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Abstract This paper investigates the use of antilock brake control system for improving

handling and stability of electric vehicles. An adaptive robust controller of antilock brake

control system is designed according to the longitudinal vehicle brake model. The proposed

adaptive controller and the corresponding robust adaptive law can not only keep the closed-

loop system robustly stable but also provide the expected performance. The effectiveness

of the algorithm is verified by the experimental results. It is shown that the handling and

stability of electric vehicle is improved and the control system still maintains satisfactory

control performance despite the change of road surface condition.
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�"#FE�5Fj+/[�--��f� ABS eR\���t�a Z�Y-2#^jp��m�PsÆ��R�	F�z�{�-g7J'�z�FQP9��Yx�	oos3"j�z9����#2+NDD	Fj�z�1ABS �zXH�{�'�>L�,�jN�E��:q:j#D ABS %�*;x7��%��Æ+�ABS m�[�5k℄a��%�dÆ��"%��?%�2~O�2/�x���o�%�℄a$z�}�wI,n�0\���J ABS -��&"F5jNX:A�!Æ��W	Fj9%�zj5j\R+[1∼4]
, rPDtzFj9%^W�zj5�	J-gY"\s3DfL�%�%�j ABS %��{�k�%��$��t6T(Pjg!:zo��nzBjL�:�r"�&"PejDfp9�h��z�1�9�tzF�%99�x�!ÆirPj%�dÆ�tz ABS IQ~l+�8DIQ�IQ~;Q�D�"�Æjn*:�

2 v~I�~~<El7-+%x
H�MV$�<9�8z<9E>o�{jj#���RtzFP9'�j|z�v8tzFj9%^W�zj5�#� 1 i��� 1 � m 
tzF�B�h 
tzF#1�pej"��l1, l2 
#1e�WEJWj�1�ωf1, ωf2 �.
tzF�>E�pWjxa��ωr3 , ωr4 �.
tzFJ>EJpFWjxa��If1 , If2 �.
tzF�>FWE�pFWj+z4B�Ir3, Ir4 CJ>�JpjFW+z4B�Tf1, Tf2 C�>FWE�pFW+j�z9��Tr3, Tr4 CJ>FWEJpFW+j�z9��FWn*�Æ
 r. u(Sf1), u(Sf2) C�>FWE�pFWj9%�0�T�u(Sr3), u(Sr4) CJFWj9%�0�T�S COZU�u(S) CY%��:7(AT��tzF���%7jtzF�Z x, a� v Ela� a 
��!℄ietzF9%^W�zj5�
� 1 �}8Al�u}H,k;

Fig. 1 Antilock brake electric vehicle- x1 = x, x2 = x = v, x3 = ωf1, x4 = ωf2, x5 = ωr3, x6 = ωf4, n
ẋ1 = x2, ẋ2 =

u(Sf1) + u(Sf2)l2 + (u(Sr3) + u(Sr4))l1
l − (u(Sf1) + u(Sf2))h + (u(Sr3) + u(Sr4))h

g
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3 7GiO�(�(��3DfL�%��#� 2 i��X (1) ?!℄�P��CY%�n2�x:j��:7(TAj5���&FW9%�0�T u(Sfi) C2�x��:6B�kYg0OZU
s j(P	2�x:(P����Tj%��$5k3DfL�%��jmjC�%���d$t2�x:6T�fj!w6T�v>��<��6T/��
%&U�{jzo}��aCk02Cv8�� %�$6Tj/�0g+�9i+��"%��j!w6T!℄�H
%��jY%.o(B�W�i-gj3DfL�%��CY"zo%����s? (1) �jFW+a���L��!℄k�F?2,��

ẋi(t) = aoθ1 + a1θ2 + b0ui (2)��℄q&%FW+a�L
7

ẋi(t)(i = 3, 4, 5, 6), a0 =

MrgL2

If1(L1 + L2)
, a1 =

−mrh

If1(L1 + L2)
, bo =

1

If1
, θ1 = u(sf1),

θz = u(Sf1)ẋ2, ui = −Tf1. θ1, θ2 
2�xB�ao , a1, bo 
�xB�ui 
Q$B�

� 2 6FhN�'���.
Fig. 2 Adaptive robust ABS controller� (2) ?!℄�Y4/J


ėi(t) = −pT
i θi − b0iui + ẋdi (3)��
pT

i = [ao, a1], θi = [θ1, θ2]
T, 0x`
ei = xdi − xi(t), θ̄i = θi − θ̂i. θi, xdi 
���xi
9i��θi 
0g��ei, θ̄ 
�A�nx3#��HR�%�s�A�{ (3), n

ui = −b−1
oi (pT

i θ̂i + kiei(t) − ẋdi) (4)3DfA�S
˙̂
θi = −R−1

i ei(t)pi (5)
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Ki 
�+�a�Ri �x�x�+	���A�{ (4) Cu�L>�xj�n
b
t → ∞, lim ei(t) = 0.�hC��j�%�5I�x�AT V =

1

2
e2

i (t) +
1

2
(θi − θ̂i)

TRi(θi − θ̂i), ?� Ri =

diag(λ1i, λ2i)(λ1i ≻ 0, λ2i ≻ 0, i = 3, 4, 5, 6) 
�a	��
V̇ (t) = ei(t)ėi(t) + (−

˙̂
θ)TRi(θi − θ̂i) = kie

2
i (t) + [−ei(t)p

T
i −

˙̂
θ

T

i Ri](θi − θ̂i)K�
 ˙̂
θi = −R−1

i piei(t)  ki ≺ 0, �n
V̇ (t) < 0 ��n
b t → ∞i, lim ei(t) = 0. ��	X (1) ?�q 3 %�Lie�FWj%�Q$B

u3 = −If1⌊p

T
3 θ̂3 + k3e3(t) − ẋd3⌋ = −Tf1,

˙̂
θ3 = −R−1

3 e3(t)p3 (6)?��pT
3 =

[

mrgL2

If1(L1 + L2)
,

−mrh

If1(L1 + L2)

]

, θ̂3 = [û(Sf1), ûx(Sf1)]
T,��
ux(Sf1) = u(Sf1)ẋ2.xT�s? (1) �jq 4 �5 E 6 �L!ieJ�&%FW%�Q$B��n0`~Z�� 2 ,�D3DfL�%��~-�ms^%FWC�._�%�j�W�� 2 i�j%��~-,n^p��.�8%�^%FW�i = 3, 4, 5, 6.

