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Piecewise Polynomial with Variable Order in Trajectory Planning
for Autonomous Mining

Li Haihong' Lin Zhenguo' Du Juan' Chen Zhihui’
(1. School of Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China
2. Crane Branch, Taiyuan Heavy Industry Co. , Lid. , Taiyuan 030024, China)

Abstract; A new path planning method was proposed for an excavator to finish the autonomous mining,
which was aimed to make the trajectory smooth and continuous, and decrease vibration impact strength.
According to the proposed method, the path in working space will be reasonably segmented, so that the
calculation of the amount of calculation will be reduced as far as possible in order to ensure that the path
deviation of the path planning result is not affected by the task completion, and the trajectory planning of
each segment was computed respectively by using interpolation polynomial with variable order. A certain
type of single bucket hydraulic excavator was taken as the research object. First of all, the mining path
was separated into five segments which employed interpolation polynomial with high order of 3 =3 =5 -3 —
3 successively in trajectory planning. The simulation was achieved by Matlab software. The result showed
that the three curves for joint angle, angular velocity and angular acceleration were smooth and
continuous, but some acceleration values in some segments exceeded the acceleration constraint. In order
to improve the dynamics performance of the excavator’ s working mechanism, the segments having odd
values were computed afresh with modified trajectory polynomial of which the highest order was calculated
in terms of the acceleration constraint. New curve which figured by the piecewise polynomial with variable
order showed that the new trajectory planning could be of use for the stable and continuous operation in
autonomous mining.

Key words: excavator; piecewise polynomial interpolation; trajectory planning; modification of the

highest order number; simulation

Wk HJB . 2015 -09 — 14 &[] P . 2015 -11-20
HEEWA: EXRAARF=ESTH (551475317) ML VEH FAERMLAF R A4 H (2010021021 -2)
1EHER N WA (1978—) , Lo, B #z , L, EENFHAE 3 124557, E-mail ; lihaihongty@ sina. com



320 & A Bl B ¥ i

5l

Bl % 3 B v 14 470 1 oR B BF 5T, B N A0 2 3 4
T2 PR k. AR SRR R TR SRR T
3-5-34-3-43-3-3...3-5 %L1 I
MRRE H g s 1 A Bt A, Sk IR LG
B 25 R, vk 2 SR e [ A R A B R
T3 EREEBOR A 3 MK BRI S Ik,
Hh ] AR AT B A B H O 3 k2, X R
TS EBA X R B0 AR i AR AL B . LIN %5 42
HoRFH 3 KRR S R B, (AL & B 2t T R R
RS R 5 R 22 03 3 3 (B A% R IE
TIIIN S E SF- , fFLJ h Z00 R B AR ) SR R A
JE O RIS R T UCRE A% B R (R B A
I S DA AR (R A 2 R AR Y R
WL T 5 Y NURBS 1 28 B i ) 5 £ 0308 10 &
T BT AP 3 B R R A R Pk, {3 )2 NURBS i £&
R S A B, g i A 2 R Ak R R . R
JIN o ISR S B O Bk AT T OB A T B
MACFARLANE $ 1 55 /N ik 2l Fl bk 3h % 22 306 3
Q77 M S ST Adams B 007 2R R AT
BUB LR

LEA MR R A2 IR PR G &R AL
S B SR A B AL A X 4 A HL A R 5 R Kl
FEH K 12 0 4 ) DA 22 ) A e 3] 56 A 43 ) A
KA R B LW 3 -3 -5 -3 -3 #
USSR R NG WARIUE = )| B Y A O N R4
SR 43 B, ok HE 22 30 2 1) e v B v B8, 19 BB O
(a2 3,

1 ZHENIERE

FZ PR A 2 30 5 0K Sl S R SR Al L L5
SEEL , 52 BUOC R AR 10 AN TR e gl R A 5T UG
SFRIZ AR AR . 2R UL AR E M 1 s,
A1 AE R AB.CDEF.GHKN.Q,

2 D-HARERTIERKEREBHESH

2.1 D-HERRATIERE

TEAZ 4 B30 KR b, O SRB 3l 2 i K 48 AL
AN, @A TAERER D - H A FR
2 2 R, Hoh e, BT A6, K
R A, 0, AR AR &0, AR

=N
A,

AR T, E L a;, ANz, Bz, W« PR
BB o, WMz, Bz, B8, BEEEIAIE d, WM v,
Fox, Wz, MR 0, MM x,_ B x, UT 2, IEFENY

il

1 3L AR A
Fig.1 Diagram of excavator working device
LfeF6 20808 3. g aEr 4. SHAFIlED 5. SHAT
6. F3lahEL 7. EM 8 FRAF 9.7 10.47ERKE

