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Abstract


A virtual flight test is the process of flying an aircraft model inside a wind tunnel in a manner that replicates free-flight. In this paper, a 3-DOF aircraft-manipulator system is proposed that can be used for longitudinal dynamics virtual flight tests. The system consists of a two rotational degrees-of-freedom manipulator arm with an aircraft wind tunnel model attached to the third joint. This aircraft-manipulator system is constrained to operate for only the longitudinal motion of the aircraft. Thus, the manipulator controls the surge and heave of the aircraft whilst the pitch is free to rotate and can be actively controlled by means of an all-moving tailplane of the aircraft if required. In this initial study, a flight dynamics model of the aircraft is used to obtain dynamic response trajectories of the aircraft in free-flight. A model of the coupled aircraft-manipulator system developed using the Euler method is presented, and PID controllers are used to control the manipulator so that the aircraft follows the free-flight trajectory (with respect to the air). The inverse kinematics are used to produce the reference joint angles for the manipulator. The system is simulated in MATLAB/Simulink and a virtual flight test trajectory is compared with a free-flight test trajectory, demonstrating the potential of the proposed system for virtual flight tests.
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1. Introduction


Wind tunnel testing is a well-established experimental method used in aircraft analysis, and the study of fundamental flight physics and aerodynamics. While most wind tunnel experiments use static models, dynamic wind tunnel testing is useful for examining non-steady aerodynamics [1] as well as for investigating flight dynamics, especially in nonlinear flight regimes, such as those involving high angles of attack, unsteady aerodynamics, spin, and upset recovery. It is also useful for identifying aerodynamic and flight dynamic parameters [2]. For a review, see Huang and Wang [3]. However, there is also a longstanding ambition of wind tunnel testing to be able to ‘fly’ an aircraft inside a wind tunnel [3]. This is a challenging ambition that has limited the experience to a few very large facilities and to a few specific flight regimes. In particular, spin testing in vertical tunnels has been performed for many decades [4] and is a continuous area of interest [5].



A capability to fly the aircraft inside a wind tunnel can be seen as part of a “virtual flight testing” process [6]. Huang and Wang [3] give a definition of virtual flight testing as “flight” in a tunnel with constraints on the three translational Degrees Of Freedom (DOF). Three-rotational DOF dynamic wind tunnel testing and virtual flight testing has become fairly common over the last decade [7,8,9,10,11,12,13]. Recently, Tai proposed extending virtual flight testing to 4-DOF [14], but both 4- and 5-DOF dynamic wind tunnel testing have been successfully performed for some time [15,16,17,18,19].



Manipulators have often been proposed to improve wind tunnel experiments for various reasons, such as to provide dynamic response so that unsteady aerodynamic effects can be investigated. For example, Asai et al. [20] developed a 2-DOF passive robot model to allow for the lateral motion of a delta wing, and Wei et al. [21] developed a 3-DOF manipulator actuated based on commands sent to the corresponding motor for variable angles of pitch, roll, and yaw. Other passive devices include an unforced pitch-axis, a 1-DOF dynamic wind tunnel test rig [22], and a 3-DOF dynamic wind tunnel test apparatus consisting of a momentum arm attached to a rigid frame [23], which allowed rotation about a gimbal for pitch and yaw with a wrist designed for roll.



Pattinson et al. suggested the use of a robotics framework with advanced capabilities in wind tunnels [24] but did not develop the idea in their paper. Some active controlled manipulator systems have been used for wind tunnel testing. For example, cable-based manipulators (to reduce interference effects) have been proposed and investigated, for example, in [25,26]. Another example is the use of a 6-DOF manipulator as part of a captive trajectory simulation system operating inside the trisonic blowdown wind tunnel facilities at the National Research Council in Canada [27]. But it appears that using a manipulator to reproduce natural flight response in a wind tunnel ha0s never been attempted. Hence, this paper proposes an aircraft-manipulator system (AMS) that performs just that. The system has a 2-DOF manipulator connected to an aircraft model that is free to pitch, which, as we show in simulation, can replicate longitudinal free-flight in a wind tunnel and, hence, can be used for virtual flight testing. A schematic of the manipulator sited in a wind tunnel is shown in Figure 1. The manipulator provides the translational variation in the wind tunnel, while the aircraft is free to pitch according to the aerodynamic forces it experiences.



