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ABSTRACT Electric vertical take-off and landing vehicles (eVTOLSs) are a novel class of transportation
that can facilitate point-to-point travel. However, the control of eVTOLSs traversing from the gyro to the
fixed-wing flight mode poses daunting challenges in the context of modeling, the design of the control
algorithm, flight management, simulation, verification, and testing. This paper proposes the design of
an L-augmented autopilot that is implemented on the 120-kg-class large-scale Electric Transportation
120 platform of the Commercial Aircraft Corporation of China, Ltd. Significant advances in fast rotor
modeling according to blade element momentum theory, virtual flight test techniques in wind tunnels,
a layered design of the architecture for flight management, and fast techniques for validation and verification
speed-up the development of the flight control system (FCS). The state-of-the-art £; adaptive control
architecture combined with dynamic inversion type control allocator is particularly suitable for dealing
with nonaffine control problems encountered with aerodynamic uncertainties. Implement of £; adaptive
control theory significantly reduces the parameter tuning cycle to achieve the desired closed-loop tracking
performance. Real-word flight tests have confirmed the effectiveness of £i-augmented algorithm and
customized FCS.

INDEX TERMS Blade element momentum theory, electric vertical take-off and landing vehicle, flight

control system, flight test, £ adaptive control, virtual flight test.

I. INTRODUCTION

Electric Vertical Takeoff and Landing vehicle (eVTOL) is a
novel class of transportation based on the concept of Urban
Air Mobility (UAM). With the virtues of being low cost,
on demand, point to point and environment-friendly, eVTOLSs
have promising application prospects in intra-city passenger
air services [1]-[4]. The high-cost and large-scale Electric
Transportation 120 (ET120) vehicle shown in FIGURE 1 is a
hybrid-wing configuration being explored by the Commercial
Aircraft Corporation of China Ltd (COMAC), equipped with
a distributed vertical and forward electric propulsion system.
This propulsion system highlights four pairs of vertically
mounted rotors, of which the upper and lower rotors works
in pairs coaxially and direction-contrarily to provide hover-
ing power, and one separated horizontally mounted rotor to
provide fixed-wing propulsion power. The propulsion sys-
tem, which can switch between gyro mode and fixed-wing
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(a) Hovering mode. (b) Forward-acceleration mode.

FIGURE 1. The flight test of an ET120 vehicle at the Jian general airport,
Jiangxi, China.

mode, are powered by lithium polymer batteries with high-
voltage brushless direct-current motors. Qualified with the
convenience of VTOL capability and the efficiency of the
fixed-wing high lift-to-drag ratio level-flight performance,
the ET120 achieves the design purpose of reducing traffic
jams during peak hours and urban commuting time. In Jan-
uary 2021, the ET120 has been successfully tested at the Jian
general airport, Jiangxi, China. Such a configuration reflects
the development direction of UAM vehicles.

New configurations and multiple flight modules require
the corresponding flight management architecture, controller,

VOLUME 9, 2021


https://orcid.org/0000-0003-3906-2180
https://orcid.org/0000-0002-3060-2534
https://orcid.org/0000-0003-3844-0047
https://orcid.org/0000-0002-3905-7990
https://orcid.org/0000-0002-3135-5846
https://orcid.org/0000-0001-9802-4809

Z. Wang et al.: Flight Test of L; Adaptive Control on 120-kg-Class Electric Vertical Take-Off and Landing Vehicles

IEEE Access

criterion for control allocation, and flight control sys-
tem (FCS) capable of automatically stabilizing and guiding
the vehicle in the hovering, loitering and cruising flight modes
as well as accelerate/decelerate transition flight [5]. Three
main challenges present: 1) the dynamics of the accelerate
and decelerate transition processes are fast time-varying.
The multi-rotor downwash introduces involuted aerodynamic
forces and moments on wing body that affect the trim char-
acteristics [6]. The cross-coupling between wing-body and
rotors also poses difficulties in aerodynamic modeling and
control designing; 2) it is a typical multi-input system that
both aerodynamic forces and multi-rotor thrust directly affect
attitude and position motions; 3) it is also a typical under-
actuated platform, which requires specific control inputs to
control position movements via attitude changes in different
flight modes.

Research on flight control schemes for such new configu-
rations has long been ongoing. First, the design of classical
proportional-integral-derivative control in the form of gain
scheduling is limited in terms of stability and robustness, and
requires long iteration cycles [6]. Second, such computational
controllers as the artificial neural network [7] and model
predictive control [8] can be used to implement stable control,
but practical applications of computational algorithms are
hampered by its requirement of high-performance comput-
ing resources to execute large-scale numerical calculations
within a limited lead period. Third, other control theories,
such as nonlinear dynamic inversion (NDI) [9] and quantita-
tive feedback theory [10], are model-based, and are sensitive
to time-varying dynamics and unmatched uncertainties. In the
context of the fight characteristics of ET120, the development
of an adaptive theory to enhance the robustness and flight
quality is important.

The £; adaptive control algorithm is a fast and robust
adaptive control law that decouples adaptation from robust-
ness by using a low-pass filter and has become increas-
ingly popular among the modern high-performance aircraft
designers [11], [12]. The tracking performance of £ adaptive
enhanced technology has been shown to be satisfactory in
multiple successful flight tests [13]. It is sufficiently fast
to be applied to a time-varying system, and to allow for
the compensation of the undesirable effects of rapidly vary-
ing uncertainties and significant changes in system dynam-
ics [15]. In addition, the adaptive law reduces oscillations in
control, thus guaranteeing dynamic performance and robust-
ness [14]. Thus, the £; adaptive control architecture is a
feasible method to solve the problems caused by inaccurate
modeling. Compared with conventional control algorithms
where the process of parameters tuning is time consuming,
the adaptive gains of £ adaptive control can be easily tuned
by selecting the appropriate bandwidth according to military
flight quality (e.g., MIL-STD-1797B) [16]. Furthermore, the
tracking performance can be guaranteed consistency in the
entire flight envelope with fixed gains, effectively avoiding
gain-scheduling [12].
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Motivated by the above discussion, this study proposes a
model and the customized FCS to address the above prob-
lems. First, to consider the influence of oblique inflow, a fast
rotor dynamics model is established based on blade element
momentum theory (BEMT). Second, to handle the strong
aerodynamic cross-coupling caused by the wing body and
the multi-rotors, an £ adaptive controller is used to elim-
inate and compensate for the disturbance and unmatched
uncertainties. Third, to test and verify multiple flight modes
sequentially, a hierarchical flight management architecture
is designed. The design of the configuration platform and
control scheme are both tested and verified through virtual
and empirical flight tests. The virtual flight test is usually
carried out in a wind tunnel before the actual flight test in
preliminary design phases, and is used for risk assessment and
safety enhancement [17], [18]. This is followed by practical
flight tests to evaluate the feasibility and capability of the
platform [19]-[22]. The main contributions of this work are
as follows:

1. The nonlinear model developed for simulation.

2. The corresponding single-input-single-output (SISO)
L1 adaptive augmentation algorithm, hierarchical flight
management architecture, multi-modal control logic,
and control allocator are designed.

3. Validation of the algorithms in virtual flight test in wind
tunnel and actual flight test results performed on the
ET120.

Il. MODELING FOR SIMULATION

A six-degree-of-freedom (six-DOF) flight dynamics model
is required to describe the states of ET120, and contains two
main parts: the aerodynamics part and the power system part.
The aerodynamics part is concerned with the clean fixed-
wing aerodynamics acting on the vehicle. The power system
part calculates the forces and moments provided by the power
system of rotors, including eight hovering rotors and an auto-
throttle rotor. The six-DOF flight dynamics model was built
by considering three issues: 1) evaluation of flight charac-
teristics and performance, 2) linearization of trim points for
control design, and 3) facilitating Monte Carlo numerical
simulations. The simulation environments in this work were
built in MATLAB/SIMULINK. High-quality aerodynamic
data were obtained from wind tunnel tests. The forces and
moments of the propulsion part were acquired by BEMT.

A. SYSTEM INTRODUCTION

1) PLATFORM DESIGN

The ET120 is a composite platform featuring multiple rotors
and a fixed wing. The advantages of the layout of the platform
are as follows: 1) The center of the resultant lift provided by
the hovering power system is at the center of gravity (CG)
of the ET120, thus no rotor power wasted on trimming the
additional pitching moments. 2) The redundant rotor sys-
tem renders the vehicle controllable even if one rotor fails.
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(¢) Lateral motion and roll channel control

(d)  Yaw channel control

FIGURE 2. The mechanical configuration and control principles of ET120.

3) The energy used is electric, and thus green, environmen-
tally friendly, and reusable. 4) The layout of the wing and
the power system of the rotor allow for quick mounting and
unmounting. 5) The layout of the high T tail reduces the effect
of the rotor on the elevator.

The ET120 power system is divided into a hovering and
a propulsion power system. The propulsion power system
consists of only one rotor that is mounted horizontally behind
the cabin to provide fixed wing-mode power. The hovering
system contains eight rotors divided into four pairs. Each pair
contains an upper and a lower rotor that are mounted coaxially
and vertically on the body of the wing. The configuration of
the power system makes ET120 an under-actuated platform
in which positional motion can be controlled via attitude
motion. Vertical motion is controlled by the total speed of
the hovering rotors n, at hover or low-speed conditions and
elevator §, in fixed-wing flight, as shown in FIGURE 2 (a).
Longitudinal forward motion is driven by the tilting pitch
attitude in multi-rotor mode and the propulsion power in
fixed-wing flight. In the attitude-driven mode, the forward
and backward accelerations are produced by tilting the pitch
attitude to provide the longitudinal projection of the hovering
rotor thrust. Correspondingly, the pitch control principle is
to control the deflection of elevator §, and the differential
speeds of the four hovering rotors at the front and back,
ng, as shown in FIGURE 2(b). The lateral motion is driven
by tilting bank attitude both in multi-rotor and fixed-wing
modes. Correspondingly, the roll control principle is used to
control the aileron §,, and the differential speeds of the four
left and right rotors, ng, as shown in FIGURE 2(c). The yaw
channel control relied on the control of the rudder §, and the
differential speeds of the clockwise and anticlockwise rotors,
ng, as shown in FIGURE 2(d). FIGURE 2 shows the control
principles of the configuration.

