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ABSTRACT 

In this paper, the newly developed sliding innovation filter (SIF) is reformulated to accommodate the ability of extracting 

the hidden states. This is accomplished by using the well-known Luenberger technique, which is commonly used by 

observers. In this paper, the SIF is applied to a linear system, which has fewer measurements than states. The results show 

that the proposed filter extracts the hidden state with small RMSE, as low as 0.1, and small MAE, as low as 1. 
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1. INTRODUCTION 

Filters are widely used in estimation applications. Their main purpose is to extract some valuable information from the 

available signals while overcoming the disturbances, uncertainties, and noise that they may contain [1-9]. This improves 

the quality of the controller and the dynamics performance of the system [10-20]. This work covers a new formulation for 

the sliding innovation filter (SIF) [21-29]. SIF is a model based filter that is derived from the sliding mode theory. It uses 

a model that represent the actual system and excites it with the system’s input to obtain an unrefined estimate. Then it 

refines the estimate using a corrective gain that is derived from the Lyapunov stability theorem. Hence, the filter belongs 

to the robust filter types, i.e. the smooth variable structure filter [30-46] and Sliding mode observer [47-71].  

 

Although, SIF is stable, its performance is not optimal. Moreover, the performance gets worse when disturbances and noise 

present. If the number of measured signal becomes fewer than the number of states, then the filter highly depends on the 

system and measurement matrices. If the non-measured states, i.e. hidden states, are not directly linked to the measured 

states, or the measurement, the filter fails to extract the required information. To overcome this, the filter was combined 

with other filters like the Regular [72-87], Extended [88-93], and Sigma-point Kalman filters [94-111]. However, the 

algorithm becomes more complicated, and the simulation time increases. 

 

This work proposes a new form of SIF that is simple, yet efficient for certain applications. The proposed method combines 

the SIF with the Luenberger method [112-113]. The latter extracts the hidden states from the available measurement and 

feeds them to the SIF to do the filtering and maintain the stability and robustness of the process. 

 

This brief paper is organized as follows. The SIF and the proposed method are introduced in Section 2. Section 3 discuss 

the application of the proposed method to a third order system. Section 4 concludes the paper and hint on the future works.  
 

2. METHODOLOGY 

2.1. Linear system model 

The linear system can be represented in a matrix form as follow:  

𝐱𝑘 = 𝐀𝑘−1𝐱𝑘−1 + 𝐁𝑘−1𝐮𝑘−1 + 𝐰𝑘−1        (1) 

𝐳𝑘 = 𝐇𝑘𝐱𝑘 + 𝐯𝑘           (2) 

Where 𝐱𝑘 and 𝐳𝑘 are the state and measurement vectors at time 𝑘. These represent the system dynamics and the output of 
the sensors that are used to measure these states, respectively. The system is defined by the matrices 𝐀𝑘−1 and 𝐁𝑘−1, which 
are called the system and the input matrices, respectively. The system’s parameters are included in these matrices.  
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The measurement matrix, 𝐇𝑘, represent the model of the sensors and it includes their parameters. The signals obtained from 
system and sensors are subjected to disturbances, 𝐰𝑘−1 and 𝐯𝑘, respectively. 

If the number of states is fewer than the number of measurements, then the system has hidden states. The idea of estimation 
is to extract all states from the available measurement signals while reducing the effect of 𝐯𝑘. This paper discusses the use 
of Luenburger method combined with the SIF to extract the hidden states. We will assume that sensor model is linear and 
is defined as: 

 𝐇𝑘 = [𝐈𝑚×𝑚 𝟎𝑚×(𝑛−𝑚)]          (3) 

Where 𝑚 and 𝑛 are the number of measurement and state signals, respectively. 𝐈 is the identity matrix, and 𝟎 is a matrix 
with zero elements. 

 

2.2. SIF algorithm 

The sliding Innovation filter consists of two steps: 

1- Prediction Stage, where the a priori estimate and its measurement, �̂�𝑘+1|𝑘 and �̂�𝑘+1|𝑘, respectively, are calculated 

using the following equations: 

�̂�𝑘|𝑘−1 = 𝐀𝑘−1�̂�𝑘−1|𝑘−1 + 𝐁𝑘−1𝐮𝑘−1        (4) 

�̂�𝑘|𝑘−1 = 𝐇𝑘�̂�𝑘|𝑘−1          (5) 

 

2- Update/Correction Stage, where the a posteriori estimate and its measurements, �̂�𝑘|𝑘 and �̂�𝑘|𝑘, respectively, are 

calculated using the following 

�̂�𝑘|𝑘 = �̂�𝑘|𝑘−1 + [𝐇𝑘
+(𝐳𝑘 − �̂�𝑘|𝑘−1)]°𝑠𝑎𝑡(|𝐳𝑘 − �̂�𝑘|𝑘−1|, 𝚿𝑘)      (6) 

�̂�𝑘|𝑘 = 𝐇𝑘�̂�𝑘|𝑘           (7) 

Where 𝐇𝑘
+ is the pseudoinverse vector of  𝐇𝑘, 𝚿𝑘 is the boundary layer, 𝐴°𝐵 is schur product that is done by multiplying 

each element of 𝐴 with it corresponding element in 𝐵, and 𝑠𝑎𝑡 is the saturated function. 