The motion of an aircraft is determined by its flight dynamics, the analysis of which is important for determining not only the stability of the aircraft, but also for the handling qualities, that is, how easy it is for the pilot to control the aircraft. Classical configuration, rigid-body, fixed-wing aircraft are usually modelled with 6-DOF (roll, pitch, yaw, surge, sway, heave) using the Newton–Euler equations, and following steady-state analysis (or ‘trim’), the equations are often linearised so that modal analysis can be performed. The longitudinal dynamics (pitch, surge, heave) are fairly well decoupled from the lateral dynamics (roll, yaw, sway), and these are controlled, and analysed, separately. The longitudinal dynamics are typically controlled with an elevator and with the engine thrust, while the lateral dynamics by the ailerons and rudder. The longitudinal dynamics are typically characterised by two modes, namely the the high-frequency short period mode and the low-frequency phugoid mode e.g., [28]. There are several useful texts on flight dynamics, for example, [28,29,30].



The aircraft used for the modelling of the proposed AMS is based on a 1/12th scaled BAe Hawk aircraft that has been used in a 4-DOF dynamic rig at Cranfield University for parameter identification [2,15,16,19]. In that rig, the aircraft is free to pitch, roll, yaw, and heave; and the control of the aircraft is enacted by the classical elevator, rudder, and aileron moving surfaces [19]. However, the surge motion is constrained, thus limiting the virtual flight, because the velocity in the incident wind direction cannot be increased (unless the wind tunnel speed were increased), and so the aircraft lacks a controlled propulsion system and kinetic energy cannot be injected into the system. Thus, the phugoid mode cannot be accurately reproduced with the Cranfield University’s 4-DOF dynamic rig. Note also that the phugoid mode in this rig can be very unstable because the airspeed decreases as the model approaches the tunnel walls, and so the lift reduces as the aircraft descends and the aircraft accelerates towards the lower tunnel wall.



In this paper, we demonstrate the feasibility of the proposed AMS system by means of simulation. A flight dynamics model of the 1/12th scaled BAe Hawk is used to generate a free-flight trajectory that excites both the short period mode and the phugoid. By an inversion of the AMS kinematics, the references for the manipulator joint angles for a wind tunnel flight are obtained. From a model of the dynamics and aerodynamics of the AMS system, the wind tunnel flight is simulated and the responses are analysed. As well as for determining aerodynamic relationships, it is envisaged that the system can be used for testing flight control laws and handling qualities. It could also be used as an educational demonstrator to show the longitudinal dynamics. Note that the aircraft-manipulator concept was originally proposed in a presentation [31], but simulations were not performed. Note also that a summary of some other simulation results from the AMS model were presented recently [32] in an extended abstract.



The nonlinear longitudinal flight dynamics of the BAe Hawk aircraft model in free-flight are presented in Section 2. Section 3 presents a nonlinear model of the proposed AMS, including the inverse kinematics, the AMS dynamics, and a PID controller for the control of the manipulator joints. Simulation results of a test trajectory are presented in Section 4, both the short period mode of the longitudinal response and low-frequency phugoid response mode. Simulation plots for free-flight trajectories and the controlled aircraft-manipulator trajectories are evaluated, and the results demonstrate the potential of the system. The potential of the system for virtual flight tests in a wind tunnel is discussed in Section 5 and some limitations of the work are highlighted. Suggestions for future research are also given. Finally, the conclusions are presented in Section 6.




