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ABSTRACT: In this paper, an extremum seeking fault estimation based output feedback controller is
proposed for the control of flexible-joint robot manipulator. First, using the approximate nonlinear robot
model, a extremum seeking controller is designed to minimize the tracking error via output feedback.
Then, in order to prevent the effects of faults, disturbances or unknown dynamics, an extremum seeking
based fault estimator is proposed. In order to show that the advantage of the proposed configuration, a
flexible-joint manipulator with unknown fault is controlled both in a numerical simulation and real-time
experiment. An artificial payload is applied to the end-effector in a simulation environment. But, in the
real-time experiment, an additional payload attached to the end effector when it is continuing the process.
The approximate model of the robot manipulator is obtained by the state-space identification. As a result
using the proposed estimation and controller, acceptable tracking and estimation results are obtained both
in numerical and real-time experiments for future applications.
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manipulator, varying payload, stability.

Ekstremum Arama Temelli Hata Tahmini ile Esnek Baglantili Robot Kolunun Cikis Geri
Besleme Kontrolii

OZ: Bu calismada, ekstremum arama hata tahmini ve ekstremum arama temelli cikis geri besleme
kontrolciisii dogrusal olmayan esnek-baglantili robot kolu igin dnerilmistir. {lk olarak, dogrusal olmayan
sistemin yaklastk modeli kullanilarak izleme hatasin1 minimize etmek icin cikis geribesleme ile
ekstremum arama denetleyicisi tasarlanmistir. Daha sonra hatalarin, bozucu etkilerin ve bilinmeyen
dinamiklerin etkisini yok etmek igin ekstremum arama hata tahminleyicisi tasarlanmigtir. Onerilen hata
tahminleyici temelli kontroliin avantajini gostermek icin bilinmeyen yiike sahip esnek-baglantili robot
kolu benzetim ortaminda ve gercek zamanli olarak kontrol edilmistir. Benzetim ortaminda yapay bir yiik
uygulanmistir. Fakat gercek-zamanli deneyde, esnek baglantili robot kolu ¢alismaya devam ederken
tizerine ek yiik baglanmistir. Esnek-baglantili robot kolunun yaklasik modeli ise durum uzay1 tanilama
ile elde edilmistir. Sonug olarak 6nerilen tahminleyici ve kontrolor yontemi ile gelecek uygulamalar icinde
kabul edilebilir izleme ve tahmin sonuglar1 hem benzetim ortaminda hem de gercek-zamanl deneylerde
elde edilmistir.

Anahtar Kelimeler: Ekstremum arama metodu, ¢ikis geribesleme kontrol, hata tahmini ve tolerans, esnek baglantili
robot kolu, degisken yiik ve kararlilik.
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1. INTRODUCTION

Industrial systems have always unmodeled dynamics, disturbances or time-varying parameters.
Therefore, in order to get accurate performances of the real-time control, suitable controller design must
be selected. The effect of the unmodeled dynamics might be compensated with robust controllers when
the approximate model of the system is known. However, if there is no available mathematical model of
the system; adaptive control, identification-based control or some classical control methods can be
designed (Astrom et al. 1994, Spooner et al. 2002). Some of these control methods have fault tolerant
behavior due to the compensation of integrative error, so that small magnitude of unknown dynamics can
be compensated. On the other hand, when the system fault is large, an auxiliary estimator and controller
are to be designed for the accurate tracking (Noura et al. 2009).