The SIF performance for fewer number of measurements compared to the number of states depends highly on the 
interconnectivity between the states through the matrix 𝐀𝑘−1, and the mapping between the sensors and the hidden states 
through the matrix 𝐇𝑘

+. If 𝐇𝑘 is defined as in (3), then the filter cannot correct the values of the hidden states as they are not 
connect to the measurement. Hence, the filter performance degrades. To overcome this issue, the filter is reformulated using 
the Luenberger method to map the hidden states to the measurement. 

 

2.3. Luenberger/SIF algorithm 

The Luenberger method is used for observers rather than the filter, as it assumes no disturbances, neither uncertainties exist 
in the signals. The method can be explained and derived as follows [112-113]: 

By subtracting (4) from (1) and assume 𝐰𝑘−1 is zero, the following can be obtained: 

𝐱𝑘 − �̂�𝑘|𝑘−1 = 𝐀𝑘−1𝐱𝑘−1 + 𝐁𝑘−1𝐮𝑘−1 − 𝐀𝑘−1�̂�𝑘−1|𝑘−1 − 𝐁𝑘−1𝐮𝑘−1     (8) 

𝐱𝑘 − �̂�𝑘|𝑘−1 = 𝐀𝑘−1(𝐱𝑘−1 − �̂�𝑘−1|𝑘−1) → 𝑒𝑥,𝑘|𝑘−1 = 𝐀𝑘−1𝑒𝑥,𝑘−1|𝑘−1     (9) 

Where 𝑒𝑥 represents the error in estimation. 

Assuming the availability of imaginary sensors that measure the hidden states to be, 𝐲𝑘, then a full rank measurement vector 
can be obtained, 𝐙𝑘, as follows: 

𝐙𝑘 = [
𝐳𝑘

𝐲𝑘
]            (10) 

And the measurement matrices, 𝐇𝑘 and �̂�𝑘 become identity matrices. In this case: 
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𝐙𝑘 = 𝐱𝑘            (11) 

And  

�̂�𝑘 = �̂�𝑘            (12) 

Substitute (11) and (12) in (9) yields: 

𝑒𝑍,𝑘|𝑘−1 = 𝐀𝑘−1𝑒𝑍,𝑘−1|𝑘−1          (13) 

Or 

[
𝑒𝑧,𝑘|𝑘−1

𝑒𝑦,𝑘|𝑘−1
] = [

𝐴11

𝐴21
   

𝐴12

𝐴22
] [

𝑒𝑧,𝑘−1|𝑘−1

𝑒𝑦,𝑘−1|𝑘−1
]         (14) 

Where  

𝐀11 ∈ ℝ𝑚×𝑚, 𝐀12 ∈ ℝ𝑚×(𝑛−𝑚), 𝐀21 ∈ ℝ(𝑛−𝑚)×𝑚 and 𝐀22 ∈ ℝ(𝑛−𝑚)×(𝑛−𝑚) are submatrices from the matrix 𝐀𝑘−1. 

Luenberger is assumed stable for such application if 𝑒𝑧,𝑘−1|𝑘−1 vanished. Then (14) becomes: 

 [
𝑒𝑧,𝑘|𝑘−1

𝑒𝑦,𝑘|𝑘−1
] = [

𝐴11

𝐴21
   

𝐴12

𝐴22
] [

0
𝑒𝑦,𝑘−1|𝑘−1

]         (15) 

By expanding the matrices, the followings are obtained: 

𝑒𝑧,𝑘|𝑘−1 = 𝐴12𝑒𝑦,𝑘−1|𝑘−1          (16) 

𝑒𝑦,𝑘|𝑘−1 = 𝐴22𝑒𝑦,𝑘−1|𝑘−1          (17) 

Substitute (16) in (17) yields 

𝑒𝑦,𝑘|𝑘−1 = 𝐴22𝐴12
−1𝑒𝑧,𝑘|𝑘−1          (18) 

Equation (18) relates the error in the imaginary measurement vector to the actual measurement vector, which means that (6) 
is rewritten as: 

�̂�𝑘|𝑘 = �̂�𝑘|𝑘−1 + [
[𝐇𝑘

+(𝐳𝑘 − �̂�𝑘|𝑘−1)]°𝑠𝑎𝑡(|𝐳𝑘 − �̂�𝑘|𝑘−1|, 𝚿𝑘)

[𝐇𝑘
+𝐴22𝐴12

−1(𝐳𝑘 − �̂�𝑘|𝑘−1)]°𝑠𝑎𝑡(|𝐴22𝐴12
−1(𝐳𝑘 − �̂�𝑘|𝑘−1)|, 𝚿𝑘)

]    (19) 

�̂�𝑘|𝑘 = �̂�𝑘|𝑘           (20) 

The boundary layer can be adjusted to reduce the effect of the disturbances and uncertainties. 

