Robot Control



Overview

Typical control system
— Types: motion control / force control
— Actual block diagram
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Error Dynamics

 Joint error
Hr.(fj = '!ri".jl::f] — H[f;u desired joint position is f4(f) actual joint position is #(t)
« Error Dynamics
. . . .. oo b - k.. )
— Differential equations for the joint error (ex) f.(t)+ Z0.(t) + —6.(1) =0

* Error Response
8,(t),t > 0 for the initial conditions

0.(0) =1 6.(0)=6,(0)=---=0

1) Steady state error ey
asymptotic error as t — o

2) (2%) Settling time
the ﬁ;rg;t timﬁc- T such that |#.(f)— r_”| < U.OQ{HE([_J} —eg)
forallt =T

3) Overshoot

He.mln — €

overshoot = | ————| x 100%. - ' .
0. {U]I — Egq 2% settling time
overshoot




Error Dynamics

Linear error dynamics
— Linear ordinary differential equations

aPH'f} + ap_lﬂif_” + -+ agf. + a1, + aof. = ¢

1 ; .. .
QEP) = —a—(ﬂ-p_lﬂ‘fp_l) + -+ agble + ar1f: + aoﬁe]
P
= —aj, 0PV — - —abf. — aif. — a)fe.

— Matrix form

« State vector T =(Tq,...,7p)
T —HE..
ry = &1 =t
‘T‘B = j“?.?—l = HLP—IJ
Tp = —apx) — ayTy — - — ﬂ;:—l'l’p
» State equation
0o 1 0
0o 0 1
= B A= :
F(t) = Ax(t) o
0 0 0
—ay, —a) —aj

=

o~

¢ = 0: homogeneous
c # 0: nonhomogeneous



Error Dynamics

« mass-spring-damper system

Hr'

y k :
20— .
7 m |—f mb, + b, + k. = f
T

b

» First-order error dynamics (m=0, f=0)

k
Be(t) + Eﬁe{tj =0
: 1 ) e
o | 8e(t) + THE{LL:I =0 0.(t) = e*/*0.(0) t: time constant
decayed to 37% of initial value

v 2% settling time = 4 t

0.(t)
0(0)

In0.02=—t/t — t=3091t

t decreasing — 0.02 = et/

e

time



Error Dynamics

« Second-order error dynamics (f=0)

) b . k
HE“}—FEHE“}—FEHE(HZD a)nz,/k/m,f=b/2vkm
T | B(t) + 2 wnbe(t) + w2Be(t) = 0] wy: Natural frequency, ¢ : damping ratio

~ 84+ 2wns+w? =0 (characteristic equation)

s1=—Cwn +wn/C2—1  and sz = —(wn —wnV/C2— 1, = Stable condition: {w,>0
1) Overdamped (¢ > 1) 0.(t) = crett + coe?t
2) Critically damped (¢ = 1) Oe(t) = (c1 + cot)e™ !
3) Underdamped (¢ < 1)) B.(t) = (c1 coswat + casinwgt) e $“nt.
Oe i
1_

overdamped
critically damped

0 N

underdamped

=~y




* Arm dynamics

Motion Control of a Single Joint

— Single motor attached to a single link

Tzﬂfé—i—mgrmsﬁ—l—bn‘j

= M6 + h(6,0)

7. motor’s torque

0: angle of link

M: inertia of link

m: mass of link

r: distance from axis to center of mass
g: gravitational accel.

b: viscous coeff.

arm
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Motion Control of a Single Joint

« PD Control (g=0)
— System dynamics (6, = 6, = 0)

Mé+ b6 =K, (0 — 0) + Ka(6y — 6)

- b+ K, - K

0, + 0.+ =26, =0
e L v R vl

. . . b+ Ky [K,
@ 0. + 2w, 0, + *‘-’i f. =0 ¢= 2 /K, M and “n = V fu?:

— Stable condition
b+K;>0  K,>0

— Critical damping: ¢=1

Increasing K, = decreasing { = underdamped
Increasing K; = increasing { = overdamped / reduce settling time

— Steady-state error = 0 (t >0 =6,=60,=0= 6, = 0)



Motion Control of a Single Joint

« PD Control (g>0)
— System dynamics

MO, + (b+ Kq)0. + K, 0. = mgr cos

— Steady-state error
__mgrcos6

6
¢ K

p
« PID Control (g>0)
— System dynamics

MO, + (b+ Kg)0, + K0, + K, / 0. (t)dt = Taiet

> {MOP + (b+ Ka)f. + Ko 0. + Kif. = Taiss

— Steady state error = 0 (if 74;5=0)



Motion Control of a Single Joint

« PDvs. PID

PD control

PID control

10

[ term

D term

controls

desired config =

[ | PID final config

1@

D

=SS

PD final config

initial config
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Motion Control

