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Setpoints and feedforward tuning

What is the aim of feedforward?
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Setpoints and feedforward tuning

Recap: Why feedback?

Open loop:

X X
— H(s) —— X# X
Feedforward:

Xs . X
—> C(s) > H(s) ——>

x=x, if: C(s)=H?s)
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Setpoints and feedforward tuning

Recap: Why feedback?

Open loop with disturbances:

d, d,
X + + X
> H(s) —>i—>+ X% X

Feedforward with disturbances:

d, d,
LN sy G S5 v G .
X#Xs if: C(s) = H(s)
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Setpoints and feedforward tuning

Recap: Why feedback?

Feedback with disturbances:

d, d,
X—>T—>S+ ® >l c) —>i—>+ * sl H(s) —>L+ L

_X(s) _ _C(s)-H(s)
~%(s) 1+C(s)H(s)

if: C(s)-H(s)>>1

Recall: H.(s)

So: X=X
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Setpoints and feedforward tuning

What is the effect of feedback without

disturbances?
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Setpoints and feedforward tuning

Feedback without disturbances

Feedback without disturbances:

X—>T—>S+ €5 Cls) T H(s) 2>
: _ &) 1
Recall: S(s)= x(s)" 1+C(s)-H(S)
So: e=0 if: C(s)H(s)>>1
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Setpoints and feedforward tuning

Tracking error under feedback

Time response; k, = 15000 / 1500 N/m; k, = 20 Ns/m

X
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misg 2 |
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error e time[sec]
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Setpoints and feedforward tuning

Tracking error under feedback

Frequency domain interpretation: sensitivity function

amplitude 10
[dB]
O // —
/
-5 /
-10 //
-15 /

-2
G10O 101 102
frequency [Hz]
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Setpoints and feedforward tuning

Feedback versus feedforward

Feedback without disturbances:

5*?7’ C(s) > Hs) > [e(s) = S(s) x(5)
Feedforward:

X(S) = X(S)
if: C(s) = H(s)

Y
P

= i) Hs)
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Setpoints and feedforward tuning

Feedback plus feedforward

X A
— H-l(s)

X
0S5 C(s) o] Hs) X

Y

e(s) =0 if: A(s) = H(s)
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Setpoints and feedforward tuning

Feedback plus feedforward

e =0 if: Fyis required force for x = X,
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Setpoints and feedforward tuning

Required feedforward

_ X
Equation of motion:
— F —{ wm
F(t) = Mx(t) ®) ®)

Desired trajectory: x(t) = x.(t)

Force feedforward: F; = MX,
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Setpoints and feedforward tuning

Required feedforward

<€ X >
Equation of motion: —— F — M
F(t) = MX(t) + bx(t) Fb O O

=4

Desired trajectory:
x(t) = x,(t)

Force feedforward:
MX. acceleration feedforward

Fe = MX, +bx, :
bx, velocity feedforward
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Setpoints and feedforward tuning

Feedforward implementation

Xs > K,
X +
kfv +
Xs +_ € +
—>T—>S o=> C(s) [ H(s) %>

16
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Setpoints and feedforward tuning
Example of feedforward tuning
2"d order mechanics: M =5Kg; b=1 Ns/m
Controller: lead-lag: K=6.5e3N/m: f, =4 Hz; f,=30Hz
_ Open-loop
amplitude 50
dB
0 —
..\
-50700 10 102
frequency [Hz]
phase 20
[deg]
0
~200rg0 107 102
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Setpoints and feedforward tuning

Example of feedforward tuning

acceleration profile setpoint
acc 15

[m/s?]