3. CASE STUDY 

The method of section 2 is tested on a third order system that is defined by (1) and (2) assuming: 

𝐀𝑘−1 = 𝐀 = [
1
0
0

   

𝜏
1

−𝜔𝑛
2𝜏

   
0
𝜏

1 − 2𝜁𝜔𝑛𝜏
]        (21) 

 𝐁𝑘−1 = 𝐁 = [
0
0

𝑏𝜏
]          (22) 

Where 𝜔𝑛 , b, ξ and 𝜏 have values of 360 Hz, 30 
m

sec×rad
, 0.4 and 0.001 sec, respectively [112]. The input is assumed to be 

multiple level random signal as shown in figure 1. 

The results are obtained for applying SIF to the system, and they are illustrated by Fig. 2 and tables 1 and 2. Fig. (2-a), Fig. 
(2-c) and Fig. (2-e) show the estimation of the position, velocity and acceleration, respectively, while the error in their 
estimation are shown in Fig. (2-b), Fig. (2-d) and Fig. (2-f), respectively. Table 1 shows the root mean squared error and 
Table 2 shows the maximum absolute error in the results, which are calculated using the following: 

𝑅𝑀𝑆𝐸 = √∑ (𝑥𝐴𝑐𝑡𝑢𝑎𝑙,𝑖−𝑥𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛,𝑖)
2𝑛𝑠

𝑖=1

𝑛𝑠
        (23) 
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𝑀𝐴𝐸 = max(|𝑥𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑥𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛|)        (24) 

 

Figure 1. Input signal to the system 

 

Figure 2. The results of the SIF compared to the true states, (a) position, (b) error in position, (c) velocity, (d) error in 
velocity, (e) acceleration and (f) error in acceleration 
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Table 1. RMSE of the SIF’s results 

 𝑅𝑀𝑆𝐸 in 

 𝑥1 (𝑐𝑚) 𝑥2(𝑐𝑚/𝑠) 𝑥3(𝑐𝑚/𝑠2) 

SIF 7.8983 × 10−05 1.27793 × 10−04 9.7940 × 10−02 

Table 2. MAE of the SIF’s results 

 𝑀𝐴𝐸 in 

 𝑥1 (𝑐𝑚) 𝑥2(𝑐𝑚/𝑠) 𝑥3(𝑐𝑚) 

SIF 2.756 × 10−04 1.18 × 10−03 8.043 × 10−01 

 

The results show that Luenberger/SIF is capable of extracting the hidden states with excellent performance. The highest 

RMSE is found in the acceleration state and it is less than 0.1 cm/s2. This value is less than 0.1% of the maximum 

acceleration’s amplitude. Similar results are found for RMSE in position and velocity estimations, where they are equal to 

0.001% and 0.02%, respectively. The MAE is found to be 10 times the results of RMSE, where it has values less than 

0.01%, 0.2% and 1% for position, velocity and acceleration estimates, respectively. These values are small and can be 

neglected. 

4. CONCLUSION 

In this article, the SIF is formulated and combined with Luenberger method. This gives the benefit of extracting the hidden 
states from the available measurement. The formulated filter maps the information in the measurement to the entire states. 
Moreover, the SIF keeps the filter stable. The results show that RMSE and MAE are in acceptable range, as the highest 
values of RMSE is less than 0.1% and for MAE is less than 1%. In future work, the filter will be tested using an experimental 
setup and the results will be compared to other filters. 

 

REFERENCES 

 
[1]. Anderson, B.D.O., and J.B. Moore. 1979. Optimal Filtering. Prentice-Hall. 

[2]. Barakat, M. 2005. Signal Detection And Estimation. Norwood :Artech House. 

[3]. Bar-Shalom, T., X. Li, and T. Kirubarajan. 2001. Estimation With Applications To Tracking And Navigation – Theory, 

Algorithm And Software. John Wiley & Sons, Inc. 

[4]. Bar-Shalom, Y., and X. Li. 1993. Estimation and Tracking: Principles, Techniques and Software. Norwood, MA: 1993 

ARTECH HOUSE, INC. 

[5]. Kailath, T. 1974. A View Of Three Decades Of Linear Filtering Theory. IEEE Transactions on Information Theory IT-20 

(Issue 2): 146-181. 

[6]. Maybeck, P. 1979. Stochastic Models, Estimation, And Control. (Academic Press, Inc). 

[7]. Spotts, I., Brodie, C.H., Gadsden, S.A., Al-Shabi, M., Collier, C.M. 2001. A comparison of nonlinear filtering methods for 

blackbody radiation applications in photonics. Proceedings of SPIE - The International Society for Optical Engineering, 

11841, art. no. 118410O. 

[8]. Jilkovand, V., and X. Li. 2002. On The Generalized Input Estimation. Information & Security 9: 90-96. 

[9]. Sadati, N., and A. Ghaffarkhah. 2007. Polyfilter; A New State Estimation Filter For Nonlinear Systems. International 

Conference on Control, Automation and Systems. 2643-2647. 

