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Abstract

This manuscript applies Linear-Parameter-Varying control methods to a validated XV-15 tilt rotor vehicle,
aiming to develop the flight control system specifically for the transition period. The proposed control law uses
self-scheduling H∞ design synthesis, which not only guarantees the closed-loop stability over the entire parameter
space, but also ensures a prescribed level of performance. Simulation results show that the controller can offer very
good performance in terms of reference tracking and disturbance rejection, indicating that the pilot’s workload can
be reduced significantly.

Nomenclature
u/v/w forward/lateral/vertical velocity

perturbation [kt]
ϕ/θ/ψ roll/pitch/yaw attitude perturbation [deg]
p/q/r roll/pitch/yaw rate perturbation [deg/s]
θ0,C common collective pitch [deg]
θ0,D differential collective pitch [deg]
θ1s,C common longitudinal cyclic [deg]
θ1s,D differential longitudinal cyclic [deg]
δa/δe/δr aileron/elevator/rudder deflection [deg]
θlon,c/θlat,c/θy,c combined longitudinal/lateral/yawing

controller [inch]
βm nacelle incidence [deg]
V0 flight speed [kt]

I. INTRODUCTION

Tilt rotor vehicles are able to perform vertical taking-
off/landing (VTOL) as well as high speed forward flight,
for this reason, this type of aircraft has attracted numer-
ous interests. In general, three main configurations can
be identified for such aircraft: i) helicopter, in which the
flight control system uses swashplate inputs; ii) fixed
wing, where standard flight control surfaces are used
iii) transition, in which the flight control is typically
delivered by using both swashplate and flight control
surface inputs. Among these three modes, the transition
is regarded as the most crucial one since the vehicle’s
aerodynamics undergoes significant changes when it
converts from one configuration to another. As a result,
the workload of the pilot during such period is high,

not only because of the complex flight dynamics, but
also due to the control couplings between the swashplate
inputs and the flight control surfaces.

To the authors’ best knowledge, although various
control methods, such as H∞ [1]–[3], Proportional-
Integral-Derivative (PID) [4]–[6], Linear-Parameter-
Varying (LPV) [7]–[9] and Nonlinear-Dynamic-
Inversion (NDI) [10], [11], have been explored on
tilt rotor vehicles, most of them are used for the
development of helicopter and fixed wing controllers.
On the other hand, the flight control for transition is
typically delivered by using gain scheduling between
the helicopter and fixed wing controller [8], [12],
[13], i.e., as the nacelle incidence tilts forward, the
swashplate inputs are gradually phased out and the
flight control surface inputs become dominant. However,
such scheduling can be unreliable in practice since it
provides no stability guarantee for the closed-loop, and
the scheduling algorithm needs to be carefully tuned.

Motivated by the afore-mentioned limitations, this
work aims to develop flight control system dedicated for
the transition period, where a Linear-Matrix-Inequalities
(LMIs) based LPV design synthesis, known as self-
scheduling H∞ control [19]–[22], is exploited. By solv-
ing a set of optimisation problems, a LPV controller
stabilising the closed-loop over the entire parameter
space can be obtained, which also ensures that the worst-
scenario performance level is bounded by a prescribed
value. The application of LPV control to aerospace



applications can be traced back decades ago, see for
instance [16]–[18], and it fits explicitly well for the
applications where the system dynamics experiences
large variations, such as the control problem stated in
this work. Compared with Linear-Time-Invariant (LTI)
control methods such as PID and H∞, the LPV methods
can offer better control results and guarantee similar
performance level over the considered flight envelope.

This manuscript is structured into 5 sections. Section
2 introduces the self-scheduling H∞ control approach,
which is used for the flight control system design in
Section 3. Section 4 presents the simulation results,
which are performed on linearised models. This paper
concludes with some final remarks in Section 5.

II. SELF-SCHEDULING H∞ CONTROL

The self-scheduling H∞ control tackles a quadratic
H∞ γ-performance problem defined in Fig. 1, where the
LPV system P(ρ) is called the generalised plant, whose
state-space representation can be described asẋz

y

 =

A(ρ) B1(ρ) B2

C1(ρ) D11(ρ) D12

C2 D21 0

x
w
u

 (1)

In the above equation, x is the state vector, z rep-
resents the vector of control design targets (typically
specified via loop shaping) to be minimised, including
performance and robustness measures, y stands for the
measured output vector, w denotes the exogenous in-
put vector, such as references (pilot commands in the
aerospace applications), disturbances (wind gusts in the
aerospace applications), noises, etc., u is the control
input vector and ρ(t) is a time-varying vector of physical
parameters (velocity, altitude, nacelle incidence, etc.). It
is worth noting that the time variation of ρ(t) is not
known in advance, but can be measured in real-time
and lies in the set bounded by known minimum and
maximum values.

