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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy


https://orcid.org/0000-0002-7655-2915
https://orcid.org/0000-0002-1778-5321
https://orcid.org/0000-0001-8620-9507
https://orcid.org/0000-0001-8778-7237
https://orcid.org/0000-0003-2513-2395
https://orcid.org/0000-0002-7552-2394
https://orcid.org/0000-0002-0045-7364
https://orcid.org/0000-0003-4888-2594
https://orcid.org/0000-0002-1560-6684
https://orcid.org/0000-0003-3381-6690
https://orcid.org/0000-0001-5602-4659
https://orcid.org/0000-0002-8728-2084
https://orcid.org/0000-0002-3344-1350
https://orcid.org/0000-0002-2339-1214
https://orcid.org/0000-0001-8913-7393
https://orcid.org/0000-0002-2016-9079
https://orcid.org/0000-0003-1743-799X
https://orcid.org/0000-0003-2762-8503
https://orcid.org/0000-0003-1331-9080
https://orcid.org/0000-0001-9951-8528
https://orcid.org/0000-0002-9601-628X
https://orcid.org/0000-0003-2700-6093
https://orcid.org/0000-0001-5173-4563
https://orcid.org/0000-0002-0046-6084
https://orcid.org/0000-0002-3264-9686
https://orcid.org/0000-0001-7949-8152
https://orcid.org/0000-0002-9327-8030
https://orcid.org/0000-0002-1992-9077
https://orcid.org/0000-0003-0670-5979
https://orcid.org/0000-0003-0116-9118
https://orcid.org/0000-0001-9617-5726
https://orcid.org/0000-0003-4354-0085
https://orcid.org/0000-0003-0765-6646
https://orcid.org/0000-0002-7923-7363
https://orcid.org/0000-0002-1875-9205
https://orcid.org/0000-0001-7462-3217
https://orcid.org/0000-0002-8447-3387
https://orcid.org/0000-0002-0083-3673
https://orcid.org/0000-0002-1005-3224
https://orcid.org/0000-0001-7728-4046
https://orcid.org/0000-0002-4399-6472
https://orcid.org/0000-0003-3871-2188
https://orcid.org/0000-0002-5841-2193
https://orcid.org/0000-0002-7898-1107
https://orcid.org/0000-0002-0443-221X
https://orcid.org/0000-0002-3552-7211
https://orcid.org/0000-0002-4554-7371
https://orcid.org/0000-0003-3018-6638
https://orcid.org/0000-0001-7746-9331
https://orcid.org/0000-0002-7922-5848
https://orcid.org/0000-0003-2451-421X
https://orcid.org/0000-0002-6721-3241
https://orcid.org/0000-0002-8660-5435
https://orcid.org/0000-0002-0491-0883
https://orcid.org/0000-0001-9581-1823
https://orcid.org/0000-0002-6525-2941
https://orcid.org/0000-0001-6646-1529
https://orcid.org/0000-0003-2127-1160
https://orcid.org/0000-0002-6891-7849
https://orcid.org/0000-0002-6666-1755
https://orcid.org/0000-0003-1098-6216
https://orcid.org/0000-0002-9371-2802
https://orcid.org/0000-0001-6355-1385
https://orcid.org/0000-0001-6993-2429

George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA
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In this paper, one unscented Kalman filter with adjustable scaling parameters is proposed to estimate the state of charge (SOC) for
lithium-ion batteries, as SOC is most important in monitoring the latter battery management system. After the equivalent circuit
model is applied to describe the lithium-ion battery charging and discharging properties, a state space equation is constructed to
regard SOC as its first state variable. Based on this state space model about SOC, one state estimation problem corresponding to
the nonlinear system is established. In implementing the unscented Kalman filter, state estimation is influenced by the scaling
parameter. Then, one criterion function is constructed to choose the scaling parameter adaptively by minimizing this criterion
function. To extend one single unscented Kalman filter with adjustable scaling parameters to multiple module estimation, one
improved unscented Kalman filter is advised based on iterative multiple models. Generally, the main contributions of this paper
consist in two folds: one is to introduce a selection strategy for the scaling parameter adaptively, and the other is to combine
iterative multiple models and a single unscented Kalman filter with adjustable scaling parameters. Finally, two simulation
examples confirm that our unscented Kalman filter with adjustable scaling parameters and its improved iterative form are better

than the classical Kalman filter; i.e., our obtained SOC estimation error converges to zero.

1. Introduction

Lithium-ion battery is the leading energy storage technology
for many research fields, such as electric vehicle, modern
electric grids, transformation, etc. The main features of
lithium-ion batteries include energy density, a long time,
and a lower self-discharge rate, so many research studies on
these main features of lithium-ion batteries are carried out in
recent years from their own different points of view. One
interesting area of research is battery state estimation, es-
pecially named as state of charge (SOC) estimation, as SOC
can not only reflect the remaining capacity of lithium-ion
batteries but also embody the performance and endurance
mileage of electric vehicles. Furthermore, SOC is the most
important factor in the battery management system, which is
critical for the safety, efficiency, and life expectancy of
lithium-ion Dbatteries. Generally, SOC indicates the
remaining battery capacity to show how long the battery will
last. It helps the battery management system to protect the

