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Motivation: Excursion in Control and Estimation

w=x,
Controller u(w) u ‘ Plant }—»‘ Sensor Characteristics v, y
Calculation of the system input to reach > -
the desired trajectory Y

Mathematical model x=f(x, p,u) and y

Figure : Open-loop control u(w).

Nonlinear continuous-time state equations f, reference signal w, state
vector x, control vector u, parameter vector p, measurements y.,,

corresponding system output y
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Motivation: Excursion in Control and Estimation

w=Xx,
Controller u(w,x) | 4 ‘ Plant }—»‘ Sensor Characteristics v, y
Calculation of the system input to reach > y
the desired trajects "
e esnr‘e‘ rajectory Mathematical model x=f(x, p,u,t) and y "

State Estimation (Observer)
| Reconstruction of non-measureable system states | |
by simulating the mathematical system model YV

in parallel such that  J,,, V' become equal

S

Figure : Closed-loop control u(w, x).

Nonlinear continuous-time state equations f, reference signal w, state
vector x, control vector u, parameter vector p, measurements y.,,
corresponding system output y, estimated state vector x
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Motivation: Excursion in Control and Estimation

w= Xd
Controller u(w,x) | 4 ‘ Plant F»‘ Sensor Characteristics ¥,
Calculation of the system input to reach —# 'y
the desired trajectol . .
ey, Mathematical model &= f(x, p,u,¢) and y| | "

Taking into account:
-control error intervals

: -intervals f0|_' uncertain parameters . State Estimation (Observer)
| -process noise X fonlof system states
— and uncertain parameters -
by simulating the mathematical system model Y ¥

in parallel such that J,,»V become equal

| Taking into account:
-measurement error intervals
-estimation error intervals
-intervals for uncertain parameters
i -measurement noise

| -process noise

Figure : Closed-loop control with bounded and stochastic uncertainty.
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Motivation: Excursion in Control and Estimation

w=x,

Controller u(w, k)
Calculation of the system input to reach
the desired trajectory

: Taking into account:

-control error intervals

-intervals for uncertain parameters
| -process noise

P

u

‘ Plant }—»‘SensorCharaderistics Y| y

Mathematical model x=f(x, p,u,t) and y

Y

State Estimation (Observer)
Reconstruction of non-measureable system states
and

by simulating the mathematical system model Yur ¥

in parallel such that ', . become equal

Typical criteria for control systems:
- (Global) Asymptotic stability
- Stabilization of instable plants
- Improvements of dynamics
- Robustness, optimality

: -process noise

Taking into account:

-measurement error intervals

-estimation error intervals :
-intervals for uncertain parameters |
-measurement noise i

Figure : Closed-loop control with bounded and stochastic uncertainty.

Goal: Minimization of control errors (difference between reference signal

and system output)
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Experimental Test-Rig

drive side shaft

angle

measurement ]
electric

y drive

deflector rolls
with drive belt

load side shaft



Application Estimation Summary
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Experimental Test-Rig

Hardware and Programming
@ Real-time environment: Bachmann PLC system
@ Communication via serial interface and Ethernet
e Compilation of Matlab/Simulink model for use on process unit
°

Interface with C-XSC does not work in experiment, because switching
of rounding mode is not fully supported (loss of accuracy can be
neglected)

= Own structure for calculating with intervals

=- New implementation of all algebraic operators
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Drive Train Test-Rig: Modeling

deflector rolls with toothed belt
angle measurements (energy transfer)

drive side shaft

electric motor
control signal u=T,

load side shaft
brake (velocity-proportional torque)

Motor torque Ty, braking torque T
Angular velocity of the motor wjys
Measured angles ©arm

Jrot contains all mass moments of inertia Jps v, Jps,B, Jamr with
respect to the driving shaft
@ Braking represents a disturbance
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Drive Train Test-Rig: Modeling

ODE of System model
@ Torque balance Jyo - war = Thy — T — T - sign(way)
e Compensation of static friction Ts - sign(waz,q)

@ Transmission ratio k = ‘:—Jg

. k
e Braking torque I = kp, - wp = % cwy =d-wy

System Model (@) angle of rotation of the motor shaft)

