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LPV Model-based Adaptive MPC of an eVTOL Aircraft During Tilt
Transition Subject to Motor Failure
Shen Qu, Guoming Zhu* � , Weihua Su, and Sean Shan-Min Swei

Abstract: This paper applies novel LPV (linear parameter-varying) model and MPC (model predictive control)
methods to a tilt-transition process with rotor failure for electric vertical take-off and landing aircraft of six dis-
tributed electric rotors with a fixed-wing for level flight, where two rotors are tiltable to generate variable thrust
vector during the tilt-transition from hovering to steady-state level flight and the rest of four cannot be tilted. During
the level flight, the aerodynamic lift induced by fixed wing maintains flight altitude. Based on a predefined nomi-
nal tilting trajectory scheduled by tilt-rotor angular position and the failed rotor speed, a discrete-time LPV model
is constructed based on significantly reduced number of linear time invariant models obtained by linearizing the
nonlinear eVTOL aircraft model along the tilting trajectory, where tilt-rotor angle and failed rotor speed can be
measured in real-time. An LPV modeling error evaluation method is proposed based on the σ shifted H2 norm,
and adaptive model predictive controller is designed with the dynamic reference compensation. Simulation study
indicated the success of the adaptive MPC strategy based on tilt-transition LPV model with rotor failure.

Keywords: Adaptive MPC, electric virtical take-off and landing (eVTOL), linear parameter-varying (LPV), tilt-
transition control, tilt-transition failure control.

1. INTRODUCTION

An eVTOL aircraft equipped with a distributed elec-
tric propulsion (DEP) system has proven to have potential
to transform future air travel within the city and between
suburb and city. The key enabling technologies for this
disruptive travel method are due to many recent techno-
logical advancements on, for instance, high-density bat-
tery, power electronics, composite materials and struc-
tural design method, high-throughput real-time comput-
ing, etc. On the other hand, there are still many techni-
cal challenges to be overcome; see Uber Elevate’s 2016
White Paper [1]. One of the most promising eVTOL plat-
forms is the hybrid eVTOL aircraft platform that com-
bines VTOL capability utilizing multi-rotor DEP system
with aerodynamic efficiency of the fixed-wing aircraft.
There are many eVTOL literature such as market predic-
tion for emerging needs [2], planning eVTOL route and
trajectory [3-6], aircraft dynamics and control analysis [7],
energy modeling and its optimization [8-13], and failure
analysis [14]. Many eVTOL aircraft prototypes were de-
veloped and flight-tested. For instance, Joby S2/S3, Boe-
ing Swift, Airbus Vahana, Lilium Jet, and Hyundai/Uber
S-A1, to just list a few. Note that these eVTOL aircraft

rely on DEP thrust vectoring to make flight mode transi-
tion from hovering to level flight, and vice versa.

For aircraft with tiltable rotors, the transition from hov-
ering to level flight mode can be achieved by tilting pro-
pellers from vertical (tilt-up) to the forward position (tilt-
forward), and as a result, the level flight speed increases
from zero to the desired cruising speed correspondingly.
Noting that modeling the transition process is challeng-
ing since it deals with nonlinear parameter-varying aircraft
dynamics in multiple dimensions. For this study, the target
aircraft has two side-by-side tiltrotors. This configuration
has been widely studied in aerospace research. In [15], the
operational mode transition of XV-15 tiltrotor aircraft was
based on a time-varying linear model and control. Adap-
tive model inversion control is studied in [16] to reduce
control development time and improve closed-loop sys-
tem performance. Also, aircraft with four synchronously
tilting rotors is presented in [17,18]. However, compared
with many existing studies in the area of tiltrotor aircraft
transition control with number of rotors less than or equal
to four for existing eVTOL prototypes, this paper deals
with these aircraft with a large number of distributed ro-
tors. For example, Joby S4, Uber eCRM-001 and Solvay
VA-1X have six, six, and eight rotors, respectively. Also,
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it is worth mentioning that not all rotors need to be tiltable
due to the following two reasons. Firstly, the vertical thrust
required for maintaining hovering is always much larger
than the longitudinal thrust required for holding the de-
sired cruising speed and altitude, which means that only
part of rotors needs to be tilted. Secondly, minimizing the
weight added by the tilting mechanism leads to using min-
imal number of tiltrotors possible. For example, the Uber
eCRM-001 and Solvay VA-1X have two and four tiltable
rotors with six and eight rotors in total, respectively. The
LPV-based flight mode transition control of a six-rotor air-
craft with two tilt-rotors was studied in [19].