Extremum seeking control (ESC) is a real-time constrained optimization-based control approach
(Krstic et al 2000, Ariyur et al. 2003, Dochain et al. 2011). Fundamentally, extremum seeking scheme
optimizes a cost function by calculating the second-order gradient information with respect to its
parameter. For the feedback control design, the cost function is a tracking error or a function of the system
output, then the optimizing parameter is the control signal of the system. ESC does not use the
mathematical model of the system therefore it has been recently much attention for the control
applications. Even though the extremum seeking controller is referred as one of the” early methods”
(Ariyur et al. 2003, Dochain et al. 2011), its local and semi-global stability are proved by (Krstic et al 2000,
Tan et al. 2009). Some of the industrial applications are (Guay et al. 2004, Dower et al. 2008, Brunton et al.
2010). After the stability of the extremum seeking controller is proved, there have been various control
designs and many applications. Especially, switching or sliding-mode based extremum seeking controller
(Pan et al. 2003, Oliveira et al. 2012, Chen et al. 2017), extremum seeking model predictive controller
(Subbaraman et al. 2016), extremum seeking based PID tuning (Killingworth et al. 2006), multi-objective
extremum seeking controller (Zhang et al. 2007, Guay et al. 2015, Ye at al. 2016), extremum seeking-like
observer (Sassano et al. 2011) are known applications. In addition, stochastic extremum seeking
optimization is introduced where its maximization/minimization performance is proved to be better than
deterministic extremum seeking optimization (Liu et al. 2012). In order to improve the steady state-error
and local performance of the extremum seeking control, modified versions are proposed in (Hazeleger et
al. 2020, Zhao et al. 2020), respectively.

Based on the literature studies, the improvements on the performance of the extremum seeking control
are mainly based on the assistance of the conventional methods and optimization-based parameter tuning.
In this paper, to increase the tracking efficiency of the conventional extremum seeking controller, an
adaptive extremum seeking based fault estimation and extremum seeking based fault tolerant controller
are designed for linear and nonlinear systems with process faults. The estimated fault is forced as an
additional input to the system to be compensated. In application part, the proposed fault tolerant
controller design is applied to an experimental flexible joint manipulator with varying payloads. Both in
numerical simulations and real-time applications, acceptable tracking and estimation results are provided
for further applications. The sole extremum seeking controller and extremum seeking fault tolerant
controller are numerically compared in root-mean squared tracking error (RMSE) sense under varying
payload case.

2. EXTREMUM SEEKING OPTIMIZATION

Extremum seeking optimization scheme (Krstic et al 2000, Dochain et al. 2011) is shown in Figure 1 to
optimize output cost function y. The theory behind the extremum seeking is given as follows. The cost
function of the system is first passed from the wash-out filter which is a high-pass filter. Then, the filtered
signal is modulated with a high- frequency sine signal. After that, the modulated signal is passed from a
low pass filter. Finally, the parameter change is integrated and summed by the modulating signal then an
optimized parameter is obtained. The resulting signal is a second-order gradient of the cost function with
respect to its parameters.
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Consider a single-input single-output (SISO) nonlinear state space system is
x= f(xuw),
1
y= g0, M
where x(t) € R™ is state vector, u(t) € R is input and y(t) € R is output of the system. A smooth
control signal u = a(x, 8) is defined with an adaptable parameter, then the closed-system dynamics,

x= f(x a(x,9)) (2)
has an equilibrium with the parameter 6. The following assumptions can be made for the closed-loop
system.
Control signal X(O=Rx(D.u(t).0) System output
u(t) y(O=gx(t).) ¥t

Extremum seeking controller

S+wWy

Figure 1. Extremum seeking controller scheme.

Assumption 1. There exists a smooth function h: R - R" such that
f(x,a(x, 9)) = 0,ifand only if x = h(6) 3

Assumption 2. For each 6 € R the equilibrium x = h(8) of the system (3) is locally exponentially
stable.

Assumption 3. There exists a 8" € R such that
(goh)'(67) = 0

(gon)"(67) <0 @)

Based on three assumptions and the feedback design seen in Figure 1, it is proved that y = g(x)
function has a maximum at 8 = 6. Its stability analysis and convergence of control signal are shown (Pan
et al. 2003). To get the minimum of y output cost function, it is replaced by —y. Using the extremum
seeking control, the change of the parameter (Ariyur et al. 2003) is derived as

