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A Study on I-PID-Based 2-DOF Snake Robot Head Control
Scheme Using RBF Neural Network and Robust Term

AAA-AAET
Sung-Jae Kim', Jin-Ho Suh’

Abstract: In this paper, we propose a two-degree-of-freedom snake robot head system and an I-PID
(Intelligent Proportional-Integral-Derivative)-based controller utilizing RBF (Radial Basis Function)
neural network and adaptive robust terms as a control strategy to reduce rotation occurring in the snake
robot head. This study proposes a two-degree-of-freedom snake robot head system to avoid complex
snake robot dynamics. This system has a control system independent of the snake robot. Subsequently,
it utilizes an I-PID controller to implement a control system that can effectively manage rotation at the
snake robot head, the robot’s nonlinearity, and disturbances. To compensate for the time delay
estimation errors occurring in the I-PID control system, an RBF neural network is integrated.
Additionally, an adaptive robust term is designed and integrated into the control system to enhance
robustness and generate control inputs responsive to signal changes. The proposed controller satisfies
stability according to Lyapunov’s theory. The proposed control strategy was tested using a 9-degree-
of-freedom snake robot. It demonstrates the capability to reduce rotation in Lateral undulation,

Rectilinear, and Sidewinding locomotion.
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[Fig. 1] 2-DoF Snake robot head system

2R AA 5 MM A=, wi- Hs ‘ﬂr
ATl A= 7] AT AR ol A A A S ]
Sho] A2 Q1 A AT Al 2~E) O 5 Ao] Al
HARI Alo] F2E 2= 2- AT W 2
& o] &3 Ao HErE AA| gk

[Fig. 1] & w=t2ollA] AlRbshe 2-A- e W 2228 ve] Al
2Hlo|t}, A|oksl= Al T8 A 5ol ke Fol7] 9
3 73 RER T o]} x| Fo] 2 Afo] =R A FTh
123 W 2ol A WAl &= pitch 3] 4 3 yaw 3] 4-S HAYE}
7] 1&gk 270¢] gl REE dE] o, o] AlZFle
W 2] Alo] Al 2gl SR o w2 83T

olg A A Al2~ElL Y& o] E|(Manipulator)2} -
Abgk Al 2Eo] B, A (1)} o] URFA|Ql 58t A|A~E O

o150
o 5)-2-

l’%

i_‘;_‘i_&] 3l /‘ o 1;],

[ﬂ/[u j‘/[u} qpitch 4 Cn] 4 [Gu} _ [Tpitdzj'_i_ dl}

My, My, Dyaw Cy Gy Tyaw dy] (1)
Mq) Ol Cq.q) Glq) I(t) D(t)

A o =]

=
= 285 4k, g,

710l A, g, pitch 335 B3]

yaw 3] 1& BWASH= 2otk Mlq) & B4 A9, C(q q)
= F3]&2] 2> P (Coriolis Matrix), G(¢) = 53 34, I(t)

= Al 48 A, D(t) = Fole] o P oo™,

A W 21 o] A| AL Ealksl vl 21 2olslo.
3|y sy A|AEL LAl S = 9l A o] Q)T '5']_]11?1-’ L=
Ei=EgA o 2 AT Ao] Al Ado| g Wl 2 5
dﬂﬂﬁﬂiﬁﬁwkﬂl IEPE R

] =(Feedforward) Ao & 283t
Hxl"‘t‘r o Aol M= =5t
& ogow 7hsto] A3k Ajof7)

o] 3}

l

e

p

[e]

ks

st Ay 141

TR theo., il 013 31412 9]
o5 Alo]E % gli= 721 Alo]71% 4
A& o Alsh Aol ke Bgak

A= |

f=Xe]

=

e 3]
3. Ho{7| EA
3.1 1-PID #°]

ﬂoﬂ o] Aol A= 1-PID
],_ 2- 7\]’77": u EH tq
FEAIS 7EAskE 4 9
4, 2d 28y Oﬂ
3= I-PID Ao Aloy7] <} Tl’/\}‘ Aoy T2 7M
W R AREs ~E} olg] gt -3} shA| Aot
of EAlsl=nd & Jo|ut 2] gk T gk < el] tisliA =

