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Attitude Control of Quadruped Robots Based on Terrain and Stiffness Adaptation

HUANG Yanwei, LI Yijun, LI Dongfang
(College of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350108, China)

Abstract: A vision-free terrain perception and stiffness adaptive control scheme is proposed to address the difficulty of
stable motion of quadruped robots in unstructured terrain. A robot state observer is designed using a Kalman filter, to obtain
accurate estimates of the robot states. Then, a terrain perception based controller is designed using the estimated robot states
to suppress high-frequency jitter of the body in fluctuating environments and improve anti-interference ability. In addition, a
stiffness adaptive controller is designed based on impedance theory, to improve the convergence speed of attitude deviation
and enhance the dynamic stability of the robot by solving the optimal stiffness change law. The Lyapunov theory is applied to
analyzing the system stability. The simulation results and prototype experiments show that the proposed method significantly

enhances the terrain adaptability and motion smoothness of the robot.
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Fig.1 Schematic diagram of a quadruped robot
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Tab.1 Physical parameters of a quadruped robot
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L=E"(IT+IIF +F'I1 -2H"R 'H)&
— &' [-II(FP+PF"—KHP+ Q)IT—
2H'R'H+IF +F'M)§
= &' (IQN +H"R 'H)& (42)

H Ay T~ Q M/ NRFIEAR, WA 0 < A < Q-
gaBiE 3. RN H

Ls—%lléllko (43)
P

[l 40), BT K 2fA &, HMX f
BARRHEE S, Fk LER. EE. LcE, 4
||| — oo FFBARE L — o, HILRGIHTITAE. Bl
ErKF FIR 20080, W38 Fa e

iE R,

3 {FEIE (Simulation experiment)

3.1 ErKFiZE9H
WLEs NIIWIEEAI BN x =0, & R N

Oop = 0.41ad, 2m<x<7m
Ogop =0.2rad, Tm<x<12m (44)
Os10p = 07 E’ﬁﬂ

Horb ooy AL, R 3 4G H T AL RS HL
VUSRS AAE oop L AL AN 1 B2 HlT 25 2111 4
Ji7R. ErKF iR ZR A0 AR /N R, 0 as
X i T A THE WSO, LA NAERTREE R A,
LIRS = R BY R AWEN. PZ FERIAEI %2
BUEME, (HR2 MRS RISHE, FHFAWHE
BB H. 6 % Py gm = M. SR,
SEEAGTHE SRR FF— 2 liThiRZ 2 A
5FRe MERELBMTE. 6. ¢ My KIRER/D
FEAE O BT /MIEE S, XA AT R s o
SR, 1XEefmZ £ ErKF R T2 tidilist.



720 il

®3 MEBRESH

Tab.3 Parameter values of the sensors

el SRR ZHUE
TIES 500 Hz
GPS o B R 0.1m
AR 0.2
TR 0.1 m/s
K 500 Hz
N TR 0.003 (m/s?)/LSB
MY H—1kmg s 25 0.010 (m/s?)/v/Hz
It A5 i 2L 0.150 m/s>
LIRS 500 Hz
Vg &S 0.030 (rad/s)/LSB
FEARA IR (kM R4 0.020 (rad/s)/vHz
I A5 i 2L 0.050 rad/s
M ZE 0.500%

% 4 ErKF 2 Z$5h5
Tab.4 Error indexes of the ErKF

i KAE e/ ME YA RMSE

Ex 0.0250m —0.0231m 0.0001 m 0.008 3
Ey 0.0409m —0.0016 m 0.0316m 0.0075
E; 0.1333m —0.0192m 0.0023 m 0.0127
Ey, 0.0054rad —0.0132rad —0.0021rad 0.0043
Eg 0.0058rad —0.0184rad —0.0037rad 0.0067
E, 00055rad —0.0024rad —0.0020rad 0.0019

R 02
- - -2y

é /rad
=)

t/s tls
(a) X flxs bl (b) TR X E
0.08 0.5

U
g
ijﬂ‘

0

t/s t/s
(c) Y hxt b (d) A Eb

BX /m
S W AN O

BY /m
[}

—0.08

0.1

oA

37 /m

ISP "NFsdage
t/s t/s
(e) Z kbt (f) T ) Lt
4 ErKF s Rt 555 10

Fig.4 Estimation and reference values of the ErKF output

A 2024 £ 11 H
-0.1
t/s
(a) T B iR 7=
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- ¢ 0 Y
g
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iy
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K5 ErKF flithirz2n sk
Fig.5 Estimation errors of the ErKF

THE ErKF FJEAMOR Z bR, 455005 4 s,
ErKF FI 4655 1% ZZ 365 /N R ) A& A 0 T 55 9 f R
(1) GPS ¥5 /% (0.1 m), MPLEIRA T RIS E
R (RAREFIRZENTET 005m). mKIRE
PHE S B KR Z# B UL T Py B L. 55T
TR 2N T2 F 0.06 rad, i KR 2 HUBLAE
T 60 F. 6 HHERbREZEHSIER /N, UE W] ErKF
A AP BEN AT RS . 7 B AR B AT Sl it
3.2 IFURHE IS =

