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Equations of Motion
d (GL] oL _ .

di\ ox ) Ox

L(x,x)=K(x,x)-U(x)




Operational Space Dynamics
M (X)X +V (x,x)+ G (x) = F

X End-Effector Position and
Orientation

M (x): End-Effector Kinetic Energy Matrix

V_(x,X): End-Effector Centrifugal and
Coriolis forces

G_(x): End-Effector Gravity forces
F - End-Effector Generalized forces

































Passive Systems (Stability)
V oat = %kp (x—xg )T (x—xg)

d (G(K—V)] oKV .
dt Ox o
_1})
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Example 2-d.o.f arm:
Non-Dynamic Control

M. ()X + V. (x,x) + G.(x) = I f

|

I'=—k, (x—xg)—kviwr G(x) Z







(m'c*12+m, )5 +m §+V, =k, (x—x, )k

(m 12+m,) y+m 8+V,,=—k, (y=y, )k
Closed loop behavior

my ()% +kx+k, (x—x,)=—(m i+V,)

my, (@) +ky+k, (y=y,)=—(m5+7,)






Perfect Estimates
[%=F"
F1

F =—k x—k, (x—xg)
Closed Loop
[jé+k;x+k;(x—xg): 0



Trajectory Tracking
xd? j’:d > j’:‘d

F'=13%,-k(x—x,)—k,(x—x,)

(X¥—=X,) k;(x_xd) k;j(x_xd) =0

E.+hké +k e =0

gx :x_xd



In joint space
e, +ke +ke =0

gq :q_Qd'



Task-Oriented Control
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Compliance

/\ X+kx+k, (x—x;)=0
1

k;\'/

Z —I— k Z = O D
B Compllance along Z
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kp1(y_yd):0



















Steady-State error

K Tk (= 1)+ (= £) =0
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Control

* Natural Systems

+ PID Control

- Joint-Space Dynamic Control
» Task-Oriented Control

* Force Control
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