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Abstract— Thrust vector control is used to increase the
maneuverability of aircraft. In current aircraft it is imple-
mented using movable control surfaces such as vanes and flaps.
Counterflow thrust vectoring (CFTV) is a fluidic approach
to thrust vectoring that has the potential to improve on the
conventional approaches by reducing weight and increasing
the reaction speed. Open loop implementation of CFTV has
been demonstrated in laboratory settings. However, ultimately
this technology must be implemented using feedback control.
This paper describes an experiment for developing feedback
control technology for CFTV. It is seen that the key compen-
sation issues are parameter uncertainty, transportation delay,
and hysteresis (for certain CFTV geometries). Initial results on
system identification are described along with potential control
design methodologies.

I. INTRODUCTION

The maneuverability of aircraft is traditionally achieved
by the use of aerodynamic control surfaces such as ailerons,
rudders, elevators and canards. The deflection of these
surfaces modifies the exterior shape of the vehicle in
critical points of its structure, thus creating a change in
the aerodynamic forces acting on the vehicle and causing it
to maneuver [6].

Thrust vector control (TVC) is a more recent technology
that increases vehicle maneuverability by directly changing
the direction of the thrust force vector. This approach has
been successfully implemented on several military aircraft
and has resulted in increased roll rates and enhanced maneu-
verability at low speed, high angle of attack flight conditions
where aerodynamic surfaces are very ineffective. TVC can
also reduce the distance necessary for take off and landing
or even make vertical take off and landing possible.

Current implementation of TVC employs movable con-
trol surfaces such as vanes and/or flaps arrayed around
the nozzle exit to redirect the jet exhaust. The mechanical
actuators and linkages used to change the thrust vector
angle add weight and complexity to the aircraft, which
leads to increased cost and maintenance requirements. In
addition, the dynamic response of the jet is limited by the
response of the mechanical actuators used and the thrust
losses are not small [2], [4], [6]. A promising alternative
approach is fluidic thrust vectoring, where a secondary air
stream is employed to redirect the primary jet. Fluidic thrust
vectoring requires few or no moving parts in the primary
nozzle; therefore it simplifies the hardware, reduces weight
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and maintenance needs. In addition, it has the fast dynamic
response inherent to fluidic devices [1], [4], [6].

Counterflow thrust vectoring (CFTV) was first proposed
in [3]. It is a technique that is different than other fluidic
techniques so far proposed. Instead of having a secondary
air stream flowing into the nozzle, CFTV uses a secondary
flow traveling in the opposite direction to that of the primary
jet. Recent engineering research has successfully demon-
strated the potential of thrust vector control using counter-
flow at conditions up to Mach 2 [1], [2], [5]. However, since
fluidic concepts in general are bistable and hysteretic in
nature, CFTV has some limitations. In particular, for certain
CFTV geometries the primary jet tends to attach itself
hysteretically to the suction collar at certain conditions.
When this occurs, control of the thrust vectoring angle is
lost. Thisattachmentis difficult to overcome without large
changes in flow conditions [4]. A jet with a design Mach
number 2 was used in this research because considerable
experimental results are available to the authors at this
Mach number. However, it should be noted that counterflow
thrust vectoring has also been demonstrated at other Mach
numbers, for example, Mach number 1.4 [6].

Past studies of CFTV have focused exclusively on the
open loop behavior. However, for practical implementation
it is vital that the counterflow scheme be used in conjunction
with feedback. Hence, the primary objective of the research
reported here is to design and implement effective feedback
control laws for CFTV. Figure 1 illustrates that the CFTV
feedback control loop constitutes an important minor loop
of the overall aircraft attitude control. The control system
must achieve fast slew rates by compensating for the
transportation delay in the presence of significant parametric
uncertainty. In addition, for certain CFTV geometries it
must be able to compensate for the hysteresis that occurs
when the counterflow is effectively stopped at attachment.
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Fig. 1. Aircraft attitude control using fluidic thrust vector control

The authors have successfully constructed a testbed for
investigating feedback control of CFTV. The characteristics
of the current experiment have been shown to match those



in the literature [1], [6]. Preliminary system modeling and
analysis has been conducted and control law design for the
system has commenced.