2. Scaled Aircraft Flight Dynamics


The aircraft considered in this study is a 1/12th scaled BAe Hawk aircraft model shown in Figure 2 originally developed at Cranfield University [15,33] for dynamic wind tunnel testing. It has a fixed low-mounted main wing with wingspan of 780 mm fitted with ailerons, a single vertical tail fin and an all-moving, symmetric, horizontal tail stabilizer that is used for pitch control. It is attached to the end of the second manipulator arm via a gimbal (located in the cavity visible at the top of the fuselage), which can rotate in three directions, but here, it is constrained to pitch rotation only.



The flight dynamics model for the aircraft is described in this section, and is a fairly standard simplified model for a fixed-wing rigid-body aircraft; see, for example, [28,34]. Consider the aircraft flying wing-level in still air with negligible lateral perturbations. The motion is thus restricted to the 3-DOF longitudinal frame shown in Figure 3, where   ( u , w )   is the pair of velocity components in the aircraft body frame with origin at the centre of gravity,  θ  is the pitch angle from the horizontal,   V T   is the total air speed,  α  is the angle of attack,  γ  is the flight path angle, L is the lift force, D is the drag force, M is the pitch moment,   W =  m a  g   is the aircraft weight where   m a   is the mass of the aircraft, g is the acceleration due to gravity, and T is the thrust.



2.1. Aerodynamics


The lift, drag, and moment for the aircraft are, respectively,


    L    =  q ¯   S w   C L  ,    D    =  q ¯   S w   C D  ,    M    =  q ¯   S w   c ¯    C m  ,     



(1)




where   S w   is the wing area,   c ¯   is the mean aerodynamic chord,   C L   is the total lift coefficient,   C D   is the drag coefficient,   C m   is the pitch moment coefficient, and   q ¯   is the dynamic pressure given by    q ¯  =   1 2   ρ  V T 2   , where  ρ  is the density of air.



The total lift coefficient is given by [15,28]


   C L  =  C  L w   +    S t   S w     C  L t    



(2)




where   C  L w    is the wing/body lift coefficient,   C  L t    is the tail lift coefficient and   S t   is the tailplane area. The body/wing lift coefficient is given by    C  L w   =  C  L w α   α +  C  L 0     where   C  L w α    is the lift curve slope,  α  is the angle of attack, and   C  L 0    is the lift coefficient at zero angle of attack. The tail lift coefficient is given by    C  L t   =  C  L t α     α t   , where   C  L t α    is the tail lift curve slope, and   α t   is the tailplane incidence given by    α t  = α − ε +  δ t    where   δ t   is tailplane control angle and  ε  is the downwash angle at the tail. From [28],


  α − ε = α  1 −    d ε   d α     .  



(3)







The drag coefficient   C D   is given by


   C D  =  C  D 0   + σ  C  L  2   



(4)




where   C  D 0    is the drag coefficient at zero lift, and  σ  is the induced drag factor that can be calculated from   σ = 1 /  ( π e A  R )    where e is the Oswald efficiency factor, and   A  R =  S w  /   c ¯    2     is the aspect ratio.



The pitch moment coefficient   C m   is [28,34,35]


   C m  =  C  m 0   +  C  L w    (  h  c g   −  h 0  )  −   V ¯  H      C  L t α    C  L w α      C  L w    1 −    d ε   d α     +  C  L t α    δ t   +    c ¯   2  V T      C  m q   q  



(5)




where   C  m 0    is the initial pitch moment coefficient,   C  m q    is the pitch damping derivative, q is the pitch rate,   h  c g    is position of the centre of gravity,   h 0   is the aerodynamic centre position,   c ¯   is the mean aerodynamic chord, and    V ¯  H   is tailplane volume coefficient, given by


    V ¯  H  =     S t   l t     S w   c ¯      



(6)




where   l t   is the tail moment arm.




2.2. Flight Dynamics


From Figure 3, the nonlinear flight dynamic equations of motion in the longitudinal plane are given (also see [28]) as


        m a   u ˙  +  m a  q w       −  m a  q u +  m a   w ˙         q ˙   I y       =      L sin α − D cos α + T −  m a  g sin θ       − L cos α − D sin α  +  m a  g cos  θ      M      



(7)




where   q =  θ ˙    is the pitch rate and   I y   is the moment of inertia about the body’s y-axis.