The design objective is to find a LPV controller K(ρ)
in the form

ẋk = Ak(ρ)xk +Bk(ρ)y

u = Ck(ρ)xk +Dk(ρ)y
(2)

to stabilise the closed-loop interconnection shown in
Fig. 1 for all admissible parameter trajectories in ρ(t),
and also guarantee that the induced L2-norm from w to
z is bounded by some γ > 0.

Fig. 1: Gain-scheduled H∞ problem.

Fig. 2: Mixed-sensitivity H∞ control structure.

In this work, the control synthesis used to develop
K(ρ) solves the mixed-sensitivity optimisation crite-
rion [23], [24]

min
K stabilising

∥∥∥∥[ WpS
WuKS

]∥∥∥∥
∞

(3)

where S = (I+GK)−1 and KS are the sensitivity and
effort functions. These two transfer function establish the
characteristics of the control loop according to stability,
tracking, disturbance rejection characteristics and control
efforts. These specifications are provided by tuning the
two weights Wp and Wu. Specifically, the inverse of
Wp determines the shape of S and is typically selected
as a low-pass filter, while the inverse of Wu regulates
the shape of KS, which is often chosen as a high-
pass filter or a constant gain. The control diagram can
be described in Fig. 2, in which G(ρ) represents the
physical plant (tilt rotor vehicle in this application), r
and d are the reference and disturbance signal. Note
that the generalised system P(ρ) can be augmented
by G(ρ), Wu and Wp, which re-captures the block
diagram shown in Fig. 1.

Ultimately, a stabilising LPV controller K(ρ) with a
minimum achievable γ can be obtained by solving a
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set of LMIs provided in [19]–[21]. Such process can
be efficiently executed by using the MATLAB function
‘hinfgs’.
Remark: It is highlighted that the self-scheduling H∞
LPV design method is only suitable for affine or
polytopic LPV systems [19]–[21]. However, in many
aerospace applications, such as the one in this work, the
physical LPV plant G(ρ) is constructed by assembling
a set of Linear-Time-Invariant (LTI) systems, which are
obtained by trimming the full nonlinear model at various
flight conditions. Such LPV plants are known as grid
based LPV systems [22], whose state-space matrices are
nonlinearly dependent on the parameters, thus are not
accepted by the LPV design approach introduced earlier.
To overcome this limitation, a Higher-Order-Singular-
Value-Decomposition (HOSVD) based Tensor-Product
(TP) model transformation [25], [26] method is adopted.
The goal of such transformation is to convert a grid
based LPV system into a specific TP convex polytopic
LPV model, to which the afore-mentioned LMI-based
controller design tools are applicable. Compared with
other LPV model conversion approaches, TP transfor-
mation is computationally less expensive and does not
need problem dependent analytic derivations [25], which
makes it appealing in practice. More details regarding
HOSVD and TP model transformation can be found
in [27] and [25], [26], respectively.

III. FLIGHT CONTROL SYSTEM FOR TRANSITION

A. Vehicle Model

This work considers a generic tilt rotor vehicle model
developed by our partners at the University of Glas-
gow [14], whose dynamics modelling consists of the
following subsystems: rotor, pylon, wing, tail plane
and fuselage, see Fig. 3. Trimming of such sophisti-
cated model exploits Automatic Differentiation (AD)
method [14], which offers faster and more accurate
calculation, and the results have been validated against
the performance characteristics of XV-15 aircraft. More
details regarding the vehicle’s modelling and its valida-
tion, refer to [14], [28].

The following linearised plant is obtained by trimming
the nonlinear vehicle model, which is expressed in state-
space form as:

ẋ = Ax + Bu
y = Cx + Du

(4)

where A ∈ R8×8 is the state matrix, B ∈ R8×10 is the
input matrix, C = I ∈ R8×8 is the output matrix, and

Fig. 3: Model structure.

D = 0 is the feed-forward matrix. The state vector x and
the input vector u are defined by:

x = [u,w, q, θ, v, p, ϕ, r]T

u = [θ0,C , θlon,c, θlat,c, θy,c, δr, θ1s,C , δe, δa, θ0,D, θ1s,D]T

see the Nomenclature to find a description of the above
variables and their units.

