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Abstract To propose an accurate and less complex model of a special unmanned aerial vehicle (UAV),
namely tilt-rotor UAV (TRUAV), this study identifies the active model-based nonlinear system of a quad-
TRUAV. First, a nominal nonlinear model of the vehicle is formulated. Some unstructured nonlinearities are
ignored to reduce the complexity of the model. Then, due to the unstable dynamics of the open-loop system,
the format of this nominal model is considered to design an innovative smooth-switch attitude control via
interconnection and damping assignment passivity-based control (IDA-PBC). Active model-based nonlinear
system identification is studied for the vehicle with the designed control method and flight experiments.
The model error vector is defined and estimated by the unscented Kalman filter (UKF) to improve the
accuracy of the model. The main contribution of this paper is to identify the nominal nonlinear model and
to develop an active model method of the quad-TRUAV. The attitude control method with an innovative
smooth-switch structure is another contribution to flight experiments. Numerical results are displayed to
present the experimental results and effectiveness of the proposed nonlinear models.
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1 Introduction

Due to limitations of typical unmanned aerial vehicles (UAVs) such as rotorcraft UAVs (RUAVs) and
fixed-wing UAVs (FWUAVs), tilt-rotor UAVs (TRUAVs) become a popular aircraft [1]. TRUAVs are
equipped with tiltable rotors and own helicopter mode (vertical rotors) and airplane mode (horizontal
rotors) to integrate capabilities of hovering and high-speed cruise. The dynamics of TRUAVSs is similar
to RUAVs and FWUAVs in these two flight modes. During the transition procedure between helicopter
and airplane modes, the structure and dynamics of TRUAV vary with the rotor-tilt angle.

TRUAV aerodynamics is a complex combination of wings and rotors. Especially near the helicopter
mode, the rotor downwash interacts with wings and airframe affecting the lift of the wing and thrust of
the rotor [1]. In addition, the varying structure of a TRUAV changes the center of gravity (COG) and
rotational inertia. Several lookup tables and complex aerodynamic calculations are required to represent
the above items accurately. There are typical applications to large tilt-rotor aircraft [2,3] or TRUAVs with
simulation and measurement tools [4,5], and established nonlinear models are mathematically complex. In
flight control designs, several references, such as [6,7], prefer to identify the linear models and establish the
linear state-space equations of TRUAVS in helicopter mode. To further describe the varying dynamics of
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the transition procedure, Refs. [8,9] identified the nonlinear models of tri-TRUAVSs, and model mismatches
exist with the applied offline system identification methods [10].

The nonlinear models of TRUAVS [4,5,8,9] always provide the crucial basis for flight control, especially
during the transition procedure. For example, Refs. [11,12] designed gain scheduling (GS) control methods
with smooth-switch structure for TRUAV transition control, and the nonlinear model is required for the
tilt corridor to limit flight velocity for safe velocity control [13]. Moreover, Refs. [14,15] considered
nonlinear control methods for TRUAVs and require accurate nonlinear models for applied control inputs
and dynamic inversion. In the terms of control design and stability analysis, rational nonlinear models
have to compromise accuracy and complexity. However, current TRUAV models seldom focus on this
point, and are usually dramatically complex [4,5] or obviously approximate limiting applications [6-9] of
some control methods to some extent. Thus, in TRUAV control designs, a nonlinear model with excellent
accuracy and acceptable complexity deserves attention and motivates this study.

To identify the nonlinear model of the quad-TRUAV, the present study simplifies the model formula-
tion with some modeling assumptions to reduce the complexity of the model and formulates a nominal
nonlinear model. Because of the open-loop unstable dynamics of the quad-TRUAV, the basic flight con-
trol method is first designed with this nominal model for the attitude stability. The interconnection
and damping assignment passivity-based control (IDA-PBC) is inherently robust against dynamic distur-
bances [16]. Consequently, an improved version applies to design the attitude control method [17] and
allows two attitude controllers to switch smoothly as GS methods. This smooth switch depends on the
rotor-tilt angle, and the attitude stability of the quad-TRUAV during the transition procedure can be
ensured based on passivity. Therefore, this method is superior to existing GS methods [11,12]. Current
GS methods are usually based on heuristic knowledge and take little consideration of stability conditions.

