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Abstract

A novel passive fault tolerant control system for the transition flight of a dual-system UAV is proposed in this
paper. The nominal control synthesis is firstly conducted without considering the occurrence of actuator fault.
Stability evaluation using µ-analysis and performance analysis based on a multi-model approach, by assuming
the existence of actuator fault, are subsequently carried out, which suggests the nominal control system can
maintain stability and performance under partial loss of a single propeller. To further illustrate the effectiveness
of passive fault tolerance and the robustness to modeling uncertainty of the proposed control system, validation
on the nonlinear six-degree-of-freedom simulator is carried out. The simulation results show that the developed
control system using structured H∞ is able to overcome the partial loss of a single propeller as well as modeling
uncertainty during transition flight, which improves the safety and reliability of the flight of the dual system UAV.
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1. Introduction
Unmanned aerial vehicles (UAVs) are drawing growing attention due to their application to an in-
creasing number of fields. In particular, vertical take-off and landing (VTOL) UAVs have become the
focus of the researchers in recent years. Compared to fixed wing UAVs, VTOL UAVs are capable of
vertically taking off and landing without runway. In terms of power efficiency, VTOL UAVs possess
lower power consumption than multicopter UAVs that enables a much longer flight range with the
same battery capacity. VTOL UAVs can be divided into several types [1], such as the tilt rotor UAV,
the tail-sitter UAV and the dual-system UAV. The tilt rotor UAV involves a tilting mechanism of the
propellers which usually leads to a more complicated mechanical structure. For the tail-sitter UAV,
it takes off on its tail then undergoes an attitude transition from vertical direction to horizontal direc-
tion. This significant attitude change constraints its application. To this effect, the dual-system UAV is
favored in this paper since it has a relatively simple mechanical structure and can ensure a smooth
transition process without large attitude variations, which makes it suitable for potential applications
like logistics.
For the hybrid VTOL UAV, the design of control laws for transition flight is the main challenge. It is
because the complexity of the aerodynamic modeling resulting from the interaction between the ro-
tors and wing that further results in the uncertainty of the dynamic model. In [2], a nonlinear robust
controller was designed for the flight transition process of a tail-sitter aircraft, which is composed of
a nominal H∞ controller and a nonlinear disturbance observer. In [3], a transition flight controller was
proposed employing adaptive neural network dynamic inversion for the Canard Rotor/Wing UAV by
simplifying the transition process to the longitudinal plane and the performance of the attitude control
loop and trajectory control loop were evaluated. In [4], an incremental nonlinear dynamic inversion
controller based on quadratic programming control allocation was developed for a dual-system eV-
TOL. However, the existing research work suffers from some disadvantages and limitations. For the
existing transition control methods proposed for hybrid VTOL UAVs, there is no involvement of the
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possible occurrence of actuator faults. The fault tolerance capability of these developed controllers
is unknown. Moreover, in [3] and [4], the design of the transition flight controller is based on the
simplified model in longitudinal plane that limits the scope of the discussion of aircraft motion only in
longitudinal plane, where the lateral and directional motion control is not considered.
The front transition flight of the dual-system UAV from multicopter mode to fixed wing mode is a
critical flight phase. If any actuator fault or failure occurs during this process it will be a big threat to
the flight safety. On the other hand, the dual-system UAV has the feature of actuators redundancy
which provides the possibility for the development of fault tolerant control (FTC) capability. FTC can
be separated into active FTC and passive FTC. Active FTC reacts to the occurred faults in time by
changing the control system accordingly. It usually includes a fault detection and diagnosis module
for providing fault information in real time. In contrast, passive FTC consists in designing controllers
that are robust to certain faults without the need for fault information. With specific focus on Hybrid
VTOL UAVs, there have been some existing research results regarding FTC. In [5], an adaptive
fault-tolerant control scheme for the hybrid Canard Rotor/Wing UAV was presented. The adaptive
sliding mode controller can compensate the virtual control signal error caused by actuator faults by
adjusting control parameters. In [6], an integral sliding mode-based model reference control law is
employed to design the FTC scheme for the fixed-wing mode of a dual-system UAV. The methodology
of incremental nonlinear dynamic inversion combined with adaptive sliding mode control was applied
to a Quad-plane aircraft in [7] and the capability of the proposed method for tolerating a complete
rotor loss in multicopter mode was also discussed. The fault tolerant control of hybrid VTOL UAVs in
transition flight still needs to be further investigated.
Structured H∞ as a control synthesis method to obtain the parameters of a pre-defined control archi-
tecture that is capable of coping with system uncertainties has been applied in the FTC of aerospace
systems. A FTC approach for multicopter UAVs based on gain-scheduling control using structured H∞