battery from overcharging and over-discharging and makes
the energy management system to determine an effective
dispatching strategy. But SOC cannot be directly measured
using physical sensors; it must be estimated using some
newly developed methods with the aid of measurable signals,
such as the voltage and current of the battery. In this paper,
SOC estimation is our concerned problem for lithium-ion
batteries. SOC estimation has been widely studied in recent
years, and lots of estimation algorithms have been proposed
to acquire precise SOC estimation. As the number of ref-
erences on SOC estimation is vast, here we only list some
main references on this topic as follows. An improved ex-
tended Kalman filter method is presented to estimate SOC
for vanadium redox battery [1], using a gain factor. Some
unknown parameters from the state space model are
identified by the classical least squares method. The square
root cubature Kalman filter algorithm has been developed to
estimate SOC of batteries [2], where 27 points are calculated
to give the same weight, according to cubature transform to
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approximate the mean of state variables. To improve the
accuracy and reliability of SOC estimation for battery, an
improved adaptive cubature Kalman filter is proposed in [3],
where the battery model parameters are online identified by
the forgetting factor recursive least squares algorithm. An
adaptive forgetting recursive least squares method is
exploited to optimize the estimation alertness and numerical
stability [4], so as to achieve online adaption of model
parameters. To reduce the iterative computational com-
plexity, a two-stage recursive least squares approach is de-
veloped to identify the model parameters [5]; then, the
measurement values of the open-circuit voltage at varying
relaxation periods and three temperatures are sampled to
establish the relationships between SOC and open-circuit
voltage. In [6], a multiscale parameter adaptive method
based on dual Kalman filters is applied to estimate multiple
parameters. Based on the battery circuit model and battery
model state equation, the real-time recursive least squares
method with forgetting factor is used to identify unknown
battery parameters [7]. After introducing the concept of state
of health, the average error of the obtained SOC estimation is
less than one given value. A novel state and parameter
coestimator is developed to concurrently estimate the state
and model parameters of a Thevenin model for liquid metal
battery [8], where the adaptive unscented Kalman filter
(UKEF) is employed for state estimation, including a battery
SOC. After performing lithium-ion battery modelling and
offline parameter identification, a sensitivity analysis ex-
periment is designed to verify which model parameter has
the greatest influence on SOC estimation [9]. To improve the
SOC estimation accuracy under uncertain measurement
noise statistics, a variational Bayesian approximation-based
adaptive dual extended Kalman filter is proposed in [10], and
the measurement noise variances are simultaneously esti-
mated in the SOC estimation process. To the best of our
knowledge, these SOC estimation methodologies can be
roughly divided into two kinds, i.e., data-driven methods
and model-based methods. In the model-based methods,
Kalman filter-based SOC estimation methods have some
advantages, such as self-correction, online computation, and
complexity reduction. Kalman filter was first proposed to
estimate the state of linear systems [12], and then, in order to
apply it into nonlinear systems, the extended Kalman filter
and unscented Kalman filter were developed [11]. Mean-
while, the date-driven methods typically include the lookup
table method, matching learning-based method, artificial
neural networks, and support vector machine [13]. The data-
driven method means that in estimating the state whatever
in linear system or nonlinear system, no mathematical
model is needed; i.e., the state is constructed only directly by
observed data [14], so a large number of training data
covering of all the operating conditions are collected to
improve the estimation accuracy of the considered SOC. In
this paper, based on above references on SOC estimation for
lithium-ion batteries, we also employ unscented Kalman
filter to estimate SOC for lithium-ion batteries. First, some
priori knowledge about Kalman filter is described to give a
detailed introduction. Kalman filter is based on modern filter
theory. For the special linear system with Gaussian noise,
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Kalman filter is proposed to obtain the minimum mean
square estimate about the system state, and this corre-
sponding estimate is named as the optimal filter value.
Furthermore, to extend Kalman filter algorithm, the state
space model is introduced in the optimal filter theory. The
dynamic model and observation model correspond to the
state equation and observation equation, respectively; thus,
Kalman filter can be extended to deal with the time variant
system. Due to its recursive computation iteratively, Kalman
filter is easy to implement. However, Kalman filter is suitable
under one condition that the considered system is a linear
time invariant system with Gaussian white noise, which
corresponds to the classical Kalman filter. To relax this strict
assumption, unscented Kalman filter algorithm is proposed
to solve the state estimation problem for the nonlinear
stochastic systems. One core idea of unscented Kalman filter
is unscented transformation. The unscented transformation
means that the probability density of the considered state
can be described by a finite number of sampled points, which
can be fully expressed as their means and covariances. After
these sampled points are mapped by using state or obser-
vation equation, the updated mean and covariance are given
through the weighted summation. Generally, the filtering
characteristic obtained by our studied unscented Kalman
filter is better than that of the classical Kalman filter.
Throughout this paper, as SOC of lithium-ion batteries can
be reformulated as a state variable in one state space
equation, the problem of estimating SOC is changed as a
problem of estimating the state variable in this constructed
state space equation. Thus, we apply Kalman filter to esti-
mate SOC, corresponding to lithium-ion batteries. Because
the state space equation, constructed by physical principle of
the lithium-ion battery, coincides with a nonlinear system,
one unscented Kalman filter is proposed to study the
problem of SOC estimation for a nonlinear system at a series
of points, where this nonlinear system corresponds to our
state space equation about SOC. When implementing this
unscented Kalman filter, the accuracy of SOC estimation is
influenced by one designed scaling parameter. Because the
choice of scaling parameter may lead to the increased quality
of the state estimation, during implementation of unscented
Kalman filter, this scaling parameter is always set to be 0 or 1;
i.e., the scaling parameter is chosen as one fixed constant.
This fixed constant cannot show the merit of the scaling
parameter. To give a selection on the scaling parameter, one
adjustable selection is proposed to choose the scaling pa-
rameter. After one different criterion function is con-
structed, then the scaling parameter is chosen adaptively by
minimizing this established criterion function. The property
of this criterion function is shown from its own different
observed information and computational complexity. This
selection strategy is named as unscented Kalman filter with
adjustment scaling parameter. Based on our proposed un-
scented Kalman filter with adjustment scaling parameter, it
is only one single Kalman filter and it is impossible to use
only one single filter to describe the state in the whole state
space equation. So after inspired by the idea of information
tusion theory, we apply our proposed unscented Kalman
filter with adjustment scaling parameter on multiple
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unscented Kalman filters to obtain their corresponding state
estimations. Then, we choose the weighted summation as the
final state estimation, whose weights are determined by
probability level. Considering these different models, one
improved unscented Kalman algorithm based on the iter-
ative multiple models is studied here. Generally, the main
contributions of this paper are formulated as follows. (1) For
the commonly used unscented Kalman filter, one selection
strategy is proposed to choose the scaling parameter
adaptively. The optimal scaling parameter is identified
through minimizing a maximum likelihood criterion. (2) On
the basis of information fusion theory, the idea of iterative
multiple models is applied to implement our proposed
unscented Kalman filter with adjustment scaling parameter,
then the weighted summation from these multiple models is
set as the final state estimation, and the weights are deter-
mined by probability level. As a consequence, we combine
the classical unscented Kalman filter, optimization theory,
and information fusion theory to improve the accuracy of
the state estimation; then, this state estimation is our con-
sidered SOC for the lithium-ion battery.

The paper is organized as follows. In Section 2, the
battery modelling is addressed; furthermore, the definition
of SOC and the state space models for SOC estimation are
also described. Unscented Kalman filter is used to solve the
SOC estimation problem for the nonlinear system in Section
3, where the detailed process is also given. In Section 4, one
maximum likelihood criterion is constructed to update the
scaling parameter adaptively, and the computational com-
plexity of this adjustment is covered. One improved un-
scented Kalman filter based on iterative multiple models is
proposed to consider different models within different
sample points in Section 5. In Section 6, two numerical
examples illustrate the effectiveness of our proposed un-
scented Kalman filter with adjustment scaling parameters in
estimating the SOC for lithium-ion batteries. Section 7 ends
the paper with final conclusion and points out the next topic.
A flowchart of our proposed unscented Kalman filter with
the adjustment scaling parameter and its other improved
multiple models is given in Figure 1, where the yellow parts
are our main contributions.

2. Battery Modelling

Our considered lithium-ion battery has some merits in
energy density and life, and furthermore, it is the leading
development direction of power batteries for electric vehi-
cles in the future. To give a brief introduction on lithium-ion
batteries, the internal states of lithium-ion battery are always
divided into four parts, i.e., SOC, temperature, rate of
current, and state of health. These four states reflect the
internal relations of lithium-ion battery with time variable.
Here, our emphasis is on the internal structure of lithium-
ion battery, which is shown in Figure 2, whose cell generally
comprises four parts: a polymer positive electrode, a dia-
phragm, a negative electrode, and an electrolyte. The positive
electrode of the lithium-ion battery is generally composed of
lithium-ion polymer. Common cathode lithium-ion poly-
mer materials include lithium phthalate, lithium-ion

phosphate, barium acid strontium, lithium-ion manganate,
nickel diamond, and nickel-nickel aluminum ternary lith-
ium. The diaphragm is in the process of the first charge and
discharge of the liquid lithium-ion battery. The electrode
material reacts with the electrolyte at the solid-liquid phase
interface to form a passivation layer covering the surface of
the electrode material to isolate the electrode and the
electrolyte, and the lithium ion can finish chemical reaction
with the diaphragm.

For convenience in the latter simulation example, the
lithium battery test needs to charge and discharge the lithium-
ion battery at different temperatures and different rates.
Therefore, the equipment required for the experimental bench
includes a thermostat, a battery charging and discharging
device, a ternary neon battery, and a host computer. Lithium
battery test platform is plotted in Figure 3, where the detailed
processes are described as follows:

Step 1. The charging and discharging positive and
negative terminals of the battery are, respectively,
connected to the positive and negative electrodes of the
battery through the wire harness, and the wire harness
of the appropriate diameter is selected according to the
allowable charging and discharging ratio of the battery
to avoid burning of the wire harness. One end of the
voltage-sampling line to the other end of the battery is
connected to the voltage sampling and wiring port of
the battery charging and discharging device. Finally, the
temperature-measuring line of the thermistor is at-
tached to the surface of the battery, and the other side of
the temperature-detecting line is connected to the
temperature-detecting terminal of the battery charging
and discharging device.

Step 2. Set the lithium battery in the incubator, and set
the experimental ambient temperature.

Step 3. Start battery charging and discharging equip-
ment and incubator.

Step 4. In the online machine, we edit the charge and
discharge test step or import the edited current test file
into the host computer to automatically generate the
test step; then, set the sampling time and output file
save address and start the test.

