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Dynamic modeling and design of
second-order sliding-mode controller for arm of roadheader robot

LING Rui, CHAI Yi

(College of Automation, Chongqing University, Chongqing 400030, China)

Abstract: According to the cutting techniques and the structure characteristics of a roadheader robot, we present a

dynamic model for its arm and develop for the arm a MIMO control system which is an extension of a second-order

sliding-mode control system(2-SMC) based on the finite-state machine. This control system drives the sliding-variable

and its derivative to approach zero in a finite time interval without using a rate observer, thus reducing the chattering

phenomenon and improving the control accuracy. The proposed MIMO 2-SMC has been applied to the arm control of a

roadheader robot. Simulation and experiment show the validity of the proposed algorithm.
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2 (Dynamic model of the arm of

roadheader robot)
1 .

. ,

, .

1

Fig. 1 Roadheader robot

2.1 (Dynamic model of the

arm swing)
2 , ,

. ,

F .

l̃h . ,

F (l̃h)
, Kf . ,

:

τh =

M(θh, lh)θ̈h+V θ̇h+C(θ̇h, lh, l̇h)θ̇h+F (l̃h), (1)

F (l̃h) = Kf l̃h, Kf > 0,

l̃h =

⎧⎪⎪⎨
⎪⎪⎩

lh − Hh

cos θv cos θh

, lh >
Hh

cos θv cos θh

,

0, lh � Hh

cos θv cos θh

.

τh = Krhurh, Krh > 0,

: τh .

, Krh

, urh . M(θh, lh) , θh

, θv

, V , C(θ̇h, lh, l̇h)
, lh , Hh

, Kf .

2

Fig. 2 Horizontal motion schematic diagram of the arm in

vertical view

2.2 (Dynamic model of the

arm portrait)
3 ,

. ,

F . l̃v
. , ,

F (l̃v) .

, ,

. ,
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:

τv = M(θv, lv)θ̈v + V θ̇v + C(θ̇v, lv, l̇v)θ̇v +

F (l̃v) + G(lv, θv), (2)

F (l̃v) = Kf l̃v, Kf > 0,

l̃v =

⎧⎪⎪⎨
⎪⎪⎩

lv − Hv

cos θv

, lv >
Hv

cos θv

,

0, lv � Hv

cos θv

.

τv = Krvurv, Krv > 0,

: τv .

, Krv

, urv . M(θv, lv)
, θv ,

V , C(θ̇v, lv, l̇v) ,

G(lv, θv) , lv , Hv

, Kf .

3

Fig. 3 Vertical motion schematic diagram of

the arm in side view

2.3 (Dynamic model of arm

flex)
4 , ,

Fs . Fs

,

, :

m′ l̈v = Fp − Fs, (3)

Fp = Klul, Kl > 0.

: Fp .

, Kl ,

ul . m′ .

,

. , ,

, .

,

.

, ,

.

.

4

Fig. 4 Radial motion schematic diagram of the arm in

vertical view

3 MIMO
(Design of MIMO second order sliding

mode controller for arm of roadheader robot)
3.1 (Second order sliding mode con-

trol)
:

ẋ(t) = f [x(t), t] + g[x(t), t]u(t),

x(t) ∈ R
n, u(t) ∈ R. (4)

: x(t) , f [x(t), t] g[x(t), t] n

. s(t) . ṡ(t),

s(t) ,

ṡ(t) = s(t) = 0 Filippov
[20], ṡ(t) = s(t) = 0

.

s̈(t) , ,
[20, 21].

:

s̈(t) = φ(x, t) + γ(x, t)u, (5)

: s(t) , φ (x, t) γ(x, t)
. (5),

, ṡ(t). ,

ṡ(t) ,

, .

, [22]

, s(t) ,

(5) . ṡ(t) = 0
. ,
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[23, 24].

,
[25]. , [25]

,

.

1[25] (4)

(5), |φ (x, t) | � Φ, 0 < Γm � |γ(x, t)| �
ΓM , ŝ(t) = s(t) + n(t),

|n(t)| � δ δ , N � 4 5

. :

U = ηΦ, (6)

η � 1
2

1
βΓm − (1 − β)ΓM

,

β ∈ (0.75, 1) ∩ (
ΓM

Γm + ΓM

, 1).

