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I. INTRODUCTION

Reducing the skin friction drag of transonic commercial aircraft has always stimulated research
in aerodyniamics. The basic principal in boundary layer drag reduction is to delay the transition
region where the boundary layer undergoes a change from laminar state to turbulent state. As
reported by Gad-el-Hak [1] several methods to delay wransition have been tested in the past,
among which are the use of flexible coating, suction, shaping and wall-cooling. Among these
methods, suction has established its practicality for ai application thanks to real flight tests
[2). The manufacture of laser drilled titanium sheets makes the installation of suction panels
easier with minimum roughness induced instabilities. Two major problems that remain to be
solved in the use of boundary layer suction, are the distribution &nd optimisation of suction [1].
The use of automatic adaptive conirel of suction seems to offer a practical solution to such
problems. The continuous monitoring of the boundary layer by adjusting individual suction
rates to keep the flow laminar at minimum power penalty will allow to reduce the 1otal power
involved in the propulsion of aircraft, and will make tests in expensive high speed wind tunnels
shorter end more economic by reducing significantly the time and the uncertainty of the manual
adjustment of individual suction rates. The wotk presented in this paper is the continuation of
the experimental investigations reported in [3] where it was shown that a feedback control loop
could be used to maintain transition of a flat plate boundary layer at a desired location
downstream of a suction panel, using surface pressure fluctuation measurements as indicators of
the transition region. The experimental results described here show that an optimal feedback
control loop can be used to fix transition at a desired location with minimum power penalty by
permanently adjusting the suction rates of two individual pumps, The behaviour of the system
with two suctiohh inputs and the aim of the controller are firstly described. The approach
towards the constrained optimisation problem is then presented and the controller outputs are
derived. The first experimental results using the controlier are then presented.

2. DOUBLE SUCTION INPUT AND EFFECT OF PRESSURE GRADIENT

A fla1 plate with a carefully machined leading edge was positioned in a wind tunnel with a 2.5
metre long 0.305 m x 0.23 m working section, allowing mean flow velocities up to 22 m 5!

with 1% turbulence level. Two 0.124 chord x 0.178 span suction panels were mounted on the
plate at positioned chosen according to hot wire anonometry measurements. Each suction panel
was connected to a pump which is controlled by a PC via an inverter. The surface pressure
fluctuation measurements were made downstream of the suction panels using an array of
electret microphones mounted underneath a 1 mm hole, the microphone signals were acquired
by a PC via an A/D interface board. In order to remove the effect of the fan noise on the
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pressure measurements, the microphone signals were high pass filtered at 800 Hz. Figure 1
shows a sketch of the equipment used. :

The signals were acquired for 0.1 s at a sampling rate of 4 kHz afier which the rms values of the
signals were calculated. These values were then normalised by the rms pressure measured for a
fully rrbulent boundary layer, hence yielding a value close 10 zero in the laminar region and a
value close to one in the turbulent region, In order to monitor the location of transition, four
normalised rms pressures were used to create an ervor signal given by

4
e®)= 3, (Pxm) —p(xm, K)) )

mo]

where p(xy;, k) is the normalised rms pressure at position X on the plate at the k'th control
cycle, and p-{xn,) is the desired rms pressure at position xp,.

