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Support vector regression modeling and backstepping control of
friction in servo system
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Abstract: A new approach to modeling and control for friction in servo system is studied. By using the support

vector regression, we build the model of adaptive Coulomb friction and the model of the fixed Coulomb friction from

the experimental data. This solves the inaccurate modeling problem caused by the discontinuity of friction torque at

zero velocity. The developed friction models are employed in the design of the backstepping control law for adaptively

compensating the friction in servo system. The stability of the closed-loop system is proved by using the Lyapunov theory.

The simulation results show the effectiveness of the proposed approach.
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2 (System model)
i

, :

J
d2θm

dt2
+ D

dθm

dt
+ T = Ktu. (1)

: J , D

, θm ωm
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, Kt , u , T

. [9], T

T = TN + Td. (2)

: Td = β|ωl| + ζ1 , TN

ωl
[2,9], ,

. ,

T = TN + β|ωl| + ΔT. (3)

: ΔT ,

ζ1 .

(1) (3), :⎧⎪⎨
⎪⎩

dθm

dt
= ωm,

dωm

dt
=a0u−a1ωm−a2TN−a2β|ωm

i
|−a2ΔT.

(4)

: a0 =
Kt

J
, a1 =

D

J
, a2 =

1
J

.

3 (Friction modeling

using support vector regression)
TN,

.

,

[0, ωmax] [ωmin, 0].
, ,

0 � ωi � ωmax ωmin � ω̄j � 0
:

{(ω1, T1), · · · , (ωi, Ti), · · · , (ωP , TP )},
{(ω̄1, T̄1), · · · , (ω̄j, T̄j), · · · , (ω̄N , T̄N)}. (5)

[9,10],

,

[1],

(ωc1, c1) (−ωc2, c2). (5)

:

T ′
i = Ti − c1, 0 � ωi � ωmax,

T̄ ′
j = T̄j − c2, ωmin � ω̄j � 0.

(6)

G = {(ωml, Tml)|(ωi, T
′
i ) ∪ (ω̄j, T̄

′
j)}N+P

l=1 .

G, .

1 (FCM).

G,

,

TN =
1
2
c1(1 + sgn(ωm)) +

1
2
c2(1 − sgn(ωm)) +

fsvrm(ωm). (7)

: fsvrm(ωm) G

, c1 c2

, [1] .

2 (ACM).

1 , 2 ĉ1 ĉ2 ,

1 c1 c2

. 2

TN =
1
2
ĉ1(1 + sgn(ωm)) +

1
2
ĉ2(1 − sgn(ωm)) +

fsvrm(ωm). (8)

1 2,

G fsvrm(ωm).
[13,14] :

fsvrm(ωm) =
nsv∑
i=1

(αi − α∗
i )K(ωm, ωmi) + b. (9)

: K(ωm, ωmi) = φ(ωm) · φ(ωmi) ,

φ(ωm)
, , fsvrm(ωm) =

ω · φ(ωm) + b. nsv .
[13,14], αi − α∗

i , b nsv :⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

min R(ω, ξ, ζ∗) =
1
2
‖ω‖2 + C

N+P∑
i=1

(ξi + ξ∗
i ),

Tml − (ω · φ(ωml) + b) � ξl + ε,

ω · φ(ωml) + b − Tml � ξ∗
l + ε,

ξl, ξ
∗
l � 0, l = 1, 2, · · · , (N + P ).

(10)

: ξ ξ∗ , ε ,

C , C > 0. (9).

4 (Design of controller)
[15∼18] ,

, [12]

.

1 ωm , e1:

e1 = θref − θm, (11)

θref ,

de1

dt
= θ̇ref − θ̇m = θ̇ref − ωm. (12)

[12], :

ωref = k1e1 + kχ + θ̇ref . (13)

: χ =
� t

0
e1(τ)dτ .

k k1 , .

2 ωref ,

ωm ωref :

e2 = ωref − ωm = k1e1 + kχ + θ̇ref − ωm. (14)
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(12) (14), e1

de1

dt
= e2 − k1e1 − kχ. (15)

(14) (4), e2

de2

dt
= k1(e2 − k1e1 − kχ) + ke1 + θ̈ref +

a1ωm + a2TN + a2ΔT +

a2β|ωm

i
| − a0u. (16)

Lyapunov V2 =
1
2
e2
1 +

1
2
e2
2 +

1
2
kχ2,

u=
1
a0

(ϕ+a1ωm+a2TN +a2ΔT +a2β|ωm

i
|). (17)

: ϕ = (1+k−k2
1)e1 +(k1 +k2)e2−kk1χ+ θ̈ref .

(17) β ΔT , β̂ ΔT̂ .