,

|s(t)| � k0δ, |ṡ(t)| � k1

√
δ, (7)

k0 k1 .

5

Fig. 5 Finite state machines based control strategy

1 .

.

,

. ,

, 1 .

3.2 MIMO (MIMO second order

sliding mode control)

ẋ(t) = A[x(t)] + B[x(t)]u(t), u(t) ∈ R
m, (8)

s[x(t)] = Cx(t), C ∈ R
m×n, (9)

,

s̈[x(t)] = F [x(t), u(t)] + CB[x(t)]u̇(t), (10)

F [x(t), u(t)] =
d
dt

CA(x) +
d
dt

CB(x)u.

s = y1 ∈ R
m, (10)⎧⎪⎨

⎪⎩
ẏ1(t) = y2(t),
ẏ2(t) = F [x(t), u(t)] + CB[x(t)]u̇(t),
u̇(t) = v(t).

(11)

F [x(t), u(t)] CB[x(t)]
,

|Fi[x(t), u(t)]|<F̄i, CBijm
�|cbij[x(t)]|�CBijM

,

i, j = 1, · · · , m. (12)

(11)

(12) .

(12) , u (t),

y1(t) y2(t) .

(11), ,

u (t). ,

, ,

. (11) (12)

, .

, t.

2 (11),

(12), CB(x) , ,

, ,

1 , y1 y2 .

(11)⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ẏ1i = y2i,

ẏ2i =Fi(x, u)+
m∑

j=1,j �=i

cbij(x)u̇j +cbii(x)u̇i,

u̇i = vi,

i=1,· · ·, m.

(13)

vi (6) ,

ÿ1i = Hi(x, u) + Gi(x)u̇i, i = 1, · · · , m, (14)

Hi(x, u) = Fi(x, u) +
m∑

j=1,j �=i

cbij(x)u̇j,

i = 1, · · · , m, (15)

Gi(x) = cbii(x), i = 1, · · · , m. (16)

(15) (16)
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Hmi � Hi(x, u) � HMi, i = 1, · · · , m, (17)

Gmi < Gi(x) < GMi, i = 1, · · · , m. (18)

:

Hmi = −F̄i +
m∑

j=1,j �=i

CBijm
|u̇j| , i = 1, · · · , m,

HMi = F̄i +
m∑

j=1,j �=i

CBijM
|u̇j| , i = 1, · · · , m,

Gmi = CBiim
−

m∑
j=1,j �=i

CBijM
, i = 1, · · · , m,

GMi = CBiiM
+

m∑
j=1,j �=i

CBijM
, i = 1, · · · , m,

(11) (5) m

. CB(x) ,

cbii(x) |u̇i|�
m∑

j=1,j �=i

cbijM
(x) |u̇j| ,

i = 1, · · · , m, (19)

(14) (11) ,

1 ,

U = |v|∞ , (20)

v = [η1H1 · · · ηiHi]T, i = 1, · · · , m, (21)

ηi � 1
2

1
βiGmi − (1 − βi)GMi

,

i, j = 1, · · · , m, (22)

β ∈ (0.75, 1) ∩ (
GMi

Gmi + GMi

, 1),

i, j = 1, · · · , m, (23)

y1 y2 .

2 ,

, ,

. , ,

, . ,

.

3 (11),

(12), CB(x) ,

, , 1

, y1 y2 .

(11), CB(x) ,

⎧⎪⎨
⎪⎩

ẏ1i = y2i,

ẏ2i = Fi (x, u) + CBii (x) u̇i,

u̇i = vi.

1 � i � m. (24)

(12), (11) ,

ÿ1i = Fi(x, u) + Gi(x)u̇i, i = 1, · · · , m, (25)

|Fi[x(t), u(t)]| < F̄i,

0 < Gmi
< Gi(x) < GMi

, i = 1, · · · , m, (26)

Gi(x) = CBii(x).

(25), 1 ,

Ui = ηiF̄i, (27)

ηi � 1
2

1
βiGmi − (1 − βi)GMi

,

i, j = 1, · · · , m, (28)

β ∈ (0.75, 1) ∩ (
GMi

Gmi + GMi

, 1),

i, j = 1, · · · , m, (29)

y1 y2 .