With the desired pressures chosen to be pAx) = 0.2, p{x2) = 0.33, prix3) = 0.66 and p (x4) =
0.8, the crror signal (k) gives a value close 10 -2 when the boundary layer is already turbulent
- 8t x1, a value close to 2 when the boundary layer is still laminar at x4, and a value close to @
when transition occurs between x) and xg. Varying the suction rates on both panels from
minimum to maximum and measuring the ensemble averaged relationship between the steady
state error signal e(k) and the values of the voliages output to the suction pump controllers gives
2 good idea of the effect of suction on the error. Figure 2 shows for a given mean flow speed,
U, = 17.5 m 571, the contour plot of the steady state error e(k) as a function of the steady state
values of the inputs wi1(k) and wy(k), voltages to the suction pump speed controllers
corresponding to the suction panel 1 (upstream) and the suction panel 2 (downstream)
respectively, As shown by figure 2, there is an infinite distribution of suction that will give zero
error, e(k) = 0. The suction distribution giving zero error for the minimum power penalty is
however unique, and this is the target Eoim of the controller as shown by the shaded circle in
figure 2. The contour plot described here was measured in the case of the flat plate without
pressure gradient, and this explains why the zero error point with minimum power penalty
corresponds to equal suction on both suction panels. The effect of a pressure gradient on the
plac can be seen in figure 3 which shows the same experiments as in figure 2 but this time an
additional plate was used in the wind rnnel to induce a favourable pressure gradient on the first
suction panel and an adverse pressure gradient on the second suction panel.  This case
:?resems in a simple manner the of gressure distribution that would exist near the leading
e of an acrofoil. As shown in figure 3, the error contour is now different and it leads to a
ifferent target point of zero error with minimum power penalty. The target now corresponds to
an increased suction rate for the second panel and a decreased suction rate for the first panel,
As it will be shown in section 4, the two different configurations of figures 2 and 3 will lead to &
different adjustment of the controller outputs.

3. A SELF-TUNING CONTROLLER FOR SUCTION RATE OPTIMISATION
As explained in the previous section, in order to achieve the target points of zero error and
minimum power input to the pumps, the controller will need to update the pump control
voltages 11(k) and u2(k) in order to fulfil the conditions
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ek +1)=0 ' @
min(u1(k)? + 12(k2) &)

As explained in reference 4 such a constrained problem can be converted into an unconstrained
problem of the form

J) = ug k2 + wp(k)2 + Ak + 1) elk + 1) ‘ )

where A(k + 1) is the Lagrange muldplier [4].

The method used here to minimise the cost function J(k) is to update the contrel voltages u;(k)
and ua(k) according to the steepest descent algorithm defined by

k+1 k .
@;Ek:1;)= "‘&3 = H gradQ k) uy k), (k) (5)

and the Lagrange muldiplier A% + 1) is updated as a predictor of the error function driven to
zero at the next iteration, i.c.

ek +2)=0 ' 6

Details of the derivation of the algorithm are given in reference 5. In order to derive the exact
expression of the gradient of the cost function and the analytical expression of the controller
update a valid model of the systemn giving the error as a function of the two control voltages is
needed. The response of the error e(k) to step inputs has shown that the dynamics of the planmt
can be modelled by a two input/single output system governed by the difference equation

e(k + 1) = a1 (&) u1 (k) + ax(k) ua(k) + bk) + wik + 1) ™

where a1(k), a2(k) and b(k) are the pminetcrs of the model and w(k + 1) is an additional
disturbance representing the noise of the error signal.

Replacing the above expression for e(t + 1) into equation 4 allows the gradient of J(k) with
respect to u1(k) and (k) to be calculated and equation 5 can finally be rewritten as

up(k + 13y - ankyy uy(k) + ay (k) Ak + 1) ‘
(uz(k + 1} (uz(k)) # G uxh) + aa(k) Atk + 1)] @
Assuming that the parameters of equation 7 can be used in a predicidr for the next iteration, the

noise free expression of equation 6 can be written

ek +2) = a1(k) my{k + 1) + ax(R) ua(k + 1) + (k) =0 )]
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Substituting reg(k + 1) and uz(k + 1) given by equation (8) leads to the analytical expression of
Ak + 1) given by

(1 - 21) (@1 (k) w1 (k) + az(k) uz(k)) + bik) 10)
Hay kP + ax(0?)

