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Abstract: Distributed electric propulsion (DEP) aircrafts have high propulsion efficiency and low
fuel consumption, which is very promising for propulsion. The redundant thrusters of DEP aircrafts
increase the risk of fault in the propulsion system, so it is necessary to study fault-tolerant control
to ensure flight safety. There has been little research on coordinated thrust control, and research on
fault-tolerant control of the propulsion system for DEP aircrafts is also in the preliminary stage. In
this study, a mathematical model of DEP aircrafts was built. Aiming at the lateral and longitudinal
control of DEP aircrafts, a coordinated thrust control method based on total energy control and total
heading control was designed. Furthermore, a fault-tolerant control strategy and control method was
developed for faults in the propulsion system. Simulation results showed that the controller could
control the thrust to the prefault level. The correctness and effectiveness of the designed coordinated
thrust control method and the fault-tolerant control method for DEP aircrafts were theoretically
verified. This study provides a theoretical basis for future engineering application and development
of the control system for DEP aircrafts.

Keywords: distributed electric propulsion; coordinated thrust control; fault-tolerant control; flight sim-
ulation

1. Introduction

A distributed electric propulsion aircraft is a new type of aircraft that converts me-
chanical energy into electrical energy through an engine-driven generator. It is used in
conjunction with energy storage devices, such as lithium batteries, to power multiple elec-
tric propulsion devices distributed on the wings or fuselage. The DEP aircraft studied in
this work is presented in Figure 1. With distributed propulsion, an aircraft’s propeller slip-
stream can significantly increase the airflow velocity behind its propeller disks, which will
improve the aircraft performance in flight [1], enhance the stability of the wing structure [2],
and realize short take off. Electric propulsion can increase efficiency of the propulsion
system [3] and reduce noise [4]. The fuel consumption and pollution emission of an aircraft
diminish as the DEP system improves the working condition of the gas turbines and aero-
dynamic efficiency of the vehicle, which satisfies the green requirements for the future [5,6].
In addition, the DEP system has multiple redundancy of a power system, which is safer
and labeled as a very promising propulsion type.

In the study of methods for modeling of DEP aircraft, Joseph W. Connolly et al. of
the NASA Glenn Research Center developed a nonlinear dynamic model with full flight
envelope controller for the propulsion system of a partially turboelectric single-aisle aircraft.
Optimization strategies for efficiency of the aircraft were investigated by adjusting the
power between the energy for turbofan thrust and the extracted energy used to power the
tail fan [7]. Nhan T. Nguyen et al. from the NASA Ames Research Center proposed an
adaptive aeroelastic shape control framework for distributed propulsion aircrafts, which
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allows the wing-mounted distributed propulsion system to twist the wing shape in flight
to improve aerodynamic efficiency through the flexibility of an elastic wing. In addition, an
aero-propulsive-elastic model of a highly flexible wing distributed propulsion transport
aircraft was established, and analysis of the initial simulation results showed that the
scheme could solve the potential flutter problem and effectively improve the aerodynamic
efficiency quantity of the lift-to-drag ratio [8]. Zhang Jing et al. from Beihang University
systematically investigated the integrated flight/propulsion modeling and optimal control
of distributed propulsion configuration with boundary layer ingestion and supercirculation
features and proposed an integrated flight/propulsion optimal control scheme to deal
with the strong coupling effects and to implement comprehensive control of redundant
control surfaces as well as the distributed engines [9]. Lei Tao et al. from Northwestern
Polytechnic University built a complete simulation model of the DEP aircraft power system
and comparatively analyzed the pros and cons of three evaluation indexes, namely the
propulsion power, the propulsion efficiency, and the range in pure electric propulsion and
turboelectric propulsion architectures, based on a flight profile [10]. Da Xingya et al. from
the High-Speed Aerodynamics Research Institute under China Aerodynamics Research and
Development Center introduced the power-to-thrust ratio as a parameter. They analyzed
the effects of the state of a boundary layer and propulsion system parameters on system
performance through a numerical analysis method based on the integral equation of
boundary layer and verified the reliability of the calculation method by comparing the
baseline state with N3-X [11]. For future electric airliners, Shanghai Jiao Tong University
and the NASA Glenn Research Center developed a design method and a propulsion
electric grid simulator for a turboelectric distributed propulsion (TeDP) system, explored
the influence of the motor size and the spread length and air inlet conditions on the number
of thrusters, and established a simulation system of a generator driven by a gas turbine
engine and a system constituting two permanent magnet motors to simulate the drive
of motor propelling fans. These techniques can convert a common motor system into a
unique TeDP electric grid simulation program [12,13]. PM. Rothhaar, a research engineer
from the NASA Langley Research Center, developed the full process of testing, modeling,
simulation, control, and flight test of a distributed propulsion vertical takeoff and landing
(VTOL) tilt-wing aircraft and established methods for self-adaptive control architectures,
control distribution research and design, trajectory optimization and analysis, flight system
identification, and incremental flight testing [14]. J.L. Freeman performed a dynamic flight
simulation of directional control authority-oriented spreading DEP and developed a linear
time-invariant state space model to simulate the six-degree-of-freedom flight dynamics of a
DEP aircraft controlled by a throttle lever. The study showed that further development of
this technology could reduce or eliminate the vertical tail of an aircraft [15].

Figure 1. The DEP aircraft studied in this paper.

