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The application of active flow control via synthetic jet actuators for separation and roll control on a scaled Cessna

182 model was investigated experimentally in a low-speed wind tunnel. The model was instrumented with either

ailerons or synthetic jets embeddedwithin the outer portion of the wings’ span, in lieu of ailerons. Force andmoment

measurements were performed for various aileron deflections and synthetic jet momentum coefficients (on either

both wingtips or only on one). It was found that the effectiveness of the synthetic jets is comparable to that of

conventional ailerons at moderate deflection angles. The model was also instrumented with a hot-film shear stress

sensor downstream from the synthetic jet exit. The sensor’s rms output was monitored in real time by a computer.

When the rms reached a predetermined threshold value, the computer automatically turned on the synthetic jet

actuators. Using the appropriate threshold value resulted in complete avoidance of wingtip stall at the angle of attack

where separation would have occurred. In addition, the shear stress sensor and wind tunnel force data were used to

identify the system dynamics. A computerized dynamic model of an RC version of the Cessna 182 showed that at

moderate to high angles of attack, synthetic jets alone could be used to control the roll of the aircraft.

Nomenclature

b = wing span
CD = vehicle drag coefficient
CL = vehicle lift coefficient
Cm = vehicle pitching moment (about quarter-chord)
Cm� = derivative of Cm with respect to the angle of

attack
Cn = vehicle yaw moment coefficient (about quarter-

chord and center plane)
Cr = vehicle rolling moment coefficient
C� = synthetic jets’ momentum coefficient,

�nj�jU2
j hLj�=�12 �1U2

1 �cb�
�c = mean chord
fr�V�, fn�V� = coefficients listed in Eqs. (4) and (5)
g = acceleration due to gravity
h = synthetic jet orifice width

Lj = synthetic jet orifice length
m = mass
nj = number of active synthetic jets
Re = Reynolds number, �U1 �c�=�
T = reattachment time constant
Tf = time of flight, �c=U1
Tj = synthetic jet period
t = time
Uj = synthetic jet orifice velocity (during the

outstroke), 1
Tj

R
�
0 uj�t� dt

U1 = freestream velocity
ub = x-component of inertial velocity in airplane

body frame FB
uj�t� = phase-averaged velocity at the jet exit plane
V = input voltage to the synthetic jets (before

amplification)
wb = z-component of inertial velocity in airplane

body frame FB
xsj = streamwise location of the synthetic jet actuators
� = angle of attack
�Cr = change in rolling moment coefficient with

respect to aileron deflection of 3 deg
�Crsj = change in rolling moment coefficient from

synthetic jet configuration (jets off)
�a = aileron deflection
�E = elevator command
�R = rudder command
�SV = synthetic jet command
�Th = engine command
� = closed-loop control system characteristics root
�j = synthetic jet density
�1 = freestream fluid density
� = synthetic jet blowing time, Tj=2
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Introduction

O PTIMUM aerodynamic performance that avoids flow
separation on wing surfaces has been traditionally achieved

by appropriate aerodynamic design of airfoil sections. However,
when the wing design is driven by nonaerodynamic constraints
(stealth, payload, etc.), the forces and moments of the resulting
unconventional airfoil shape may be much smaller than a
conventional airfoil. Therefore, either active or passive flow control
can be used to maintain aerodynamic performance throughout the
normal flight envelope. Although passive control devices such as
vortex generators have proven, under some conditions, to be quite
effective in delaying flow separation, they offer no proportional
control and introduce a drag penalty when the flow does not separate
(or when they are not needed) [1].

In contrast, active control enables coupling of the control input to
flow instabilities that are associated with flow separation and thus
may enable substantial control authority at low actuation levels.
Furthermore, active actuation is largely innocuous except when
activated and has the potential for delivering variable power. In
previous studies, active control efforts have employed a variety of
techniques including external and internal acoustic excitation [2–4],
vibrating ribbons or flaps [5], and steady or unsteady blowing [6].