This paper studies the six-rotor eVTOL aircraft devel-
oped earlier [20], where the middle two rotors are tiltable,
and the two-front and two-rear ones are fixed vertically. A
2-D LPV model [21-23] describing the aircraft transition
process was developed along the given tilt-transition tra-
jectory and failed rotor speed. In many existing LPV air-
craft modeling literature, trimming the nonlinear aircraft
model at multiple equilibrium conditions to obtain a set of
linear time-invariant (LTI) models and then linking these
LTI models to form one LPV model is a proven technique;
see [24,25]. However, for modeling the tilting transition
process with rotor failure, this method results in signifi-
cant modeling error due to the assumption of unrealistic
zero aircraft acceleration during the tilt transition. In this
research, trajectory linearization method was adopted to
further reduce the LPV modeling error, where a number of
linearized time invariant models were obtained using tra-
jectory linearization instead of steady-state linearization
to form an 1-D LPV model. Note that for the aircraft with
motor failure during tilt transition, there are varying pa-
rameters, tilt angle and failed rotor speed, which requires
extremely high number of linearized models to form a 2-
D LPV model with very large memory size. In this paper,
it is proposed to develop the 2-D LPV model based on
the 1-D (tilt angle) nominal tilt transition with analytically
linearized term, updated online, as function of failed rotor
speed; see Subsection 2.4 for details.

To utilize the developed 2-D aircraft LPV model, the
adaptive model predictive control (MPC) method [26-29]
is proposed for control design based on tilt-transition LPV
model with motor failure due to its capability of hard con-
straint handling [30-32]. Since MPC relies on a specific
set of weightings to achieve desired performance, to im-
prove the control system performance with reduced real-
time calculation throughput, a few changes are made for
MPC including feedback dynamic reference compensa-
tion and utilization of real-time varying weightings and
constraints. The designed adaptive MPC strategy was
evaluated using the nonlinear rigid-body eVTOL model
in Matlab/Simulink.

This paper’s main contributions can be summarized in
two-fold: development of the online updated 2-D LPV tilt-
trasition model with motor failure and application of adap-

tive MPC for handling hard control constraints with dy-
namic reference compensation.

This paper is organized as follows. Section 2 provides a
brief review of the nonlinear rigid-body dynamics for the
target hybrid eVTOL aircraft and the 2-D LPV modeling
method, along with model error evaluation using σ shifted
H2 norm; and Section 3 conducts a modeling error study
for the developed 2-D LPV model. Section 4 studies the
adaptive MPC design based on given time-varying weight-
ings and hard constraints with two dimensional parame-
ters; and simulation study is conducted in Section 5 to
demonstrate the proposed mode transition control scheme.
Conclusions are drawn in Section 6.

2. 2D-LPV AIRCRAFT TRANSITION MODEL
WITH ERROR EVALUATION

2.1. Nonlinear aircraft model

Fig. 1 shows the proposed eVTOL aircraft configured
with two tilt-rotors, where ρ denotes the tilt angle. In
[20] a nonlinear rigid-body dynamic model was developed
by incorporating tilt-rotor dynamics and their gyroscopic
coupling effects. In addition to the control surfaces of a
fixed-wing aircraft, the distributed rotor rotational speeds
and the tilt-rotor angular position are also considered as
control inputs. Table 1 contains the relevant component
properties for the eVTOL aircraft considered in this study.
Note that when the two mid-rotors tilt forward, there are
certain air flow interferences to both front and rear rotors.
However, since the two outside rotors are tiltable, it is ex-
pected that the air flow interferences are relatively small
and in this model this effect is omitted. Furthermore, de-
velopment of control-oriented model with detailed air flow
dynamics is challenge, especially for low-order control-
design models.

By following the Hamilton’s Principle, the coupled

Fig. 1. Geometry of UAM aircraft.
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Table 1. Inertial properties of eVTOL aircraft.

Parameter name Value Unit
Body mass, mB 2240.73 kg
Body moment of inertia, IB,xx 12000 kgm2

Body moment of inertia, IB,yy 9400 kgm2

Body moment of inertia, IB,zz 20000 kgm2

Rotor mass, mr 4.55 kg
Rotor moment of inertia, Ie

r,xx 3.5 kgm2

Rotor moment of inertia, Ie
r,yy 7.0 kgm2

Rotor moment of inertia, Ie
r,zz 3.5 kgm2

Table 2. Definitions of eVTOL system inputs and states.

Input Definition
Front R/L rotor acceleration u1/u2

Mid R/L rotor acceleration u3/u4

Rear R/L rotor acceleration u5/u6

Ruddervator deflection u7

Mid R/L rotor tilt acceleration u8/u9

System State Definition
Rigid-body velocity x1 to x6

Euler angle x7 to x9

Body inertial position x10 to x12

Propeller speed x13 to x18

Mid R/L rotor tilt angle x19 to x20

Mid R/L rotor tilt rate x21 to x22

fixed-wing and tilt-rotor dynamics can be given below;
see [20] for details.