During the conversion, the flight control system aims
to reduce the pilots’ workload and focuses on the regu-
lation of pitch, roll and yaw motions. The corresponding
control input/output pairs are: i) combined longitudi-
nal controller (θlon,c) for pitch attitude (θ) control; ii)
combined lateral controller (θlat,c) for roll attitude (ϕ)
control; and iii) combined yawing controller (θy,c) for
yaw rate control. Note that the combined controllers
are mixed by the swashplate and the flight control
surfaces inputs. In particular, θlon,c is mixed by common
collective pitch (θ1s,C) and elevator (δe), θlat,c is mixed
by differential collective pitch (θ0,D) and aileron (δa),
and θy,c is mixed by differential longitudinal cyclic pitch
(θ1s,D) and rudder (δr). In practice, these combined
controllers operate on the following principle (take the
longitudinal combined controller for instance): 1 inch
deflection of the combined longitudinal controller leads
to a deg elevator deflection together with b deg common
longitudinal cyclic deflection, where a and b change
according to the nacelle incidence and flight speed, and
are are set according to [28]. Mathematically, it can be
described by: [

θ1s,C
δe

]
=

[
a
b

]
θlon,c

B. LPV Plant Construction

Prior to the control design, a grid based LPV plant
G(ρ) is first established by linearising the nonlinear
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Plant Wp Wu H∞ performance level (γ)

Longitudinal s+2
2s+0.002

s+0.03
0.1s+3

2.886

Lateral
[

s+3.2
2s+0.0032

s+2
2s+0.002

] [
s+0.06
0.1s+6

s+0.06
0.1s+6

]
3.790

TABLE I: Weighting functions and achieved performance level.

Fig. 4: Grid points of the LPV plant in transition mode.
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Fig. 5: Poles of the grid based LPV plant. (a): longitu-
dinal dynamics; (b): lateral dynamics.

vehicle model at a family of grid (trimming) points. The
varying parameter vector is selected as

ρ = [V0, βm]T

where
V0 ∈ [10, 160], βm ∈ [0, 90]

and the grid density is chosen as 6 × 4. Typically,
tighter grid density could typically lead to better control

performance, while on the other hand, more computa-
tional efforts are required. Hence the trade-off between
these two aspects should be considered according to
the particular application. Note that βm = 0◦ indicates
that the vehicle is in the helicopter configuration while
βm = 90◦ implies it being fixed wing configuration.

After comparing the grid points with the XV-15
conversion corridor, we note that not all of them are
within the corridor, see Fig. 4. The grid points outside
the conversion corridor are marked in red, while those
inside the conversion corridor are specified in blue.
Because the LPV synthesis adopted in this work requires
a rectangular parameter space, the systems at red points
are replaced by the closest grid points inside the corridor,
for instance, the trimmed system at 10 kt, 30 deg is
replaced by the system at 10 kt, 0 deg. As long as
the vehicle operates inside the conversion corridor, such
replacement would not cause too much stability and
performance degradation.

We then examine the poles of the grid based LPV
plant, which can be observed from Fig. 5. It is clear that
the vehicle is unstable at low speed conditions, helicopter
configuration, while the vehicle progresses to the fixed
wing configuration and high flight speed scenarios, the
trimmed systems have stable poles. The migration of the
poles fits the results shown in [28], [29], indicating that
the grid based LPV plant provides reliable estimations
of the full nonlinear model, which is fundamental for the
following control design.

C. Controller Design
Similar to the previous work in [3], [15], a double

closed-loop control structure is used, where the inner
loop is known as Stability Augmentation System (SAS)
and the outer controller is used for reference tracking
and disturbance rejection, see Fig. 6. Examination of the
open-loop plant behaviours suggests that the dynamics is
largely decoupled between longitudinal and lateral axes,
for this reason, the control design is performed on the
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Fig. 6: Control diagram.
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Fig. 7: Poles of the inner-loop. (a): all poles; (b): zoom
in.
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Fig. 8: Shaped loops over the parameter space. (a) - (b):
longitudinal; (c) - (d): lateral.

following two sub-models: i) longitudinal model, which
consists of four states (u,w, q, θ); ii) lateral model, which
is also composed of four states (v, p, ϕ, r).