Over the last decade, the synthetic jet has emerged as a versatile
actuator for active flow control. The formation and evolution of
synthetic jets are described in detail in the work of Smith and Glezer
[7], Amitay and Glezer [8], and Amitay and Cannelle [9]. The
effectiveness of fluidic actuators based on synthetic jets is derived
from the interaction of these jets with theflownear theflowboundary
that can lead to the formation of a quasi-closed recirculating flow
region, resulting in a virtual modification in the shape of the surface.
Past research work has focused on the use of open-loop actuation
strategies to generate the required modulated input signals to jet
arrays [6,10–12], which is highly dependent on the availability of
accurate and comprehensive wind-tunnel-validated flow models.
However, the underlying flow mechanisms and interactions of jet
arrays are usually very complicated and highly nonlinear. Moreover,
it is extremely difficult to accurately model the changes in the system
dynamics due to varied flight conditions, inevitable external
disturbances, measurement noise, actuator anomalies, and failures.
Therefore, the development of closed-loop nonlinear adaptive flow
control techniques that can automatically compensate for modeling
errors and adapt to changes in the system dynamics, are particularly
attractive to realize the full potential of synthetic jet technology.

Recently, the effect of synthetic jets on a scaledmodel of a Piper J-
3 Cub was examined [13] at Reynolds numbers from 150,000 to
280,000. Increases in total vehicle lift of up to 16%were observed. A
dynamic analysis on the Piper showed that synthetic jets had only a
minor influence on stability characteristics, and that the effect was
greater at high angles of attack. The previous work also showed that
synthetic jets on the main wing of an aircraft could be used to control
the pitch of the aircraft to a modest extent.

The present work has three objectives: 1) to explore,
experimentally, the feasibility of using active flow control, via
synthetic jet actuators, as a roll control mechanism instead of
conventional ailerons for the small-scale Cessna 182 model; 2) to
develop a closed-loop stall suppression system on a wind tunnel
model of the Cessna 182; and 3) to develop an integrated flight
controller (body rate controller) for the RC Cessna flying model,
instrumented with synthetic jet wingtips.

Experimental Setup

The experiments were conducted in a closed-return low speed
wind tunnel, having a test section measuring 608 by 608 mm, which
is equipped with a six-component force sting balance to measure the
aerodynamic forces and moments. All forces and moments reported
in the paper are about the quarter-chord of the wing along the model
centerline. The resolution of the sting balance was such that the
moments and forcesweremeasuredwith an accuracy of less than 5%.
The experiments were conducted at 15 and 30 m=s, with a
corresponding Reynolds number of 67,300 and 134,600,

respectively, and (wing) angles of attack from 0 to 16 deg. The
uncertainty in the velocity is less than 1%whereas the angle of attack
alignment is within 0.1 deg.

A 1=24th Cessna scaled model (457 mm span) was constructed
from stereolithography, where the main wing consists of a NACA
2412 section, and aNACA0005was used for both the horizontal and
vertical tails. The main wing was designed such that different
wingtips could be used (Fig. 1) where aileron deflections from 0 to
18 deg in 3 deg increments could be achieved. Note that each
aileron’s streamwise length is 20%of the root chord on the outer span
portions (25% of the span for each aileron) of the wing.

In addition to the aileron deflection wingtips, several wingtips
with embedded synthetic jets were also designed (Fig. 1b). A
synthetic jet is a jet that is synthesized by a train of two-dimensional
vortex pairs. The vortices are formed at the edge of an actuator orifice
by the motion of a small diaphragm that is driven by a piezoceramic
disc andmounted at the bottomof a sealed shallow cavity. During the
forwardmotion of the diaphragm,fluid is ejected from the cavity, and
the ensuingflowseparates at the sharp edge of the orifice forming two
vortex sheets that roll into a vortex pair that begins to move away
from the orifice under its own self-induced velocity. When the
diaphragm begins to move away from the orifice, the vortex is
sufficiently removed and is thus unaffected by the ambient fluid that
is drawn into the cavity. Therefore, during each cycle the net mass
flux out of the cavity is zero whereas the hydrodynamic impulse of
each vortex is nonzero. The diaphragm is driven at its resonance and
thus the electrical power input to the actuator is typically small.
Furthermore, the synthetic jet is very simple mechanically and does

Fig. 1 Cessna wind tunnel model.
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not require compressed air or tubing. For a detailed description of the
synthetic jet see the review by Amitay and Glezer [8]. In the present
work the synthetic jet was mounted at xsj= �c� 0:25 (near the
separation point for high angles of attack, Fig. 2), and its synthetic jet
performance was measured using the momentum coefficient, C�,
which was varied between 1:5 � 10�4 and 8:7 � 10�3 (when both
wingtips are actuated) and between 7:4 � 10�5 and 4:3 � 10�3 (when
a single wingtip is actuated).

