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A B S T R A C T  
 

 

Reaction wheels (RWs) used for attitude control of space vehicle systems usually encounter with 

undesired wide band noises. These noises which significantly affect the performance of regulator 

controller must tune the review or review rate of RWs. According to wide frequency band of noises in 
RWs the common approaches of noise cancellation cannot conveniently reduce the effects of the noise. 

Therefore, the advanced analyzer of frequency domain signal processing such as wavelets must be 

used to realize the noise cancellation. In this regards, only the online application of wavelets can be 
practical. In this paper, an online active noise canceller based on online wavelet theory is employed to 

omit the effects of undesired noise. In this way, dynamic identification of a RW as well as wavelet 

delay compensation are used simultaneously to design an active noise cancellation system. Numerical 
and experimental investigations of KNTU test setup as a hard ware in the loop system show the 

preferences of the proposed method of online noise cancellation. 

doi: 10.5829/idosi.ije.2017.30.01a.15 

 

 
1. INTRODUCTION1 
 

Attitude control of spacecraft generally requires an 

external force or torque, often provided by thrusters and 

Reaction Wheels (RWs). RWs can counteract zero-

mean torques on the spacecraft without the consumption 

of precious fuel and can store momentum induced by 

very low frequency or DC torques [1]. These actuators 

are often employed as an attitude controller in large 

angle slewing maneuvers [2]. Other applications of 

RWs include vibration compensation and orientation 

control of solar arrays [3]. A typical RW consists of a 

rotating fly wheel suspended on ball bearings covered in 

housing and driven by an internal brushless DC motor. 

During the manufacturing process, RWs are balanced to 

minimize the vibrations that occur during operation. 

However, it has been found that the vibration forces and 

torques emitted by a RW can degrade the performance 

of precision instruments in space [4]. A RW mode 

control is provided by accelerating and decelerating 
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each of its wheels. For accurate attitude control it is 

required for the motors to be able to directly deliver the 

command angular accelerations. The open loop motor 

responses are not acceptable due to the friction, 

nonlinear effects in the motor dynamics. Such 

discrepancies can produce destructive effect in 

achieving tight pointing requirement attitude control 

system. Therefore, it is required to implement a close 

loop controller to achieve a high accuracy in the 

velocity control. The close loop controller uses angular 

velocity error of the wheel as an input in order to 

provide high precision attitude control. In this regards, 

the effect of measurement noises on the performance of 

close loop controller is considered as an important 

problem in the performance of attitude control design. 

For this reason, measurement de-noising plays an 

important role in the design of high accuracy attitude 

control systems.  The traditional methods for cancelling 

the measurement noises from sensor output are offline 

de-noising techniques which lead to inconvenient 

performance in the RWs [5]. In recent activities, 

considerable attentions have been paid to develop de-

noising techniques and online de-noising based on the 
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wavelet theory for RWs [6]. The major drawback of 

employing standard wavelet de-noising is an inevitable 

delay arising from the signal processing which can 

considerably degrade the performance and stability of 

RW feedback controller. In this way, a few publications 

are available that address the issue of decreasing delay 

in the signal processing to obtain acceptable de-noising 

level. From these works, Chaplais et al. [5] developed a 

wavelet transform method that operates only on past 

data to minimize any delay arising from standard 

wavelet processing. The de-noising level decreased in 

the previous researches are less than the de-noising level 

required to provide acceptable feedback control loop 

performance.  

In this study, an improved technique of online 

wavelet de-noising based on identification of the RW 

dynamic is presented. The proposed approach 

simultaneously employs the estimator filter and the 

wavelet theory with the Smith predictor to decrease the 

noisy signal level.  With the online application of the 

wavelet theory, the online estimation of the RW 

dynamic leads to compensation of the delay of the 

wavelet based on the signal processing. In this regards, 

the delay compensation is implemented using the Smith 

predictor approach in which the Smith model is 

simultaneously estimated. The preliminary control 

system of the RW with the wavelet de-nosing block and 

the delay compensation system are a package for the 

RW review control without noise. It is noticeable that 

the preliminary control system can be a Proportional-

Integrated-Derivative (PID) controller. One can state 

that the PID controller with the wavelet block 

significantly performs as a new control system which 

operates in multi rate sampling. This control system can 

be named a wavelet based PID control system. 