In the research of the coordinated control technology of thrust and fault-tolerant
control technology for DEP aircrafts, Jonathan L. Kratz et al. from the NASA Glenn
Research Center designed a flight control plan for a single-aisle turboelectric aircraft with
aft boundary layer thruster, and the designed controller was validated by simulation
within the flight envelope. The results also showed that the engine efficiency was greatly
improved [16]. Eric Nguyen Van et al. proposed a method to calculate a motor’s bandwidth
and control law for an active DEP aircraft with designed longitudinal/lateral control law
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and distribution modules, and the results demonstrated that the method can reduce the
surface area of a vertical tail by 60% [17,18]. The NASA Glenn Research Center developed
an 11 kw lightweight and efficient motor controller for X-57 DEP aircrafts. The controller
includes a control processor and a three-phase power inverter weighing 1 kg and not
requiring a heat sink, and its efficiency is over 97% [19]. Garrett T. Klunk et al. considered
the stability and control effectiveness in the event of engine fault. An active thruster-based
control system can redistribute thrust to offer dynamic directional stability when a thruster
is unable to recover symmetric thrust. This capability satisfies the function of a vertical
tail in an aircraft and, if permitted during certification, can completely replace the vertical
tail [20]. The University of Michigan investigated the fault detection and control of DEP
aircraft engines. For thruster faults in DEP aircrafts, Kalman filtering was adopted to detect
motor faults, and a model predictive controller was leveraged to recover the altitude of
cruising flight and redistribute thrust to a properly operating motor [21]. In recent years,
the development of artificial intelligence provides a new technical way for fault-tolerant
control. R. Shah from Cornell University proposed adaptive and learning methods and
compared them to control DC motors actuating control surfaces of unmanned underwater
vehicles. The result showed that deterministic artificial intelligence (DAI) outperformed the
model-following approach in minimal peak transient value by approximately 2-70% [22].
S.M. Koo from Cornell University determined the threshold for the computational rate
of actuator motor controllers for unmanned underwater vehicles necessary to accurately
follow discontinuous square wave commands. The results showed that continuous DAI
surpassed all modeling approaches, making it the safest and most viable solution to future
commercial applications in unmanned underwater vehicles [23]. It can be seen that DAI
has broad application prospects in the field of fault-tolerant control of DEP aircraft actuator
in the future and should be deeply studied.

The redundant thrusters of DEP aircrafts also increase the risk of fault in the propulsion
system, so it is necessary to study fault-tolerant control to ensure flight safety. At present,
there is little research on coordinated thrust control, and research on fault-tolerant control
of propulsion system for DEP aircrafts is also in the preliminary stage. In this context,
a power system model for DEP aircrafts, including the engine module, the generator
and energy storage system module, and the thruster module, is established in Section 2.
A mathematical model of a six-degree-of-freedom DEP aircraft was built based on the
principles of aerodynamics and flight dynamics. In Section 3, research on control methods
to coordinate thrust from multiple thrusters is discussed based on the mathematical model
of DEP aircrafts. The lateral and longitudinal control loops of DEP aircrafts were set up
based on the principles of total energy control and total heading control, and a fault-tolerant
control method was developed for the case where a thruster of a DEP aircraft has failed. In
Section 4, experiments simulating flight tests and fault-tolerant control within the mission
segment are outlined, and the experimental results are used to verify the effectiveness
of the designed coordinated thrust control system and the fault-tolerant control method.
Finally, all the major results are summarized and discussed in Section 5. In this study, the
correctness and effectiveness of the designed coordinated thrust control method and the
fault-tolerant control method for DEP aircrafts were theoretically verified, providing a
theoretical basis for future engineering application and development of the control system
for DEP aircrafts.

2. Modelling of the DEP Aircraft

Unlike traditional aircrafts, a DEP aircraft is powered by electrical energy converted
from the mechanical energy of its engine, so the energy flow of its propulsion system
differs from that of traditional aircraft. In this study, a mathematical model of the DEP
aircraft’s propulsion system was established, including its engine, generator, energy storage,
thruster, and other modules. Then, a mathematical model of the DEP aircraft was built
according to aerodynamics and flight dynamics to deepen understanding of the drive
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mode and flight mechanism of DEP aircrafts and lay the foundation for flight control and
simulation research.

2.1. Mathematical Model of the DEP Aircraft’s Propulsion System
2.1.1. Engine Module

In this study, two turboshaft engines were adopted to convert mechanical energy into
electrical energy stored in the energy storage system. The turboshaft engines follow the
ideal Brayton cycle.

Flow in the inlet was considered as an isentropic process with no total pressure loss
and temperature loss, so the isentropic flow equation is as follows:

k
Py k=1 ,\F1
L - 1
D (1+ 5 Mu> )

Tt k - 1 2

—=14+4—M 2

T, t M @

where P is the total pressure, T; is the total temperature, P; is the static pressure, T; is the

static temperature, y is the specific heat ratio of the ideal gas, and M, is the Mach number.
The pressure ratio of a compressor is as follows, where Py, is the total inlet pressure of

the compressor, and Py is the total outlet pressure of the compressor.

Py
Pratio = PftZ ®)
It was assumed that the compressor is ideal and therefore provides isentropic com-
pression. The temperature ratio can be calculated from the isentropic relations, where T},
is the total inlet temperature of the compressor, and Tj3 is the total outlet temperature of

the compressor.
k=1

Tis (pt3>k
LA <} 4
T, Pw ( )

The increase in heat in the airflow within the combustor is proportional to the fuel
consumption rate and the fuel heat value, as described below:

dm()Q = dmeV (5)

where dmy is the mass flow of air, dm ris the mass flow of fuel, Q is the heat exchanged
with the system, and Hy is the heat value of fuel.
With the ideal burner efficiency and constant specific heat, the equation is as follows:

(dmo +dm f)cth4 — (dmg)Cp Ty = dmsHy ®)

The maximum mass flow of fuel dm ¢,y can be calculated using the highest tempera-
ture of the turbine inlet temperature TIT at a constant-pressure specific heat Cp.