synthesis with multi-models was reported in [8]. In [9], classical root locus and structured H∞ designs
are compared for the longitudinal control law of a civil aircraft considering model uncertainties and ac-
tuator faults. A fault detection and isolation (FDI) algorithm was developed to provide fault information
for control law switching in a multi-model approach for a high-altitude, long-endurance aircraft, where
structured H∞ is applied to the switching control laws design [10]. A helicopter rotor-state feedback
control law based on structured H∞ was proposed with the fault tolerance of the failure of rotor state
sensors, whereas, without considering the situation of actuator faults [11]. Structured H∞ already
has some successful applications in aerial vehicles. It is interesting to examine its applicability to
dual-system UAVs.
In this paper, a transition flight controller for dual-system UAVs is designed using structured H∞ includ-
ing the attitude and altitude control of the transition flight phase. Then the stability and performance
under actuator fault of the developed control system is analyzed, where the stability analysis is based
on µ-analysis and performance evaluation resorts to the perturbed sensitivity function and the corre-
sponding time-domain response in the framework of multi-model. Finally, the effectiveness of FTC of
the developed control system subjected to partial loss of one propeller is validated on the nonlinear
simulator in the Matlab-Simulink environment.
The paper is organized as follows. Section 2 introduces the dynamic model for transition flight of the
dual-system UAV. The structured H∞ control synthesis for the nominal control system is detailed in
Section 3. Section 4 involves the stability and performance analysis of the designed control system
given that there is occurrence of fault in single propeller. Section 5 reports the simulation results
under fault scenarios on the nonlinear simulator. Section 6 concludes the paper.

2. Problem Formulation
Our research object is the dual-system UAV that has a hybrid configuration with eight vertical pro-
pellers, two horizontal propellers, fixed wing, elevator, ailerons and rudders. The schematic is shown
in Figure 1. When the drone is in multicopter mode only vertical propellers keep working. During
the fixed-wing mode, only horizontal propellers and control surfaces are working such that the drone
can fly as a fixed-wing aircraft. Whereas, all the actuators are activated when it is in transition flight
phase.
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2.1 Equations of Motion
The mathematical model of the dual-system UAV is expressed in body-fixed axes denoted as (ob,xb,yb,zb),
where ob is the origin of the body-fixed axes that coincides with the center of gravity of the aircraft.
Since during transition flight we assume the aircraft keeps steady level flight without any manoeuvre,
it is assumed that the altitude remains constant. So we focus on the attitude dynamics and the posi-
tion dynamics in z axis. Furthermore, since the transition flight from multicopter mode to fixed-wing
mode usually lasts a few seconds, horizontal position control is not the main concern of this paper.
According to the Newton-Euler formulation, the attitude dynamics and the vertical position dynamics
of the dual-system UAV in body-fixed axes can be written as follows:

ẇ =
Fz

m
− pv+qu

ṗ =
Mx − ṙJxz +qr(Jz − Jy)+qpJxz

Jx

q̇ =
My − pr(Jx − Jz)− (p2 − r2)Jxz

Jy

ṙ =
Mz + ṗJxz − pq(Jy − Jx)−qrJxz

Jz

(1)

where m is the mass of the dual-system UAV, Fz is the resultant force in z direction, Mx, My, Mz are
the body components of the resultant moment, p, q, r are the body components of the angular rate
of the aircraft, Jx, Jy, Jz are inertia moments around the body-fixed axes, Jxz is the product of inertia.