[10]. Elnady, A., Al-Shabi, M., Adam, A. A. 2020. Novel Filters Based Operational Scheme for Five-Level Diode-Clamped 

Inverters in Microgrid. Frontiers in Energy Research, 8, art. no. 11. 

[11]. Al-Shabi, M., Hatamleh, K.S., Gadsden, S.A., Soudan, B., Elnady, A. 2019. Robustnonlinear control and estimation of a 

PRRR robot system. International Journal of Robotics and Automation, 34 (6), pp. 632-644. 

[12]. Elnady, A., AlShabi, M., Adam, A. A. 2019. New combination of super-twisting and Kalman filter for direct power control 

of distributed generation at different operations. International Journal of Electrical Power and Energy Systems, 109, pp. 618-

640. 

Proc. of SPIE Vol. 12122  121220B-5



[13]. Wang, S., R. Burton, and S. Habibi. 2009. Filtering Controller in Sliding Mode: From the Estimation to Control. Proceedings 

of the Institution of Mechanical Engineers. Part I: Journal of Systems and Control Engineering (Professional Engineering 

Publishing Ltd., 1 Birdcage Walk, London, SW1H 9JJ, United Kingdom) 833 - 846. 

[14]. Hernandez, J., and J. Barbot. 1996. Sliding Observer-Based Feedback Control for Flexible Joints Manipulator. Automatica 

(Pergamon Press Inc, Tarrytown, NY, United States) 32 (9): 1243-1254. 

[15]. Madani, T., and A. Benallegue. 2007. Sliding Mode Observer and Backstepping Control for a Quadrotor Unmanned Aerial 

Vehicle. Proceedings of the 2007 American Control Conference. New York City, USA: IEEE. 5887 - 5892. 

[16]. Spurgeon, S., C. Edwards, and N. Foster. 1996. Robust Model Reference Control Using a Sliding Mode Controller/Observer 

Scheme with application to a Helicopter Problem. Proceedings. 1996 IEEE International Workshop on Variable Structure 

Systems. - VSS'96 -. Tokyo, Japan: IEEE. 36 - 41. 

[17]. Utkin, V., J. Guldner, and J. Shi. 1999. Sliding Mode Control in Electromechanical Systems. Philadelphia, PA: Taylor & 

Francis Inc, USA. 

[18]. Wang, S. 2007. Integrated Control and Estimation Based on Sliding Mode Control Applied to Electrohydraulic Actuator. 

Thesis. Saskatoon, Saskatchewan: University of Saskatchewan, February. 

[19]. Zheng, J., Y. Feng, and X. Yu. 2008. Hybrid Terminal Sliding Mode Observer Design Method for Permanent Magnet 

Synchronous Motor Control System. 2008 International Workshop on Variable Structure Systems (VSS 2008) (IEEE) 106 - 

111. 

[20]. Emel'yanov, S., S. Korovin, and A. Levant. 1996. High Order Sliding Modes in Control Systems. Computational Mathematics 

and Modeling (Plenum Publishing Corporation) 7 (3): 294 - 318. 

[21]. Lee, A.S., Gadsden, S.A., Al-Shabi, M. 2021. An Adaptive Formulation of the Sliding Innovation Filter. IEEE Signal 

Processing Letters, 28, art. no. 9457191, pp. 1295-1299.  

[22]. Al Shabi, M., Gadsden, A., El Haj Assad, M., Khuwaileh, B., Wilkerson, S. 2021. Application of the sliding innovation filter 

to unmanned aerial systems. Proceedings of SPIE - The International Society for Optical Engineering, 11758, art. No 117580T. 

[23]. Al Shabi, M., Gadsden, S.A., El Haj Assad, M., Khuwaileh, B. 2021 A multiple model-based sliding innovation filter. 

Proceedings of SPIE - The International Society for Optical Engineering, 11756, art. no. 1175608. 

[24]. Al Shabi, M., Gadsden, S.A., El Haj Assad, M., Khuwaileh, B. 2021. The two-pass sliding innovation smoother. Proceedings 

of SPIE - The International Society for Optical Engineering, 11756, art. no. 1175609. 

[25]. Al Shabi, M., Gadsden, S.A., El Haj Assad, M., Khuwaileh, B. 2021. Application of the sliding innovation filter for fault 

detection and diagnosis of an electromechanical system. Proceedings of SPIE - The International Society for Optical 

Engineering, 11756, art. no. 1175607. 

[26]. Gadsden, S.A., Al-Shabi, M., Wilkerson, S.A. (2021) Development of a second-order sliding innovation filter for an aerospace 

system. Proceedings of SPIE - The International Society for Optical Engineering, 11755, art. no. 117550T. 

[27]. Gadsden, S. A., Al-Shabi, M. 2020. The Sliding Innovation Filter. IEEE Access, 8, art. no. 9096294, pp. 96129-96138. 

[28]. Bustos, R., Gadsden, S.A., Malysz, P., Al-Shabi, M., Mahmud, S. 2022. Health Monitoring of Lithium-Ion Batteries Using 

Dual Filters. Energies, 15 (6), art. no. 2230. 