MBB(ρ)β̇ +CBB(β ,ρ)β = RB, (1)

where β denotes the aircraft rigid-body velocity, MBB

the inertia matrix, ρ the tilt angle, CBB the damping
matrix, and RB the external loads that include, for in-
stance, gravity, gyroscopic, propulsive, and aerodynamics
loads. Moreover, equation (1) together with rotational and
translational kinematics completely describe the nonlin-
ear tilt-rotor flight dynamics, as shown in [20]. To design
the adaptive MPC strategy, this nonlinear eVTOL model
is linearized for a given tilt-trajectory to obtain a two-
parameter LPV state-space model. To be specific, the eV-
TOL aircraft system inputs and states are as listed above
in Table 2.

2.2. Linearization along the nominal trajectory
Based on a predefined aircraft transition trajectory, con-

sider a state-space nonlinear aircraft model described be-
low

ẋ(t) = f (x(t),u(t)), (2)

where f is differentiable with respect to state vector x(t)∈
Rnx and control input vector u(t) ∈ Rnu . It is assumed that

x(t) = x0(t)+∆x(t) and u(t) = u0(t)+∆u(t), where the
pair (x0(t),u0(t)) denote the nominal state and control
vectors, respectively, and pair (∆x(t),∆u(t)) small devi-
ations of state and input vectors from the nominal condi-
tion. Also, x0(t) and u0(t) satisfy the nonlinear state equa-
tion

ẋ0(t) = f (x0(t),u0(t)), (3)

as a result, (2) can be reorganized as follows:

ẋ0(t)+∆ẋ(t) = f (x0(t)+∆x(t),u0(t)+∆u(t)). (4)

Conducting the Taylor series expansion to the above yields

ẋ0(t)+∆ẋ(t) = f (x0(t),u0(t))+A∆x(t)+B∆u(t)

+Ψ f (∆x(t),∆ẋ(t),∆u(t)), (5)

where matrices A and B are the sensitivity ones for the
nominal conditions, and Ψ f is the collection of high-order
negligible terms. Substituting (3) into (5) results in

∆ẋ(t) =A∆x(t)+B∆u(t). (6)

Assuming that system output y(t) is linear with respect
to system states, (6) can be organized as following since
∆ẋ(t) = ẋ(t)− ẋ0(t).{

ẋ(t) = ẋ0(t)+A∆x(t)+B∆u(t),

y(t) =Cx(t).
(7)

The above equation can be discretized with a given sam-
pling time T as below{

x(k+1)− x0(k+1) = ẋ0(k)T +A∆x(k)+B∆u(k),

y(k) =Cx(k), k = 0, 1, ...,
(8)

where (A, B) are the discrete-time system matrices derived
from (A, B) with a given sample time T , and x0(k) and
ẋ0(k) are the nominal state vector and its derivative at time
step k, respectively.

2.3. Affine form of LPV model
Linearly interpolating the time-invariant state-space

models at two adjacent operational conditions along
a nominal tilt-trajectory over a varying parameter (or
scheduling parameters) to obtain an LPV model can be
found in [33]. Assuming that the tilt-rotor angular position
ρ(t) is measurable in real-time, a family of M linearized
system models can be obtained along the given nominal
tilting trajectory, covering the start to end of tilting pro-
cess with ρ as the scheduling parameter. This set of linear
models can be defined as

x(k+1) = xi
0(k+1)+ ẋi

0(k)T +Ai
∆x(k)

+Bi
∆u(k),

y(k) =Cx(k),

(9)
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where i = 1, 2, ..., M denotes the i-th linearized model at
the i-th tilt position ρ i; and matrices Ai and Bi are asso-
ciated system and input matrices of the linearized model.
As a result, the discrete-time affine LPV model can be put
into the following form,

x(k+1) = x0(ρ(k+1))+ ẋ0(ρ(k))T

+Aρ(ρ(k))∆x(k)+Bρ(ρ(k))∆u(k),

y(k) =Cx(k),

(10)

where ∆x(k) = x(k) − x0(ρ(k)) and ∆u(k) = u(k) −
u0(ρ(k)), and system matrices A1(ρ1(k)) and B1(ρ1(k))
are given by

Aρ(ρ(k)) = Ai +(Ai+1−Ai)
ρ(k)−ρ i

ρ i+1−ρ i ,

Bρ(ρ(k)) = Bi +(Bi+1−Bi)
ρ(k)−ρ i

ρ i+1−ρ i ,

ρ(k) ∈ [ρ i,ρ i+1], i = 1, 2, ..., M−1. (11)

Parameter ρ(k + 1) in (10) cannot be measured at time
step k but it is needed for real-time control. Note that if the
sampling rate is sufficiently high, the difference between
ρ(k+1) and ρ(k) is very small. Therefore, it is reasonable
to assume that ρ(k+ 1) ≈ ρ(k) with a very small sample
period T . As a summary, the resulting LPV model is an
approximation of nonlinear aircraft dynamics along the
desired operational trajectory using one parameter ρ(k).
For this study, sampling period T is 1 msec.