. il . QOM . Whar o ~ o
f= [ } = L"M] = [a-wM—i—ﬂ-ﬂ] with @ = Ty + T - sign(war)
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Drive Train Test-Rig: Modeling

(In the following control input u(t) instead of (t))

System Model: State-Space Representation

x(t) = A-x(t) + b-u(t) = [8 ;] [28] + [g] u(t) with

y(t) = e - x(t) = 21(t)
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Summary

Drive Train Test-Rig: Modeling

System Model: State-Space Representation with Intervals

A-x(@®)+B-u(t) = [8 [i]] [28] 4 [[2]] u(t) with
cl x(t) = x1(t)

s

—~
< &
[

Task for Interval-Based Sliding Mode Approaches

) . ! 1o
@ Trajectory tracking ¢y — @ar,g = 0 and wyr — warg = 0 in terms of

motor torque control
@ Reconstruction of system states and parameter identification

despite

@ Uncertain parameters o = —% €la] and B=1€g]

@ Friction, measurement noise
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Control

Sliding Mode Approaches and Lyapunov Functions
Stability

Control a system such that it does not become unstable despite
disturbances or external influences

Asymptotic Stability

System dynamics converge over time to the system'’s equilibrium

Lyapunov Functions
Basis for Sliding Mode Approaches guaranteeing the system'’s stability for
@ Control tasks: calculate a gain in the control law

o Estimation tasks: calculate a gain used for the reconstruction of
|
system states and parameters such that y —y,, =0

v




Mode Control Estimation Summary
0000000000000 0 o)

Control

Sliding Mode Approaches without Intervals

Principle (Common Way)

@ Assume a system in nonlinear controller normal form, y = x;
n—1 . .
o Definition of a sliding surface s = s(x,x4) = > ;- (xgl) (t) — a:%(t))
7=
such that the system states tend to this stable mode, ideal case s =0

@ Suitable candidate of a Lyapunov function V = % 52>0
@ Stabilization of tracking error (ensure that system states follow the
|

corresponding desired ones) V=s-5<0
o Asymptotic stability if V' < 0 for all s # 0
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Control

Sliding Mode Approaches without Intervals

Calculation of the Switching Amplitude

Enforcing proportionality between absolute value of the sliding surface and
the time derivative of the Lyapunov function

V(t) —n - |s(t)| with n > 0 and [s(t)| = s(t) - sign(s(t))
s(t) - 3(t) < —n- s(t) - sign(s(t))

5(t) +n - sign(s(t)) < 0 (instead of 0, obtain a convergence rate) (1)

if s(t)>0
sign(s 1, if s(t) <0
else .

= A= IA-=

Calculate 7 such that (1) becomes true

10/42



timation Summary

u(t) = xgng Z K - — xgzzl( t)) —mn - sign(s(t))

Note
@ Control law depends on all system states (estimation necessary)

@ Switching amplitude 7 has to be defined by the user and is constant
over all time (either too large or too small) = Problem in case of
input constraints = Control law realizable?

o Coefficients x; have to be defined by the user

o

11/42
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Sliding Mode Approaches with Intervals

xz(t)“
CHATTERING current state x(z,) Deviation of the current state from
/ (not exactly known) desired state included in:
— t
_ desired state trajectory x,(¢) [xd,l](t)_xd,l (r)+[a xc,l]
E desired current state x,(¢,) [xd,z](l)=xd,2(l)+[Axc,2]
> > Interval for the tracking error:
bl X () [%,)(0)=x, (1)~Lx ., (1)
, [iz](t)=x2(t)_[xd,2](t)

Figure : Control error interval for sliding mode control design.

12/42



Sliding Mode Control Estimation Summary

0000000000000

Control

Sliding Mode Approaches with Intervals
Note

@ Intervals for control error and parameter uncertainty
@ Vector-valued sliding surface depending on system order
o Calculation of the switching amplitude vector n € R™*!