From the still air assumption, the wind speed   V T   and angle of attack  α  are related to the body velocities by


     V T     =    u 2  +  w 2    ,     



(8)






    α    = atan 2 ( w , u ) .     



(9)




The velocity of the aircraft in the earth axes is given by


        x ˙  e        h ˙  e      =      cos θ     sin θ       sin θ     − cos θ          u     w     ,  



(10)




where   (  x e  ,  h e  )   is the position in the earth axes.



From (5), the aircraft longitudinal trim (steady-state) condition can be derived as


   δ  t  t r i m    =   1    V ¯  H   C  L t α        C  m 0   +  C  L w       h  c g   − h  0    −    C  L w    C  L w α      1 −    d ε   d α     .  



(11)




The trim angle of attack  α  and subsequent pitch,  θ , and the thrust at trim can be calculated iteratively from (1)–(7).





3. Aircraft-Manipulator System Dynamics


A dynamic model of the aircraft-manipulator system (AMS) is required to simulate the system. The configuration is shown in Figure 4, whereby a 1/12th scaled BAe Hawk aircraft model is mounted onto the tip of a two-link revolute jointed manipulator via a joint that allows free pitch movement. The kinematics and dynamics of a two-link manipulator are well known, e.g., [36], and the extension to include the aircraft model is straightforward.



The horizontal axis is taken as x and the vertical (the height) is denoted as h. The first link has a length   l 1   and mass   m 1   with a centre of mass at the mid-point of the link and moment of inertia   I 1  . Similarly, the second link has a length   l 2   and mass   m 2   with a centre of mass at the mid-point of the link and moment of inertia   I 2  . The links are assumed to be stiff and to have insignificant aerodynamic forces. There are servo motors attached to the first two joints that provide torques of   τ 1   and   τ 2   to control the joint angles   θ 1   and   θ 2  . The joints are all assumed to be friction-free.



A joint at the centre of mass of the aircraft model is attached to the tip of the second link. The aircraft joint is free to allow pitch rotation, and pitch angle with the horizontal is denoted by   θ a  . The aircraft body velocity components u and w are shown, and the position of the aircraft (third joint) is denoted by   (  x a  ,  h a  )  .



3.1. Kinematics


The aircraft model position is related to the joint angles by


       x a       h a      =       l 1  cos  θ 1  +  l 2  cos  (  θ 1  +  θ 2  )         l 1  sin  θ 1  +  l 2  sin  (  θ 1  +  θ 2  )       ,  



(12)




with rates given by


        x ˙  a        h ˙  a      =      −  l 1  sin  θ 1  −  l 2  sin  (  θ 1  +  θ 2  )      −  l 2  sin  (  θ 1  +  θ 2  )         l 1  cos  θ 1  +  l 2  cos  (  θ 1  +  θ 2  )       l 2  cos  (  θ 1  +  θ 2  )             θ ˙  1        θ ˙  2      .  



(13)




The inverse kinematics are well known, e.g., [36] (p. 30), and are given by


   θ 2  = ± atan 2  χ ,  x a 2  +  h a 2  −  l 1 2  −  l 2 2   ,  



(14)




where   χ =     (  x a 2  +  h a 2  +  l 1 2  +  l 2 2  )  2  − 2    (  x a 2  +  h a 2  )  2  +  l 1 4  +  l 2 4       and


   θ 1  = atan 2  (  h a  ,  x a  )  ∓ atan 2  χ ,  x a 2  +  h a 2  +  l 1 2  −  l 2 2   .  



(15)




Note that for the wind tunnel configuration shown in Figure 4, generally the negative value of   θ 2   is chosen (i.e., the elbow-up configuration) because this decreases the downwash aerodynamic effects of the links.