2 D HARKR AT 2 4L A2 B 1

Fig.2 Sketch map of D — H coordinate system of excavator

working device

e, H i=0.1.2.3.4 705 KR e Ak bR & L 3)
AT AAR R AT AT AR bR &R V57 SF AT A AR AR
WARAIR A
2.2 BEEHFFER

TEY8AT 55 P U P 1 S AR 1 R L AR AR R Pl
B T L R S A 5 5 ] R AT Y i LA
K 2 0 B 1) 110 7328 A8 o e A Oy A 458 S A AR 45 5T
(5% i1, X — 1 P i 0 3z 2l 2 396 A R S BN A7 8 =
) 3 0G5 25 () A e ™ 0 A S R Ui VA A
H(x,y,2),Q AT R (v, ,y,.2,) s By I3 3R
CF.CQ Al CV 57K V-1 i , WA

0, = atan >
x
0, =a+B+y

2 2 lZ (l)
ay taz —lg
0, =7 —acos ———————
2a,a,

0,=(-6,-0,

HA ZCO:\/(xq—aly+y2+(zq—d,)2
[=0,+0,+0,
%, =% —a,sinf

Y, =¥ (2)

z, =z —a,sing



%41 ZEUMFUL S AZARBL A T2 2 BT A By 22 3 i ML R 321

3 BERELRTESEEZRAY 4 HBEEETESERSTXHITMK

ST RGBT 5 L BT E R
— G B T 25 [ PTP 5E 30, B0 MR H A
B AR R B RS B (AR R Tk
L5 B AR IR, T bR AR R 1k LA B 4 4 1]
2 5 2 B R AR AL T A A [ AR
T AR5y A S BEHEAT LB i 4 R . 12
PRy =0,

PAAZ 38 ML 52 S8R T TR 30 0 1), 42 4 1od 7 40 935
SR K M, Sk L a3 ARl
i 3 AN KA R A5 18 B K SE U IR B . ER T
1l T R B OGSk S8 A, 1 0 A (R AR e R
Jie 5 21 45 %€ 1 2L I b 7 ) 51 AR 1k e U 2
RIGH =R EFBEE T —MEE 2 s T
(oA

FERHLE W — URAZ IR AT 55 19 25 ) B 42 S5 2 38 AL
RS e S N I BT PURY =X ok 7| N B (o
T8 SR ATIE IR IE A2 AR 80 EAF 1R B
B LI 23 8] 92 40 B A o 308 BB A T b 20030 5 119 42 40
PR S ARAR N 1 B o i DA B4R A, OF R A
TF i 2R A A7 L 25— U2 A ol 25 1) e A2 T 3
PR o

R 1 SN R A B KT = A R R R B4 XZ N A 20 R P h £
Tab.1 Conversion of control point from pose space Fig.4 Process of automatic excavation trajectory
into joint space curve within XZ planar
e i1 5 4 AKX X B A3 =353 -3 BRI 78 555 25 ]
A Aetr W) W) ) PN 2 4 A B AT B30 R, R TS 45 5 R 2 R
DO (3.4,0,0) 19. 35 ~71.70  -65.00 R HEAT B 22 IR BB T, 2 T 8 i o,
DI (3.2,0,-1.0)  26.00 -83.62  -79.55 e R ARRmE S .
D2 (2.8,0,-1.5) 36. 00 ~95.35 ~92.18
D3 (1.8,0,-1.5) 47.60 ~122.80  -108.35
D4 (1.4,0,-1.0) 56. 50 ~140.11  -139.32
HYHZIEAES
D5 (1.2,0,0) 60. 56 -147.72 -151.42
D6 (1.2,0,2) 85.83 ~147.72  =90.00 | ﬁi%ﬁ%ﬁ*ﬂéﬁ ‘
D7 (0.6,1.04,0) 38.26 -147.72  -59.80 ‘4@4ﬁ§$ﬂ%}@ﬁ;§ﬁﬁﬁﬂ‘
D8 (1.0,1.04,1.4) 28.56 -67.75 ~45.00 i
A BEWMAGEERN
D9 (3.4,0.5.,0) 18. 58 ~67.75 ~45.00 RHE3 353 3EE [ —1
B L
} RERE IR
FET 12 e R
ARG A
HUTEHI R 5 B

RAEELR?

Bl S BT o B8 IE B i B 2 00 A 50 ) v A
Fig.5 Process chart of trajectory planning with an

variable high order polynomial

4.1 XTZEEZEEIEZHMA(3-3-5-3-3)%)

15 17 %1
B3 4L As 1] 4% 40 500 ih 2% XPFIZ 4 R 5 BBl &5 A 00 ik S F ok

Fig.3 Excavator space trajectory curve [ S 5, B X ME R HE R 3 Ik



322 & Bl M

C 20164

AR, I B R S W TR, (LA T
Sy U e 9 AR T e
BT T, B A TR A e 0,17,
"I i e [, ) A BB

i i-1

RS B SE PRI 6] 5, R 55 0 BEBLIE R R I I 5, O
55 i BUPUIE A i 1 S PR IS R s, DA ES 0 B LI P A
YR ] HZHRPLICTY j (j=1,2,3) By Pl i 2 5 X
JEH R (1) (i=1,2,3,4,5) 4",
BAZMAUE B — A58 5 Bl 2 03k ik X

