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Tracking control method for high-precision stage

with continuous time unstable zeros:

Stable inversion by time axis reversal and multirate feedforward

Wataru Ohnishi, Thomas Beauduin, and Hiroshi Fujimoto
The University of Tokyo
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1.1 Introduction - examples of the plant with unstable zeros —
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| Load motor i

Motor and converter
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1.2 Zeros in discrete time domain

—(s—140 [ s+100)|

P.(s) = 2
S(s+2000)(s+2)(s=+20s+40000) Discretization by
_ K(z+3.547) (z—1.014) [z—0.9900) [z+0.2543) zero-order hold
~ (z-1) (z—0.9998) (z—0.8187) (22 — 1.9982 + 0.998) (T,, = 100us)

e |Intrinsic zeros (BE4=E )
have counterpart in continuous time zeros
Generated from sensor and actuator collocation

Relative | Discretization zeros
order
2 -1

23 (-2 -3)"
(= —3.7,—0.26)

- Discretization zeros (BfE{LZ )
are generated by discretization
Approximated as Euler-Frobenius polynomial

Astrom, K., Hagander, P. and Sternby, J.: Zeros of sampled systems, Automatica, Vol. 20, No. 1, pp. 31-38, 1984.
T. Hagiwara, T. Yuasa, and M. Araki, “Stability of the limiting zeros of sampled-data systems with zero-and first-order

2016/12/06 holds,” Int. J. Control, vol. 58, no. 6, pp. 1325-1346, 1993. )1



1.3 Introduction - problem of unstable zeros —

. . Cff - P_l Uyss
 Its inversion system has unstable poles %7i
r J;_e Cfb Ufb y+ U p Y
poi(gy o S5 +8465) (52 + 22215 + 1151 x 10%) L
c W) —0.1034 (s + 231.6) (s — 93.65)
. (z—1) (z—0.9916) (z2 — 1.998z + 0.9978)
P7 (z) =

—5.175 X 10~19 (z + 1.001) (z — 1.009) (z — 0.9771)

« Undershoot
Tradeoffs between settling time t; and
% Undershoot M,
(by denotes unstable zeros)
1

bOts

M, >

Hoagg, J. and Bernstein, D.: Nonminimum-phase zeros — much to do about nothing - classical control - revisited
part Il, IEEE Control Systems, Vol. 27, No. 3, pp. 45-57 (2007)
2016/12/06 Goodwin, G. C., Graebe, S. F. and Salgado, M. E.: Control System Design (2000). 3/14



2. Approximated inverse based single rate feedforward

Approximated plant inverse Dlant 0.03 .
r______________'i an T
rk] | (K] “ulk)[H |u(t) = y(t) [
— Gl 1 ]y G2 o el 51
""""""""" E 001}
Col2s] é
+ —e[k] S =
P, [2] o -0.01
Ty)
volk]  ylk] Z
00006 001 002 0 o0, 004 006
Time [s]

« Plant approximated inverse is designed in discrete time
Discretization zeros and intrinsic zeros are dealt in same time

_ Blzs]  Bs[z,|Bu[zs] oax_1q . ZTIA[Z]
Bl =) = ae) . T Gull=Re = s
Stable part: Bs[z] By [zs] is approximated as By[2]
Unstable part: B,[zs] and Cjf[zs] = P;[z)] is designed

1. nonminimum-phase zeros ignore (NPZI) method [Butterworth, et al. 2012]
2. zero-phase-error tracking controller (ZPETC) method [Tomizuka, 1987]

3. zero-magnitude-error tracking controller (ZMETC) method [Wen & Potsaid, 2004]

2016/12/06 Trade off between zero-phase-error and zero-magnitude-error characteristics 4714



