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Abstract 
 
In flexible manipulators the residual vibration and unwanted transient deflection are critical issues that 
are highly correlated the velocity operation of the system; as the velocity increases the control of such 
systems become more delicate and difficult. Wiper blade of automobile is among those types of 
flexible system that is required to be operated in quite high velocity to be efficient in high load 
conditions. This causes some annoying noise and deteriorated vision for occupants. The modelling 
and control of vibration and low frequencies noise of an automobile wiper blade is focused in this 
study. The flexible vibration and noise model of wiper system is estimated using artificial intelligence 
system identification approach. A controller approach is also developed to suppress low frequencies 
noise of wiper end-point while maintaining desire position accuracies of hub angle simultaneously. 
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1. Introduction 
  

Flexible structures have been broadly utilized in diverse industrial researches and designs due to 
their advantages like free friction loss in joints, low weight, less energy consumption and low cost. 
Nonetheless, control of flexible manipulators has always been a crucial issue to deal with so that 
convinces designer for applying them rather the traditional rigid counterparts in design. However, in 
some products like automobile wiper system the flexibility is an inherent characteristic that cannot be 
alternated. Wiper system is an indispensible part of an automobile with flexible nature. Flexibility 
feature of wiper blade structure is made it a critical apparatus is spite of its simple operational 
mechanism. A desirable wiper system is characterized by a homogeneous disposal of the water, 
without noise generation and by limiting as much as possible the phenomenon of wear (loss of wiping 
or noise presence). An experimental method verified with a finite element analysis is carried out for 
past processing system identification and control of wiper system [1]. Low frequency noise known as 
chatter noise were identified in wiper system during operation and is subjected to be suppressed while 
does not violate other oscillatory attributions of wiper system in time domain. This noise causes 
annoying sound to automobile occupant within the wiper operation especially in the heavy rain and 
snow.  

The vibration control of chaotic motion in a two blades wiper system was investigated by Wang 
Chau [2]. Friction effects between windscreen and wiper blade and its variation in accordance to 
temperature as well as velocity of wiper motor were investigated [3], [4]. Inverse dynamics control in 
cooperation with input shaping was developed to achieve minimum vibration within bounded speed of 
drive [5]. Singla proposed a hybrid control method for a flexible inverted pendulum on a moving cart 
that deals with the vibration of system with minimum actuator effort [6]. Yanyan [7] proposed a 
control approach by sensing the rain extent on windscreen using infrared rain sensor that commands 
the motor velocity proportionally. Several methods like dither signal, extended time-delay feedback 
control and the optimized command shaper control methods were applied for controlling the chaotic 
motion of wiper blade [2], [8].  

 
Flexible dynamic of a wiper system requires a reliable system identification method to model 

transfer function of wiper system for helping designer in developing more accurate controller. 
Modeling of wiper system as a flexible manipulator with several modes needs a trustworthy system 
identification method featuring capability at fast varying dynamics and non-minimum phase systems 
modeling [9], [10]. A Nonlinear auto regressive exogenous (NARX) [11] in cascade with Elman 
neural network (ENN) [12] is utilized for the purpose of system identification of nonlinear wiper 
system. 

 
Input shaping (IS) method as an effective Feed-forward controller is chosen for noise 

reduction and improving other dynamic characteristic of flexible wiper blade [13]. Input shaping 
approach is highly depends on system natural frequencies and damping ratios. Employing this method 
signifies the necessity of precise system identification. Comparison studies of responses of flexible 
manipulator by various feed-forward controller techniques were studied by Azad et al [14]. The 
results proved the superiority of input shaping technique in terms of vibration reduction at first three 
modes, settling time and overshot rather to Gaussian shaped and low-pass filtered input torque. Also, 
though Gaussian method had better performance in terms of attenuation of power spectral density 
(PSD) compare to low-filtered input torque; it performed worse based on time responses criteria.  
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In order to handle great performance of control system within uncertain circumstances, traditional 
controllers such proportional, integrative, derivative (PID) controllers are not the best choice due to 
constraints imposed on gains regulation. Fuzzy logic controller (FLC) has advantage of control a 
system by means of expert knowledge and regardless of actual dynamic of plant [15]. Some 
applications of FLC in flexible link control, system identification and parallel manipulator control 
problems can be found in literature. [16], [17]. Also, some efforts were done for cooperating FLC 
with evolutionary and swarm approaches [16], [18].  

