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Abstract:

Induction motors have always been and will be the forefront of the industrial process. From 

construction to automated and electric vehicles, induction motors are the �rst choice. The rotor 

speed is an essential property in the e�ciency of an induction motor which can be measured 

directly through an optical encoder which is placed on the motor shaft. However, the system cost, 

volume and weight of the motor are increased, moreover, the reliability and e�ciency of the sensor 

are jeopardized in harsh environments. This paper proposes a method using an Extended Kalman 

Filter (EKF) to estimate the rotor speed with or without a sensor while reducing the noise created 

by a harsh environment. Furthermore, with the implementation of the Particle Swarm Optimization 

algorithm (PSO), a more accurate estimation has been achieved. Simulation in MATLAB Simulink has 

been done to further emphasize on the e�ciency of the EKF-PSO framework. 

Keywords: Extended Kalman Filtering, Particle Swarm Optimization, Induction Motor

Tóm tắt: 

Động cơ cảm ứng luôn đóng vai trò tiên phong trong quá trình công nghiệp hóa. Từ xây dựng đến 

các phương tiện tự động và xe điện, động cơ cảm ứng luôn là sự lựa chọn hàng đầu. Tốc độ rotor là 

một thuộc tính thiết yếu ảnh hưởng đến hiệu suất của động cơ cảm ứng, có thể được đo trực tiếp 

bằng cách sử dụng bộ mã hóa quang học gắn trên trục động cơ. Tuy nhiên, việc sử dụng cảm biến 

này làm tăng chi phí, kích thước và trọng lượng của động cơ, đồng thời độ tin cậy và hiệu quả của 

cảm biến có thể bị ảnh hưởng trong môi trường khắc nghiệt. Bài báo này đề xuất một phương pháp 

sử dụng Bộ lọc Kalman mở rộng (Extended Kalman Filter - EKF) để ước tính tốc độ rotor với hoặc 

không cần cảm biến, đồng thời giảm nhiễu gây ra bởi môi trường khắc nghiệt. Hơn nữa, với việc triển 

khai thuật toán Tối ưu hóa Bầy đàn Hạt (Particle Swarm Optimization - PSO), độ chính xác trong ước 

tính được cải thiện đáng kể. Mô phỏng trong MATLAB Simulink đã được thực hiện để nhấn mạnh 

thêm hiệu quả của khung EKF-PSO. 

Từ khóa: Bộ lọc Kalman mở rộng, tối ưu hóa bầy đàn hạt, động cơ cảm ứng.
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1. INTRODUCTION

7KH� LQGXFWLRQ� PRWRU� �,0�� ZDV� LQYHQWHG�

LQ� WKH� HQG� RI� WKH� ��WK� FHQWXU\� DQG� PRUH�

WKDQ� D� FHQWXU\� ODWHU�� LW� VWLOO� UHPDLQV� DW� WKH�

IRUHIURQW� RI� PXOWLSOH� LQGXVWULDO� SURFHVVHV��

'XH� WR� LWV� VLPSOLFLW\�� YHUVDWLOLW\�� UHOLDELOLW\�

DQG� HFRQRPLFDO� QDWXUH� >�@>�@�� LW� LV� VWLOO� WKH�

¿rst� choice� among� in� numerous� industrial�
processes�[3]�and�developing�industries�[21].�
5RWRU�VSHHG�LV�DQ�HVVHQWLDO�SDUDPHWHU�RI�DQ�,0�

DQG�KDV�EHHQ�WKH�VXEMHFW�RI�QXPHURXV�DUWLFOHV�

>�@>�@�� +RZHYHU�� WKH� PRVW� REYLRXV� PHWKRG�

WR�PHDVXUH�WKH�VSHHG�RI�D�URWRU�LV�WR�PRXQW�D�

VHQVRU�RQ�WKH�PRWRU�VKDIW�ZKLFK�FDQ�EH�FRVWO\�

and�can� increase�the�weight�and� the�volume�
RI� WKH� LQGXFWLRQ� PRWRU� >�@�� 0RUHRYHU�� LQ�

rough�environments,�the�measurements�could�
EH�LQDFFXUDWH�GXH�WR�WKH�QRLVH��,Q�WKLV�SDSHU��

ZH�ZLOO� H[DPLQH� WKH�XVH�RI�D�.DOPDQ�)LOWHU�

LQ�RUGHU�WR�UHGXFH�WKH�QRLVH�DQG�HVWLPDWH�WKH�

URWRU� VSHHG�� ,Q� OLWHUDWXUH�� WKH� .DOPDQ�)LOWHU�

�.)��KDV�EHHQ�D�KRW�WRSLF�WR�EH�XVHG�WR�UHGXFH�

WKH�HQYLURQPHQWDO�QRLVH�>�@�>�@��%XW�GXH�WR�WKH�

QRQ�OLQHDULW\� QDWXUH� RI� WKH� G\QDPLF� PRGHO��

WKH� ([WHQGHG� .DOPDQ� )LOWHU� �(.)�� ZLOO� EH�

XVHG�LQVWHDG�RI�D�.)���

$Q�(.)�LV�D�VWRFKDVWLF�REVHUYHU�IRU�QRQ�OLQHDU�

systems� [10][11].� It� is� especially� e൶cient�
when� dealing� with� multivariate� non-linear�
V\VWHPV� DV� LW� XVHV� OLQHDU� DSSUR[LPDWLRQV� WR�

GHDO�ZLWK�WKLV�QRQ�OLQHDULW\��)XUWKHUPRUH��WKH�

(.)� FDQ� DFFXUDWHO\� PRGHO� D� V\VWHP� WKDW� LV�

EXUGHQ� E\� V\VWHP� DQG�PHDVXUHPHQW� QRLVHV��

Indeed,� these� disturbances� are� e൵ectively�
modelled� in� the� ¿lter� through� covariance�
PDWULFHV� GXEEHG� WKH� V\VWHP� QRLVH� DQG�

PHDVXUHPHQW� QRLVH� FRYDULDQFH� PDWULFHV���

7KH� YDOXHV� RI� WKHVH� PDWULFHV� DUH� FUXFLDO� WR�

WKH�DFFXUDF\�RI�WKH�V\VWHP��7KHVH�YDOXHV�DUH�

however�not�determined�by�using�a� formula�
DQG� DUH� QRW� NQRZQ�� 7KHUHIRUH�� WKH\� PXVW�

EH� WXQHG� DFFXUDWHO\� LQ� RUGHU� WR� DFKLHYH� DQ�

DFFXUDWH�HVWLPDWLRQ��

,QGHHG�� LQ� WKH� SDVW�� WKH� FRYDULDQFH� PDWUL[�

FRXOG�EH� WXQHG�HLWKHU�PDQXDOO\�>��@� DQG�WKH�

SURFHVV� FRXOG� EH� H[WUHPHO\� ODERULRXV� RU� E\�

applying�mathematically�tuning�methods�[13]
[14][15].��So,�in�order�to�reduce�the�long�and�
rigorous�process�of�tuning�the�EKF,�methods�
VXFK�DV�WKH�$QW�&RORQ\�2SWLPL]DWLRQ�>��@�RU�

the�Genetic�Algorithm� [17]�have�been�used.�
But� we� will� be� using� the� Particle� Swarm�
Optimization�(PS.O)�[18]�due�to�its�simplicity,�
LWV�UHODWLYHO\�HDV\�LPSOHPHQWDWLRQ�DQG�LWV�IDVW�

convergence.

'HYHORSHG� LQ� ����� E\� -DPHV� .HQQHG\� DQG�

Russel� C.� Eberhart,� the� PSO� is� based� on� a�
simpli¿ed� social�model.� It� is� used� in� image�
processing� [19],� in� air� route� optimization�
[20],� in� acoustic� ¿lters� optimization� [21].��
However,�we�will�be�using�the�PSO�in�order�
WR� RSWLPL]H� WKH� V\VWHP� QRLVH� FRYDULDQFH�

PDWUL[� DQG� WKH� PHDVXUHPHQW� QRLVH� PDWUL[��

By� optimizing� these� matrices,� we� will� be�
DEOH� WR� KDYH� DQ� DFFXUDWH� HVWLPDWLRQ� RI� WKH�

URWRU�VSHHG�GHVSLWH�RI�WKH�HQYLURQPHQWDO�DQG�

measurement� noise.�PSO� have�been�used� to�
estimate� the� rotor� speed� [22][23]�o൷ine�but�
WKLV� SDSHU� ZLOO� SURSRVH� D� PHWKRG� LQ� ZKLFK�

WKH�VWDWRU�FXUUHQW�ZLOO�EH�HVWLPDWHG�LQ�RUGHU�WR�

HVWLPDWH�WKH�URWRU�VSHHG�
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The�goal�of�the�paper�is�to�show�the�e൶ciency�of�
WKH�(.)�WR�DFFXUDWHO\�HVWLPDWH�D�PHDVXUHPHQW�

GHVSLWH� WKH�QRLVHV� WKDW�EXUGHQ� WKH� V\VWHP�� ,Q�

DGGLWLRQ�� LW� ZLOO� DOVR� VKRZ� WKH� LPSURYHPHQW�

that�the�P.S.O�will�bring�to�the�EKF�model�in�
D�PRGHO�LQ�ZKLFK�D�VSHHG�VHQVRU�LV�XVHG�>��@�

DQG�LPSURYH�XSRQ�LW�LQ�D�PRGHO�LQ�ZKLFK�WKHUH�

LV�QR�VSHHG�VHQVRU��

7KH�UHVW�RI�WKH�SDSHU�ZLOO�EH�GLYLGHG�DV�IROORZV��

6HFWLRQ� �� ZLOO� SUHVHQW� WKH� PDWKHPDWLFDO�

RQ� ZKLFK� WKH� (.)� LV� EDVHG�� 7KH� 6LPXOLQN�

PRGHO�RI�WKH�$&�LQGXFWLRQ�PRWRU�ZLOO�WKHQ�EH�

GHVFULEHG� LQ�VHFWLRQ����$IWHUZDUGV�� VHFWLRQ���

will� cover� the� core� concept� of� PSO.� Section�
5� will� depict� the� implementation� of� PSO� in�
WKH� (.)� PRGHO�� 6LPXODWLRQ� UHVXOWV� ZLOO� EH�

analysed� in� section�6� and�¿nally�conclusions�
DUH�SUHVHQWHG�LQ�VHFWLRQ����

2. EXTENDED KALMAN FILTER

7KH�H[WHQGHG�.DOPDQ�)LOWHU� LV� LQ�HVVHQFH�DQ�

DPHOLRUDWLRQ�RI�WKH�/LQHDU�.DOPDQ�)LOWHU��7KH�

/LQHDU�.DOPDQ�)LOWHU�LV�RQO\�OLPLWHG�WR�OLQHDU�

SUREOHPV�� KRZHYHU� PRVW� UHDO�OLIH� SUREOHPV�

DUH� LQ� IDFW�QRQ�OLQHDU��7KH�([WHQGHG�.DOPDQ�

)LOWHU�XVHV�OLQHDU�DSSUR[LPDWLRQ�WR�VWXG\�QRQ�

linear� dynamic� systems.� Indeed,� this� ¿lter� is�
developed� upon� a� ¿rst-order� Taylor� Series�
DSSUR[LPDWLRQ� RI� WKH� VWDWH� WUDQVLWLRQ� DQG�

WKH� PHDVXUHPHQW� IXQFWLRQ�� 7KH� (.)� LV� DQ�

algorithm�where�we�constantly�extrapolate�or�
³SUHGLFW´�RXU�V\VWHP�VWDWH�DQG�WKH�XQFHUWDLQW\�

of� the� next� step� as� shown� in� Figure� 1.�And�
RQFH� WKH� PHDVXUHPHQWV� DUH� UHFHLYHG�� WKH�

(.)� XSGDWHV� RU� ³FRUUHFWV´� WKH� SUHGLFWLRQV�

DQG�ZH�UHSHDW� WKHVH�SURFHGXUHV�XQWLO� WKH� HQG�

of� the�sample�period.�It� is�governed�by�the�5�
following�equations.