2.4. 2-D linearization with motor failure
Noting that when the aircraft is operated under full or

partial motor failure condition, the maximum motor power
available for the failed motor will be reduced down to the
corresponding level of failure. For instance, if one third of
the motor is failed due to shorted winding, the maximum
motor power available will be reduced down to 2Phmax/3,
where Phmax is the maximum available power for a healthy
motor. In this case, if the desired motor power is higher
than the available, after the motor is failed, its rotor speed
will be reduced from its nominal (trimmed) condition,
which means the locally linearized 1-D LPV model is no
longer accurate and a 2-D LPV model as function of tilt
angle and failed rotor speed vector is needed to model the
aircraft accurately. Note that the failed rotor speed vector
Γ̇ can be measured directly used as a scheduling parame-
ter.

Following the same principle of generating the 1-D
LPV model in a normal tilt-transition, one option is to lin-
earize the nonlinear aircraft model under all operational
conditions. However, it leads to an exponentially increas-
ing number of offline linearized models due to increased
dimension. For example, consider obtaining 20 LTI mod-
els of a single rotor failure at each trimmed condition

along the transition trajectory with 20 trimmed points, it
requires 400 LTI models to be saved in the real-time con-
troller to form the 2-D LPV model, which requires fairly
larger memory. Thus, in this subsection, a novel 2-D LPV
model is proposed based on the nominal 1-D LPV transi-
tion model with online adaptive parameters.

Based on the nonlinear aircraft model (1), a lineariza-
tion equation can be expressed as

(.)∆β̇ +(.)∆β =
∂RB(Γ̇)

∂ Γ̇

∣∣∣∣∣
0

∆Γ̇+(.), (12)

where β is the aircraft rigid-body velocity, RB is total
load applied to the aircraft and Γ̇ denotes the speed vector
of six rotors. Notation (.) presents the omitted lineariza-
tion terms which are not effected by the variation of rotor
speed. Applied load RB consists of RB = Rgrav +Riner +
Rrate + Rgyro + Rprop + Raero, where only terms of gyro-
scopic load Rgyro and proposive load Rprop are correlated
with the propeller speed Γ̇ as below.

∂RB(Γ̇)

∂ Γ̇

∣∣∣∣∣
0

=
∂Rgyro(Γ̇)

∂ Γ̇

∣∣∣∣∣
0

+
∂Rprop(Γ̇)

∂ Γ̇

∣∣∣∣∣
0

, (13)

where proposive load is formulated as

Rprop = (.)F +(.)T . (14)

Noting that F and T are the thrust and torque applied to
the rotors that can be calculated by

F =CT ρAΓ̇
2R2, T = kΓ̇

2, (15)

where CT , ρ , A and k are constant coefficients. Based on
(14) and (15), Rprop can be converted to a proportional
form of Γ̇2 as Rprop = KΓ̇2, which means ∂Rprop(Γ̇)

∂ Γ̇

∣∣∣
0
=

2Γ̇K. As for the gyroscopic load Rgyro, based on the cal-
culation from target aircraft specification parameters, it
has been observed that the gyroscopic load Rgyro is much
smaller than the external load Rprop due to slow tilting
speed. Thus, by omitting the effects from the variation of
term Rgyro, the rotor speed dependent term ∂RB(Γ̇0)

∂ Γ̇

∣∣∣
0

in
(12) can be approximated by

∂RB(Γ̇)

∂ Γ̇

∣∣∣∣∣
0

=
∂RB(Γ̇0)

∂ Γ̇

∣∣∣∣∣
0

(
Γ̇

Γ̇0
), (16)

where ∂RB(Γ̇0)

∂ Γ̇

∣∣∣
0

and Γ̇0 are the offline linearized system
parameter and rotor speed along the nominal trajectory.
In this way, the 2-D LPV model can be formulated based
on the 1-D nominal LPV model, with the rotor speed de-
pendent system parameters online identified based on the
rotor speed vector Γ̇. Converted from the nominal transi-
tion LPV system stated in (10), the 2-D LPV model can
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be put into the following form
x(k+1) = x0(ρ(k+1))+ ẋ0(ρ(k))T