1

0.5

15 04 08 12 16 2
time [sec]
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Setpoints and feedforward tuning

Example of feedforward tuning

Time response; no feedforward

x 103
error 1.5

[m] -
e s |

0.5 /

-0.5 ‘\
\

‘\\

-1
-1.5
0 0.4 0.8 1.2 1.6 2
time [sec]
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Setpoints and feedforward tuning

Example of feedforward tuning

Time response; K;, = 0.9 Ns/m; K, =0/ 4.5 kg

x 103
errory. 5

m |

1
/ k,=0;

KEA5: \\ 7
|

-4
-1.8
02040608 1 12141618 2
time [sec]
Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 20

10



Setpoints and feedforward tuning
Example of feedforward tuning - Effect
Controller: lead-lag + I-action:
k=6.5e3N/m; f, =4 Hz; f,=30Hz; f=3Hz
Open loop with/without | action
amplitude 50\
B
[dB] \\\~
0 —
.__\
-507g0 10T 102
frequency [Hz]
phase 200
[deg] //\
0
-20050 10 10
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Setpoints and feedforward tuning

Example of feedforward tuning - Effect

Time response; no feedforward

error x 10-3
[m] 1.9

[

no t-action

UL i l;\
o] -

[y
>

with i-aétion]

_1':0 020406081 12141618 2

time [sec]
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Setpoints and feedforward tuning

Friction feedforward

Friction:

friction FCT [

—> velocity

Equation of motion:
F(t) = Mx(t) + bx(t) + F.(x)
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Setpoints and feedforward tuning

Friction feedforward - Implementation

sign (&) [
C
X +
b kfa
+
Xq +
kfv +
Xs +_ € +
So=> C(s) [ H(s) 2>
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Setpoints and feedforward tuning

Feedforward tuning

acc. decel. acc. decel.

Schematic-approximation /‘
of servo error errorT

WITHOUT FRICTION ;
—> time
<«forward movement> < backward>
acc. decel. acc decel
- - - /

Schematic-approximation —

of servo error error}
WITH FRICTION —> time~—_

< forward movement>» <« backward>
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Setpoints and feedforward tuning

Feedforward tuning procedure
Set I-action to zero, if applied;
Monitor servo error;

Define second order setpoint trajectory;
Trajectory must consist of forward and backward movement,
the maximum velocity and acceleration must be set such,
that the parts with constant velocity and acceleration are
clearly visible; suggestion: in time, 1/3 acceleration, 1/3
constant, 1/3 deceleration;

4. Minimize error during constant velocity traject by adjusting
kfv;

5. Minimize error during acceleration / deceleration traject by
adjusting K;,;

6. Set l-action;
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Setpoints and feedforward tuning

Setpoints

Standard setpoints:
» Skew-sine (mechanical cam-design)

» Second order setpoint (software generated; square
acceleration profile)

Alternative setpoints - why?

» Limitations current amplifier

» Parasitic dynamics

Which alternatives?

* Third order setpoint (jerk limitation)
* Model-based input shaping
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Setpoints and feedforward tuning

Third order setpoint

Jerk rectangular instead of acceleration

. x10°% acceleration
acceleration g
[m/s?] tHird order
67 \
ald \
/ \ — second;orde
2
0

"°0 100 200 300 400 500 600 700 800 900 1000
time [msec]
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Setpoints and feedforward tuning
Third order setpoint
. glO-G Jerk profile - rectangular
6
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Setpoints and feedforward tuning

Third order setpoint

. Velocity profile

. %10
velocity [m/sh g

14
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0 100 200 300 400 500 600 700 800 900 1000
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Setpoints and feedforward tuning

Third order setpoint

Position profile

position [m] 1.2

0.8
E 06 /
| /

0.4 v

o =«
T

00100 200 300 400 500 600 700 800 900 1000
time [msec]
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Setpoints and feedforward tuning
& FFT of acceleration
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Setpoints and feedforward tuning

Summary

Feedforward versus feedback:
— Nonzero tracking error due to feedback: S(s)
— Zero tracking error for ideal feedforward

Feedforward = needed force for motion:
— Acceleration / Damping / Friction

Feedforward tuning: note I-action!
Third order setpoint: smoother profiles
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