— (TITmaX) — Tt3dem0

d = 7
7 fmax CpTITmax — Hy @

The turbine provides enough power to drive the compressor. Therefore, there is a
condition to be satisfied, namely the turbine power should be equal to the compressor
power. Under ideal conditions, the equation for this condition is as follows, where T is
the total inlet temperature of the gas turbine, and T4; is the total inlet temperature of the
power turbine.

dmoCy(Tiz — Tp2) = (dmo + dmf) Cp(Tg — Tr1) 8)
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It was assumed that the turbine is ideal and is therefore isentropically depressurized.
The temperature ratio can be calculated based on the isentropic relations. The isentropic
relations were then adopted to change the pressure ratio of the turbine according to the
following equation, where Py is the total inlet pressure of the gas turbine, and Py is the
total inlet pressure of the power turbine.

k1 =
mo [Tt f(my o
Py T4 (1 + Z%) Py

The power turbine extends the flow to ambient pressure to obtain the maximum power.
It was assumed that the turbine is ideal and therefore it is isentropically depressurized. The
isentropic relations were adopted to change the temperature ratio as follows:

k=1
T 3
B8 (PtB) (10)
T Pi2
The nozzle works isentropically, and there is no loss of total pressure and temperature.
The total inlet pressure of nozzle Pi5 is equal to the total outlet pressure of nozzle P;;.

Pi5s = Py (11)

Power recovery of the turboshaft engine is a function of the total enthalpy change of
the turbine:

PRecovery = (dm() + dmf) Cp(Tt4 — Tha1) (12)
The specific fuel consumption SFC is shown below:
dmf
SFC = ——— (13)
P Recovery

2.1.2. Electric Power Generation and Energy Storage Module

Mechanical energy generated by the turboshaft engine is mechanically connected to
a generator through the reduction gear box, and the generator then stores the generated
electrical energy in the energy storage battery. Ports of the generator and the energy storage
system were defined as presented in Figure 2.

il

1
W degC L Energy Storage System |

&
v
I#> Iﬁ<>Nm _T o _T_ —
| @rev/min :_ :
@ A : | |
/ | |
'ﬁ<> M | Electric power generator! | | ':<§> w
L——— —— ==
=
| <%| degC
|
|
|

Figure 2. Definition of ports of the electric power generation and energy storage system.

The mechanical power of the generator Py, is calculated based on the following
equation:
Prec = Tnws (14)
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In the equation, T}, and w;s are the torque and the rotational speed of the shaft at the
generator’s Port 2, respectively.
The lost power Pj,g; is calculated according to the following equation:

Post = (1 - 77) : |Pmec‘ (15)

where 7 is the efficiency defined by the motor’s characteristics.
The electrical energy generated is as follows:

Pelec = Puec — Plost (16)

The load of the charge g; extracted from the energy storage system for use is calculated
as follows:

dqy
e L ¢ 17
It 3 (17)
where I3 represents the current of a battery at Port 3 of the energy storage system. When I3
is negative, the battery is in a discharged state. The state of charge SOC is a state variable,
and its derivative is calculated as follows:
dSOC _ dq 100

dt dt Chorn

(18)

where Cy,ory, is the rated capacity of a battery. The output power Py,; of the energy storage
system at Port 1 is calculated as follows:

pbat = Rcelllggllscellpcell (19)

where R, is the internal resistance of a battery cell, I..j; is the battery current, S.,j; is the
number of cells in series in a battery, and P, is the number of cells in parallel in a battery.

2.1.3. Thruster Module

The thruster module of a DEP aircraft consists of 16 sets of motors connected to
propellers through a reduction gear box. The thrust Fp and the torque Tp of a single
propeller are calculated as follows:

Fp = Cipustpnr” Dy* (20)
C 3D)°
Tp = powerF::lT p @1)

where p is the air density, nt is the rotational speed, w is the rotational speed in the
international system of units, D, is the propeller’s diameter calculated from the propeller’s
radius, Cryys is the thrust coefficient, and Cpouwer is the power coefficient.

The thrust coefficient Cry,,,; and power coefficient Cpoper of the propeller are related
to the geometric characteristics of the propeller, such as diameter, number of blades, blade
area, rotating area, blade angle, theoretical pitch angle, etc. The Cryy5r and Cpower map of
the propeller can be generated by the propeller performance map generator tool. According
to the propeller shaft speed, aircraft speed, and actual pitch angle, the value of Cry,,,s; and
Cpower at this time can be interpolated.

The propulsion ratio | of the propeller is calculated as follows:

j= Ve 22)

nTDp

5

In the equation, V; is the norm of the airspeed vector V,. The thrust and the torque
coefficients are equal to zero when the rotational speed is opposite to the rotation (counter-
clockwise or clockwise) direction.
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The propeller’s aerodynamic efficiency A is defined as follows:

C
A= ]CThrust (23)
power

Based on the position of the propeller relative to the body, the thrust and the moment
of the propulsion system acting on the aircraft can be calculated.