If the virtual input vector is U = [ny, ng, ng, ny, ng, de,
84, 8,17, the actual input vectoris U, = [n{, nj, ng’ ng, ng ng,
ng, ng, ny, 8¢, 8a, 8,17 ,where nj; represents the speed of each
hovering rotor, (k = 1,2..., 8) represents the serial number
of the rotors(consistent with the forces and torques labeled
in FIGURE 2(d), * € {c, a} represents the direction of rotor
rotation, ‘c’ is clockwise and ‘a’ is anticlockwise (consistent
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FIGURE 3. The mechanism of the hovering rotors.

with the torques defined in FIGURE 2(d)), and ng is the speed
of the propulsion rotor, the relation between the actual input
and the virtual input can be expressed as:

U,=RU (1)
where R is a mixed matrix:
R
R= R; ,
R3
1 =1 1 1]
1 -1 1 -1
1 -1 -1 1
1 -1 -1 -1
Ri=1, 1 -1 )
1 1 1 1
1 1 -1 -1
|1 1 -1 1]
Ry =[1],
1
R; = 1

where Ris an 11 x 8 matrix, Ry is an 8 x 4 matrix represents
the relationships between the actual inputs n,’; k=1,2...,8)
and the virtual inputs n,, ng, ng, ny. Noticed that n,’; are all
scalar quantities with a positive value, but the rotor direction
impacts the rotor torques (plus or minus), the impact of
the rotor direction is presented in R; by the plus or minus
characteristics of the elements in its 4-th column. Ry and R3
are unit matrixes of 1 x 1 and 3 x 3 dimensions, for that the
virtual inputs and the actual inputs corresponding to them,
ng, 8, 84, 6,, are the same.

2) MECHANICAL DESIGN

The mechanism of the hovering rotors and the propulsion
rotor are all the same. As shown in FIGURE 3, the hovering
rotor system is composed by a propeller, a motor, and an
electronic speed controller (ESC). The propeller is linked
directly to the end face of the motor shaft by four screws.
The motors are inserted in a sleeve at the end of the beam.
The ESC is mounted near the motors on the beam to shorten
the length of the wire connecting it to the motor. As shown
in FIGURE 4, the mechanism design of the propulsion rotor
system is similar to that of the hovering rotor system. The
difference exists in two aspects: 1. The propulsion rotor is
mounted horizontally behind the tail-wing of the ET120; 2.
The rotor is connected to the motor directly with a cowling to
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ESC Tail-wing

Motor Propeller Cowling

FIGURE 5. A 16.67% scale tunnel model of ET120 in a low-speed wind
tunnel.

decrease the forward flight drag. Since all the propellers are
linked directly by either screws or cowling, this feature leads
to an absence of the cyclic pitch control of the rotors. So, the
controlled variables of the rotor system are only the rotating
speeds. Also, this feature causes the inability of a single
propeller to self-balance the overturning moments caused
by the oblique in flow, this will influence the longitudinal
trimming characteristics of the ET120 significantly.

B. THE AERODYNAMIC MODEL

The layout of ET120 inevitably generates aerodynamic cou-
pling between the multi-rotor power system and the wing
body in the transition phase. To assess the flight charac-
teristics and performance, only the high-quality and clean
aerodynamic data that are acquired by implementing wind
tunnel experiments, as shown in FIGURE 5. The additional
aerodynamic forces and moments acting on the wing body
caused by the multi-rotor power system can be constructed
by using the approach in Ref [23].

The forces and moments acting on the aircraft are:

L=LVagq,3)
D=D Vi, a,q,38)
S=SWV:B.p,r.5)
la=1a(Ve, B,p, 1,84, 6)
mg =mq (Vy, &, q, 8e)

ng =nq Ve, B,p. 7, 8a, )

3
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FIGURE 6. Diagram of oblique inflow to the fore-left rotors in the
transition flight.

upper rotor

lower rotor

FIGURE 7. The blade profile of a pair of hovering rotors.

where L, D and S represent the lift, drag, and side forces
of the fixed wing, respectively; I,, m, and n, represent the
roll, pitch, and yaw aerodynamic moments of the fixed wing,
respectively; V; represents airspeed, o and f are the angle
of attack and angle of sideslip, respectively, and p, g and r
are the angular rates of the roll, pitch, and yaw in the body
coordinate system, respectively.

C. MODEL OF ROTOR POWER SYSTEM

1) THE HOVERING ROTOR SYSTEM

To model the hovering power system, two issues should be
considered. First, the structure of the coaxial double rotors of
the hovering power system leads to aerodynamic interaction
between the upper and lower rotors. Second, as shown in
FIGURE 6, owing to the non-negligible angle of incidence
between oblique inflow and the rotor disk in the forward
flight phase, an additional overturning moment is generated.
As aforementioned, this moment influences the longitudinal
characteristics significantly. To address the asymmetric aero-
dynamic loads and the influence of airflow between the upper
and lower rotors, BEMT is introduced to the modeling of
hovering rotor dynamics.

In BEMT, the rotor blade is discretized into a finite number
of blade profiles, where momentum theory is utilized to
calculate the differential thrust and torque. The blade profiles
of a pair of hovering rotors are shown in FIGURE 7. The
following assumptions are proposed:

163909



IEEE Access

Z. Wang et al.: Flight Test of L; Adaptive Control on 120-kg-Class Electric Vertical Take-Off and Landing Vehicles

Assumption 1: The upper rotor can be calculated in a
typical environment of BEMT independently, because the
influence of the lower rotor hardly impacts the upper rotor.

Assumption 2: The axial induced velocity of the upper
profile, which impacts the lower profile, will not deviate from
the axial direction, because the gap between the upper and
lower profiles is narrow.

Shaping like an airfoil, the blade profile generates differ-
ential lift dL; and drag dDy, with a relative airspeed V,, and
angle of attack o, :

1

dL; = Criz PV cpdry )
1

dDy = Coy 5 PV cpdry 5)

where Cy,, Cp, are the lift and drag coefficients relative to
ay, p represents the density of air, ¢, is the chord length of
the blade profile. The relative airspeed includes axial and
circumferential components: the axial, induced velocity V;,
and inflow velocity V,,; the circumferential, the rotation
speed Q7.

By projecting dL; and dDj, to the rotor frame, the differen-
tial thrust and torque can be expressed as:

dTy = dLi cos ¢p, — dDy sin ¢, ©)
dQx = rp(dLy sin ¢y, + dDy cos ¢p,) D

where ¢, = arctan((V;, + Vy, )/ Qx71p) is the inflow angle
of the blade profile, Q2; = 27 - ny /60 is the angular rate of
the rotor, 7, is the radial position of the blade profile, Vy, is
the axial inflow velocity, for the upper profile, according to
assumption 1, V), is the axial components of the airspeed V;;
for the lower profile, according to assumption 2, V,, is the
axial components of the airspeed together with the induced
velocity of the upper profile, i.e.
Vy = Vi cos ap,, k=1,3,57 ®)
Vicosap, + Vi, k=2,4,68

where ), = m/2 — « is the angle between the rotor x-axis
and the airspeed V;, as shown in FIGURE 6.

Substituting Eq. (4) and (5) to Eq. (8) and using ¢,, =
arctan((Vj, + Vy,)/Q4rp) to eliminate V;,, the differential
thrust dT} can be expressed as:

2.2
1 rip
a7y, = E’Ocos ¢pk Cp(CLp — CDp tan ¢pk)drp ®

By applying momentum theory over an annulus of the rotor
disk, dT} can also be expressed as:

dTy = 4mprVy (Vy, + Vi) (10)
Combining Eq. (6) and (8), the following equation is
acquired:
87 sin ¢y,
Q]NC

By solving Eq. (11), the inflow angle ¢, and the induced
velocity V;, can be acquired. When the inflow is absolute

CL]7 — CDP tan ¢Pk = (rip tan (bpk — ka) (11)
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FIGURE 8. Definition of blade azimuth.

axial, the induced velocity is affinely distributed in circumfer-
ential direction and the overall thrust generated by the rotor
can be obtained by integrating Eq. (9) throughout the radial
direction.

2) FORWARD FLIGHT MODEL OF HOVERING SYSTEM

The oblique flow, which is nonnegligible in forward fight
phase, causes a nonaffine distribution of the induced velocity
in circumferential direction, thus impacting the rotor dynam-
ics in two aspects: 1) the differential thrusts and torques,
which is concerned with the inflow angle, require correc-
tions. 2) an overturning moment appears, deriving from the
unbalanced moment of uneven thrusts, which impacts the
flight trim condition of the ET120 significantly. To model
these impacts, the nonaffine distributed velocity field is firstly
acquired, which will then be converted to the nonaffine dis-
tributed inflow angle to correct the differential thrusts and
torques. Then, the corrected differential thrusts are used to
calculate the differential moments around the rotor y-axis. All
these differential quantities are integrated respectively to get
the thrust, torque and overturning moment of each hovering
rotor.

To begin with the modeling, a new assumption is intro-
duced:

Assumption 3: The forward flight airspeed impacts little on
the blade element environment in the computational domain,
for that in the computational domain, the rotor speed is quite
large and the beginning computational radial position of the
blade element is not near the rotation axis, thus the forward
flight airspeed is small enough to be ignored compared to the
rotor linear speed €27, in circumferential direction.

According to Assumption 3, The BEMT formula derived in
the hovering mode is still appropriate to forward flight mode,
because the blade element environment concerns about the
axial and circumferential direction only. The axial impacts
of the forward flight airspeed have already been considered
in BEMT by the axial inflow velocity, and the circumferen-
tial impacts can be ignored. The radial impacts are a non-
affine distribution of blade element environments throughout
the rotor disk, this will be discussed in the following few
paragraphs.