The angular rates are obtained from (13) as


        θ ˙  1        θ ˙  2      =   1 d         l 2  cos  (  θ 1  +  θ 2  )       l 2  sin  (  θ 1  +  θ 2  )        −  l 1  cos  θ 1  −  l 2  cos  (  θ 1  +  θ 2  )      −  l 1  sin  θ 1  −  l 2  sin  (  θ 1  +  θ 2  )             x ˙  a        h ˙  a       



(16)




where the determinant   d =  l 1   l 2   ( cos  θ 1  sin  (  θ 1  +  θ 2  )  − sin  θ 1  cos  (  θ 1  +  θ 2  )  )   .




3.2. Dynamics


Following the Lagrange modelling approach [36,37], we obtain the general open-chain dynamics system given by


  τ =   − τ  a  + M  θ   θ ¨  + C  θ ,  θ ˙    θ ˙  + G  θ   



(17)




where  τ  is the net torque produced at the manipulator joints by the servomotors,   τ a   is the aerodynamic torque load produced by the aircraft,  M  is the generalised inertia matrix of each link,  C  is the matrix of Coriolis and centrifugal terms, and  G  is the gravitational effect on each link. The generalised inertia matrix is given by


  M =      m 11     m 12    0      m 21     m 22    0     0   0    m 33       



(18)




where


     m 11     =  m 1   l 1 2  / 4 +  I 1  +  m 2    l 1 2  +  l 2 2  / 4 +  l 1   l 2  cos  θ 2   +  I 2  +  m a    l 1 2  +  l 2 2  + 2  l 1   l 2  cos  θ 2   +  I y  ,     



(19)






     m 12     =  m 2    l 2 2  / 4 +  l 1   l 2  / 2 cos  θ 2   +  m a    l 1   l 2  cos  θ 2  +  l 2 2   ,     



(20)






     m 21     =  m 12  ,     



(21)






     m 22     =  m 2   l 2 2  / 4 +  I 2  +  m a   l 2 2  +  I y  ,     



(22)






     m 33     =  I y  .     



(23)




The matrix of Coriolis and centrifugal terms is given by


  C  ( θ ,  θ ˙  )  = c      2   θ ˙  2       θ ˙  2    0       θ ˙  1    0   0     0   0   0      



(24)




where   c = −   m 2  / 2 +  m a    l 1   l 2  sin  θ 2   , and the vector of gravitational terms is


  g  θ  =       (  m 1  / 2 +  m 2  +  m a  )   l 1  g cos  θ 1         (  m 2  / 2 +  m a  )   l 2  g cos  θ 2       0     .  



(25)







The air velocity is the sum of the wind tunnel air speed   V  W T   , which acts horizontally, and the aircraft velocity   (   x ˙  a  ,   h ˙  a  )  , as shown in Figure 5. Thus, the air velocity in free-flight and the wind tunnel are equated so that


        x ˙  a        h ˙  a      =       x ˙  e        h ˙  e      +      −  V  W T        0      



(26)




giving the airspeed on the aircraft in the wind tunnel as


   V T  =     (   x ˙  a  +  V  W T   )  2  +   h ˙  a 2    ,  



(27)




and angle of attack


  α =  θ a  − atan 2  (   h ˙  a  ,   x ˙  a  +  V  W T   )   



(28)




so that   γ =  θ a  − α  . The aerodynamic forces are resolved to obtain the aerodynamic torque load:


   τ a  =   [  τ  a 1   ,  τ  a 2   ,  τ  a 3   ]  T  ,  



(29)




given by


     τ  a 1      =  L cos γ − D sin γ    l 1  cos  θ 1  +  l 2  cos  θ 2   +  L sin γ + D cos γ    l 1  sin  θ 1  +  l 2  sin  θ 2   ,     



(30)






     τ  a 2      =  L cos γ + D sin γ   l 2  cos  θ 2  −  L sin γ + D cos γ   l 2  sin  θ 2  ,     



(31)






     τ  a 3      = M .     