2.2 Forces and Moments
The model of the transition flight is complicated by aerodynamic interaction between rotors and wing.
However, in view of the satisfying research results obtained in [12] and [4] based on neglecting the
aerodynamic coupling , in this paper the aerodynamic coupling is not considered in the modeling.
Therefore, the resultant forces and moments presented in Eq. (1) are written as:

Fz = qSCZ −F1a −F1b −F2a −F2b −F3a −F3b −F4a −F4b +mgcosφ cosθ

Mx = qSbCL +F1al f +F1bl f −F2al f −F2bl f −F3alr −F3blr +F4alr +F4blr
My = qSc̄CM +F1al1 +F1bl2 +F2al1 +F2bl2 −F3al3 −F3bl4 −F4al3 −F4bl4
Mz = qSbCN −M1a +M1b +M2a −M2b +M3a −M3b −M4a +M4b

(2)

where q = 1
2 ρv2 is the dynamic pressure, ρ is the air density, v is the airspeed of the UAV, g is the

gravitational acceleration, φ ,θ are respectively roll angle and pitch angle, S denotes wing area, b is
wing span, c̄ represents mean aerodynamic chord, CZ is the coefficient of z component of the aero-
dynamic force in body axes, CL,CM,CN are the coefficients of x,y,z components of the aerodynamic
moment in body axes, l1, l2, l3, l4, lr, l f are dimensions of the position of vertical propellers shown in
Fig. 1. Fia,Fib,Mia,Mib(i = 1,2,3,4) are forces and moments generated by vertical propellers.
Furthermore, aerodynamic coefficients can be expressed as:

CZ =CZ0 +CZα
α +CZqq+CZδe

δe

CL =CL0 +CLβ
β +CLp p+CLδa

δa

CM =CM0 +CMα
α +CMqq+CMδe

δe

CN =CN0 +CNβ
β +CNr r+CNδr

δr

(3)

where α is angle of attack, β is sideslip angle, δa, δe, δr are respectively the deflection angle of
ailerons, elevator and rudders. Substituting Eq. (3) into (2), it is noticed that the terms that are
related to the control forces and moments produced by actuators can be picked out as follows:
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Figure 1 – The top view of the dual-system UAV.

Faz = qSCZδe
δe −F1a −F1b −F2a −F2b −F3a −F3b −F4a −F4b

Max = qSbCLδa
δa +F1al f +F1bl f −F2al f −F2bl f −F3alr −F3blr +F4alr +F4blr

May = qSc̄CMδe
δe +F1al1 +F1bl2 +F2al1 +F2bl2 −F3al3 −F3bl4 −F4al3 −F4bl4

Maz = qSbCNδr
δr −M1a +M1b +M2a −M2b +M3a −M3b −M4a +M4b

(4)

Note that the term qSCZδe
δe that is the aerodynamic force induced by elevator is very small compared

to the other terms such that it is usually neglected.

2.3 Model of the Actuators
The aforementioned forces and moments generated by the propellers Fia,Fib,Mia,Mib(i = 1,2,3,4) are
constant times the square of the angular speed. And angular speed is approximately proportional
to the throttle percentage. The relationship between the force and moment produced by the single
propeller and the commanded throttle can be given by:

Fi∗ = kT ·T hri∗

Mi∗ = kM ·T hri∗
(5)

where the subscript ∗ denotes a or b. T hri∗ is the commanded throttle percentage, kT ,kM are coeffi-
cients that are obtained through the calculation of the identification results of the propeller dynamics.
In this research, kT = 0.164 N/%, kM = 1.89 × 10−3 (N· m)/%. According to Eq. (4), the forces and
moments provided by actuators can be rewritten in matrix form:

[Faz Max May Maz ]
T = B[T hr1a T hr1b T hr2a T hr2b T hr3a T hr3b T hr4a T hr4b δa δe δr]

T (6)

Subject to constraints: T hri∗ ∈ [0, 100], δa ∈ [−0.55, 0.55], δe ∈ [−0.5, 0.5], δr ∈ [−0.69, 0.69]. where