Actually, in all references on SOC for lithium-ion bat-
tery, two commonly used battery models exist, i.e., equiv-
alent circuit model and electrochemical model. As the
electrochemical model is very complex, and it is very difficult
to design the latter Kalman filter in case of this electro-
chemical model, so here in modelling the lithium-ion bat-
tery, the equivalent circuit model is recently used. The
equivalent circuit model regards the battery internal reac-
tions as a circuit, containing some electronic components, so
the equivalent circuit model consists of basic circuit com-
ponents such as resistors, capacitors, and voltage sources.
These four basic circuit components are widely explored,
due to their relatively simple mathematical structure and
reduced computational complexity. Equivalent circuit
model is shown in Figure 4, which is simple and clear in
physical meaning, and will be applied to describe the battery
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charging and discharging properties. Through balancing the
tradeoft between model accuracy and computational com-
plexity, one Thevenin equivalent circuit model is chosen for
a Li-ion battery, which is regarded as our battery model.

Using Kirchhoft law or some physical principles, define
variable U4 as follows:

Uload = UOC - IRO - Up’ (1)

U dUu
I=-f+c,—2 2
R, T )

where U4 is the terminal voltage, I is the load current, R, is
the internal ohmic resistance, R, and C, are the polarization
resistance and polarization capacitance of the battery, U,, is
the polarization voltage, and U o is the open-circuit voltage,
which is monotonic with SOC. Furthermore, Uy can be
rewritten as the following polynomial form:

Uoc (%) = ds +dyx + dyx* + dyx” +d,x°, (3)

where {di}?:1 are the coeflicients of polynomial form (3) and
x is the SOC of lithium-ion battery. SOC is defined as a ratio
of the remaining capacity over the rated capacity. Fur-
thermore, from equation (3), as the voltage is in polynomial
form, in order to simplify the later mathematical analysis, we
assume the charging and uncharging have the same be-
havior. Using the ampere hour counting principle, SOC can
be expressed as follows:

tIdt
ty QN’
where ¢ is the sample time, SOC (t) is the SOC of lithium-ion

battery at time instant ¢, SOC(t,) is the initial SOC, I is the
load current, # is the coulombic efficiency, and Qy is the

SOC(#) = SOC (t,) - 1 J @)
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nominal capacity of battery. State space equation can be
obtained by discretization, and then, we obtain the following
discrete state space equation:

sock] SOC,_,
- T
ol oo )
pk exp pk-1
R,C,
(5)
-
+ T I,
R (1 - exp(— 2 ))
! R,C,
Uloaak = Uoc (SOCk) = U,k = IxRy, (6)

where k is the sample time, SOC,, is the statue value at the
kth sample time, and T is the specified small sampling
period. Ug (SOC,) denotes a nonlinear function of SOC,.
The parameters in above each matrix of state space equations
(5) and (6) can be identified by the classical least squares
method, but our goal in this paper is to estimate SOC
(SOC,) at time instant k by using Kalman filter.

3. Unscented Kalman Filter for SOC Estimation

In this section, we start to apply unscented Kalman filter
algorithm (UKF) to estimate SOC. By combining equations
(5) and (6), SOC}, at time instant k is one state variable in that
state space equation. Furthermore, we want to testify which
parameter will influence SOC estimation; then, this pa-
rameter will be added as the new state variables in the ex-
tended state space equation.

3.1. Preliminary. As the main model parameter R, is clas-
sified as a new state variable with U, and SOC; then, an
extended state space equation for UKF can be given as
follows:

1 0 07
SOC, SOC, ,
U,r |=10 exp(— ) Ujprot
P R,C, P
Ry Rok-1
[ 0 0 1.
- _}7 -
Wy k-1
R (1 ( L. )) I+ |w
—exp| — k-1 2k-1 |>
P S
RPCP
W3 k-1
L 0 i
(7)
Ulgaak = Uoc (SOCy) = U i = IRy + . (8)



To apply UKF into the above state space equation to
estimate the first state variable, we rewrite equations (7) and
(8) as follows:

Xpor = fr () + g
9
Zk:hk(xk)‘l'vk, k:0,1,2,...,
where
[SOCy,,
Xies1 = Up,k+1 >
L RO,k+1
M1 0 07
SOC,
TS
fk(xk): 0 exp RO 0 Up)k
PP
Rk
LO 0 1]
_ - -
(10)
u(-en(e)
—eXp| — k>
P
RPCP
L 0 i
Wy
Wy = Wy |
Ws g
2z = Ugag o

hy (%) = Uoc (SOCy) = U = IxRys

where in equation (9), x;, € R" and z;, € R™ denote the state
vector and measurement vector at time instant k, respec-
tively. Two maps f,: R — R™ and g;: R — R™ de-
note two unknown nonlinear functions, and w; € R" and
v, € R™ are two state and measurement noises with zero
mean. These white noises are independent and identically
distributed between each other, and their covariance ma-
trices are £, and X,. x, is the initial state, and its mean and
covariance matrix are X, and P, respectively. The initial
state x, is independent of these two white noises w; and v;.

3.2. Unscented Kalman Filter Algorithm. After observing
equation (9), our goal is to infer the state estimation from
observed data; it corresponds to the filter process for that
nonlinear stochastic system. In the framework of Bayesian
theory, state estimation is equivalent to complete our ap-
proximation of the posterior probability distribution of the
state vector, in case of the observed data. It is well known
that this posterior probability distribution is named as the
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conditional probability density function on the basis of the
observed data. Our unscented Kalman filter algorithm in
Bayesian nonlinear filtering is to obtain a series of points in
state space form and to match the Gaussian distribution in
each update step. State estimation depends on minimizing
one given criterion function, for example, the commonly
used minimum square error criterion:

Jie = E[(x — %) (o~ %) | 2], (11)

where E is the expectation and ZF is the set of all observed
data to time instant k, i.e.,

ZF = (20215 > 2] (12)

In equation (11), X, is the state estimation of state x; and X,
is a function of Z¥. After minimizing criterion function (11),
state estimation X is obtained as follows:

’Ack=’7k|k=E[xk|Zk]a (13)

where equation (13) is the conditional mean and its ex-
pectation can be approximated by stochastic sample strategy.
For the linear system, this conditional mean is simplified to
the classical Kalman filter algorithm. But on the contrary, in
the nonlinear system, it is difficult to compute the expec-
tation operation. Unscented Kalman filter algorithm cal-
culates the mean and covariance matrix on the filtering and
prediction process iteratively. Set

X = [x”,x”“, . ,xb]T, (14)

and I, and 0,,, are the diagonal matrix and zero matrix
with dimension a x b. Factorize the matrix P as follows:

P=+PVP. (15)

Then, the detailed unscented Kalman filter algorithm can
be formulated as follows:

Step 1 (initialization): set time instant k = 0 and define
the predictive mean and covariance matrix in case of
prior initial condition:

Xo-1 = E[xo] = %o (16)
P§,_, = cov[x,] = P§.