(32)








3.3. Joint Control


The link joint angles,   θ 1   and   θ 2  , are controlled via simple PID control, with the derivative action acting on the joint angular rates,   (   θ ˙  1  ,   θ ˙  2  )  . The workspace of the manipulator is limited by the wind tunnel cross-section; thus, a linear controller works adequately well for the restricted range of angle demands. The joint angle reference commands,   (  θ  ref  1   ,  θ  ref  2   )  , are calculated from the inverse kinematics (14) and (15). Additional feedforward of the joint angular rate commands calculated from (16) is included. The controller outputs are the joint torques. It is assumed that the actuator and sensor dynamics are insignificant and can be ignored. Thus, the PID controllers are, for   i = 1 , 2  ,


   τ i  =  k  P i    (  θ  ref  i   −  θ i  )  +  ∫ 0 t   k  I i    (  θ  ref  i   −  θ i  )  d t +  τ  trim  i   +  k  D i    (   θ ˙   ref  i   −   θ ˙  i  )   



(33)




where   (  k  P i   ,  k  I i   ,  k  D i   ) , i = 1 , 2   are constant control gains and    τ  trim  i   , i = 1 , 2   are the steady-state joint torques at the initial time,   t = 0  , calculated from the free-flight trim condition described in Section 2.2 and from (25)–(31). The control system architecture of each PID loop is shown in Figure 6.





4. Simulation


In order to demonstrate that the mechanism can replicate free-flight in the wind tunnel, a free-flight trajectory is simulated using the flight dynamics model of Section 2. From the inverse kinematics, the required angles and angular rates of the manipulator joints are calculated so that the aircraft in the wind tunnel experiences similar aerodynamic forces as the aircraft in the free-flight trajectory. These are passed to a simulation of the aircraft-manipulator system that is used to verify the system concept.



The equations are implemented in Simulink and the aircraft parameters are taken from [15,35] and are listed in Table 1. The controller gains were hand-tuned and are also given in Table 1. The codes for calculating the trim, the free-flight simulation, inverse kinematics, and AMS simulation are available on CORD—the Cranfield University Research Data repository [38].



The trajectory starts at trim at the wind tunnel airspeed of    V T  = 30   m s−1, an altitude of 10 m, and   g = 9.81   ms−2. The tail angle trim is calculated as    δ t  = − 0.0621   rad (  −  3.56 ∘   ), the pitch trim is    θ  trim  a   = 0.0435   rad (   2.49 ∘   ), and the thrust   T = 2.56   N. A perturbation in both the pitch (and angle of attack) of   0.020   rad is applied at the initial condition and the free-flight simulation trajectory is recorded. Constant tail deflection angle and thrust of the trim values are also applied.



The resulting pitch response is shown in Figure 7 for the first 5 s, where the short period mode response can be observed, and for 60 s in Figure 8, where the phugoid mode response can be clearly observed.



The reference link angles are calculated via the inverse kinematics (13)–(15), with an initial position in the wind tunnel of    x a  = 0   and    h a  = 0.40   m. The initial joint torques are calculated as    τ  trim  1   = − 16.70   Nm and    τ  trim  2   = 2.058   Nm. The AMS system is simulated from the same initial condition of the aircraft with the initial pitch perturbation in   θ a   (and subsequent angle of attack perturbation, because the wind tunnel flow is horizontal). The resulting pitch response is also shown in Figure 7, where we can see that the response closely matches the free-flight response.



The aircraft height in the wind tunnel is shown in Figure 9, along with the free-flight altitude (translated to the wind tunnel axes). For the first second, the altitude deviations for the AMS response matches the free-flight closely. As the short period mode decays, the phugoid response starts to dominate, and the difference in the responses increases. The manipulator position controller does not follow the position exactly because of the natural phase lags in the system dynamics. The difference could be reduced by increasing the controller gains and by increasing the complexity of the controller so as to not excite the high-frequency dynamics.



