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1. Problem statement
- Control system subject to stochastic noise
- Discrete-time observer-based state feedback

2. Fundamentals for the controller design

- Robust Lyapunov stability and Dy regions
- Generalization of the Lyapunov stability condition to stochastic noise

3. Developed LMI based algorithm

- Superposed iteration rule
- Optimization task

4. Example: Control of overhead traveling crane

5. Summary and Outlook
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l Control system subject to stochastic noise l
Gywy(t)

Gu,cwu(t) Gp,cwp(t)
r[k] ulk| l y(?)
— S —:Q—» D/A O 2(t) = f(z(t),ut) + Gucwy(t) + Gpcwp(t) P C #4>- A/Dfe—
H (:)
N (k] glk]
. z[k + 1] = Aoz[k] + Boulk]+H (y[k] — Cz[k]) T C
K <

stochastically independent standard normally distributed

Wy, Wy, Wy,
actuator noise, process noise and sensor noise

Gy,c) Gp ¢, Gy disturbance input matrices contain standard deviations

l Objective: Design observer-based state feedback controller I
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l Design observer based state feedback controller l

Guwy[K] Gpwplk] Gywy k]
r[k] ulk] (k] ylk]
— 8§ Ok + 1] = A([k]) 2[k] + B (z[k]) (u[k] + Guwu[k]) + Gpuwp[k] | ¢ —0O—
H C

[k + 1] = Ao&[k] + Boulk]+H (y[k] — C&[k)) T c
K |

1. Convert the nonlinear system to a quasilinear form, with

x[k] = (xq[k], ..., x,[kDT, with x;[k] = [gi, Ei] ,i=1,..,n
2. Discretization by first order explicit Euler approximation:

AlkD = A.IkDT; +1,  Bxlk]) = B.(x[kDTs, ...
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l Design observer based state feedback controller l

Guwy[k] Gpwp[k| Gywy (k|
r[k] ulk] l z[k] y[k] l
— S —:(P—o—» zlk + 1) = A (z[k]) z[k] + B (z[k]) (u[k] + Guwu[k]) + Gpwy K] > O
H
&[k] glk]

2k + 1] = Apz[k] + Boulk]+H (y[k] — Cz[k]) T C
K |

Augmented state space representation of the closed-loop (r[k] = 0):

AGx[K]) = BGe[k])K B(x[kDK kDG, G, 0
2l + 1= kD) = Ao — (BGIKD — B)K Ao — HC — (By — B(x[K] ))K] gty [ *[k]) GZ —HGy]W[k]
Jl(x[k]) Q(X[k])

with z[k] = (x[k] e[k]T where e[k] = x[k] — X[k] and w[k] = (Wu[k] wy, [k] Wy[k])T
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l Design observer based state feedback controller l

Guwy[k] Gpwp[k| Gywy (k|
r[k] ulk] l z[k] y[k] l
— S —:(P—o—» zlk + 1) = A (z[k]) z[k] + B (z[k]) (u[k] + Guwu[k]) + Gpwy K] > O
H —
&[k] glk]

2k + 1] = Apz[k] + Boulk]+H (y[k] — Cz[k]) T C
Kk

Augmented state space representation of the closed-loop (r[k] = 0):

AG[K]) - BG[KDK BGe[kDK kDG, G, 0
zlke+1 = [A(x[ kD) — Ao — (B(x[K]) — B)K Ao — HC — (Bo — B(x[k] ))K] zlk] + [ x[k]) GZ —HGy]W[k]
Ax[K]) Q(X[k])

with z[k] = (x[k] e[k]T where e[k] = x[k] — X[k] and w[k] = (Wu[k] wy, [k] Wy[k])T

l Objective: Determine observer gain H and controller gain K simultaneously l yas
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Quasilinear system:
zlk + 1] = Ax[kDz[k] + GGx[kDw(k] with x{k] = (xq[k], ..., x,[kD",

ylk] = Cz[k] xi[kl =[x, x],i=1,..,n

Idea: Polytopic representation of A (x[k]) and G(x[k]):