Step 2 (filtering): compute a series of points o as

{xi‘kﬂ}jng and  their

{wﬁ( (k-1 } " as follows:

i=
0:2n, _ o x _ ™
xk\kfl _xk|k—111><b+c[0nx><l\Pk|k71 \Pk\k—l]’

0:2n, 1 1 1
wk\k—l_nx_'_ﬂ L

corresponding  weights

)

(17)

where b = 2n, + 1 is the total number of points ¢ and
¢ = /f, + i, p is the scaling parameter. At each point o,
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the transformation is obtained through nonlinear
function hy:

Zipier = (% iy ) Vi (18)

Compute the following second-order moment for
approximating the prediction value as follows:
2n,
~ i i
Zik-1 = zwklk—lzklk—l’
i=0
2n, T v
z i i = i =
P = Zwklk—l(zklk—l - Zklk—l)(zklk—l ~Zeer) + Y,
i=0 K
2n,

Pz _z i ( i P )( i = )T
klk-1 = 2 Wrik-1\Xk k-1 = Xk | k=1 )\ Xk k-1 = Xk|k-1) -
i=0

(19)

The estimations for the mean and covariance matrix are
as follows:

Rtk = Ry + Ki(2i = Zxpen )

X X z T (20)
Pk = Phyir = KieP K>
where the filtering gain K. is defined as
-1
Ky = Psz—l(lek—l) 1)

Step 3, rgprediction): compute a series of points o as

i x . . . i My
xk|k}i20 and their corresponding weights {wk| k}i:o
are
0:2n, _ ~ I Px px
Xk = Xl + €] 00 P = Pk |
(22)

wO:ZnX _ 1 [ 1 1]
1313 U 2 2l

Furthermore, at each point o , after nonlinear function
fi is applied to transform, we obtain

Xpo1 |k = fk(x;c\k)’ Vi (23)

Compute the following second-order moment for the
state as follows:

2n,

= _ i
X1k = Zwklkxkﬂlk’
i=0

2n, w
p* _ i (i = —i = T
k+llk = Z wklk(xk+1 Ik~ xk+1|k)(xk+1 Ik~ Xk+1 |k) + Z
i=0 k
(24)

Set k = k + 1, and continue to step 2.

After the unscented transformation, the position of point ¢
is determined by the mean and covariance matrix of one
transformed variable. Then, the position of point ¢ will affect the
denominator of the covariance matrix and the scaling pa-
rameter. More specifically, in the predictive step, the position of
point ¢ is chosen in the control of one super ellipsoid, where
Xk is one interior point. As the primary transformation di-
rection Xy, is given by one feature vector of that covariance
matrix Py, in the filtering step, the primary transformation
direction at Xy ;_, is determined by one feature vector of that
covariance matrix Py, ;. The size of super ellipsoid is judged
by the scaling parameter and the position of point ¢ simulta-
neously. The scaling parameter y may affect the accuracy, and it
is always set as y = 3 — n,.. The choice of this scaling parameter
can be achieved by series expansion error, and this series ex-
pansion error represents the difference between the true mean
and its unscented transformation approximation. The first three
terms of the series expansion will be zero through the ap-
proximate selection of the weights, and the fourth term can also
be guaranteed to be zero on the basis of the scaling parameter.
Moreover, the determination of the scaling parameter is related
with the criterion function. But in the unscented transformation
of our considered unscented Kalman filter algorithm, no fixed
scaling parameter is given to ensure high accuracy of the state
estimation. The position of the working point or the expected
state of the target will change with the time invariant system. For
this reason, one optimization strategy based on minimizing the
approximate maximum likelihood function is applied to adjust
the scaling parameter adaptively.

4. Adjustment of Scaling Parameter

The choice of scaling parameter depends on one criterion
function with some estimation in unscented transforma-
tion. But in our above state estimation for unscented
Kalman filter algorithm, no true variables can be acquired.
The only information available for state estimation is the
sequence of observations. This limitation emphasizes the
importance of adjusting the scaling parameter adaptively.
In this section, the maximum likelihood criterion is pro-
posed to obtain one suitable scaling parameter. From the
theoretical perspectively, the maximum likelihood crite-
rion coincides with the probability density function within
the unscented Kalman filter algorithm, so the maximum
likelihood criterion requires a prior knowledge about the
state and two probability density functions p(w;) and
p(v,) of the observed noises. When the maximum likeli-
hood criterion is used to design the optimal scaling pa-
rameter p¥, its explicit form is given as

Wy = argmin, p(z, | 2", ). (25)

If two probability density functions p(x;|Z*!) and
p(zilx) = Pu, (24 — hy (x;)) are all Gaussian distributions,
then we have

k— -

P(zk | Z ln’") = N(Zk|k71 (s Pi|k_1 (y)), (26)
where N (Zj 4, (‘14),Pi|k71 (u)) is one Gaussian normal
distribution with mean Z;;_; (4) and covariance matrix



Pilia (4) and the mean and covariance matrix are all
functions of the scaling parameter y. To obtain one closed
and analytic solution for equation (16), some numerical
optimization methods can be applied to achieve the goal, for
example, numerical grid method or global adaptive method.
The numerical grid method covers a feasible optimization
area [{,;,> Umax)> and then, y is obtained by equal space mesh
point. After the optimization function is calculated at the
equal space grid, the optimal scaling parameter y* is chosen
by selecting the maximum or minimum grid point. In the
global adaptive random search algorithm, the minimum
value of the scaling parameter is set as the lower bound of the
adaptive interval, i.e.,u;, = 0. This value guarantees that the
covariance matrix of the random variable in unscented
Kalman filter process is a positive form. The upper bound
Umax Of the adaptive interval can be set as one probability
level; it means that the probability level of the stochastic
variable x lies in one region as follows:

1=(m/2) (Vs
2 J e (t2/2)tnx— ldt, (27)

T T(n/2)

where P* is the designed parameter and I' (,/2) is the Gram
function. When dimension #, is a special case, n, = 2; then,
Umay 18 chosen as

Pmax = —21og(1 - P*) - 2. (28)

If we set P* =0.999, then y,,. = 11.8. But this global
adaptive process for choosing the optimal scaling parameter
will increase the computational complexity for unscented
Kalman filter algorithm. This adaptive adjustment of scaling
parameter can be applied to all time instants, instead of
being limited to nonlinear function h (x;) of state esti-
mation X ;_;. And for the special case of linear function
hy (x;), the scaling parameter does not give any performance
improvement for the unscented transformation, but the
computational complexity can be greatly reduced. Generally,
the adjustment for the scaling parameter in the unscented
Kalman filter algorithm is formulated as follows, where the
maximum likelihood criterion is used here:

Step 1 (initialization): set y;, = 0 and compute y,,,
from equation (20); define the nonlinear measurement
threshold as T and the initial time instant k = 0. The mean
and covariance matrix at initial condition are defined as

{20|-1=E[x0]=70’ (29)

Py, = cov[x,] = P§.

Step 2 (adjustment): define the scaling parameter as
follows:

3

) B
P ‘{ 3on,
Step 3 (filtering): implement the filtering step in the

unscented Kalman filter algorithm and substitute the
optimal scaling parameter . into step 2.

if Ao (27 Pyyi12) > T

otherwise.

(30)
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Step 4 (prediction): implement the prediction step in
the unscented Kalman filter algorithm and substitute
the optimal scaling parameter y; into step 2.

Then, set k = k + 1, continue the above steps, and turn to
step 2.

5. One Improved Unscented Kalman Filter

To extend the abovementioned unscented Kalman filter, we find
that it is impossible to use only one model to describe the state
estimation in only one simple filter. In this section, different
models would be applied in different filters, and one improved
unscented Kalman filter is studied based on iterative multiple
models. The basic idea of multiple models is explained first. The
possible motion mode of the target is mapped into one model
set; then, each model in this model set indicates different modes.
Through some multiple filters based on different modes in
parallel, the final state estimation of the output will be chosen as
the fusion result, corresponding to the local state estimation
from each filter. Each filter corresponds to its own state space
model, while different state space models describe different
motion modes, so the state estimation, coming from each filter,
is also different. Roughly speaking, iterative multiple model
algorithm assigns different weights to different estimation, and
these different weights are determined by probability level. The
improved unscented Kalman filter is plotted in Figure 5. This
recursive algorithm includes four steps, ie. initialization,
cond1t10na1 ﬁlter, probability update, and combined output.
Let M signifies the eﬂectwe event at the tth sampled
period for model M ®; then, M kJ | is the effective event at the
k — 1th sampled perlod for model M. For the case of r
models, the improved unscented Kalman filter algorithm
based on iterative multiple models is formulated as follows:

(1) Apply the estimation 7 (k-1]k-1) of model jand
covariance matrix P (k- 1|k 1) to compute the
hybrid initialization, matching to model M ). Assume
that the considered models satisfy the Markov property,
then

9 (k-11k-1) :i

j=1

(k=11k-1p" (k=11k-1),

PO%-11k-1)=Y PP (k-11k-1)+((z" (k -1k
_ 1))2(”(](— 1k - 1))H(j\t)
~(k=11k-1),

w0k =11k =1) = p(MY? (k= 1) I M" (k). Z,.,)

[T)
- anjty Pk -1),
(31)

where y(f) (k —1) is the probability level for model
MD, ¢ =¥ muP (k1) is one constant, and
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FIGURE 5: Improved Kalman filter.