3. Preactuation Perfect Tracking Control (PPTC) method

_ _ [Ohnishi, Fujimoto, AIM2016]
State trajectory generation
with time axis reversal Multirate feedforward
(stable inversion for unstable intrinsic zeros) (stable inversion for unstable discretization zeros)
Stable part state trajectory generation . . I
/tw PRI Y I zqli + 1] 5T A U, [1] = Uolk] ulk] 2y Ju(t ;a(”t) 0
— r(r)dr - —Z - o c\S
—© e (Tr) gt (Tu)
Unstable part state trajectory generation Cf b [Z S]
t—Tr pust k
[ - nrenar | S
= L ey (T,)
Yolk] y[k] .
1. |State trajectory generation B(s) 1

Stable inversion for continuous unstable zeros! ¢(8) = A(s) Zalt) :@Dr(t)

by time axis reversal z4(t) diverges when

B(s) is unstable
2. Multirate feedforward —time axis reversal

Stable inversion for unstable discretization zerosirujimoto, Hori, Kawamura, 2001]
uoli] = B~ (I — 271 A)xy[i + 1]

2016/12/(§~'gtable trajectory generation is a key to achieve PTC for NMP system s



3.1 Conventional PTC method -State trajectory generation-
S ——

" it time o goversl Muttirate feedforward [Fujimoto, Hori, Kawamura, 2001]
_____ (stable inversion for unstable intrinsic zeros) ____, (stable inversion for unstable discretization zeros)
1 Stable part state trajectory generation ' . 1 . H Plant
i W 2t +T) | S 59-'7d[Z + 1]5 — — UO[Z] — i U(t y(t)
; /_00 ot —1)r(r)dr 7 (Tr) - B (I—Z A) L7t Pc(s) '
T _B(s) _ bps™+bp_1s™ 4+ by
w1+ T 3 P(s) = A(5) St apis"l---tag
____________________________________________ (L] () = Ac(t) +beu(t), y(t) = cca(?)
r(t) = ya(t) = c.xq(t) s
L1d
led . . . .
—[bo by -+ by O oo 0] . | Derivative relatl'onshlp
\ v ) 1 (Control Canonical Form)
n—
Coeffs of numerator [5 %14,
1 P
T14(T) = r(t
() (bo + b1s+ -+ + bps™) Q
1
= r(t
B(5) (£)
_ 1 _ 1
t)y=L"1 =L"!
/) [B(s)] binS™ + bp—18™ L 4+ - 4+ by

v
Diverge for plant with continuous unstable zeros
—Approximated in conv study [Fukushima, Fujimoto, et al., 2006]

z4(t) = /0 f(t = 7)r(r)dr M =1 4 .. 217

\ J

.. Y .
2016/12/06 Position, velocity, acceleration... 6/14



3.2 Preactuation PTC method -State trajectory generation-

I E————————
[Ohnishi, Fujimoto, 2016]

m m—1
1. Stable & unstable decomposition p,(s) = B(s) _ bns™ +bm_18™" 4+ bo

A(s) "+ ap_ 18"+ ag
B_l(s) — FSt(S) + Fust(s) fst(t) — Z—l [FSt(S)] ,fUSt(t) — Z—l ‘[(_1>1Fust(_s)]‘
Stabilized by

. , — . |
2. State trajectory generation for stable part 'maginary axis reversa

T

zg (t) = [234(t) 25,(t) -+ a3u(t)]

t

= / 5t —1)r(r)dr
—00
3. State trajectory generation for unstable part
2U(E) = [235(E) 2H(E) - @H(E)]T e o reversed efrence
d
t _ iargaginary axis reversed unstable zeros,
— / fllSt ({ . ,7—_),',,(_7—_)d7—_ and then time axis reversed again
—00 t=—t  [Sogo, 2006]

4. Overall state trajectory ~ Z4(t) = wfit(t) + :BZ’St(t)

2016/12/06 7/14



3.2 Preactuation PTC based on multirate FF
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3.3 Preactuation PTC based on multirate FF
L]

State trajectory generation
with time axis reversal Multirate feedforward

_____ (_s}a_b_lg_irj\fg@i_o_n_to_r_u_n_s_ta_tilg_i[lt_ri_n_s_ig _zgr_o_sz__ . (stable inversion for unstable discretization zeros)

i Stable part state trajectory generation ! . . Plant

Npeern i) | S xgi + 1] T e U, 1] 1 Uolk] ulk] H u(t Y y(t)

i ot —7)r(r)dr : B (I — 2z~ L™t Q S ?

