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The research group FOR1779 “active drag reduction via wavy surface oscillations” develops robust methods for 
reduction of turbulent friction drag by flow control. Its focus on unsteady flow conditions requires control of the in-house 
developed electromagnetic actuator system generating the transversal surface waves in wind tunnel experiments.
A schematic of the system is shown on the left. Elastic deformation of the aluminum surface is facilitated by sending 
current through copper coils placed inside the magnetic field of Neodymium permanent magnets. The PCBs carrying 
the coils are guided by ball bearings (not shown). Main challenges in control design for this system are:
 Nonlinear reset force and coupling between actuators via aluminum surface
 Bearing friction and magnetic field inhomogeneity
 Real time communication between actuators, sensors and the central flow control unit
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The actuator system can be 
approximately modelled as a system of 
coupled, damped, driven, one 
dimensional  oscillators with strong 
nonlinear coupling. 

PD on hardware
From the parameters of the identified 
model we derive the tuning for a PD 
controller and apply this to our test 
system using Simulink Real-Time 
toolbox. This control strategy neither 
takes into account the coupling 
between nor the nonlinear reset force 
of the actuators. Despite this it can 
achieve phase shifts up to 15° between 
the control inputs. Unfortunately, this is 
insufficient for our purpose.

m Mass of the actuators and the moving aluminum surface
k Spring constant
r Pure viscous friction term
L Inductivity of the coil
R Ohmic resistance of the coil
Ce Coil constant (current  force)

ILC in simulation
In addition other control 
schemes, especially iterative 
learning control, are evaluated to 
improve over the result obtained 
with PD control. In simulation a 
PD-type ILC can achieve a 45°
phase shift as shown to the right.

However the basic PD-type ILC is not 
stable and converges slowly. To 
overcome these problems we use 
switching ILC [4] and adapt the learning 
gain for fast convergence in stage 1 
and switch to slower but more reliable 
convergence in stage 2. Learning is 
switched off as soon as the error is 
within acceptable range. This ensures 
stability.

We first derive an expression from the shown geometry assuming the 
aluminum surface behaves like a Hookian spring and the actuators like 
point masses. The force exerted by xi on xi-1 is:

This transfer function can be used to tune standard linear feedback 
controllers (e.g. PID) within a small amplitude range for which k does not 
significantly change due to nonlinearity.

Outlook
We are hoping to implement ILC soon, possibly combining with PID for 
better disturbance rejection. Improvements to model and system 
identification also seem promising, especially the addition of a more 
sophisticated friction model and nonlinear system identification. A sufficiently 
precise model can enable deadbeat control with ILC i.e. reaching steady 
state after one period.

Since the target amplitude of 1 mm is small compared to the spacing 
d = 10 mm of the actuators we use Taylor expansion to simplify the initial 
expression. After linearization and Laplace transformation we find:

We use a Simulink Real-Time set 
up as shown (left) to examine and 
control the actuators. The versatility 
of this system significantly speeds 
up development.
For example, we can interface with the Matlab System Identification toolbox. 
It allows us to fit our model to data collected using a sine signal as voltage 
input including transient oscillations at the beginning (below). Combining 
with direct measurements we obtain for the operating point 40 Hz, 250 µm:

Known before fit
m 70 g
R 14 Ohm
Ce 0.032 Vs/mm

From fit
k 13.4 N/mm
r 245 kg/s
D 1 (damping measure)
L 23.4 mH
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