49 is the transition probability from model M to
model M®,

(2) Unscented Kalman filter on each model: unscented
Kalman filter is used in x®(k-1]k—-1) and
PO(k-1]k-1) for all models t=1,2,...,7.
Without loss of generality, the above adjustment of
scaling parameter is also used here.

(a) Initialization: apply D (k-1lk-1) and P®
(k— 1|k —1) to solve many sigma points {xi(t)
and weights {wi(t)}.

(b) Sigma points: use each state model to predict
state estimations {xi(t) (k| k- 1)} and sigma
points {Zi(t) (k)} and then compute some pre-
diction values {x (k|k - 1)} and {Z® (k)}.
Covariance matrix: apply {?c D (k|k- 1)}, {z®
(k)}, and {wi(t)} to compute the covariance
matrix P® (k|k—-1), cross covariance matrix
PWY(k), and information covariance matrix
SO (k).

(c) Updated strategy: the filtering gain is as follows:

0 __ P2k
K 250w + Ry (2

x|k = xO (k| k- 1)+ KO(2(k) -z (k).
(33)

PO (k1K) = PO (k k- 1)+ KOs (k) + RGO} (K™Y
(34)

(3) Model probability updated is

A (k) = p(Z (k) MY (k) Z, ) = p(Z ) | MY (K), Zy.,)

= [2ns® ()| " exp{—%(z(t) (k))T(S(” )"

(),

1y _ ® K _ L=
u? (k) =P(MY (k)| 2") =-A" (Kye,,
(35)

where A® (k) is the likelihood function for filter, and

ZY ) = z (k) - 29 (k),

G =y muu (k-1), )

=
,
c=Y A (k).
=
(4) State estimation fusion is

XKD Y X0 (kR (),

i=1

P(k|k) = Zr:P(i)(k|k) +(X(k|k) —X“’(k|k)> (37)

i=1

N . T
x(X(ka)—X”(ka)) 4 (k).

The updated state is as follows:
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The updated covariance matrix is as follows:

After introducing the adaptive adjustment process of the
scale parameter into unscented Kalman filter algorithm,
better tracking performance can be obtained than the
classical Kalman filter. The mission of the improved un-
scented Kalman filter with iterative multiple models is to
extend the tracking problem for multiobjections.

6. Simulation Examples

Here, in this section, two simulation examples are given to
prove the efficiency of this unscented Kalman filter with
adjustment scaling parameter for tracking one ground target
and SOC estimation for lithium-ion battery, respectively.

6.1. First Simulation Example. In the first simulation ex-
ample, our goal is to track one continuous time acceleration
motion model with white noise. The state of this ground
target is defined as follows:

]T

. . 1T
xk:[xlk’xzk’x3k>x4k :[xk’)’k’xk’yk]’ (38)

where the above target state contains the position and ve-
locity in the x direction and y direction, respectively, and the
dimension is #n, = 4. Then, the motion equation is
X = Fxp + Gw,
10T 0
P 010T ’
0010
LO O 0 O (39)
[0.57% 0
0 0.5T?
T 0

0 T

where T' = 1 s is the sampled interval, wy, is the state noise with
Gaussian zero mean, and its covariance matrix is Xf, i.e.,

P(wy) = N(O,i>,

k (40)

w
Y =9.9x107°L,
k

The ground target is observed by using a radar detector,
and the observation z; at time instant k from the radar de-
tection is the angle between the ground target and the radar
detection. When the radar detector is on [x), y{] at time
instant k, then the observation z,, at time instant k is as follows:

0
k + Vi

)’k—}’ﬁ

X — X

Z) = arctan

(41)

14

Y =1

k

This ground target is 10 km away from the radar detector
with angle —135° and constant velocity 15 m/s. Define the initial
position of the ground target is [7, 7], and the original position of
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the radar detector is set to be the origin [0, 0]. In the whole
unscented Kalman filter algorithm with adjustable scaling pa-
rameter, the initial probability density of the filter is chosen as

P(r) = N(V72 + 72,16). (42)
The probability density of the velocity is
P(s) =N(5,16). (43)

The largest scaling parameter is set as y,,,, = 14, and
then we obtain that P* = 0.999. The number of grids used to
cover the entire interval is N, = 20. Then, the performance
corresponding to our considered filter is measured by one
mean square error root, which is defined as follows:

M
RMS, = %Z (G )= %) + Gi ) - )]
i=1

(44)

To show the closed relations between mean square error
roots and different signal-to-noise ratios, we do some
simulations on model (39) and (41), where we take three
cases as follows: low signal-to-noise ratio X} = (5°)% mean
signal-to-noise ratio X} = (2°)% and high signal-to-noise
ratio X = (0.07). The relationship between the perfor-
mance of the target state estimation and the threshold value
in the unscented Kalman filter algorithm is shown in Fig-
ure 6, where three curves are represented as the above three
cases. From Figure 6, we see that the adjustment of the
scaling parameter adaptably does not make any improve-
ment on high signal-to-noise ratio, but instead great im-
provements for low and medium signal-to-noise ratios.

In Figure 6, in case of the high signal-to-noise ratio, the effect
from the scaling parameter on the state estimation is less. This is
the reason why the scaling parameter does not make any im-
provement on high signal-to-noise ratio. But on the contrary, for
low and medium signal-to-noise ratios, the scaling parameter is
one important factor, affecting the estimation accuracy.

6.2. Second Simulation Example. The second simulation
example is concentrated on SOC estimation for lithium-ion
batteries. Here, we do not yet have the experimental plat-
form, so this second simulation example is based on ref-
erences in the open references. To acquire experimental data
such as current, voltage, and temperature from the battery, a
battery test bench was established. The configuration of the
battery test bench is shown in Figure 3.

Based on the experimental platform, the open-circuit
voltage of the battery has a monotonic relationship with the
SOC. The relation between open-circuit voltage and SOC is
established by running test on the considered lithium-ion
battery. Let all batteries be fully charged and rested for 3 hours,
such that the internal chemical reactions attain a desired
equilibrium state. Moreover, the discharge test includes a
sequence of pulse current of 1 C with 6-min discharge and 10-
min rest; then, the discharge test can make the battery to
return back to its expected equilibrium state before running
the next cycle. As three parameters are incorporated into the
state variables simultaneously using the extended dimension
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FIGURE 6: Relations between mean square error root and signal-to-
noise ratio.

method, so first we analyse the sensitivity analysis for the
model parameter R, shown in Figure 7. The test range for R,
must take abnormal range conditions into account. Taking the
existence of extreme conditions and all types of noise into
account, it is necessary to increase to 20%. After a complete
SOC estimation of the target sample, the average for the
absolute error is calculated. A complete SOC estimation
process is recorded as a step, recording the step with k. The
sensitivity analysis process for R, and C,, is similar to that of
R,. The sensitivity analysis for R, and C, is shown in Figures 8
and 9, which show that the sensitivity of R, and C,, and R,
decreases in turn. Also from these three figures, we see that the
response of the considered state space system depends more
on two parameters R, and R, as their sensitivity curves are
growing with time or iterative step.

Ugc is rewritten as the following polynomial form
Uoc (x) = ds +dyx + dyx* + dyx® +d x*. To identify these
unknown parameters in this polynomial form, the least
squares method is used to achieve this goal. Then, the
identification result for this polynomial form is given in
Figure 10, which shows the relation between the true data
point and its identified polynomial form.