NT M ESEME T, AR FE S
(10 Ui U b T 37 5 SR B UE B 32 75 I sh S fR e kS
WG N S]o TEXTEEH, 8 SOE T AL AE N
FEWE (1) B Bua il 77 28 9 HP &1, BT 48 00
KIZRBE [ PWBC J7 58 SPU2, hah, AR SCHTHERY
TAAC-SAWBC J77%: 4 SL. Firish K 31 J7 35 i A o 4%
HISHAER 5 A H.

DU BT FH PR PR 2 R 3 2 4 R

1) 7E x < 6 m WAL RIRHE, & X F:

Ogp =0.2rad, 1m<x<4m
(45)

aslop - 07 ﬁ\:/ﬁij‘

D) E6m <x< 16 m WA I8 17 B KA We-
bots H AT 2 i B2 perlinNOctaves= 5 A il AL
. MR KEEZE 1.6m, BREE dupman =
0.5rad, Oypmax = 0.7 rad-

HE s = B E 6 Frm. EAEERLS, A3
HG R UK 377 5 350 07 Ve BN AR 3E M TR, AR
PAFER TR HIE %A, BRI TR S &
PR ST RE T,
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Tab.5 Simulation parameters
T B BE % HE
K, 500 D, 4000
) 1300 D, 4000
K, 700 D, 4000

SP
Ky, 3000 Dy 20000
Ko 3000 Dy 10000
K, 3000 D, 20000
K. 500 D, 4000
K, 1300 D, 4000
K. 700 D, 4000

HP

K, 3000 D, 20000
Ko 3000 Dy 10000
K, 3000 D, 20000
D, 500 Ks;o 20000
D, 1300 Key 10000
D. 700 K,o 20000
D, 3000 K., 2000
SI Dy 3000 K,, 1000
D, 3000 K., 1000
Ko 4000 K,, 6000
Ky 4000 Ko, 5000
Ko 4000 K,, 6000

AT HERSFRARIE S R AR

Ko MR

Fig.6 Schematic of complex scenarios for testing

VU JE B A N AEAS R J7 v 42 ) 2 sl X 2 A 1)
RAEWE 7 FizR. HP J751) &g WANEER K, SP
T3 155 (0 M A T Bl B/ IMEL /NG FBE D v AR 9 A AR
MILLZ R, B m ST LR &p Lk B ke
(I A AT AR A i A, (AR R, ST 7k
FEH R 1 @y RIS 5 024k, X ERANH
AR B/NE IS T DOBETT g, MIELSD, RIET
JE B RR IR ER . X PP G TE ngy, FRE 5 22 TIH
Ko TR ST J5id5% A} sh 4 ROR B3,
UEW T 7 i AE AL as N5l 77 T B B35 10 & B
M.

¢ /rad

10.02 -0.0] 0.01
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0 20 40 60 80 100 120 140
t/s

K7 ARTTEES ) g L
Fig.7 ®p curve with different methods
VR AL & A BIRR L A 1R 72 T 2 a0 ] 8 FTome W]
DA, HP 7530 22 S 00 R, KRR Y
W, SP J7kAE 22 MR AE 5 R K £ 3h ] 2%
BIA . T FT# ) ST J7VE I BA AR 2= #
Z. fFat TR ST EER A, YRS AR
v HHZR B AR AT 7R 2 2 013 Y.

12 0.1

SI HP SP
0.6-_0_1! S T
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—0.6r
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0
—0.3r
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8 @5 ny, MBI fAME
Fig.8 Euler errors between @5 and ng,,
AL FHLE AT 10 2 RIS e
B, 5 HP A SP 7k s FAI LG, BRELH 0 ST
THEAE Y 2N a8 N R s L T 1 HARE. 1

E s /rad

E, /rad
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Fig.9 Centroid trajectory in complex terrain

3.3 mEoth

N T IRUEAEA SO 42 6 U 2 WL & A BIHtit
EAEST, LBl NAEV1H _EATHE, JffEr= 1450
XF By Jra i n—A 100N b, Zias)
MIRFEEITE)08 0.15 s W& 10 s, SEERRamHLas
NEB BN FA T LS, BERRTMENFR
THEHEHE.