2.2. Mathematical Model of the DEP Aircraft

In this study, a mathematical model of DEP aircrafts was established based on the
principles of aerodynamics and aircraft dynamics. (u,v,w) is the linear velocity of the
aircraft, (p, q,r) is its angular velocity, and (¢, 6, ) represents its roll angle, pitch angle,
and yaw angle.

2.2.1. Earth-Surface Reference Frame Orxryrzr

The Earth-surface reference frame was defined to obtain a transformational relation-
ship between the aircraft body and Earth and used to determine the attitude and heading
of the aircraft. The selected takeoff point is the origin O, the axis zg is vertical to the
horizontal plane and points to the Earth’s core, and the axis xf is located in the horizontal
plane and points to the direction of the nose when the aircraft takes off. The axis yr is
also located in the horizontal plane and is perpendicular to the axis xg, whose direction is
determined by the right-hand rule.

2.2.2. Aircraft-Body Coordinate Frame Opxpypzp

The selected mass center of the aircraft is the origin Op of the coordinates. The
coordinate system is fixed to the aircraft body, and the axis xp is along the axis of the
aircraft’s symmetry plane, which points to the nose of the aircraft. yp points to the starboard
side of the aircraft, while zp is perpendicular to xp in the aircraft’s symmetry plane, which
points to the bottom of the body.

The Earth-surface reference frame was converted to the aircraft-body coordinate frame
as follows:

cos 0 cos i cosfsin —sinf
RE=| singsinfcosy —cos¢siny singsinfsiny +cospcosy singcosh (24)
cos¢psinfcosy +singsiny cos¢psinfsiny —singcosyp cos ¢ cos

2.2.3. Velocity of Aircraft Relative to the Air
The velocity of the aircraft relative to the air is defined as follows:

Vgx Vgx - VE

— ; uEJindx
Vo = Vay = Vey — Vzﬁindy (25)
Vaz VGEZ - Vwindz

N
where V; is the airspeed of the aircraft, Vg oy Vg v VGE » is the relative velocities to the Earth
on the axis x, y,z, and Vulfin g Vulfm ay Vulfin 4z is the relative wind speed to the Earth on the
axis x,y, z.

2.2.4. Angle of Attach and Sideslip Angle

The aircraft should make its wings fly at a positive angle with respect to the airspeed
vector in order to rise. The positive angle is the angle of attack, noted as «; the angle
between the velocity vector and the plane xpzp is deemed as the sideslip angle, noted as B.
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The velocity under the aircraft-body coordinate frame was adopted to calculate the
angle of attach and the sideslip angle:

VB
« = arctan (Wﬁ)
2 (26)
=

Va

B = arcsin

2.2.5. Force and Moment

Based on aerodynamic principles, forces and moments acting on a DEP aircraft can be
summarized as follows:

F, —mgsin 6 —1pSV2Cy Fp,
F, ) = | mgcosfsing |+ | —3pSVZC, |+ | Fp, (27)
E, mg cos 0 cos ¢ —1psvzc, Fp,
My 1pSbV2C Tp,
My | = | 3pScV2Cu | + | Tp, (28)
M, 3pSbV2C, Tp,

where m is the mass of aircraft, p is the air density, S is the wing area for reference, V; is

the norm of the airspeed vector ‘Z,, b is the wingspan for reference, and ¢ is the mean
aerodynamic wing chord. Fp and Tp are the thrust and torque generated by the thrusters
above. C; represents the drag coefficient, Cy is the lateral force coefficient, and C; is the lift
coefficient. C; is the roll moment coefficient, C;, is the pitch moment coefficient, and Cj, is
the yaw moment coefficient, as calculated and shown below.

The aerodynamic coefficient is as follows:

Cx = Cyo + Crax + Cxqﬁq + be‘E ‘5E‘
Cy = Cy5ﬁ+Cypﬁp+Cyrﬁr+Cy5A5A +Cy5R5R (29)
Cz = Coo + Caarr + Czqﬁq + Cus:0E

The pneumatic moment coefficient is as follows:

C = Clﬁ,B + Clpﬁp + Clrﬁr + Ci5,04 + Cisp0r
Cn = Ciuo + Cinax + Cmqﬁq + Cm&géE (30)
Cn = CupB + Cupsi P+ Cur i 7 + Cs 64 + Cusg OR

In the abovementioned equation, coefficients such as Cyg, Cxa, Cxg, Cys, are derived
from the partial derivatives in a Taylor series approximation process and are dimensionless
values, which are determined by the aircraft’s parameters.

2.2.6. Flight Dynamics Equations

From the momentum theorem, the following can be obtained:

u 1 [ B 0 0 —-r ¢ u
o |=—| F |+ REL o |- r 0 —p v (31)
F; 8 -4 p 0 w

From the moment of momentum theorem, the following can be obtained:

p M, 0 —-r ¢
g =1 M™m |- r 0o —p |I (32)
7 M, —-q p 0
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In the equations, I is the moment of inertia of the aircraft:

Ly — Ixy — Iz
I=| ~Ix Ly —I: (33)
—Lx — Izy Iz

The set of supplementary kinematic equations is presented as follows:

47 1 singtanf cos¢tanf p
o |=1|20 cos ¢ —sin¢ q (34)
¥ 0 sin¢gsect cos¢sech T

Equations (31), (32), and (34) are the six-degree-of-freedom flight dynamics equa-
tions of DEP aircrafts, and the flight state of an aircraft can be obtained by solving the
above equations.