In whole simulation process, the true parameters can be
identified by using some system identification strategies, for
example, least squares method, instrumental variable
method, and maximum likelihood method. Then, identified
parameters are obtained as follows:

Ry = 0.0994 Q,

R, =0.030€,

C, = 2.773KF, (45)
I=110A,

T, =0.35.

1 1 1 1

0 20 40 60 80 100
FIGURE 7: Sensitivity analysis of R.

0 20 40 60 80 100

Fiure 8: Sensitivity analysis of R,,.

0 20 40 60 80 100

FIGURE 9: Sensitivity analysis of C,,.

11



12

Mathematical Problems in Engineering

2.8

2.6

2.4

2.2

2 1 1

0 0.2 0.4

* Data point

—— Fitted curve

0.6 0.8 1

FiGure 10: Polynomial form for Uge (x).
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FIGURE 11: Comparison of the system responses.

Then, these three matrices are obtained as follows:

1 0 0
A=]0 068 0|:
0 0 1
~0.5
B =10.0064 |: (46)
0

C=[25 -1 L10].

To show the identification accuracy of these above
identified parameters, we use the Matlab simulation tool to
simulate the output response of Bode plot in this state space
system, and the phase plot is obtained with amplitude plot
simultaneously. To verify the efficiency of the identified
mode and make sure that this identified model can be used
to replace the true model, we compare the Bode responses

through the true model and its identified model, respec-
tively, in Figure 11, where the red curve denotes the true
response and the black curve is the identified response. More
specifically, the true response is simulated using the true
matrices or parameters, and the black curve is given using
our identified matrices or parameters. From Figure 11, we
see that the black curve coincides with the red curve; this
means that these two Bode response curves coincide with
each other, and the model error will converge to zero with
increasing time.

As the choice of scaling parameter depends on one
criterion function about some estimation in unscented
transformation, the maximum likelihood criterion is pro-
posed to obtain one suitable scaling parameter. The maxi-
mum likelihood criterion is used to design the optimal
scaling parameter, and we use four steps to adjust the op-
timal scaling parameter. The adjusted result is shown in



Mathematical Problems in Engineering

13

0.35

+o

03}

0.25 |

0.2 |

0.15 |

0.05 |

-0.05 1 1 1 1

.
e

1 2 3 4 5

+ Optimal scaling parameter

10

* Estimated scaling parameter

FiGure 12: Comparison of the optimal scaling parameter and estimated scaling parameter.

Uncented Kamlan filter

L5}
=
<
>
=
o
23
&
_4 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Time index
—— Desired
—— Output
—— Error

(a)

Signal value

Time index

—o Actual
——o Estimated

(b)

Ficure 13: SOC estimation results.

Figure 12, where we compare the optimal scaling parameter
and its corresponding estimated scaling parameter at every
time instant. From Figure 12, we see that at every time
instant, these two kinds of scaling parameters coincide with
each other.

In Figure 12, the reason why the two kinds of scaling
parameter coincide with each other is that the estimated
scaling parameter is obtained by solving one maximum
likelihood estimation problem. As this constructed maxi-
mum likelihood criterion is one global convex function, its
minimum value is unique; i.e., the estimated value is the
optimal value.

Now, we start to use our considered improved unscented
Kalman filter algorithm, plotted in Figure 4 to estimate SOC.
According to the four steps, i.e., initialization, conditional
filter, probability update, and combined output. The SOC
estimation results are shown in Figure 13, where the black
curve is the estimated output and the blue curve is the

desired output for the whole state space system. From
Figure 13, it can be seen that the results of SOC estimation
using the proposed improved unscented Kalman filter al-
gorithm are close to the desired values. The advantage of our
improved unscented Kalman filter algorithm is in intro-
ducing one adjustment scaling parameter. This scaling pa-
rameter always changes with time instant increase, but not
be constant. More specifically, in case of large estimation
error, the scaling parameter adjusts adaptively to pull the
estimation value near its true value. SOC estimation errors
are shown using the red curve, which is also amplified in
Figure 14. SOC estimation error is defined as
error = max|SOC, — SOC,|. From the fact that SOC esti-
mation error curve converges to zero, we see that the SOC
estimation can be used to replace the true SOC value; i.e.,
SOC estimations obtained by our improved unscented
Kalman filter algorithm are useful for later control or other
fields.
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FiGure 14: SOC estimation error.

7. Conclusion

In this paper, after the equivalent circuit model is used to
describe the battery charging and discharging properties,
one state space equation is constructed to regard SOC as one
state variable. Based on this state space model about SOC,
unscented Kalman filter algorithm is proposed to achieve the
goal of SOC estimation, and one adjustment strategy for the
scaling parameter adaptively is advised for this unscented
Kalman filter algorithm. Furthermore, to extend the single
SOC estimation to multiple modules, one improved un-
scented Kalman filter algorithm is studied based on iterative
multiple models. Based on our improved algorithms, the
sensitivity of model parameter decreases and SOC estima-
tion error converges to zero.
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The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] M. R. Mohamed, P. K. Leung, and M. H. Sulaiman, “Per-
formance characterization of a vanadium redox flow battery at
different operating parameters under a standardized test-bed
system,” Applied Energy, vol. 137, pp. 402-412, 2015.

[2] M. Guarnieri, P. Mattavelli, G. Petrone, and G. Spagnuolo,
“Vanadium redox flow batteries: potentials and challenges of
an emerging storage technology,” IEEE Industrial Electronics
Magazine, vol. 10, no. 4, pp. 20-31, 2016.

[3] W. C. Hong, B. Y. Li, and B. G. Wang, “Theoretical and
technological aspects of flow batteries: measurement of state
of charge,” Energy Storage Science and Technology, vol. 56,
pp. 744-756, 2015.

[4] C. Petchsingh, N. Quill, J. T. Joyce et al., “Spectroscopic
measurement of state of charge in vanadium flow batteries
with an analytical model of VIV-VV absorbance,” Journal of
The Electrochemical Society, vol. 163, no. 1, pp. 5068-5083,
2016.

[5] X. Li, J. Xiong, A. Tang, Y. Qin, J. Liu, and C. Yan, “Inves-
tigation of the use of electrolyte viscosity for online state-of-

Mathematical Problems in Engineering

charge monitoring design in vanadium redox flow battery,”
Applied Energy, vol. 211, pp. 1050-1059, 2018.

[6] N. Kittima and A. Arpornwichanop, “Measuring the SOC of
the electrolyte solution in a vanadium redox flow battery using
a four-pole cell device,” Journal of Power Sources, vol. 298,
pp. 150-157, 2015.

[7] S. Ressel, F. Bill, L. Holtz et al., “State of charge monitoring of
vanadium redox flow batteries using half cell potentials and
electrolyte density,” Journal of Power Sources, vol. 378,
pp. 776-783, 2018.

[8] Y.S. Chou, N. Y. Hsu, K. T. Jeng, K.-H. Chen, and S.-C. Yen,
“A novel ultrasonic velocity sensing approach to monitoring
state of charge of vanadium redox flow battery,” Applied
Energy, vol. 182, pp. 283-289, 2016.

[9] Q. Zhong, F. Zhong, J. Cheng, H. Li, and S. Zhong, “State of
charge estimation of lithium-ion batteries using fractional
order sliding mode observer,” ISA Transactions, vol. 66,
pp. 448-459, 2016.

[10] B. Xiong, J. Zhao, Y. Su, Z. Wei, and M. Skyllas-Kazacos,
“State of charge estimation of vanadium redox flow battery
based on sliding mode observer and dynamic model including
capacity fading factor,” IEEE Transactions on Sustainable
Energy, vol. 8, no. 4, pp. 1658-1667, 2017.

[11] J. Wang, “Zonotope paramter identificaiton for virtual ref-
erence feedback tuning control,” International Journal of
Systems Science, vol. 50, no. 2, pp. 351-364, 2019.