 
In multi objective control problem it is necessary to estimate a number of parameters or gains for 

the control scheme that in turn introduces more complexity to the scheme. To tackle this, MOGA is 
utilized in control loop in order to attain a trade off solution. Multi-objective Genetic Algorithm 
(MOGA) using fitness sharing technique is adopted in this study due to its versatile character of 
dealing with various conflict objectives and their constraints. MOGA based on fitness sharing have 
been successfully applied in other control engineering problems of flexible manipulators [19], [20].  

The lack of exotic techniques that target the vibration and noise reduction of wiper blade in both 
time and frequency domains simultaneously persuaded this research. A reliable nonlinear system 
identification namely (NARXENN) was adopted in first stage of this survey to model the flexible 
dynamics of wiper blade with acquired experimental data. A zero-vibration-derivative-derivative 
(ZVDD) IS controller was designed based on the dynamics properties of wiper system extracted from 
system identification and applied on the path of reference input. Then, closed loop control integrating 
FLC and AFC was developed to add robust trait to controller for possible uncertainty that occurs 
during operation of wiper. In order to deal with complexity of controlling the multi conflict objectives 
in both time and frequency domains MOGA is utilized to regulate the corresponding parameters of 
proposed controller. Detail of the proposed controller is illustrated in Fig. 1. 

 
Fig.1--------------------------------------------------------------------------------------------------------------- 

 
This paper presents data acquisition and experimental set up in section 2. Also, mathematical and 

conceptual explanation of system identification and control strategies are briefly described. 
Effectiveness and results of applying the proposed controller are discussed in section 3. Paper 
concludes in section 4. 

 
2. Methodology 

 
2.1. Data Acquisition 
 
First, the data acquisition stage is carried out on-line for recording the wiper system signals. Then, 

the data analyses run off-line and handle the recorded data to develop an efficient controller standing 
by experimental tests. 

 
A uni-blade type wiper which is typically found in the Proton Iswara driven by its corresponding 

DC Wiper Motor in hub, measuring devices, interface card and digital processor are in hand for 
experiment. The wiper blade can be considered as a pinned-free flexible arm that moves freely in the 
horizontal plane of windscreen while the effect of axial force is negligible. A pipe hose with running 
water is facilitated on the top of windscreen that simulates a rainy or wet condition for operating 
wiper at speed of Bang-Bang input. The measurement sensors including a Kistler Type 8794A500 tri-
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axial accelerometer mounted at the endpoint of the wiper blade using beeswax for measurement of 
endpoint acceleration as well as a shaft encoder placed at the hub of wiper for measurement of hub 
angle. Recording the input signals is carried out at digital sampling rate of 1 kHz.. In the experiment, 
a 16 input channels PAK MK II Muller BBM signal analyzer were used. 

 
The simulation of the flexible manipulator is conducted with the two analogue outputs namely 

hub angle and end-point acceleration. Low-pass (LP) filters each with cut-off frequency of 80 Hz is 
used to band limit the system response to the first resonance mode for each output. Furthermore, to 
decouple the flexible motion control loop from the rigid body dynamics a high-pass filter for each 
output with a cut-off frequency of 5 Hz is used. The system damping ratio is negligible and payload is 
measured as 7.4 N/m. A motor drive amplifier (current amplifier) delivers a current proportional to 
the input voltage for actuating a bi-directional motor. A linear drive amplifier LA5600 can be 
employed as motor driver too. The shaft encoder placed on hub of wiper send the analogue 
information of the hub angle of the wiper to process unit of controller after being converted to digital 
values. An interface circuit PCL 812PG is needed to interface the wiper system with a host PC and 
carrying out data acquisition and control between the processor, the actuator and sensors with 25 µs 
for A/D conversion and a settling time of 20 µs for D/A conversion. A schematic diagram of proposed 
controller interfaces used in this work is shown in Fig. 2.  

Fig.2--------------------------------------------------------------------------------------------------------------- 
 
2.2. Nonlinear Auto Regressive Exogenous Elman Neural Network (NARXENN) 

 
The NARX model structure is defined by 

 

𝑦𝑦(𝑘𝑘) = 𝐹𝐹 �𝑦𝑦(𝑘𝑘 − 1), … ,𝑦𝑦�𝑘𝑘 − 𝑛𝑛𝑦𝑦�,𝑢𝑢(𝑘𝑘 − 1), … ,𝑢𝑢(𝑘𝑘 − 𝑛𝑛𝑢𝑢)�+ 𝜀𝜀(𝑘𝑘),                       (1) 
 

in which the effect of noise is assumed additive at output of the model. F(.) is a nonlinear function, 𝑦𝑦𝑘𝑘 
,𝑢𝑢𝑘𝑘 and 𝜀𝜀𝑘𝑘 are output, input, and noise respectively where 𝑛𝑛𝑦𝑦, 𝑛𝑛𝑢𝑢 and are maximum lags on 
observations and exogenous inputs [11]. In order to identify the NARX model; the corresponding F(.) 
function should be approximated first; so that in this study the nonlinear function F(.) is estimated by 
ENN. 
 