The baseline Cessna has a small taper over the aileron portion of
the span. However, to avoid any three-dimensional taper effects, the
synthetic jet wingtips were designed without any taper

( �C� 67 mm), but with the same planform area and overall span as
the aileronwingtips. The synthetic jet-instrumentedwingtips have an
18% thick Clark-Y airfoil section (the effect of flow control, via
synthetic jet actuators, on a 2-D Clark-Y airfoil was previously
investigated byAmitay et al. [14]). A thicker airfoil (than the baseline
wingtip) was chosen to provide enough room for the synthetic jet
cavities. Moreover, a stall fence was added to the synthetic jet
wingtips to prevent any tip effects from imposing on the inner span of
the wing. Each wingtip consists of 3 synthetic jets (at the 25% chord
location and 7.5mmapart, Fig. 3) each having a 0.5mmwide slit and
extending 25.4 mm along the span. Each synthetic jet actuator is
driven at a frequency of 750 Hz using a piezoceramic disk. In
addition, a hot-film shear stress sensor was placed downstream the
synthetic jet exit (at 35% chord, Fig. 3).

Results

The implementation of synthetic jet actuators for separation
control and as ailerons for roll control on a scaled Cessna 182 model
has been investigated experimentally. First, the baseline configura-
tion is discussed, where ailerons are used for roll. Following, the
effectiveness of synthetic-jets-based active flow control instead of
the ailerons is presented, and finally, the development of an
integrated flight controller for an RC Cessna flying model, which is
instrumented with synthetic jets wingtips, is shown.

Aileron Configuration

First, the aerodynamic performance of the baseline Cessna model
(i.e., with conventional ailerons) is presented. Figures 4a and 4b

present the variation of the vehicle’s lift coefficient, CL,with angle of
attack and the lift-drag polar, respectively. The data are at Re�
67; 300 and 134,600 and four aileron deflection angles. The lift
coefficient increases linearly for � < 8 deg and reaches its maximum
value, CLmax, of 1.2 at �� 11 deg (Fig. 4a). As expected, the lift
coefficient is not noticeably affected by aileron deflection. However,
the drag coefficient increases slightly with increasing aileron
deflection (Fig. 4b). Furthermore, there is no noticeable effect due to
Reynolds number at this range of Reynolds numbers.

The pitchingmoment characteristics for the baseline configuration
were also measured and the change of the pitching moment (about
the wing’s quarter-chord) with the angle of attack is presented in
Fig. 5. As expected, the moment on the entire vehicle is negative (e.
g., stable vehicle), where the moment coefficient increases (i.e.,
becomes more negative) linearly with angle of attack (the derivative
ofCm with respect to the angle of attack,Cm� , is�0:037 per degree).

xsj
c

Piezo disk

Cavity

xsj
c

Piezo disk

Cavity

Fig. 2 Cross section schematics of the wingtip instrumented with

synthetic jet actuators.

Synthetic jets

Shear stress sensor

Synthetic jets

Shear stress sensor
Fig. 3 Cessna model with synthetic-jets-instrumented wingtip.
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Similar to the earlier results, neither the Reynolds number nor the
aileron deflection angle has a meaningful effect on Cm.

Next, the change in the roll coefficientwith the aileron deflection is
presented in Figs. 6a and 6b for Re� 67; 300 and 134,600,
respectively. Here, the roll coefficient at an aileron deflection angle
of 3 deg (for each angle of attack) is subtracted from the roll
coefficient such that at �a � 3 deg,�Cr � 0 for all angles of attack.
This representation makes it easy to display the effect of aileron
deflection on Cr for different �. The effects are similar at both
Reynolds numbers tested; for a given �, as the aileron deflection
increases, the rolling moment also increases. For low to moderate
angles of attack (� < 9 deg) the increase of Cr with �a is the largest
(and it is linear). At � > 9 deg the flow over the wing separates,
resulting in a decrease in aileron effectiveness.

To properly formulate a mathematical dynamic model of the
vehicle, the relationship between the rolling moment and the aileron
deflection is needed. Therefore, the data for angles of attack from 0 to
9 deg are replotted and a linear fit found to be the best fit for the data
where d��Cr�= d�a � 0:025 (Fig. 7). Note that these data are used to
develop the dynamic model of the vehicle.

