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Funnel control
Tracking with prescribed transient behaviour
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TRACKING WITH PRESCRIBED TRANSIENT BEHAVIOUR ∗

Achim Ilchmann1, E.P. Ryan2 and C.J. Sangwin3

Abstract. Universal tracking control is investigated in the context of a class S of M -input,
M -output dynamical systems modelled by functional differential equations. The class encompasses
a wide variety of nonlinear and infinite-dimensional systems and contains – as a prototype sub-
class – all finite-dimensional linear single-input single-output minimum-phase systems with positive
high-frequency gain. The control objective is to ensure that, for an arbitrary �

M -valued reference
signal r of class W 1,∞ (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 ϕ(t)‖e(t)‖ < 1 for all t ≥ 0, where
ϕ a prescribed real-valued function of class W 1,∞ with the property that ϕ(s) > 0 for all s > 0 and
lim infs→∞ ϕ(s) > 0. A simple (neither adaptive nor dynamic) error feedback control of the form
u(t) = −α(ϕ(t)‖e(t)‖)e(t) is introduced which achieves the objective whilst maintaining boundedness
of the control and of the scalar gain α(ϕ(·)‖e(·)‖).
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Funnel control
Successful implementations in mechatronics (since 2004, [1–33])
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Motivation and problem formulation
Reluctance synchronous machine (RSM): A viable alternative?

http://www.abb.com

advantages [34–36]:

‚ (very) cheap

‚ high efficiency feasible (IE4)

‚ high power density and

torque-per-volume ratio

‚ sensorless control feasible

disadvantages:

‚ power factor

‚ highly nonlinear

‚ inverter necessary

‚ (nonlinear control and good

system knowledge necessary)
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Motivation and problem formulation
Reluctance synchronous machine: A look inside

http://www.youtube.com/watch?v=69mtuom774E&index=4&list=PLg4s1do3XuVlwc1LnpyZgvfjd_o4wtA_D (cut version/duration: 0:26 min)
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Motivation and problem formulation
Flux linkage in the RSM
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Motivation and problem formulation
Control objective: Current reference tracking with prescribed transient accuracy
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Structural system properties of the RSM
Derivation of the nonlinear current dynamics

‚ To be derived: Nonlinear current dynamics

d

dt
i
k
s ptq “ . . . (3)

‚ Given: Stator voltage equation

u
k
s ptq “ Rsi

k
s ptq ` d

dt
ψ
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s
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` ωkptqJψks
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Assumption 1

Flux linkage ψ
k
s rWbs2 is a continuously differentiable function of the stator

currents i
k
s rAs2, i.e.

ψ
k
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2
, i

k
s ÞÑ ψ

k
s piks q ^ ψ
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;R
2q (4)
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Structural system properties of the RSM
Inductance matrix

Definition 1

Inductance matrix L
k
s rHs2ˆ2

is defined by

L
k
s piks q :“
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‚ symmetric [37]:

@iks P R
2
: L

k
s piks q “ L

k
s piks qJ ô L

dq
s piks q “ L

qd
s piks q (6)

‚ positive definite [37]:

@iks P R
2
: L

k
s piks q ą 0 ô L

dd
s piks q ą 0, L

qq
s piks q ą 0, detpLks piks qq ą 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:

d
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Inserting (8) into (1) yields nonlinear current dynamics:
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(9)

with system properties (see Remark IV.1):

‚ 2-input 2-output system with vector relative degree one!

‚ BIBO stable internal dynamics, i.e. i
k
s p¨q P L8 ^ mlp¨q P L8 ñ ωkp¨q P L8

‚ Euclidean input saturation [38], i.e. ‖uks ptq‖ ď pu :“ udc

2
for all t ě 0
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Current PI-funnel control with anti-windup for RSMs
Funnel control: Tracking with prescribed transient accuracy
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Current PI-funnel control with anti-windup for RSMs
PI-funnel control with anti-windup

1
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+
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ùñ ξp¨q acts as bounded input disturbance (see Lemma III.1)

ùñ PI-like extension for steady state accuracy
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Current PI-funnel control with anti-windup for RSMs
Control-loop and implementation
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controller implementation
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“real world”

Realistic modeling:

‚ three-phase signals (machine, inverter, modulation, . . . )

‚ pulse width modulation (PWM) and switching behavior of voltage source

inverter (VSI)

‚ Park-/Clarke transformation
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Current PI-funnel control with anti-windup for RSMs
Simulation results (1.1 kW RSM): FC, FC+PI and FC+PI
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Current PI-funnel control with anti-windup for RSMs
Simulation results (1.1 kW RSM): FC, FC+PI and FC+PI
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Outline
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Conclusion
Funnel control: Facts

‚ simple and robust controller

‚ Tracking with prescribed transient behavior (Ñ funnel design)

ep¨q

ep0q
Λp¨q

Λp0q

´Λp0q

eptq

Λptq

´λ

t time t rss

(performance) funnel

‚ asymptotic accuracy possible (Ñ 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
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