The inner controller is first designed, which is hand-
tuned such that it stabilises the inner-loop and enhances
the time-domain performances (e.g., decreases system

damping), see Fig. 7. Then the inner-loop system can
be regarded as a new LPV plant, which is also grid
based, and hence requires the TP model transformation
introduced previously to convert it to a TP convex poly-
topic LPV system, suitable for the use of self-scheduling
H∞ design method. The weight choices for the LPV
synthesis as well as the achieved H∞ performance
level γ are presented in Table. I. To verify that the
design targets are realised, we examine the shapes of
the sensitivity function and the control efforts function
in Fig. 8, where the solid lines represent the shaped loops
and the dashed lines are the design targets. It is clear that
the singular values of S and KS are bounded by those
of γ/Wp and γ/Wu, respectively, i.e.,∥∥∥∥[ WpS

WuKS

]∥∥∥∥
∞
< γ (5)

indicating that the LPV control design is successful.

IV. SIMULATION RESULTS

The proposed LPV controller is examined at three
frozen flight conditions as well as two conversion paths
inside the conversion corridor. Detailed results are shown
below.

A. Simulation at Frozen Points
The test points are chosen as: i) 50 kt, 15 deg; ii) 100

kt, 45 deg; and iii) 140 kt, 75 deg, and the following
simulation focuses on the reference tracking property
of the controller. The results can be seen in Fig. 9,
where the references are denoted by black dashed lines.
Note that the reference signal for yaw rate (r) is kept
0 during this simulation. It is clearly seen that the LPV
controller provides fast tracking, negligible steady-state
error and minor coupling effects between pitch, roll and
yaw. Moreover, it is observed that the proposed control
law is able to keep the performance level similar at
all three test points, which is a preferred property in
practice.

We further investigate the control actions in this sim-
ulation, which are presented in Fig. 10. It is noted that
they are expressed in terms of the swashplate and flight
control surface inputs, which are calculated by using
the corresponding mixing algorithm in each combined
controller. Clearly, they are all within reasonable ranges.

B. Simulation on Conversion Paths
We proceed to evaluate the LPV controller on two

conversion paths from helicopter to fixed wing: fast and
routine, see Fig. 11. In both paths, it is assumed that the
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Fig. 9: Simulation results (frozen points). (a): θ; (b): ϕ;
(c): r.

vehicle’s nacelle incidence and flight speed follow the
trajectories described in Fig. 12. In particular, the fast
path corresponds to the non-stop transition, which starts
at 40 kt, helicopter configuration with the conversion
rate being 7.5◦/s, leading to a total 12 sec conversion
time. The routine path represents the normal conversion
typically used for XV-15, which starts at hover, heli-
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Fig. 10: Control actions (frozen points). (a): θ1s,C ; (b):
δe; (c): θ0,D; (d): δa; (e): θ1s,D; (f): δr.

Fig. 11: Conversion paths used for the simulation.

copter configuration and takes 25 sec. It is worth noting
that in this path, the transition pauses at 10 deg nacelle
incidence until the vehicle reaches 70 kt flight speed.
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Fig. 12: Flight speed and nacelle incidence trajectories.
(a): fast conversion; (b): routine conversion.

In order to observe the vehicle’s behaviour during
transition, the simulation is currently performed on a
LPV system, whose parameter space is

ρ = [V0, βm]T

where V0 ∈ [0, 160] and βm ∈ [0, 90]. The grid density
is chosen as 16× 4, which is tighter compared with the
LPV plant used for the controller design.

The simulation results can be found in Fig. 13. The
disturbance signals are chosen as step signals, which
are the most challenging disturbances in practice. Fur-
thermore, they are introduced explicitly in the middle
of the conversion. We observe that in both scenarios,
the disturbances can be quickly attenuated by the LPV
controller in all three channels (pitch, roll and yaw)
within approximately 2 sec, which. This is appealing in
the sense that the pilots workload can be reduced, which
enhances the transition safety.

V. CONCLUSIONS

This work exploits a LPV control design approach,
known as self-scheduling H∞, to develop the flight con-
trol system for transition. Compared with typical control
methods adopted for such period, this method guarantees
the closed-loop stability as well as the performance level
being bounded by some prescribed value over the entire
flight envelope under consideration. Linear simulation
results performed on a validated XV-15 vehicle model
confirm the afore-mentioned benefits, in which the pro-
posed controller shows great performance in terms of
reference tracking and disturbance rejection. Future work
will implement such control method on the full nonlinear
model for detailed assessment.
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