Synthetic Jet Configuration

Next, the effect of flow control, via synthetic jet actuators, on flow
separation and roll control was investigated and is presented in this
section. Figure 8a shows the effect of the momentum coefficient of
the synthetic jets, C�, on the lift coefficient at different angles of
attack and for Re� 67; 300. For low angles of attack (� < 3 deg)
there is hardly any effect of flow control (the flow is fully attached
over the wingtips, whereas for higher angles of attack the activation
of the synthetic jets results in an increase in the lift coefficient, even at
C� as low as 5:8 � 10�4). Note that for 3< � < 6 deg theflowon the
wingtips is partially separated; thus, the effect of the control is the
same regardless of themomentum coefficient. However, at moderate
to high angles of attack,where theflow ismassively separated (on the
entire wing) the effect of themomentum coefficient is clearly visible:
as C� increases the lift coefficient increases, suggesting that

proportional control can be achieved. This is very important if
closed-loop control is to be implemented.

As mentioned before, the airfoil used for the synthetic jet wingtips
is 18% thick Clark-Y, which does not have the same aerodynamic
performance as the baseline airfoil (NACA 2412). Thus, it is
expected that the lift coefficient of the Cessna will be smaller when
the synthetic-jet-instrumented wingtips are used (without flow
control) as shown in Fig. 8b. Figure 8b presents a comparison of the
lift coefficient (for different angles of attack) for the baseline
(aileron) configuration, and the synthetic jet configuration (with and
without activation of the synthetic jets). Without activation of the
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jets, the lift coefficient of the synthetic jet configuration has worse
performance than the baseline configuration for� > 2 deg.When the
synthetic jets are activated (withC� � 8:6 � 10�3) the lift coefficient
is recovered (to the baseline values) for � < 6 deg whereas for
� > 6 deg the lift coefficient surpasses the baseline values by up to
15%. Furthermore, the stall angle is increased by �2 deg.

The effect of flow control on the pitching moment coefficient was
also measured as a function of the angle of attack and is presented in
Fig. 9 for various synthetic jet momentum coefficients. There is a
definite trend that as the momentum coefficient is increased, the
vehicle moment coefficient is more negative (i.e., more stable
vehicle). Moreover, proportional pitching control is obtained for
� > 6 deg.

In the data presented in Figs. 8 and 9 the synthetic jets on both
wingtips were activated; however, to obtain a rolling moment the
synthetic jets on either the left or the right wingtip were activated
separately. Figure 10 shows the change in the roll coefficient (with
respect to the corresponding values when the synthetic jets are not
activated) with the synthetic jet momentum coefficient. The dashed
lines correspond to the starboard synthetic jets activated, and the
solid lines represent the port synthetic jets activated. At �� 0 deg a
very small roll moment is obtained and it is similar for all the
momentum coefficients that were tested. When the angle of attack is
increased to 6 deg proportional control is obtained, where as C�
increases�Cr decreases. Note that similar trendswere obtained at all

angles between 5 and 9 deg, and the 6 deg is shown here as a
representative case. At higher angles of attack, where the flow is
completely separated over the wingtips (without flow control), the
effect of the momentum coefficient is different. At �� 10 deg, for
low C�, increase in C� yields a higher rolling moment whereas for
C� > 1:73 � 10�3, as C� increases �Cr decreases. At angles of
attack past the stall angle, lowmomentum coefficient is not sufficient
to reattach the flow over the wingtip and thus low rolling moment is
achieved. However, highmomentum coefficient jets can reattach the
flow and create a rolling moment. It is noteworthy that the
magnitudes of the rolling moments obtained with synthetic jet
actuators is similar to those obtained with ailerons at deflection
angles of 12 deg and smaller.

Closed-Loop Active Stall Suppression

In this section a simple closed-loop control is used to suppress
separation over the wingtips using a dynamic shear stress sensor to
detect the separation and synthetic jet actuators to reattach the flow.
The separation was observed qualitatively, using tuft flow
visualization, and detected quantitatively, using the shear stress
sensor. Figures 11a and 11b present the time trace of the shear stress
sensor output voltage, and the tuft visualization over the wingtip,
respectively, at �� 0 deg. At this low angle of attack the flow is
completely attached over the wingtip as indicated by the tufts and the
very low rms shear stress sensor output. Note that the shear stress
sensor was not calibrated and is used here only to detect separation
based on the rms of its output signal.