The paper is organized as follows. Section 2 describes
some of the details of the CFTV concept along with
the experimental testbed that is being used for feedback
control development. Section 3 presents preliminary system
modeling and analysis results. Section 4 discusses different
candidate control approaches. Finally, Section 5 presents
some conclusions.

II. DESCRIPTION OF COUNTERFLOW THRUST
VECTORING (CFTV) AND THE EXPERIMENTAL

TESTBED

This section first describes the concept of CFTV. It then
describes an experimental testbed for investigating feedback
control of CFTV.

A. Counterflow Thrust Vectoring

The basic geometry of a CFTV device, used for pitch
vectoring, is illustrated in Figure 2. The collars are placed
on either side of the primary flow nozzle (top and bottom
in the figure) creating gaps between the exhaust jet and
the collar surfaces which are curved away from the jet
axis in the streamwise direction. To achieve upward thrust
vectoring at an angleδv, a secondary counterflow must be
established between the primary jet and the collar surface,
creating a continuous flow path between the surrounding
ambient fluid and the vacuum system. The action of coun-
terflow in the upper shear layer gives rise to asymmetric
entrainment and a cross-stream pressure gradient sufficient
to vector the jet [1]. When the vacuum system is activated,
creating counterflow in the gap between jet and the collar,
continuous thrust vectoring can be achieved [1]. Previous
experimental studies have demonstrated continuous control
for values of δv up to 16 degrees [6]. In this figure,G
represents the gap height andH is the nozzle height.

Fig. 2. Schematic of counter-flow thrust vector control

It is important to recognize that the thrust vectoring angle
cannot be directly measured in practical implementation
of CFTV, although experimental techniques do allow its
measurement in laboratory settings. However, it has been
shown that the pressure parameter∆PGAside

ρ1U1
2Ajet

, which is
essentially a non-dimensional ratio of the side force acting
on the collar and the axial force imposed by the jet, has a

nearly linear relationship to the thrust vector angle over
a wide range of conditions [1] as shown in the thrust
vector response curve in Figure 3. HerePG is the pressure
established in the secondary stream as measured in the jet
exit plane on the collar surface,∆PG is the static negative
gauge pressure in the jet exit plane on the collar surface (i.e.,
∆PG = Patm − PG, wherePatm represents the absolute
atmospheric pressure),Aside is the collar side area,ρ1 is
the primary jet density,U1 is the primary jet velocity, and
Ajet is the jet area at the nozzle exit. Thus, in practice∆PG

will be selected as the command variable.

Fig. 3. Thrust vector performance

For certain CFTV geometries, if the pressure on the collar
wall drops too much (i.e.,∆PG becomes very large), the
deflection of the jet will be too severe and it will attach
to the wall. If this happens, continuous control of the jet
is compromised since at this time thrust vectoring angle
would generally jump to a value near the collar terminal
angle. Jet attachment is a hysteretic phenomenon as once
the jet is attached to the collar, change in the secondary flow
has little effect on the thrust vectoring angle, and simply
reducing the counterflow rate to reduce∆PG back to the
value at which jet attachment occurred is not sufficient to
release the jet from the collar [4]. It is generally necessary
to entrain open air to the system to release the jet from the
collar. Figure 4 shows a sketch of the hysteresis describing
δv vs ∆PG.
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Fig. 4. Sketch of hysteresis



B. Experimental Testbed

The authors have constructed an experimental testbed to
conduct feedback control research for CFTV as shown in
Figure 5. It has five major parts: a jet, a collar, a control
valve, two pumps and the pipe connections.

The rectangular Mach 2 jet in the exit plane has a width
of 32.5 mm and a height of 5 mm. The inner contour of
the collar is an arc of constant radius of curvature swept
through an angleα and extending downstream of the nozzle
exit for a distance given byL = R sin α, whereL = 34
mm, R = 78.5 mm andα = 25.6 deg.