The nonaffine distribution of the induced velocity is related
to the blade profile position, namely, the blade radial direction
position 7, and the azimuth angle of the blade v, (azimuth
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zero is at the back line of the rotor), Thus V;, = V;, (rp, ¥p),
as shown in FIGURE 8. According to the method mentioned
in Ref [23], the nonaffine induced velocity field Vi, (rp, V)
can be given as:

Xk
Vi, ¥p) = Vo (1 + tan ey cos W) (12)

where x; = arctan(ui/Ay) represents the oblique angle of
the wake of the rotor disk, pux = V;sinap, /QR is the
advance ratio of the rotor(V; is the forward flight airspeed)
and Ay = (Viko + ka) / QR is its inflow ratio. R is the radius
of the rotor, Vj, is the average induced velocity which can be
acquired by the iterative function:

Cr

i,

where m is the serial number of the steps of the iteration,
and C7 is thrust coefficient when the inflow is absolute

axial. The initial value of Ax can be chosen as Ay, = %

A'karl = [ sec al’k + (13)

If the iteration error satisfies || (A,,, — Ak,) /Ak, | < (e
is a small quantity), the iterations stop, and Ak, is used to
calculate the average induced velocity V;, ; otherwise, we use
the function

Cr

2/ m3+ 22
to update the inflow ratio A; as

Moy = My —F e )[F (M) (15)
until the cut-off condition is satisfied.
Then, the inflow angle can be organized as:
Vik (rps wp) + ka
Qprp

SO = A — psecoay, — (14)

) (16)

Vi
oty = arctan(

By replacing the inflow angle ¢, in Eq. (9) with ¢, y,, .the
corrected differential thrust and torque can be organized as:

2.2
1 rip 7
dTy = Epcosqﬁv’ ¢p(Cr, — Cp, tan pwpi)drp (17)
pk‘/fp,-
The corrected differential torque can be expressed as:
1 Q%rg v,
dQy = Epmcp(CDp + Cp, tan ¢pkwpi )dry,  (18)
I’k‘//p[

The differential moment around the rotor y-axis can be
written as:

2.3
1 rip v,
dM,, = Ep v, cos Vicp(Cr, — Cp, tan ¢pk1ﬁp,)dr1’
cos ¢pk1ﬁpi

(19)

With Egs. (17), (18) and (19), the thrust, torque and over-
turning moment generated by each rotor can be given as: (20),
shown at the bottom of the next page.
where N represents the number of blades of each rotor, m,
represents the number of azimuth angles of the blade, Rj,
represents the starting position of blade profiles along the
radial direction, Ary, is the differential radial length.
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(b)The analysis of force on the

(a)Definition of camber angle ETI120 vehicle.

FIGURE 9. Force analysis of ET120.

3) THE PROPULSION POWER SYSTEM

The propulsion power system contains only one propulsion
rotor. In forward flight phase, the slipstream, which impacts
the thrust and torque characteristics, should be considered.
In this paper, the influence of slipstream is evaluated by cor-
rected factors fr and fp for Cr, and Cg,. Both the corrected
factors and coefficients are obtained from tests. The thrust
and torque provided by the propulsion rotor can be given as:

1 42
T9 ZfTCTgilOT[R QQ
1 <, 21
Q9 =fQCQg§P7TR Q4

4) NONLINEAR MODEL
In the aerodynamics and power system modeling, the forces
and moments were analyzed in different frames. Usually,
these variables are projected into the body frame to obtain
the six dimensions of freedom (DOF) function of the vehicle.
The aerodynamic forces L, D and S that are constructed in the
wind frame can be projected to the body frame by a rotation
matrix from the wind frame to the body frame. As a fixed
camber angle, as shown in FIGURE 9 (a), is set between
the axis of the rotor and the body for each hovering rotor to
enhance the stability of the vehicle, the thrust, torque, and
overturning moment of the hovering rotors are projected into
the body frame by rotating the camber angle. The thrust and
torque of the propulsion rotor can be projected to the x-axis
of the body directly, for that the propulsion rotor is mounted
parallel to the x-axis of the body.

The forces acting on ET120 in the x, y and z axes of the
body frame Fy, Fy and F, respectively, can be organized as:

Fy=—DcosacosB —Scosasinf
+ Lsina — Gsinf + Ty
Fy=—Dsinf + Scos
8

+ Gsing cosd + ZTk sin ¢y
=1 (22)

F, = —Dsinacos 8 — sina sin 8
— Lcosa + Gceos¢cosb

8
— Z Ty cos ok
k=1

where @y is the k-th camber angle between the axis of the
rotor and the x-axis of the body frame, o, 8 are the angle of
attack and the angle of sideslip of the ET120.
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As shown in FIGURE 9(b), the position of the aerodynamic
reference point and the thrust line of the propulsion rotor
do not coincide with the CG. This in turn causes additional
moments which can be given as:

meg = (Lcosa + Y sina sin B + Dsina) (x — Xcg)
—T9(z9 — Zcg) (23)

neg = (Y cos B — D sin B)(x, — Xcg)
where x; y,, 2, and xcg ycg, Zcg TEpresent the aerodynamic
reference point and the CG in body frame, respectively.

The overall moments acting on ET120 can be constructed
as:

8

=1, — Z Ty sin @ (zk — Zcg)

k=1
8

— ) T cos gk — yeg)
i=1
+0Qo

m = mg + Mcg

+ D Tk cos gx (xi — Xeg)
k=1

8
+) My,
k=1

n=ng+ ncg
8

+ Z Ty sin g (xg — Xcg)
k=1

8
+ Z QO cos g + ZMW sin ¢y

k=1 i=1

(24)

8
COS @) — Z Oy sin g

k=1

where xi, Vi, zr are the coordinates of the k-th rotor in the
body frame.

The six-DOF of the ET120 include the translation and the
rotation functions, and can be expressed as:

iw=vr —wq+ Fy/mg
V=wp—ur+Fy/mg
W=uq—vp+F;/mg

I =I5Lp+ . — L)gr — L«(pq + 1)
m =L+ (s = L)p + L(p* = r?)
n=ILr+ Iy — Lopg + L (qr -Dp)

(25)

The kinematical function of the ET120 can be written as

Xg = ucosf cosy
+v(sin 0 sin ¢ cos Y — cos ¢ sin )
+w(sin 6 cos ¢ cos ¥ + sin ¢ sin )
Vg = ucos 8 sinys
—+v(sin O sin ¢ sin Y + cos ¢ cos V)
+w(sin 6 cos ¢ sin ¥ — sin ¢ cos ) (26)
h=usin® — vsin¢ cosd — wcos ¢ sin H
q'b =p+tanf(gsing + r cos )
6 = gcos¢ — rsing
Y = (gsin¢ + rcos ¢)/ cos 6

where u, v and w are the velocities in the body frame; x,,
Yg, and h are positions in the inertial frame; ¢, 0 and ¥ are
the roll, pitch, and yaw angle, respectively; m, represents
mass;/y, Iy and I, are inertial moments; and Iy, Iy, and I,
are inertial products.

Ill. CONTROL SYSTEM DESIGN

The complete flight control scheme for the ET120 is divided
into four layers: a trajectory generator, a flight management
unit, a guidance layer, and a control stability augmentation
layer. The trajectory generator generates navigation infor-
mation relying on a trajectory planner. The main functions
of the flight management unit are navigation management,
waypoint management, and execution of control strategies of
various flight modes, including the gyro, transition, and fixed-
wing modes. The guidance layer guides the ET120 to follow
a reference trajectory while maintaining the desired velocity.
Because the ET120 has multiple flight modes, the guidance
loop can be divided into the gyro mode and the fixed-wing
mode. The control stability augmentation layer is used to
enhance control stability in both rotor and fixed-wing modes.
By utilizing the single-input-single-output (SISO) structure,
the guidance and control algorithms in the longitudinal, lat-
eral, and directional channels are designed independently.
The complete ET120 autonomous flight control scheme is
depicted in FIGURE 10. To focus on the main argument,
we omit the discussion of the guidance law and detail the
design of the inner loop control law.
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FIGURE 10. The complete control structure for ET120.

A. CONTROL LAW
The stabilization controller for the ET120 is composed of
a three-axis roll, pitch, and yaw control stability augmenta-
tion system (CSAS). The CSAS generates virtual angular-
rate acceleration control commands, and yielding moment
instructions to the control allocator. The £; adaptive con-
troller has an edge over the PID controllers in the following
aspects: 1) The performance of the PID controller relies
strongly on the model precision; 2) The gain scheduling of
the PID controller is complicated and an in-time adjustment
is inaccessible during the flight, which may cause the vehicle
out of control; 3) £ adaptive controller is easy to achieve the
level 1 flight quality even though the plant is not ascertained.
So, a SISO L; adaptive controller is designed for each of
the three angular rate channels to compensate for unmatched
uncertainties in the dynamics. For slow-loop design (e.g.
pitch and roll angles), the NDI offers the tracking of the
desired dynamics. By choosing the bandwidth of the £
reference model (state predictor) at level 1 flying qualities
according to military flight quality standards (e.g., MIL-STD-
1797B), the desired closed-loop performance of the actual
vehicle dynamics can be acquired. FIGURE 11 shows the
complete control stability augmentation layer that uses NDI
theory and £ adaptive augmentation.

Owing to the similar control structures of the roll, pitch,
and yaw channels, only the pitch channel is discussed here.

The pitch cascade channel decouples the angle and angu-
lar rate according to the principle of time-scale separation.
The NDI approach is applied to the angle loop while £
adaptive control is imposed on the angular rate. The £
adaptive law can be divided into four parts: control plant,
state predictor, adaptive law, and control law. To separate
the control law from the adaptive law in the design phase,
an improved approach, adding a low-pass filter to the control
law, is involved in. In the next section, we describe the design
of L1 adaptive law step by step [24]-[26].
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1) DESIGN OF NDI CONTROLLER FOR PITCH LOOP
We first need to design the NDI controller for the pitch loop.
The equation of pitch motion, Eq. (26), can be written as

0(t) = fi(O@), 1) + g1(B(1), Hq(t) (27)

where f1(0(t),t), g1(0(t),t) are affine functions with
f1(0(),t) =0and g1(0(2),t) = 1.