3 2 ,

. ,

, F [x(t), u(t)] CB[x(t)]
. ,

.

2 3, y1

,

ŷ1 = y1 + n, (30)

: n = [n1 n2 · · · nm]T , |ni| <

δi, i = 1, · · · , m,

|y1i| � k0iδi, |y2i| � k1i

√
δi, i = 1, · · · , m, (31)

k0i k1i .

3.3 (Design of the controller

for arm of roadheader robot)

,

, ,

. (1)∼(3) :

:⎧⎪⎨
⎪⎩

ẋ1 = x2,

ẋ2 = −M(x1, x5)−1[V x2 + C(x2, x5, x6)+
Kf(x5 − F (l̃h)) − Krhu1].

(32)

:
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⎪⎩

ẋ3 = x4,

ẋ4 = −M(x1, x3)−1[V x2 + C(x2, x3, x4)+
mg sin x3 + Kf(x3 − F (l̃v)) − Krvu2].

(33)

:⎧⎨
⎩

ẋ5 = x6,

ẋ6 = −Fs

m′ +
Kl

m′u3.
(34)

:

[x1 x2 x3 x4 x5 x6]T = [θh θ̇h θv θ̇v l l̇]T,

[u1 u2 u3]T = [urh urv ul]T.

, ,

.

Step 1 ,

⎧⎪⎨
⎪⎩

sh(x, t) = eh,

sv(x, t) = ev,

sl(x, t) = el.

(35)

:

eh = x1 − x1d,

ev = x3 − x3d,

el = x5 − x5d,

x1d, x3d x5d x1, x3 x5 .

Step 2 (35) ,⎧⎪⎨
⎪⎩

ṡh(x, t) = ẋ1 − ẋ1d = x2 − ẋ1d,

ṡv(x, t) = ẋ3 − ẋ3d = x4 − ẋ3d,

ṡl(x, t) = ẋ5 − ẋ5d = x6 − ẋ5d.

(36)

Step 3 (36) ,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

s̈I(x, t) = ẋ2 =

− M(x1, x5)−1[V x2 + C(x2, x5, x6)+

Kf(x5 − F (l̃h)) − Krhu1],

ṡII(x, t) = ẋ4 =

− M(x1, x3)−1[V x2 + C(x2, x3, x4)+

mg sin x3 + Kf(x3 − F (l̃v)) − Krvu2],

sIII(x, t) = ẋ6 = −Fs

m′ +
Kl

m′u3.

(37)

1∼3

. ,

. ,

, ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

|−M(x1, x5)−1[V x2 + C(x2, x5, x6)+
Kf(x5 − F (l̃h))]| � Φh,

Γhm � Krh

M(x1, x5)
� ΓhM ,

|−M(x1, x3)−1[V x2 + C(x2, x3, x4)+
mg sin x3 + Kf(x3 − F (l̃v))]| � Φv,

Γvm � | Krv

M(x1, x3)
| � ΓvM ,

|−Fs

m′ | � Φl,

Γlm � |Kl

m′ | � ΓlM .

(38)

Step 4 3 (38),

, :⎧⎪⎨
⎪⎩

Uh = ηhΦh,

Uv = ηvΦv,

Ul = ηlΦl.

(39)

:

ηh � 1
2

1
βhΓhm − (1 − βh)ΓhM

,

βh ∈ (0.75, 1) ∩ (
ΓhM

Γhm + ΓhM

, 1),

ηv � 1
2

1
βvΓvm − (1 − βv)ΓvM

,

βv ∈ (0.75, 1) ∩ (
ΓvM

Γvm + ΓvM

, 1),

ηl � 1
2

1
βlΓlm − (1 − βl)ΓlM

,

βl ∈ (0.75, 1) ∩ (
ΓlM

Γlm + ΓlM

, 1).

4 (Simulation)
(39) 6∼ 8

, :

H = 4 m, m = 8500 kg, m′ = 4000 kg,

Fs = 10 kN · m, Kf = 2000, V = 1000,

Krh = 1000, Krv = 1000, Kl = 1000,

l = 4.558 m, θ = 1 rad,

Kf = 1000. ,

, |θ̇| � 10 rad/s.