3L UL o] Hlo)7) & A AE}

o }
71 91l A ()& A Q) 22 nld g A ez g g

] 2= 0] =710 7
og"l‘/\—‘oa—lﬂe

q(t) = F(t) + M~ u(t) Q)
& F() =M q)- [Clg,9) + Glg) + D) o™, ult) =
I(t) o]t} wkek A&7} e1d:4 o)1, #l|o] F7]7} u]$- 23,
F(t) & 1A AR RE ARG S1] 2 (3)3) o] 24K 5 9l

F(t) = q(t) =M 'u(t—h) 3)

2] (3)% o)1) 1-PID Ao} 2)-2 fri=ahel 2] (4)9} 2t

clt)=g¢,—q @)
w(t) =ult—h) + M[e(t) + Kpe(t) + K] e(r)dr+ Kpe(t)]

o17]0lM, gz 2-AHTIE W 2R ] Al AEe] 7 o] 7]

= o), pi= WEY Algtolt)h M FA 2] A Ao
gtepu|g o], a7 71 g t)-gshs 9GS gl

o] Alo] P&& ARESHA 2] (5)9F 2 HF2E 24} A 2
S TR T oM, o] A S S ATFEZ TS H
Zeict

é(t)-i—KPe(t)-i—K}f e(T)dT+KDé(t)=O ®)
W Kp, K, Ky Alo] o]5olthol& ] 4% Ao} 9f=&
TDE (Time-Delayed Estmation)&- 7|k Alo] 7|9} 42 F-2
S 7R w2 (6) 7 22 231 WSS o] Alof 7=



142 =35:5t3) =524 4199 A2% (2024 6)

QFAET,
Il —am YoMl <1 (©6)

S, 4 3)o] 5] A1) & FED 5 ek of Alo]
7] s AR AR 4 @A BAE 2T o] Aol
seke] gele] 9 4 i, o] 2% ojAlal] 915 Be AT
7} AYF ALY, 0] w50 A= RBE AL F)

=y

[Fig. 2] RBF 2177 +2=0]t}. o] 217 7ge] &3} s
(Activation Function)= 7F-A]2t H<=(Gaussian Function)©]

u, 4 (7)) o] el

— 2 2
hij_exp(f [ L, —¢ l /2bj) 7

T Zolt}, 7R-AIRF F2] Zml 7S (Hyper Parameter)™=
QW I8 (Over Fitting)= A A5}7] 918l 23] A s
AAEE Z83k AIFAA 34 0 2E JA17] $138) A
A

BDEEEEXTREE

o
1z
-
C
i)
my
S
2
o
1o
o
k)

e(t) + Kpe(t)+ K, e(r)dr+ Kpe(t) = AH ®)

Input Layer

Hidden Layer Output Layer

[Fig. 2] RBF neural network structure

T
[N
T
il
2
o
ol
o

2 (8)°] A= ARHAA 54 LApe
&3l AL ] 18l Ame] HA wlak Al E = A 9
o] el

AH=W" HE) +e AH= W' H(E) ©)

oft}. 2 (5)8F o] T4 =

E
Lyapunov *72)-& 7H53]
ATP+PA=—Q (10)

A7NA, A= HFEZ LA A o) 5
7 ol Pi= Lyapunov 784S WSS dolm, 5
T 71A] o] EF| o] 5] "tk
2] 9)2F A (10)= &8st & =
Lyapunov 0218 7|0kl 71552] jd|o] & 71-2] & ARS-gh).

W=~(ET PBH(E)—o W) (11

=0

o, 2 (1)l A Wi 7FA] Q3101w 49} o= ko) o] o]
Solt},

33450 &

AT 34 AR R A7) whel Alel7] A28 A
Aol 270 WFA R gkt 712 AT At
A7l F38 ok ATk UG 5 9l Alo] A5 e B
ofZeh. ST, 4174 S Thgolut 2 €)@ 415 ¢k, 7]
F A150) W7 Sol thepat 2.9lo] ol 2179 +4 LA}
Srelul et ke 770 Skl Aol el Jake v 5 9l
o ol 1k ohd & Fol 1, Ao] A28 Hek s v
£7] 913 4% o] 9122l 7<) F(Robust