We define an error term AO(t) = 6.(t) —6(¢), then the NDI
controller is given as:

qc(t) = g7 (Ko AO(t) — f1(0(1), 1)) (28)

where the Kj is the design gain of the pitch angle loop. In the
following context, the definition of g. and g.(¢) is identical,
so are the p. (r.) and p.(t) (r:(1)).

2) DESIGN OF L1 ADAPTIVE CONTROLLER FOR PITCH RATE
LOOP

a: CONTROL PLANT

According to small perturbation theory, the equation of pitch
moment, Eq. (25), can be simplified to:

q(t) = Moo(t) + Maq(t) + Mg, Guc(t) (29)

where ¢,.(¢) is the total virtual pitch angular acceleration,
M, and M, are aerodynamic factors, and M, is the virtual
control moment produced per unit of the virtual output signal
Guc(t). From Eq. (29), §,.(t) can be expressed as:

"]uc(t) =

[gc(t) — Mya(t) — Myq(1)]
uc
= QTC(t) + i]ac(t) (30)

where g7.(t) and ¢, (t) are the pitch angular acceleration
produced by aero-surfaces and hovering rotors, respectively.
At low airspeed, the control moment contributions from hov-
ering rotors are dominant while aero-surfaces are trivial. The
hovering rotors deliver the desired pitch angular acceleration,
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FIGURE 11. Flow chart of £, adaptive controller, where gc, pc and r¢ are the pitch, roll and yaw rate command,
respectively, and 6 and ¢ are the pitch and roll commands, respectively.

that is, Gue(t) £ §7c(t), Gac(t) 2 0. At high airspeed, the situ-
ation is reversed and the aero-surfaces undertake the required
pitch angular acceleration, that is, §7.(f) £ 0, Juc(t) £ dac(?).
During transition flight, both the aero-surfaces and hovering
rotors achieve the commanded pitch angular acceleration.

Considering the uncertainties of the pitch moment, Eq. (29)
can be expressed as:

§(1) = (My + My)a(t) + (M, + My)q()

+(My,, + My, )aue() + 01 (31)
We substitute Eq. (30) into Eq. (31) to get:
4(t) = Moo (t) + Myq(t) + M:““ (Ge(t)
Maa(t) ~ MygO) + 1) £ o1 (32)

where My, Mq and A;I;M are uncertain aerodynamic factors
and o is the disturbance factor. Then the first-order reference
model is structured as:

4(t) = —K4q(1) + Kqq(1) (33)

where K is the bandwidth of the pitch angular rate loop.
By combining Eq. (32) and Eq. (33), we can rewrite the
control plant of the pitch channel as:

4(t) = —Kqyq(1) + Kyn(r)

n(t) = wqqc(1) + f2(t, q(1))
Ja(t, q(1)) = 04(1)q(1) + o4(1)

(34)

M . . .
where wy = 1+ M’?“C is the virtual control factor, 8,(t) = K;—
N quc R
M; . . M;
HeMy is aerodynamic factors, and o,(f) = — M‘?l‘f Myo+oq

is qgérodynamic disturbance, f> (¢, g ()) is affineqfﬁnction.
Assumption 4: The unknown constant w, is uniformly
bounded, which confine in [wy;, w4 ], Wwhere wy; and @y, are
the lower and upper bounds of w,.
In practical application, [wg;, wg,] belongs to [1/3, 3].
Assumption 5: f>(t,0) in Eq. (34) is uniformly bounded,
as |2, 0)|loo < b, with b > 0, where ||e||, is the co-norm.
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Since that in practical application, angular rate is limited
to a certain range, assumption 5 is easily satisfied.

Assumption 6: The partial derivative of f> is semi-globally
uniformly bounded: For § > 0, there exist dg,(§) > 0 and
di(8) > 0 independently of time to ensure that the partial
derivative of f>(¢, g(t)) is piecewise continuous and bounded
as:

H afa(t, q(1)) H < di)6),
dq 00 (35)
‘ fa(t, q(1))

at

For the inner loop control system, the uncertainty possesses
a certain magnitude and limit, so the assumptions 4-6 can be
satisfied.

Lemma I: For T > 0,if ||gc|l, < pand |lg:ll, < d,
where p and d are positive constants, and ,(¢) and o,(¢) are
continuous [12]. In addition, their derivatives for t € [0, 7]
are

< dp(9).

‘ e ¢]

F(t.qt) = 040 llge |, + Tg() (36)
10,(0)] < dig(p), |6,)| < do (37)
log(0)] < b, |64(0)] < do (38)

where dy and d,; are calculable limits; ||e]|;_ is the Loo-norm.

The adaptive law controller is designed based on the above
assumptions 4-6 and lemma 1. It includes state predictor,
adaptive law, and control law.

b: STATE PREDICTOR

According to Eq. (34), the state predictor can be constructed
as:

4(t) = —K4(t) + Kgi()
(1) = @q(t)qc(t) + 0g(1)q(t) + G4(2)
(@) = q()
where c?)q(t) is the estimated uncertainty of the control factor,
0,4(t) is the estimated uncertainty of the aerodynamic factor,

(39)
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and 6,(?) is the estimated uncertainty of aerodynamic distur-
bance.

c: ADAPTIVE LAW
The adaptive gains are governed by:

6u(0) = T Ko (1), =GPy (1))
(B"q([) = FKproj(&q(t)s _Z](I)PKq) (40)
C?)q(t) = FKproj(é)q(t)y _ZI(I)PKqé]c(t))

where I is adaptive gain, g(¢r) = g(¢t)—q(t) is tracking error, P
is the solution of the Lyapunov equation —KqTP—PKq =-0
and Q > 0. K is the projection operator that can guar-
antee the boundedness of the adaptive parameters defined in
Ref [27].

d: CONTROL LAW
The control law is generated as:

Ge = KaDIKgq(t) — dg()qet) — g (1)g(t) — 4(1)]

Lo — Maalt) — Myg(1)) “h

é]uc =
M

where K, is adaptive feedback gain, D is a low-pass filter and
K is the adaptive feed forward gain. The £ adaptive control
scheme is depicted in FIGURE 12. The design of control
law should to be able to guarantee that the following transfer
function is strictly regular:

C(s) = wgKaD(s)(I + wyKyD(s)) ™! (42)

Further C(0) = I, where [ is the identity matrix.

The values of K; and D also need to be set to ensure that
for a given po, there exist p, > p;, to maintain the £; norm
condition:

pr = [HOCEK, |, 1gellL,, — pin

G 43
IGIL, < Lo +b (43)
where [|o||z, is the £1-norm, and
Pin = Hs(sl +Kq)_1”L 00
1
H(s) = (s + K,)" 'K,
(s) =( ) Kq 44)

G(s) = H(s)lI — C(s)]

pr+vi _
Lpr = d v dfq[;or + V]]

r

dgg is defined in Eq. (35); ) is an arbitrary positive constant.

Once the £1-norm condition in Eq. (43) has been satisfied,
the adaptive controller of the inner loop is constituted by Egs.
(39)-(41).

3) STABILITY ANALYSIS OF L1 ADAPTIVE CONTROLLER
The Lyapunov’s second method is used to derive the stability
of the adaptive controller, and involves constructing a Lya-
punov function.

The actual plant and state predictor have been defined in
Egs. (34) and (39), respectively. Thus, the tracking error is
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constructed as:
() = 4(1) — q(1)
q(t) = —K4q(t) + K4ij(1)
where 7j(¢) = n(t) — n(¢). Then, following the Eq. (34), gives:
n(t) = 1) — n()
= Ge()ig(1) + q(1)0,(1) + G4(1) (46)

with @y (1) = &g(t) — wy(1), éq(t) = éq(t) —0,4(t)and 6,(2) =
G4(t) — o4(1). Substituting Eq. (46) into Eq. (45), yielding:

(1) = —KG(t)+Kqlge()dg(t) + q(0)0y(t) + 6,()]  (47)

The goal of adaptive laws is to drive the &(7), 6(t) and 6 (1)
tend to zero to achieve stable error dynamics g(t) = —K,g(1).
Next, the candidate Lyapunov function is structured as:

(45)

~ o~ 5~ ~T ~ 1 ~2 q2 ~2
V(@ @4, 04, 59) = 3" (DPG1) + S (@0 + 05(0) + 5(1)

(48)
Taking the time derivative of Eq. (48) obtains:
V(G &g, 0. 54) = " OPG(H) + G ()PG(1)
+%(a)q(t)aiq(t) +8,(00,()
+6,(054(1)) (49)

We assume that the parameters wg, 6; and oy vary so slowly
that cf)q ~ cf)q, éq ~ éq, 571 ~ 3,1. Substituting Eq. (47) into
Eq. (49), we get
V(év J)Q5 éq’ 5—(1)
={—q" DK, +la, (il )+6, (Ng" 1)+ 6, (K] 1Pg(1)

+G" (OP{—K,G(1) + Kyglge(Dag (1) + q()0y(1) + G4(1)])

2 . A = A ~ A
+F(w§(t)wq(z) +0] (0y(1) + 6, (1)5,(1)) (50)

By using the projection-based adaptive laws in Egs. (40)
and (44) derives:
VG, &g, 04, 54)
= —3" (HQq(1)
+20,(1@G" (OPK gL (8)+ Kproj(@g(1), =" (1)PK 4G (t)))
+20] (DG (OPK g+ Kproj(0g (1), —q(t) — G ()PK,))
+26] (G (OPKy + Kproj(64(1), =" (1)PK,))

2 _— T
— @ (0 (1) + 6, (D8y(1) + 5/ (164(1) (51)

The projection operator in adaptive laws ensures that the
adaptive parameters are limited to a known compact set A.
The projection operator is given as 6,(t) = Kp(8,, ['z), and
the properties of the projection function guarantee that for any
point 6,(t1) € A,where 71 € [0, t) and z is a parameter. Then,
we have:

Oy — Og(t)) (D7 K pyj(04, T2) —2) < 0 (52)
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FIGURE 12. Block diagram of £, adaptive controller.

