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I. Introduction

T HIS paper focuses on the development of an integrated
simulation environment and control algorithms for a receiver

aircraft in boom–receptacle refueling (BRR) operation while the
tanker flies in a racetrack maneuver. A racetrack maneuver is the
standard pattern flown by tanker aircraft, with straight legs and bank
turns [1]. This paper applies the earlier work by the authors on
mathematical modeling of relative motion [2,3] and aerodynamic
coupling [4] to the simulation of aerial refueling, and it develops
control laws for the motion of the receiver relative to the tanker that
flies in racetrack maneuvers. An integrated simulation environment
is developed to take into account tanker maneuvers, motion of the
receiver relative to the tanker, and the aerodynamic coupling due to
the trailingwake vortex of the tanker. The separate dynamicmodel of
the tanker, including its own controller, allows the simulation of the
standard racetrack maneuvers of the tanker in aerial refueling
operations. The mathematical model of the receiver expressed in
terms of the relative position and orientation with respect to the
tanker’s body frame facilitates the formulation, in a single
framework, of maneuver and stationkeeping of the receiver behind
the tanker. For the racetrack maneuvers of the tanker, a linear
quadratic regulator (LQR)-based multi-input/multi-output (MIMO)
state feedback and integral control technique is developed to track
commanded speed, altitude, and yaw rate. Similarly, for the relative
motion of the receiver, an LQR-based MIMO state feedback and
integral control technique is designed to track the commanded
trajectory expressed in the body frame of the tanker. Both controllers
schedule their corresponding feedback and integral gains based on
the commanded speed and yaw rate of the tanker. The tanker aircraft

model represents KC-135R, and the receiver aircraft model is a
tailless fighter aircraft with innovative control effectors (ICE) and
thrust-vectoring capability. Because the receiver has redundant
control variables, various control allocation schemes are investigated
for trajectory tracking and stationkeeping while the tanker flies in
various racetrack maneuvers with different commanded turn rates.

II. Tanker Dynamics Relative to the Inertial Frame

The performance of an aerial refueling operation depends on the
motion of the tanker as much as the motion of the receiver. Thus, for
the evaluation of aerial refueling controllers, the simulation
environments should include the full dynamic model of the tanker.
Further, for a true representation of the aerodynamic coupling due to
the trailing wake vortex, the motion of the tanker should be modeled
accurately. The motion of the tanker is represented by a standard set
of equations that are presented herein to introduce the notation later
used for the equations of motion for the receiver. Further, because
they are available in the same document, one can easily compare the
equations for the tanker with those for the receiver. In this paper, I
frame, BT frame, and WT frame denote the inertial frame, the body
frame of the tanker, and the wind frame of the tanker, respectively.

Inmatrix form, the translational kinematic equation of the tanker is

_r BT �RT
BTI

RBTWT
VwT (1)

where rBT is the position of the tanker relative to the I frame
expressed in the I frame,RBTI is the rotation matrix from the I frame
to the BT frame,RBTWT

is the rotation matrix from theWT frame to
theBT frame, andVwT is the velocity of the tanker relative to the local
air expressed in theWT frame.

The translational dynamic equation of the tanker aircraft in matrix
form is
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where ET is a 3 � 3 matrix that depends on �T , �T , and VT [5]. The
external forces acting on the tanker are the gravitational forceMT �
�0 0 mTg�T (in the I frame), the aerodynamic force AT � ��DT

�ST � LT �T (in the WT frame), and propulsive force PT �
�TT cos �T 0 �TT sin �T �T (in the BT frame). Note that g is the
gravitational acceleration; mT is the mass of the tanker; DT , ST , and
LT are the drag, side force, and lift on the tanker, respectively; TT is
the thrust magnitude; and �T is the thrust inclination angle. Also note
that S�	� is the skew-symmetric matrix operation on the
representation of a vector [5]. The details of the aerodynamic
coefficients in the standard expressions for the aerodynamic forces
can be seen in [5].

The rotational kinematic equation in matrix form is the standard
equation:

RBTI
_RBTI ��S�!BT

� (3)

where !BT
� �pT qT rT �T is the representation of the angular
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velocity vector of the tanker relative to the I frame expressed in the
BT frame. In the simulation and control design, standard rotational
kinematic equations (in terms of the Euler angles T , �T , and �T) are
used.

Thematrix form of the rotational dynamic equation of the tanker is

_!BT
� I�1T MBT

� I�1T S�!BT
�IT!BT (4)

where IT is the inertia matrix of the tanker aircraft, and MBT
�

�LT MT NT �T is the moment of the external forces about the
origin of the BT frame and expressed in the BT frame. For the
components of the applied moments, standard expressions are used,
with the exception that the pitching moment has contribution from
the thrust with the moment arm�zT

. The details of the aerodynamic
moment coefficients are given in [5].