An experimental setup of the RW system and a 

numerical simulation are carried out to assess the 

performance of the proposed method. Numerical and 

experimental simulation results demonstrate superior 

de-noising performance in comparison to the other 

methods in the presence of the de-noising delay. 

The presented work can be used in integrated 

systems such as INS/GPS navigation. Also, the new 

method can be applicable in de-noising processes in 

which all noises including white and colored noises can 

be omitted. Overall, with application of wavelet in a 

closed loop control system all advantages of wavelet 

analyzers are employed for the closed loop control 

systems. 

This paper is organized as follows: section 2 

presents the dynamic modeling of the RW. Wavelet 

theory and filter banks are given in section 3. The 

strategy of active noise cancellation is presented in 

section 4. Results and discussion of the paper are 

described in section 5. In this section the brief 

explanation of the experimental set up is given. In 

section 6 the conclusion of the paper is set out.  

2. REACTION WHEEL DYNAMIC DESCRIPTION 
 

The RW consists of a flywheel and a motor. The motors 

power the flywheel and must provide the necessary 

torque to balance the moments that are produced by the 

electromagnets. The spinning wheel stores the system 

angular momentum, balances the system and guides it to 

the steady-state rotation through the spin-up [7]. The 

spinning wheel is supposed to provide the required 

inertial momentum ( wI ) and the electrical motor 

supports the required angular velocity ( wΩ ) and angular 

acceleration.  

The conventional RW model is derived based on 

modeling of DC torque motor. DC torque motor directly 

provides rotary motion and coupled with wheels or 

drums and cables and can provide translational motion. 

In general, the torque generated by a DC motor is 

proportional to the armature current and the strength of 

the magnetic field. The motor torque is as: 

ikt=τ  (1) 

The back electromotive force (EMF) ( )e  is proportional 

to the angular velocity θ

dt

d  of the shaft with a constant 

factor:  

dt

d
ke e

θ
=  (2) 

In SI units, one can set 
te kk = . Therefore, k is used to 

represent both the motor torque constant and the back 

EMF constant. Overall, the following governing 

equations based on Newton's 2nd law and Kirchhoff's 

voltage laws are derived as follows: 
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where J is the inertial momentum of the RW and b is 

the friction stickiness. Applying the Laplace transform, 

the above modeling equations can be expressed in terms 

of the Laplace variable s as: 

et

t

kk)bJs)(RLs(

k

)s(V

)s(w

+++
=  

(4) 

and for the RW considered in this work the transfer 

function is given as: 

420+12+

40
= 2 .ss)s(V

)s(w  
(5) 

The specifications of the RW are listed in Table 1. 
 

 

3. WAVELET THEORY AND FILER BANKS 
 

Wavelet Transforms (WTs) are mathematical functions 

that partition the signals into different frequency 

components to study each partition with a resolution 

matched to its scale. 
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TABLE 1. Specifications of the RW 

Value Parameters 

1 R 

0.5 L 

0.01 Ke 

0.2 Kt 

0.01 J 

 

 

 

In this approach, the signal under analysis is passed 

through a pair of low-pass and high-pass filters, and is 

then down sampled, yielding the approximations and 

the details [8]. The dawn sampling reduces the time of 

decomposition. The approximations are again through 

the same pair of low-pass and high-pass filters on the 

next level, which produce another set of approximations 

and details. 

This process is repeated until the desired 

decomposition level is completed. These filters are 

called quadrature mirror filters (QMF). The QMF 

enables signals to be decomposed without any loss of 

original information and allows inverse discrete wavelet 

transform to perfectly reconstruct the original signal. 

One disadvantage with the WT is the poor frequency 

resolution at high frequencies.  