As the angle of attack is increased to�� 8:5 deg theflowover the
wingtips is separated as indicated by the high rms values from the
shear stress (Fig. 12a) and confirmed by the tufts, which clearly show
reversed flow over parts of the wingtip (Fig. 12b). The time trace of
the shear stress sensor exhibits two main frequencies of �10 and
�100 Hz, which correspond to themodel vibration and the shedding
frequency of the separated flow over the wingtip, respectively. Note
that visual examination of the wingtips at these conditions confirmed
the buffeting of the wingtips, without flow control.
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When the synthetic jets are activated with C� � 8:6 � 10�3 the
flow is completely reattached as indicated by the low rms levels of the
shear stress sensor (Fig. 13a) and the tufts (Fig. 13b). Note the
presence of the low-amplitude periodic oscillations in the shear stress
sensor signal at the synthetic jets actuation frequency, due to its
proximity to the synthetic jet actuators. Moreover, the actuation of
the synthetic jet eliminated completely the low frequency model
vibrations (as was visually confirmed). Also, in the anemometry
system used in these experiments, decrease in the output voltage of
the sensor corresponds to increase in the shear stress; thus, when the
synthetic jets are activated the dc level of the shear stress sensor is
much lower than that of the uncontrolled case (12a), which is
indicative of increase of the shear, as expected when the flow is
reattached. From the shear stress data it was concluded that either the
sensor’s dc level or its rms (or both) can be used to detect separation.
In the present work we used the rms as the separation indicator.

From the data in Figs. 11–13 it is clear that a stall detection system
can be implemented simply by continuously monitoring the rms of
the shear stress sensor reading. Thus, a simple closed-loop stall
suppression system was implemented by choosing a threshold rms
valuewhich, if reached,will trigger the activation of the synthetic jets
to reattach the flow. In what follows, the angle of attack was slowly
increased until stall occurred. Then, based on the rms threshold
criterion, the synthetic jets were automatically activated through aD/
A board, using a LabVIEW code.

Figures 14a–14c present the time trace of the shear stress sensor
output as the angle of attack increases monotonically for different
rms thresholds. Note that in these figures the time axis has been
arbitrarily set to zerowhen the flow is on the verge of separation from
the airfoil’s upper surface. In the first experiment, the rms threshold
was set to 0.5 V (Fig. 14a). As time progresses (i.e., as the angle of
attack increases) the shear stress output voltage increases
(corresponding to a decrease in the shear stress). When the angle
of attack is�8 deg (t� 0) the flow separates, which is indicated by
the increase in the rms as well as by the jump in shear stress reading
(marked by the arrow). It takes about 2.5 s before the control is
triggered and the synthetic jets are activated, resulting in a complete
flow reattachment, as indicated by the significant decrease in the

shear stress sensor output voltage. The figure also includes a sketch
of the rollmoment (from the sting balance reading),which shows that
when the flow is separated a roll moment is generated (due to a slight
asymmetry of themodel that yields an asymmetricflow separation on
the wings). When the synthetic jets are activated the roll moment
diminishes due to flow reattachment on both wings, resulting in a
symmetric flow over the wingtips.

Next, the rms threshold was reduced to 0.25 V (Fig. 14b). Again,
the flow separates and it takes �0:5 s before the synthetic jets are
activated (compared to 2.5 s for the 0.5 V rms threshold case). When
the rms threshold is reduced to 0.1 V (Fig. 14c), the threshold was
reached before the wingtips ever stalled. This suggests that through
the selection of an appropriate shear stress rms threshold, synthetic
jets can not only recover a wing from stall, but avoid it altogether.
Furthermore, a roll moment is not generated.

Dynamic Model

As part of the development of closed-loop control system, the
dynamic response of the model following the activation of the
synthetic jet is required. Here, the analysis was conducted on an RC
flying Cessna 182model (1.65m span and 1.27m total length) based
on the scaled wind tunnel model data. Ideally, the dynamic response
is found bymeasuring the aerodynamic force andmoment responses.
However, this requires dynamic force/torque sensors, which were
not available for these tests. Instead, the shear stress sensor output
was used,which indicates the state of theflowand is closely related to
aerodynamic forces andmoments. Thus, the dynamic response of the
shear stress sensor was used to characterize the aerodynamic
response of the entire vehicle. Experiments were conducted to
determine the dynamic response of the shear stress when a step input
to the synthetic jets was applied. The signal was on for 0.5 s and off
for 0.5 s and the transient response of the shear stress following the
activation and termination of the synthetic jets was measured by
phase locking the data acquisition to the onset of the synthetic jets’
input signal.