@ Consideration of stochastic processes by using a Lyapunov function
and the It6 differential operator

Stochastic processes (Standard Deviations & Brownian motions for
probability distributions)

@ Process noise: approximation error between two subsequent time steps
@ Measurement noise: uncertainty in sensors

@ Over-approximation of external disturbances and unknown effects on
system dynamics

v
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Control

Ito Differential Operator to Consider Noise Processes

Example
@ Dynamic system & = —x +p- 2 - w
o State x
o Parameter p
o

Normally distributed noise w with expectation p = 0, standard
deviation G =1

Asymptotic stability of the deterministic part £ = —x for all z € R

v

Formulation as Stochastic Differential Equation

der = —z dt+p-xdw
~~ ~—
f(z) g(x)

v

14/42
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Control
Ito Differential Operator to Consider Noise Processes
Formulation as Stochastic Differential Equation

de = —x dt+p-xdw
~~ ~—~
f(z) g(z)

Lyapunov function

1
V(z) = 5302 >0

15/42



Sliding Mode Control
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Summar,

Control

Ito Differential Operator to Consider Noise Processes

Formulation as Stochastic Differential Equation

de = —x dt+p-xdw
~~ ~—~
f(z) g(z)

Lyapunov function

1
V(z) = 5562 >0

v

How to calculate the time derivative of the Lyapunov function for a system
that is affected by stochastic processes?

[to Differential Operator

v v

5 + o f(z)+ %trace {9(95) iy g(:c)}

LV (@) —

15/42
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Control

Ito Differential Operator to Consider Noise Processes

1
dr = —z dt+p-zdw with V(z)==22>0
~— —~— 2

(=) 9(=)

[to Differential Operator

ov oV 1 0%V
L(V(z)) = B + e () + itrace g(x) - Bz -g(x)
0 1
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Control

Ito Differential Operator to Consider Noise Processes

1
dz = —z dt +p-zdw with V(z)=-2>>0
~~ N~~~ 2

f(z) g(z)

[to Differential Operator

ov oV 1 0%V
L(V(z)) = 2 T oz f(z) + gtrace g(x) - 922 -g(x)
0 1

=z (—z)+ %trace {¢*(z)}

1 1 !
= %+ 3 (p-z)?=—-22-(1- 5 -p?) < 0 for stability

v

16/42
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Ito Differential Operator to Consider Noise Processes

Itd Differential Operator

av. oV 1 0%V
L(V(x)) = 8t t 5 f(@) + Strace ¢ g(2) - el 9(x)
v ~
O T 1
2 1 2 2 Lo\ ! "
=—z +§-(p-ﬂc) = —z°. l—i-p < 0 for stability
Consequence

Stochastic system is only asymptotically stable, if

1

(1—1-102) <0 =p'<2 =pe |-V V2

v

17/42



Sliding Mode Control \ atio Summary

0000000000 e00000000

Control

[to differential operator to consider noise processes

[t6 differential operator

ov. oV 1 0*V
L(V(z)) = = T 5 (z) + jtrace g(z) - B2 -g(z)
0 = 1
5 9 9 1 50! s
E— +§.(p.33) :_;U-(1—§-p)<0forstab|hty

Consequence

Stochastic system is only asymptotically stable, if

(1-1.-p)<0 =p*<2 =>-—V2<p<V2

= System can nevertheless become unstable due to the stochastic noise w
= Control necessary

v

18/42
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Control

Sliding Mode Control: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative
xd:[xl,d'xz,d"“’xnvd]

e

19/42
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Control

Sliding Mode Control: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative
xd:[xl,d'xz,d"“'xnvd]

yd

Suitable cancidate of a
Lyapunov function

1
V=E(x—xd)TP(x—x

)

'
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Control

Sliding Mode Control: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative
xd:[xl,d'xz,d"“'xnvd]

yd

Suitable cancidate of a
Lyapunov function

1
V=E(x—xd)TP(x—x

)

|
1t6 differential operator A

2
L(V)=(6(%de))T(f(x,u,[p])ficd)+%trace Giﬁq’l
| d

\
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Control

Sliding Mode Cont

rol: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative
X d:[xl,

d'xz,d"“'xn‘d]

yd

Suitable cancidate of a
Lyapunov function

1
V=E(x—xd)TP(x—x

)