[29]. Gadsden, S. A., Al-Shabi, M. 2020. A study of variable structure and sliding mode filters for robust estimation of mechatronic 

systems. IEMTRONICS 2020 - International IOT, Electronics and Mechatronics Conference, Proceedings, art. no. 9216381. 

[30]. Habibi, S. 2005. Performance Measures of the Variable Structure Filter. Transactions of the Canadian Society for Mechanical 

Engineering 29 (2): 267 - 295. 

[31]. Habibi, S. 2006. The Extended Variable Structure Filter. Journal of Dynamic Systems, Measurement and Control, 

Transactions of the ASME 128 (2): 341 - 351. 

[32]. Habibi, S. 2007. The Smooth Variable Structure Filter. Proceedings of the IEEE 95 (5): 1026 - 1059. 

[33]. Habibi, S., and A. Goldenberg. 2000. Design of a New High-Performance ElectroHydraulic Actuator. IEEE/ASME 

Transactions on Mechatronics 5 (2): 158 - 164. 

[34]. Habibi, S., and R. Burton. 2007. Parameter identification for a high-performance hydrostatic actuation system using the 

variable structure filter concept. Journal of Dynamic Systems, Measurement and Control, Transactions of the ASME 129 (2): 

229 - 235. 

[35]. Habibi, S., and R. Burton. 2003. The Variable structure Filter. Journal of Dynamic Systems, Measurement, and Control 

(ASME) 125: 287 - 293. 

[36]. Hashimoto, H., V. Utkin, J. Xu, H. Suzuki, and F. Harashima. 1990. VSS Observer for Linear Time Varying System. IECON 

'90. 16th Annual Conference of IEEE Industrial Electronics Society. New York: IEEE. 34 - 39. 

[37]. Haskara, I., U Ozguner, and V. Utkin. 1996. On Variable Structure Observers. Proceedings, 1996 IEEE International 

Workshop on Variable Structure Systems. - VSS'96 -. Tokyo: IEEE. 193-198. 

[38]. Gadsden, S.A., Al-Shabi, M., Habibi, S.R. 2011. Estimation Strategies for the Condition Monitoring of a Battery Systemin a 

Hybrid Electric Vehicle. ISRN Signal Processing, 2011 (1), art. no. 120351. 

[39]. Al-Shabi, M., Habibi, S. 2011. Iterative smooth variable structure filter for parameter estimation. ISRN Signal Processing, 

2011 (1), art. no. 725108. 

[40]. Al-Shabi, M., Saleem, A., Tutunji, T.A. 2011. Smooth Variable Structure Filter for pneumatic system identification. 2011 

IEEE Jordan Conference on Applied Electrical Engineering and Computing Technologies, AEECT 2011, art. no. 6132500 

Proc. of SPIE Vol. 12122  121220B-6



[41]. Gadsden, S.A., Al-Shabi, M.A., Habibi, S.R. 2013. A fuzzy-smooth variable structure filtering strategy: For state and 

parameter estimation. 2013 IEEE Jordan Conference on Applied Electrical Engineering and Computing Technologies, 

AEECT 2013, art. no. 6716481 

[42]. Al-Shabi, M., Habibi, S. 2013. New novel time-varying and robust smoothing boundary layer width for the smooth variable 

structure filter. 2013 9th International Symposium on Mechatronics and Its Applications, ISMA 2013, art. no. 6547375 

[43]. Gadsden, S.A., Al-Shabi, M., Kirubarajan, T. 2015. Square-root formulation of the SVSF with applications to nonlinear target 

tracking problems. Proceedings of SPIE - The International Society for Optical Engineering, 9474, art. no. 947408 

[44]. Gadsden, S.A., Al-Shabi, M., Kirubarajan, T. 2015. Two-pass smoother based on the SVSF estimation strategy. Proceedings 

of SPIE - The International Society for Optical Engineering, 9474, art. no. 947409 

[45]. Alshabi, M., Elnady, A. 2020. Recursive Smooth Variable Structure Filter for Estimation Processes in Direct Power Control 

Scheme under Balanced and Unbalanced Power Grid. IEEE Systems Journal, 14 (1), art. no. 8782044, pp. 971-982. 

[46]. Avzayesh, M., Abdel-Hafez, M., AlShabi, M., Gadsden, S.A. 2021. The smooth variable structure filter: A comprehensive 

review. Digital Signal Processing: A Review Journal, 110, art. no. 102912 

[47]. Aurora, C., A. Ferrara, and A. Levant. 2001. Speed Regulation of Induction Motors: A Sliding Mode Observer-Differentiator 

Based Control Scheme. Proceedings of the 40th IEEE Conference on Decision and Control. Florida, USA: IEEE. 2651 - 2656. 

[48]. Aurora, C., and A. Ferrara. 2007. A Sliding Mode Observer for Sensorless Induction Motor Sped Regulation. International 

Journal of Systems Science (Taylor and Francis Group) 38 (11): 913 - 929. 