;év —1,¢,> 0}

[AGIKD, Gx[kD)] € {[Jz(a,g(a] SDRACIA
v=1
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Fundamentals for the controller design aﬂ Sresanir

Quasilinear system:
zlk + 1] = Ax[kDz[k] + GGx[kDw(k] with x{k] = (xq[k], ..., x,[kD",

ylk] = Cz[k] xi[k]l =[x, x|, i=1,..,n

Idea: Polytopic representation of A (x[k]) and G(x[k]):

;fv =1, > 0}

[AGIKD, GxIkD] € {[Jz(s),g(a] = ) &l,.G,]
v=1

Example: AAGCKL:  zo e[-02 03] —lA@ kD,
X 1 x, 1 ' ' po[lﬁo]pe 1EA] ]
= 2 — 2 i | @ [ Aol [Avlas
A(x[k]) 0 0.5 + x%] 0 y] 1.1¢ — conv{A4,}
with x, € [-0.2 0.8] andy € [0.5 1.14]0}
A(x[k]) € 091
2l Ye[0.5 1.14]
—0.2 1 08 1
o 0.5] +52l 0 0.5] T
0.6f
—0.2 1 08 1
3 L0 1.14] * f‘*l 0 1_14] 0.5] - ®-" AR,

0.2 0 0.2 0.4 0.6 0.8 > e
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Quasilinear system:
zlk + 1] = Ax[kDz[k] + G(x[kDw(k] with x[k] = (xq[k], ..., x,[kD",

ylk] = Cz[k] xi[kl =[x, x],i=1,..,n

Idea: Polytopic representation of A (x[k]) and G(x[k]):

;év —1,¢,> 0}

[AGKD, Gx[kD)] € {[Jz(a,g(a] = ) &[4, G,]
v=1

Example: AA @R, T2 €[-0.2 0.8] —lA@ kD]
N 1 | | po[lytope 1: ]
. 2 --@ - ® [A'U]l,l’ [Av]z,z
A(x[k]) — 0 0.5 + x%] 1.1¢ — conv{A4,}
—0.2 1 10l polytope 2:
A(X[k]) € 51 ° [[Av]mv [Av]z,z]
[ 0 054‘] 09| — conv{A,}
—0.1 17 0.13 17 08l Ye[0.5 1.14]
+o| o o5l 07 ol y
0.53 17 0.8 1 7
0.6
+€4l o o717 %0 114l
0.5} - ®- [A (2 [k])]; 4

0.2 0 0.2 0.4 0.6 0.8 > e
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Fundamentals for the controller design ﬁy Sresanir

Robust Lyapunov stability and Dy regions (without noise w[k] = 0; deterministic system)

Quadratic Lyapunov function candidate
V(z[k]) =z"[k] P z[k] with P=PT >0

Is a free LMI-decision variable

If the Lyapunov condition Ax[kDTP A(x[k]) =P <0

with
ACK]) = A(x[k]) — B(x[k])K B(x[kDK
~ |A(x[k]) — Ap — (B(x[k]) — B))K Ay — HC — (B, — B(x[k]))K
is fulfilled:

‘ augmented closed-loop system quadratically stable for all x;[k] = [&i, Ei]

Polytopic representation:

This is true, if dququv — P <0 with v=1,...,n, are satisfied.
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Robust Lyapunov stability and Dy regions (without noise w[k] = 0; deterministic system)

Extension to robust Dy regions:

All eigenvalues of all extremal realizations
° VAL
e

unstabl

A, v=1,..,n, are located within \\ \
a circle with the midpoint « and radius 7, if \\ stable

(A, —a)TP(A, —al) —1r?P <0

or equivalent
p1 A, —al

(A, —a)T 2P |~ . \\ \

with |a| < 1 and |a| + r < 1 are valid.
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Generalization of the Lyapunov stability condition to stochastic noise (with noise w[k] # 0)

Stochastic noise affects z[k + 1] = A, z[k] + G,w[k], with
A, — B,K B,K ] [B,,Gu G, 0 ]

A= [A — Ay — (B, — Bo)K Ao —HC — (By—B)KI'?" ~ |B,G, G, —HG,

It follows the discrete-time version of the It6 differential operator:

Lp(V) = % (zT[k] (AZP A, — P)z[k] + trace(G, Pg,,))

Derivable from the expectation value:
E(AV) = E{V(z|k +1]) = V(z|k])}

E(AV) = E{ (1143 + wTTKIGE)P(Ay2TK] + Gowlikl) - 2" [KIP2IK] )]

Under assumptions: w(k] and z[k] stochastically independent; w([k] is a zero mean process;

variance of each noise process equals one 8/25
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Robust Lyapunov stability and Dy regions (without noise w[k] = 0; deterministic system)

Discrete- vs. continuous-time Lyapunov conditions

for state feedback controller: u = —Kx

Discrete-time (option 1):

Continuous-time:

(A, — B,K)TP(A,— B,K) —P <0
Schur-complement:
p1 A, — B,K
- v 1% > 0
(Av _ BvK) P
Left/right multiplication with diag(l, P~1),
change of variablesQ = P~1, N = KP~1:

A,Q — B,N

a0 b g |70

m) controller: K = NQ™!

(4, — B,K)TP + P(A, — B,K) < 0

Left/right multiplication with P~ and
change of variablesQ = P71, N = KP~1:

A,Q + QAT —B,N—-—NTB! <0

mm) controller: K = NQ~1
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Robust Lyapunov stability and Dy regions (without noise w[k] = 0; deterministic system)

Discrete- vs. continuous-time Lyapunov conditions

for state feedback controller: u = —Kx

Discrete-time (option 1):

Discrete-time (option 2):

(4, — B,K)'P(4, — B,K) — P <0
Schur-complement:

[ p-t A, — B,,K]

>0
(4y — B,K)" P

Left/right multiplication with diag(l, P~1),
change of variablesQ = P~1, N = KP~1:

[ Q A,Q — ByN

(AvQ _ BvN)T Q ] >0

m) controller: K = NQ™!

A, —BvK] -0

[(A — B,K)T P
Due to P = PT > 0 the quadratic form
(P-G)"TP~Y(P-G) =0
m TP iG>G+GT-P
is always valid for any matrix G. This yields:
[ P A,G — B,N
(A,G —B,N)T G+G'—P
m) controller: K = NG™!

#= K independent of P
== requires change of variables 10/25
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Superposed iteration rule

A, — al

p-1 AP L = prl=p;l
(A, —aDT  r?pP

>0

Consider the quadratic form

(P-6)TPY(P-G)=0

Replace G by P = PT > 0 results in:
>

pplp>2Pp—P

avh /

Left/right multiplication with P~ yields: Po

L A, — al
-1 9p-1_ p-1pp-1 _ v ]
p~1>2p~1—p-ipp L mmp [(cﬂv—al)T 2p >

11/25
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Developed algorithm gy o

Superposed iteration rule

p1 Ay, — al AP7LL = prl=p;t
T . > 0
(A, — al) r<P
Consider the quadratic form
(P-G)"™P~(P-G)=0
Replace G by P = PT > 0 results in:
A i .
PP~"P =2P—P -
—
Left/right multiplication with P~ yields: Py P
L A, — al
-1 s 9p-1_ p-1pp-1 — v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0
Question: How to select P for a unknown decision variables P, such that P — P is small?
Solution: update rule Aim: Convergence of L vs. P™1, such that
P11 = (Pj_l)_l Pl—-L=0 11/25
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Developed algorithm gy o

Superposed iteration rule

p-1 Ay —al| _ o AP~ 1L wprl=p;l — oL, P
(A, —al)t 2P
Consider the quadratic form
(P-G)"™P~(P-G)=0
Replace G by P = PT > 0 results in:
Pp~p>2P-P Y _ .
T —
Left/right multiplication with P~ yields: Py Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

Question: How to select P for a unknown decision variables P, such that P — P is small?