(2, 4.3, 1.86) (1, 4.3, 0.98) .

−0.008 rad/s,

−0.01 rad/s.

, 20 s ,

Kf 2500,
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−0.002 rad/s. 1 .

6

Fig. 6 Control strategy for horizontal motion

7

Fig. 7 Control strategy for vertical motion

8

Fig. 8 Control strategy for radial motion

1

Table 1 Controller parameters

βh Nh Uh βv Nv Uv βl Nl Ul

0.6 10000 2000 0.8 10000 200 0.8 10000 200

9∼ 11

.

,

. 20 s , ,

Kf 1000 2500,

. ,

. 12

. ,

. ,

, . ,

.

, .

9

Fig. 9 Angle track for horizontal motion of the arm

10

Fig. 10 Angle track for vertical motion of the arm

11

Fig. 11 Length track for radial motion of the arm
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12

Fig. 12 Motion trace of the arm in 3D space

,

, , ,

, .

5 (Experiment result)

,

. ,

13 . 0.04 rad/s

, 0.04 rad/s ,

(0.08,4.00,0.08), (0.434,4.30,0.431)

. 4.2 m,

0.1 m, 2 .

13

Fig. 13 Experimental setup

2

Table 2 Second order sliding mode controller

parameters in experimental system

βh Nh Uh/V βv Nv Uv/V βl Nl Ul/V

0.625 2000 +12 0.832 3500 +12 0.767 3500 +5

, PID

, PID 3 ,

14∼ 18 . ,

, ,

.

, ,

, ,

.

. 14∼ 16 , PID ,

, .

17 Xn − Yn , ,

PID

, .

,

X 0.75 m 0.05 m (

), 0.02 rad/s,

0.02 rad/s. 14 15 ,

, PID

,

. 17 ,

, ,

, .

,

. 18

.

, ,

,

.

3 PID

Table 3 PID controller parameters in

experimental system

Ph Ih Dh Pv Iv Dv Pl Il Dl

216 1 10 252 1 12 800 3 50

14

Fig. 14 Angle track for horizontal motion of the arm

15

Fig. 15 Angle track for vertical motion of the arm



8 : 1045

16

Fig. 16 Length track for radial motion of the arm

17 Xn − Yn

Fig. 17 Cutting drawings in Xn − Yn plane

18 18

Fig. 18 Motion drawings of the arm in 3D space

6 (Summary)
,

,

.

,

,

. ,

, ,

.

(References):

[1] , . [C] // 25

( ). :

, 2006: 1651 – 1654.

[2] DEVY M, ORTEU J J, FUENTES-CANTILLANA J L, et al. Min-

ing robotics: application of computer vision to the automation of a

roadheader[J]. Robotics and Autonomous Systems, 1993, 11(2): 65 –

74.

[3] ORTEU J J, CATALINA J C, DEVY M. Perception for a roadheader

in automatic selective cutting operation[C] //Proceedings of IEEE In-
ternational Conference on Robotics and Automation. Nice, Fr: IEEE,

1992, 1: 626 – 632.

[4] , , , .

[J]. , 2007, 35(8): 86 – 88.

(TIAN Jie, WANG Shenglu, ZHANG Litao, et al. Kinematics analy-

sis on auto profiling control of mine roadway cross section for mine

boom type roadheader[J]. Coal Science and Technology, 2007, 35(8):

86 – 88.)

[5] , . Backstepping

[J]. , 2007, 24(4): 525 – 529.

(YANG Qing, LI Shurong. Model predictive control for nonlinear

systems with uncertainty by using backstepping design[J]. Control
Theory & Applications, 2007, 24(4): 525 – 529.)

[6] , , .

[J]. , 2008, 25(6): 1053 – 1058.

(WU Yuxiang, ZHOU Dongxia, HU Yueming. Robust adaptive con-

trol of a class of uncertain nonlinear systems[J]. Control Theory &
Applications, 2008, 25(6): 1053 – 1058.)

[7] , , .

[J]. , 2008, 25(5): 891 – 897.

(LI Ying, ZHU Mingchao, LI Yuanchun. Velocity-observer-based

compensator for motion control of a reconfigurable manipulator[J].

Control Theory & Applications, 2008, 25(5): 891 – 897.)