In the structure of an ENN there is an additional undertake layer called context layer besides the 
three conventional namely input, hidden and output layers that making the identification of dynamic 
characteristics [12]. Suppose an ENN such is shown in Fig. 3 in which the vectors of input, middle 
and output layers’ nodes are labeled with u, x and y respectively. Also, 𝑊𝑊1 , 𝑊𝑊2 and 𝑊𝑊3 represent the 
respective connection weights of input, middle and output layers. The nodes of input layer play the 
role of signal transmission while nonlinear functions of M(.) and O(.) are introduced as transfer 
functions of middle and output layers which in this study the tansigmoid function is used. 
Furthermore, the previous moment output values of hidden layer were stored in memory and return to 
the input, so it can be considered a step delay operator. The mathematical modeling of Elman Neural 
Network can be expressed as the following equations: 

 
𝑋𝑋(𝑘𝑘) = 𝑀𝑀�𝑊𝑊2.𝑢𝑢(𝑘𝑘) +𝑊𝑊1.𝑢𝑢(𝑘𝑘 − 1)�                                                  (2) 
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𝑦𝑦(𝑘𝑘) = 𝑂𝑂�𝑊𝑊3.𝑥𝑥(𝑘𝑘)�                                                                 (3) 
 

A back propagation (BP) algorithm as it broadly used and discussed in literature was adopted for 
training process of neural network. BP uses the error sum of squares function between output of 
network and target values [21]: 

 
𝐸𝐸(𝑊𝑊) = ∑ [𝑦𝑦𝑛𝑛(𝑊𝑊)− 𝑇𝑇𝑛𝑛(𝑊𝑊)]2𝑘𝑘

𝑛𝑛=1  ,𝑛𝑛 = 1,2,3, … ,𝑘𝑘                                      (4) 
 

where 𝑇𝑇𝑛𝑛(𝑊𝑊) is the target vector of output. 
 

Schematic model of proposed system identification named nonlinear auto regressive Elman neural 
network (NARXENN) is illustrated in Fig. 3. 

 
Fig. 3--------------------------------------------------------------------------------------------------------------- 

 
2.3. Non-collocated control 

 
The AFC technique verified to be quite effective in robust accuracy positioning tasks in spite of 

possessing trouble-free mathematical algorithm [22]. 

Investigations on applying AFC as non-collocated control technique showed that by using this 
method, the system subjected to environment uncertainties and disturbances remains stable and 
robust. The successful operation of AFC method as a disturbance rejecter scheme compared to the 
traditional control methods such as the PID controller is proven in the literature [17], [21]. 

Other advantages of application of AFC as a disturbance rejection in this study are because of its 
low computational burden and few input information in a real time system. As it is shown in Fig. 4 
AFC requires only the acceleration information of wiper tip. 

In the rotational bodies, Newton’s second law expresses that, the sum of all torques applied to the 
system is equal to the multiplication of the mass moment of (I) to the angular acceleration (𝛼𝛼) of the 
system, i.e. from 

Considering well-known and functional second Newton law of motion of rotational bodies as: 

∑𝝉𝝉 = 𝐼𝐼𝛼𝛼           (5) 

Where 𝝉𝝉 is the applied torque of wiper motor and 𝐼𝐼 and 𝛼𝛼 are the mass moment of inertia and the 
angular acceleration of the wiper blade respectively. 