B =


−kT −kT −kT −kT −kT −kT

kT l f kT l f −kT l f −kT l f −kT l f −kT l f

kT l1 kT l2 kT l1 kT l2 −kT l3 −kT l4
−kM kM kM −kM kM −kM

−kT −kT 0 0 0
kT l f kT l f qSlCLδa

0 0
−kT l3 −kT l4 0 qSc̄CMδe

0
−kM kM 0 0 qSbCNδr

 . (7)
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2.4 Control Allocation
The control allocation problem consists in solving Eq. (6) for the actuator commands satisfying the
specified constraints. But there exist a situation that the solutions which satisfy the equation as well
as constraints do not exist. In this case, it leads to the following weighted least squares problem:

min(∥W1(u−ud)∥2 + γ∥W2(Bu− v)∥2), umin ≤ u ≤ umax (8)

where v denotes the control signal required by the controller. u is the actuator commands. Here
v = [Faz Max May Maz ]

T , u = [T hr1a T hr1b T hr2a T hr2b T hr3a T hr3b T hr4a T hr4b δa δe δr]
T , B is the control

effectiveness matrix given in (7). ud is the desired control effort. W1,W2 are weighting matrices.
γ ≫ 1 such that the second term in Eq. (8) is the dominant term to be optimized. This quadratic
programming-based optimization problem can be dealt with the active set method [14] that is able to
obtain the optimal solution in a finite number of iterations.

3. Structured H∞ Control Design for transition
3.1 Control-oriented Model
The equations of motion given in (1) are nonlinear and strongly coupled and are usually employed
in the implementation of the six-degree-of-freedom simulator. However, in this section a simplified
control-oriented model will be introduced that is more suitable for control design. As already men-
tioned previously, the transition flight from the multicopter mode to the fixed wing mode is a constant
altitude steady level flight. Thus, the variables related to the lateral and directional motion and the
attitude angles are very small values such that the corresponding terms can be neglected. Note that
the aerodynamic forces and moments in Eq. (2) are regarded as equivalent disturbances. Also, if we
consider possible fault caused by actuators it may lead to the loss of the control force and moments
effectiveness denoted as Γ = [γT γL γM γN ]. Then Eq. (1) can be simplified and rearranged as follows:

ẇ =
(1− γT )Fz

m

ṗ =
(1− γL)Mx

Jx

q̇ =
(1− γM)My

Jy

ṙ =
(1− γN)Mz

Jz

(9)

where the possible range of Γ is calculated according to the assumed actuator fault. Here the
maximum loss of effectiveness of a single vertical propeller is assumed to be 60%. The result-
ing loss of the control force and moments caused by the assumed fault is thereby calculated with
γT = ∆T/T̄ , γL = ∆L/L̄, γM = ∆M/M̄, γN = ∆N/N̄, the values of which are respectively 0.3, 0.2, 0.2,
0.05. Where ∆T, ∆L, ∆M, ∆N are respectively increment of the control force and control moments
along obxb, obyb, obzb axes induced by actuator faults, T̄ , L̄, M̄, N̄ are mean values of the control
force and moments. If Γ = [0 0 0 0], it corresponds to the situation with no fault in actuators. Then the
possible varying range of the components of Γ are given by: γT ∈ [0, 0.3], γL ∈ [0, 0.2], γM ∈ [0, 0.2],
γN ∈ [0, 0.05].

3.2 Nominal Controller Design
In this section the nominal controller will be designed with the structured H∞ approach. The design is
based on the nominal model of the transition flight. That is to say, in the design model Γ = [0 0 0 0].

3.2.1 Structured H∞ Theory
Structured H∞ is an approach that is able to solve the H∞ optimization problem with constraints on
the structure and the order of the controller. The main idea is to shape the sensitivity functions of the
closed-loop system. The transfer functions to be shaped in this paper are the sensitivity function and
the control sensitivity function. The sensitivity function is represented as S(s) = (I +G(s)K(s))−1 and
the control sensitivity function is expressed as R(s) = K(s)S(s) = K(s)(I +G(s)K(s))−1. As shown in
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Figure 2 – The general block diagram of a closed-loop system.