The�state�extrapolation�equation:

x f x ,un 1,n n,n n=+ ^ hV V (1)

:KHUHDV�� I��� LV� WKH� VWDWH� WUDQVLWLRQ� IXQFWLRQ�
EDVHG� RQ� WKH� VWDWH� G\QDPLFV�� � LV� WKH� FRQWURO�

LQSXW�

The�covariance�extrapolation�equation:

P x
f
P ( x

f
) Qn 1,n n,n
T

n= +
d
d

d
d

+

:LWK� x
f
d
d

�DV�WKH�SDUWLDO�GHULYDWLYH�RI�WKH�VWDWH�

transition� function� obtained� per� ¿rst� order�
7D\ORU�VHULHV�H[SDQVLRQ��$QG�4Q�LV�WKH�V\VWHP�

QRLVH�FRYDULDQFH�PDWUL[�

The�Kalman�gain�equation:

K P ( x
h ) ( x

h P x
h R )n n,n 1

T
n,n 1

T

n
1#= +

d
d

d
d

d
d

- -
-b l

x

h

d
d

�LV�WKH�SDUWLDO�GHULYDWLRQ�RI�WKH�REVHUYDWLRQ�

function�obtained�by�using�a�¿rst�order�Taylor�
VHULHV�H[SDQVLRQ�DQG��LV�WKH�PHDVXUHPHQW�QRLVH�

FRYDULDQFH�PDWUL[��

The�state�update�equation:

x x K (z h(x ))n,n n,n 1 n n n,n 1= + -- -V V V

x n,n 1-V �LV�WKH�SULRUL�VWDWH�SUHGLFWLRQ�YHFWRU�RI�x n,nV ��

]Q�LV�WKH�PHDVXUHPHQW�DQG�K���LV�WKH�REVHUYDWLRQ�
IXQFWLRQ��

The�covariance�update�equation:

P (I K x
h )Pn,n n n,n 1=
d
d- -
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Pn,n 1- �LV�WKH�SULRUL�SUHGLFWLRQ�YHFWRU�SUHGLFWLRQ�

RI�Pn,n ��

Initial�
estimates�

Time:�n+1
State�and�
covariance�
extrapolation�

Compute�
Kalman�Gain�
and�the�state�
and�covariance�
update�

Figure 1. Simpli¯ed diagram of the EKF
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d
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d
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d
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$V� WKH� ([WHQGHG� .DOPDQ� )LOWHU� FDQ� PRGHO�

D� G\QDPLF� V\VWHP� GHVSLWH� RI� WKH� QRLVHV� DQG�

XQFHUWDLQW\�� WKH�4Q� V\VWHP� QRLVH� FRYDULDQFH�

DQG� WKH� 5Q� PHDVXUHPHQW� QRLVH� FRYDULDQFH�

matrix�which�are�the�mathematical�modelling�
RI� WKH� QRLVH� DUH� H[WUHPHO\� LPSRUWDQW�� $OO�

FRYDULDQFH� PDWUL[� WDNHV� WKH� IRUP� RI� (�  �
�HH7��� 6R�� 4Q � (�w wn n

T �� DQG� R (v v )n n n
T= �

ZLWK�wn �being�the�process�noise�and� vn �LV�WKH�
PHDVXUHPHQW�HUURU��

3. Induction motor model and discretization

7KH�LQGXFWLRQ�PRWRU�PRGHO�KDV�EHHQ�PRGHOOHG�

LQ� 0$7/$%�� 6LPXOLQN� LQ� WKH� VWDWLRQDU\�

reference� frame� αβ.� The� stator� and� rotor�
Àuxes� and� the� stator�and� rotor� currents� have�
EHHQ� PRGHOOHG�� 0RUHRYHU�� V\VWHP� QRLVH�

DQG�PHDVXUHPHQW� QRLVH� KDYH� EHHQ� DGGHG� WR�

WKH� V\VWHP� DV� VHHQ� LQ� WKH� VXEV\VWHP� ³VWDWRU�

current”� in� Figure� 2,� � in� order� to� have� an�
DFFXUDWH� VLPXODWLRQ�� )URP� WKH� VLPXODWLRQ��

only� stator� currents� and� the� voltages� would�
EH� WUDQVIHU� EDFN� WR�0$7/$%� WR� EH� XVHG� DV�

Figure 2. Simulink model of Induction motor
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YDOXHV� IRU�WKH�PHDVXUHPHQW�LQSXW�PDWUL[�DQG�

WKH� FRQWURO� LQSXW�PDWUL[��7KH� VWDWH�YDULDEOHV��

WKH�FRQWURO�LQSXW�DQG�WKH�PHDVXUHPHQWV�LQSXW�

are�therefore�the�following:

x(t) x x x x x
i i

u v v
z i i

1 2 3 4 5
T

s s r r
T

n s s
T

n s s
T

=
=
=
=

} } ~a b a b

a b

a b

6
6

6
6

@
@

@
@

7KLV�ZRXOG� HQDEOH� XV� WR� HVWLPDWH� WKH� VSHHG�

DQG� FRPSDUH� LW� ZLWK� WKH� UHDO� V\VWHP� VSHHG�

(plagued�by�noise)�and�the�theoretical�physical�
VSHHG� ZKLFK� LV� QRW� EXUGHQ� E\� QRLVH� DW� DOO��

2QFH�WKH�VWDWH�YDULDEOHV��WKH�FRQWURO�LQSXW�DQG�

WKH�PHDVXUHPHQW� LQSXW�DUH�VHOHFWHG��WKH� VWDWH�

WUDQVLWLRQ� IXQFWLRQ� DQG� LWV� -DFRELDQ� PDWUL[�

FDQ� QRZ�EH� FRQVWUXFWHG��7KH� VWDWH� WUDQVLWLRQ�

function�is�therefore�the�following:

f(x ,u ) [x x x x x ]n,n n 1,n 1 2,n 1 3,n 1 4,n 1 5,n 1
T= + + + + +

f (x ,u )

a x a x a x x a u
a x a x a x x a u
a x a x a x x
a x a x a x x
a x a (x x x x ) a T

n,n n

0 1,n 1 3,n 2 4,n 5,n 3 1,n

0 2,n 1 4,n 2 3,n 5,n 3 2,n

4 1,n 5 3,n 6 4,n 5,n

4 2,n 5 4,n 6 3,n 5,n

7 5,n 8 2,n 3,n 1,n 4,n 9 L

=

+ + +
+ +
+
+ +
+

-

-

- -

R

T

SSSSSSSSSSSSSSSS

V

X

WWWWWWWWWWWWWWWW

2QFH�WKH�VWDWH�WUDQVLWLRQ�IXQFWLRQ�LV�DFKLHYHG��

LWV�-DFRELDQ�PDWUL[�LV�WKHQ�GHULYHG�

x
f

a

a

a x

a

a
a x

a
a x
a
a x
a x

a x
a
a x
a
a x

a x
a x
a x
a x
a

0

0

0
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4
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4
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1

2 5

5

6 5

8 2

2 5

1

6 5

5

8 1

2 4
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6 4
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7

d
d
=

-

-
-

-

-
-

R
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SSSSSSSSSSSSSS

V

X

WWWWWWWWWWWWWW

6LQFH�� K��� LV� WKH� REVHUYDWLRQ� IXQFWLRQ�ZKLFK�
OLQNV�WKH�VWDWH�YDULDEOHV�ZLWK�WKH�PHDVXUHPHQWV��

So,�the�measurement�matrix�is�the�following:

]Q� �K�[Q�Q�

:LWK�� h(x )
x
xn,n 1
1,n 1

2,n 1
=-

-

-

= G

7KH�GLVFUHWL]DWLRQ�RI�WKH�V\VWHP¶V�G\QDPLFV�LV�

now�¿nished�and� the� system� is�given�by� the�
following�discrete�general�system:

( ) ( ), ( )

( ) ( ( ))

x t f x t u t

z t h x t

1+ =

=

^ h
*

4. Particle Swarm Optimization

Particle� swarm� optimization� developed� by�
(EHUKDUW�DQG�.HQQHG\�LQ�WKH�ODWH���WK�FHQWXU\�

is�an�optimization�algorithm.�Derived�from�the�
study�of�birds’�foraging�behaviour,�it�is�based�
on�the�behaviour�of�birds�when�scavenging�for�
IRRG��7KH\�GRQ¶W�NQRZ�WKH�ORFDWLRQ�RI�WKH�IRRG�

DQG� RQO\� NQRZ� WKH� GLVWDQFH� WR� WKH� IRRG� DQG�

WKH�ELUG�ZKRVH�WKH�FORVHVW�WR�WKH�IRRG�VR�WKH\�

converge� on� said� bird.� The� PSO� algorithm�
DLPV� WR� UHSOLFDWH� WKLV� VRFLDO� SKHQRPHQRQ� LQ�

RUGHU� WR� VHDUFK� IRU� DQ�RSWLPL]HG�VROXWLRQ� IRU�

a� problem�[24].�The� algorithm�¿rst� initialize�
a�population�or�a�group�of�particles�which� is�
FDOOHG�D�VZDUP��

7KH� QXPEHU� RI� SDUWLFOHV� FDQ� YDU\� DQG�

depending�on�the�size��of�the�swarm.�On�one�
hand,�when�the�swarm�is�large,�it�will�provide�
a�better�coverage�of�the�search�space,�enhance�
LWV�H[SORUDWLRQ�FDSDELOLW\�DQG�UHGXFH�WKH�ULVN�RI�

getting�trapped�in�a�local�optima.��However,�it�
may�result�in�a�slower�convergence�since�there�
DUH� PRUH� SDUWLFOHV� WR� HYDOXDWH�� 2Q� WKH� RWKHU�

KDQG��D� VPDOOHU� VZDUP�VL]H�SURYLGHV�D� IDVWHU�
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convergence�however� it�may�not�explore� the�
search� space� adequately� and� could� increase�
the� risk� of� premature� convergence� to� local�
RSWLPD��(DFK�SDUWLFOH� LQ�WKH�VZDUP�RI�VL]H�1�
is�designated�by�a�position�[L�DQG�D�YHORFLW\�YL��
(DFK� SDUWLFOH� UHSUHVHQWV� D� SRWHQWLDO� VROXWLRQ��

7KH� EHVW� VROXWLRQ� RI� HDFK� SDUWLFOH� DFKLHYHG�

during� the� entire� optimization� process� is�
QDPHG� SEHVW� �ORFDO� EHVW� SRVLWLRQ�� ZKLOH� WKH�

EHVW�VROXWLRQ�WR�WKH�SUREOHP�RI�DQ\�SDUWLFOH�LV�

QDPHG� JEHVW� (global� best� position).� The� local�
best�position�and�the�global�best�position�are�
determined� through� a� ¿tness� function.� The�
process�is�depicted�in�Figure�3.�

Figure 3. PSO algorithm ®owchart

7KH�SRVLWLRQ�DQG�WKH�YHORFLW\�RI�HDFK�SDUWLFOH�

are�updated�at�each�iteration�by�the�following�
equations:

v(t 1) w v (t) c r (p x (t))

c r (g x (t))

x (t 1) x (t) v(t 1)

i 1 1 i,best i

2 2 best i

i i

$ $ $

$ $

-

-

+ = +

+

+ = + +

:KHUHDV�� U�� DQG� U�� are� random� coe൶cients�
drawn� from�an�uniform�distribution�of� range�

>���@��Z� is� the� inertia�weight�which� controls�
the� e൵ects� of� a� prior� velocity� on� its� current�
velocity.� The� higher� the� inertia� weight,� the�
GHHSHU� WKH� H[SORUDWLRQ�� )LQDOO\�� F�� DQG� F��
are� the� cognitive� coe൶cient� and� the� social�
coe൶cient�respectively.�While�a�high�cognitive�
coe൶cient�can�lead�to�a�more�localized�search,�
a� high� social� coe൶cient�will� lead� to� a� more�
EURDGHQ�H[SORUDWLRQ�RI�WKH�VHDUFK�VSDFH��

5. Implementation of PSO into EKF

4Q� DQG� 5Q� DUH� H[WUHPHO\� LPSRUWDQW� LQ� WKH�

RSHUDWLRQ� RI� WKH� (.)� KRZHYHU�� VLQFH� WKH\�

represent� noises� which� corresponding�
properties� are� unknown,� determining� them�
is�extremely�di൶cult.� In� the�past,� there�were�
techniques� to� determine� these� parameters�
however,�these�techniques�are�often�laborious�
and� highly� time� consuming.� So,� in� order� to�
reduce� the� time� required� to� determine� these�
SDUDPHWHUV� DQG� WR� DYRLG� XQQHFHVVDU\� HUURUV��

optimization� techniques� such� as� the� genetic�
algorithm�has�been�implemented�into�the�EKF.�

In� this� section,� a� PSO� algorithm� will� be�
DSSOLHG�WR�WKH�(.)�LQ�RUGHU�WR�WXQH�4Q�DQG�5Q�
SDUDPHWHUV�ZKLFK�LV�VKRZQ�EHORZ�

Q

q
q
q
q
q
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r
r
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0
0
0

0

0
0
0

0
0

0
0

0
0
0

0

0
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7KH� IRXU� SDUDPHWHUV� RI� WKH� V\VWHP� QRLVH�

FRYDULDQFH�PDWUL[�DQG�WKH�PHDVXUHPHQW�QRLVH�

PDWUL[�ZLOO�EH� FRQVLGHUHG� DV� IUHH� YDULDEOH� WR�
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be� tuned� by� PSO.�The� ¿tness� function� used�
WR�HYDOXDWH�WKH�SDUDPHWHUV�ZLOO�EH�EDVHG�RQ�D�

mean�squared�error�(MSE)�criteria�in�order�to�
estimate�the�speed.�The�mean�squared�error�is�
determined�by�the�following�formula:

MSE n Y Y1
i i

i

n
2

1

= -
=

^ hW/

In� the� following� section,� two� methods� of�
implementing�PSO�into�EKF�will�be�presented.�
Firstly,� the�¿tness� function�will� compare� the�
PHDVXUHG�VSHHG�DQG�WKH�(.)�HVWLPDWHG�VSHHG�

DQG� FDOFXODWH� WKH� 06(� EHWZHHQ� WKHP�� 7KLV�

method�will� be� done� in� theoretically� o൷ine.�
Nevertheless,� it� is�still�a�good�demonstration�
RI� WKH� XVHIXOQHVV� RI� WKH� LPSOHPHQWDWLRQ�

of� PSO� into� EKF.� The� sensor� less� method�
consists�of�comparing�the�stator�current�β�with�
its�EKF�counterpart�and�once�again�comparing�
WKHP�WR�REWDLQ�WKH�06(��7KLV�PHWKRG��RQ�WKH�

RWKHU�KDQG��FRXOG�WKHRUHWLFDOO\�EH�H[HFXWHG�LQ�

real�time�hence�rendering�the�need�for�a�speed�
VHQVRU�REVROHWH��

Figure 4. Block diagram of method 2

6. Simulation results

,Q� WKLV� VHFWLRQ�� WKH� LQGXFWLRQ� PRWRU� PRGHO�

KDV� EHHQ� EXLOW� LQ� 0$7/$%� 6LPXOLQN� DV�

shown� in� Figure� 2.� The�EKF� algorithm�was�
also�written�in�a�MATLAB�¿le,�moreover�the�
¿tness� function�which� incorporates� the� EKF�
algorithm�is�written�as�a�function�¿le.

Figure 5. Estimation of the speed with method 1
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%DQG�OLPLWHG� ZKLWH� QRLVH� EORFNV� ZKLFK�

generate�normally�distributed�random�numbers�
KDYH�EHHQ�DGGHG�WR�WKH�VLPXODWLRQ�LQ�RUGHU�WR�

simulate�noise� and�show� the�e൵ectiveness�of�
the� EKF-PSO� system.� The� induction� motor�
has�been�fed�a�three-phase�sinusoidal�voltage�
LQSXW�ZLWK�D�VDPSOH�WLPH�RI�1 10 4$ - VHFRQGV��

7KH�NH\�SUREOHP�RI�WKH�(.)�KDV�DOZD\V�EHHQ�

determining�the�appropriate�covariance�matrix,�
since�a�too�high�or�too�low�value�of�covariance�
matrix� can� lead� to� di൵erent� problems� which�
ZLOO�FRQVWUDLQW�WKH�SHUIRUPDQFH�RI�WKH�(.)��)RU�

H[DPSOH��LI�WKH�V\VWHP�QRLVH�FRYDULDQFH�PDWUL[�

4� is� too� low,� it� may� causes� lag� error,� while�
a� too� high�4� SHUPLWV� WKH� (.)� WR� IROORZ� WKH�

PHDVXUHPHQWV�EXW�SURGXFHV�QRLV\�HVWLPDWLRQV��

)XUWKHUPRUH�� ZKHQ� WKH� PHDVXUHPHQW� QRLVH�

FRYDULDQFH�PDWUL[�5�LV�WRR�VPDOO��LW�ZLOO�OHDG�WR�

DQ�XQVWHDG\�DQG�HUUDWLF�HVWLPDWLRQ��DQG�ZKHQ�5�
is�too�big,� it�would�lead�to�lag�error,�similarly�
WR�D�WRR�VPDOO�YDOXH�RI�4��$�FODVVLFDO�PHWKRG�WR�

GHWHUPLQH�WKH�YDOXH�RI�4�DQG�5�LV�WR�PDQXDOO\�

input�di൵erent�values�for�the�covariance�matrix�
but� this�method�can�be�highly�consuming�and�
QRW�YHU\�HYLGHQW�IRU�D�QRQ�H[SHUW�XVHU��

Table 1. Manuel inputs of Q and R values

&DVH 9DOXHV�RI�4�DQG�5

� ,q q q r1 10 1 10i i
4 1$ $= = = =} ~
- -

� , ,q q q r1 10 1 10 1 10i i
4 2 1$ $ $= = = =} ~
- - -

� , ,q q q r1 10 1 10 1i i
3 2$ $= = = =} ~
- -

� , ,q q q r1 10 1 10 1 10i i
6 2 2$ $ $= = = =} ~
- - -

� , , ,q q q

r

1 10 1 10 1 10

1 10

i

i

9 11 5

4

$ $ $

$

= = =

=

} ~
- - -

-

� , ,q q q r1 10 1 10 1 10i w i
7 2 1$ $ $= = = =}
- - -

� , , ,q q q

r

1 10 1 10 1 10

10

i

i

3 4 5$ $ $= = =

=

} ~
- - -

� , ,q q q r1 10 1 10 10i w i
3 4$ $= = = =}
- -

� , , ,q q q

r

1 10 1 10 1 10

10

i

i

3 4 2$ $ $= = =

=

} ~
- - -

7KH�06(�RI�HDFK�FDVH�VKRZQ�LQ��LV�SUHVHQWHG�

in� Figure� 6.� The� MSE� is� calculated� by�
comparing� the� value� of� the�measured� speed�
and� the� estimated� speed� through� EKF.� The�
ZRUVW� FDVH� LQ� VFHQDULR� LV� FDVH� �� ZKHUH� WKH�

06(�LV�������ZKLOH�WKH�EHVW�FDVH�LQ�VFHQDULR�

LV�FDVH���ZKHUH�WKH�06(�LV�������&DVH���WLOO���

KDYH� EHHQ� SXW� LQ� RUGHU� RI� WKHLU� UHVSHFWLYH�

MSE�however,�as�seen�in�Figure�7,�the�values�
IRU�4�DQG�5�GR�QRW�H[KLELW�DQ�REYLRXV�SDWWHUQ��
This� renders� the� process� of� tuning� the�
FRYDULDQFH� PDWULFHV� UHODWLYHO\� XQLQWXLWLYH�

WRZDUGV� QHZFRPHUV�� 0RUHRYHU�� WKH� SURFHVV�

can� be� extremely� time-consuming.� The�
QHFHVVLW\�IRU�D�PHWKRG�WR�GHWHUPLQH�WKH�YDOXHV�

RI�4�DQG�5�LV� WKHUHIRUH�SULPRUGLDO� WR�HQVXUH�

an� accurate� estimation.� The� ¿rst� method�
PHQWLRQHG� LQ� VHFWLRQ� �� ZKLOH� FDQ� RQO\� EH�

operated�o൷ine�where�the�speed�of� the�rotor�
can�be�measured,�is�an�good�way�to�show�the�
e൵ectiveness� of� the� PSO-EKF� framework.�
The�PSO�will�provide�us�with�a�more� tuned�
YDOXH�RI�4�DQG�5�LQ�OHVV�WLPH�
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Figure 6. MSE values according to each case

Figure 7. Values of Q and R for each case

Upon�running�the�PSO�algorithm,� �and��have�
EHHQ� WXQHG� LQ� RUGHU� WR� RSWLPL]HG� WR� 06(�

EHWZHHQ� WKH� (.)� HVWLPDWLRQ� DQG� WKH� DFWXDO�

VSHHG��$IWHU� �� LWHUDWLRQV��D�06(�RI� �����KDV�

been�achieved.�Figure�8� shows�the�evolution�
RI� WKH�06(� DIWHU� HDFK� LWHUDWLRQ�� 'XH� WR� WKH�

exponential�variation�of�the�inertia�weight,�the�
H[SORUDWLRQ� RI� WKH� VZDUP� ZDV� H[WHQVLYH�

initially,� moving� forward,� the� inertia� weight�
H[SHULHQFHG�D�UDSLG�GHFUHDVH�ZKLFK�SURPRWHV�

a�faster�convergence.�The�optimized�value�for���
4� DQG� 5� DUH� VKRZQ� WR� EH� .q 4 8 10i

3$= - �

.q 7 1 10 5$=} - � .q 2 7 10 3$=~ - � .r 39 4i =

Figure 8. Values for each PSO iterations

As�seen�in�Figure�5,�the�di൵erence�between�the�
green� line� (EKF�without� PSO)�and� the� cyan�
OLQH��DFWXDO�VSHHG�� VKRZV�D�FOHDU�GLVFUHSDQF\�

while�the�red�line�(EKF+PSO)�tracks�the�cyan�
line�while�being�much�smoother�than�the�latter.�
HUURU�EHWZHHQ� WKH�(.)�PRGHO�DQG�WKH�DFWXDO�

is� clearly� higher� than� the� error� between� the�
EKF+PSO�model�and�the�actual�speed.�Figure�
��UHLWHUDWHV�WKLV�SRLQW�

Figure 9. Graph of the error for each model

7KH�VHQVRU�OHVV�PHWKRG�PHQWLRQHG�LQ�VHFWLRQ�

5,� unlike� the� ¿rst� method� mentioned� above,�
FDQ� WKHRUHWLFDOO\� EH� DSSOLHG� WR� RXU� SUREOHP��

HVWLPDWLRQ� RI� URWRU� VSHHG� ZLWKRXW� D� VHQVRU��
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Instead� of� comparing� the� EKF’s� rotor� speed�
HVWLPDWLRQ�ZLWK�WKH�DFWXDO�URWRU�VSHHG�ZKLFK�ZH�

ZRXOG�QHHG�D�VHQVRU�RQ�WKH�PRWRU�VKDIW�WR�UHWULHYH��

ZH�ZRXOG�FRPSDUH�WKH�DOUHDG\�PHDVXUHG�VWDWRU�

FXUUHQW� DQG� WKH� (.)¶V� HVWLPDWLRQ� RI� WKH� VWDWRU�

current.�As�before,�the�PSO�will�algorithmically�
GHWHUPLQH�WKH�RSWLPL]HG�YDOXH�IRU��DQG��LQ�RUGHU�WR�

UHGXFH�WKH�RSWLPL]HG�YDOXH�RI�WKH�06(�EHWZHHQ�

WKH� PHDVXUHG� VWDWRU� FXUUHQW� DQG� WKH� HVWLPDWHG�

stator� current.�After� the�PSO�has�been� ran,� the�
following� values� of� 4� DQG� 5�� .q 8 4 10i

3$= - ��

q 1 10 4$=} - �� .q 4 0 10 3$=~ - �� .r 38 2i = � KDYH�

EHHQ� DFKLHYHG��7KH�06(�EHWZHHQ� WKH�DFWXDO�

VWDWRU�FXUUHQW�DQG�WKH�HVWLPDWHG�VWDWRU�FXUUHQW�

LV������ZKLOH� WKH�06(�REWDLQHG�EHWZHHQ� WKH�

DFWXDO� URWRU� VSHHG� DQG� WKH� HVWLPDWHG� URWRU�

VSHHG�LV�������,W�LV�QRWHG�WKDW�WKH�ORZHU�WKH�06(�

EHWZHHQ� WKH� VWDWRU� FXUUHQW�DQG� LWV� HVWLPDWLRQ�

GRHV�QRW�QHFHVVDULO\�LQGXFH�D�EHWWHU�HVWLPDWLRQ�

RI� WKH� URWRU� VSHHG��$QRWKHU� LPSRUWDQW� DVSHFW�

LV�WKH�VPRRWKQHVV�RI�WKH�HVWLPDWLRQ�DV�VHHQ�LQ�

Figure�10.

Figure 10. Estimation of the stator current 
(zoomed in)

$�PRUH�³DFFXUDWH´�HVWLPDWLRQ�RI�VWDWRU�FXUUHQW�

with�lower�MSE�but�higher�variation�from�step�
WR�VWHS�GRHV�QRW�OHDG�WR�DQ�DFFXUDWH�HVWLPDWLRQ�

of� the� speed.� In� fact,� it� creates�much� higher�
degree� of� error� in� the� estimated� rotor� speed.�

Figure 11. Estimation of speed with the sensor less method
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By� using� the� PSO� algorithm,� a� lower� MSE�
EHWZHHQ� WKH� VWDWRU� FXUUHQW� DQG� HVWLPDWLRQ�

can�be�achieved:�0.389�which�gives�us�better�
tracking� of� the� stator� current� as� shown� in�
Figure�12.�It�may�follow�the�measured�stator�
FXUUHQW�LQ�FORVHU�IDVKLRQ�EXW�GRHV�QRW�OHDG�WR�

D�PRUH�DFFXUDWH�HVWLPDWHG�VSHHG�DV�VKRZQ�LQ�

Figure�13.

Figure 12. Estimation of stator current 
(0.389 MSE)  

Figure 13. Estimation of speed according to the 
MSE of stator current estimation

Figure� 13� emphasizes� the� fact� that� not� only�
WKH�06(�RI�WKH�HVWLPDWLRQ�RI�WKH�VWDWRU�FXUUHQW�

SOD\V� D� UROH� LQ� WKH� VSHHG� HVWLPDWLRQ�SURFHVV��

$QRWKHU�LPSRUWDQW�IDFWRU�LV�WKH�VPRRWKQHVV�RI�

WKH�HVWLPDWLRQ��

,Q�RUGHU�WR�XVH�WKH�VPRRWKQHVV�RI�WKH�HVWLPDWLRQ�

as� a� factor� in� the� tuning� process,� the� ¿tness�
function� must� therefore� be� changed� to� take�
LQWR�DFFRXQW�WKH�VPRRWKQHVV�RI�WKH�FXUYH��7KH�

¿tness�function�will�then�be�the�following:

( & ) ( )Fitness MSE i i Var iestimated measured estimated$ $a b= +

:KHUHDV��

( )Var i N i1
1

,estimated estimated i i
i

N

1

2

estimatedn= - -
=

/

With,�α�and�β�being�weighted�coe൶cients.�This�
LV� H[WUHPHO\� LPSRUWDQW�� DV�PHQWLRQHG� EHIRUH��

D�WRR�VPDOO�06(�OHDG�WR�D�QRLV\�HVWLPDWLRQ�RI�

the�stator�current�so�a�weighted�coe൶cient�will�
HPSKDVL]H� WKH� LPSRUWDQFH� RI� WKH� VPRRWKQHVV�

of� the� estimation.� After� trial� and� error,� α=1�
&� β=2� have� been� chosen.�Unlike,� the� ¿tness�
ZKHUH� WKH� VPRRWKQHVV� RI� WKH� HVWLPDWLRQ� ZDV�

QRW� WDNHQ� LQWR� DFFRXQW�� WKH� SRVLWLRQ� ERXQG�

of� the� PSO� had� to� be� extremely� narrow,� the�
position� bound� using� a� weighted� coe൶cient�
ZKHUH� WKH� VPRRWKQHVV� RI� WKH� HVWLPDWLRQ� LV�

WDNHQ�LQWR�DFFRXQW�FDQ�EH�ZLGHQ��IRU�H[DPSOH�

WKH�VHDUFK�VSDFH�IRU�q} �LQLWLDOO\�VHW�VWULFWHU�WKDQ�

LQ�PHWKRG��� �IURP� ��WLOO���������FDQ� QRZ�EH�

ZLGHQ��IURP���WLOO������

7R�GHWHUPLQH�WKH�GHVLUHG�FULWHULD��WKH�UHIHUHQFH�

ZLOO� EH� WKH� 06(� RI� ����� DQG� D� YDULDQFH� RI�

LHVWLPDWHG�of�1.93.�So,�the�¿tness�function�should�
EH� VPDOOHU� WKDQ� ������ 7KH� FKRVHQ� FULWHULD� LV�

WKHQ�VHOHFWHG�WR�EH������
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Figure 14. Error values for PSO

Figure 15. Zoomed in estimation of stator current 
(0.47 MSE)

As�shown�in�Figure�14,�after�4�iterations�of�the�
PSO,�a�¿tness�value�of�4.25�has�been�achieved.�
7KH�06(�EHWZHHQ� WKH�HVWLPDWHG�FXUUHQW� DQG�

measured�current�is�0.47�higher�than�the�MSE�
achieved� with� the� prior� ¿tness� function.� To�
FRPSHQVDWH�IRU�WKLV�IDFW��WKH�HVWLPDWLRQ�LV�WKHQ�

smoother�as�seen�in�Figure�15.

Figure 16: Zoomed in estimation of speed with 
sensor less method (Smoothness taken into 

account)

The�following�covariance�matrices�are�obtained:�
.q 4 9 10i

3$= - �� .q 6 2 10 5$=} - �� .q 3 8 10 3$=~ - �

.r 39 0i = �� 7KH� 06(� EHWZHHQ� WKH� PHDVXUHG�

VSHHG�DQG�WKH�HVWLPDWHG�VSHHG�LV��������ZKLFK�

LV� HYHQ� VPDOOHU� WKDQ� ZKHQ� WKH� VPRRWKQHVV�

RI� WKH� VWDWRU� FXUUHQW� HVWLPDWLRQ� ZDVQ¶W� WDNHQ�

into� account.� As� depicted� in� Figure� 16,� the�
HVWLPDWHG� VSHHG� VWLOO� WUDFNV� WKH� DFWXDO� VSHHG�

while�reducing�the�noise�of�the�actual�speed.�

In� summary,� with� both� methods,� the� PSO�
algorithm� have� signi¿cantly� increased� the�
DFFXUDF\� RI� WKH� VSHHG� HVWLPDWLRQ��:KLOH� WKH�

VHQVRU� OHVV� PHWKRG� FRXOGQ¶W� UHDFK� WKH� VDPH�

accuracy� as� the� ¿rst� method,� it� nevertheless�
remains� a� good� option� for� speed� estimation�
ZLWKRXW� D� QHHG� IRU� D� VSHHG� VHQVRU�� 7KH�

estimation� of� the� speed� through� PSO� still�
tracks� the� speed�whilst� reducing� its� noise� as�
seen�in�Figure�5,�Figure�11�and�Figure�16�for�
the� ¿rst� method� and� the� sensor� less�method�
UHVSHFWLYHO\��
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7. Conclusion

7KLV� SDSHU� DGYRFDWHV� IRU� WKH� LPSRUWDQFH�

RI� VSHHG� HVWLPDWLRQ� LQ� LQGXFWLRQ� PRWRUV��

$Q� DFFXUDWH� VSHHG� HVWLPDWLRQ� LV� H[WUHPHO\�

important�when�using� induction�motors.�The�
([WHQGHG�.DOPDQ�)LOWHU�LV�SULPRUGLDO�LQ�RUGHU�

to�estimate�the�speed�of�the�rotor�and�to�¿lter�out�
the�environment’s�noise.�Along�with�the�PSO�
algorithm�which�optimizes�the��and��covariance�
PDWUL[�� ZKLFK� LV� HVVHQWLDO� WR� WKH� RSHUDWLRQ�

RI� WKH� (.)�� DQ� DFFXUDWH� VSHHG� HVWLPDWLRQ� RI�

WKH� URWRU� KDV� EHHQ� DFKLHYHG�� 6LPXODWLRQV� LQ�

MATLAB�Simulink�have�proven�that�the�PSO�

algorithm�can�signi¿cantly�improve�upon�the�
EKF� by� optimizing� � and� .� Furthermore,� two�
methods� of� implementing� the� PSO� into� the�
(.)�KDYH�EHHQ� GHPRQVWUDWHG��2Q�RQH� KDQG��

LQ�WKH�FDVH�ZKHUH�WKH�DFWXDO�VSHHG�LV�PHDVXUHG��

the�PSO+EKF�framework�can�e൶ciently�and�
DFFXUDWHO\� HVWLPDWH� WKH� VSHHG� DQG� UHGXFH� LWV�

QRLVH��:KLOH��RQ�WKH�RWKHU�KDQG��LQ�WKH�FDVH�RI�

the�sensorless�induction�motor,�the�PSO+EKF�
FDQ�VWLOO� HVWLPDWH� WKH� VSHHG� DFFXUDWHO\��DOEHLW�

with� a� lesser� degree� of� accuracy� than� the�
IRUPHU�
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