An external disturbance 𝝉𝝉d is included in (1): 

 𝝉𝝉 + 𝝉𝝉d = 𝐼𝐼(𝜃𝜃)𝛼𝛼          (6) 

The main point of AFC is where disturbances have to be estimated somehow as: 

 𝝉𝝉d∗ = 𝝉𝝉 − 𝑬𝑬𝑰𝑰𝛼𝛼          (7) 

where EI is the estimated inertia matrix that can be obtained by crude approximation or other 
intelligent methods such as iterative learning, fuzzy logic and so on. MOGA has been used in this 
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paper to estimate the most appropriate value for EI to achieve a desirable trade off among all 
objectives even in presence of external disturbance. 𝝉𝝉, is the measured applied control torque that can 
be estimated by a current sensor or directly by a force or torque sensor and the measured angular 
acceleration, i.e., �̈�𝜃 can be obtained by an accelerometer. From (7) it is clear that if the total applied 
torque to the system and angular acceleration of each actuated joint are accurately obtained using 
measuring instruments and the estimated inertial parameters are needed in AFC loop for disturbance 
rejection are appropriately approximated, without having to acquire the knowledge about actual 
magnitude of the disturbance, the total torque disturbances can be rejected using AFC loop. A 
schematic diagram of developed AFC method as part of the proposed controller was depicted in the 
Fig. 4.  
 

Fig. 4--------------------------------------------------------------------------------------------------------------- 
 

2.4. Collocated controller 
 

A fuzzy controller with two inputs named, the track error and rate of track error of the wiper 
hub displacement and one output which is in the path of a scale factor is adopted in collocated control 
part (Fig. 5). The inputs and output of the fuzzy controller are normalized within range of 
[−1,1] while the appropriate location of membership functions’ inputs as well as scale factor 
parameters have been tuned by MOGA for normalization purposes based on the following conditions: 

 
𝑇𝑇𝐸𝐸 = max(−1, min(1, 𝑆𝑆𝑇𝑇𝑇𝑇))                                                       (8) 

 
𝛿𝛿𝑇𝑇𝐸𝐸 = max(−1, min(1, 𝑆𝑆𝛿𝛿𝑇𝑇𝑇𝑇)),                                                    (9) 

 
where 𝑇𝑇𝐸𝐸 and 𝛿𝛿𝑇𝑇𝐸𝐸 represent the track error and rate of tack error for hub displacement of wiper 
respectively. 𝑆𝑆𝑇𝑇𝑇𝑇 and 𝑆𝑆𝛿𝛿𝑇𝑇𝑇𝑇 are the best position of membership functions of 𝑇𝑇𝐸𝐸 and  𝛿𝛿𝑇𝑇𝐸𝐸 which are 
aimed to be adjusted by MOGA. Similarly, the FLC output is denormalized using 𝑈𝑈 = 𝑆𝑆𝑢𝑢.𝑢𝑢�. 
Membership functions of the inputs and output of fuzzy logic controller are shown in Fig. 6. 

 
Fig. 5--------------------------------------------------------------------------------------------------------------- 

 
Fig. 6--------------------------------------------------------------------------------------------------------------- 
 
The different values of 𝑆𝑆𝑇𝑇𝑇𝑇 for track error and 𝑆𝑆𝛿𝛿𝑇𝑇𝑇𝑇 for rate of tack error of controller lead to 

various shape of triangles. Since, the FL output is manipulated by 𝑆𝑆𝑢𝑢 factor that is fine tuned by 
MOGA, the positions of output membership function ( 𝑑𝑑−+ ) are supposed to be constant as d= 0.5−

+ . 
 

For the two inputs as well as output of the FLC five triangles membership function were chosen 
for each; and a complete rule matrix of size 5 × 5 is defined in Table 1. 

  
Table.1------------------------------------------------------------------------------------------------------------ 

 
The nth command of the rule base for the FLC, with track error and rate of track error as fuzzy 

inputs and 𝑢𝑢� as fuzzy output, is given by: 
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𝐶𝐶𝑛𝑛: If 𝑇𝑇𝐸𝐸 is 𝑁𝑁𝑁𝑁 and 𝛿𝛿𝑇𝑇𝐸𝐸 is 𝑍𝑍𝐸𝐸 then the 𝑢𝑢� is 𝑃𝑃𝑁𝑁 
 

A two level fuzzy tuning methods whose normalized output parameter (𝑆𝑆𝑢𝑢 ) as well as nonlinear 
tuning parameters (𝑆𝑆𝑇𝑇𝑇𝑇) and (𝑆𝑆𝛿𝛿𝑇𝑇𝑇𝑇) are adjusted by means of MOGA is developed. The superiority of 
the proposed controller similar works is tuning nonlinear parameters of FL input membership that 
increase the robustness and performance of the controller without exceeding the maximum permitted 
value of 𝑆𝑆𝑢𝑢 scale factor. 

 
2.5. Open-loop input shaping control 
 
Input shaping’s mathematic derivation for two-impulse sequence can be obtained as following. 