One of the recent practical applications of the WT is 

employing this analyzer tool for de-noising. Although, 

many activities have been proposed based on wavelet 

de-noising in the industrial applications and academic 

researches [9], the online de-noising is a new and recent 

idea which is very much practical and useful. This 

method of wavelet application leads to employment of 

the wavelet and related filter banks simultaneously in 

closed loop control systems [10]. In the previous works, 

the wavelet tools have been considerably used in offline 

loop in which the analyses of the system responses must 

be done after the system operations [11].  

The online wavelet de-nosing method is 

significantly useful for online vibration and noise 

control and the other similar fields. In addition, new 

control systems can be proposed by combining the 

online wavelet applications and the control algorithms. 

Wavelet based de-noising method depends on the 

proper selection of mother wavelet which matches the 

shape of the signals to be extracted from the noise. This 

will result in large wavelet coefficients at few levels 

which are associated with signals of interest; whereas 

noise is more widely spread among the levels which 

results in small wavelet coefficients. De-noising can be 

performed by reconstructing the signals after 

eliminating the coefficients associated with noise, while 

collecting those associated with the signal. Therefore, 

the proper selection of a mother wavelet is required for 

pulse de-noising.  

4. CONTROL SYSTEM DESIGN USING ONLINE 
WAVELET 
 
Control system design for the RW is based on wavelet 

filter bank as a result of undesired noise. The noise 

applied on the RW can degrade the common controller. 

Therefore, the online wavelet for de-noising must 

combine with the control system. In this situation, the 

review control system as well as the de-noising block 

constructs a new control system called wavelet based 

controller. The overall block diagram of the new control 

system is shown in Figure 1. 

Online employment of the wavelet filter bank in the 

closed loop control system have problem of delay. 

Hence, the delay prediction methods have been 

proposed for resolving the mentioned challenge. Form 

the practical prediction methods, the Smith predictor 

can be used for the online wavelet in the closed loop 

controller. But in this approach, it is required to have a 

model of the system.  

In this study as a practical idea the model of the 

system is made using online estimation. In this regard, 

the common control system with the wavelet filter bank 

and the mode estimated Smith predictor generally lead 

to a new controller with active noise cancellation. 

 

4. 1. RW Parameters Estimation          In order to 

compensate any delay arisen from wavelet processing, it 

is required to estimate the dynamic model of RW (RW 

transfer function). For this purpose, the parametrical 

transfer function of the RW model is defined as follows: 

 
(13) 

where A0, A1, …An are model parameters of the 

nominator and B0, B1, …Bn are model parameters of the 

denominator. The transfer function (11) can be then 

written in discrete form as: 
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where q is the forward shift operator.  

Equation (14) can be written as a differential equation: 
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Assume that the sequence of inputs {u(l),u(2), ...,u(t)} 

has been applied to the system and the corresponding 

sequence of outputs {y(l),y(2),... ,y(t)} has been 

observed.  

 

 
Figure 1. Online wavelet de-noising of the RW 
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Introduce the parameter vector: 

 

(16) 

and the regression vector: 

 (17) 

Notice that the output signal appears delayed in the 

regression vector. This model is called an autoregressive 

model. The way in which the elements are ordered in 

matrix θ is arbitrary provided that <p (t—1) is similarly 

reordered. Later, when dealing with adaptive control, it 

will be natural to reorder the terms. The convention that 

the time index of the φ vector is the time when all 

elements in the vector are available is also assumed. The 

model can formally be written as a regression model: 

 
(18) 

Parameter estimation can be done by applying the 

Recursive Least Square (RLS). Recursive identification 

algorithms update the parameters recursively. The 

equation that describes the RLS method is as follows: 

 

(19) 

where λ(t), k(t), P(t) are called the forgetting factors and 

correct the gain and covariance matrix [12]. The transfer 

function of the RW in discrete form is acquired by 

employing RLS identification techniques as follows: 