[
A

1t differential Terator a
o v PR T oV
L(v)= —a(xfx;jp (f(x.u,[p]) xd)+2trace G”—a(x—xd)z Gpl
|
L 2

Robust stability & minimum convergence rate
L(V)<—qrabs(x—xd)
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Control

Sliding Mode Control: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative
xd:[xl,d'xz,d"“'xn‘d]

P

Suitable cancidate of a
Lyapunov function

1
V=E(x—xd)TP(x—x

)
|
It6 differential operator A 5
[_ar ol r_ v
L(v)= a(x*xd;T (f(x.u,[p]) xd)+2trace Gpa(x—xd)ZG”l
|

L

Robust stability & minimum convergence rate
L(V)<—qrabs(x—xd)

Calculation of the
switching amplitudes M
in each time step
dim(n)=nx1

v
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Sliding Mode Control: Scheme (g(z) = G,)

Desired state trajectories
up to the »-th derivative o
X, =13y g%y g0, ]

Suitable cancidate of a
Lyapunov function

V=%(x—x4)TP(x—xd)
|
1t6 di ereg:ial berator v . 2y
G — =sn e Ty O VA
L(v)= a(x_x;j)(f(x,u.[p]) xd]+2trace Gpa(x_xJ)sz]
|
v

Robust stability & minimum convergence rate
L(V)<—qTabs(x—x4)

Calculation of the
switching amplitudes M
in each time step
dim(n)=nx1

A" caICUIaﬂons wnh —
[p]=[p:p] and [x,]
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Derivation of the Switching Amplitude
[td Differential Operator

L) = 5+ (5

T 2
=+ (5 ) B0 0, Blu) - xa(0)+race {7 T

@ Lyapunov function V = %iTPi

@ Tracking error / sliding surface

r1(t) — 214
() = (1) = x(t) = xalt) = | 2 C P ermat
l‘n(t) — Tnd

20/42
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Control

Derivation of the Switching Amplitude
Itd Differential Operator

Ly =2 (3—V

T 2
=S+ (5) 0 0, Blu) - a(0)+race {7 T

@ Stochastic dynamic system dx = f(x, p, u)dt + gdw

@ Deterministic system with parameter uncertainty and control error
intervals £([x](t), [p],u(t)) = A - [x](¢t) + B - u(t) + d(t),
[x](t) = x(t) + [Ax]
@ Interval system matrix A
@ Interval input vector B
e External non-modeled effects d(t¢) (e.g. friction)
e Control error interval [Ax,]

21/42
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Control

Derivation of the Switching Amplitude

[to Differential Operator

LV () = ov (8V

2
N (B0) b ) o1 )~ syt {572

Extended Control Law
u(t) = UFF(t) + upp (t) + ug (t)

o Feedforward control: upp(t) =S - w, w = x;
e State feedback control: upp(t ) = kT x(t)

e Switching control: ug(t) = 07 - sign(s(t))

Standard deviation of process noise g = G,

22/42
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Control
Derivation of the Switching Amplitude

[t Differential Operator

T
L) =5 + (5 ) (BEd 0, [p) ) — %ae)) +
<~
°  ®TeP
2
%trace gT%g
iy

Calculation of the Switching Amplitude
Inserting £([x] (¢), [p], u(t) and employing a condition for a minimum

!
convergence rate L(V(t)) < —q” -abs ([X](t)) € R™*!, ¢; > 0

o

23/42
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Summary

Control

Derivation of the switching amplitude

3 Cases

Inserting f([x] (¢), [p], u(t) and employing a condition for a minimum
!
convergence rate L(V (t)) < —q” - abs ([X](t)) € R"*!

sup ([MJ - (=[Val() — a” - abs ([%(8) ~ T ) ) +¢, if sup(IMJy) < 0
i = inf([M]j.(—[Va](t)—q -abs([x](t))—Ts)>—e, if inf([M];) > 0