Transfer function of a second order system whose nth natural frequency and damping ratio are 
𝜔𝜔𝑛𝑛 and 𝜉𝜉 respectively can be stated as follow: 

 

𝑇𝑇(𝑠𝑠) = 𝜔𝜔𝑛𝑛
2

𝑠𝑠2+2𝜉𝜉𝜔𝜔𝑛𝑛𝑠𝑠+𝜔𝜔𝑛𝑛
2  (10) 

 
The residual vibration resulted from a series of impulses utilized in the system can be derived 

from second order system transfer fuction as [13]: 
 

𝑉𝑉(𝜔𝜔, 𝜉𝜉) = 𝑒𝑒−𝜉𝜉𝜔𝜔𝑛𝑛��∑ 𝑃𝑃𝑖𝑖𝑁𝑁
𝑖𝑖=1 (𝜔𝜔, 𝜉𝜉)�

2
+ �∑ 𝑄𝑄𝑖𝑖(𝜔𝜔, 𝜉𝜉)𝑁𝑁

𝑖𝑖=1 �2      (11) 

 
𝑃𝑃𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑒𝑒−𝜉𝜉𝜔𝜔𝑡𝑡𝑖𝑖  cos (𝜔𝜔𝑛𝑛�1− 𝜉𝜉2𝑡𝑡𝑖𝑖)   
𝑄𝑄𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑒𝑒−𝜉𝜉𝜔𝜔𝑡𝑡𝑖𝑖sin ( 𝜔𝜔𝑛𝑛�1− 𝜉𝜉2𝑡𝑡𝑖𝑖 )  (12) 
 
where 𝐴𝐴𝑖𝑖 is amplitude, ti represents the time of the impulses and n is the number of impulses in the 
impulse sequence. 
 

As the number of impulse shaper increases the controller becomes more robust due to the increase 
in rise time. So, the number of impulse shapers is a compromise which is determined based on design 
specifications. A ZVDD input shaper that is comprised of four-impulse shaper is employed in this 
study. The time and location of four impulses ZVDD is listed in Table 2.  

 
Table.2------------------------------------------------------------------------------------------------------------ 
 
In the case of this study first natural frequency of wiper system is inferred from results of data 

acquisition and system identification as approximately 11 Hz. Also, damping ratio of wiper system is 
estimated using finite element analysis as 0.16 [23]. 
 

2.6. MOGA 
 

Fitness sharing based MOGA is utilized to give confidence in the search toward the true Pareto 
optimal set while maintaining diversity in the population [24]. The basic idea of fitness sharing is that 
all the individuals within the same region (called a niche) share their fitness. In fitness sharing method 
first a niche count is obtained from the Euclidean distance between every solution pair and then the 



8 

 

fitness of each solution is assigned from the best individual to the worst according to some function, 
in the form of fitness function, such as linear or exponential, possibly other types. The greater fitness 
is understood here as the number of individuals decrease in the same rank. The stochastic universal 
sampling method is used to select the best individuals [25]. However, mating restrictions are 
employed in order to protect lethal [26]. In a multi objective Pareto based optimization problem it 
shall be assumed that the true Pareto front is unknown; therefore the only means of evaluation 
available is to compare the MOGA solutions against each other. Hypervolume indicator is adopted in 
this study for performance assessment of MOGA [27]. 

 
3. Results and Discussions 

 
3.1. Establish the cost functions 

 
Three objectives of wiper system’s dynamic characteristics are defined to be considered in this 

study. Integral of absolute end-point acceleration (IAEA), maximum overshot of hub displacement 
and rise time of hub displacement response; are objectives that are aimed to be minimized and defined 
as: 

 
• Integral absolute value of end-point acceleration (IAEA): 

𝐼𝐼𝐴𝐴𝐸𝐸𝐴𝐴 = ∫ |𝑦𝑦𝑇𝑇𝐸𝐸(𝑡𝑡)|𝑇𝑇
0 𝑑𝑑𝑡𝑡,                                                         (13) 

 
where |𝑦𝑦𝑇𝑇𝐸𝐸(𝑡𝑡)| denotes the end-point acceleration of wiper blade. IAEA integrates the area of 
acceleration response of wiper blade respect to time. IAEA is an index of noise level of wiper blade. 
 

• Rise time: The time required for system hub displacement response to rise from 5% to 95% of 
the final steady state value of the desired response. 

• Maximum overshoot:  The maximum peak value of the hub displacement response curve 
measured from the desired response of the system. 
 