Simulation was carried out in order to verify the correctness of the mathematical
model of DEP aircrafts. The inputs of the model were the target roll angle and pitch angle,
and the aircraft was controlled to fly in a steady state with zero sideslip angle. The attitude
response inputs of the aircraft are shown in Figures 3 and 4.

12

r : :
| — — -Target pitch angle
Actual pitch angle

Pitch angle of the aircraft[degree]

0 20 40 60 80
Simulation time[s]

Figure 3. The pitch angle response of the DEP aircraft.

Roll angle of aircraft[degree]

- — —Target roll angle
Actual rolt-angle —

| L L 1
40 60 80

Simulation time[s]

Figure 4. The roll angle response of the DEP aircraft.
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At the fifth second, the input command of the roll angle changed, and the sideslip
angle of the aircraft changed accordingly. As the roll channel is coupled with the yaw
channel, in order to ensure zero sideslip angle flight, the yaw channel must respond to
meet the control requirements. Figure 5 shows the response curve of the aircraft’s sideslip
angle. It can be seen that the sideslip angle caused by the roll channel only changed slightly.
The aircraft returned to the steady flight with zero sideslip angle quickly, meaning it had a
good control effect.

Y T 4 T
— — —Target sideslip angle
Actual sidestipangle —

0.004 : : :

0.003

0.002

0.001

0.000

-0.001

-0.002

Sideslip angle of the aircraft[degree]

-0.003

-0.004 L 1 L 1 L 1 L 1
0 20 40 60 80

Simulation time[s]

Figure 5. The sideslip angle response of the DEP aircraft.

3. Coordinated Thrust Control and Fault-Tolerant Control of the DEP Aircraft
3.1. Coordinated Thrust Control of the DEP Aircraft
3.1.1. Longitudinal Control Loop

In this study, a total energy control system (TECS) was designed for the longitudinal
control of DEP aircrafts, which controls the entire flight of climb, cruise and descent with
the best goal of minimizing the aircraft’s energy consumption [24]. The system solves the
coupling problems concerning the power lever angle and the elevator. Based on the total
aircraft energy, the throttle directly corresponds to the increase or decrease in the overall
aircraft energy, the rise and fall directly correspond to the distribution of the aircraft’s
kinetic and potential energy, and the altitude and airspeed are the results produced by the
joint action of the power lever angle and the elevator. TECS was derived as follows:

1
Etot = Egiy + Epot = EmVa2 + mgH (35)
Etot o ngVa + ng o Vng
mg mg mg 8
Etot Vu H Va . Va
=—+—>=—+sinyx~ — + 37
meVe g Ve g Y 2 v (37)

+H (36)

spec —

‘ 1%
Egist = v — ?a (38)

In the equations, E; is the total energy of the aircraft, Ey;, is the kinetic energy of the
aircraft, Epo is the potential energy of the aircraft, m is the aircraft mass, H is the altitude,

g is the gravitational acceleration, V, is the airspeed, vy is the track angle, and E ;; is the
specific energy distribution rate. In addition, the incremental thrust AT, is associated with

the specific energy gradient Eg pec-
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The TECS approach connects the change in commanded thrust to the change in specific

energy rate as follows:

K
AT, = (KTP + STI) Espec (39)

In the above equation in s domain, Krp is the proportional gain of the thrust control
loop, while K7 is the integral gain of the thrust control loop that drives the steady-state
error to zero. It was assumed that the elevator control is under energy conservation and the
elevator can convert kinetic energy to potential energy, so the specific energy distribution
rate is presented as follows:

B =7~ = (40)

Based on that, changes in pitch angle command A6, are related to changes in Egist:

K .
Af, = (KEP + :I) Egist (41)

where Kgp is the proportional gain of the pitch angle control loop, and KE;j is the integral
gain of the pitch angle control loop.

The aircraft’s thrust is associated with the thrust command, and the change of elevator
deflection angle AJ, is related to the pitch command:

AT = Geng(s)ATe, ASe = Geien(s) A6, (42)

where Gy, (s) denotes the combined thrust control function, and G, (s) is the combined
pitch control and elevator actuator dynamics function. Based on the above derivation, the
functional block diagram of TECS can be represented as in Figure 6.

7 .
H—» Va v y- Ver + Eope,
PD > » PI —> 5,
H,——» Mt
V, —» Va,, . Verr 1 + E'diﬂm
PD > » — — PI 90,
V, — » - g
v,

Figure 6. Functional block diagram of TECS.

3.1.2. Lateral Control Loop

The total heading control system (THCS) is leveraged for the lateral control of DEP
aircrafts [24]. The error signals between the commanded and actual rate of change of
heading (i, and ¢) and between the commanded and actual rate of change of sideslip

(B, and B) are computed as follows:
Ap=tp.—¢ 43)
AB=B.—PB (44)

The commanded roll angle changes A¢. and the yaw rate changes Ar; based on these
errors are calculated as follows:

Va K L
Ao = <KRp + ;”) (a9 +2p) (45)

Are = ‘;” (Kyp + S) (a9 - 2p) (46)
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where Krp, Kg; is the proportional gain and integral gain of the roll angle control loop, and
Kyp, Ky is the proportional gain and integral gain of the yaw rate control loop.

In terms of aircraft-related components, deflection changes in ailerons Ad, and the
deflection changes in rudder Ad, are calculated in response to roll angle commands and
roll angle speed variations, respectively.

Abq = Guit(s)Ae, A6y = Grya(s)Are (47)

where G;;(s) and G,,4(s) are ailerons and the rudder controller and the actuator dynamics
function, respectively.