The forward stream to the jet is supplied by a high-
displacement reciprocating compressor, which is capable of
supplying air at a maximum storage pressure of 160 bars.
The vacuum source for the counterflow is provided by two
Fuji VFC804A-7W pumps mounted downstream of the test
rig.

To implement the feedback control, a control valve is
installed between the collar and pumps to control the
counterflow, which determines the thrust vector angle. A
model 27N pneumatic R-DDV servovalve from HR Textron
is used in the test rig for this purpose.

Data acquisition and control are implemented using
dSPACE, which consists of a DS2002 A/D board, a DS2102
D/A board, a DS1005 PPC board, and a PX10 expansion
box. To monitor the jet pressure (which should be 115
psi for a Mach 2 jet), a Validyne multiple range pressure
transducer (model DP15TL) is used. There are 11 static
pressure taps along the collar wall, and the multiple pres-
sure measurements required to determine the collar static
pressure distribution is facilitated by a Scanivalve model
OED2 pressure sampling scanner.

Fig. 5. Experimental testbed for feedback control

A schematic functional diagram of the testbed is shown in
Figure 6. Please note that the two pumps can be connected
in series as shown in the figure, or they can be used
separately, i.e., either of the pumps can be disconnected
from the testbed.
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Fig. 6. Schematic functional diagram of the testbed

III. SYSTEM MODELING AND ANALYSIS

The first step in designing high performance control laws
is to develop a model of the system. Since the detailed
physics of CFTV are not entirely understood, it is necessary
to obtain a model of the CFTV process using system
identification based on input-output data.

A. Process Estimation

The model required for feedback control design has the
voltage to the control valve as the input and the command
variable ∆PG as the output. An open-loop step response
curve was obtained for a 5 volts step input applied att = 10
sec. The test was run with only the first vacuum pump being
turned on and a ratio ofG/H = 0.38. Figure 7 shows
the original response of the system with the output asPG.
Figure 8 represents this response by plotting the output as
∆PG with the time axis shifted so thatt ← t − 10 sec.
Notice that Figures 7 and 8 reveal that the sensor used to
measure the gap pressurePG is very noisy. This makes the
system identification process more difficult. Steps have been
taken to minimize the sensor noise for future experiments.
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Fig. 7. Original step response of the system

A first order lag plus delay (FOLPD) model was first
used to fit the response curve. Four experimental off-line
estimation methods were used to estimate the FOLPD
model, Kp

Ts+1e−Ls, where Kp is the process static gain,
T is the time constant andL is the time delay. The first
method used was the graphical method proposed by Astrom
and Hagglund [9], whereKp is chosen as the ratio of the
steady state value of the step response over the amplitude
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Fig. 8. Converted step response

of the step input,L is the intercept of the tangent to the step
response curve that has the largest slope with respect to the
horizontal axis, andT is the difference between the time
when the step response reaches0.63Kp and the time delay
L. The second method used is the area-based method of
[8], where process parameters are obtained by computation
of characteristic areas. The third method used is a robust
identification method that uses linear regression equations
with instrumental variable least-squares method curve fitting
[9]. The fourth method used is a two point method by Shaw
[10], that obtains the time delay and time constant from the
time taken to reach28.4% and 63.2% of its steady state
value.

TABLE I

PROCESSPARAMETER ESTIMATION

Estimation Methods Kp T L
Astrom and Hagglund 0.3618 1.2 0.9333

Area-based 0.3588 0.1793 0.9829
Robust identification 0.3616 0.7580 0.7069
Two-point method 0.3618 1.1194 0.8806

Table I lists the process parameters obtained by the four
approaches described above. The simulated step response
obtained using the FOPLD models with the estimated
process parameters were compared with the measured data
as shown in Figure 9. It is seen that the area-based method
resulted in a much faster time constant, revealing that
this method is not robust with respect to the sensor noise
appearing in the step response. Also, it is seen that the
FOPLD models are not able to closely match the transient
response of the system. Because of this, a second order
model was developed to represent the system dynamics.