In the engineering pursuit, designers are frequently come across with trade-off problems. In the 
design of proposed Bi-level fuzzy force shaping controller such trade-off is emerged in relationship 
between rise time and vibration amplitude. Typically, in flexible manipulator and structure dynamics 
control often the low levels of residual vibration cannot be obtained with a command that produces 
the fastest rise time [28], [29]. In most cases, to achieve the low levels of vibration and highest 
robustness, the rise time must be increased which in not desirable.  IAEA and maximum overshoot are 
objectives in accord; while the rise time index of wiper lip is in obvious conflict with two 
aforementioned objectives. 

 
3.2. System Identification  

 
For the modeling process, input-output data were collected for a wiper system. Then, performing 

the one value at the moment the best maximum lag of the data in NARX model was found as 𝑛𝑛𝑥𝑥 =
𝑛𝑛𝑦𝑦 =7. Subsequently, ENN with two hidden layers, each with 10 tansigmoid neurons and two linear 
output layers was trained. The process is adjusted until the prediction output satisfied a model 
validation test and model mean squared errors (MSE) level reached to 0.000048. The fitting accuracy 
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of predicted system for one step ahead (OSA) prediction of the corresponding end-point acceleration 
and hub-angle responses of the actual system compared to NARXENN are shown in Fig. 7. 

 
The illustrated results of actual and predicted PSD and Yule Walker power/frequency of end-

point acceleration in frequency domain in Fig. 8 prove that, there is an acceptable comparison 
between system identification results and actual results in frequency domain as well. 

 
Fig.7-------------------------------------------------------------------------------------------------------------- 
 
Fig. 8-------------------------------------------------------------------------------------------------------------- 
 
3.3. Input Shaping Controller for single objective 

 
First, ISC is designed based extracted natural frequency and damping ratio of wiper model is 

applied to system. Figs. 9 and 10 show IS controller is capable of reducing the vibration and noise at 
the end-point of the manipulator in an open-loop control without intervention of any external 
disturbance.  

Nonetheless, further study revealed the deficiency of IS controller in vibration and noise 
elimination of wiper blade in presence of external disturbance and uncertainty (Fig. 14). Hence, an 
essence of an effective controller for reduction of chatter noise level of wiper blade simultaneously 
with accurate trajectory tracking of wiper hub angle was demanded. In order to achieve such 
controller it is required to add closed-loop controller for flexural motion control of the system. An 
extended control structure for control of a flexible wiper blade is devised. In the proposed controller 
two different loops of AFC and FLC are accumulated to send most accurate command to input torque 
to reject any unknown external disturbance. The control scheme has been devised within a simulation 
environment and is standing by an experimental rig. 

Fig.9-------------------------------------------------------------------------------------------------------------- 
 
Fig.10-------------------------------------------------------------------------------------------------------------- 
 
To validate the effectiveness of the proposed controller in presence of external disturbance a 

harmonic disturbance (𝜏𝜏𝑑𝑑) is imposed to the wiper over the time in following investigation: 
 

 𝜏𝜏𝑑𝑑 = 2 cos(𝑡𝑡)                                                                 (10) 
 

3.4. Bi-level Fuzzy Force Shaping Control Regulated for Multi Objectives 
 

Hypervolume indicator assesses the convergence of algorithm toward Pareto front as well as 
preserving the distribution of Pareto front throughout objectives space. In other words, this metric 
explores the extent of the objective space covered by a set of solutions which is restricted by setting a 
suitable reference point. In case of minimization problem, like the case of current paper the reference 
point is set in such a way that exceeds the constraint of each objective. Therefore, once this metric is 
applied to compare the performance of an algorithm in successive iterations; as the number of non-
dominated solutions and their distribution throughout the objective space increases the Hypervolume 
indicator’s value represents the greater value 
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MOGA initialized with a random population consisting of 50 individuals and maximum 
generation of 100 as termination criterion. The population is represented by binary strings each of 30 
bits, called chromosomes. Each chromosome consists of five separate strings constituting rest three 
terms are specified to FL membership positions and the rest two are specified proportional and 
integrative sale factors of BFFS controller. Using educated guess a reasonable range of these 
parameters that ensure stability of system is defined. The crossover rate and mutation rate for this 
optimization process were set at 90% and 0.01%, respectively. Moreover, Epanechnikov fitness 
sharing genetic technique was used to ensure that the best solution of each generation is selected for 
the next generation so that the next generation’s best will never degenerate and hence guarantee 
convergence of the GA optimization process. 