𝐻(𝑧) =
1.992 × 10−5𝑧 + 1.984 × 10−5

𝑧2 − 1.988. 𝑧 + 0.9881
 

 

 

4. 2. Wavelet Performance in the Closed Loop 
Control System         The wavelet like the Fourier 

transform employs inner product of the input function to 

extract the output of the transform as: 

𝑤𝑓(𝑎, 𝑏) =< 𝑓(𝑡), 𝜓 (
𝑡−𝑏

𝑎
) ≥ ∫ 𝑓(𝑡)

1

√|𝑎|

+∞

−∞
𝜓∗ (

𝑡−𝑧

𝑠
) 𝑑𝑡  (20) 

where  𝜓 is the mother wavelet function and a and b are 

transformation parameters that can be represented as 

follows [13-15]: 

𝑎 = 2−𝑗 , 𝑏 = 2−𝑗 . 𝑘     ∀𝑗, 𝑘 ∈ 𝑧  (21) 

Therefore, 

𝑑𝑗,𝑘 =< 𝑓(𝑡), 𝜓𝑗,𝑘(𝑡) >= ∫ 𝑓(𝑡). 2
𝑗

2𝜓∗(2𝑗 − 𝑘)𝑑𝑡  (22) 

In this study, two high and low pass filter are employed 

to construct a set of quadrature mirror filter bank 

including (low-pass filter) and (high-pass filter) as 

follows: 

𝑌ℎ𝑖𝑔ℎ[𝑘] = ∑ 𝑥[𝑛]𝑔(2𝑘 − 𝑛)𝑛   (23) 

𝑌𝑙𝑜𝑤[𝑘] = ∑ 𝑥[𝑛]ℎ(2𝑘 − 𝑛)𝑛    (24) 

In this work, the filter used for filter banks are a tree 

level Finite Impulsive Response (FIR) and extracted 

from Daubechies 2 based wavelet. This wavelet was 

introduced by Daubechies in 1992. The family of the 

Daubechies wavelets is orthogonal, however, 

asymmetric, which introduces a large phase distortion. 

The error of the designed wavelet is shown in Figure 2. 

In several works in which wavelet transform is used, 

the de-noising is implemented in the open-loop 

structure. For attitude control of the RW with de-noising 

the wavelet filter bank must be directly inserted in the 

closed loop control system as illustrated in Figure 1. 

The delay generated from wavelet performance can 

degrade the stability and the performance of the closed-

loop control system. Therefore, this challenge must be 

resolved using prediction methods.  

 
4. 3. Delay Compensation          The simple form of 

SP method was first used for chemical processes. The 

framework of the SP method is illustrated in Figure 3.  

In this figure, the main system where G (z) has an 

inherent delay and SP is employed to omit or decrease 

the delay in the closed loop control system. If the 

preliminary controller is )z(C  and the new control 

system is C (z), the transfer function of the closed loop 

is defined as:  

)z)(z(Ĝ)z(C

)z(C
)z(C

T¬1+1
=

 
(26) 

 

 

 
Figure 2. Accuracy of the designed wavelet for de-noising 

 

 
Figure 3. Comparison of control deflection of fault at t = 60 s 
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where )z(Ĝ  is the model of the main system without 

delay. 

The main drawbacks of the SP are the accuracy of 

the value of the system delay (T) and the delay-less 

model of the system ( )z(Ĝ ). If these two parameters are 

accurately realized, the performance of SP is guaranteed 

and the delay is compensated. The delay in the DCT 

filter bank is deterministic; therefore, the main difficulty 

in SP design procedure is to introduce a delay-less 

model of the system. The focus of this study is to define 

an adjustable model reference for replacing )z(Ĝ  in 

Figure 3.  