, :

1) 1 , TN ,

,

u =
1
a0

(ϕ + a1ωm + a2TN + a2ΔT̂ + a2β̂|ωm

i
|).
(18)

(18) (16), ė2

de2

dt
= −e1 − k2e2 + a2ΔT̃ + a2β̃|ωm

i
|. (19)

2) 2 , (8), ,

c1 c2 ĉ1 ĉ2.

u =
1
a0

[
ĉ1

2
(1 + sgn(

ωm

i
)) +

ĉ2

2
(1 − sgn(

ωm

i
))] +

1
a0

[ϕ + a1ωm + a2ΔT̂ + a2β̂|ωm

i
|] +

a2

a0

(fsvrm(ωm). (20)

(20) (16), ė2

de2

dt
=−k2e2 +

1
2
c̃1a2(1 + sgn(

ωm

i
)) +

1
2
c̃2a2(1 − sgn(

ωm

i
)) − e1 +

a2β̃|ωm

i
| + a2ΔT̃ . (21)

3 .

1 1(FCM),

(18),

dΔT̂

dt
= r0e2a2,

dβ̂

dt
= r1e2a2|ωm

i
|. (22)

: r0 > 0, r1 > 0, k > 0, k1 > 0, k2 >

0, .

1 , Lyapunov :

V =
1
2
e2
1+

1
2
e2
2+

1
2
kχ2+

1
2r0

ΔT̃ 2+
1

2r1

β̃2. (23)

(15) (19), V̇ :

V̇ = e2(−e1 − k2e2 + a2ΔT̃ + a2β̃|ωm

i
|) +

e1(e2 − k1e1 − kχ) + ke1χ +

ΔT̃

r0

dΔT̃

dt
+

β̃

r1

dβ̃

dt
. (24)

: ΔT̃ = ΔT − ΔT̂ , β̃ = β − β̂. (22)

(24) V̇ = −k1e
2
1 − k2e

2
2. k1 > 0, k2 >

0, V̇ � 0, .

2 2(ACM),

(20),⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

dΔT̂

dt
= r0e2a2,

dβ̂

dt
= r1e2a2|ωm

i
|,

dĉ1

dt
= 0.5r2e2a2(1 + sgn(

ωm

i
)),

dĉ2

dt
= 0.5r3e2a2(1 − sgn(

ωm

i
)).

(25)

: r0 > 0, r1 > 0, r2 > 0, r3 > 0, k >

0, k1 > 0, k2 > 0. .

2 , Lyapunov :

V =
1
2
e2
1 +

1
2
e2
2 +

1
2
kχ2 +

1
2r0

ΔT̃ 2 +

1
2r1

β̃2 +
1

2r2

c̃2
1 +

1
2r3

c̃2
2. (26)

(15) (21), V̇

V̇ =−ΔT̃ (
1
r0

dΔT̂

dt
− e2a2) − k1e

2
1 − k2e

2
2 −

c̃1[
1
r2

dĉ1

dt
− 1

2
e2a2(1 + sgn(

ωm

i
))] −

c̃2[
1
r3

dĉ2

dt
− 1

2
e2a2(1 − sgn(

ωm

i
))] −

β̃(
1
r1

dβ̂

dt
− e2a2|ωm

i
|). (27)

: ΔT̃ = ΔT−ΔT̂ , β̃ = β−β̂, c̃1 = c1−ĉ1, c̃2 =
c2 − ĉ2. (25), V̇ = −k1e

2
1 − k2e

2
2.

k1 > 0, k2 > 0, V̇ � 0, .

5 (Simulation results)
,

J = 0.5 kg · m2, D = 0.3 N · m · (rad/s),

Kt = 1, i = 1.

k1 = 22, k2 = 36, k = 20,

r0 = 1.5, r1 = 2, r2 = 19.25, r3 = 13.25. PID
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P = 25, I = 10, D = 13.

LuGre ,

FC = 26 N · m, Fs = 36 N · m, ωs = 0.517 rad/s,

σ0 = 105 N · m, σ1 = 0.5 N · m, σ2 = 2 N · m.

, 30 ,

, 1

. , c1 = 26.318 N · m, c2 =
−26.48 N · m. 1

G.

G, ,

C = 50, ε = 0.2, σ = 0.1. 2 3

. : FCM ACM

, BP

, ,

.

1

Fig. 1 Data samples

2

Fig. 2 Comparison of friction model

3 PID FCM

.

: PID FCM

, ACM FCM .

4 4 PID

FCM, PID BP FCM ACM

2 sin(1.5t) . : ACM

, FCM ,

PID FCM, PID BP. PID

,

. PID FCM PID BP ,

FCM BP .

(a) PID FCM

(b)

3

Fig. 3 Comparison of step response

4

Fig. 4 Comparison of tracking error

2 sin(1.5t) , 5

. t = 25 s 50%.

ACM ,

; FCM ,

.
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5

Fig. 5 Changing of friction torque

6 (Conclusion)
1) ,

,

.

2)

, .

3) ACM FCM

.
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