[12] A. Care, B. Cs, M. C. Campi, and E. Weyer, “Finite-sample
system identification: an overview and a new correlation
method,” IEEE Control Systems Letters, vol. 2, no. 1, pp. 61-66,
2018.

[13] Z. Wei, A. Bhattarai, C. Zou, S. Meng, T. M. Lim, and
M. Skyllas-Kazacos, “Real-time monitoring of capacity loss for
vanadium redox flow battery,” Journal of Power Sources,
vol. 390, pp. 261-269, 2018.

[14] C. Lin, H. Mu, and R. Xiong, “A novel multi-model proba-
bility battery state of charge estimation approach for electric
vehicles using H-infinity algorithm,” Applied Energy, vol. 344,
pp. 195-207, 2017.



Hindawi

Mathematical Problems in Engineering
Volume 2019, Article ID 6874693, 7 pages
https://doi.org/10.1155/2019/6874693

Hindawi

Research Article

Wind Turbine Clustering Algorithm of Large Offshore Wind
Farms considering Wake Effects

Binbin Zhang® and Jun Liu

School of Automation and Information Engineering, Xi'an University of Technology, Xi’an 710048, China
Correspondence should be addressed to Binbin Zhang; zbb521zbb@126.com

Received 22 May 2019; Revised 25 July 2019; Accepted 4 August 2019; Published 9 September 2019
Guest Editor: Miguel Canas

Copyright © 2019 Binbin Zhang and Jun Liu. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This paper proposed the SVD (singular value decomposition) clustering algorithm to cluster wind turbines into some group for a
large offshore wind farm, in order to reduce the high-dimensional problem in wind farm power control and numerical simulation.
Firstly, wind farm wake relationship matrixes are established considering the wake effect in an offshore wind farm, and the SVD of
wake relationship matrixes is used to cluster wind turbines into some groups by the fuzzy clustering algorithm. At last, the Horns
Rev offshore wind farm is analyzed to test the clustering algorithm, and the clustering result and the power simulation show the

effectiveness and feasibility of the proposed clustering strategy.

1. Introduction

Wind energy is renewable energy, and it can solve a shortage
of fossil fuel and an environmental pollution problem. All
wind turbines that will be installed by the end of 2020 can
cover close to 9% of the global electricity demand [1].
Offshore wind farm is a new trend because of less planning
restriction and better wind condition. Compared with the
onshore wind farm, the electrical power production of
oftfshore wind farms is higher and more stable.

There are tens or even hundreds of wind turbines in an
offshore wind farm, and they bring a “dimension cruise”
challenge [2] for a wind farm control [3-5], numerical
simulation [6], and so on. In order to reduce the compu-
tation complexity, the common method is to establish an
equivalent model for wind farm model reduction [7], and it
is a key to cluster the same-feature wind turbines into a
group and an equivalent single machine. In recent years,
several wind turbine clustering algorithms have been pro-
posed [8-14]. A model reduction method is proposed by a
set of orthogonal modes from CFD (computational fluid
dynamics) simulation [8]; however, the simulation time is
too long for several wind turbines. An aggregated wind farm
model is proposed by the average wind speed [9, 10]. A wind

turbine clustering algorithm is considered by Hankel sin-
gular values [11] or selective modal analysis [12]. However,
the wind speed at the downstream wind turbines is smaller
than that at the upstream wind turbines in wind farms; this
phenomenon is defined as wake effects, and these wind
turbine clustering algorithms [9-12] are not considered
wake effects of an offshore wind farm.

Coordinates of wind turbines are very regular in an
offshore wind farm, and the wind speed and direction are
stable, so wake effects of every wind turbine are very regular.
Based on the wind farm wake model, wind turbines can be
clustered into several groups [13, 14]. The support vector
clustering technique is used to cluster wind turbines based
on the wind farm layout and incoming wind direction [13].
The k-means clustering algorithm divides wind turbines into
several groups [14]. However, the wind farm wake model is a
high-dimensional mathematical model, and the k-means
clustering and the support vector clustering algorithms are
inefficient and easily converted to a local minimum with
more dimensions; at the same time, the results of two
clustering algorithms are poor robustness [15]. To solve the
high-dimensional problem of wind turbine clustering, SVD
(singular value decomposition) is an effective clustering
algorithm for large datasets [15].
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In this paper, the SVD clustering algorithm is proposed
for an offshore wind farm to overcome the high-dimensional
problem. A wind farm model is firstly established based on
the Jensen wake model, layout of wind farm, and incoming
wind speed, a wake combination matrix of every wind
turbine is built from a wind farm wake model, and wind
turbines are clustered into some groups by an SVD of the
wake relationship matrix. At last, an order reduction wind
farm model is obtained for power maximizing, power bal-
ance control, and so on.

This paper is organized as follows: Section 2 introduces the
wind turbine model and the wake model of an offshore wind
farm. Then, the SVD clustering algorithm is discussed for the
wake model in Section 3. The Horns Rev offshore wind farm is
tested in Section 4. Finally, conclusions are drawn in Section 5.

2. Wind Farm Wake Model

There are many wake-effect models, such as the Frandsen
analytical model [16], Jensen model [17], Larsen model, and
CFD (computational fluid dynamics) model [18]. In this
paper, the Jensen wake model [18] is adopted because it is
simple and suitable for engineering applications [18].

The Jensen wake model is based on the global mo-
mentum conservation and assumption of a linear expansion
of the wake. Figure 1 shows the basic Jensen model, the
radius of the wind turbine is ro, the ambient wind speed is v,,
and the wake decay constant is k. If a wind turbine is not
affected by any upstream wind turbine, k =0.04; otherwise,
k=0.08 [19]. r is the radius of the expanding wake, and it can
be calculated by (1). And the wind speed v, inside the wake
area at a distance x from the single wind turbine can be
calculated by (2), where Cr is the wind turbine thrust
coefficient:

r=ry+kx, (1)

- — _ (") 2
v = v+, (V1 -Cy 1)<r>. (2)

In an offshore wind farm, a downstream wind turbine is
affected by multiple wind turbines, and multiple wake effects
can be combined into a single wake effect. And the com-
bining multiple wake effects consider the shadowed areas of
the upstream wind turbines. The shadow condition, between
an upstream wind turbine and a downstream wind turbine,
is complete shadowing, quasicomplete shadowing, partial
shadowing, and no shadowing. The partial shadowing is
shown in Figure 2, the wind turbines’ radius 7, is the same,
and the swept area of the wind turbine is A,. Then, the
shadow area between the two wind turbines can be calcu-
lated by

L,
Ashadow,ij = [T’i (xij)]ZCOS_I <ri (';’J))

d.—L.
+ricos | L —L ) - d;jzij>
ri (%)

(3)
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Ficure 2: Wind turbine wake shadow [18].

Yo

where x;; is the distance between the upstream wind turbine
i and the downstream wind turbine j along the wind di-
rection and r; (x;;) is the wake stream radius, which can be
calculated by (1).

Based on the law of momentum conservation, the
combining multiple wake model [19] of the jth wind turbine
is calculated by

vj:v{l—i[(l—Jl—CT)iﬁij>]2:|, (4)
i-1
where B; = (ro/r; (x;})) (Agpadow,ij/ Ao)-

3. A Wind Turbine Clustering
Algorithm via SVD

The layout of an offshore wind farm is regular, the distance
between turbines is the same, the wake effects of some
downstream wind turbines are the same, so the same-wake-
effect wind turbines can be clustered as a group and equate a
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rescaled single wind turbine. From (4), the wind speed of
downstream wind turbines is determined by the geo-
graphical location and the work condition of upstream wind
turbines, and the Cr can be regulated by a wind turbine.
Hence, the geographical location is selected as a clustering
index [13, 14]. However, the clustering index is 1D data in
[13, 14], and the dimension is high as the number of wind
turbines increases. A 2D wake relationship matrix can be
established from 1D data by analyzing (2), and it is more
suitable than 1D data for an offshore wind farm and contains
the relative location of wind turbines [20] The 2D wake
relationship matrix is a sparse matrix. And the SVD clus-
tering method is effective to solve the high-dimensional
sparse matrix clustering problem [21].