0, else

o M]”:=BT.P-|[x]|(t), left pseudo inverse
—1 .
(M]* = (M]" - M) - M7 (dim([M]) = n x 1)
@ Small value guaranteeing the strict inequality €

v

24/42
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Derivation of the switching amplitude
3 Cases

Inserting £([x] (¢), [p], u(t) and employing a condition for a minimum

!
convergence rate L(V (t)) < —q” - abs ([%](t)) € R"*!

sup ([MJ - (—[Val(t) — o™ - abs (®(8) = T ) ) + ¢, if sup(IMJy) < 0
m = inf<[M]j.(—[Va](t)— - abs ([R](t)) — ))—e, if inf([M];) > 0

0, else
7] - sign([i1])  [3] sign([Fa]) .. [31] - sign([Fa])
= |[E s [l senia) .. (aa]sen(z)
ol - sign([E1]) [6n] - SiEn(E]) ... [Ea] - Sign(Ea))
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Control

Derivation of the switching amplitude
3 Cases

Inserting £([x] (¢), [p], u(t) and employing a condition for a minimum
!
convergence rate L(V (t)) < —q” - abs ([X](t)) € R™*!

+

sup ([MI7 - (=[Val(t) — a7 - abs ([%(1) = T5) ) +¢, if sup({M];) < 0

= inf([M];.(—mw)—q abs (1) = T5) ) — e (M) >0
0, else
Vo] = ({7 P+ (A = BK") - x + [X]7 - P B - upe — (%7 P %y

—1 if sup([Z;]) <0
0 else

1 ifinf([7;]) >0
Sign function sign([Z;]) = { i

v
24/42



Motivation atio Sliding Mode Control Estimation

Summary
0000000000000 000e0! O

Control

Derivation of the switching amplitude
3 Cases
Inserting f([x] (¢), [p], u(t) and employing a condition for a minimum

!
convergence rate L(V (t)) < —q” - abs ([X](t)) € R™*!

sup (M - (=[Val(6) — a7 - abs ([R](1) = Ts) )+, if sup([M];) < 0
i =19 inf ([M]j : (—[Va](t) — T - abs ([%](t)) — TS)> —e, ifinf((M];) > 0

0, else

[z1)(8) — 21,4(2)]
|[22])() — x2.a(2)]

|[2n] () = Zn,a(t)]
-
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Control

Sliding Mode Approaches with Intervals

Note
e Control law depends on all system states (estimation necessary)

@ One switching amplitude for each state enables smaller switching
amplitudes = as small as possible in each time step = less violation
of input range constraints

@ Intervals included to consider parameter uncertainty (not exactly
known / varying over time)

o Consideration of noisy processes

@ Implemented using C-XSC in simulation

25/42
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Sliding Mode Approaches with Intervals

For detailed information, see
Experimental and Numerical Validation of a Reliable Sliding Mode Control

Strategy Considering Uncertainty with Interval Arithmetic to be published
in the Mathematical Engineering Series " Variable-Structure Approaches:
Analysis, Simulation, Robust Control and Estimation of Uncertain
Dynamic Processes”

26/42
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Summary

and Experimental Results

Simulative Results - Angle

3 0'37 —% 0.3

202 £02

N SN

? 0.1 ‘ 0.1

2 S () e ~

= =

0.1 e

-0.2 -0.2

-0.3 : : ' -0.3 : : ‘
0 50 100 150 0 50 100 150

tins tins

Figure : Common sliding mode control ~ Figure : Interval sliding mode control

27/42
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Control - Simulative and Experimental Results

Simulative Results - Angular velocity

2 1.0 2 1.0
T 08 = 038
= 06 S 06
=04 = 04
8 02 8 02
L0 L0
S-0.2 09
S-04 8-04
-0.6 -0.6
-0.8 -0.8
-1.0 1.0 . . :
0 50 100 150 0 50 100 150
tins tins

Figure : Common sliding mode control ~ Figure : Interval sliding mode control

28/42
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Control - Simulative and Experimental Results

Experimental Results of the ISMC

600 T 4
500 £2
400 S0
2300 @ - )
£ 200 S4
9100 PMm 56
0 8
-106, 50 0 150 50 100 150
tins tins

Figure : Experimental results for the desired and measured angle (left) and the

corresponding deviation of both (right), Improvement 55% compared to pure
state-feedback control.