6=—kaiZ2p 5)
where the by choosing the suitable parameters of the extremum seeking optimization, the parameter
update can be obtained in real-time. In literature, nonlinear uncertain systems with disturbances are
controlled with extremum seeking control. In (Dochain et al. 2011), an extended state observer-based
regulator is designed, and conjugate gradient based extremum seeking is achieved. In (Lara et al. 2017),
extremum seeking sliding-mode controller is designed for input-output linearized model with an

uncertainty function.
3. STOCHASTIC EXTREMUM SEEKING FAULT TOLERANT CONTROL

In this paper, an extremum seeking optimization-based fault estimator and compensator is proposed.
In fault estimation step, an approximate model of the system is utilized as a reference model. Then, the
output estimation error is defined as € = § — y where J is the output of the reference model and y is the
output of the real system. The output estimation error is minimized by an extremum seeking optimization
such that the discrepancy between the system output and approximate model output is considered as the
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fault of the system dynamics. In fault compensation step, the produced output of the extremum seeking
estimator will be the fault variable which is used as an additional input function to minimize the
estimation error of the system. The ideas for the construction of the approximate model are given above.

Reference Control
Signal ) Extremum Signal | System Outpuat
" +' '\‘r,.f Seeking Controller Dynamics Y0
ut) '
R System 4
[ Model "
Estimared : .
Fault Extremum Seeking 1)

Fault Estimation

Figure 2. Fault tolerant controller scheme.

The proposed fault tolerant controller optimizes simultaneously the tracking error e = y; —y with
respect to control parameter and the estimation error é = § — y with respect to fault variable where J is
the approximate output of the system and yj is the reference signal. It is assumed that § is here a fault free

output of the system. Like the control parameter update (5), the adaptive fault estimation is defined as
192%¢ »

o) =-apils (6)
where a and f are design parameters. Note that the produced control signal and fault variable are
applied to the system dynamics then the resulting output signal is obtained. Therefore, the optimized
parameter must satisfy the system dynamics, which presents a constrained optimization. The proposed
control scheme is shown in Figure 2.

4. APPROXIMATE MODELING OF FLEXIBLE-JOINT MANIPULATOR

The flexible joint manipulator consists of double integrator, but it has single input single output
dynamics. The input is a control voltage applied to the first motor; the output is the angle position of the
end-effector. Due to the spring behavior, it is difficult to position of the end effector when large payloads
are loaded. It is produced by Quanser Inc. and compatible with MATLAB/SIMULINK environments.
Therefore, it is a suitable system to test the designed observers and controllers. The flexible-joint
manipulator is shown in Figure 3. Its mathematical dynamics has been already derived using Lagrange
equations (Groves et al. 2004) such that its dynamics have weak nonlinear sine term. Therefore, the
experimental set up is supplied by the manufacturer with a linearized model and an observer design
(Quanser, 2012) of velocity estimations. In literature, observer and tip position measurement-based
methods also exist (Talole et al. 2010, Beyhan 2016, Agee et al. 2014) to get accurate tracking results. In this
study, for the purpose of extremum seeking based design, its physical model will not be used. The input
voltage and output tip position are available to get an approximate model.

For the sake of simplicity, the approximate model of the system may be constructed in three ways. If
the mathematical model of the physical system exists, then it can be used as an approximate model since
the real-time working system has always different dynamics than known mathematical model.

e If there is no physical model and the input-output measurements are available, then the input-
output data must be analyzed for appropriate model selection. If the system dynamics are linear
or have mild nonlinear terms then using linear or nonlinear state-space subspace identification
methods, a state space model can be constructed with optimization methods.
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e Addition to the second item, if the system dynamics have time-delay, nonminimum phase
dynamics or strong nonlinearities, then support-vector machine, neural-network, fuzzy system,
orthogonal function networks and etc. can be used to model the system in appropriate forms.

The approximate model of the system is here modeled via a linear state-space model. It is constructed
by a 4th-order model since it has double integrator of two cascaded mechanical systems. Its parameters
are obtained by least-squares estimation as

0 1 0 0 1
0 0 1 0 |
A =lo 0 0 1 [103
—1.162 —38.38 —4.560 —0.124J|
—3.94 [1 ]T )
487.89 | [0 |
B =|-427011103% c=lo|.
32371 | llOJI

In order to utilize the state-space model in the closed-loop control and get accurate model, the
continuous-time input-output data is collected from the real-time system with closed-loop dynamics. The
modeling results are very accurate. To focus on the extremum seeking control they are not illustrated here.
The above state-space model will be used as the approximate model of the system.