+A(ρ(k), Γ̇(k))∆x(k)

+B(ρ(k), Γ̇(k))∆u(k),

y(k) =Cx(k),

(17)

where C is defined as an identity matrix since all the state
signals are measurable. Note that the LPV system model
matrices A and B are not constant and are affine func-
tions of two scheduling parameters: aircraft tilt angle ρ

and failed rotor speed deviation vector ∆Γ̇. The varying
system matrices enable the MPC control to adapt to the
failed rotor dynamics to improve the closed loop system
performance. In summary, for modeling the aircraft tran-
sition process with motor failure, this 2-D LPV model is
constructed based on the nominal transition LPV model
scheduled by the rotor tilt angle ρ , where part of the LPV
system model is identified online as a function of rotor
speed Γ̇.

3. EVALUATION OF 2-D LPV MODEL ERROR

Considering a 2-D LPV model interpreted based on the
nominal transition LPV model, the 2-D LPV model error
can be evaluated using the eigenvalues of system matrix
A, and analyzing the natural mode variation between every
two adjacent models. However, system input matrix B is
not considered in this case, which means the sensitivity of
control efforts is ignored. Thus, a model error evaluation
method is introduced in this section using σ -shifted H2

norms.

3.1. σ -shiftedH2 norm of a system
For a stable, proper single-input and single-output

(SISO) system with a transfer function G(s), theH2 norm
is defined by

∥∥G(s)
∥∥

2 =

√
1

2π

∫
∞

−∞

|G( jω)|2dω. (18)

Assuming that the realization of G(s) is ẋ = Ax+Bu and
y = Cx, a deterministic interpretation of H2 norm can be
obtained from its impulse response g(t) below

∥∥G(s)
∥∥

2 =

√∫
∞

0
|g(t)|2dt =

∥∥g(t)
∥∥

2 , (19)

where g(t) =CeAtB denotes the system impulse response.
Last but not the least, define g(t)= [g1(t),g2(t), ...,gnu(t)],

where gi(t) is the i-th impulse response with respect to the
i-th input and nu is number of inputs, and the H2 norm of
the MIMO system is defined by

∥∥G(s)
∥∥

2 =

√
trace

∫
∞

0
gT (t)g(t)dt. (20)

Since g(t) =CeAtB in Eq. (20), the square of theH2 norm
is ∥∥G(s)

∥∥2
2 = trace

∫
∞

0
BT eAT tCTCeAtBdt

= traceBT
∫

∞

0
eAT tCTCeAtdtB. (21)

Letting

P =
∫

∞

0
eAT tCTCeAtdt, (22)

leads to∥∥G(s)
∥∥

2 =
√

traceBT PB, (23)

where P ≥ 0 is the solution of the following Lyapunov
equation

AT P+PA+CTC = 0. (24)

Noting that trace(MN) = trace(NM) for two matrices M
and N with compatible dimensions, Eq. (21) can be rewrit-
ten as∥∥G(s)

∥∥2
2 = trace

∫
∞

0
CeAtBBT eAT tCT dt, (25)

and theH2 norm can also be expressed as∥∥G(s)
∥∥

2 =
√

traceCPcCT , (26)

where Pc =
∫

∞

0 eAtBBT eAT tdt ≥ 0 is the solution of the fol-
lowing Lyapunov equation

APc +PcAT +BBT = 0. (27)

Noting that the H2 norm is defined for stable systems.
However, for an LTI system model, there may be some
unstable modes. To handle this situation, a relative stabil-
ity principle is introduced here by shifting the imaginary
axis to the right by σ amount, which converts the origi-
nal unstable modes to stable ones for σ -shifted H2 norms
denoted by Hσ−2 for future model error evaluation. For a
system G(s), theHσ−2 is defined by∥∥G(s)

∥∥
σ−2 =

∥∥G(s+σ)
∥∥

2 =
√

trace(CP(σ)CT ),

(28)

where P(σ)≥ 0 is obtained by solving the following Lya-
punov equation

(A−σ I)P(σ)+P(σ)(A−σ I)T +BBT = 0. (29)

3.2. Model error evaluation
Recalling the Hσ−2 norm introduced in the previous

subsection and assuming that all the modes are well
aligned, the model error between the exact trimmed linear
model Gtrim(s) under desired rotor failure condition and
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Fig. 2. Model error evaluation with front-right rotor fail-
ure.