 
Hypervolume indicator of MOGA for adjusting controller parameters is sown in Fig. 11. It can be 

clearly seen that the overall number of Pareto front members found in each generation and their 
diversity throughout the objective space are increased as the number of generations goes on so that the 
maximum value of Hypervolume is obtained at last generation.  

 
Fig.11-------------------------------------------------------------------------------------------------------------- 
 
Fig. 12 illustrates the explicit conflict of maximum overshot and IAEA for Pareto optimal sets of 

wiper blade objectives. This miscorrelation makes the decision tough for designer to choose the best 
trade-off. However, the non-dominated Pareto set depicted in Fig. 12 proves that IAEA and maximum 
overshot are highly non-competing, and it is important for the decision maker, as it conceptually 
reduces the complexity of the problem. 

 
Fig.12-------------------------------------------------------------------------------------------------------------- 

 
Adjustable parameters of BFFS controller and their corresponding objectives measures are 

inserted in Table 3. In Table 3 the most significant non-dominated samples of Pareto optimal sets 
swinging between the robustness performances and rise time improvement of wiper blade is shown. It 
can be deduced that the smallest rise time of system is obtained in Trade 2 with unfavorable IAEA 
and maximum overshot. Further, the least amounts of vibration objectives are achieved in sol. 6 at the 
expense of longest rise time. However, in case of current design, the Trade 3 is deemed to be 
preferred to others that lead to the most reasonable values of IAEA, maximum overshot and rise time 
of wiper blade. Glimpsing at other tradeoffs in Table 3 reveals that though Trade 5 has greater 
vibration reduction and wiper hub trajectory tracking rather Trade. 3 but this is achieved at the 
expense of longer system delay or rise time. Also, diverse compromised of objectives can be seen in 
other solutions, shown in the table so that each of them can be obtained by adjusting the location of 
membership functions as well as corresponding scale factors of AFC.  

 
Table 3------------------------------------------------------------------------------------------------------------ 

 
An instances trade off of Pareto front sets for IAEA, rise time and maximum overshot of wiper 

blade is shown in Fig. 13. The x-axis shows the design objectives and the y-axis signifies normalized 
values of each objective. The conflict interests of objectives are deduced from crossing lines between 
adjacent objectives while parallel lines are evident of mutual interests between the objectives.  
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Fig.13-------------------------------------------------------------------------------------------------------------- 
 

Bearing in mind the most important mission of proposed controller to achieve most appropriate 
vibration and noise reduction of wiper blade in frequency domain as well as maintaining the minimum 
rise time of system simultaneously convince the designer to vote on behalf of Trade. 3 with the 
estimated values of IAEA, maximum overshot and rise time of wiper blade 178, 27 and 0.26 s 
respectively.  
 

The evidence of robustness of developed controller can be deduced from Fig. 14, which shows 
the response of wiper lip acceleration and tracking the desired Bang-Bang input task. Fig. 14a proves 
the significant dampening of end-point acceleration using the proposed controller rather the IS alone 
in the presence of disturbance. In Fig. 14b the high distortion of open loop wiper lip in tracking the 
desired trajectory in present of uncertainty is obvious while the least fluctuation in minimum rise time 
has been attained using the proposed controller. Furthermore, the deficiency of IS controller in 
comparison to the developed controller with applying external disturbance can readily be seen in 
terms of end-point acceleration, rise time and maximum overshot. 

 
Moreover, the effectiveness of proposed controller for suppressing chatter noise of wiper system 

is shown in Fig. 15. It was found that the PSD and Yule-Walker amplitude of the wiper end-point 
significantly reduced with applying BFFS controller compared to Bang-Bang input and even solitary 
IS controller with presenting the disturbance. Performance measurements of various controllers in 
normalized index are illustrated in Fig. 16. It is evident that, substantial attenuation is achieved with 
applying BFFS compared to open-loop and IS controller in presence of disturbance.  