0.4
¢ 0 7
'__'¢ref’77’0ref'__ Wsef
o 0% iz
= .
S A N
0 |y ) e
—0.1
o t/s‘ ]
(a) PLBl T R ZEA 2
0.2 :
0.15 s Ey 2
"é’ 0.1
2 0.05
<3
0
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1.7 34
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(b) AR ML
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Fig.10 @y variation under external force disturbance

LS NI ) B3 5 1 32 3 S5 0] - P of i 3
WREMAE, BRI AT LA A2 905 1K 4
SREREWS FR, 22 RS FRIEE,
P % AT LAA RO s NI AR S5 2 H R

ZRIREN, IR T R TR UENLEE NSRS
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131 E, HiZinf 11 B

0.3 T I T

— HiEh | |
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s A\ oL
Ry | AN
st/ I sp
s | | Wies

2528 3.006 3.5
tls

Bl 11 AFEIER E, B
Fig.11 E, variation under different methods

1, 8 R ZEA N £0.02rad (R
K E R B R L. 7F 1.55s kR G, SI
Jiik M Ey 1 t = 2.528 s #E R 24T, S 1R £
79 0.978 s; SP F1 HP J5 43 il 4E t = 3.006s Fl ¢t =
3.500's HEANRZE, WSS [A] 43 0 450 1.456 s Al
1.95s0 AR, ST J7 kS SICH FE sk HE R B/ 1X
SRR ZERE, ST AR SRR, XA
THOEAE B s, R 7RSI
Jo, AR E AR A ek ke T O BB RIS, A
TSI 13285 1R ZE I PR R 8
4 SZFERLSCIE (Prototype experiment)

R TP IR TR AR R, AR SR
H A BT T ST

BEAUFENL R RS B 12 fros, i sk 67 55
PRl 3 2R A R s AT I W E L ML N 1)
UP F AR 422 YA 1 1 s 1 4% 11 48 4 3F R & 2 MCU
Az HI T, RIS 7 S ISR AL IR 35 B I F I it &2
i vl MCU $ 570 5815 B ALIEAT P ER 42 . 9K
T AL B AR RE S H R 6 Fin.

TE 1 A

L

12 FENLRGHESE
Fig.12 Prototype system framework
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Tab.6 Motor technical parameters

KA BAVEE R EERE

WA (xf)  [-30°,30°] 27Nm 20 rad/s
Boed (yHh)  [-200°0,20°]  27N-m 20rad/s
TS [30°,160°] 53N-m  20rad/s

K13 SR el
Fig.13  Experimental scenes

T AR SEEG T B ARG, R T AR LR
FELI S, il 13 FroR. SERG IR AR —
B8 o S MR A A UK - . L B8 A AT HERR AR
B aizk, A. B. C. D. E A EAEGR
RUEMHIE, A BT, (HAEERKERINE,
B. C WALIMBTIRZ) 40 cm, L2 NEE. D 4b
MM B, EEREEE T 20cm. B AHE#E 55
BB, HAFER/NEEEZE (29 14 cm).

3R SI. SP A1 HP J7 4% i DU /2 AL 3% Ak
TS50, FEHMLAR AN 3 Mg, WK 14 fr
7o

>
7

I T SERR I A AR S A A AR B v, N2 T
WIBUESIIEEZ, Wit &g £ 3 MOTEERIT
HOH L T BB, 2SR UL KBTI K
Wi, HP J7E LA AR, Rl 7K
BRI MRS, FFE, SP J7ik BARX TS5 A &R
P EUR SRR B WA Pk, (E 2R3 88
AT TS, ST 7R R GF M 1w 45
R, LEMLRKT NI, £ 0 LRIV
o W, SIUTiERER MMLER NILA TR, B
AL IIZENTERE. F35h, HLas NREFERZ 5~15s

WU . HP 7IATE 0 R shi K, W
ANEEL N 15°, BEEYUKSEbrib I SP 7k 6
WshJE L o 11°; 00 SI A 0 Wi 4N
7°, XSRS ST i BT Al v H R 9 SRR B K,
FF TP 58 7 X LA R AR A, SR
TAOALTAT, R1G T H SRS T . SLss R
EfiagwH—8, #—PHENET ST HENA
SR R R

K14 sSZIRSRAS M &g MR

Fig.14 &y curve in experiment

FAh, TR 3 RO IR IR A A bR
(R 7D, WL STJ IRz N 3 MRS b=
Boh, X EIRER Y ST Tk RE S ML &8 Nig AT
e g Mo

®T ARFEMLEEREE
Tab.7 Attitude standard deviation of different methods

B SI HP SP
0 1.6500° 2.7827° 2.0721°
0 22409° 4.4980° 3.2449°
v 0.6344° 23116° 1.2188°

5 %52 (Conclusion)

BTt 7l R IR S RN I 3 N 4% A O T
e T ENER NTEE e iR S ke . B
FEH P RR S PER I 25 LI T AUV B, AL E A
BARESHEAL T EbEEaL b, HREE—B
T& A5 ) R R AN T JGAR B 7 R T R B T
AR, WERRIF THURTEA LN H L _F(1iE shfs
FEME. AN, BBETE T NI E SRR, A AR
& T PAT AR O 22 U SSGH B, 35 1 DU 2 ML
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