The altitude and horizontal positions relative to the air of the AMS simulation response are shown in Figure 10 along with the free-flight response resolved into the wind tunnel axes, that is, the response   x a   calculated by integrating (26). The altitude deviation occupies nearly the entire wind tunnel working space (shown schematically in Figure 1). The altitude deviations in the AMS model response and the free-flight model response match well, but the surge distance matches less well.



Figure 11 shows the response trajectory in the wind tunnel workspace. What can be clearly seen from Figure 11 is how the basic character of the phugoid response is reproduced. The interchange between kinetic and potential energies of the aircraft can be seen. As the aircraft climbs, it moves downstream in the wind tunnel as the speed falls, and as the height reduces due to reduced lift, the kinetic energy, and hence, speed, increases, and so the aircraft moves upstream.




5. Discussion


The results in the previous section show that the longitudinal free-flight motion can be replicated in a wind tunnel. In essence, what is happening is that the manipulator is providing the non-aerodynamic forces that a free-flying aircraft is exposed to, namely the gravitational and thrust forces, that would otherwise be absent in a wind tunnel. This gives scope for variable thrust virtual flight as well as to artificially alter the gravitational force by means of the control so that flight in, for example, a Mars environment can be recreated. Of course, the system dynamics would require scaling with respect to the dynamic pressure to perform this. Hence, the control system should be improved to not only reduce errors, but to be designed so that the controller effectively cancels the manipulator dynamics whilst introducing the gravitational and thrust forces. This would mean that the AMS system could be viewed as ‘dynamically equivalent’ to the free-flight model in a similar manner to, for example, [39] or [40]. Control techniques to create a dynamically equivalent system could include model matching with feedback linearisation to cancel the manipulator dynamics. Robust sliding mode control is another potential candidate. This remains for future work, as do sensitivity and robustness studies to parametric uncertainty and unmodelled dynamics.



This study considers only the feasibility from a dynamics and control perspective. Prior to building a prototype, further work is also needed on the manipulator design, which needs to be performed with respect to not only the loads, but also the aerodynamic forces on the links and joints, the aeroelastic properties of the AMS, to ensure that the rig is sufficiently stiff and that it does not laterally deflect under load. The links require aerodynamic shaping to minimize the aerodynamic load and interference of the manipulator with the flow. In addition, for a closed return wind tunnel, the coupling of the aircraft dynamics and the disturbances on the recirculating flow should be investigated. Improvements to the aerodynamics model should also be made, to include, for example, the wing lift due to pitch rate, the dependence of the pitching moment on angle of attack, and the time delay between the wing and tail. Nonlinear aerodynamics such as stall could also improve the simulation model. Effects of lower wind tunnel velocity away from the centre line could also be modelled.



For classical aircraft configurations, the lateral and longitudinal dynamics are largely decoupled; hence, this study considers only the longitudinal dynamics. A similar rig could be proposed for lateral dynamics, which may be more useful because the dutch roll mode is more dependent on the aerodynamics than the phugoid mode. However, for flexible wing aircraft and some other configurations, the lateral and longitudinal coupling is significant; therefore, a full 6-DOF virtual flight test AMS should be designed and tested in the future.



The proposed AMS can be used for a number of applications. These include flight control algorithm testing, controller implementation testing, and aircraft-in-the-loop simulation. The flow in the wind tunnel is smooth, but in free-flight, aircraft often encounter gusts, turbulence, etc. A gust/turbulence generator could be inserted into the wind tunnel which would provide a cost-effective method to investigate its effect on the aircraft response. A tunnel with a good control of the airspeed could be used to increase the range of the surge variation; an analysis of this also remains for further work. This, of course, would rely on the wind tunnel speed having a sufficiently high bandwidth. The effect of the joint actuator dynamics and lags also remains for further work.