[8] , .

[J]. , 2004, 21(3): 391 – 397.

(SUN Yibiao, GUO Qingding. Feedback linearization speed-tracking

control of linear servo system based on sliding mode observer[J].

Control Theory & Applications, 2004, 21(3): 391 – 397.)

[9] , , , .

[J]. , 2007, 24(3): 440 – 448.

(YE Jian, QIAO Junfei, LI Ming’ai, et al. A behavior-based intelli-

gent controller for a 2-dof manipulator[J]. Control Theory & Appli-
cations, 2007, 24(3): 440 – 448.)

[10] , . [J].

, 2009, 26(3): 387 – 341.

(HU Hui, LIU Guorong. On-line adaptive robust neural network

tracking control for robot manipulators[J]. Control Theory & Appli-
cations, 2009, 26(3): 387 – 341.)

[11] , , . [J].

, 2007, 24(4): 643 – 650.

(LIN Lei, WANG Hongrui, REN Huabin. Fuzzy-based variable struc-

ture control for robotic manipulators[J]. Control Theory & Applica-
tions, 2007, 24(4): 643 – 650.)

[12] , , , .

[J]. , 2002, 28(2): 284 – 289.

(HU Yueming, CHAO Hongmin, LEE Chikuen, et al. High-order

sliding mode control of nonlinear affine control systems[J]. Acta Au-
tomatica Sinica, 2002, 28(2): 284 – 289.)

[13] LEVANT A. Sliding order and sliding accuracy in sliding mode con-

trol[J]. International Journal of Control, 1993, 58(6): 1247 – 1263.

[14] DAMIANO A, GIANLUCA L GATTO, MARONGIU I, et al.

Second-order sliding-mode control of DC drives[J]. IEEE Transac-
tions on Industrial Electronics, 2004, 51(2): 364 – 373.

[15] , , .

[J]. , 2007, 22(10): 35 – 41.

(SUN Yibiao, YANG Xue, XIA Jiakuan. Robust speed control of



1046 27

permanent-magnet linear synchronous motor based on the second or-

der sliding mode[J]. Transactions of China Electrotechnical Society,

2007, 22(10): 35 – 41.)

[16] CANALE M, FAGIANO L, FERRARA A, et al. Vehicle yaw con-

trol via second-order sliding-mode technique[J]. IEEE Transactions
on Industrial Electronics, 2008, 55(11): 3908 – 3916.

[17] PISANO A, DAVILA A, FRIDMAN L, et al. Cascade control of pm

dc drives via second-order sliding-mode technique[J]. IEEE Transac-
tions on Industrial Electronics, 2008, 55(11): 3846 – 3854.

[18] TOURNES C, SHTESSEL Y. Automatic docking using second order

sliding mode control[C] //Proceedings of the 2007 American Control
Conference. USA: New York City, 2007: 3855 – 3860.

[19] LEVANT A. Principles of 2-sliding mode design[J]. Automatica,

2007, 43(3): 576 – 586.

[20] . [M]. : , 2003: 74

– 84.

[21] LEVANT A. Higher-order sliding modes differentiation and output

feedback control[J]. International Journal of Control, 2003, 76(9/10):

924 – 941.

[22] BARTOLINI G, FERRARA A, AND E USAI. Chattering avoidance

by second order sliding mode control[J]. IEEE Transactions on Auto-
matic Control, 1998, 43(2): 241 – 246.

[23] BARTOLINI G, FERRARA A, PISANO A, et al. On the convergence

properties of a 2-sliding control algorithm for nonlinear uncertain sys-

tems[J]. International Journal of Control, 2001, 74(7): 718 – 731.

[24] BARTOLINI G, PISANO A, PUNTA E, et al. A survey of applica-

tions of second-order sliding mode control to mechanical systems[J].

International Journal of Control, 2003, 76(9/10): 875 – 892.

[25] BARTOLINI G, PISANO A, USAI E. An improved second-order

sliding-mode scheme robust against the measurement noise[J]. IEEE
Transactions on Automatic Control, 2004, 49(10): 1731 – 1736.

:

(1979—), , ,

, E-mail: lingrui@cqu.edu.cn;

(1962—), , , ,

, E-mail: chaiyi@cqu.edu.cn.


