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Funnel control
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Funnel control

The beginning ...

ESAIM: Control, Optimisation and Calculus of Variations
URL: http://www.emath.fr/cocv/

(at least for me in 2004)

TRACKING WITH PRESCRIBED TRANSIENT BEHAVIOUR*

AcHiM TLcHMANNY ) E.P. Ryan? anp C.J. SANGWIN®

Abstract. Universal tracking control is investigated in the Luntext of a class S of M-input,
M-output dynamical systems modelled by ional 1 The class

a wide variety of nonlinear and infinite- dlmermondl 5 ‘tema and contains — as a prototype sub-
class — all finite-dimensional linear single-in tp i phase systems with positive
high-frequency gain. The control objective is to ensure that, for an arbitrary RM-valued reference
signal 7 of class W™ (absolutely continuous and bounded with essentially bounded derivative) and
every system of class S, the tracking error e between plant output and reference signal evolves within
a prespecified performance envelope or funnel in the sense that @(t)[|e(t)]| < 1 for all ¢t > 0, where
¢ a prescribed real-valued function of class "> with the property that ¢(s) > 0 for all s > 0 and
liminf. o ¢(s) > 0. A simple (neither adaptive nor dynamic) error feedback control of the form
u(t) = —a(p(t)]e(t)|)e(t) is introduced which achieves the objective whilst maintaining boundedness
of the control and of the scalar gain a(¢(-)|le(-)[))-
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Funnel control

Successful implementations in mechatronics (since 2004, [1-33])

N

(Industrial drives (Industrial robots | Wind turbine systems

speed & position control position control speed control

~

(Elastic drive trains

Machine tools Electrical machines

long shaft bearing

[CES]
o
speed & position control + damping speed & position control current control
L ) L J \
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Motivation and problem formulation

Reluctance synchronous machine (RSM): A viable alternative?

100%

60%

==
== 'R Rotor
= Other
IR Stator
Traditional 1E2 induction motor 1E4 SynRM motor Losses
http://www.abb.com
advantages [34-36]: disadvantages:
= (very) cheap = power factor
= high efficiency feasible (IE4) = highly nonlinear
= high power density and = inverter necessary
torque-per-volume ratio = (nonlinear control and good
= sensorless control feasible system knowledge necessary)
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Motivation and problem formulation

Reluctance synchronous machine: A look inside
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Motivation and problem formulation
Flux linkage in the RSM

o
= —
“’(/Js =

i [Al il 1A]

< [Wb]

Y

id [A] il [A]
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Motivation and problem formulation

Control objective: Current reference tracking with prescribed transient accuracy

ub(0) = Rk (0 + 0t 0+ || w0 (1)
M-::,;--/
Sunlt) = L[ Spi (0TI E0) — mulh) — () + @) ] @
A g loads friction

machine torque

i)
=
?‘gm
il [A] it [A] ig [A] it [A]
d-flux linkage g-flux linkage
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Structural system properties of the RSM

Derivation of the nonlinear current dynamics

= To be derived: Nonlinear current dynamics

dift)=... (3)

= Given: Stator voltage equation

ul(t) = Ral(t) + Sl (i (1) + w () JwE (1),  ¢L(i(0) = vl

Assumption 1

Flux linkage +" [Wb]? is a continuously differentiable function of the stator
currents i* [A]?, i.e.