According to the properties of projection functions, Eq.
(51) can be simplified as:

V(G, &g, 0y, 54)
~T ~ 207, .. 5T (NG ~T -
<—q (t)Qq(t)JrF( Wy (Dwe(1)+6, (1)0,(1)+06, (1)o4(1)))
(53)

Since w, is a constant which yields @, = 0. Then, Eq. (53)
can be expressed as:

V(G, @, 04, 54) < =3 ()0G(0)
2 1~ . . .
+5(|07 0hg(0) + 67 64@)) (54
According to the bounds Eqs. (37)-(38) defined in Lemma
1, Eq.(54) is able to be simplified as:
-~ - - 4
VG, g, 64, 59) < =G" (Qq()+1 (dig(p)dp + bdo) (55)

Using the properties of projection operator again, Eq. (48)
is rewritten as:
(1) + 0,(1) + 65D (g — wg)” + 4diy (p) + 4b°
(56)

Considering that g(0) = 0 leads to

1
V() < S ((@g — wg)* + 4dig(p)dy + 4bdy)  (57)

Assume that:

Am(0r)
V() > I (58)

where Anm(or) £ (g — wg)*+ 4dg(p) + 4b* +
4%(@](,0)@ + bdy), Amax(P) is the max eigenvalue of
matrix P and Amin(P) is the min eigenvalue of matrix Q.
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Adaptive Law

Substitute Eq. (56) and Eq. (58) into Eq. (48):
. . Amax(Q) - -
T max T
®)Qq(t) = ————q (OPq(t)
i i )"min(P) 1 1
4
> F(dfq(p)d(-) + bdy) (59)
Using Eqs. (59) and (55) yields V (g, @, 04, 64) < 0
Therefore, we have:
V() < V(0)
1
< (g — g +ddig(p)ds + 4bdy)
< Am(pr)
- r
The result of Eq. (60) contradicts with the assumption

of Eq. (52). The actual assumption of Eq. (58) should be
rewritten as:

A

(60)

Vi = 22 (61)

It has been proven by Lyapunov’s second method that
the system tends to gradually stabilize. An the £; adaptive
control can ensure that the prediction error of the inner loop
system is bounded. Meanwhile, by increasing I" to reduce the
prediction error but will reduce the robustness of the system,
the choice of I" should be a trade-off between performance
and robustness.

The derived of the adaptive law by Lyapunov analysis leads
to a bounded state error § = g — g. However, it cannot prove
the system absolute stability. For example, if both g and ¢
diverge at the same rate, this results in a bounded state error
g but an unbounded state g. According to Ref. [14], [24], it is
possible to illustrate that the reference system can be bounded
if

IH®U — CO)]lloo < (62)

maxgeq 6],
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From the above analysis, it is clear that the prediction error
of the inner loop can be guaranteed to be bounded by using
the £ adaptive controller.

4) PERFORMANCE BOUND ANALYSIS OF L1 ADAPTIVE
CONTROLLER

Here, the performance bounds of the real plant relative to the
reference system is discussed, which corresponds to the £
adaptive controller defined in Eqgs. (39)-(41):

Qref(t) = _Kquef(t)
+ Kq(wqélcmf @) + quref(t) + O'q)’
. C 63
oy ) = S (K yels) — nreg (5). (©3)
@q
yref(t) = Qref(t)-

where gc,,; (5), gc(s) and 1y (s) are the Laplace transforms of

ey (1), qc(r) and mper (1), respectively.
We define p,(p,) = pr + y1 where p, and y; are given in
Eq. (44); then, y; is obtained as:

IC)L,

160, L, ¢ (©4)

Y1

where y and £ are the arbitrarily small positive constants and
y1 < y1. Then, we have:

Pu= pur + 12 (65)

pur and y» in the formula are defined as:
pur = 0" €|, Wpvr + 1)
tog ' CoR], o, ©6)
n = |og'co|, Lon
+|og'cor™ @], w (67)

For the closed-loop reference system we have:

llgollz., < Po (68)
||CIrefr ||Loo = pr (69)
[ P— (70)

Assumption 7: We consider the closed-loop system
describes in Eq. (34), utilizing the £; adaptive controller
defined in Eqs. (39)-(41) and the £;-norm condition [25].
Then, the limits are acquired:

gl = Prion), Igcll, , < pus llgll,, < vo, (71)

larer —all,, =l — el < r. (72)

lyrer =311, =7 (73)

where p,(0r), pu, 1 and y» are defined in Egs. (38) and (64),
respectively.

If the assumption defined in Eq. (63), for continuous
(1), ref (1), Ge() and Ge,, (1) and | grer (0= g0l =
0 < . c‘;cn,f(O)—qc(O)Hoo = 0 < 1y holds, there
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must be an instant T such that
and “é]cref(t)—qc(r)”Oo = 1, where for t € [0, 1),

|grer () = q(D|| o < V15 ey (D) = Ge()] , < v2 and
gzl < pr(or)and lgec iz < y1- Therefore, we have:

|arer () — gD, = n

H Gref — P ||Loc =71 (QCrgf —qc)r HLoo =y (14

It also needs to be satisfied as:
gl <o (75)

Hence, the system described in Eq. (34) can be expressed
in complex field.

q(s) = G(s)n(s) — H(s)C(s)n(s)+ H(s)C(5)Kgqc(s) (76)
By combining the Egs. (63) and (76), we get:
Gref (5) — q(s) = G($)[Nref (5) — n()]+ H()C(s)n(s) (77)
Then,

||(Qref -9 ”Loo = ”G(S)”Ll “ [ﬂref(s) —n(s)]z “Loo
HICOIL, gl (78)

For ¢ € [0, t], by using Eq. (78) yields:

Nref (1) — (1) = f2(t, Grer (1)) — f2(2, (1)) (79)
Subtracting Eq. (78) from Eq. (79) results in:

||(Qref - Pt ”Loo < ”G(S)”Ll Ly, ||(gref — @1 ”Loo

FICONL Ngellz,,  (80)

Considering the £i-norm condition in Eq. (43) and the
limit in Egs. (75) and (80):

ICG)lL
@ref — e ||, = = (81)
” ref 1-'HLoo 1— ”G(S)HLI Ll/)r
Using y; in Eq. (64), gives:
|Grer =l <vi—§<m (82)

Further, we have:

i]crgf(s) —qc(s) = _C(S)[ﬂref(s) — ()] + C)n(s) (83)

Respecting the limits in Eq. (82) and (83), yields:

1 Gerr — Ge)e HLoc < ICSlz, Lp, (1 — &)+ IHS), o
<y (84)

where y» is defined in Eq. (67).

The conclusions obtained in Egs. (82) and (84) are con-
tradictory to Egs. (71) and (72). We prove the limits by the
reduction and absurdum in Eq. (82) and prove the conclusion
in Eq. (72) [16]. Given the equation y,.r (1) —y(t) = [grer (t) —
q(1)], the limits in Eq. (73) are also correct, which proves the
assumption 7.
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B. CONTROL ALLOCATION

The control allocator uses the desired angular acceleration
and an estimate of the nominal control efficiency to determine
the actuator’s commands. Practical control allocation criteria
can be acquired from Refs. [28], [29]. For the configuration of
ET120, the number of virtual control inputs is smaller than the
number of actual actuators. Usually, the pseudoinverse [28]
methods can be applied to acquire the minimum deviation
between the attained and the desired angular accelerations;
However, it is unable to adapt directly to the ET120 for the
inconsistent dynamic response of actuators (multi-rotors and
aero-surfaces). Thus we designed a practical parallel control
allocation criterion whose main principle is to assign the
desired angular acceleration based on the capabilities of the
aero-actuators and multi-rotors. The motion-related features
of ET120 are almost symmetrical in its body axes, for that
its inertia products can be ignored. Then, as shown in FIG-
URE 10, the virtual commands of the pitch, roll and yaw
channels, ¢, pyc and 7., respectively, to the aero-actuators
and multi-rotors are given as:

i]uc min
Se = 1)
) ‘ Minax ¢
_ Guc max
n9 - ’
Mmax
Puc omin
g = —96
7 Lpax ©
Puc  max
ng = ,
¢ L.max ¢
Tuc
8, = S;rlax
Nipax (85)
n, — uc nmax
“" Noax ?

where Max, Lmax and Npax are the maximum control effi-
ciencies in the pitch, roll, and yaw channels, with

Miax = nBeMSe‘S;nin + Mﬂenglax
Lmax = 115, E5, 80 + Ly i1 (86)
Nmax = nSrNB,S;naX + annglax

where Mng L, 50 and N, , are the pitch-, roll;, and_ yaw—relat_ed
control efficiencies of the multi-rotors; Ms,, Ls,, and N,
are the pitch, roll, and yaw angular acceleration produced
per unit of the aero-surfaces, and ns,, 1s,, and ns, are the
gain-scheduling factors that vary with dynamic pressure,
given as:

0 0<V,<v;
Vi—Vi\?
80,808, = _ Vi<Vi<V (87)
()
1 Vo=V,

where V| and V) are the relative airspeeds of ns,, s, and s,
for gain-scheduling.

Moreover, in the transition flight process, the elevator
should be prioritized over the multi-rotors to trim flight. This
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FIGURE 13. Flowchart of control allocator for pitch channel.

trim moment is a low-frequency signal due to the aerody-
namics that can be extracted from the frequency domain.
Therefore, a trim filter, also called the low-pass filter, is intro-
duced to prioritize the elevator. By designing the closed
short-period dynamics of ET120 at level 1 flying qualities,
the low-frequency (trimming) pitch rate acceleration is first
utilized by the elevator through the trim filter, while the
high-frequency pitch rate acceleration naturally leaks into the
rotors. Thus, the desired low-frequency pitch angular accel-
eration designates elevator as primary effector and treats hov-
ering rotors as auxiliary effector which is used only when the
elevator primaries saturate while the desired high-frequency
pitch angular acceleration is allocated to the remaining ele-
vator and hovering rotors in parallel according to Eq. (85).
The flowchart of the control allocator of pitch channel is
illustrated in FIGURE 13.

