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SEA performance analysis based on parameter estimation-
sliding mode impedance control
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Abstract: Heavy quadruped robots are subjected to uncertain impact loads during foot-to-ground contact and gait
transition, which can easily lead to excessive load on the foot mechanism and structural impact damage.
Therefore, a sliding mode impedance control method based on environmental parameter estimation (EPESM) was
proposed to solve the problem of poor dynamic performance when using hydraulic series elastic actuators (SEA)
as foot ends in unstructured environments. Based on the piston displacement transfer function of the valve
controlled hydraulic cylinder, an SEA impedance control model based on the position inner loop is established,

with PID serving as the basic controller. To improve the dynamic performance of SEA impedance control, a stable
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adaptive environment parameter estimation method based on Lyapunov’s second method is constructed to
compensate for the expected SEA position using feed forward compensation. To improve the dynamic
performance and adaptability of adaptive environmental parameter estimation methods at different stages of SEA
work, fuzzy control methods are used to optimize the adaptive parameters in these methods. Based on the SEA
state equation, a sliding mode controller and a PID controller are constructed for dynamic performance
comparison and analysis. Simulation results show that under variable SEA spring stiffness and variable ambient
stiffness conditions, the response speed of EPESM impedance control is significantly faster. The adjustment time
can be significantly reduced from an average of 5 s to within 1 s, achieving faster expected displacement and
expected contact force, while keeping the steady-state error slightly reduced and the contact force error within +6
N. Under dynamic tracking conditions, EPESM impedance control exhibits better dynamic performance,
maintaining a phase delay within 0.2 s and an amplitude error of 5.2 % for an extended period after quickly
entering the tracking state.

Keywords: heavy load robot; series elastic actuator; impedance control; fuzzy-adaptive parameter estimation;

sliding mode control
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Fig. 1 Structural diagram of series elastic actuator
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Table 1 SEA model parameters
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Fig.2 Block diagram of impedance control system based on position inner loop
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Fig.3 Block diagram of heavy-duty SEA adaptive fuzzy impedance control system
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2.2 ERRIESISRET

Bt X EE R SEA TARLEAR S5 M PR 8 vh BT T PURE J0 75 3K, folT JH T S 42 ) A0 Oy 42 o SRE S 0t 9 4 o L
R4 & R X T 2 BB A S AR A A A AN SR . DL BA RT3 A 2 8 E Y R GRS T R
FLAR"T LIAL B 22 e, = X, — X, BOH S ROV D T R A A 9 1 A A ) e i e R R ] IR R Y O R
/N RGN R 22 AR A ] E SCH

e =X, - Xy,
L (14)
e, =Xy —Xqo
E XA 2 = ce, + e,, R F15 -
. . K. +K K V. K. B, . F. .
z=ce,te,=ce,— . LxL mL(x _(4ﬁ’ch+Kq)x )_’nl;x]__rnt_xdo (15)

Ve T N LRI PR B 2 = —esat (z),e > 0 9 MY 45 R 7RI SR N B2 AR A . ol T 45 1 0 4 1 8 46
SEA 7€ Y iz v 1 3) U O 0.054 m/s , 3 B2 B, 460 A o6 B0k Il 7 — 8 R Bl Bk o A I R
JEEJBE AL S 0 R DN RSB — N R BRI IR 0 SR R A 2 S AL B BN T E = 0.05X, 1, A BTk
BTN P ) DL 55 BEIR DT R E e B R . AR RUR R AR R 6 = (1 - a)d, + ad,. 0. 6,. 6,
WORIE R HEERTEN o= 1 9BE/NTHET EN ,a =0, BOLEITHA(15) 15 92 6 45 5 o

xv = ucq + ust

ueq=K5iKL (Bixs+F+m X+ (KA+KL)x,—ceamy )+( 1. K +]I<<°°) (16)
Uy =—esat(z)o (17)
R A T B T SRR S X R AT AR E ME T AR L RIS RS R AR E 1
V=zz=z(-¢sat(z))<0. (18)
A,

1, z>0;
sat(z)= % 2| < 95 (19)

-1, z<-0,

7E SIMULINK H £ 12 1 2% SEA (1) EPESM BH T4 Hi LR, QP 4 7 o Pl e 3 A6 B e 42 o B B oy 2
o7 B BHLA70 2 o) 1) 7 2k SEA ) (07 47 ol 2R G AR, s ol e o ) L 0RO MR PR A . A IS LIRS B B T 0,
o, M1 D 25 S5 BT S0 B0 B ) R A A2, O I 2 A A B ey R SRR ) sl o



TR P AL A5 ) 69 SEA M AR AT 7

| RSB AR

FIE RS Rl WS

El4 EPESM g SIMULINK 18 &
Fig. 4 SIMULINK model for EPESM

3 RS

KT WEFE 5T SEA I sh S VERE  fE LI 2 — NS I TN, WG 8278 28007 BRI Al T ik e . 2 I T
BLs B AN S FroR  ZE M SEA K m, 7 2 AC R BRI PAT 25 , A7 M0 3 A0 e b il A8 . MWD LR BN L,
Y PAT 25 5 M O A R S RO E A L, S R T Y R B R I R RN PR B B B N
B, ZH8ENME 3R BEEWES S 2 S0k [22] 1 0045 19 70 00+ b A0 5 Je b e 2 00T S

T2 2% 00 B L, 2N 0.05 m, 55 28 T 14 77 -5 07 B L,=X,, W32k 7124 2 000 N, B & 35 B BR B AR 5 . BHL
PP il 2 80k B o8 M=10, B,=2 000, K,=9x10*, il 2 Xt b [# %2 [ 18 N 2 500 PID £ il U7 1% ()5 £ 8 #% A PID
P 5B AL 13 2 R0 T B ) 7 vk (O 2E AT EPESM) X R e #E A7 HERE 20 BT o #I IR RS T HLAR
R 5 BRI R Ak, B B R 0.05 m, Pk RE 23 AT L U N 200 A 422 sk %) i 1] sk 221

K I

AN\ ™ 2 N

B5 E#HSEASBIRTEE

Fig.5 Schematic diagram of heavy load SEA reference conditions
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Fig. 6 End displacement of SEA under different spring stiffness
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Fig. 9 End contact force of SEA under different environmental stiffness
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