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

Pl1_L=0 11/25
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l Superposed iteration rule l

[ p-t A, — al P71 L sPl=p;1 — oL, P
T 2 "
(A, —al) r<P s Pyl =pl

Developed algorithm gy o

>0

Consider the quadratic form

(P-G)"™P~(P-G)=0

Replace G by P = PT > 0 results in:
=

pplp>2Pp—P

T —>
Left/right multiplication with P~ yields: Py Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

Pl1_L=0 11/25
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l Superposed iteration rule l

[ p-t A, — al P71 L sPl=p;1 — oL, P
(A, —al)t 2P aP;1=P71 el P,

Developed algorithm gy o

>0

Consider the quadratic form

(P-G)"™P~(P-G)=0

Replace G by P = PT > 0 results in:
=

2P —p _,?\

— —>
Left/right multiplication with P~ yields: P, P, Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

pp~1p

Pl1_L=0 11/25
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l Superposed iteration rule l

[ p-t A, — al P71 L sPl=p;1 — oL, P
(A, —al)t 2P aP;1=P71 el P,

- Pg_l — P2—1

Developed algorithm gy o

>0

Consider the quadratic form

(P-G)"™P~(P-G)=0

Replace G by P = PT > 0 results in:
=

2P —p _,?‘

— —>
Left/right multiplication with P~ yields: P, P, Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

pp~1p

Pl1_L=0 11/25



WUPPERTAL

l Superposed iteration rule l

p1 A, —al
(A, —al)t 2P

Developed algorithm aﬂ o

AP L mprl=p;l — oL, P,
st =Pt — e, P
m Pyt =Pyt — el P

- P4—1 — P3_1

>0

Consider the quadratic form

(P-G)"™P~(P-G)=0

Replace G by P = PT > 0 results in:
=

2P —p i

1\ — '

pp~1p

—— —
Left/right multiplication with P~ yields: P, P, P3 Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

Pl1_L=0 11/25
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l Superposed iteration rule l

Developed algorithm aﬂ o

[ p-t Ay —al| _ o AP L mprl=p;jl — oL, P

(A, —al)t 2P aP;1=P71 el P,

Consider the quadratic form - Ps’_l =P;1 — el3, P;

(P-G)'™PI(P-G)=0 mpl=p;t —el,, P,
mpl=p1

Replace G by P = PT > 0 results in:
=

2P — P S
_’;i D\ N\

Left/right multiplication with P~ yields: P, P, P3 P, Po

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

pp~1p

|

avh /

Pl1_L=0 11/25
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l Superposed iteration rule l

Developed algorithm aﬂ o

[ p-1 Ay —al| _ AP L sprl=p;l — oL, P
(A, —aDT  r?pP aP;1=P71 el P,
Consider the quadratic form mpP;l=pP;1 — el P,
(P-G)'™PI(P-G)=0 mpPl=p;1 — e, P,
P N p-1 _ p-1
Replace G by P = PT > 0 results in: | " P by~ = L5, I
PP=1p > 2P — P 25N -
TV NS 0
Left/right multiplication with P~ yields: P, P, P3 P, Py P

L A, — al
-1 9p-1_ p-1pp-1 _ v
p~1>2p~1—p-ipp L mmp [(dqv—al)T 2p >0

l Question: How to select P for a unknown decision variables P, such that P — P is small? l

Solution: update rule Aim: Convergence of L vs. P™1, such that

Pi = ()™ -

Pl1_L=0 11/25
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l Superposed iteration rule (Stage 1) l

Solution:

Developed algorithm %y aenaiscHe

- Select constant @ and Py = 1

- Select |a| + r > 1 in the first iteration
- Solve

L A, — al
[(cflv _aDT  r2p ] >
with
L=2p t—p-lpp-1

. —1
P~ =(P,_y) = (j: current iteration)

|a| + r > 1: Closed-loop instable

12/25
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l Superposed iteration rule (Stage 1) l

Developed algorithm %y aenaiscHe

Solution: Alm
- Select constant @ and Py = 1 1
- Select |a| + r > 1 in the first iteration
- Solve r
L A, — al i
[(cflv _aDT  r2p ] >0 “

with
L =2p"1—_p-1pp-1

. —1
P~ =(P,_y) = (j: current iteration)

|a| + r > 1: Closed-loop instable
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Superposed iteration rule (Stage 1)