4 v~I ABS KSn
ABS j)pC%�FA�z7�<FWtpej�09�N=[.o�x7��FA�'F7�n?Bj�%�x:E99:�k,�
FA��z7'F�1!�z��FAp/��vx7`8=�2P�z{�;O0�w~l�(��Re9iOZU S j=B6�,n�!�{%�m+C���%FW��z>L�j+a>!�NY��� 3 
XW8z?IQlq��IQl��loj�%FWn&3j�z�{�+�loj�%8z�.o���loj�%FW+�+�lov>tpeV�j+'t��lo!=�+�lo!�ySs?+�IQl+j8zjspe|z��%8zv>ra�=�xY%4:�W+�b&8z�Nx4a�7�+�lo2YP�z{[�1x'?+j�(�b&8z`n�Nx4a�7��YP�+�loz{W~�(���IQ~l!℄jstz	F9%�z:p�IQl,n�p�z%��{���%FW�.�8�z���%FW+�.Æ-n'%.H9U!����%8z+�.Æ-nw�U!��=B8WÆ%Z~�%EV��%jH9U!��v>�.w}�%8zt�%FWÆpj�H9�!℄iejs2xPe�*�FWj2x�0�T�W��+�lo-n��j�{S?�ZU!��=B+�loj;%�Z�ABSj�8^-5kt^?�z����z�C&!b4t^�t^v>ra��FW5l�z

/ �zw���<kY%z9-��!℄9��zE�z)p� � 3 YY ABS JRm
Fig. 3 Experimental vehicle
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5 KS�=IQC�tz ABS 9%�z:pIQl+�8�IQl+,n�p ABS �z%��{��.��%FW95�z�a%�z%��{�C\s3DfL�%�%�dÆ-g
(s� 2). gd^%��{D1C"a TMS320F240 DSP*k0|�k�JgdFW�z>L�3DfL�%�dÆjT3�ie%�3C u(t), ~+P
 i•q 3C�%�t^�z�D7�z�t^�z�C 4.7KWj&!b4tz^�k�J�%�k��z7mk℄zFW?++a+3e�x+a��z7B1�z9��FW95�z�IQ7�v>�.w}�%8zt�%FWÆpj�H9�js2xPe�*�FWj2x�0�T u(s), �>FWjs Zv��*�j�0�T u(s), pFWjsFp�*�j�0�T u(s).  Zv��*�j�0�T u(s) U$pFWjsFp�*�j�0�T u(s) [i��9Qlj\!6Ts, 1. %��6T ki �����Y�2>[�>[f��lDL�:�a<�{�l�O:�<�{zo�+(T�EwB�[�9i
x7~HCk'L�Æ-OG�$7ÆEIYÆ�ie%��6T k1, k2 jT�
 −1.38,−3.16. R1 = 0.3I, R2 = 0.4I,

I C 2 |_��	�3DfL�%��j%�Q$jgds? (4)∼(6). �z7gd^�%�&!b4t^℄z�%FW+a+3e�xFa 60km/h, 	J�>�8 ABS %��{IQ�&f o�Faw�H�� 4(a) C>FW�z7a�Ela�(P9=���(b) CpFW�z7a�Ela�(P9=���!℄�P��%FW��z>L�ja�\!�NY��+�lo��z7j;%�Z L 9=��(PI)�s (c) �����k PIDdÆIQ7�bw
B PID6TJ�;%�Z L(Pz)�V^;:p�+jU��a�(8zt�%FWÆpj�H9
w/j 50%, js�2xPe�FWj2x�0�T u(s) J�	%�� PID6Tr2(7�;%�Z(P9=���zz[�2^;:p�+jU��s (c)�����!s�\s3DfL�%�j ABS%��{��%��$�t6T(Pjg!:zo��nzBjL�:�k!℄�(�{j#fq:�r"�&"PejDfp9�
- 1 ABS ;Rm℄#8V

Table 1 Experimental vehicle for ABS7U ` U�$:mb� g M/s2 9.8�C m kg 1065�2#� h m 0.55�2f�X�2 lf m 0.95�2fKX�2 lr m 1.55GX�� r m 0.3�Xm+,{5C If Kg.m2 1.05KXm+,{5C Ir Kg.m2 1.05

(a) ?GX
(a) The left wheel

(b) qGX
(b) The right wheel
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(c) <&[)Q:>��
(c) Experimental resuets of lateral traverse� 4 HY�Gn�*S;?� 

Fig. 4 Experimental results of the left and right wheels

6 �\!ÆrPtzF9%^W�zj5�0-gY"\s3DfL�%�%�j ABS %��{�k!℄�(�{j#fq:�r"�z�{�&"PejDfp9�h��z�1�9�tzF�%�x�irPj%�dÆ�tz ABS IQ~l+�8DIQ�IQ~;�h�"�ÆCn*j��s^W_��zjtzF�!℄��tzFj9%�z��\j99�x:���Æ!℄�{}$e9ifk��
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