The second order system with time delay is of the form,
Kp

T 2s2+2Tξs+1e−Ls, where ξ is the damping ratio of the
system. A method proposed in [11] was used to estimate
the process parameters. The results yieldedKp = 0.3618,
T = 0.8539, ξ = 0.688 and L = 0.4583. A comparison
of the simulated data with the test data is shown in Figure
10. It is seen that a second order plus delay model closely
matches the transient response of the system.
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Fig. 9. Comparison of the estimated parameters with different approaches
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Fig. 10. Second order system estimation

B. Time Delay, Parameter Variations and Nonlinearity

The system time delay, parameter variations, and non-
linearities will have a major impact on the control design
process for CFTV. The following provides a discussion of
these observed features of the dynamic response of the
CFTV.

1) Variability in the Steady State Gain:The CFTV
testbed has been dynamically tested for step inputs of
amplitudes 0 volt, 1 volt,· · ·, 5 volts. (The range of the
control valve voltage is [0, 5] volt.) The resulting step
responses are shown in Figure 11. Preliminary analysis
has shown that each of the step responses of Figure 11
has approximately the same time constant and time delay.
However, nonlinearity exists as evidenced by the nonuni-
form changes in the variability in the steady state output
responses, detailed in Table II. The tests were run with only
the second pump on (in replacement of the first pump) and
G/H = 0.38. Due to the power limitation of the second
pump, there is disaccord between the static gain under 5
volts and that of Section III.A.

It is currently conjectured that this variability in the
steady state gain is a result of nonlinear losses in the control
valve. Ongoing experiments are testing this hypothesis. The
parameters of the dynamic model also vary with Mach
number, jet pressure and jet temperature. For example,
the jet pressure is supposed to be 115 psi for a Mach
2 jet engine. However, experimental observation shows
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TABLE II

STEADY STATE GAIN AT DIFFERENT SETPOINTS

Amplitude of the Step Signal (volt.) Kp

1 0.1050
2 0.1936
3 0.1922
4 0.2228
5 0.2460

that the jet pressure drops about 2 psi after 3 minutes of
operation. It has also been observed that jet air temperature
variation results in uncertainties in the collar pressure. For
example, colder supplied air leads to lower collar pressure.
Hence, additional parametric uncertainties are present in
the CFTV system. This uncertainty is being quantitatively
characterized in ongoing experiments.

2) Time Delay:The current system reveals a significant
transportation delay as shown in Figures 7, 8, and 11. This
delay is transportation delay related to the time it takes the
counterflow to travel from the collar to the control valve.
To achieve fast slew rates, this delay must be compensated.

3) Hysteresis:As discussed above, jet attachment is a
hysteretic phenomenon, and whenever it occurs the contin-
uous control of the thrusting angle becomes impossible. Jet
attachment can be avoided by appropriate system design. In
particular if the ratioG/H is sufficiently large, attachment
may be avoided. However, it has been demonstrated that
this type of geometry leads to smaller achievable thrust
vector angles. Hence, if the larger thrust vector angles are
required, then it is necessary to design control laws that are
able to yield good performance in the presence of hysteretic
attachment.

IV. CONTROL APPROACHES

Hyseteresis is a nonlinearity for which traditional control
methods are insufficient [15]. However, CFTV can be
continuously controlled under certain conditions. Hence,
control law design will first be developed assuming hystere-
sis does not occur. The design objective will be to obtain
fast slew rates in the presence of time delay and parametric
uncertainty. At this design stage, there are no quantified con-
trol specifications defined. However, the general qualitative

specifications apply to the design, i.e., fast slew rates, small
steady state error and overshoot, and short settling time. The
design will be approached using PI control based on tuning
rules, Smith prediction, and robust control. Subsequently,
the control law will be modified, perhaps by developing
a switching controller, to ensure that stability and good
performance are maintained even if hysteretic attachment
occurs.

A. PI Control Using Tuning Rules

The PID controller and its variations (P, PI or PD)
are the most commonly used controller in process control
applications for the compensation of both delayed and non-
delayed processes [7]. PID controllers display robustness
to incorrect process model order assumptions and limited
process parameter changes. Since derivative (D) control is
sensitive to measurement noise, which is abundant in the
CFTV system, PI controllers were designed based on a
model of the CFTV system.