 
Fig.14-------------------------------------------------------------------------------------------------------------- 

 
Fig.15-------------------------------------------------------------------------------------------------------------- 
 
Fig.16-------------------------------------------------------------------------------------------------------------- 
 

4. Conclusion 
 

 Control of flexible wiper system is split into two tasks; one is to track the Bang-Bang input of 
hub angle as open-loop control and two is to reduce chatter noise and unwanted vibration of wiper 
blade applying collocated and non-collocated closed-loop controller. IS controller is designed based 
on the priory knowledge of wiper dynamics system from NARXENN system identification. IS 
controller was implemented outside the feedback loop and was capable to reduce vibration and noise 
of wiper system in a free disturbance circumstance.  Insensible and deteriorated response of IS 
controller to uncertainties persuaded the study to devise a feedback controller. Hence, two level 
closed loop controller which consists of collocated FLC and non-collocated AFC were extended. 
MOGA applied to achieve an optimum trajectory planning of the wiper hub at reasonable rise time. It 
was shown that increasing the robustness to parameter uncertainties does not lengthen the duration of 
the transient time characteristics. 
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Table 1. FLC rule base with track error and rate of track error 

Track 
error (𝑇𝑇𝐸𝐸) 

Rate of 
track error 
(𝛿𝛿𝑇𝑇𝐸𝐸) 

  

 N Z P 

N P P Z 

Z P Z N 

P Z N N 

 

Table 2. Magnitude and time location of four-impulse IS (ZVDD) 

𝒊𝒊 𝐴𝐴𝑖𝑖 𝑡𝑡𝑖𝑖 

1 
1

(𝐺𝐺 + 1)3
 0 

2 
3𝐺𝐺

(𝐺𝐺 + 1)3
 𝑇𝑇𝑑𝑑

2
 

3 
3𝐺𝐺2

(𝐺𝐺 + 1)3
 𝑇𝑇𝑑𝑑 

4 
𝐺𝐺3

(𝐺𝐺 + 1)3
 

3𝑇𝑇𝑑𝑑
2
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Table 3. Controller parameters and objective values 

Trade 

No. 
Objectives 

 
 Controller parameters   

 
𝐼𝐼𝐴𝐴𝐸𝐸𝐴𝐴 

𝑚𝑚 𝑠𝑠2⁄  

Rise time 

(s) 

Max.  

overshot 

(%) 

𝑆𝑆𝑇𝑇𝑇𝑇 𝑆𝑆𝛿𝛿𝑇𝑇𝑇𝑇 𝑆𝑆𝑢𝑢 𝐸𝐸𝐼𝐼 

1 978 0.11 84 0.517 0.127 0.402 2.940 

2 553 0.19 69 0.623 0.594 0.163 3.184 

3 178 0.26 27 0.657 0.737 0.127 1.146 

4 522 0.20 42 0.118 0.245 0.644 5.637 

5 127 0.35 8 0.241 0.172 0.387 2.286 
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Fig.1. Bi-level active shaper fuzzy force Controller using MOGA 

 

 

 

Fig. 2. Schematic diagram of proposed controller interfaces. 
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Fig. 3. NARXENN system identification of wiper system 

 

 

 

Fig.4. Non-collocated AFC 
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Fig.5. Collocated FLC 

 

 

 

 (a) (b) 

 

(c) 

Fig. 6. Membership functions illustration of FLC: (a) Track error input; (b) rate of track error input; 

(c) controller output 
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 (a) (b) 

Fig. 7. Time domain modeling of wiper lip response:  (a) End-point acceleration of wiper lip; (b) Hub 

displacement 

 

  
 (a) (b) 

Fig. 8. Frequency domain modeling of wiper lip response:  (a) PSD of end-point acceleration; (b) 

Yule-Walker spectral density of end-point acceleration 
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                                       (a) (b) 

Fig. 9. Time domain response of wiper lip without disturbance: (a) End-point acceleration of wiper 

lip; (b) hub displacemen 

   

 
                     (a)                                                                         (b) 

Fig. 10. Frequency domain response of wiper lip without disturbance: (a) PSD of end-point 

acceleration; (b) Yule-Walker spectral density of end-point acceleration 
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Fig. 11.  Hypervolume indicator of wiper system objective space using MOGA 

 

  

                 (a)                                                                         (b) 

Fig. 12. Optimal Pareto sets illustrations of pair objectives: (a) conflict interests; (b) mutual interests 
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Fig. 13. Trades off samples among three objectives’ Pareto set 

      

 
 (a) (b) 

Fig. 14. Time domain response of wiper lip in presence of disturbance: (a) End-point acceleration of 

wiper lip; (b) hub displacemen 
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 (a) (b) 

Fig. 15. Frequency domain response of wiper lip in presence of disturbance: (a) PSD of end-point 

acceleration; (b) Yule-Walker spectral density of end-point acceleration 

 

 

 

Fig. 16. Performance measurements of controllers 
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