Fig. 3. Model error evaluation with mid-left rotor failure.

the approximated 2-D LPV model G2dl pv can be evaluated
by

E =
∥∥Gtrim(s)−G2dl pv(s)

∥∥
σ−2 /

∥∥Gtrim(s)
∥∥

σ−2 , (30)

where σ is properly selected to make sure both G2dl pv(s+
σ) and Gtrim(s + σ) are stable under the entire tilt-
transition operation with rotor failure. Consider the rotor
failure of either front-right and mid-left rotor with dif-
ferent rotor speed drop percentage at multiple transition
stages (e.g., 85, 50 and 25 deg), the model error evalua-
tion results are shown in Figs. 2 and 3, where the nominal
LPV models are also evaluated for comparison. Note that
some red circle markers in Figs. 2 and 3 are covered by
these circles in other colors.

It can be observed that the modeling error of the 2-D
LPV model are below 5%, and is slightly increased due
to deviation of the rotor speed from its nominal condition.

The improved model accuracy of the 2-D LPV model over
the 1-D one can be observed clearily in Figs. 2 and 3. Note
that the LPV model is obtained using the first order lin-
earization of the nonlinear model (1) based on Taylor ex-
pansion by ignoring high order terms. For the case of tilt
transition with single motor failure, there are two linear
terms (tilt angle and rotor speed deviation from nominal
speed trajectory) in the Taylor. The 1-D LPV model is ob-
tained by setting speed deviation term to zero, which will
have large modeling error than that of 2-D LPV using both
terms.

4. ADAPTIVE MPC BASED ON 2-D LPV MODEL

Note that for the discrete-time affine LPV model stated
in (10), ∆x(k+1) can be presented by

∆x(k+1) = x(k+1)− x0(k+1)− ẋ0(k+1)T, (31)

and (10) can be put into the following form

∆x(k+1) = A(ρ(k), Γ̇(k))∆x(k)

+B(ρ(k), Γ̇(k))∆u(k). (32)

Let e(k) = ∆xre f − ∆x(k) represent the tracking error at
current time step k, the adaptive MPC design method [30-
32] is to find the constrained optimal control law ∆u(k)
over a given horizon N that minimizes the constrained
quadratic performance defined by

min
∆u(k),...,∆u(k+N−1)

1
2
{

N

∑
m=0

eT (k+m)Qe(k+m)

+
N−1

∑
m=0

∆uT (k+m)R∆u(k+m)]}

subject to G∆u(k+m)≤ h, m = 0, ..., N−1, (33)

where matrices Q ≥ 0 and R > 0 are weightings for pe-
nalizing tracking error e(k) and control effort ∆u(k), re-
spectively; and matrix G is constraint to guarantee that
control effort ∆u(k) stays within the prescribed bound h.
Furthermore, vectors e(k+m) and ∆u(k+m) represent the
predicted error and control input at time step m. For a fi-
nite prediction horizon of N steps, the cost function and
the constraint equation (33) can be put into the following
compact form.

min
û(k)

1
2
[êT (k)Q̂ê(k)+∆ûT (k)R̂∆û(k)]

subject to Ĝ∆û(k)≤ ĥ, (34)

where

ê(k) =


e(k)

e(k+1)
...

e(k+N)

 , ∆û(k) =


∆u(k)

∆u(k+1)
...

∆u(k+N−1)

 ,
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ĥ =
[
hT , hT , . . . , hT

]T
,

R̂ = block diag
[
R, R, . . . , R

]
,

Ĝ = block diag
[
G, G, . . . , G

]
,

Q̂ = block diag
[
Q, Q, . . . , Q

]
. (35)

In addition, the prediction error (over the given horizon)
ê(k) can be defined by

ê(k) = Âe(k)+ B̂∆û(k), (36)

where

Â =
[
I A(k)T A2(k)T . . . AN(k)T

]T
,

B̂ =


0 0 . . . 0

B(k) 0 . . . 0
A(k)B(k) B(k) . . . 0

...
...

. . . 0
AN−1(k) AN−2(k)B(k) . . . B(k)

 .

Equation (36) indicated that predicted tracking error ê(k)
can be calculated based on the current tracking error e(k)
and control vector ∆û(k). As a result, utilizing the current
information, the above optimization problem can be refor-
mulated as below

min
∆û(k)
{1

2
∆ûT (k)(R̂+ B̂T Q̂B̂)∆û(k)+ eT (k)ÂT Q̂B̂∆û(k)

+
1
2

eT (k)ÂT Q̂Âe(k)}

subject to Ĝ∆û(k)≤ ĥ(k). (37)

It can be seen that control law ∆û(k) as the solution of
the above optimization problem is also optimal to the con-
strained optimization problem in (32) and (33).