3.2. Fault Response Strategy and Fault-Tolerant Control of DEP Aircrafts

This study focused on stuck and failed thrusters. Causes of thruster fault include
decreased gain of a brushless motor due to aging of the motor stator coils, excessive friction
of the motor rotor’s shaft, and degradation of the motor’s magnet performance, leading to
the output deviating from the normal one. Macroscopically, when the output of a brushless
motor is weak during the actual flight, changes in attitude angle of the motor is reduced
with the same control amount, and the entire aircraft becomes “sluggish”. In this study,
16 electric thrusters were adopted for the model object, with a symmetric distribution of
eight thrusters on the left and eight on the right. The thruster near the center was numbered
1, and the outermost thruster was numbered 8. The state matrices of the thrusters on the
left and the right were expressed by X; and Xg. In the preliminary design, the total thrust
of the system is given by Equation (50), assuming that the thrust of all thrusters on the
same side is equal [25].

TR_i = TR_jr Vi € [1/ 8]/] € [1/8] (48)

Ty ;=T Vi€ [1,8],j€[18] (49)
8 8

Trotar = TLiElXL(i) + TRlElXR(i) (50)

Through this thruster counting method, the total yaw moment provided by this
propulsion system is given by Equation (51), where the diameter of each thruster is D:

D 8 D 8
Miot = T X (20 = DX1 (i) = Teoy 2 (2~ D) X(i) (51)
i= i=

Solving Tg in (50) and (51), Tp.f; and Tgje can be obtained as shown in Equations
(53) and (54) below:

8
¥ X; (i)
D8 . , T =L D8 ,
Mot = Ty 2 (2 = DX (i) = (g—— = T——) 5 22~ DXr()) (52
I Xr(i) 2 Xr(D)
1= 1=

2 Tiot 8 o ;
2 Mior + 12— (21— 1)Xg(i)

Z Xg(i) =1
Trer = — (53)
8 ] ElXL(i) 8 . .
X (20 = [XL ()] + 57— X (20 = 1)[Xr(7)]
i=1 .E‘lxR(i)l:1
M Lot § (2i — 1)X(i
5 Mot + 52— X (20 = 1) Xg (i)
Thot SXr0) -
Tright = — — 5 (54)
T Xr(i) E%0 8 S



Drones 2022, 6,78

13 of 23

Treft and Trigns of the above equations were input as thrust commands to the electric
thrusters on both sides, where the state matrices of the thrusters were considered for
monitoring the minimum thrust demand, turbine engine state, generator state, power bus
state, and electric thruster state. If any of the components fail, the corresponding variable
in the state matrices degrades to 0. In addition to enabling coordinated control of the
electric thrusters on both sides, the thrust can be redistributed to maintain stability and
maneuverability of the aircraft in case of a component fault. The fault-tolerant controller
of the DEP system designed in this study features a fault injection module. The function
developed so far allows the remaining thrusters to make corresponding changes to recover
the aircraft’s thrust to the prefault level when a single thruster on the left/right fails and
the torque and the rotational speed fail to reach the normal operational level.

When the ith thruster fails, the mathematical form of the rotational speed of the
thruster can be expressed as follows:

(U{ = O;W; (55)

where 0 < 0; < 1 denotes the fault rate of the ith thruster under a fault. When the motor is
completely jammed, then ¢; = 0.

When a simulation test of thruster fault-tolerant control is conducted in this simulation
platform, a random fault thruster ID number, that is np,,;;, will be randomly generated in
the tth second in order to simulate a thruster fault more realistically.

When a thruster numbered 7, fails in the Tth second, the torque of the thruster
corresponding to the failed thruster should be first controlled to the torque value of the
failed one, i.e., T; * 0;, at which point the difference between the thrust in a steady-state
flight and that of a failed aircraft is deemed as the control error ¢, In this case, the thruster
control torque needed to recover the prefault thrust can be calculated by PID control, which
will be fed back to the aircraft control input, in order to achieve the fault-tolerant control of
thrusters in the DEP system. The functional block diagram of the designed fault-tolerant
control methods for DEP aircrafts in this study is shown in Figure 7.

et == ——m—————— o= Switch :
Inner loop | Srus Thruster |'T, 1 !
1| control dynamics [} ‘Normal
e e ————
TECS G, (5) 2—Fault

Yo ; _ )
g Tnner loop | Occ Actuator |10,
Flight i sonrol | L Dnamies ) L
command G,(s) :‘ault
- e e e . observer
(e Tnner loop | % Actuator |19,
control Dynamics ||
L

] s || oS %’{ G ()

|
|
r |
Tnner loop | O, Actuator |!9, |
control Dynamics ' |

L
|
|

****************** The DEP Aircraft

Attitude and state
recorder

Fault information |
processing

Flight fault tolerance
command input

Figure 7. Functional block diagram of the fault-tolerant control of the DEP aircraft.

4. Simulation Results and Discussion
4.1. Simulation Tests Carried out within Mission Segments
Simulation tests of the DEP aircraft on the coordinated and comprehensive control

of thrust were conducted during the entire process in the mission profile, namely takeoff,
cruise, and descent. The set flight conditions are shown in Table 1.
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Table 1. Parameter setting in mission segments of takeoff/cruise/descent.

Flight Phase Starting Height (m) Final Height (m) Mach Number
Climb 0 10,000 0.49
Cruise 10,000 10,000 0.79

Descent 10,000 0 0.18

The flight simulation test results of the control system within the full mission segments
are presented in Figure 8, with the response curve of the flight altitude showing good
tracking effects.