A typical response of the shear stress sensor to the step input signal
is presented in Figs. 15a and 15b (the onset and termination times of
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Fig. 12 a) Time trace of the shear stress sensor output; b) tufts flow

visualization over the wingtip. �� 8:5 deg, synthetic jets off.
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Fig. 13 a) Time trace of the shear stress sensor output; b) tufts flow

visualization over the wingtip. �� 8:5 deg, synthetic jets on
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the synthetic jets are marked on the trigger signal). In these
experiments the angle of attack is 12 deg and the Reynolds number is
134,600. At this angle of attack the flow over the wingtips is
separated and the activation of the control results in a decrease in the
shear stress sensor output voltage (which corresponds to an increase
in the shear). It takes about 0.3 s for the flow to completely reattach to
the surface (following the activation of the synthetic jets) and about
the same time for the flow to reseparate once the synthetic jets are
turned off. Note that the response of the shear stress sensor resembles
that of a first-order system. Furthermore, the sensor response has a
component of the synthetic jet driving signal frequency (750Hz) and
its harmonics. Therefore, in the analysis conducted here, a low pass
filter with cutoff frequency at 400 Hz was implemented (Fig. 15b).
Note that the time-averaged shear stress varies for different wind
tunnel speeds, angles of attack, and different input signals; however,
its transitory behavior in all experiments conducted is very similar.
The response of the shear stress to the activation of the synthetic jets
can be described as a first-order system as follows:

1

TS� 1
(1)

where T is the time constant.
From the experimental data, the time constant T is approximated

by the time it takes the shear stress sensor reading to reach 63% of its
final value, which, in the present experiments, is T � 0:04 s. Note

that this time definition is commonly used in dynamic stability
analysis. Furthermore, the characteristic time of the flow (i.e., the
time of flight, Tf � �c=U1) is 0.026 and 0.052 s for Reynolds
numbers of 67,300 and 134,600, respectively. Therefore, the time
constant for the reattachment and reseparation (using synthetic jet
actuators) can be approximated by the characteristic time of the flow.

From thewind tunnel experiments, the synthetic jet wingtipmodel
can be described as

�Cr � fr�V�
1

TS� 1
(2)

�Cn � fn�V�
1

TS� 1
(3)

where fr�V� and fn�V� are functions presented in Eqs. (4) and (5),
respectively, and V is the input voltage to the port wing’s synthetic
jets.

�Cr � fr�V� � 0:016V � 0:0102V2 � 0:0027V3 (4)

�Cn � fn�V� � �0:2164 � 10�3V � 0:294 � 10�3V2

� 0:2349 � 10�3V3 (5)

From the preceding approximations a high fidelity dynamicmodel
for both the baseline Cessna and the Cessna with synthetic jet
wingtips was developed and implemented in Simulink. Note that the
values are scaled up to a 1.65 mwing span RC Cessna model, which
will be used in the future as the testbed for the technology presented
in this paper. The structure of the simulation model is illustrated in
Fig. 16. The aerodynamic coefficients that were not measured in the
wind tunnel experiments were approximated by a mathematical
model of a Cessna 182 [15], and they will be replaced in the future
with empirical data when additional experiments are conducted.

The 6-DOF Cessna dynamic model (Fig. 16) is described by
Eqs. (6–15) for the rotational and translational dynamics,
respectively.
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Fig. 14 Change of the shear stress sensor output with time (as the angle
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_	� p� q sin�	� tan�
� � r cos�	� tan�
� (6)

_
� q cos�	� � r sin�	� (7)

_ � sin�	� sec�
� � r cos�	� sec�
� (8)

_p� Ippqpq� Ipqrqr� gpl Tl � g
p
nTn (9)

_q� Iqppp2 � Iqrrr2 � Iqprpr� gqmTm (10)

_r� Irpqpq� Irqrqr� grlTl � grnTn (11)

_u� 1

m
�Fx �mgS
� � qw� rv (12)

_v� 1

m
�Fy �mgC
S	� � ru� pw (13)

_w� 1

m
�Fz �mgC
C	� � pv� qu (14)

_x
_y
_z

2
4

3
5�

C
C S	S
S � C	S C	S
C � S	S 
C
S S	S
S � C	C
 C	S
S � S	C 
�S
 S	C
 C	C


2
4

3
5

u
v
w

2
4

3
5

(15)