Because there are a large number of PI tuning rules
available for first order plus time delay models, PI con-
trollers were designed based on the first order model,

0.3618
1.1194s+1e−0.8806s, which resulted from using the two-
point estimation method. This model was used because the
corresponding simulated step responses match reasonably
well with the test data as shown in Figure 9. Table III
lists the parameters of the PI controllerKc(1 + 1

Tis
) for

five different tuning rules. Figure 12 compares the closed-
loop simulation results of the five PI tuning rules. It is
clearly seen that the Abbas with0% overshoot has the best
performance. In Figure 12, the first order system obtained
by two-point estimation was used in simulation.

TABLE III

PI CONTROLLER PARAMETERS USING DIFFERENTTUNING RULES

Tuning method Kc Ti

Ziegler-Nichols 3.1621 2.9324
Chien-Hrones-Reswick 1.2297 1.1194

Cohen and Coon 3.3915 1.1459
Haalman 2.3423 1.1194

Abbas (0% overshoot) 2.056 1.5597
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Fig. 12. PI controller performance comparison



PI controller can be considered as a baseline controller in
the design. There is no doubt that the performance of this PI
controller will be degraded in real system implementation.
To compensate uncertainties in the real system, on-line
adaptive tuning can be used.

B. Smith Predictor

Smith prediction is an effective methodology for com-
pensating for system time delay. It has been seen that the
performance of the Smith predictor for set point changes
can be as much as30% better than a conventional PID
controller based on the ISE criterion [10]. It has also been
seen that the Smith predictor can provide an improvement
over PI control if the model parameters are within about
30% of the process parameters [10].

The adaptive Smith predictor [12] combines a standard
Smith predictor along with an online process estimation
method (e.g. the recursive least-squares method); hence the
control parameters are updated as the process parameters
are adaptively updated. Since the parameters of the CFTV
system have been observed to change, an adaptive Smith
predictor is expected to outperform either a standard PI
controller or a fixed-gain Smith predictor.

C. Fixed-Architecture Robust Control

Fixed-architecture robust control, based on mixed struc-
tured singular value theory (MSSV) [13], [14] is an effective
approach to developing practical control laws for systems
with significant model uncertainty. This approach has the
flexibility to develop control laws of a variety of structures,
including PID and can be applied to CFTV control. The use
of the MSSV yields much less conservative designs than
those based on the small gain theorem, quadratic Lyapunov
functions, or complex structured singular value theory.

D. Control in Presence of Hysteresis

Modeling of hysteresis for the CFTV system is a vital
step in controller design. Many models have been proposed
to describe hysteresis, including the Preisach model, the
Krasnosel’skii-Pokrovskii operator, the Duhem hysteresis
operator, and the Ishlinskii hysteresis operator [15], [16],
[17]. Which model best matches the CFTV hysteresis
remains to be determined. Modeling of CFTV hysteresis
also includes studies of the dependency of hysteresis on the
collar geometry and operating condition (e.g., the system set
point).

The idea of inverse control for hysteresis is to construct
an inverse operator to cancel out the hysteretic effect.
But this compensation strategy is open-loop in nature and
its effectiveness relies on the accuracy of the hysteresis
modeling. Either adaptive control or robust control can be
combined with inverse control to improve the performance
of the compensation for the hysteresis [15], [17].

V. CONCLUSIONS

Recent engineering research has successfully demon-
strated the potential of fluidic thrust vector control using
counterflow at conditions up to Mach 2. However, feedback
control has not been demonstrated using counterflow. The
primary control objective is to achieve fast slew rates
by compensating for the transportation delay, parameter
uncertainties, and hysteresis. This paper has described an
experimental testbed for investigating feedback control of
CFTV. Initial system identification results were described
along with preliminary PI control design, which will be
used as a baseline controller. Potential control approaches
for high performance control design were discussed.
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