C. FLIGHT MANAGEMENT STRUCTURE
The flight management structure (FMS) provides the func-
tions of navigation management, waypoint management, and
multiple flight mode management. To satisfy the require-
ments of various flight modules and tests in various stages of
development, a layered design of the architecture for flight
management is created. The FMS for the ET120 platform
is divided into four management levels, as shown in FIG-
URE 14. Each level is designed to make sure that the previous
level supports it to mitigate risk.

The content of the levels of main FMS is as follows:

Level 1

Level 1 is composed of the standby mode, xbit mode, and
operator mode, all of which are operated on the ground. The
xbit mode is designed to test the mechanical and electronical
systems of the ET120, including the aero-surfaces, rotors, and
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FIGURE 14. Flowchart of flight management structure.

the state of the sensors. The standby mode sets the status of
the ET120 armed, restrains the aero-surfaces in the trim state
and refuses remote operations. The operator mode sets the
ET120 disarmed, and allows the autopilot to enter Level 2.

Level 2

Level 2 is based on the operator mode. In this layer, the con-
trol form, including the manual mode, the semi-autonomous
mode and the autonomous modes, is determined. In the man-
ual mode, absolute control authority is given to the receiver
and the ground control station (GCS), where the ground oper-
ator can drive the aero-surfaces and rotors directly through
operation instructions. The semi-autonomous mode sets the
ET120 in the stability, r-attitude, or altitude mode. The
ground operator provides the attitude, velocity, or altitude
instructions directly to verify the control performance of the
inner loop. The autonomous mode gives absolute control
authority to the autopilot, which executes the control logic
according to the internal program instructions in Level 3 and
Level 4 to control the ET120 to autonomously complete the
entire fight mission.

Level 3 and level 4

Level 3 supplies the specific operator mode according to
the choice of semi-autonomous and autonomous modes in
the layer. The stability mode, r-attitude mode, and altitude
mode are based on the semi-autonomous mode. In the sta-
bility mode, the control instructions in the roll, pitch, and
yaw channels represent the real attitude while the throttle
channel directly controls rotor speed. The r-attitude mode
is almost identical to the stability mode, except in terms of
the throttle channel, where the r-attitude mode controls the
rate of climb of ET120. In altitude mode, ET120 is con-
trolled in the hovering state. The mission mode, return-to-
base mode, and loiter mode are based on the autonomous
mode. In the mission mode, the autopilot guides the ET120
to follow a mission route composed of waypoints. The type
of waypoints is identified as the flight mode in Level 4,
and is divided into the take-off mode, landing mode, cruise
mode, and loiter mode. The return-to-base mode is designed
to abort the mission and force the ET120 to return to the home
position. The loiter mode enables the ET120 to infinitely
loiter. The major functions provided by the mission mode
of the FMS include navigation management, execution of
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additional waypoint commands, switching of waypoints, and
control logics. The flowchart of the mission mode of the FMS
is shown in FIGURE 15. In this mode, the waypoints can
be divided into navigation and instruction points. The flight
mode (e.g., the take-off, landing, and cruise modes) is tied
to the navigation point. If the given waypoint is used for
navigation, the internal control logic and corresponding flight
mode are directly activated and executed according to the
type of navigation point. The navigation management unit
calculates the positional error between the ET120 and the
flight route for the logical judgement and guidance loop. The
activated flight mode advances to the next waypoint once
it has completed the control logic, except for the landing
mode. If the given waypoint is an additional instruction, the
FMS passes them to the flight modes through the message
mechanism of SIMULINK/Stateflow.

1) LOGIC OF TAKE-OFF

The strategy for fast accelerate transition maneuver design is
based on the hybrid configuration of ET120. The available
strategies include the following:

1. Only the propulsion rotor is used to provide forward
acceleration, while the hovering rotors are used to
maintain the pitch angle at zero as well as the flight
altitude.

2. The hovering rotors maintain a fixed negative pitch
angle to product the pitch-down motion, while the
propulsion rotor is set to the maximum throttle.

3. The hovering rotors are used to control forward flight
speed by adjusting the pitch angle, while the propulsion
rotor is set to the maximum throttle.

The advantage of strategy 1 is that as the forward speed of
the vehicle increases, the wing can provide all the aero-lift
while the speed of the hovering rotors eventually drops to
zero, which makes it possible to switch from the transition
phase to level-flight without a significant drop in height.
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FIGURE 16. Flowchart of take-off logic.

However, a shortcoming of strategy 1 is that, the forward
acceleration is limited owing to the limited power of the
propulsion rotor and increase in the induced drag. Strategy
2 maximizes the release of the capability for forward acceler-
ation. Its advantage is that both the propulsion rotor and the
hovering rotors are used to provide forward acceleration, but a
disadvantage is that the choice of negative pitch angle (zero-
lift angle of attack) prevents the wing body from providing
most of the lift, which increases the load and power consump-
tion of the hovering rotors. This also leads to a severe drop in
height owing to the larger pitch-down motion when switching
to fixed-wing flight. Strategy 3 combines the advantages of
strategies 1 and 2 and is used here. The propulsion rotor and
hovering rotors together provide the forward acceleration,
and the closed-loop control of the forward speed weakens the
pitch-down trend with increasing forward speed. This in turn
diminishes the altitude drop caused by module transition.

A flowchart of the take-off logic is shown in FIGURE 16.
Before the ET120 is ready to take-off, it sets the aero-surfaces
and rotor speed to zero. When the receiver throttle is turned
up to over 50% of the maximum throttle, the rotor is turned
on and its throttle is set to 20%. If the receiver throttle is
turned down to less than 50% or the ground station sends
the instruction to abort take-off, it returns to the “‘ready take-
off” status. If the receiver throttle is kept above 50% for
3 s and the take-off instruction sent by the ground station
is received, it begins vertical take-off. When it approaches
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80% safety altitude, it hovers in the safety window to detect
the throttle states of the receiver. If they are above 25% and
less than 90% of the maximum throttle, it continues to climb
vertically. The “climb abort counter” starts counting. When
it approaches cruise altitude, it hovers and gets ready for
transformation. The error in the longitudinal position less
than 1 m, that in the lateral position error less than 1.5 m,
and the course angle error is less than 0.1 rad, having been
maintained for 3 s; it then switches to acceleration transition
mode. During vertical climbing or conversion, the flight mode
is converted into fixed-wing cruise mode when the ground
speed approaches the transition speed. With regard to the
various risks in the take-off phase, the protection logic aborts
the ET120’s nominal take-off logic and forces it into abort-
take-off logic by turning down the receiver throttle to less than
25% or the ground station sends an abort-take-off instruction.
The ET120 vertically lands at the take-off point at a rate of
—0.5 m/s.

2) LOGIC OF LANDING

From the perspective of energy dissipation, the deceleration
transition phase can be regarded as reducing the ET120’s
kinetic energy to zero. The idea is to transform the kinetic
energy to potential energy by increasing the altitude. The cor-
responding maneuver design involves maintaining a constant
pitch-up motion. The altitude then increases with decreasing
airspeed. When the airspeed is low enough, the ET120 returns
to stationary hovering.

A flowchart of the landing logic is shown in FIGURE 17.
If the ET120 approaches the landing point in fixed-wing
mode, the rotor is turned on, its throttle is set to 20% of the
maximum throttle, and the auto-throttle controller is turned
off. After holding this state for 3 s at an airspeed lower than
the minimum safety airspeed, the ET120 switches to multi-
rotor gyro mode. The protection logic forces the ET120 to go
around in fixed-wing cruise mode by turning on the throttle
to over 90% of the maximum throttle.

The deceleration transition phase is complete when the
ground speed is less than the maximum forward ground
speed; then, the hover mode is engaged to guide the hori-
zontal position to the landing waypoint. When the horizontal
position of the ET120 with respect to the landing waypoint is
less than three meters, it begins to vertically descend to the
landing window. If its horizontal distance from the landing
waypoint is more than three meters, it stops descending for
horizontal positional correction. After 3 s of maintaining an
altitude lower than the safety landing altitude, it hovers in the
landing window and waits for the landing instructions. Once
the receiver throttle has been turned down to less than 10%
of the maximum throttle and the ground station sends landing
instructions, the ET120 lands automatically on the landing
waypoint.

3) LOGIC OF CRUISE
A flowchart of the cruise logic is shown in FIGURE 18. The
autopilot guides the ET120 to the next waypoint when its
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distance to the waypoint is less than the switching distance,
and maintains this state for 1 s. In addition, the cruise logic
supports both rotor and fixed-wing cruise modes.

IV. EXPERIMENTAL RESULTS

A. VERIFICATION OF BEMT

As the calculations for the upper and lower rotors are roughly
the same, only those for the upper rotor are provided in this
section. First, a total of 12 blade elements were intercepted
from 5% to 95% of the half-length of the rotor through
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FIGURE 19. Comparison of overturning moments between CFD and the
BEMT at different rotor speeds.

CATIA software. Second, XFOIL software was used to cal-
culate the lift-drag characteristics of each element under a
Reynolds number of 11,0000. Third, Eq. (20) was used to
calculate the thrust, torque, and overturning moment at ranges
of —10° ~10° of the angle of attack, 0~25 m/s of inflow
speed, and 2500~3000 r/min of rotor speed. We used com-
putational fluid dynamics (CFD) technology to calculate the
thrust and overturning moment under the same forward ratio
and inflow angle. The commercial CFD solver FLUENT was
used for the numerical simulation, employing RANS with
the SST k — w turbulence model for closure. The additional
overturning moment was more prominent when using BEMT
theory, and significantly affects the characteristics of longitu-
dinal trim. The results of the overturning moment in CFD and
the BEMT method at rotor speeds of 2500 and 3000 r/min
are shown in FIGURE 19. The following conclusion was
obtained: First, the results of calculation of the BEMT method
were similar to those of CFD, which verified the correct-
ness of the BEMT method. Second, the overturning moment
was positively related to the inflow speed, rotor speed, and
inflow angle. Third, at a high inflow speed, the incremental
overturning moment slowed down and stabilized. The rotor
model based on the BEMT was thus suitable for the dynamic
modeling of ET120.