Figure 17 presents the diagram of the Simulink simulation model.
The actuator commands refer to engine �Th, aileron �a, elevator �E,
and rudder �R commands for the baseline configuration. For the
synthetic jets configuration, the aileron command is replaced by an
input voltage �SV , where �SV is defined as

6DOF 
Dynamic Motion 

Equation

Propulsion System Model

Aerodynamic Model

Synthetic Jets 
Actuator Model

Control Surface 
Actuator  Model

Fig. 16 Cessna’s 6-DOF dynamic model.
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Fig. 17 Diagram of the Simulink simulation model for the RC Cessna.
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�SV 2 	�5; 5
 V (16)

If �SV > 0 the starboard wingtip jets are activated with an input
voltage, and the port wingtip jets are off. If �SV < 0 the port wingtip
jets are switched on with an input voltage of��SV , and the starboard
wingtip jets are off.

In this simulation system, at high angles of attack, the aileron
coefficients for the baseline case are represented by spline functions,
obtained from the experiments. The propulsionmodel is described as
Thrust� �Th mg, where �Th is the unitless number representing the
throttle setting for the engine.

The dynamics of actuators are approximated by independent first-
order systems with time constants, whereas aileron, elevator, and
rudder time constants are estimated from servo motor properties and
are presented in Table 1. The synthetic jet wingtips’ time constant is

scaled up from the experimental results to the flying model scale
(having 1.5 m wing span).

Integrated Flight Control with Flow Control System

Based on the Cessna dynamic model, an integrated flight
controller (body rate controller) was designed for the Cessna that is
instrumentedwith synthetic jet wingtips. A body rate controller is the
basic building block for a future autonomous flight control system.
The designed body rate controller can follow a given command by
employing the synthetic-jets-controlled wingtips, rudder, and
elevator.

The structure of the control system is illustrated in Fig. 18. The
nominal controller is based on feedback linearization. It is
augmented by an adaptive neural network controller to compensate
for themodel uncertainty. In the current simulationmodel, it is found
that the nominal controller by itself is very robust, thus the neural

Table 1 Actuator simulation time constants

Time constants, s

Aileron 0.06
Elevator 0.06
Rudder 0.06
Synthetic jet wingtips 0.075
Engine 0.6

Nominal Controller

Reference
Model

Linear
Compensator

Dynamic
Inverse

Control
Allocation

6DOF 
Cessna
Model

command

Command derivative

Neural 
Network

v0

p, q, r

p, q, r, v0

vk

vad

Nominal Controller
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Linear
Compensator
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Inverse

Control
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6DOF 
Cessna
Model

command

Command derivative

Neural 
Network

v0

p, q, r

p, q, r, v0

vk

vad

Fig. 18 Structure of the closed-loop control system.

Table 2 Controller parameters

Command filter and controller
closed-loop characteristic
bandwidth

Proportional gain
(Kp)

Integral Gain
(KI)

P channel 2 2.828 4
q channel 1 1.414 1
r channel 1 1.414 1
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Fig. 19 Simulink simulation of the integrated flight control using synthetic jets.

650 CIURYLA ET AL.



network adaptive controller was not engaged. It is also worth noting
that although the controller is only for body rate, the full 6-DOF
dynamics is simulated to evaluate the controller performance.

The Cessna body rate dynamics can be rewritten as

_p� Ippqpq� Ipqrqr� gpl �Tlaero � Tlctrl� � g
p
n�Tnaero � Tnctrl� (17)

_q� Iqppp2 � Iqrrr2 � Iqprpr� gqm�Tmaero
� Tmctrl

� (18)

_r� Irpqpq� Irqrqr� grl �Tlaero � Tlctrl� � grn�Tnaero � Tnctrl � (19)

where the applied torques are divided into two parts: the
aerodynamic torques on thewing-body,Tlaero ,Tmaero

, andTnaero , which
are not related to actuator control input and engine thrust generated
torque, and the actuator generated torques, Tlctrl , Tmctrl

, and Tnctrl . The
nominal controller design can be described by the following two
parts.
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Fig. 20 Simulation results of a coordinated turn during the approach. a) Body rate command and response, b) actuator commands to the synthetic jets,

elevator, and rudder, and c) input voltage to each of the wingtips.