T T T T T T T

10.000 | T Actual flight altitude |

’ \ — — - Target flight altitude
\!
\

8,000 - \ -
—_ \\
E
o)
ksl
£ 6000} 4
=
<
=
=y
= 4000 | 4

2,000 - -

y
L
4
0 s | L 1 L 1 L Il
0 200 400 600 800 1000

Simulation time[s]

Figure 8. Response curve of the flight altitude.

For the altitude control within the flight mission segment, the quantitative description
of the control effect is shown in Table 2, including rise time, peak time, settling time,
and overshoot.

Table 2. The performance index of DEP aircraft’s altitude control.

Performance Index Value Unit
Rise time 349.75 seconds
Peak time 375.97 seconds

Settling time 493.61 seconds
Overshoot 3.46 percent

Figure 9 is the acceleration response curve of the z-axis. As can be seen, there is a
change of acceleration when the aircraft’s flight state changes. The curve then converges to
zero. Figure 10 is the velocity response curve of the z-axis. When the aircraft enters cruise
from climb, changes in acceleration results in the aircraft’s velocity in the z-axis reaching
almost zero in order to maintain a flight state with constant height and uniform speed.

Variation trend of the pitch angle of the aircraft in the corresponding mission segments
is shown in Figure 11. During the cruise phase, the pitch angle of the aircraft returns to
zero degrees.
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Figure 9. Acceleration response curve of the z-axis.
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Figure 10. Velocity response curve of the z-axis.
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Figure 11. Variation trend of the pitch angle in the mission segment.
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Figures 12 and 13 show the variation trend of the roll angle and yaw angle of an
aircraft in the corresponding mission segments. The roll angle and the yaw angle will
witness some small changes at the moment the flight state switches due to changes in the
thrust and the attitude of thrusters in the DEP system. They will then return to a flight
state without roll and deviation. The test results verifies the stability of the control system
designed in this study.

0.0001 . . . , . , . ;
Roll angle of aircraft in mission segment
)
=
)
Q
=
&
s
2
= 0.0000 |
5 0000 [— — -
=
)
)
<
S
[~7
-0.0001 : ! : ! : ! : !
0 200 400 600 800

Simulation time[s]

Figure 12. Variation trend of the roll angle in the mission segment.

0.005 . ; . . . ; . .

Yaw angle of aircraft in mission segment

0.000 F — {

Yaw angle of aircraft[degree]

-0.005 1 1 1 1 n 1 n 1
0 200 400 600 800

Simulation time[s]

Figure 13. Variation trend of the yaw angle in the mission segment.

The thrust controller solves the control input torque of a corresponding single thruster
to produce thrust in different stages. The curve of the total thrust variations generated
by all thrusters in different mission segments is displayed in Figure 14. When the aircraft
enters cruise in 300 s, the thrust required by the aircraft decreases, and the thrust is further
reduced after it descends. The total power generated by the thruster module in the entire
mission segments is demonstrated in Figure 15.

4.2. DEP System Thruster Fault-Tolerant Control Simulation Test

Propellers of thrusters on the left and right wings of an aircraft are designed to be right-
handed and left-handed, and the torque direction is also symmetrical. When a thruster
fails when np,,;; = 2 and 0; = 0.2 is randomly generated at the 200th second, the torque
of the failed thruster instantly drops to the moment value of T; * ¢;, as shown by the red
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curve in Figure 16. Therefore, the torque of the symmetrical thruster No. 15 should change
symmetrically in order to first ensure the balance of moment, as shown by the blue curve
in Figure 16.

100 . . . . . , . ,

Total thrust of aircraft |

Total thrust of aircraft[kN]

0 s 1 s 1 L
0 200 400 600 800

Simulation time[s]

Figure 14. Curve of the total thrust variations generated by the thruster module.

1200 . , . , . , . ,

Total power of thruster

1000

800

600

400

Total power of thruster[kW]

200

0 H 1 ) ] ) ] T
0 200 400 600 800

Simulation time[s]

Figure 15. Curve of the total power variations generated by the thruster module.

In order to recover a stable flight state, all thrusters, except the thrusters symmetrical
to the failed ones, should increase their thrust, so the torque input of the rest thrusters
should be up. As the remaining thrusters change in the same way, the response value of the
thruster torque can be observed with thruster No. 1 as an example, and the input control
torque of thruster No. 1 gradually increases after the fault occurs in the 200th second. The
generated thrust also grows at the 200th second, as shown in Figure 17.

The variation curve of the total thrust of the DEP aircraft after the fault is shown
in Figure 18. As can be seen, the total thrust decreases after the thruster fault occurs
in the 200th second, and the thrust of each thruster on the left and right is then altered
by coordinate control to recover the thrust to a level that can maintain a stable flight of
the aircraft.
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Figure 16. Variation curve of torque of the faulty thruster and symmetrical thruster.
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Figure 17. Variation curve of the remaining normal thrusters with thruster No. 1 as an example.
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The controller can better control the thrust to the prefault level without overshoot
after the total thrust changes in the 200th second, taking 0.3 s for adjustment. In other
words, thrust generated by the thrusters on the left and right wing of the aircraft is evenly
distributed by coordinated control after the fault.

5. Conclusions

First, a mathematical model of the DEP aircraft’s propulsion system, including the
engine module, the generator and energy storage system module, and the thruster module,
was established. Then, a mathematical model of the six-degree-of-freedom DEP aircraft was
built based on the principles of aerodynamics and flight dynamics, which laid a theoretical
foundation for subsequent simulation experiment.