Note that to obtain the real-time control at the current
time step k for given the measured or estimated track-
ing error e(k) =∆xre f −∆x(k), the quadratic programming
(QP) solver in Matlab [34] can be used to solve the opti-
mization problem in (37). Instead of applying only the first
control entry ∆u(k+ 0) at current time step k and repeat-
ing the optimization process for the next time step k+1, a
control horizon of Nc≤N is chosen so that the first Nc con-
trol entries [u(k+0), u(k+1), ..., u(k+Nc−1)] are used
between current time step k and time step k+Nc−1. Sub-
sequently, the optimization process is repeated at time step
k+Nc− 1 to solve for the next control effort [u(k+Nc),
u(k+Nc +1), ..., u(k+2Nc−1)] [35].

4.1. Dynamic reference compensation (DRC)
Fig. 4 shows the proposed adaptive MPC strategy with

a feedforward dynamic reference compensation (DRC) ar-
chitecture, where ∆x and ∆u are the deviations of both con-
trolled system states and inputs defined in Eq. (32). In this

Fig. 4. The proposed adaptive MPC-DRC architecture.

study, the penalized tracking outputs are the forward speed
∆x2, vertical speed ∆x3, and pitch rate ∆x4, the reference
vertical speed ∆xre f

3 and reference pitch rate ∆xre f
4 are ad-

justed based on the relevant state status (to be addressed
later) while the reference vertical speed ∆xre f

2 is kept at
zero. Based on the real-time state reference signal ∆xre f

and system state feedback signal ∆x, the adaptive MPC
law generates a set of optimized control signals ∆u(k+m),
m = 0, 1, ..., N−1, from which the control signals within
the control horizon, i.e., [∆u(k) · · · ∆u(k+Nc− 1)] and
Nc < N, are selected as the optimal state-feedback con-
trol ∆u and to be combined with the nominal control input
u0(ρ) to form a complete control input, u = ∆u+ u0(ρ).
In this study, all system states x are assumed to be mea-
surable, and the required control feedback signal ∆x is de-
fined as ∆x = x− x0(ρ), where x0(ρ) denotes the nominal
state.

To follow the aircraft forward velocity during the ini-
tial tilt-transition, the dynamic reference compensation
method [19] is proposed. Note that the forward velocity
can be compensated by using a real-time reference pitch
rate feedback defined below since the aircraft pitch rate is
directly affected by the rotor thrust forces.

∆xre f
4 = G1(ρ)∆x2−Kp∆x8, (38)

where ∆x2 is the forward velocity error and G1(ρ), func-
tion of ρ(t), is the sensitivity gain for dynamic reference
compensation. Therefore, to compensate for the forward
velocity, a small weighting on the forward velocity er-
ror Q[2,2](ρ) and a large sensitivity gain G1(ρ) at the be-
ginning of transition flight are used in the MPC design.
As the transition progresses, weighting Q[2,2](ρ) increases
gradually, while sensitivity gain G1(ρ) is reduced corre-
spondingly as the fixed-wing aerodynamic effect becomes
prominent. Using the same principle, the aircraft pitch at-
titude control is achieved by adjusting the reference an-
gular speed based on the feedback angular position multi-
plied by a tunable gain Kp. Therefore, the combined ref-
erence pitch rate can be given by (38). In summary, the
desired forward velocity tracking can be achieved by ad-
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justing reference pitch rate as a function of velocity error
and pitch attitude, along with an increased penalty on for-
ward velocity error depending on ρ(t).

Similarly, to maintain the desired flight altitude during
tilt-transition, vertical reference speed is compensated us-
ing altitude error ∆x12 defined below

∆xre f
3 =−Kv∆x12, (39)

where Kv is the sensitivity gain.

5. SIMULATION INVESTIGATION

5.1. Reference articulation trajectory
In this simulation study, the mid-rotor tilting speed is

given at 2 deg/s, which means that there are 45 seconds
for tilting from vertical (90 deg) to horizontal position (0
deg). The aircraft is required to be maintained at certain
designated altitude subject to attitude-hold with zero ver-
tical and lateral velocities, with the forward speed con-
stantly accelerated from zero to the target cruising speed
(68 m/s). Noting that the simulation duration is set to 50
seconds for validating the converged performance.

5.2. Transition with front-right motor failure
Firstly, it is assumed that the available front right mo-

tor power failed to 50% of hovering power, which is a
60% motor power loss considering the peak motor power
Pmax = 1.25Phover. In order to validate the capability of the
proposed 2D-LPV modeling and control method, a 1-D
LPV-MPC was developed which does not take motor fail-
ure into consideration. But its design weighting is also op-
timized based on the same procedure. Based on control
parameters defined in Table 3, the closed-loop simulation
results are presented below, where the level flight speed Vy,
pitch angle α and vertical speed Vz are shown in Fig. 5.