Ak +1)=

Replacing A(k + 1) into equation 8 leads to the control update

ik + 1)y w (N (1 =2 ) (agCk) uy(k) + aa(k) uatk) + bR} say(k)
G+ 1) =20 (1) - PATST) 2k) an

As shown in figure 2, the steady state relationship between the error signal and the two pump
control voltages is dependent on the local values of the two voltages. This is also true for the
dynamic model of the plant represented by equation 7. The values of ay(k). aa(k) and b(k)
depend on the values of u)(k) and up(k) and whenever uj(k) and u2(k) vary, so must ay(k), ax(k)
and k). A recursive least squares (RLS) algorithm is used in the control loop to allow the
model parameters to be updated at each iteration, when new data becomes available. The step
of identification used here allows a valid model of the plant to be used in order to derive a
reliable control update. The RLS algorithm is explained in detail in reference 6. As also
supported in reference 6, the RLS algorithm has 1o be used with caution because of possible
numerical instability of the algorithm, slow response to significant parameter changes and
unidentifiability of the system. Such problems were treated using the Burman U-D
factorization, a variable forgetting factor and an additional dither signal on the inputs (k) and
ua(k). Details of these modifications are thoroughly reated by Wellstead and Zarrop [6] and
Fortescue et al [7] for the use of the variable forgetting factor.

4. RESULTS

During the first iterations of system identification, the RLS algorithm often gives large
amplitude variations of the parameters before these can converge. This initial adjustment may
lead 10 controller instabilities when both g1 (k) and a2(k) lead 1o a null denominator in equation
11, This problem was easily dealt with by runing the RLS identification for an initial 40
iterations during which no control action was applied. During this time, the plant was submitted
1o two steady voltages with additional dithers as inputs. Such large amplitude variations may
also occur when the system to be identified go through non-linear variations that can not be
efficiently dealt with by a linear estimation process like the RLS algorithm. In our case, sudden
changes of the mean flow speed of the wind tunnel could lead to such non-linear variation of the
model. In this situation the resulting large amplimde error e(k) crossing a given threshold was
used to switch the controller 1o an integral action of the form

k+1 K k+1
ot )= Cae)-x (a2 a2)
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The RLS algorithm was then reinitialised and left to converge for 40 iterations with the last

integral update as input. Afier these 40 iterations the constrained optimisation action of
equation 11 was reactivated. :

The two time histories depicted in figure 4 show the behaviour of the controller in the case of
the flat plate without pressure gradient. It cen clearly be seen how the controller adjusts the
control voltages after the initial identification iterations and how the sudden change in mean
flow speed from U, = 14 m 571 to Uy = 17 m 51 is negotiaed. Plotting the data of figure 4 in
the same formar as in figures 2 and 3 allows one to visualise how the controller distributes the
suction rates on the two panels (figure 5). Figure 6 shows in the same way as figure 5 the
controller behaviour in the case of the flat plate with the additional pressure gradient.
Comparing figure 5 and 6 shows the effect of the pressure gradient which generally increases
the overall suction rates and distributes more suction to the second panel as could be predicted
by the steady state plots of figures 2 and 3. '

5. CONCLUSION

These first wind tunnel experiments have clearly shown how a constrained optimisation
algorithm with variable Lagrange multiplier can be used in a feedback control loop to maintain
transition at a desired location with minimum power penalty on the two suction pumps. The
parameters of the model identified using a modified RLS algorithm could be used to create a
one-step-zhead adaptive controller. The experiments have shown the fast and stable rate of
convergence of the controller in the two cases, the flat plate configuration where the target was
equal suction on both panels, and the pressure gradient configuration where the target was a
decreased suction rate on the first panel submitted to a favourable pressure gradient and an
increase suction rate on the second pane] submitted to an adverse pressure gradient.
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Figure 1: Schematic of test rig and double suction control equipment
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Flgura 2: Contour Plot of the Error Surface in the Case of Zero Pressure Gradient
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Figure 3: Contour Plot of the Error Surface in the Case of Pressure Gradient
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Figure 4: Controller performance and response to a sudden change in mean
flow speed at time = 400, in the case of the flat plate without pressure
gradient.
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Figure 5: instantaneous values of the control inputs (+) during convergence to the optimal
solution, in the case of the flat plate without pressure gradient . -
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Figure 6: Instantangous values of the control inputs {+) during convergence to the optimal
solution, in the case of the flat plate with pressure gradient.
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