Research on control methods to coordinate thrust from multiple thrusters were carried
out based on the mathematical model of DEP aircrafts. The lateral and longitudinal control
loops of DEP aircrafts were set up based on the principles of total energy and total heading
control, and a simulation experiment was carried out in the mission segment of the DEP
aircraft. The effects of aircraft attitude control and altitude control verified the stability and
accuracy of the mathematical model of the aircraft.

Furthermore, a fault-tolerant control method was developed for the case where a
thruster of a DEP aircraft has failed. Experiments simulating flight tests and fault-tolerant
control within the mission segment were conducted, and the experimental results verified
the effectiveness of the designed coordinated thrust control system and the fault-tolerant
control method. The controller could control the thrust to the prefault level.

The correctness and effectiveness of the designed coordinated thrust control method
and fault-tolerant control method for DEP aircrafts were theoretically verified, providing a
theoretical basis for future engineering application and development of the control system
for DEP aircrafts.
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Nomenclature

Abbreviations

DEP distributed electric propulsion
NASA National Aeronautics and Space Administration
TeDP turboelectric distributed propulsion
VTOL vertical takeoff and landing

TIT turbine inlet temperature

S0C state of charge

Roman letters

k specific heat ratio of the ideal gas

P total pressure

T; total temperature
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TITmax

b Recovery
SFC

Prec
Tin
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Plost
Pelec

qi
I3

CHO}’TL

Tp
CThrust
Cpower
nr

TeW R SR SSITD

OpXEYEZE

OBxByBZB
E

VG

E

wind

S I <

static pressure

static temperature

Mach number

total inlet pressure of compressor

total outlet pressure of compressor

total inlet temperature of compressor

total outlet temperature of compressor

constant pressure specific heat

total inlet temperature of gas turbine

total inlet temperature of power turbine

total inlet pressure of gas turbine

total inlet pressure of power turbine

total inlet pressure of nozzle

total outlet pressure of nozzle

mass flow of air

heat exchanged with the system

mass flow of fuel

maximum mass flow of fuel

heat value of fuel

highest temperature of the turbine inlet temperature
power recovery of the turboshaft engine

specific fuel consumption

mechanical power of the generator

torque of the shaft at the generator’s Port 2
rotational speed of the shaft at the generator’s Port 2
lost power

electrical energy generated by generator

load of the charge extracted from the energy storage system for use
current of a battery at Port 3 of the energy storage system
rated capacity of a battery

output power of the energy storage system at Port 1
internal resistance of a battery cell

battery current

number of cells in series in a battery

number of cells in parallel in a battery

thrust of a single propeller

torque of a single propeller

thrust coefficient of a single propeller

power coefficient of a single propeller

rotational speed

diameter of propeller

propulsion ratio of the propeller

airspeed vector

norm of the airspeed vector

linear velocity of the aircraft’s x-axis
linear velocity of the aircraft’s y-axis
linear velocity of the aircraft’s z-axis
angular velocity of the aircraft’s x-axis
angular velocity of the aircraft’s y-axis
angular velocity of the aircraft’s z-axis
Earth-surface reference frame
aircraft-body coordinate frame
relative velocities to the Earth

relative wind speed to the Earth

mass of aircraft

wing area

wingspan
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c mean aerodynamic wing chord

Cx drag coefficient

Cy lateral force coefficient

C, lift coefficient

C roll moment coefficient

Cm pitch moment coefficient

Cn yaw moment coefficient

I moment of inertia of the aircraft

Etot total energy of the aircraft

Exin kinetic energy of the aircraft

Epot potential energy of aircraft

H altitude of the aircraft

g gravitational acceleration

Krp proportional gain of thrust control loop

Krr integral gain of thrust control loop

Eist specific energy distribution rate

AT incremental thrust

Espec specific energy gradient

AB, commanded pitch angle changes

Kgp proportional gain of pitch angle control loop
Kgp integral gain of pitch control loop

Ade change of elevator deflection angle

Gy () combined thrust control and function

Golen(S) combined pitch control and elevator actuator dynamics function
AYoR commanded roll angle changes

Are commanded yaw rate changes

Kgrp proportional gain of roll angle control loop

Krr1 integral gain of roll angle control loop

Kyp proportional gain of yaw rate control loop

Ky integral gain of yaw rate control loop

Gail(s) ailerons controller and the actuator dynamics function
Grua(s) rudder controller and the actuator dynamics function
X state matrices of the thrusters

Mot total yaw moment provided by DEP system
NEault random fault thruster ID number

Greek letters

U specific heat ratio of the ideal gas

7 efficiency defined by the motor’s characteristics
1Y air density

w rotational speed in the international system of units
A propeller’s aerodynamic efficiency

¢ roll angle of the aircraft

0 pitch angle of the aircraft

P yaw angle of the aircraft

o angle of attack

B sideslip angle

% track angle

o fault rate

T time of thruster failure in simulation

Yerr control error of yaw angle

Subscript

x vector component corresponding to the x-axis of the coordinate system

y vector component corresponding to the y-axis of the coordinate system
z vector component corresponding to the z-axis of the coordinate system
c the variable control command input into the system

L thruster’s variable on the left side of DEP aircraft

R thruster’s variable on the right side of DEP aircraft
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i count value of left thruster
j count value of right thruster
Superscript
B vector or scalar under the aircraft-body coordinate frame
E vector or scalar under the Earth-surface reference frame
Prefix
A change value of variable
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