Figure 2, the sensitivity function is the transfer function from the disturbance w and reference signal
r to the error e. In practice, actuators can provide limited control authority and it is not possible
to require a control action that is beyond the actuator capabilities. To the purpose of the design
requirements for performance as well as the moderate control actions, weighting functions denoted
as Ws(s) and Wr(s) are respectively applied to the sensitivity function and control sensitivity function
of the closed-loop system. To this end, the structured H∞ synthesis problem can be formulated as the
following optimization problem for the given control structure:

min
k∈K

γ (10)

subject to: ∥∥∥∥Ws(s)S(s)
Wr(s)R(s)

∥∥∥∥
∞

≤ γ (11)

where K is the set of considered structured controller.

3.2.2 Control Synthesis
In this section, the attitude and altitude loops control synthesis are detailed. Since the design of
attitude control loops including roll channel, pitch channel and yaw channel are pretty similar to each
other, only the pitch angle control loop will be further introduced. The altitude control loop that is
responsible for holding the altitude of the aircraft constant is designed not only to satisfy the command
tracking requirement but also to tolerate the aerodynamic disturbance from the wing. Firstly, the forms
of the weighting functions are given. Then the control structures and the weighting functions selection
for the pitch angle control loop and altitude hold loop are respectively explained.
The weighting functions Ws(s) and Wr(s) have the following forms:

Ws(s) =
s/M+ωb

s+Aωb
(12)

Wr(s) =
rmax/umaxs+ωa10−3

s+ωa
(13)

where M is the peak value of frequency response of the reciprocal of the weighting function that
corresponds to the overshoot requirement for time-domain response of the control error, A is the
maximum steady-state error requirement, ωb is the desirable bandwidth of the closed-loop system.
rmax is the upper limit of the reference signal, umax is the maximum control action within actuators’
capabilities, ωa is the bandwidth of actuators.
Regarding the pitch angle control loop, the control block diagram is shown in Figure 3. The weighting
functions are respectively applied to the control error and the pitch control moment. Since the over-
shoot requirement for time domain response is set to be less than 20%, M is selected as 1.096, the
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Figure 3 – The control block diagram of the pitch angle control loop.

Figure 4 – The control block diagram of the altitude hold loop.

bandwidth ωb is chosen as 4.3 rad/s according to the settling time requirement 1.2s. A, correspond-
ing to the requirement for the steady state error, is set as 0.001. For the control sensitivity weighting
function, ωa is determined as the bandwidth of actuators that is 5 rad/s.
As for the altitude hold loop, the control structure is almost the same with the pitch angle control loop
that is a two layers cascaded PID loop (see Figure 4). The weighting functions are applied to the
control error and the thrust force required by the PID controller. Other than the bandwidth frequency
of the sensitivity function that is selected as 0.8 rad/s by selecting the settling time as 6s, the other
parameters for the weighting functions are given the same values as the pitch angle control loop
since the design requirements are the same.

4. Stability and Performance Analysis with Actuator Faults
In the previous section, the control synthesis based on nominal model of the transition flight is con-
ducted. Accordingly, a set of nominal controllers for attitude and altitude control is obtained. However,
the preceding control synthesis involves no occurrence of possible actuator faults. Therefore, whether
the obtained control system can tolerate a certain degree of actuator faults is not guaranteed. In other
words, whether our control system is able to maintain its stability and performance under certain ad-
verse effect from unknown actuator faults or not needs to be checked. In this part, firstly the stability
of the developed control system under one propeller partial loss that is equivalent to loss effective-
ness of the control force and moments is evaluated. The stability analysis is based on µ-analysis.
Subsequently, the performance of the control system is further analyzed. The analysis is carried
out exploiting the multi-model approach, where both perturbed sensitivity function and time domain
response are analyzed.

Figure 5 – M−∆ structure for stability analysis.
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Figure 6 – The µ plot of the pitch angle control loop.

Figure 7 – The µ plot of the altitude control loop.