—
(¢}
g
tlo
>
o
ol
ﬂ‘
2
2
N
i)
(o]
i
2
=
£
ol
ro
o
rlo
X
2

Alz=Hllo]] 5714 0 2 ARR-E = Alo] Q1 0 B, Sefo|d B
= A|o(Sliding Mode Control)2] #~$17% E(Switching Term)
I frAFSHA T3 Tk whebA], 231 3RS @ AR Al gl uhet A

HE F7H o R AT 5 U= w0l A Eetol

[e)
Alojoll A MR WA 1 B ATl o] A
23

e}

{1 o
Con

15749l gos Alsle], olele wilo] o AlE %

I

o X

[e3
o T
>

} 3]

gt

o 2 ot 2



(12)

&2 5] 930 4 (13)

(15)

&, 19} g Ao o] 5olH, pi= A& 3 9 afo|tt.
A @A 9), 2 (14)5 28319 4 (16)9 22

[eS[KeR

T =2

Ao 31

d

o 2= 0]
= oS

ult) =ult—h)+ M[et) + Kpe(t) + K, e(D)dr+ Kpelt)

(16)
+ MAH+ Me

O} &AM

u]
—_OoO o q

o

4.

Ol

o] oAl ebrdel| A 21ksH Ao A|2~E1S- Lyapunov &<
%1 (Lyapunov Function Candidate)& &-83}0] A =S 5
ihsia=

HA, A ()0l 4 (16)
FAREIE: DA RS

Sdste], 4 (177 2L AFE 0

DR = i

E,=AE+B- N (17)

ok, N= WH(E) + psol™, Bi=i HA) 252 2= ¢ xjo]

o}, o] =Tl A pitch 2} yaw 3] 7S HASH= BEo|ch
o & Ao} Al2=Elo] QP g 4517 $14l] 2] (18)2F

A 143

e W 5

2 27y 2K (13)
2] (18y& X171l o mIE8 8k, ) (17) & 2g-ahel 2]
(197 22 4& A& 5 9luk

~T'\

EPE ETPE WTW

R R - (19)
(AE+BN)PE+ETP(AE+BN)+ WTW ~TA
2 2 o4 K
EN(ATP+PA)E oo
=+ @ Tty ETPN+ WTW+ PP
2 ol K
ETQE, _ W o
= —%—E,TPWTBH(EH WTW—ETPB +M
Y

T = .
__E 2QE - ﬁ/T(EfPBH(E) - %V)f p' (ET PBs— p/k)
2 (19)ell A (1) 4 (15)F Tidsha, 4 20) 7 22 A&
A& At
5QE,

—JWTW—ﬁET;S 0

(20)

2] (18)°] Lyapunov 31 $-H.¢} 2] (20)& &3l Altsh=

A1 8L Lyapunov SH%E(V > 0, V< 0) S w5317
o} BT
SHAIRE, oke] EE oA AT, A4 Eo] AHE-E Alo]7]
= Aol T8 ShaErhd v S Helth
of§] A, ¥ w=toll A Ak A8 A4 &2 =2 e g A
o] Y& AT 7Fsdol Atk whebA, 4§ AR 2 2
QA7) A e 9ok ApEatar, e Al A8 el &
o] A At Aol mAA] FLe= T oo gt o] =
K= olefd 7|5 Fdsh] fIsl A 1) 22 o 3}

I E|(Reverse Saturation Filter) S AF8-5}o] &3 %t

—|ul| if: u<—N
sat,,,(u) —{ 0 if: —NSu<N 2D
+lu| if: u>N
o N S 3} DE 2] A Gh(Threshold Value)©] ™, A A=}
7} a2l s s Egste] Ads] AR wpebA, HEA <
Ao} e 2 (22)9F ek
u(t) =ult—h)+Me(t) + Kpet) + K, [ e(Ddr+ Kpe(t)]  (22)

+ MAH+ Msat,.m,(;)



144 23513 =22 4197 A2 (2024. 6)

A

4
0=

=S

mjo
i

(=)
=
o

o

5.1 2% 4]