290/42
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Control - Simulative and Experimental Results

Experimental Results of the ISMC

14 hoWd g % 8

o i 6

" £ 4

- 8 32

2 6 0
c

£ 4 =-2

3, I,

ot~ -6

2 -8

0 50 100 150 0 50 100 150
tins tins

Figure : Experimental results for the desired and estimated angular velocity (left)
and the corresponding deviation of both (right).
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Observer

State and Parameter Estimation

Aim
@ Reconstruction of non-measurable system states and uncertain

parameters (specified by range bounds) such that the system is
guaranteed to be stable

@ Use these estimations in the controller

How?

@ Simultaneous evaluation of a parallel model additionally to the
system /test-rig and taking into account the deviation between the
measured data and the output of the parallel model

31/42
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Observer

Sliding Mode Techniques for State and Parameter
Estimation

ODEs of a Dynamic System
x(t) = £ (x(t),p,u(t)) = A-x(t) + B-u(t) + S - £ (x(t), u(t))
y(t) =C-x(?)
@ Nominal expressions of system, input and output matrices
A = A(x(t),p) € [A], B:=B(x(t),p) € [B] and
C := C(x(t),p) € [C] (included in interval expressions)
State vector x(t)
Uncertain/bounded parameters p(t) € [p]
Input vector u(t)

Representation of a-priori unknown and nonlinear terms
S-&(x(t),u(t)) with S € R"*? and [|{ (x, u)[| < £ (fixed upper
bound of the vector norm &)

v

32/42
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Observer

Sliding Mode Techniques for State and Parameter
Estimation
Sliding Mode Observer ODEs Considering Uncertainty .= #x (1), [p], u(t)
£=f(x (1), [p], u(1)) + PTE - H, - sign(em + [Aym])
=[A]- % (t) + [B] - u(t) + Hy - [em] + PT[C]” - H, sign(em + [Ayml)
Im =[C] - % (t)

x>

@ Combination of locally valid linear system model and variable
structure part that handles uncertainty and nonlinearities to stabilize
the error dynamics with certainty

@ Uncertainty in parameters and measurements — interval arithmetic

L. Senkel et al: Interval-Based Sliding Mode Observer Design for Nonlinear Systems with
Bounded Measurement and Parameter Uncertainty, |EEE Intl. Conference on Methods
and Models in Automation and Robotics MMAR 2013, Miedzyzdroje, Poland, 2013.
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Observer

Sliding Mode Techniques for State and Parameter
Estimation

SIiding Mode Observer ODEs Considering Uncertainty

£(x (1), [p], u(t))

v ||
I

f(x(t),[p],u(t)) + PT[C]" - H, - sign(em + [Aym))
=[ ] - ()+[ J-u(t) +Hy - [en] + PTC]T - H, sign(enm + [Aym])

@ Instead of nomjnal system, input and output matrices — interval
matrices [A], [B] and [C] denoting the interval evaluations of
A(x(t),[p)) € [A], B(x(t), [p]) € [B] and C(x(t),[p]) € [C]

@ Measurement error vector €,,(t) € [en] = Ym — Ym + [Aym]

34/42
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Observer

Sliding Mode Techniques for State and Parameter
Estimation

Sliding Mode Observer ODEs Considering Uncertainty

£ = (), pl,u(t)
£ =£(x (1), [p], u(t)) + P*[C]" - H, - sign(en + [Aym])
—[A] % (t) + [B] - w () + H - [en] + P[] - H, sign(em + [Ayn])
I =[E] % (1) 4

Underlying stabilization of the error dynamics observer gain matrix H
@ Matrix P results from solving the Lyapunov equat|on
A-P+P.-AT4+Q=0withA=A-H,-Cand Q>0