 Pseudocode for PID control

of a Single Joint

time = 0 //
eint = 0 //
gprev = senselAngle //
loop

[qd,qdotd] = trajectory(time) //

q = senseAngle !/
qdot = (q - qprev)/dt !/
gprev = q

e=qd-q

edot = qdotd - qdot

eint = eint + exdt

tau = Kp*e + Kd*edot + Kix*eint
commandTorque (tau)

time = time + dt
end loop

dt = servo cycle time
error integral
initial joint angle g

from trajectory generator

sense actual joint angle
simple velocity calculation

= Arm dynamics 1 2{5tX| %Z
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Pl D Gain 2| &4

PID Tuning

Overshoot Settling Time | Steady State Error
Kp | Increase Small change | Decrease
Kd | Decrease Decrease None
Ki Increase Increase Eliminate
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PID Tuning

Ziegler-Nichols Method

— Plant O Ci$t step response (transient state) 2 £E Kp, Kd, Ki & A&
KMol AR Hi
— O ~-1 od

U(s)
E(s) s

1 1

I;s
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PID Tuning

Ziegler-Nichols Method-Case 1
— S-shaped step response

Tangent line at
inflection point

i

0
—-—LLT—.-

Type of
Controller K, T; T
P % 00 0
T L )
PI 0.9— — 0
L 0.3
T
PID 12 2 2L, 05L




PID Tuning

« Ziegler-Nichols Method-Case 2

» Start with Closed-loop system with a - Begin with a low/zero value of gain Ko
proportpnal controller. | « Increase until a steady-state oscillation
- Begin with a low value of gain, K; occurs, note this gain as K,

» Potential of this method to go unstable or » (

(f) Sustained oscillation with period P. (P is measured in sec.)
cause damage.

K1) u(r) c(t)

A2 pg il By [\ /\ N
0 \/ \/ \

Type of
Controller K, T; 1,
p 0.5K,, X 0
El 045K L F 0
T Cr 1‘2 Cr
PID 0.6K, 05P, 0.125P, 15




Motion Control of a Single Joint

« Nonlinear arm dynamics
T =M(0)0 + h(6,6)

« Computed torque
T =M(0)0 + h(6.0)

« Feedback linearization

— Feedback 2 S50 H|MY A|ARIZS MY

— Feedback O] dynamics A4t 1bd =3t
— Dynamics A&t X7 2 82 45Xt

Ideal case : M(8) = M(6),h(6,0) = h(8,8)

>
>
o&
|0
i
rx
io

T=M(0)d + h(0,0) 'deal case

= M(0)u + h(6,6) b=u

Linear system

—| M()§ =

arm
dynamics

X,

h(6,8)




Motion Control of a Single Joint

« Computed torque control

PID control + feedback linearization

 Feedback linearization & &5t H|MA arm dynamics 2 M2} (linearization)
My A|AEITF 20| PID control A HE

4
N Sy PID O, +l 9 I arm 0.0
O, 0a— controller _:—®_’ M@©)6 [~ 1 dynamics "
h(6.6) [*
— Control law
O + Kafe + K0, + K, /9E (t)dt = ¢ §=0,—0.

> =04+ Kb + Kpb. + K, / 0.(t)dt

=

7= M(H) (éd + K 0, + K, /F}c(t]dt + I{dée) + h(0,6)
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Motion Control of a Single Joint

Psedocode for computed torque control

time = 0 // dt = cycle time

eint = 0 // error integral

gprev = senselngle // initial joint angle q
loop

[qd,qdotd,qdotdotd] = trajectory(time) // from trajectory generator

q = senselAngle // sense actual joint angle
qdot = (q - gprev)/dt // simple velocity calculation
gprev = q

e=qd - g

edot = qdotd - qdot

eint = eint + ex*dt

tau = Mtilde(q)*(qdotdotd+Kp*e+Kd*edot+Ki*eint) + htilde(q,qdot)
commandTorque (tau)

time = time + dt
end loop

= Arm dynamics 1129%
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Motion Control of a Single Joint

« Performance

fb_ fofb M
desired ff+1b
szr_’Et (T
F
1 2 3 4 0 1 2 3 4
time (s) time (s)
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1. Decentralized control

Multi-Joint Control

—  Arm dynamics 7} decoupling
(ex) M(0): diagonal matrix
Cartesian type manipulator case, Geared motor case

— Independent joint control: Z} joint & A O]
. PID control or computed torque control

2. Centralized control
—  Arm dynamics 7t decoupling k| X| ¥=2 4%

—  Generalized computed torque control

%1 pPID

controller

2 A

M(6)0

arm

(joint Zt

dynamics

T = M(0) (éd + K. + K; / 0. (t)dt + Kdéc) + h(0.0)

J=2 30| BlE)

0,0,4,17: n x 1 vector
M(6) : n x n matrix

K,, K;, Kp - n x n matrix
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