[49]. Bandyopadhyay, B., P. Gandhi, and S. Kurode. 2009. Sliding Mode Observer Based Sliding Mode Controller for Slosh-Free 

Motion Through PID Scheme. IEEE Transactions on Industrial Electronics 56 (9): 3432 - 3442. 

[50]. Barbot, J., T. Boukhobza, and M. Djemai. 1996. Sliding Mode Observer for Triangular Input Form. Proceedings of the 35th 

Conference on Decision and Control. Kobe, Japan: IEEE. 1489 - 1490. 

[51]. Zhao, L., Z. Liu, and H. Chen. 2009. Sliding Mode Observer for Vehicle Velocity Estimation With Road Grade and Bank 

Angles Adaption. 2009 IEEE Intelligent Vehicles Symposium. Xi'an, China. 701 - 706. 

[52]. Zheng, J., Y. Feng, and X. Yu. 2008. Hybrid Terminal Sliding Mode Observer Design Method for Permanent Magnet 

Synchronous Motor Control System. 2008 International Workshop on Variable Structure Systems (VSS 2008) (IEEE) 106 - 

111. 

[53]. Bartolini, G., A. Damiano, G. Gatto, I. Marongiu, A. Pisano, and E. Usai. 2003. Robust Speed and Torque Estimation in 

Electrical Drives by Second Order Sliding Modes. IEEE Transactions on Control Systems Technology (IEEE) 11 (1): 84 - 90. 

[54]. Bartolini, G., A. Levant, E. Usai, and A. Pisano. 1999. 2-Sliding Mode with Adaptation. Proceedings of the 7th Mediterranean 

Conference on Control and Automation (MED99). Haifa, Israel. 2421 - 2429. 

[55]. Chaal, H., M. Jovanovic, and K. Busawon. 2009. Sliding Mode Observer Based Direct Torque Control of a Brushless Doubly-

Fed Reluctance Machine. 2009 IEEE Symposium on Industrial Electronics and Applications, ISIEA 2009 - Proceedings. 

Kuala Lumpur, Malaysia: IEEE. 866 - 871. 

[56]. Chao, P., and C. Shen. 2009. Sensorless Tilt Compensation for a Three-Axis Optical Pickup Using a Sliding Mode Controller 

Equipped With a Sliding Mode Observer. IEEE Transactions on Control Systems Technology (IEEE) 17 (2): 267 - 282. 

[57]. Chen, S., and J. Moskwa. 1997. Application of Nonlinear Sliding-Mode Observers for Cylinder Pressure Reconstruction. 

Control Eng. Practice (Elsevier Science Ltd) 5 (8): 1115 - 1121. 

[58]. Daryabor, A., and H. Momeni. 2008. A Sliding Mode Observer Approach to Chaos Synchronization. International Conference 

on Control, Automation and Systems 2008. Korea: Inst. of Elec. and Elec. Eng. Computer Society. 1626 - 1629. 

[59]. Drakunov, S., and V. Utkin. 1995. Sliding Mode Observers: Tutorial. Proceeding of the 34th Conference on Decision & 

Control. New Orleans: IEEE. 3379 - 3378. 

[60]. Drakunov, S., V. Utkin, S. Zarei, and J. Miller. 1996. Sliding Mode Observers for Automotive Applications. Proceedings of 

the 1996 IEEE International Conference on Control Applications. Dearborn: IEEE. 344 - 346. 

[61]. Edwards, C., and S. Spurgeon. 1994. On the Development of Discontinuous Observers. International Journal of Control 59: 

1211 - 1229. 

[62]. Edwards, C., R. Hebden, and S. Spurgeon. 2005. Sliding Mode Observer for Vehicle Mode Detection. Vehicle System 

Dynamics (Taylor & Francis) 43 (11): 823 - 843. 

[63]. Edwards, C., S. Spurgeon, and R. Patton. 2000. Sliding Mode Observers for Fault Detections. Automatica 36: 541 - 553. 

[64]. Fei, J., and C. Batur. 2008. Adaptive Sliding Mode Control with Sliding Mode Observer for a Microelectromechanical 

Vibratory Gyroscope. Proceedings of the Institution of Mechanical Engineers, Part I (Journal of Systems and Control 

Engineering) (Published for the Institution of Mechanical Engineers by Professional Engineering Publishing Ltd.) 222 (18): 

839 - 849. 

[65]. Floquet, T., C. Edwards, and S. Spurgeon. 2007. On Sliding Mode Observers for Systems with Unknown inputs. International 

Journal of Adaptive Control and Signal Processing (Wiley InterScience) 638 - 656. 

[66]. Emel'yanov, S., S. Korovin, and A. Levant. 1996. High Order Sliding Modes in Control Systems. Computational Mathematics 

and Modeling (Plenum Publishing Corporation) 7 (3): 294 - 318. 

[67]. Elnady, A., Al-Shabi, M. 2018. Operation of Direct Power Control Scheme in Grid-Connected Mode Using Improved Sliding 

Mode Observer and Controller. International Journal of Emerging Electric Power Systems, 19 (5). 