M

o] ol A= 25tol] ARbek= Alo)7]E 488t o] =
ol A ARk o] o] Fa e Hsgth

[Fig. 3]< ©] ¥=tellA] Aljtal= Ao Mk =23}
o]t o] t=Rel A A, B 3t §9) Aol |}, 3
AzNeF7] A5k Ao 7|17} P A 05 EA sk Al 2~F]
AT} [Fig. 4]+= o] Aol AREH= i 25 ’\V\E@jﬂr T3
$Holt}. o] A3 Oﬂj‘ﬂ AR W 2R 9 AR EE
Ao, T8 A5 218l -5 D(Passive Wheel)S ﬂl}?}
G5 AR Y i% ] Fofl = I =tol| Al Aljbsh=
AR W 25w A RE 3L EQIT o] Al 2Elof=
A5 IMU (Inertial Measurement Unit)= F-2}5}o] 3
i) W 25o] T8l 32 BEEAS 2t
Whdstr] 918l <l Aot B58 % AAPE U= <
ARE-gT

Ao ARRE = Ao R E=T]EA
yaw &4 3= Lateral undulations &3k pitch 37 o] 2
+ Rectilinear, yaw 3] ¥} pitch 3] % o] X% EA]8]= Side-
winding & - 37H4] 5295 th o= Aglgitt o] 334
AL 2] (23) S wp 2T B0 S0 ) 25 w]of Hatg

o
o

)

oX, r_>rL

o

\1
X
!

o N

mlo e
ot of rzi
o oo dlo

_4

TAR A E‘r%lﬂ

The Snake Robot Locomaetion Controller

Locomotion iype Locomotion
' WC_QUE”E}' (ienerator
Direction Offset

~

The Snake Rabot

The Propased head Controller
N . Proposed
Reference Signal

I'resent Head Rotation

[Fig. 3] The snake robot control system block diagram

9-DOF [MU sensor Snake robot’s head

Snake robot

[Fig. 4] The snake robot system

IMU A4 2 S84 245k, 928 45 2 Ag-a
q'li(.,lief(i7t) = alatSin(wlatt+ (i— 1)5lat)+ Prat (23)
mo dule wave heading
q;l‘;’F/(z t) =y, sin(wy,,t+(i—1)5,,)

mo dule wave

A7]ONA, a2t g, = FAUL NE 0, 2w, = S
St &t 0,y 5 VSRS UFERAH, ¢, = B3-S 2457 9]
Qo) o] =0 A+ Lateral undulation 22 wlj7iA
2 a,, =07% w, =06, 5, =1.26, ¢, =05 A3
Recltiliner #2¢ W74 o, =0.105°]9, w,, =1.2,
8,4, = 1.57 ]t} Sidewiding =21 WI/IHTR o), =0.52, w,
=0.6°]3L 5, =1.8, ay, = =0.6, and &,
ojtt.
T E

b4 9

ar

a rSL'

o

0.52, wyy,

5 HAEZ 93l APdol| Aljlsh= #l07]& A&
W 2502 F HAEE XPIr) 24 A 7|
kL, ZH2E 101 9] vhe A3 S Sal EE53 &
At 452 [Table 1]9F 2tk

502, o] Aol A ARgl= A W] T F = 2-5-19]
], A|QFehe= Ao 7] 9] wij 7l A= [Table 2] 7} 2T} wlj 7l 9l
= WA Q] AlEE o] AES Sl Ao, A =

A= 1-PIDHE =214 o 2 A Ag}

ol

o JW' [‘[0 031

N
2 o
ol il &2

%

[Table 1] The snake robot speed for each locomotion

Lateral Undulation 0.062 [m/s]
Rectilinear 0.0041 [m/s]
Sidewinding 0.071 [m/s]
[Table 2] Control parameters
M 0.01
K, 30
[-PID Parameters
K, 0.01
K, 1.5
Neural Network Y 0.09
Update Parameters o 0.3
I 0.6
Adaptive Term K 0.9
Update Parameters 8 0.5
N 0.1
P [200.8, 26.9, 28.6; 26.9, 51.9, 4.6, 28.6, 4.6, 11]
RBF Neural w [0.1, 0.01, 0.1, 0.01, 0.1]
Network [-1,0.5,0,0.5,1]
Parameters b 15
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[Table 3] The snake robot speed for each locomotion

Lateral Undulation 0.054 [m/s]

Rectilinear 0.0041 [m/s]

Sidewinding 0.07 [m/s]
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