Solution:
- Select constant @ and Py = 1
- Select |a| + r > 1 in the first iteration
- Solve
L A, — al
[(cflv _aDT  r2p ] >
with

L=2P1—p-1pp-1

Pt = (Pj_l)_l (j: current iteration)
|a| + r > 1: Closed-loop instable

|a| + r = 1: Closed-loop robust stable and
all eigenvalues of A, are located

in the circular Dy region

Re

12/25
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Developed algorithm gy o

Superposed iteration rule (Stage 1)

Solution: Alm
- Select constant ¢ and Py = I 1
- Select |a| + r > 1 in the first iteration
- Solve
[, Zayr "7 G/
(A, —aDT  r2P ’
with
L=2p~t—p-ipp-1
Pt = (P )_1 (j: current iterati
= (Pj-1 : nt iteration)
la| + r > 1: Closed-loop instable Realizable objectives:
la| + r = 1: Closed-loop robust stable and - Convergence of the linearization

all eigenvalues of A, are located - Stabilization of the closed loop

in the circular Dp region - Tuning control behavior

|| + r < 1:increased distance to stability margin
12/25
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l Optimization task (Stage 2) l

Discrete-time It6 differential operator:

1
Lp(V) = 5 (2" [k] (ATPA, — P)z[k] + trace(GIPG,))
If stochastic noise affects the closed-loop z[k + 1] = A,z[k] + G,w[k] (G,: non-zero)
- Maybe: L (V) = 0 in a neighborhood of z[k] = 0

- Non-provable stability region with boundary L, (V) = 0

is the interior of the ellipsoids:

z1 [k ](trace(g ng))z[k] —1=0 with M,=A,PA,—P

Decrease the non-provable stability region by minimizing the interior of

the ellipsoids:

trace(G, P
mm=) Non-convex cost function | = Z detggng)v)
- My

13/25
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l Optimization task (Stage 2) l

Integration into superposed iteration rule:

min J = ztrace(g ng

det(—M,,)
subject to
P >0,
[ A, —al >0
(A, —aDT  r?pP ’

with L =2p~1 — p-1pp-1
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l Optimization task (Stage 2) l

Integration into superposed iteration rule:

min J = ztrace(g ng

det(—M,,)
subject to
P >0,
[ A, —al >0
(A, —aDT  r?pP ’

with L =2p~1 — p-1pp-1
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l Optimization task (Stage 2) I

Integration into superposed iteration rule:

T
min | = ztrace(gv ng )

det(—M,,)

subject to
P >0,

A, —al

’(c/lv —aDT 2P >0,

with L =2p~1 — p-1pp-1

Realizable objectives:
- Optimality of the observer and controller gain
- Closed loop insensitive against noise

/ convex optimization:
ny

14/25
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l Modelling: Lagrange’s equations of motion l Trolley z(?t)
—0.5m Om 0.5m ZT

Measurable outputs: ¢ = (z ¢ )"

Motor 2 Motor 1

Lagrange function: e - 2 R T A
d (aL) L us(t) = Fi(®) : ui(t) = Fy(t)
= w\z) 5@
! 1 p(t) :—"
where 0.4m — ; Payload

. AT
Qj — (Fx_chjj _ﬂ'p%b FE_Ffrl) Zy

L= Ekin — Epot
with _
1 52

1. 1. . 1
Ekin=§ i (my —|—m2)+§ I? mz-h—ad)g I mo +9I‘;lmgsin(?,b)+a§’tjjlmgcos(1,b)+§ 0 2
T

Epot = —Mma g ZCOS(¢)

‘ System of differential equations

l Idea: Transform differential equation to state space representation 15/25 l




Example: Control of overhead traveling crane aﬂ UNIVERSITAT
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. . o . x(t
l Modelling: Quasilinear representation l Trolley *) 5
—0.5m Om 0.5m X

1. Simplifications for small angles:

) £ 5 Motor 2
Slﬂ(lﬁ) =1, COS(T/}) =1, " =0 0.2m - for Rope Winch':

ualt) = ()

Motor 1
for Trolley

uy(t) = Fi(t)
2. Introduce the state vector:

T = (x T Y 1!; [ E)T 0.4m

3. Quasilinear form: zy

t = Ac(x)z + Bo(x)u

Payload

with 7 1 0 0o o0 0\
0 —m P2 LS 0 PaT3 / L 0 \
€Ty P11 —P12Z3
0 0 0 1 0 0 0 0
Az)= |y P Ps p_g 0 _p4ﬁ _ gt Be.(z)=| _Pu1 P27
xIs X5 Ly £s I M 5
0 0 0 0 0 1 0 0
\O prIs —ng 0 Po —p1o / \—p12$3 P13 /
Ty Iy

l Idea: Convex enclosure of nonlinearities 16725 l
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I Modelling: Polytopic representation l Trolley ﬂ,
—0.5m Om 0.5m X

>
4. States are constrained:
o <A g Motor 2 : Motor 1
Li = [zﬂ mﬁ] ¢ 15 B 6 0.2m — for Rope Winchg for Trolley
t) = E(t) : = F(t
5. Introduce independent parameters: us(t) = Filt) u(t) ®)
- 5. ;. t) i
53 — [éj é‘j} 3 j T 1? e ?5 0.4m —— 90( ) Payload
for each nonlinear function yields zy |
the polytopic representation:
[Ac (8), Be (9)) € { [4e(€), Bo(O] = Y G+ [4w, B): D G0 = ;G > 0}
=1 v=1
with - 70 1 0o 0 o0 0\ [ 0 0
O —p1 p2 p3dr O Pad2 P11 —P1202
0 0 0 1 0 0 0 0
A.(0) = B.(0) =
(%) 0 pidr psér peds 0 —(p4dy + 205) (9) —p1101  P12d4
0 0 0 0 0 1 0 0
\0 prda —psds 0  pody —po / \—p1202 P13 }

6. Discretization by first order Euler approximation: A(0) = A.(0)Ts + I, B(d) = Bo(8)Ts 175
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l Simulation setup 1 l

Gu,cwu(t) Gp.ctp(t) Gywy(t) disturbance input matrices:
0 0
r[k] ulk] ‘ l :u(t)l Gu = (0 0)
— S —~(O+¢+D/A £(t) = f(z(t),u(t) + Gucwu(t)) + Gpewp(t) | C A/D > /
- 0 0 0
000 0 0
H O o 0o o0
- =10 o001 o0
&[k) [ vyt
| 2[k+1] = Ag2[k] + Boulk]+H (y[k] — C&[k]) c \ 0 0 0.01
/001 0 0
K G,=| 0 o001 o0
\ 0 0 0.01
l Compared to LQG control: Filter and controller designed separately for the linearized system l
Observer (filter) parameterization: LQR applied to estimated states X[k]:
, 1
E [wp(k)w, (k)] = Qo Q. = diag (Mmmg—)
H max,? ‘ K
E [w,(K)w, (F)] =R
o] - A,
max,j

l Disadvantages: Parameter tuning is semi-empirical; no proof of stability e l
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l Tuning the LMI controller: using robust Dy regions (circular sub-regions of the unit circle) l
Case 1: + =0.993, a =0, Case 2: r = 0.8, a = 0.193,
before optimization after optimization before optimization after optimization
90 2 90 2 é 90 2 90 2
120 60 120 60 ; 120 60 120 60
150 150 30 é 150 150 30
180 0 180 0 é 180 0 180 0
210 210 330 é 210 210 330
Case 3: 7 = 0.6, a = 0.393, Case 4: r = 0.4, = 0.593
before optimization after optimization before optimization after optimization
90 2 90 2 é 90 1.5 90 1.5

120 60 120 60

150 30 150 30

180 0 180

210 330 210 330

240 300 240 300 :
270 270 : 270 270 19/25
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l Idea: Select design settings with comparable control behaviors for both controller l
— Dtwwofm] o M0 Gl DOE Cadls

0.5

02 ,

é o——v;& Va——v&s S m—
0.2

:,

g N
50

UQ/N

0 5 10 15 20 25 30 20/25
Time / s
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I Comparison 1 '

Cost function:

RMSE-Values

LMI Controller — LQG Controller

N
1
Azjo = \l NZ oo [ — [k])?
k=1

of the observer error

N = 30s/T5=2000

€2 =124 — Ty [ 2
(=)

i
(=3
ot

1
=
o
11

e =t [ 2
(==}

€3

-0.05

1

0

15 20 25 30

Evaluation: Time / s

Non-measurable states Ax; o Axy o Axg o

LQG 0.0176 0.0679 0.0125 Improvement: Reduced observer error'
LMI 0.0107 0.0327 0.0106

Improvement 39 % 52 % 15 % 21/25
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l Simulation setup 2 l

stochastic, noise affected closed loop:
Gu,cwy(t) Gop,cwy(t) Gywy(t)

r[] ulk] l y(t)

> 5 =0 :D/Ag-j:(t)=f(:c(t),u(t)+Gu,cwu(t))+Gp,cwp(t)—> C J}—A/D
H

I— :fs[k]_ Jc glk]

&k +1] = Agi[k] + Boulk]+H (y[k] — C[k])

Example: Control of overhead traveling crane gﬁ UNIVERSITAT

/ Cost function

K -

. : RMSE-Values:
- deterministic, noise free closed loop: "
u Y N
L~ § —=(D/A » () = f(x(t),u(t) + Gu,cwu(t)) + Gpcwp(t)> C > A/D R 1
—9 / / A$@,f‘$ﬁz (2 k]—%fk])
B=1

~ H -<
L l & ¢[k] I glk]
~ ik + 1] = Aoi[k] + Boulk]+H (y[k] — C2[K]) ] JC

K |«

Y

21/25
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— LMI Controller — LQG Controller
I Comparison 2: Measurable states l
0.0075 } | i . | |
i o Wb 0 I b bl bbbl ly Rt AP L LR & Aol
Cost function: L TR T e O il T
= Y
-0.0075 " | | | i I
RMSE-Values
1 N 0.015 N
Afl\}i,f = EZ Giis k] _:Ezf k]) o acgs) | IL L e - | h | |
k=1 & .
|
from all estimates X; . ' L o A
to ideal noise-free estimates X; r : : i
0.005 ] I l 1 l |
|
&
0.005 1 | ' j r ' 1 '
Evaluation: ; 1 s 20 2 0
Measurable states AX, 5 AXs AXs f
LQG 0.0035 0.0048 0.0023
LMI 0.0029 0.0034 0.0015
Improvement 17 % 29 % 33 % 22/25
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— LMI Controller — LQG Controller
I Comparison 2: Non-measurable states '
! o [ 1]
q <:§ i
Cost function: &
T 1 |’I 'r
RMSE-Values
~ .14
. 1 ] | | | A | _
A$¢,f—$—z :1:@ k]—g;zf k]) - 0.07
N k=1 (QF 0 nq i l ‘ ||lﬂ\;|]1“.\lyLll | lk ‘ !.‘_HJ,‘\I I M,lfi‘ XLH ¥ ‘I | Jlmi'i ) | “ ‘fﬁ ‘ L,l | l'il |
O 11 kil il il ri i ‘?H*m ll ( | H LW
. A &
from all estimates X; [ . i H -
to ideal noise-free estimates X; r : ! ! i
R B y
|
KR o075 H [ I“ ‘II'””TI |.1- }
Evaluation: 0 : 10 - 20 2 ®
Non-measurable states AX, AXy f AXg T _ _
Significant improvements in
LG 0.0124 0.0333 0.0046 noise reduction compared
Improvement 63 % 60 % 65 % 23/25




* I|terative LMI design method for observer-based state feedback controller
subject to stochastic noise

 Advantages of the method:

- Closed-loop less sensitive to noise compared to LQG
- Provides control parameters and a proof of stability (for deterministic part)
- Consideration of uncertainties and non-linearities by polytopic representations

- Various control structures with identical LMI conditions possible

e Further work:
- Controller design for real mechatronic systems
- Dealing with the non-unique nature of the quasilinear form

and the polytopic representation

24/25
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l Thank you for your attention l
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