: /_°° (T7) |: t (To) c

i Unstable part state trajectory generation i Cf b [Z 3]

T Wt + T elk

[ e neena| ) |2 5

Ve i | Pali] | (1)

b o ] : y
Yolk] ylk]

« Multirate feedforward
[Fujimoto, Hori, Kawamura, 2001]

Single rate system  x[k + 1] = A,xz[k] + b,ulk], y[k] = c.x[k]

Multirate system  x|i + 1] = Ax|i] + Buli], y[i| = cxli]
A=A" B=[A"'b, A", .- Ab, b,
c=c., x[i| =x(T;)

B matrix become non-singular
uoli] = B (I — 27t A)xg[i + 1] ©=€

2016/12/06 Stable inversion for discretization zeros! 9/14



3.4 Experimental setup

 High-precision stage
Guide: air guide
Motor: Linear motor

Encoder: Tnm resolution X 2

« Frequency response
From measured current to measured position

Magnitude [dB]

e data
model

Phase [deg]

lOl)

Frequency response of plant
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10' 10?
Frequency [Hz]

8th order model

E 2 (measured) /

Linear encoder

Nano-sage | Model of nano-sage |
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Unstable intrinsic. zeros X 2
Unstable discretization zeros X 1

B 3.50(s + 1090)(s — 878)(s — 126)(s + 120)(s2 + 1865 -+ 1.45 x 105)
" (s + 2.10)(s? + 10.9s + 3.67 x 10%)(s? + 45.45 + 3.14 x 105)(s2 + 2625 + 3.51 x 106)

1 270 % 10~7(z, + 1.01)(z — 0.953)(z — 1.05) (s — 1.42) (s — 0.647)(z2 — 171z, +0.929)
e T (2 — 1) (2, — 0.999) (22 — 1.9z, + 0.996) (22 — 1.932, + 0.982)(2% — 1.39z, + 0.000)4

Unstable cont. zeros X 2

Pe(s)




3.4 Simulation and Experiment —FB controller-

Step response (fpid=2.0Hz)

1.5
1 L
05F
2
3-180 3 1 0
é \—\/\/\/\\ﬂ\/\\ \'\_\_‘\
-360 -0.5 . . .
10° 10! 0 0.2 0.4 0.6 0.8

Frequency (Hz)

Closed loop performance Step response (simulation)

! FB controller
| | « PID by pole placement design
(2 Hz)
B | | 13]  Shaping filter for 30Hz NMP zero
o R ” FB Bandwidth: 2.3 Hz
o v Frequency [Hz] w o
Plant
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3.4 Simulation and Experiment
I ——

Tracking error
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3.4 Simulation and Experiment
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4. Conclusion

State trajectory generation

with time axis reversal Multirate feedforward

(stable inversion for unstable intrinsic zeros) (stable inversion for unstable discretization zeros)
_____________________________________________

1
1 Stable part state trajectory generation | ! !
1

" xgli + 1] ‘ | k] ulk t) Pt (¢t

1/ T = (i S b+ 1) B (I-2"A) ol [l tolH] bl Pl Al
i —oo ++ (TT‘) ! ! (Tu’)

i Unstable part state trajectory generation o

T sty (¢ +T,)!

! /_ f“St(t—T')'r(—f)de_z_t t+1)

Az o :;%;ETC | _ZIPETC

ZPETC 0.631
ZMETC 1.30 -95.4%
' PPTC 0.0288

-0.02 -0.01 0 0.01 Ti(JH.l(?[ ] 0.03 0.04 0.05 0.06 -:(1.02 -0.01 0 0.01 Ti?n()z[ ] 0.03 0.04 0.05 0.06

« Preactuation Perfect Tracking Control

achieves perfect tracking for plant with continuous unstable zeros
by infinite time preactuation
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