P RESRY a0 l(i) A ol() e CR%RY) (4)
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Structural system properties of the RSM

Inductance matrix

Definition 1

Inductance matrix L* [H]**? is defined by

oyd(l)  awl(l) .
iy o [ENED ) [T TS ewan|
SUSST | LrGEy Lk i) oul(al) o |
P ol ] s il
= symmetric [37]:
Vi e R?: L) = LY(i) < LJ(if) = LI(i3) (6)

= positive definite [37]:
Vif e R LFGE)Y >0 < L26E) >0, LY9GE) > 0, det(LEGEE)) > 0 (7)
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Structural system properties of the RSM

Generic model with nonlinear current dynamics

Time derivatives of the flux linkage are given by:

k/-k
HYLGEI(E) = a”b;i(,f(stgt) ) () @ LE (6t (1)) Lt 1)

Inserting (8) into (1) yields nonlinear current dynamics:

Sy = L) | saty (ul(t) - Rk (1) - wi () TL (i () ]
L) = B[ il )T Twk W) — mu(t) - (o) + Fwi) () |

machine torque loads friction

with system properties (see Remark IV.1):
= 2-input 2-output system with vector relative degree one!

= BIBO stable internal dynamics, i.e. i*(-) € L% A my(-) € L7 = w,(-) € L”

Ugc

= Euclidean input saturation [38], i.e. ||u’(t)|| <4 := “s forall t > 0
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Current Pl-funnel control with anti-windup for RSMs

Funnel control: Tracking with prescribed transient accuracy

A(0)

el ,\//

VARG

t time [s]

performance funnel F,

A() = 0FA()

Controller (applicable if feasibility condition u > ., holds, see Theorem 1V.2):

lue(t) = k(e(t)| = [lle®] <A@ (FC)
where
= e(t) = (e5(t), ed(t) " = il rer(t) — i5 (1)
C KO = S S a9 el = /el ey
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Current Pl-funnel control with anti-windup for RSMs

PI-funnel control with anti-windup

P sat;
e U k

k

U ref Us

- s
g {

Lffw(')
Y =

SE) = ki fau (60 + kyue®)) ur(t),  £0) = & eR" (PIy
ub op (1) = E(t) + kp ug(t), where k, > 0,k; > 0.

= £(-) acts as bounded input disturbance (see Lemma lll.1)
= PI-like extension for steady state accuracy
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Current Pl-funnel control with anti-windup for RSMs

Control-loop and implementation

nonlinear SM

stator

- 6 2

Realistic modeling:

Park Clarke
PI—f;m:'lleI trafo. trafo. VSl
controller PWM power elect
.k k abe
s, rof Ug ref [dg aB /| ts rer [y NN
a3 op abe T . S
b ' dt + ¢1,(0)
. .abc .a b o.e\T
’L: dq af s = ('Ls ) Uy 'Ls)
controller implementation aB abc

= three-phase signals (machine, inverter, modulation, .. .)
= pulse width modulation (PWM) and switching behavior of voltage source

inverter (VSI)

= Park-/Clarke transformation

12.02.2016
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Current Pl-funnel control with anti-windup for RSMs

Simulation results (1.1 kW RSM):

FC, —— FC+Pl and —— FC+PI*"

! | ==
llell [A] 2 \ ]
0 M s N, e R
1500 T T T T T
1000 4
k [V/A]
500
if [A]
i [A]
0.05 0.1 0.15 0.2 0.25 0.3
time ¢ [s]
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Current Pl-funnel control with anti-windup for RSMs

Simulation results (1.1 kW RSM): FC, —— FC+Pl and —— FC+PI*™"
4 -
(A
51l [A] 9 i
0 L L L L L
1500 | . s

k) V] 1000

500
0
1000 ---ue
el V] 500 | |
0 L Il Il Il L
0.05 0.1 0.15 0.2 0.95 0.3
time ¢ [s]
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Conclusion

Funnel control: Facts

= simple and robust controller
= Tracking with prescribed transient behavior (— funnel design)

A(0)

e(0)

\ / t time ¢ [s]

(performance) funnel

= asymptotic accuracy possible (— internal model design, e.g. PI)
— Happy Birthday, Achim and thank you for all your time and support! —
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Structural system properties of the RSM

q

A d . d q
. . d D1 O d oY, O1hg d
Nonlinear inductances L := %5, 19 := %5 37.— 2 _ 25 _. 19
84 Oig Dig ois
— 04
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