Note that the stability derivatives are considered to be constant for
theflight conditions studied in this paper. The dynamics of the engine
ismodeled as a first-order transfer function in terms of throttle setting
�T , with a constant maximum thrust TmaxT

. For the control surfaces,
actuator saturation is taken into account, with�20 to 20 deg limits.

III. Receiver Dynamics Relative to the Tanker

In an efficient aerial refueling operation, the receiver aircraft needs
to be controlled with respect to the tanker’s position and orientation,
rather than with respect to the inertial reference. A new set of
nonlinear equations derived earlier [2] is used herein to represent the
position and orientation of the receiver relative to the tanker and, at
the same time, to explicitly represent the vortex effect on the
dynamics of the receiver aircraft. The matrix form of the equations
are given next, because they are used in the simulation of the closed-
loop system. In this paper, BR frame andWR frame denote the body
frame and wind frame of the receiver, respectively.

The translational kinematic equation is written [2] in terms of the
position vector of the receiver with respect to the tanker:

_��RT
BRBT

RBRWR
Vw �RT

BRBT
W �RBTI _rBT � S�!BT

�� (5)

where �� �x y z�T is the position of the receiver relative to the
tanker expressed in the BT frame,RBRWR

is the rotation matrix from
the WR frame to the BR frame, Vw is the velocity of the receiver
relative to the local air expressed in theWR frame,W is the velocity of
the local air relative to the ground expressed in the BR frame,RBRBT

is the rotation matrix from the BT frame to the BR frame,RBTI is the
rotation matrix from the I frame to the BT frame, and _rBT is the
velocity of the tanker relative to the I frame.

The translational dynamic equation of the receiver, including the
wind effect, is [2]
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where E�1R is of the same form as E�1T , with V, �, and � replacing VT ,
�T , and �T , respectively. MR and AR are the representations of the
gravitational and aerodynamic force vectors, respectively, and are
defined similar to the corresponding vectors of the tanker. Because of
the fact that the receiver aircraft has thrust-vectoring capability,
PR � �Tx Ty Tz�T has three components in the BR frame as
functions of �y and �z, the angles of the thrust vector with the x–y and
x–z planes of the BR frame, respectively. The details of thrust-
vectoring formulation and the aerodynamic coefficients in the
standard expressions for the aerodynamic forces are given in [5].

The rotational motion of the receiver aircraft, similar to its
translational motion, is also analyzed with reference to theBT frame,
which is an accelerating and rotating reference frame:

RBRBT
_RT
BRBT

��S�!BRBT
� (7)

where!BRBT
� �p q r�T is the representation in theBR frame of the

angular velocity vector of the receiver aircraft relative to the BT
frame. Similar to the tanker’s case, simulations and control design
use the standard rotational kinematic equations (in terms of Euler
angles  , �, and �).

The rotational dynamics of the receiver are modeled as

_!BRBT �I�1R MBR
�I�1R S�!BRBT

�RBRBT
!BT
�

IR�!BRBT �RBRBT
!BT ��S�!BRBT

�RBRBT
!BT �RBRBT

_!BT

(8)

where IR is the inertia matrix of the receiver aircraft, and MBR
�

�L M N �T is themoment due to aerodynamics and thrust vectoring
about the origin of the BR frame and expressed in the BR frame.

As in the case of the tanker, the stability derivatives of the receiver
are constant. Further, the engine model of the receiver is also a first-
order transfer function with constant maximum thrust. For the
actuator dynamics, actuator saturation and rate limit effects are
considered for the receiver. The deflection range attainable from the
elevon is�30 to 30 deg, from the pitch flap is�30 to 30 deg, and
from the clamshell is�60 to 60 deg. All three control effectors have
a rate limit of
90 deg =s. Likewise, the thrust vectoring has a limit
of
30 deg in both directions and a rate limit of 
30 deg =s.

Note that the motions of the tanker aircraft, both translational and
rotational, are represented as exogenous inputs in the equations of
motion of the receiver aircraft.