 

 

5. NUMERICAL AND EXPERIMENTAL RESULTS 
 

5. 1. Numerical simulation         The dynamic model 

description in section 2 and the control system presented 

in the last part are numerically simulated. The 

simulation was done in MATLAB/SIMULINK 

environment. The result of simulation show the 

preference and convenient performance of the online 

wavelet based controller. It is noticeable that the overall 

control system consists of three parts: A Proportional 

Integral (PI) controller primarily controls the review of 

the RW without disturbances. Secondly, a wavelet 

based filter bank for de-noising the disturbances and 

finally, a predictor for delay compensation. All of the 

three parts demonstrated in this section as well as the 

dynamic model of the RW are numerically modelled.  
Figure 4 shows the step response of the system. In 

this figure, the performance of the response without de-

noising part is shown. From this figure the effects of 

undesired noise on the RW are investigated.  

The noise is modelled considering Gaussian 

distribution with standard deviation 0.01. In Figure 5, 

the performance of the RW with de-noising filter bank 

and without Smith predictor is shown.  

 

 

5. 2. Experimental Results         A Hardware-In-The 

Loop (HIL) setup is constructed to assess the de-nosing 

control system designed for the RW. In this HIL stand 

called KNTU RW, the RW is mounted as a hardware 

part and the other parts of the system is modelled in the 

software as shown in Figure 6. 
The output of the RW is the review of the wheel and 

the input of RW is the voltage made from the software. 

The overall system is worked in real time case. In 

Figure 7 the response of the RW with and without de-

noising system is demonstrated.  

This figure shows that the controller reduce the 

effect of the inherent noise of the RW. This noise 

reduction is realized in spite of the long time signal 

processing of the wavelet filter bank. 
 

 
Figure 4. The performance of the closed loop response with 

and without de-noising sub-system 
 

 

 
Figure 5. The performance of the RW with de-noising filter 

bank and without Smith predictor 

 

 

 
Figure 6. Schematic of the HIL stand called NASIR RW 
 

 

 
Figure 7. The response of the RW with and without de-

noising system (In HIL system) 

 
 
6. CONCLUSION 
 
De-noising of signals in noise is one of the main issues 

in industrial devices. For systems with closed loop 

controllers the application of de-noising part must be 

implemented as online software. In this paper, using 

wavelet theory, a de-noising system is designed to 

reduce or omit the undesired noise in a RW.  
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The online implementation of the wavelet filter bank 

encounters with some challenges. Unknown dynamic of 

the RW and the delay generated from the de-noising are 

two challenges which lead to decrease the performance 

of the de-noising. 

In this work, using the simultaneous system 

identification of the RW and a predictor, the delay of 

the signal processing is significantly directed to the out 

of the loop. Hence, the wavelet based de-noising can be 

implemented in the closed loop controller. 

In order to validate the proposed method for the RW 

de-noising an experimental setup is designed. The 

wavelet based filter bank with the delay compensation 

part is examined on the experimental RW and the 

numerical and experimental results are compared. The 

results show that both numerical and experimental 

responses ensure the capability of the proposed 

approach of RW de-noising. 
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 هچكيد
 

 
چرخ های عکس العملی که برای کنترل وضعیت سیستم های فضایی استفاده می شوند عموما با نویزهای باند پهن 

هستند. این نویزها اثر مهمی بر عملکرد کنترل کننده که وظیفه تنظیم دور و نرخ دور چرخ عکی العملی را نامطلوبی روبرو 

دارد خواهد داشت. با توجه به باند پهن نویز استفاده از روش های معمول برای کاهش نویز موفق نخواهد بود. لذا روش 

اده قرار بگیرند. در این راستا تنها روش های دوی خط های پیشرفته تحلیل سیگنال نظیر موجک می بایست مورد استف

موجک قابل استفاده هستند. در این مقاله، یک روش روی خط و فعال بر اساس تئوری موجک مورد استفاده قرار گرفته 

ر است تا بتوان نویز ایجاد شده را حذف نمود. در این راستا، شناسایی چرخ عکس العملی به همراه جبران کننده تاخی

موجک شبیه سازی شده است. در این میان، شبیه سازی عددی و تجربی بر روی دستگاه نمونه خواجه نصیر به صورت 

 سخت افزار در حلقه انجام شده و برتری روش نشان داده شده است.
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