B. MONTE CARLO SIMULATIONS

The tracking performance and the robustness of the designed
L1 controller are verified by Monte Carlo simulations in the
MATLAB/SIMULINK simulation environment. We design
the £; FCS abiding by the following control specifications
both in hovering and forward-flight:

1. Level 1 flying qualities;

2. Time-delay margin greater than 100ms;

3. Gain margin greater than 6dB;

4. The static error of the step response in within 5%.

Table 1 lists the control parameters chosen for the
desired closed-loop dynamics. These parameters for control
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TABLE 1. Design dynamics for L1 FCS both in hovering and forward flight.

Design Parameters Value
The desired pitch loop dynamics(s) 1
The desired roll loop dynamics(s) 0.5
Time constant for pitch rate loop(s) 1/6
Time constant for roll rate loop(s) 1/8
Time constant for yaw rate loop(s) 173
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FIGURE 20. The longitudinal Monte Carlo simulation results in hovering
mode.

specification, which satisfy the criterion held up by the for-
ward flight and hovering flying quality, are determined for the
best robustness and rapidity. Although there is a deviation in
the short-period, roll, and Dutch roll modes between hovering
and forward flight, the £; controller can provide consistent
closed-loop dynamics across the entire flight envelope with
no scheduling by choosing the fixed time constant for the
inner-loop state predictors. We choose the £ controller adap-
tive gain asI" = 2500 and the low-pass filter as D = 1/s. The
bandwidth of inner loop controller is followed as Table 1.

FIGURE 20 and FIGURE 21 shows the simulation results
in longitudinal channel. From FIGURE 20(a) and FIG-
URE 21(a), we have found that the tracking performance of
the pitching angle is outstanding and that both in forward
flight mode and hovering mode the response of pitching angle
shows consistency. That means the £ controller guarantees
a stable and predictable dynamic characteristic in longitu-
dinal channel no matter what control methods are chosen
(see FIGURE 20(d) and FIGURE 21(d), the control methods
are different). In forward flight mode the pitching angle is
instinctively coupled with the climb rate, but in hovering
mode, the climb rate is independently controlled by the total
rotor speed of the hovering rotors, and the pitching angle is
controlled by the rotor speed discrepancy of the front rotor
and back rotor.
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FIGURE 22. The lateral Monte Carlo simulation results in
forward-acceleration mode.

In the lateral channel, FIGURE 22 shows the forward
acceleration mode results. In this mode both the aerody-
namic surfaces and the rotor speed are involved in the lateral
control strategy. FIGURE 22(a) (b)shows that in transitional
mode the £; controller still provides an excellent tracking
performance. We have found that the control inputs vary
simultaneously, the different amplitude direction is caused
by the control input definition, which makes no difference in
actual control inputs. See FIGURE 22(d), you can find that
the left and right rotor speed vary oppositely with the control
inputs, and the rolling control inputs agrees with the left rotor.
This is physically reasonable, for that the left rotor speedup
and right rotor speed down makes the fight bank to the right
side, which induced a positive bank angle.
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TABLE 2. Geometric parameters of the model of the virtual flight test.

Geometric parameters Value
Reference area (m”) 0.12
Wing span (m ) 0.12
Mean aerodynamic chord (m ) 1.2
Mass (k, ) 4.92

Rotational inertia of the X, -axis( kg-mz) 0.28

To conclude, either in longitudinal channel or in lat-
eral channel, the results demonstrate that the designed L
controller performs well when the plant is exposed to an
empirical perturbation and that either in fixed-wing mode or
multi-rotors mode or the transition mode the controlled plant
displays a consistent tracking performance. The actuators are
also controlled inside their saturation envelope, which means
that the designed controller is highly efficient.

C. VIRTUAL FLIGHT TEST

The tracking performance of the £ adaptive controller and
the characteristics of flight trim have been verified by the
Monte Carlo simulations above. However, a discrepancy
between the simulation and the empirical model is generally
obtained, which arises from the complex aerodynamic forces
introduced by the rotor system modeling. Before prototyping
the model into production and testing the algorithms in real
flight, a virtual flight test was implemented to evaluate the
tracking performance of the algorithms as well as the flight
characteristics. A virtual flight-testing model was built to
simulate the process of the transition phase. The test was
carried out in the NH-2 low-speed wind tunnel at Nanjing
University of Aeronautics and Astronautics (NUAA). The
dimensions of the test section were 3 m X 2.5 m, and the
maximum steady incoming flow was maintained at 90 m
/s. 3D printing technology was used to manufacture the test
model. A micro-motor power system was installed for gyro
mode control and a micro-servo mechanism was installed for
fixed-wing mode control. A magnetic encoder system was
mounted on the axis of rotation of the aero-surface to measure
the angle of the rudder through an analog-to-digital converter
(ADC). An autopilot based on Raspberry Pi was embedded
into the test model; it integrates the functions of signal acqui-
sition, attitude estimation, control stability augmentation, and
data logging. The angular rate was measured by a high-
precision inertial sensor embedded in the autopilot, and the
attitude angles (roll, pitch, and yaw) were estimated by an
extended Kalman filter (EKF). The model of the virtual flight
test and its installation are shown in FIGURE 23. A multi-
bearing three-DOF support mechanism was manufactured in
the test model to realize the rotation of the roll and pitch axes
by £60°, and that of the yaw axis at any angle. The size
ratio of the test model to the flight model was 6:1, and the
corresponding geometric parameters are shown in Table 2.
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FIGURE 23. A 16.67%-scale model of the virtual flight test of ET120 in the
NH-2 low-speed wind tunnel.

The tests examined the characteristics of flight trim,
hovering anti-crosswind rejection capability, and the track-
ing performance the acceleration and deceleration transi-
tion modes. An experimental examination of the attitude
response at various incoming flows validated the overall
flight tasks. A pre-defined set of set-point commands was
sent to the autopilot through the GCS to enable the test
model to execute the corresponding attitude-related action.
A video showing the tracking performance is available at
(https://www.youtube.com/watch?v=XCRWvHmeiak), and
the main flight tasks were as follows:

TEST 1-Hovering tracking performance test: A set of
pre-defined commands were used to verify the tracking per-
formance of the pitch, roll, and yaw controllers in a state of
windless hovering. In this process, the support mechanism
allowed for one-DOF to be released while the others were
locked for the single-axis set-point test before three-DOF
were controlled. During the test, the throttle of the rotor was
set at 100% hovering speed and the incoming flow speed was
Om/s.

Firstly, the tracking performance of the £; controller is
verified by a comparison experiment with an NDI controller.
This experiment targets at the robustness performance verifi-
cation. The robustness performance is reflected by the track-
ing performance of the controller when the plant is exposed
to an external disturbance or the uncertain error between the
actual model and the virtual plant. It is known that an NDI
controller can ensure an excellent tracking performance in
the nominal state, so to make a fair comparison, the NDI
controller is tuned to have a same time domain tracking per-
formance as the £ controller, and then they are applied to the
same protype vehicle, respectively. Then a same disturbance
is imposed on the plant, which is ensured by fixing a cola
bottle to the nose of the protype gently when the attitude of
the protype is stable. The results of the experiment is shown
in FIGURE 24, when time is over 18s the perturbance is
activated, and an explicit discrepancy between the tracking
performance of the two controllers are observed. The results
verify that the £jcontroller has a superior tracking perfor-
mance than that of the NDI controller.

TEST2-Hovering anti-crosswind tracking perfor-
mance test: The model was initially in hovering mode,
with the azimuth angle along the direction of the incoming
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FIGURE 24. The pitch angle tracking performance of the £, controller
and NDI controller.

flow. The maximum anti-crosswind capability could be
observed when wind tunnel was operating. In this pro-
cess, the support mechanism allowed for three-DOF to be
released, the throttle of the rotor was set to 100% hov-
ering speed, and the incoming flow speed was increased
from O m/s to 8 m/s.

TEST 3-Tracking performance test in a specific accel-
eration and deceleration transition status: Three exper-
iments were performed. A set of commands in the pitch
controller were first carried out to test the flight trim con-
dition. Then, slow, reciprocating yaw channel instructions
were implemented to validate the characteristics of latitudinal
trim. Finally, a set of pre-defined pulse instructions were
executed to test the tracking performance of the longitude and
latitude features. In this test, the support mechanism allowed
for three-DOF to be released, the throttle of the rotor was
set to values of 60%, 80%, and 100% of the hovering speed,
respectively, rotor power was set to 0%, 50%, and 100% of the
cruise speed, and the incoming flow speed stayed at 10m/s,
15m/s, and 20m/s, respectively.

TEST 4-Tracking performance test in fixed-wing
mode: The experimental procedures in this test were the same
as those in TEST 3. The support mechanism allowed for
three-DOF to be released, the throttle of the rotor was set to
0%, 50%, and 100% of the hovering speed, respectively, and
the incoming flow speed stayed at 10 m/s, 20m/s 25m/s, and
30m/s.

TEST 5-Accelerated transition phase simulation
test: The experimental procedures in this test were
the same as those in TEST 3. The support mecha-
nism allowed for three-DOF to be released. Depending
on the GCS or the receiver, the throttle of the rotor
varied, and the incoming flow speed increased from
0 to 25 m/s.

TEST 6-Deceleration transition phase simulation test:
The experimental procedures in this test were the same as in
TEST 3. The support mechanism allowed for three-DOF to be
released. Depending on the GCS or the receiver, the throttle
of the rotor varied, and the incoming flow speed decreased
from 25 to O m/s.
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FIGURE 25. The outdoor flight test model of the ET120.

TABLE 3. Geometric parameters of ET120.

Geometric parameters Value

Reference area (m”) 3.0103

Wing span (m) 5.8

Mean aerodynamic chord (m) 0.6

Mass (k, ) 120
80

Rotational inertia of the X, -axis( kg[l’nz)

D. RESULTS OF EXPERIMENTAL FLIGHT TEST

This section presents the results of the outdoor flight test to
verify the control frame based on the £ adaptive controller.
In real-word flight tests, a prototype of the ET120, as shown
in FIGURE 25, is employed. And the corresponding geomet-
ric parameters are given in Table 3.