In the extremum seeking controller/estimator design, the high-frequency modulation signal is first
designed as a sine or cosine signal with a phase shift. However, the high-frequency modulation signal has
a constant frequency and phase therefore it is a deterministic signal. The constant frequency phase sine
signal drives the parameter change to find the minimum/ maximum of cost function in very small near
local point. Therefore, it is very difficult to find a proper frequency and phase value with other design
parameters. In literature, this problem is solved by using a white noise driven sine signal. Therefore, the
modulation signal has infinite variable high frequency with stochastic behavior. In fact, this kind of
modulation signal excites all dynamics of the cost function change, then the parameter change might get
rid of the local minimum/maximum points. Therefore, in this work, the extremum seeking based
controller and estimator are designed with stochastic modulation signal.

Figure 3. Experimental set-up for flexible-joint manipulator.

Let us summarize the proposed methods. The followings are achieved in control process.

e Using input-output data of the system, a state-space model is constructed.
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e Based on the state-space model, an extremum seeking controller is designed and applied to the
real-time system.

e For disturbance and uncertainty case, an extremum seeking fault estimator is designed based on
the state space model.

o Using the estimated fault with extremum seeking controller, a fault tolerant controller is designed.
The estimated fault is used as an additional input of the system.

In this way, the fault tolerance can be performed without knowing the system model. In addition, the
effect of unknown process faults and disturbances are compensated. Note that the fault estimator and
controller have different designs. However, the filter parameters are designed same since the same
experimental system is used. The gain of the integrator can be changed since in real-time in order to force
the system to the desired dynamics. There is required relatively large gains in estimator design. The main
difference comes from the objective functions. Controller minimizes the tracking error; estimator
minimizes the estimation error.

The parameters of the estimator and controller can be found by using optimization methods, grid-
search, or trial-and-error approach. In this study, the filter cut off frequencies w;, = 1 rad/sec and wy =
100 rad/sec are initially designed both for extremum seeking estimator and controller. After that the gain
constants k and a are tuned by a grid-search from a reasonable interval. Then, the most suitable
parameters are found as a = 0.01 and k = 450 for the extremum seeking controller and « = 0.01 and § =
1200 for the extremum seeking estimator, respectively. The designed fault tolerant controller is applied
to the robot manipulator with same scenario both in numerical simulation and real-time application. The
period is selected T = 100 [seconds] where the sampling period is T; = 2 X 1073 [seconds] with Runge-
Kutta integration routine. The controller and fault-estimator begin the process instantaneously, then a
large constant fault, that is in fact a handling a heavy payload, is applied to the system between 30th and
60th seconds.

5. NUMERICAL SIMULATIONS

In simulation study, we can apply the fault as an additional input of the state space model. Therefore,
the fault estimator estimates the fault numerically exact value then its effect is compensated by the
extremum seeking controller. In Figure 4 tracking results are shown. Figure 4(a) shows sine signal
tracking, and the resulting tracking error is given in Figure 4(b). The main subject of the method is the
applied control signal which is seen in Figure 4(c). The corresponding variation of the input signal which
is the right before the integrator is presented in Figure 4(d).