4.1 Stability Evaluation based on µ-analysis
The structured singular value is an analysis tool that facilitates to help us know the stability of the
given control system with a set of perturbed models without need to search through the whole set.
With reference to Figure 5 it has the following definition:

µ(M) =
1

min{km|det(I − kmM∆) = 0}
(14)

where km is a scaling factor of uncertainty, ∆ = diag{∆i} denote a set of complex matrices with σ̄(∆)≤
1. Then the sufficient and necessary condition that the M −∆ system in Figure 5 is stable for all
structured perturbations is given by:

µ(M( jω)) < 1, ∀ω. (15)

Here we consider the stability of the control system with all the possible models in the uncertain
model set. This means we talked about the uncertain model given in Section 3.1with the range of Γ:
γT ∈ [0, 0.3], γL ∈ [0, 0.2], γM ∈ [0, 0.2], γN ∈ [0, 0.05]. Since the µ plot of attitude loops are pretty similar
to each other, so here only the µ plot of the pitch angle control loop and vertical position hold loop
are presented (see Figure 6 and Figure 7). It is known from both of the µ plots of the pitch angle and
altitude control loops that the µ values are in the level of 10−5 respectively in the frequency ranges
0.1-100 rad/s and 0.1-1000 rad/s, which are far less than 1. Thus, according to the preceding robust
stability condition, we can know that the control system has good robust stability to the considered
actuator faults.
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Figure 8 – The frequency response of the perturbed sensitivity functions of the pitch angle control
loop.

4.2 Performance Analysis based on Multi-model
In the previous section, the stability of the control system under actuator faults has been analyzed.
Accordingly, the performance of the control system with the occurrence of actuator faults will be
evaluated in this section. The analysis is based on the discrete multi-model approach from the
perturbed sensitivity functions and the time domain response point of view.
Specifically, for the pitch angle control loop the perturbed sensitivity functions are obtained by con-
sidering 10 models for different values of γM in the interval [0, 0.2]. As shown in Figure 8, frequency
response of the reciprocal of the weighting function and the perturbed sensitivity functions are given.
It can be seen that the perturbed sensitivity functions are almost lie below the reciprocal of the
weighting function. There is slight violation of the perturbed sensitivity functions against the weight-
ing function. Then we further check the step response of the multi-models obtained by discretizing
γM with a interval of 0.02. From Figure 9, we can see that maximum overshoot is 1% which is much
less than our design requirement 20% for overshoot. The steady state error is 0.001 that satisfies the
requirement for steady state error as well. As for the altitude control loop, the frequency response
of the perturbed sensitivity functions and the step response are given in Figures 10 and Figure 11.
It is noted that the frequency response of the perturbed sensitivity functions lies below the selected
weighting function, which illustrates with the obtained control parameters in nominal control design
the performance of the perturbed systems still satisfies the design requirement. In the figure of the
step response, we can know that there is no overshoot. The steady state error is 0 which is less
than 0.001. The settling time is approximately 6s. Generally speaking, even if there is slight violation
of the perturbed sensitivity functions against the design weighting function for pitch control loop, the
time domain response of both pitch and altitude control loops still satisfies the design requirements.

5. Fault Tolerant Control Simulation
In the previous sections the nominal controller without considering the actuator fault has been devel-
oped and its stability and performance under assumed partial loss of a single propeller has been eval-
uated. The analysis demonstrates the capability of fault tolerance of the developed control system. In
this section, the designed control system is further validated on the nonlinear six-degree-of-freedom
simulator established in the Matlab-Simulink environment. Two different scenarios of actuator fault
are considered: one is the partial loss of propeller 1a, another is the partial loss of propeller 2b (see
Figure 1). For both cases, two different levels of loss in effectiveness of propellers are compared
to the nominal case. The trajectory in longitudinal plane and time histories of the attitude variation
are presented and analyzed, which illustrate the effectiveness of the developed passive fault tolerant
control system for the transition flight of the dual-system UAV. On the other hand, since the aerody-
namic terms have been negnected in the control-oriented model, the simulation through the nonlinear
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Figure 9 – The step response of the pitch angle control loop based on multi-model.

Figure 10 – The frequency response of the perturbed sensitivity functions of the altitude control loop.

Figure 11 – The step response of the altitude control loop based on multi-model.
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simulator also verifies the robustness of the control system to the modeling uncertainties.