IV. Modeling the Effect of the Trailing Vortex

It is to be noted that thewind effect termsW and _W in the receiver’s
equations of motion presented earlier are based on the uniform wind
distribution acting at the receiver’s center ofmass expressed in theBR
frame. However, the vortex-inducedwind field acting on the receiver
aircraft is nonuniform in nature. For the dynamic modeling of the
vortex effect in aerial refueling, the tanker is considered to produce
two pairs of straight, semi-infinite, trailing vortex filaments (one
from the wings and one from the horizontal tail) that induce
additional wind velocities on the body of the receiver aircraft. The
induced wind is written as a function of the relative separation and of
the relative orientation between the tanker and the receiver using a
modified horseshoe-vortex model based on the Helmholtz profile.
Because the induced wind and wind gradients are nonuniform along
the body dimensions of the receiver aircraft, an averaging technique
is employed to compute the effective wind and wind gradient as
uniform approximations. The effective wind components and
gradients are introduced into the nonlinear aircraft equations that
include the components ofwind and the temporal variation ofwind in
theBR frame. The effect of vortex decay over time is also included in
our model. Special care was taken to accommodate different
geometrical dimensions for the tanker and receiver aircraft. Many
geometrical parameters considered include the wing’s sweep angle
and dihedral angle and the relative distance between the center of
mass of the aircraft and the aerodynamic center of the wing. Previous
publications [2–4] of the authors should be referred to for further
details of the actual vortexmodel and the averaging technique used to
estimate the vortex effect on the receiver.

V. Control Design

For a successful aerial refueling operation, the receiver should
approach the tanker, stay at the refueling contact position during the
actual fuel transfer, and fly away once the refueling is completed, all
in a safe manner, despite various sources of disturbance such as
trailing wake vortex, fuel transfer, and motion of the tanker. A
reference trajectory for the motion of the receiver relative to the
tanker should include 1) the approach from the observation position
to the contact position, 2) stationkeeping at the contact position, and
3) the fly-away. These three phases of aerial refueling can easily be
addressed in a single framework by using the equations of motion of
receiver, derived relative to the tanker. Obviously, during the phase
in which the receiver should stay at the refueling contact position
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(stationkeeping phase), the reference trajectory for the receiver
becomes a point in the BT frame.

The primary requirement of the control design is the tracking of the
reference trajectory, with zero steady-state error in the x, y, and z
coordinates in theBT frame, under the disturbance of trailing vortex,
time variation of the inertia properties of the receiver, and the
possible steady maneuvers of the tanker. Furthermore, the control
inputs generated by the controller should not cause significant
saturation on the magnitudes and rates of the actuators. During a
transient phase, overshoot or undershoot on trajectory response
should beminimized to ensure the safety of the refueling.At the same
time, the response of the closed-loop system should be fast enough so
that the approach and fly-away maneuvers are completed as planned
and the high-wind regions of the trailing vortex field are exited in a
timely fashion. Additionally, the angle of attack and the airspeed
should not be close to their corresponding stall values. In this regard,
a very large pitch angle should not be commanded. Finally, to ensure
the safety of the aircraft, the bank angle should be small relative to its
nominal value. As stated earlier, the controller should perform
satisfactorily in all legs of the racetrack maneuver.

To satisfy all of the requirements, a combination of a multi-input/
multi-output state-feedback LQR and integral control technique is
employed in designing the position-tracking controller for the six
control variables, three control surfaces, two thrust-vectoring angles,
and throttle. Moreover, a gain-scheduling scheme is implemented
based on the speed and turn rate. The equations of motion given in
Sec. III are linearized at four different steady-state-trimmed nominal
conditions. In the linearization, the wind terms are ignored. Two of
the nominal conditions correspond to the tanker flying at a straight

level (i.e., _ T;1 � 0) at constant altitude with two different airspeeds
(VT;1 and VT;2), and the other two correspond to the tanker turning

with a specified turn rate of _ T;2 at a constant altitude with the same
two airspeeds.

Note that the control law assumes the availability of full state
measurement or estimation for feedback. Further, for the
implementation of the gain-scheduling scheme, the commanded
speed and yaw rate of the tanker should be communicated to the
receiver.

Note also that the controller used for the tanker aircraft in the
simulations is designed similarly for the three conventional control
surfaces and the throttle setting. The outputs to be controlled are the
airspeed, altitude, and yaw rate. Gain scheduling is based on the
commanded speed and the yaw rate, and the four nominal conditions
defined earlier are used for the design of the linear controllers. The
details of the controller designs can be found in [5].