The £; FCS was tested and verified using Monte Carlo
simulations and hardware-in-the-loop simulations before
the empirical flight tests. The on-board autopilot had an
STM32F765VGT6 216 MHz CPU and a dual redundant
automatic heading reference system. The £; adaptive con-
troller ran at 200 Hz in hard real-time and used the bilinear
discrete method. We simulated the construction of the FCS in
MATLAB/SIMULINK and used embedded coder technology
to generate C code for direct deployment to the embedded
platform. The flight plan was a complex multi-mode process
including the vertical take-off, acceleration transition, cruise
flight, deceleration transition, and vertical landing. The track-
ing performance of the £; controller having been verified,
the mission flight test can be carried out. Before the mission
flight, the flight control logic needed to be tested step by step.
The flight test procedures were as follows:

Case 1. Vertical take-off and landing test. The ET120 began
to take off vertically when set to autonomous mode. When
it had climbed to the safety altitude (usually less than five
meters), it hovered in the safety window. Then, the vertical
landing process was started by the GCS sending an abort-
take-off instruction or the receivers’ throttle channel being
turned down to 25%. Then the vertical descending logic was
executed until final touchdown at the landing point. The
profile of vertical take-off and landing test is depicted in
FIGURE 26.
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mode.

Case 2. Acceleration and deceleration test. The content-
related tests were divided into low and high acceleration
transition tests. The acceleration transition process was acti-
vated and the ET120 began to forward accelerate with a
pitch-down maneuver once it had vertically climbed to the
cruise altitude and aligned its nose to the reference route.
In the early stage of acceleration, the process was aborted and
ET120returned to hovering in preparation for vertical descent
and touchdown, according to the landing instruction of the
GCS or the receiver’s throttle channel being turned down
to 25% to test the low acceleration transition logic. In the
final acceleration transition phase, when ET120 accelerated
to close to transition speed, the deceleration transition logic
was activated to re-engage it to stationary hover in preparation
for landing instructions from the GCS. The profile of the
transition flight test is depicted in FIGURE 27.

Case 3. Flight in the entire envelope. The ET120 vehicle
started in vertical take-off mode. When it had climbed to
the cruise altitude and was aligned with the given route,
it switched to the acceleration transition mode. Once its
airspeed had reached cruise speed, the vehicle turned to
fixed-wing mode and began to level-flight, after which the
deceleration and landing processes were re-engaged until
it had approached the landing waypoint. At landing point,
it completed the entire flight plan by switching to vertical
landing mode. The profile of the complete flight plan is
depicted in FIGURE 28.

During the flight test, the autopilot continuously transmit-
ted ET120’s telemetry data to the ground station at 5 Hz,
and the ground station monitored its status in real time.
A video showing its flight performance is available at
(https://www.youtube.com/watch?v=_DHxItXbzKQ).
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FIGURE 30. Flight data of lateral motion.

1. Flight test of acceleration and deceleration transition
phases

Before the complete flight test is performed, the most
challenging acceleration and deceleration transition tests are
indispensable. The transition speed in the tests was set to
8 m/s at the start and ended at 28 m/s to gradually approach
the cruise speed of 30 m/s. FIGURE 29 and FIGURE 30 indi-
cate the corresponding results of the flight test at a transition
speed of 22 m/s. The ET120 shared £ adaptive augmentation
controllers and control allocator both in the acceleration and

163925



IEEE Access

Z. Wang et al.: Flight Test of L; Adaptive Control on 120-kg-Class Electric Vertical Take-Off and Landing Vehicles

350 400 450 350 400 450

(711
PSS
@;
Ty
@ hoanw
QQ ‘:-;

2
350 400 450

q
Looanw

350 400 450 350 400 450

FIGURE 31. Flight data of adaptive estimation factor of the pitch and roll
channels. oq, wg, and 6g are the estimated adaptive factors of the pitch
channel. op, wp, and 6p are the estimated adaptive factors of the roll
channel.

the deceleration transition phases. The attitude instructions
were obtained through the guidance layer.

As shown in FIGURE 29, in the early acceleration transi-
tion phase (begins at t=380s), a — 10 degree pitch angle, 6, =
—10°, enabled the ET120 to quickly accelerate, and a rotor
speed of 2000 rpm was required to balance gravity. During the
acceleration phase, the wing body provided partial balanced
lift to mitigate the burden on the power system of the rotor.
When the ET120 attained the transition speed, the required
rotor speed decreased to 1800 rpm. In the final acceleration
transition phase (begins at t=385s), the bow attitude was
changed to —5 degrees, 6. = —5. This was done for two
purposes: to reduce the forward force and to decelerate the
drag caused by the frontal area. It took 12.5 s to approach the
conversion velocity of 22 m/s and 7.2 s to decelerate the craft
to hovering. In the deceleration transition phase (begins at
t=392.5s), a 10-degree pitch angle was maintained to produce
a braking effect. The deceleration strategy of maintaining the
pitch angle considered the flight performance of the fixed
wing and the rotor’s control capability to make use of its
jump maneuver to transform kinetic energy into potential
energy quickly. Throughout the transition process, the power
system of the rotor operated at a 60% control margin at
least to resist external disturbances while the elevator locked
into saturation to trim the additional aero-moment caused by
it. This is a unique balancing feature of the ET120 in the
transition process. FIGURE 29 and FIGURE 30 show that the
attitude and the attitude rate loops helped maintain tracking
performance in different flight modes (shown by the similar-
ity of the red line and blue line). In the guidance layer, lower
bandwidth gains were selected to decouple the inner loop,
and the longitudinal and cross-track errors were controlled
to within a narrow range. In addition, the flight trimming
characteristics in actual flight testing were similar to those
in the simulation model established based on the BEMT. The
fast BEMT-based calculation model met the demands of the
control design and simulation.
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FIGURE 32. Results of the complete flight plan.

FIGURE 31 demonstrates the variations of £; adaptive
factors w,(wy), Op(6,) and 0,,(0,). The estimates 6, and 6, are
used to account for errors in the model. The estimates w,, and
wy are calculated the uncertainty of the control effectiveness.
The estimates o), and oy are utilized to estimate unmatched
uncertainties. The shape of the 6, and 6, factors is similar
with p and ¢, showing that p(g) mainly acts as a scaling
factor. In the forward acceleration transition flight phase, due
to the variations of aerodynamic moments which leads to
discrepancy between the real and the reference model, the
adaptive factors correspondingly alter variably to maintain
the desired closed loop dynamics. And all the adaptive factors
are uniformly bounded during the whole transition process.

2. Flight test of the complete flight plan

This subsection presents the complete flight test using the
L1 adaptive augmentation technique, multi-modal control
logic, and additional control allocator. The complete refer-
ence route of ET120 is depicted in FIGURE 32. The mission
profile was consistent with Case 3. The ET120 began take-off
in the red square and landed on the gray square to complete
its mission. Based on the calculated performance, the cruising
speed was constantly maintained at 33 m/s, the roll angle in
fixed-wing mode was limited to 0.5 rad, and the climbing rate
was limited in the range [—4, 4] m/s. The flight data in FIG-
URE 33 show that the £; adaptive augmentation technique
helped maintain satisfactory trajectory tracking performance
in the time-varying transition phase.

V. RESULTS

The ET120 is a new member of eVTOLs being explored
by COMAC, which is developing products for the commer-
cial market. In the work presented here, the £ adaptive
augmentation-based FCS and corresponding flight test tech-
nology were developed for the large-scale eVTOL platform.
By considering the influence of oblique inflow to the rotors
in transition flight, we first established a fast rotor dynamics
model based on BEMT with asymmetric inflow correction.
Then, the SISO £; adaptive augmentation controllers were
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FIGURE 33. Flight data of real word flight test.

designed and theoretically analyzed for the control stabiliza-
tion. In addition, a practical dynamic inversion type control
allocation criterion that relied on the scale of the frequency
domain was introduced to overcome the redundant control
mechanism. Owing to the complicated flight modules of
eVTOLs, we also developed a layered FMS to program-
matically operate different flight modes. Finally, the above
algorithms were tested in a wide range of specific virtual
and empirical flight tests. The results of applying £ adaptive
augmentation to ET120 reflected enhanced flight capabilities
and tracking performance.

Given the results presented above, the following points can
be concluded. First, the BEMT can be applied in the model-
ing of a rigid rotor with no flapping hinge and extended to
handle the asymmetric inflow situations, which has a similar
result to the CFD methods and a much shorter computing
cycle. Second, applying L1 adaptive control theory to the
baseline angular rate control of an eVTOL can enhance the
flight quality to level 1. Third, the L1 adaptive theory can be
applied to new configurations whose aerodynamic character-
istics and dynamic characteristics are unfamiliar to aerospace
engineers, including the eVTOL held up in this work, and
potentially, tilt-rotors and fly-wings. Fourth, a flight control
system with multiple layers can be designed with a proper
flight management logic to reject the accident in an actual
flight test. Finally, the virtual flight test technologies can be
applied before an actual flight test experiment to reveal the
dynamic characteristics of the close-loop plant in the real
world and reduce the uncertain factors in the actual flight
tests.

However, the L1 methods lacks some evaluating meth-
ods in frequency domain, the performance evaluation in the
design phase can only be verified by the amounted Monte
Carlo simulations, which is comparatively time-consuming.
In future work, we plan to focus on improving the criteria
for £ adaptive design to solve the trade-off between flight
quality and robustness. Some tools of theoretical analysis
are also needed for the verification and validation of the
L1-augmented system.
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APPENDIX
Definition of Loo-norm and L;-norm.
For a signal £ (f) € R", Loo-norm are defined as

sup |[§i(T)| ¢ < o0
>0

A
111, £ max

where & + i is the i-th component of &.
And Li-norm are defined as

€1, é/O &)l dT < 00

where ||(-)|| denotes any of the vector norms.

EXTERNAL LINKS

The video of virtual flight test of ET120 is available
at  (https://www.youtube.com/watch?v=XCRWvHmeiak),
and the video of real-word flight tests is available at
(https://www.youtube.com/watch?v=_DHxItXbzKQ).
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