It is obvious that oscillations for all system outputs
are reduced under 2D-LPV model based control. This is
mainly due to the fact that for the 1-D LPV-MPC, the sys-
tem model used in control design is not able to capture the

Table 3. Adaptive MPC-DRC controller parameters.

Parameter Value
Q[2,2] G2(ρ)

Q[3,3] 2002

Q[4,4] 40002

R[1:6,1:6] 0.012× I6

R[9,9] 0.012

Step size, ms 1
Prediction Horizon 4

Control Horizon 2
∆xre f

3 −∆x12

∆xre f
4 −∆x8 +G1(ρ)∆x2

Fig. 5. Simulation responses of tilt- transition with front-
right motor failure.

Fig. 6. Control efforts of transition with front-right motor
failure.

aircraft dynamics variation caused by the motor failure but
2-D LPV-MPC does. Regarding the transition control per-
formance, it can be observed that the aircraft completes its
tilting process and reaches the target level speed at the end
of 50s. However, the vertical speed drops at the beginning
of tilting process since the lift thrusts are limited due to the
rotor failure. Also, the aircraft is holding a positive pitch
angle during the transition, which is due to the dynamic
reference compensation. With the increased aircraft longi-
tudinal speed, the pitch up motion transfers the aircraft to
a climbing pose to compensate for the altitude drop. On
the other side, the level flight speed tracking performance
is also sacrificed due to the climbing pose. The rotor speed
and elevator deflection are shown in Fig. 6.

The vehicle roll and yaw motions can still be balanced
with left and right symmetric propeller thrusts. With the
front rotor speed dropping due to the failure, the rear ro-
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tor speed was reduced to balance the aircraft pitch motion.
The elevator control is activated after 10 sec with the ef-
fective aerodynamics generated from the increased level
flight speed.

5.3. Transition with mid-right motor failure

Following the same procedure of investigating the
front-right motor failure in the above subsection, the mid-
right motor failure is studied with the simulation results
shown in Fig. 7.

At the initial stage, the level flight tracking performance
is relatively poor because of insufficient failed tilt-rotor
thrust. After a quick pitching up, the aircraft keeps pitch-
ing down between 15 and 38 sec, which brings the thrust
vector of untilted front and rear rotor toward the front to
compensate the level flight acceleration. The rotor speed
and elevator deflection are shown in Fig. 8, where the front

Fig. 7. Simulation responses of transition with mid-right
motor failure.

Fig. 8. Control effort of transition with mid-right motor
failure.

and rear rotors are operated at high speed to hold the air-
craft at desired altitude due to lack of lift force from the
reduced mid rotor thrust and slower longitudinal speed
than the reference one (resulting in decreased wing lift).
Finally, at the 50th sec, the aircraft completes the transi-
tion process with the targeted cruising speed reached.

In this study, the MPC design complexity is signifi-
cantly reduced by using dynamic compensation method
stated in Subsection 4.1 to reduce the computational
throughput. All studies are simulated using Matlab Ver-
sion 2019b running on a MacBook Pro equipped with a
2.2 GHz Intel Core i7 processor. The run-time for a 20
second flight simulation with both adaptive MPC strategy
and nonlinear aircraft model is about 12 seconds. This is
considered acceptable for real-time implementation since
simulation time is significantly shorter than the actual one
even included the nonlinear aircraft model.

6. CONCLUSION

This paper presents a tilt-transition modeling and con-
trol method for a six-rotor eVTOL (electric vertical take-
off and landing) aircraft with two tiltable middle rotors
under single rotor failure. Based on the nonlinear aircraft
model developed earlier, an online identified 2-D LPV
modeling method has been developed, considering the air-
craft dynamic characteristics with improved the reference
model accuracy. The σ shiftedH2 norm is introduced and
used for evaluating the 2-D LPV model error caused by
online updated LPV model. Then, adaptive MPC method
is used to design the transition control strategy with time-
varying hard constraints and dynamic reference compen-
sation. Simulation case studies were conducted and show
that the 2-D LPV model-based MPC scheme is robust to
the rotor failure conditions during the transition process.
In summary, this paper demonstrates the effectiveness of
adaptive MPC scheme based on 2-D online updated LPV
model to achieve desired tilt-transition performance under
single motor failure. Note that If multiple rotors are failed
one by one, it is expected that the proposed method can be
expanded to stabilize aircraft based on a higher dimension
LPV model than two if the lift generated by rotors and
wing is greater than the aircraft weight. The future work
is to study a) extension of LPV model with multiple rotor
failures, b) aircraft failure MPC control with emergency
landing trajectory planning based on online updated LPV
model, and c) development of MPC control with guaran-
teed stability.
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