VI. Simulation Results

The four nominal conditions used in the gain-scheduling

controller are 1) _ T � 0 and VT � 180 m=s, 2) _ T � 0 and VT�
200 m=s, 3) _ T � 1:7 deg =s and VT � 180 m=s, and 4) _ T�
1:7 deg =s and VT � 200 m=s. The LQR/integral controllers are

designed and implemented in such a way that various levels of
control input allocations can be tested. Three different control
allocation cases are designed by choosing the weighting matrices of
the LQR cost function accordingly (for numerical values, see [5]).
Case 1 is when a combination of control effectors and thrust
vectoring is used. In case 2, only control effectors are used, without
any thrust vectoring. In case 3, the pitch flap and clamshell are fixed
at their nominal values; elevon and thrust vectoring are the only
control variables used.

The full six-DOF nonlinear dynamics of both tanker and receiver,
along with the controllers designed, are simulated in an integrated
environment, including the trailing wake vortex. The refueling is
performed at the nominal altitude of 7010 m, and the tanker is flying
at the speed of 200 m=s. The tanker is initially in a straight-level
flight and stays in this condition until the receiver aircraftmoves from
the observation position to the refueling contact position. Then the
tanker starts turning until a U-turn is completed, and the receiver is
commanded to stay at the contact position.

Three cases of tanker turn with different turning rates are
simulated. The commanded yaw rate for tanker case 1 is generated
from a 1:7- deg =s step response of a fourth-order linear filter with
time constants of 10, 10, 10, and 1 s. Tanker case 2 is a 2:2- deg =s
step response of the same filter. Tanker case 3 is a 1:7- deg =s step
response of a second-order linear filter with two time constants of
10 s. Recall that the tanker model has its own gain-scheduling
controller to track the commanded altitude, speed, and yaw rate. For
the receiver’s gain-scheduling controller, the same step signals for
the yaw rate, after passing through a first-order filter with a time
constant of 10 s, are used for scheduling purposes. The first plot of
Fig. 1 shows the x–y projections of the entire target trajectories. The
second plot shows the altitude histories only during the turn. Note
that the tanker altitude slightly deviates from the nominal altitude
during the turns, which, although small for the tanker, is very
significant for the performance of the refueling. Figure 2 shows the
pitch and bank angles of the tanker, which directly change the
relative orientation and thus cause the refueling position to move.
Although not shown here, airspeed, angle of attack, and sideslip
angle of the tanker also vary during the turns, which affects the wind
field in the wake of the tanker.

Figure 3 illustrates the x, y, and z components of the trajectory of
the receiver in the BT frame in case 1 (the other cases yield similar
results). The receiver is initially at the observation position (�40:56,
60.96, and 6.46) in the BT frame and should move to the refueling
contact position (�25:33, 0, and 6.46) without any altitude change.
The lateral maneuver is initiated at around 50 s and takes about a
minute until the receiver is directly behind the tanker. Then at 125 s,
the receiver starts moving forward and reaches the refueling contact
position in about 50 s. The figure shows that the commanded
trajectories are closely tracked during the maneuver. The two spikes
in the z plot are due to slight altitude loss (the positive z direction is
down) that occurs when the lateral and forward maneuvers start.

Figures 4–6 show the time history of the control variables in all
three control allocation cases and in tanker case 1 (the other tanker-
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Fig. 1 Target trajectories and altitude histories during turns with three different yaw rates.
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Fig. 2 Pitch and bank angles of tanker during the turns.
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Fig. 3 Commanded and actual x, y, and z positions of the receiver during the approach maneuver.
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Fig. 4 Deflection of the three control effectors in the three cases.
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Fig. 5 Thrust-vectoring angle variation in the three cases.
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turn cases yield similar results). Figure 4 illustrates the deflections of
the three control effectors. Note that the pitch flap and clamshell stay
almost constant in case 3, because they are fixed at their nominal
values. In all cases, very small deflections and deflection rates (much
smaller than their respective saturation levels) in all three effectors
are used to move the receiver to the refueling position and keep it
there during the turns. Both the elevon and clamshell are mainly used
during the lateral maneuver. Although the control effectors are used
during the turn, their deflections are smaller than the deflections in
the time of the approachmaneuver. Figure 5 shows the rotation of the
thrust vector in terms of its angles with the x–y and x–z planes of the
BR frame. Note that both angles stay zero in case 2, because it
represents a no-thrust-vectoring configuration. Thrust vectoring is
used mostly in case 3, in which the pitch flap and clamshell are fixed.
The rotation of the thrust vector is small in case 1, because it is used in
combination with the control surfaces.

Figure 6 illustrates the level of throttle in the three cases. In all
cases, the variation of throttle setting is very similar. Note the
increase in the throttle setting (60–100 s) during the lateralmaneuver.
This is because when the receiver aircraft is behind the tanker, it is
subject to strong downwash, which results in higher required thrust.
The slight difference in throttle between the cases near 200 s is due to
the different thrust-vectoring angles and different orientation of the
aircraft at the refueling position. Variations of throttle setting in the
three tanker-turn cases during the turn of the tanker (after 200 s) are
similar, and the levels of throttle setting before and after the turn are
the same.