A =

h,(t) =a13l3 +a12t2 ta,t+a,
3 2
hy (1) =apl” + agt” +ayt + ay
hy (1) =ayt’ +ayt' +aut’ +ant’ +ay,t + ay,

3 2
hy(t) =ast” +a,t +a,t+ay,

hy (1) =agut’ +ag,t’ +agt +ag,
(3)
X3 22 3 2 S R () AR i 7 ok — B S 50
) 4% 5T B
dh. (¢ dh,(t h (1

O R
X B30 22 3 A rp S Rt [R] A4S £ 7 oK B S 80U B 4%
IR S

d*h, (1) _Hi(z)

e T £ (5)
IR YR 2 S =N R AL 95 1B Y Y L o 51

h,(0) =q,
v,(0) =v, (6)
4, (0) =a,
hs (1) =g,
vs (1) =v, (7)
a;(1) =a,

ph e ) 2 L R (L 3
ST

hl(l) =4q,
h,(0) =h, (1)
h,(1) =gq,
hy(0) =h,(1)
(8)
hy (1) =g,
h4(0) :h3(1>
h4(1> =4,
hs(0) =h, (1)

v,(0) =v, (1)
v3(0) =v,(1)
v,(0) =v;(1)
v5(0) =v, (1)
a,(0) =a, (1)
a;(0) =a,(1)
a,(0) =a;(1)
as(0) =a, (1)
g B2 UM E FAR AR AT DR A5 2 100 1 4%

(9)

EY
Qo =4
ay =0t
1, (10)
ap _jaoll
A =4, — (am ta, +a,)
20 = 41
Iy
a5 =(3a; +2a, +a, )T
1
5 (11)
2
» = (3ay, +a12)T
1
Ay; =4, — (azo +a, +ay)
A3 =45

I3
ay = (3a,, +2a,, +a,, )T
2

2
_ 3
ay, = (3ay +(l22)7
Iy
2

iy
a,, =Ta,— -2a,—~ - —15¢; +3a,, +8a,, +15ay,
t, £
r L
A3s = Ay~ 3azul +0g; —ay, —3a, —06a,,
4 4

ayy =q5 = (a5 +ay +ay, +as;)

(12)
Ay =45
', 2
Ay _3(15115 -2a5, 5 t2 —3q, +3a,
5 5
2 (13)
0 1,
Ay :aszT_aslT‘F‘h —Qy
5 5
a, =q, - (a, +a, +ay,)
50 =44
3¢, =200, +a it -3
As) =3q, = £Vls T 7A;ls = s,
2 (14)

as, =3t —a/tz -3¢, +3a;,

53 =q/—(a50 +as, +a52)



%41

ZEUMFUL S AZARBL A T2 2 BT A By 22 3 i ML R 323

1 AL 2 1005 8 R B R BT — R L &
T, T B AR A Y 5 2 A g A P A B ]
[6] b S5 0 R L FEVE 2T b o A B ] ]
BRBEAT 1AL, B A% B e T AR IR], 32 1 AR
R TN T2 98 ULAY B E42 4 TAE b, BRAR AR 3h o
o, SEBF RS U BE R T A 42 40 4 AR S A A
JiFS /L Ecps
4.2 HEMKGE

FEAS LI 5 v, 38 2o X B A A9 42 4 42 i
MR AT I8 Bl 2 s 5, s U (1) L (2) 7 B 7E B
AL AR FZ R LA N A5 SC R A R AL ik 1
JIER o BEAZ SR ALAESZ J i 72 Hp 0 (o] 5 2o 72 O 2 i iz
B, BT LAAE BE A0 58 38 AT 57 S B G T AR
JE I AR o BERE 45 5 RS2 IR ) 46 R Ik
PR I A

e 1Ry shE AT B SR I A S Al Y
RATEG A EARA RS BUPLIE 2 1005 R 0 il 2 X
FIEBE A& EZ(3) ~ (14) 1, il id Matlab -5
15 ECAT LAAS B 45 A N B 53T AR A BE A ik S
TEAZ A 72 (DO ~ D5 ) Hr A AL ML, JEB AT
7S 25 O Y ST A AR A T R A A i £
K6 ~8 Frn.

B6  Z S5k G Al 2

Fig. 6 Angle curves of boom, arm and bucket joint

BT SR AT 7 3 56T A T i £k
Fig.7 Angle velocity curves of boom, arm and bucket joint
DA b 48 S AR A R AT UL, >R 20 B e B 22 30
AEAT U LR, 75 21 10 2% 5695 A1 L A o 5 OF T 0
S FAINGE R S, PRAIE T 4% 5% T B A AR AL AR %

S, A5 B AZ I ILAZ i e P R SRR REZOR

8 R SRAT S 50 A o B i £

Fig.8 Angle acceleration velocity curves of boom, arm

and bucket joint
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