In Figure 5 extremum seeking optimization-based estimation results are shown. Based on the
estimated fault the difference between the estimated output and the system output are shown in Figure
5(a). The corresponding estimation error which is an extremum seeking optimization error is given in
Figure 5(b). The estimated fault shown in Figure 5(c) is very accurate result. The effect of the fault signal
is seen in the applied control signal. Due to the fault compensation its effect is very less on the tracking
result. For the extremum seeking estimator, in order to excite all dynamics, the applied dither signal is
illustrated in Figure 5(d). It is a white noise which has very aggressive change. Later, the deterministic and
stochastic modulation-based fault tolerant control comparison will be given. In addition, the shape of the
fault is not important the fault estimation error can converge to the zero very fast. The constant large value
is applied since a large payload will be attached to the manipulator end-effector in real time.
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Figure 4. Simulation Study: ESC based fault tolerant control of manipulator. An artificial constant fault is
applied between 30th and 60th seconds.
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This result exhibits the main contribution of the proposed idea. As expectedly, the numerical
simulation results are very accurate due to the well-defined dynamics without any noise or disturbance
and the performance of the proposed fault tolerant controller.

6. EXPERIMENTAL RESULTS

In real-time experiments, we cannot introduce an additional input to the system except applied control
voltage. Therefore, the effect of the time-varying payload will be compensated by the recovered input
voltage. In other words, the fault tolerance is performed that the estimated fault is compensated by adding
to the input voltage. In fact, this constraint brings an advantage of the proposed fault tolerant controller
since there exist another fault such as unmodeled dynamics or noises. In the figures, the effect of unknown
and estimated faults except additional payload can be observed. As the same scenario, an additional large
payload is applied to the system between the 30th and 60th seconds.

Real-time control results are shown in Figure 6. The tip position of the end-effector and the reference
signals are plotted in Figure 6(a). The corresponding tracking error is shown in Figure 6(b). The applied
control signal and its variation which generated by the extremum seeking controller is presented in Figure
6(c) and Figure 6(d), respectively. Real-time extremum seeking based estimation results are illustrated in
Figure 7. The system output tip position and estimated tip position are shown in Figure 7(a). The output
estimation error which is between the approximate system model and the system output is plotted in in
Figure 7(b). The estimated fault which decreases both the output estimation error and tracking error is
given in Figure 7(c). Finally, the real-time applied high frequency in fact infinite frequency white noise
signal is presented in Figure 7(d). In the application results, it is seen that there exists always a fault value
which can be discrepancy between the system and approximate model. However, the effect of the applied
additional payload fault is clearly seen in the dynamics. As explained above, by the fault compensation,
the applied control signal varied between the 30th and 60th seconds.

Remember that the extremum seeking is not based on the system model, therefore the effect of the
varying payload can be compensated by utilizing the sole extremum seeking controller. Therefore, the
extremum seeking controller is applied to the system without fault compensation and the tracking error
RMSE is given in Table 1. The advantage of the fault estimation and tolerance is effectively seen from the
numerical results.
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Figure 6. Experiment: ESC based fault tolerant control of manipulator. An additional payload is applied

between 30th and 60th seconds.

Table 1. Performances of the real-time applications.

Method/RMSE

Tracking

Estimation

ESC without fault tolerance

0.0373

do not exist

ESC with fault estimation

0.0252

0.0223
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60th seconds.
7. CONCLUSION

In this paper, extremum seeking based adaptive fault estimation and output feedback controller are
designed and experiments are conducted on the experimental flexible joint manipulator. An unknown
fault is adaptively estimated using extremum seeking optimization to minimize the estimation error
between the real-system and an approximate model of the system. The advantage of the extremum seeking
based fault estimation is to estimate the any fault in system dynamics that causes a change in system
output. Then, using estimated fault in the closed-loop control, better tracking results are obtained. The
designed fault tolerant controller can be successfully used for also highly nonlinear systems when an
accurate system model exists. The accurate system model can be constructed using one of the successful
system identification techniques since the controller and estimator are designed based on the system
identification model. In general, for these kind of unknown systems with uncertainties are usually
controlled using adaptive controllers. However, determination of initial parameters, tuning the
parameters and parameter drift problems are main deficiencies of the adaptive control. For the proposed
configuration, these are not the problems. But, the accuracy of the identification model and determination
of the extremum seeking parameters are the main design problems. But in the control process, the
designed fault estimation model estimates also the unmodeled dynamics of the system. Therefore, the
estimation and control results based on the real-time experiments show the applicability of the proposed
configuration.
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