5.1 Case 1: partial loss of the propeller 1a
Firstly, we consider the fault scenario of partial loss of the propeller 1a. The dual-system UAV enters
transition flight after the hovering in multicopter mode. The simulation scenario is set up by assuming
the UAV is in normal flight since 20 seconds in the absence of any fault then a partial loss fault of
the propeller is injected at 22 seconds. To be precise, 50% and 30% partial loss of effectiveness
of propeller 1a are respectively assumed during the transition flight. The completion time of the
transition flight has minor differences depending on the fault scenarios, which are 28.2s, 27.7s and
27.3s respectively corresponding to scenarios of no fault, 30% loss of a propeller and 50% loss
of a propeller. Here the time histories of the transition flight as well as the fixed wing flight after
transition are presented. The trajectory in longitudinal plane and the time histories of attitude variation
are presented in Figure 12. During transition flight, the altitude set point is 30m, as can be seen
from the trajectory in longitudinal plane, the altitude variation has minor differences with the loss of
effectiveness in propeller increasing. The maximum altitude variation is 0.6m. Finally, the altitude
converges to the set point 30m. As for attitude variation the set points are 0. The changes of
attitude angles become larger as the percentage of loss increasing. For the roll and yaw angles, the
maximum variations are within 2 degrees and that of the pitch angle is less than 4.5 degrees during
the transition flight. After that, the attitude variations are further tackled by the fixed wing controller
that makes the attitude angles converge respectively to 0, 0.8 degrees, 0. The control system is able
to maintain the attitude stable after the adverse effect caused by the actuator fault. Therefore, the
simulation results indicate that the developed control system can maintain the transition flight with
almost constant altitude and stable attitude even if in the meanwhile there is occurrence of the fault
in the propeller 1a.

5.2 Case 2: partial loss of the propeller 2b
Based on the above presented simulation results, we further consider a fault of propeller 2b. The
simulation scenario is the same with the previous section. Again, two percentages of loss, namely
30% and 50%, in propeller 2b are assumed. The simulation results under the fault of propeller 2b and
no fault are reported and compared in Figure 13. It can be seen from the figures that the variations of
the altitude and attitude angles increase as the percentage of loss in the propeller 2b increases. The
maximum altitude change is 0.6m and the maximum variation of attitude angles are 5.4 degrees. The
simulation results with assumed faults in the propellers 1a and 2b are pretty similar to each other,
which once again verifies the passive fault tolerant capability and the robustness to the modeling
uncertainties of the designed control system with structured H∞.

6. Conclusions
This paper is mainly related to the application of structured H∞ to the transition flight of a dual-
system UAV. Based on the control-oriented model the nominal control synthesis including attitude
control loops and altitude control loop is carried out with control parameters of the cascaded PID
loops obtained from structured H∞. In the design phase, actuator fault is not considered. Then, the
proposed control system is analyzed from the perspective of stability and performance by assuming
the occurrence of partial loss of single propeller. The analysis results show that the designed control
system is able to maintain stability and performance under the given actuator fault. It is followed by a
validation on the nonlinear simulator that demonstrates the passive fault tolerance ability of the control
system. The proposed control system for the transition flight of the dual-system UAV is capable to
overcome a certain degree of fault in single propeller as well as the modeling uncertainties, which
effectively improves the safety and reliability of the transition flight. In view of the essence of passive
fault tolerant control, the proposed control system has the advantage of no need for fault information.
At the same time, this research is only limited to the discussion of partial loss of single propeller.
In future, other fault scenarios like complete loss of a propeller or simultaneous faults of different
propellers will be interesting extensions of this research.
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Figure 12 – Trajectory and attitude variations under partial loss of propeller 1a. H, X denote altitude
and horizontal position. φ , θ , ψ are respectively roll, pitch and yaw angles.
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Passive FTC of a dual-system UAV in transition flight

Figure 13 – Trajectory and attitude variation under partial loss of propeller 2b. H, X denote altitude
and horizontal position. φ , θ , ψ are respectively roll, pitch and yaw angles.
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