3.1. Estimation of the Wake Relationship Matrix of Every Wind
Turbine. An offshore wind farm has m rows with n wind
turbines, and the distance of wind turbines is regular. A wake
relationship matrix A;; € R™" of the ith row and jth column
wind turbine is defined as

a, ... ap,
Aij z(apq) = : . : > (5)
Ay - Gy
where a,,, is the element of a wake relationship.

From the wind direction and the wind turbine geo-
graphical location, the wake effect between two wind tur-
bines can be obtained. If there is a wake effect between the
ijth wind turbine and the pgth wind turbine, an element of a
wake relationship is ;;; otherwise, the element is 0, if there is
not a wake effect, or itself. So the a,, of a wake relationship
matrix is defined as

"o (AShad°W’ij ) shadowing
7 (xij ) Ao

Apg =7 ) ) (6)
0, i=p,j=4q

0, no shadowing.

L

Generally, the shadowing condition of wind turbines can
be judged using the basic geometrical relationship.

3.2. A SVD Clustering Algorithm of Offshore Wind Farm.
The SVD is an orthogonal matrix reduction, the nonzero
singular values contain the most information of the matrix,
and it has the advantages of dimension reduction, in-
sensitivity to matrix perturbation, scale invariance of sin-
gular values, rotation invariance of singular values, ability to
solving the best approximation matrix, and so on [19]. And
the proposed wind turbine clustering algorithm flow chart is
shown in Figure 3 and is implemented as follows:

Step 1: every wind turbine coordinate, wind direction,
and wind turbine parameters, such as the radius of the
wind turbine and distance between wind turbines, are
obtained.

Obtain wind turbine coordinates, wind direction, and wind
turbine parameters

!

Transformation of wind turbine based on the wind direction

!

Calculate wake shadow area based on the Jensen wake model

!

Establish the wake relationship matrix

!

SVD of wake relationship matrix

!

The fuzzy clustering algorithm based on the singular value

End

F1GURE 3: Flow chart of the wind turbine SVD clustering algorithm.

Step 2: an original coordinate (X, Y) of every wind
turbine is transformed into another coordinate system
(%, y) in the wind direction as (7), where 0 is the wind
direction with the positive X-axis:

{x=Xc0s0—Y sin 6,

, (7)
y=Xsin0+Y cosb.

Step 3: the wake stream radius and shadow area of the

wind farm are calculated based on Section 2.

Step 4: the wake relationship matrix A;; is established
from (5) and (6).

Step 5: the singular value decomposition of A;; is
calculated as follows:

[U,S,;,V] = svd (4;), (8)
where U and V are the left and right singular
orthogonal ~ vectors,  respectively, and §;; =
diag(oy,...,0,), where 0, 20,> ... >0, [18].

Step 6: the §;; values are clustered by the fuzzy clus-
tering method [15], and these wind turbines can be
clustered into k groups {g,, 95> --- gi}- And other
parameters of the wind turbine are aggregated by a
mechanical torque compensation factor method [9].
Finally, the simplified wind farm model is built.

4. Case Study

The Horns Rev offshore wind farm in Denmark [22] is used
to test this clustering algorithm. It consists of eighty 2 MW
wind turbines, and every wind turbine has a hub height
H=70m and a rotor diameter D =80 m. And the wind farm
layout is parallelogram columns, the distance between two
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FIGURE 4: The Horns Rev wind farm layout.

FiGure 5: Clustering results of the wind farm at different wind directions: (a) 270° (b) 2467 (c) 222 (d) 201% (e) 180°% (f) 173° (g) 138"

(h) 90°.

columns is 7D, the distance between turbines is 7D, 9.4D,
and 10.4D for 0°, 48°, and 312° respectively, and the angle
between the first column and y-axis is approximately 7°. Its
shape is shown in Figure 4, and it has 8 rows and 11 columns.
The wake model of the wind farm is established under eight
wind directions which are 270°, 246°, 222°, 201°, 180°, 173",
138°, and 90" based on the wind farm layout. The clustering
results are shown in Figure 5. When the wind direction is
270°, the first-column wind turbines are not affected by other
wind turbines, their wind speeds are the ambient wind

speed, and wind speeds of other-column wind turbines
decrease in turn. And when wind directions are 222° and
312° the clustering results are similar to the layout of the
wind farm. With the wind direction increases, the clustering
results are very regular, so a wind farm clustering lookup
table can be built for wind farm control and numerical
simulation.

In order to verify the clustering results, suppose that the
Cr of all wind turbines is the same and Cr=0.865 and the
ambient wind speed is 12 m/s. The wind speed of each wind
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turbine is shown in Figure 6. The wind speed of wind
turbines is the same if they are in the same group. From
Figure 6, it can be seen that the clustering results are effective
and feasible.

The Horns Rev offshore wind farm power simulation is
tested by the SVD clustering algorithm and detailed model
in MATLAB, which considers every wind turbine powerout.
And the power simulations are run on a 3.6 GHz Core i7-
4790 CPU with 8 GB RAM using MATLAB version R2014a.

Suppose that the wind speed is 12m/s and all wind
turbines are maximizing power point tracking. And the
detailed and equivalent wind farm power curves are shown
in Figure 7 at the wind direction range of 180°~270°. From
Figure 7, it can be seen that the error between the equivalent
model and the detailed model is negligible, and the maxi-
mum error is 0.108 MW.

However, when the wind speed of wind farms is over the
rated speed, the results of the proposed clustering algorithm
may be imprecise. When the ambient wind speed is 17 m/s, it
is over the rated wind speed, some wind turbines are power
limit controllers, and the Cr of them is different with the
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FiGure 7: Wind farm powerout at different wind directions under
12m/s.

MPPT wind turbines. And the detailed and equivalent wind
farm power curves are shown in Figure 8. From Figure 8, it
can be seen that the maximum error is 9.98 MW, and the
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TaBLE 1: Computational cost of two wind farm models.

Detailed model
2.860 6.111

Equivalent model

Computation time (ms)

error may be large in some wind farm power simulation. So
the proposed algorithm can be used when the ambient wind
speed is less than the rated speed and the Cr of the same-
group wind turbines is the same.

And the computational cost of two wind farm models is
shown in Table 1, and the computational efficiency of the
proposed wind farm model is higher than that of the detailed
model. Moreover, the SVD clustering algorithm is also used
for the wind farm power control and power grid simulation
considering wind farm, wind farm power-maximizing
control, etc.

5. Conclusion

The main contribution of this paper is the proposed SVD-
based clustering method for large-scale offshore wind farms
to solve the high-dimensional problem. Wind turbines can
be clustered into several groups based on the location of each
wind turbine and wind direction, and the same-group wind
turbines, whose Cr is the same, can be equivalent to a single
wind turbine, in order to solve the high-dimensional
problem in the wind farm control algorithm and numerical
simulation.

Based on the layout of wind farm and wind direction, a
wind farm wake model is established, a wake relationship
matrix is based on the wake model, a singular matrix is
calculated by SVD, and finally, wind turbines can be clus-
tered into groups by the fuzzy-means method from singular
values. SVD can reduce the high dimension of the wind farm
wake model, and the clustering results are relative wind
direction and are very regular. Moreover, the large wind
farm power control or power grid power simulation with
wind farms can reduce the computation time by clustering
wind turbines into some groups using this clustering
algorithm.

Mathematical Problems in Engineering

Data Availability

Previously reported wind turbine coordinates and the Horn
Rev wind farm parameters data were used to support this
study and are available at DOI: https://doi.org/10.1016/j.
renene.2014.06.019. These prior studies and datasets are
cited at relevant places within the text as reference [22].
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