[68]. Hakiki, K., B. Mazari, A. Liazid, and S. Djaber. 2006. Fault Reconstruction Using Sliding Mode Observers. American Journal 

of Applied Sciences (Science Publications) 3 (1): 1669 - 1674. 

Proc. of SPIE Vol. 12122  121220B-7



[69]. Spurgeon, S. 2008. Sliding Mode Observers: a Survey. International Journal of Systems Science (Taylor and Francis Ltd.) 39 

(8): 751-764. 

[70]. Tang, X., X. Zhao, and X. Zhang. 2008. The Square-Root Spherical Simplex Unscented Kalman Filter For State And 

Parameter Estimation. International Conference on Signal Processing Proceedings. 260-263. 

[71]. Kim, I., M. Kim, and M. Youn. 2006. New Maximum Power Point Tracker Using Sliding-Mode Observer for Estimation of 

Solar Array Current in the Grid-Connected Photovoltaic System. IEEE Transaction s on Industrial Electronics (IEEE) 53 (4): 

1027 - 1035. 

[72]. Chen, Z. 2003. Bayesian Filtering: From Kalman Filters To Particles And Beyond. 

[73]. Barker, A., D. Brown, and W. Martin. 1995. Bayesian estimation and the Kalman Filter. Department of Computer Science, 

Virginia University 30 (10): 55-77. 

[74]. Bernardo, J., and A. Smith. 1994. Bayesian Theory. John Wileys& Sons. 

[75]. Haykin, S. 2002. Adaptive Filtering Theory. Prentice Hall. 

[76]. Ho, Y., and R. Lee. 1964. A Bayesian Approach To Problems In Stochastic Estimation And Control. IEEE Transactions on 

Automatic Control 9 (4): 333-339. 

[77]. Sorenson, H. 1970. Least-Squares Estimation: From Gauss To Kalman. IEEE Spectrum 7 (7): 63-68. 

[78]. Chan, Y., A. Hu, and J. Plant. 1979. A Kalman Filter Based Tracking Scheme With Input Estimation. IEEE Transactions On 

Aerospace and Electronic Systems AES-15: 237-244. 

[79]. Fitzgerald, R. 1971. Divergence Of the Kalman Filter. IEEE Transactions on Automatic Control.  

[80]. Grewal, M., and A. Andrews. 2001. Kalman Filtering – Theory And Practice Using MATLAB. John Wiley & Sons, Inc. 

[81]. Han, L. 2004. A Fuzzy Kalman Filtering Strategy For State Estimation. Thesis, Department of Mechanical Engineering, 

University of Saskatchewan.  

[82]. Kalman, R. 1960. A New Approach To Linear Filtering And Prediction Problems. ASME Journal of Basic Engineering 82: 

35-45. 

[83]. Negenborn, R. 2003. Robot Localization And Kalman Filters – On Finding Your Position In A Noisy World. 

[84]. Ogle, T., and W. Blair. 2002. Derivation Of A Fixed-Lag, Alpha-Beta Filter For Target Trajectory Smoothing. Proceedings 

of the Thirty-Fourth Southeastern Symposium on System Theory 26-30. 

[85]. Ogle, T., and W. Blair. 2004. Fixed-Lag Alpha-Beta Filter for Target Trajectory Smoothing. IEEE Transactions on Aerospace 

and Electronic Systems 40 (4): 1417-1421. 

[86]. Painter, J., D. Kerstetter, and S. Jowers. 1990. Reconciling Steady-State Kalman and alpha-Beta Filter Design. IEEE 

Transactions on Aerospace and Electronic Systems 26 (6): 986-991. 

[87]. Sun, P., and K. Marko. 1998. The Square Root Kalman Filter Training Of Recurrent Neural Networks. IEEE International 

Conference on Systems. 

[88]. Hyland, J. 2002. An Iterated-Extended Kalman Filter Algorithm For Tracking Surface And Sub-Surface Targets. Oceans 2002 

Conference and Exhibition. Conference Proceedings. 1283-1290. 

[89]. Lary, D., and H. Mussa. 2004. Using an Extended Kalman Filter Learning Algorithm For Feed-Forward Neural Networks To 

Describe Tracer Correlations. Atmospheric Chemistry And Physics Discussion 3653-3667. 

[90]. Leu, G., and R. Baratti. 2000. An Extended Kalman Filtering Approach With A Criterion To Set Its Tuning Parameters – 

Application To a Catalytic Reactor. Computers & Chemical Engineering 23 (11-12): 1839-1849. 

[91]. Negenborn, R. 2003. Robot Localization And Kalman Filters – On Finding Your Position In A Noisy World. 

[92]. Shojaie, K., K. Ahmadi, and A. Shahri. 2007. Effects Of Iteration In Kalman Filter Family For Improvement Of Estimation 

Accuracy In Simultaneous Localization And Mapping. IEEE/ASME International Conference on Advanced Intelligent 

Mechatronics.  

[93]. Zhang, Y., D. Zhou, and G. Duan. 2006. An Adaptive Iterated Kalman Filter. IMACS Multiconference on Computational 

Engineering in Systems Applications, CESA 1727-1730. 