@ Online evaluation of the switching amplitudes H; = diag(h

s) in each
time step to handle uncertainty

35/42
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000e0

Observer

Sliding Mode Techniques for State and Parameter
Estimation

[t Differential Operator for Consideration of Stochastic Disturbances
o Suitable candidate of a Lyapunov function V(¢) = 3(x — %)TP(x — %)
o Ensure the system'’s stability for reliable estimations with V'

o System affected by stochastic processes = V by using Ité differential
operator

LV () = %+ ()" (£6x, [p), w) — F(%, [p), w) ) + btrace { GT 2% G }

v
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Mode Estimation Summar,

Observer

Sliding Mode Techniques for State and Parameter
Estimation

Ito Differential Operator for Consideration of Stochastic Disturbances
LV () = %+ ()" (£6x, [p), w) - £(%, [p), w)) + btrace { GT 2% G )

e System f(x, [p],u) and observer parallel model f(x, [p],u)
@ Estimation error e = x — x

@ Standard deviation of process and measurement noise

G =[G, —H,G,,] to simulate neglected nonlinear phenomena or
inaccurate sensor measurements
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Observer

Sliding Mode Techniques for State and Parameter
Estimation

Calculation of the Switching Amplitude

!
e Solving L(V(t)) < —q” |[e]| with respect to Hy, ¢; > 0

Cascaded structure due to multiplicative coupling of states and parameters
to be estimated

For further details see

Sliding Mode Approaches Considering Uncertainty for Reliable Control and
Computation of Confidence Regions in State and Parameter Estimation
presented at 16th GAMM-IMACS International Symposium on Scientifc

Computing, Computer Arithmetic and Validated Numerics, SCAN 2014,
Wiirzburg Germany
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Simulative and Experimental Results

Simulative and Experimental Validation (ISMO)
State Estimation

1 0.01 L 10
<8 <8
I 0.006 I 6
= 3
< 0.002 =2
—-0.002 -2
—0.006 -6
-0.01 -10
0 200 400 600 800 1000 0 200 400 600 800 1000
tins— tins—=
(a) Estimation error ;. (b) Estimation error 2.

Figure : Experimental results
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Simulative and Experimental Results

Simulative and Experimental Validation (ISMO)
Parameter Estimation o = [—1.5,4.5], 8 = [30, 90]

L 60 T 60
T A i
<3 40 ﬂe <3 40 Be
30 30
s s
0 / 0 /
~10 -10
0 500 1000 1500 0 200 400 600 800 1000
tins—» tins—=
(a) Estimates @., fe. (b) Estimates ., fe..

Figure : Simulative (a) and experimental results (b)
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Simulative and Experimental Results

Simulative and Experimental Validation

Comparison

@ One driving cycle (acceleration, deceleration) takes 8 sec, repeated
periodically

@ ISMO: adaptation of parameters and states takes place at each
discretization step

o Least Squares Estimation (LSE): adaptation of parameters once per
driving cycle

@ Comparison of root-mean square errors for angle and velocity

‘ LSE ‘ ISMO ‘ Improvement

z1 | Agyns =2730 | Ay, rsmo = 261.36 | 90.43%
xTo ‘ Amg,LS =4.79 ‘ A12715Mo =4.51 ‘ 5.85%
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Comparison of Control and Observer

| ISMC | ISMO

Sliding surface Tracking error Estimation error
X =X— X4 e=x—-X
Lyapunov function V= %iTPcfc V= %eTPOe
Switching amplitude n € Rt h, € Rmwx!
Bounded uncertainty | [p], [Ax,] P, [Ax.], [AXy]
Stochastic uncertainty | process noise process noise
measurement noise
T T

Condition L(V) < qc-abs([x]) | L(V) < qo - |[em]]
Aim x = X4 %=x
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Conclusions and Outlook

Conclusions
@ Interval sliding mode control and observer

@ Simultaneous identification of unknown system parameters and
estimation of system state

@ Consideration of bounded and stochastic disturbances
@ Validation in simulation and in experiment

@ Systematic computation of variable structure gains

Outlook on Further Work
e Simultaneous implementation of control and observer on the test-rig

@ Experimental validations of these Sliding Mode Approaches for other
real-time applications

v
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Thank you for your attention!
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