CIURYLA ET AL. 651



Feedback Linearization Based Control Design

Tlctrl

Tmctrl

Tnctrl

2
64

3
75

�
gpl 0 gpn

0 gqm 0

grl 0 grn

2
64

3
75

��Ippqpq�Ipqrqr�� _pc�kp ~p�kpl ~pI
��Iqppp2�Iqrrr2�Iqprpr�� _qc�kp ~q�kqI ~qI
��Irpqpq�Irqrqr�� _rc�kc ~r�krI ~rI

2
664

3
775

�
Tlaero

Tmaero

Tnaero

2
64

3
75 (20)

where pc, qc, and rc are body rate commands, ~p� p � pc,
~q� q � qc, ~r� r � rc are tracking errors, ~pI �

R
t
0 ~p, ~qI �

R
t
0 ~q,

~rI �
R
t
0 ~r are integral tracking errors, kp, kpI , kq, kqI , kr, and krI are

feedback gains. Therefore, the body rate closed-loop controller has
the following characteristics equations:

�2 � kp�� kpI
�2 � kq�� kqI
�2 � kr�� krI

2
4

3
5�

0

0

0

2
4

3
5 (21)

Controller Allocation

From the rotation dynamic equations, one can derive the following
equation:

Tlctrl
Tmctrl

Tnctrl

2
4

3
5� CA

�SV
�T
�R

2
4

3
5 (22)

where CA is the controller allocation matrix obtained from the
actuator model. Thus, the actuator command can be calculated as

�SV
�T
�R

2
4

3
5� C�1A

Tlctrl
Tmctrl

Tnctrl

2
4

3
5 (23)

In the controller design process, the coefficients for the synthetic
jet configuration [Eqs. (4) and (5)] are simplified as follows:

�Cr � 0:0098�SV (24)

�Cn � 0 (25)

The controller parameters are shown in Table 2. Note that by
comparing the controller closed-loop bandwidth, the actuator time
constant (shown in Table 2) is fast enough. The bandwidth of the
actuator is more than three times faster than the desired controller
closed-loop bandwidth. Thus, the actuator dynamics can be ignored
in the controller design process. The model error induced by this
simplification during controller design process can be compensated
for by the closed-loop control, which is verified in the simulation
results. The Simulink simulation of integrated flight control using
synthetic jets is shown in Fig. 19.

Simulation Results of Integrated Flight Control and Flow Control

The simulation of integrated flight control and flow control has
been tested for a scenario in which the Cessna is approaching the
runway for landing at an angle of attack of 10 deg. Using the trim
program of the simulation model, the trim condition is
�e ��0:288 rad, �Th � 0:162, ub � 11:67 m=s, wb � 1:15 m=s.
The command in a coordinated turn during approach is given by

rcommand �
g tan�	�
Va

(26)

Figure 20 shows the simulation results of a coordinated turn during
the approach. Figure 20a shows the body rate command and
response, Fig. 20b presents an actuator command to the synthetic
jets, elevator, and rudder,whereas Fig. 20c shows the input voltage to
each of thewingtips. These simulation results show that the synthetic
jet wingtips are able to replace traditional ailerons and provide
enough control authority for roll control (at least for the example
maneuver presented here). It is worth noting that during the
controller design, the synthetic jet configuration’s coefficients were
replaced by a very simplified model and that the closed-loop flight
control is robust enough to the handle the error introduced by the
controller design process.

Summary

The application of active flow control, via synthetic jets actuators,
for separation control and roll control has been tested in wind tunnel
experiments. Using synthetic jets, mounted in the wingtips, delays
separation by �2 deg whereas the maximum lift coefficient is
increased by up to 15%. It was shown that synthetic jets can provide
similar control authority as conventional ailerons, where propor-
tional control in pitch and roll was achieved for angles of attack larger
than 6 deg.

The rms output of a shear stress sensor was used to detect
separation on the wingtips of a scaled Cessna 182 model. This
detection technique was integrated with a computer and synthetic jet
actuators to create a simple closed-loop stall suppression system. To
the authors’ knowledge this is the first time that such a system ever
developed for a plane model.

Using thewind tunnel data, an analysis of the dynamic response of
an RC scale model of a Cessna 182 was performed and an integrated
flight control with flow control was developed. The next logical
step is to instrument an RC model with synthetic jets along the
wingtips and attempt roll control in flight using only synthetic jet
actuators.
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