required
to track a step reference signal, as shown in Fig-
ure 3, and in a second experiment these controllers
are evaluated while tracking a sinusoidal reference
signal, illustrated in Figure 4. The ADRC(3) was
synthesized with the control gains K, = 4.5 and
K4 = 1.5, and functions ¢1(y — &1) = L1(y — &1),
lo(y — 21) = Lof(y — 21,0.5,9), l3(y — 21) =
Lsf(y — 21,0.25,0), in (4); with observer gains
L, = 28.8881, Ly = 278.0063 and L3 = 891.8834,
and 6 = 1, where (Han, 2009):

6/61_a,

le|“sign(e),

le] <6;
le] > 4.

fre.a.0) = {

Besides, the ADRC(4) was tuned with K, =
8 and Kq = 1.5, and functions ¢1(y — 1) =
Li(y — #1), l2(y — 1) = Laf(y — 1,0.5,0),
ls(y — 21) = Laf(y — 21,0.25,6), lu(y — &1) =
Lyf(y — 21,0.25,0), in (4); with observer gains
L; = 36.7, Ly = 505.3, L3 = 3093.4 and L4 =
7103.1, and § = 1.
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(b) Control signals.
Figure 3: Step response with ADRC techniques.

From Figure 3, one can observe that both pure
ADRCs converge to the desired step reference, al-
though both strategies presented time-delay due
to the observer dynamics. Moreover, since the
ADRC(4) was tuned to be more aggressive, its
time response presented faster raising time, but
at the cost of higher control effort and more oscil-
latory transient than ADRC(3).

In order to evaluate the pure ADRCs with
time-varying reference signals and the same con-
trollers and observer gains used previously, ex-
periments with sinusoidal reference were ob-
tained. From Figure 4, it is observed that nei-
ther ADRC(3) nor ADRC(4) were able to track
the reference, destabilizing the TRS.
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Figure 4: Sinusoidal response with ADRC tech-
niques.

On the other hand, to analyze the modifica-
tions proposed in this work, two set of experiments
have been performed for comparing the modified
ADRC ID (ADRC(3) with the ID block that uses
the RED approach) against the modified ADRC
ID ADP (ADRC(3) with the ID block that uses
the RED approach, and with the ADP block).
Again, results with step and sinusoidal reference
signals were obtained for the third and fourth ex-
periments, respectively.

Figure 5 illustrates the good results obtained
when the modified ADRCs are required to track a
step reference. Both control strategies achieved
fast convergence to the reference with a non-
oscillatory time response. Besides, the time-delay
introduced by the observer dynamics was reduced.
The ADRC ID and ADRC ID ADP were tuned
with the same parameters: K, = 3.5, Kq = 1.5,
and functions ¢1(y—21) = Li(y—21), b2(y—121) =
Ly f(y—11,0.5,0), £3(y—21) = L3 f(y—21,0.25,9),
in (4); with L; = 28.8881, Ly, = 278.0063 and
L3 = 891.8834, and 6 = 1. When comparing these
modified controllers, one can observe that the
ADRC ID was more aggressive presenting higher
control effort, as can be seen in detail from Figure
5.

In order to highlight the improvement ob-
tained by the proposed modified ADRC in com-
parison with the pure ADRC strategy, both
ADRC ID and ADRC ID ADP were required to
track a sinusoidal reference signal, presenting a
good performance, and keeping the TRS stable
throughout the desired trajectory, as illustrated
in Figure 6. Furthermore, due to the smoothness
properties of the Algebraic Differentiation Proce-
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Figure 5: Step response with the modified ADRC
strategies.
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Figure 6: Sinusoidal response with the modified
ADRC strategies.

dure, the ADRC ID ADP presented less control
effort than ADRC ID.

Furthermore, to perform a quantitative anal-
ysis of the results obtained with the ADRC ID
and ADRC ID ADP when they were submit-
ted to the sinusoidal reference signal, three per-
formance indexes were computed: the Integral
of the Absolute Derivative of the control signal
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dt

tegral of the Squared Error (ISE), given by ISE =
Jo~ e(t)?dt; and the Integral of the Time-weighted
Absolute Error (ITAE), computed as ITAE =
Jo " tle(t)|dt. These results are presented in Ta-
ble 1. As illustrated in Figure 6, both controllers
presented similar tracking response with the com-
puted ISE and ITAE almost the same. How-
ever, as highlighted before, the control effort spent
by the modified ADRC taking into account the
ADP technique is considerably reduced, allowing
to achieve better results when the system’s output
is quantized.

(IADU), given by TADU = [ ’d““) ’ dt; the Tn-

Performance of controllers
Metrics of the control signal
Metric [ ADRC ID | ADRC ID ADP
IADU [ 781.5698 | 271.0811
Error between reference and output system
Metric | ADRC ID ADRC ID ADP
ISE 0.0571 0.0574
ITAE 51.7209 51.7709

Table 1: Performance indexes of the modified
ADRGCs.

Finally, the fifth experiment is realized, to ver-
ify the capability of the modified ADRC to deal with
disturbances, a step disturbance with amplitude value
of 0.5V was applied to the system at ¢ = 35s when
the TRS was tracking the step reference signal. The
results are shown in Figure 7.

e
Q

o o
o o
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(=]
'

0.3
0.2 = = = Reference
....... ADRC ID
0.1 , ——ADRC ID ADP
0 4 1 1 1 1 1
0 10 20 30 40 50 60
Time (seconds)
(a) System outputs.
2.5
N ADRC ID
S ot —— ADRC ID ADP
E
E15F
'5
go1r
2
=]
Q
Qo.5
o . . . . . '
0 10 20 30 40 50 60

Time (seconds)

(b) Control signals.

Figure 7: Step response with step disturbance us-
ing the modified ADRC strategies.

6 Conclusions

In this work changes to the original ADRC strategy
were proposed to deal with quantization in the sys-
tem’s output.

The proposed modified ADRC employs the Alge-
braic Differentiation Procedure and the Inverse Dy-
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namics, based on Robust Ezact Differentiator, tech-
niques to reconstruct the necessary information of the
controlled system, allowing to reduce the control ef-
fort. This is accomplished by the smoothing of the
output signal thanks to the use of the ADP, and by
relying on the alleged robustness associated with the
ESO in the ADRC strategy.

Experimental results were obtained in order to il-
lustrate the improvement achieved with the proposed
strategy. Tests with step and sinusoidal reference sig-
nals, and also with step disturbances and uncertain
parameters, were carried out. From qualitative and
quantitative results it was corroborated the good per-
formance of the ADRC ID ADP with lower control
signal power consumption, and small tracking error
for sinusoidal references.
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