6. Conclusions


This paper proposes an aircraft-manipulator system that can replicate longitudinal free-flight in a wind tunnel. The system consists of a 1/12 scale model of a BAe Hawk attached to a 2-DOF manipulator via a pivot that allows free pitch rotation. Dynamic models of the aircraft in free-flight and of the AMS system are presented, and the feasibility of the system is investigated through simulation. The simulation results show that the proposed system can potentially provide a virtual flight test facility for longitudinal flight dynamics. The short period mode response of the aircraft is a consequence of the natural flight dynamic response of the aircraft, but the phugoid mode is imposed on the aircraft by determining the aircraft positions from a free-flight simulation response. This means that the constraints and interference of the phugoid dynamics on the aerodynamic response that would otherwise be imposed by constraining the phugoid motion of the aircraft are removed, and the response in the wind tunnel is closer to the free response, than, for example, the 4-DOF Cranfield University rig briefly described in Section 1 [2,15,16,19].
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Figure 1. Schematic of the aircraft-manipulator system sited in the working section of an open-section wind tunnel (not to scale). The wind tunnel airspeed is shown as   V  W T   . 
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Figure 2. A 1/12th scaled BAe Hawk aircraft. 
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Figure 3. Configuration for 3-DOF aircraft longitudinal dynamics. 
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Figure 4. Manipulator aircraft system configuration. 
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Figure 5. Air velocity as the sum of wind tunnel velocity and aircraft velocity. 
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Figure 6. Block diagram showing system control architecture for the ith loop. The block denoted as IK represents the inverse kinematics’ reference source. 
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Figure 7. Short period mode pitch response of the free-flying Hawk model and the aircraft-manipulator system (AMS) model. 
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Figure 8. Phugoid mode pitch response of the free-flying Hawk model and the aircraft-manipulator system (AMS) model. 
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Figure 9. Short period mode altitude response of the free-flying Hawk model and the aircraft-manipulator system (AMS) model. 
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Figure 10. Phugoid mode height and lateral surge position response of the free-flying Hawk model (resolved into the wind tunnel axes) and the aircraft-manipulator system (AMS) model. 
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Figure 11. Phugoid mode position response of the aircraft-manipulator system (AMS) model in the wind tunnel. 
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Table 1. Aircraft and manipulator parameters.






Table 1. Aircraft and manipulator parameters.





	Parameter
	Symbol
	Value
	Units





	Wing area
	   S w   
	0.115
	m2



	Mean aerodynamic chord
	   c ¯   
	0.161
	m



	Air density
	  ρ  
	1.2238
	kg m−3



	Tailplane area
	   S t   
	0.029
	m2



	Wing body lift curve slope
	   C  L w α    
	3.72
	rad−1



	Lift coefficient at zero  α 
	   C  L 0    
	0.21
	-



	Tailplane lift curve slope
	   C  L t α    
	2.29
	rad−1



	Oswald efficiency factor
	e
	0.70
	-



	Zero lift drag coefficient
	   C  D 0    
	0.028
	-



	Initial pitch moment coefficient
	   C  m 0    
	   − 0.050   
	-



	Pitch damping derivative
	   C q   
	   − 2.978   
	rad−1 s



	Aerodynamic centre fraction
	   h 0   
	0.113
	-



	Centre of gravity fraction
	   h  c g    
	   0.18   
	-



	Tail moment arm
	   l t   
	0.3656
	m



	Aircraft moment of inertia
	   I y   
	0.219
	kg m2



	Length of Link-1
	   l 1   
	0.32
	m



	Length of Link-2
	   l 2   
	0.32
	m



	Mass of Link-1
	   m 1   
	2.074
	kg



	Mass of Link-2
	   m 2   
	2.074
	kg



	Mass of aircraft
	   m a   
	2.250
	kg



	Controller Gain P
	    k  P i   , i = 1 , 2   
	100
	N m rad−1



	Controller Gain I
	    k  I i   , i = 1 , 2   
	4
	N m rad−1 s−1



	Controller Gain D
	    k  D i   , i = 1 , 2   
	200
	N m rad−1 s
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