[94]. Ali, Z., M. Deriche, and M. Landolsi. 2009. Sigma Point Kalman Filters For Multipath Xhannel Estimation In CDMA 

Networks. Proceedings of the 2009 6th International Symposium on Wireless Communication Systems. 423-427. 

[95]. Alspach, D., and H. Sorenson. 1972. Nonlinear Bayesian Estimation Using Gaussian Sum Approximations. IEEE Transactions 

On Automatic Control AC-17. 

[96]. Ambadan, J., and Y. Tang. 2009. Sigma-Point Kalman Filter Data Assimilation Methods For Strongly Non-Linear Systems. 

Journal of the Atmospheric Sciences 66 (2). 

[97]. Arasaratnam, I., S. Haykin, and R. Elliott. 2007. Discrete-Time Nonlinear Filtering Algorithms Using Gauss-Hermite 

Quadrature. Proceedings of the IEEE 95 ( 5): 953-977. 

[98]. Athans, M., R. Wishner, and A. Bertolini. 1968. Suboptimal State Estimation For Continuous-Time Nonlinear Systems From 

Discrete Noisy Measurements. IEEE Transactions on Automatic Control AC-13 (5): 504-514. 

[99]. Julier, S. 2003. The Spherical Simplex Unscented Transformation. Proceedings of the American Control Conference. 2430-

2434. 

[100]. Sadhu, S., S. Mondal, M. Srinivasan, and T. Ghoshal. 2006. Sigma Point Kalman Filter For Bearing Only Tracking. Sigma 

Point Kalman Filter For Bearing Only Tracking 3769-3777. 

[101]. Schenkendorf, R., A. Kremling, and M. Mangold. 2009. Optimal Experimental Design With The Sigma Point Method. IET 

Systems Biology 3 (1): 10-23. 

Proc. of SPIE Vol. 12122  121220B-8



[102]. Van Der Merwe, R. 2004. Sigma Point Kalman Filters For Probabilistic Inference In Dynamic State-Space Models,Ph.D 

thesis, OGI School of Science & Engineering. Oregon Health & Science University.  

[103]. Van Der Merwe, R., and E. Wan. 2004. Sigma-Point Kalman Filters For Integrated Navigation, . Proceedings of the Annual 

Meeting - Institute of Navigation 641-654. 

[104]. Wang, L., L. Wang, C. Liao, and J. Liu. 2009. Sigma-Point Kalman Filter Application On Estimating Battery SOC. 5th IEEE 

Vehicle Power and Propulsion Conference 1592-1595. 

[105]. Rahimnejad, A., Gadsden, S.A., Al-Shabi, M. 2021. Lattice Kalman Filters. IEEE Signal Processing Letters, 28, art. no. 

9457157, pp. 1355-1359. 

[106]. Al-Shabi, M., Gadsden, S.A., El Haj Assad, M., Khuwaileh, B. 2021. A comparison of sigma-point Kalman filters on an 

aerospace actuator. Proceedings of SPIE - The International Society for Optical Engineering, 11755, art. no. 117550U. 

[107]. Al Shabi, M., Hatamleh, K., Al Shaer, S., Salameh, I., Gadsden, S.A. 2016. A comprehensive comparison of sigma-point 

Kalman filters applied on a complex maneuvering road. Proceedings of SPIE - The International Society for Optical 

Engineering, 9842, art. no. 98421I. 

[108]. Jihua, Z., Z. Nanning, Y. Zejian, and Z. Qiang. 2009. A SLAM Algorithm Based On The Central Difference Kalman Filter. 

2009 IEEE Intelligent Vehicles Symposium Pages: 123-128. 

[109]. Kim, J., and D. Shin. 2005. Joint Estimation Of Time Delay And Channel Amplitude By Simplex Unscented Filter Without 

Assisted Pilot In CDMA Systems. The 7th International Conference on Advanced Communication Technology. 233-240. 

[110]. Wang, L., L. Wang, C. Liao, and J. Liu. 2009. Sigma-Point Kalman Filter Application On Estimating Battery SOC. 5th IEEE 

Vehicle Power and Propulsion Conference 1592-1595. 

[111]. Zhang, U., F. Gao, and L. Tian. 2008. INS/GPS Integrated Navigation For Wheeled Agricultural Robot Based On Sigma-

Point Kalman Filter, 2008 Asia Simulation Conference . 7th International Conference on System Simulation and Scientific 

Computing. 1425-1431. 

[112]. Al-Shabi, M.A., Gadsden, S.A., Habibi, S.R. The Toeplitz-observability smooth variable structure filter. (2013) 2013 IEEE 

Jordan Conference on Applied Electrical Engineering and Computing Technologies, AEECT 2013, 2013-December, art. no. 

6716483. 

[113]. Habibi, S. The Smooth Variable Structure Filter. (2007) in Proceedings of the IEEE, vol. 95, no. 5, pp. 1026-1059. 

Proc. of SPIE Vol. 12122  121220B-9