Figure 7 shows that the orientation of the receiver relative to the
tanker changes during the approachmaneuvers and the tanker turn in
the three cases. Note that during both the approachmaneuver and the
tanker turn, the orientation of the receiver is close to the orientation of
the tanker. Comparison of the yaw response in case 2 (no thrust
vectoring) with the other two cases in which thrust vectoring is used
indicates the positive effect of thrust vectoring in yawmotion during
both lateral maneuver and tanker turn.

The vortex-induced wind components and gradients are shown in
Fig. 8 in the control allocation case 1 and tanker case 1. When the
simulation starts, the vortex is not on and at 10 s, thewind is turned on
and gradually increased to the normal level. First note that once the
vortex is turned on at 10 s, the aircraft is exposed to small upwash and
sidewash and a slight “rolling” gradient. During the lateralmaneuver
(starting at 50 s), the magnitudes of both effective wind components
and gradients increase. At about 70 s when the lateral distance to the
tanker is about 60% of the tanker’s wingspan, the highest upwash
(negativeWz) is experienced. When the lateral distance to the tanker
is about 45% of the tanker’s wingspan, the receiver experiences the
greatest rolling vortex P and the upwash turns into downwash
(positiveWz), whereas the side washWy increases dramatically. This
is manifested in the rolling oscillation in Fig. 7 and the altitude drop
in Fig. 3. During this transition, a yawing vortex R gradient is
experienced and a pitching vortex Q gradient develops. As the
receiver moves right behind the tanker, the rolling vortex gradient
and side wash disappear and downwash increases to its highest level.
When the receiver is right behind the tanker, two main vortex effects
remain: strong downwash and pitching vortex. Note the small
variation in the wind components and gradients during the tanker
turn. This is partly because the receiver relative position and
orientation experience small deviation and partly because the
tanker’s airspeed, angle of attack, and sideslip angle changewhen the
tanker turns.

To maintain the refueling contact while the target turns, the
position and orientation deviations should remain small. To analyze
the performance of the controllers in terms of these important
requirements, phase portraits of position and orientation, based on
the data during the tanker turns, are presented in Figs. 9 and 10 in
tanker case 2. Note that the y deviation stays within 1.3 and �0:9 m
and the x deviation is between �0:8 and 0.9 m in all three control
allocation cases. Regarding the z deviation, case 3 is worse than the
others. This is apparently due to the fact that the pitchflap is stuck and
thrust vectoring is used instead to generate pitching moment. In all
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Fig. 7 Orientation of the aircraft relative to the tanker in the three cases.
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three cases, the receiver stays close to the tanker, in terms of
orientation. Pitch-angle variation is about the same for all cases,
whereas case 2 shows larger deviation in yaw, and case 3 yields
slightly larger deviation in bank.As shown in Fig. 1, tanker case 2 has
the sharpest turn with the largest bank. As a result, the receiver
aircraft experiences the largest deviations in this case, in comparison
with the other two tanker-turn cases, which are not presented in this
paper. For example, in tanker case 1, the position deviations are
limited to�0:6 to 0.8 m in the y direction and�0:6 to 0.5 m in the x
direction, whereas the three control allocation cases show a similar
trend when compared with each other.

VII. Conclusions

The maneuvering tanker influences the relative motion via two
mechanisms:

1) The tanker motion acts as a direct disturbance on the relative
motion; for example, when the tanker banks, the contact position
moves laterally.

2) The maneuvers of the tanker change the trailing vortex field to
which the receiver aircraft is exposed.

Simulation results also show that by adjusting the weighting
matrices, the LQR method can easily provide an effective control
allocation between the control effectors and thrust vectoring.
Simulation results show that all three control allocation schemes can
effectively follow the commanded trajectory without excessive
control effort through the wind field, even if the controller design is
based on the linearized equations without the wind terms. When the
receiver moves in the wake of the tanker, the simulation shows that
the induced wind components and the gradients vary. Phase-portrait
plots demonstrate that the stationkeeping performance during the
tanker turn is affected mostly by the rate of turn. The linearization of
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Fig. 10 Deviation in relative orientation when the tanker turns in tanker case 2.
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the equations of motion results in a clear manifestation of the tanker
motion as disturbance on the relative motion. This formulation has
the potential of improving the stationkeeping performance during the
tanker turns and will be the subject of our future work.
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