Unknown parameters of the above nominal model are estimated offline using ground and flight tests
with the designed attitude control. Due to the linear dependence of these parameters, the least squares
(LS) estimation approach, which is widely used in linear or nonlinear models offline [18,19], is considered
to identify the nominal model of the quad-TRUAV. To further improve the accuracy of the model,
the active model method is developed by defining additional model errors to accommodate all model
mismatches. This method can improve the accuracy by slightly increasing the complexity of the model.
This is validated by the active model-based system identification of different UAVs [20, 21], artificial
muscles [22], and unmanned surface vehicles [23]. Unlike some offline methods, the active model method
estimates model errors online using estimators suitable for nominal linear or nonlinear models such as
the Kalman filter [20-22] and unscented Kalman filter (UKF) [23]. UKF is applied to the study of the
second-order accuracy [24] to address the nonlinearity of the TRUAV nominal model and make accurate
estimations.

Compared to the existing studies, the contribution of this paper consists of three aspects:

(1) The nonlinear model of a quad-TRUAV system is identified in the present study. Compared to
linear models [6,7], the nonlinear model can describe the dynamics of the transition procedure with some
accuracy and is regarded as the nominal model of the active model method.

(2) To further improve the accuracy of the model, the active model method is developed using UKF to
identify the TRUAV model. Compared to the complex models with necessary tools [4,5] and approximate
models with offline system identification methods [8,9], the established nonlinear model compromises the
accuracy and complexity of the model and is useful for further study of controller design.

(3) A superior and innovative smooth-switch attitude control method is designed for quad-TRUAV
flight experiments using the simplification and IDA-PBC. Compared to existing GS methods [11,12], the
designed attitude control method ensures the transition stability based on passivity.

The remaining sections of this paper are organized as follows. Section 2 introduces the quad-TRUAV
system and formulates its nominal model with modeling assumptions. For closed-loop flight experiments,
Section 3 simplifies the nominal model format and uses IDA-PBC to design the attitude control. The
active model-based nonlinear system identification of the quad-TRUAYV is introduced in Section 4. This
includes ground and flight tests for parameter estimations and the active model method for model er-
rors. Flight experiments and the effectiveness of the proposed quad-TRUAV model are presented in
Section 5.
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Figure 1 (Color online) Quad-TRUAV platform and system structure.

Table 1 Some structural parameters of quad-TRUAV platform

Parameter Value
Mass (m) 1.615 kg
Mass of rotor-tilt module 0.15 kg
Wingspan (b) 0.357 m (forward), 0.654 m (backward)
Wing area (.S) 0.187 m?
Average wing chord length (¢) 0.185 m
Longitudinal distances from rotors to COG (¢, Zyp) 0.26 m (forward), 0.24 m (backward)
Lateral distances from rotors to COG (yrf, Yrb) 0.31 m (forward), 0.46 m (backward)
Inertias in three directions (helicopter mode) (Izz, Iyy, I--) 0.106 kg - m?, 0.087 kg - m?2, 0.175 kg - m?
Inertias in three directions (airplane mode) (Ipw, Iyy, 1-2) 0.105 kg - m?, 0.078 kg - m?, 0.180 kg - m?
Product of inertia in z-z plane (helicopter mode) (I.) 0.007 kg - m?
Product of inertia in z-z plane (airplane mode) (I5-) 0.005 kg - m?
Stalling speed Around 7 m/s

2 Quad-TRUAYV system and model formulation

2.1 Quad-TRUAYV platform and structure

The TRUAYV in this study includes four tiltable rotors, as shown in Figure 1. The structure of this
platform is similar to the V-44 airplane. Since the platform has no aileron, elevator, or rudder, four
rotor-tilt angles are separately controlled by tilt servos with pulse width modulation (PWM) signals.
The rotors of four direct-current (DC) brushless motors provide thrusts, and the speeds of rotors are
regulated by electronic speed controllers (ESCs) with PWM signals. Some structural parameters of the
quad-TRUAYV are listed in Table 1. Here, bifilar pendulum experiments are performed for the values of
rotational inertias and the product of inertia in the a-z plane [25]. These values are different in different
flight modes.

Due to the unstable dynamics of quad-TRUAVSs in the open loop, flight experiments require a flight
control system for stabilization. As shown in Figure 1, a Pixhawk flight controller is applied in this
quad-TRUAV system, which includes an inertial measurement unit (IMU) and magnetic compass for
attitude information. A global position system (GPS) module is equipped as a separate onboard sen-
sor for position information. The quad-TRUAV system is equipped with a remote control (RC) re-
ceiver and transceiver for receiving flight instructions from the ground control station and sending real-
time messages. In the flight control system above, the flight control method will be designed in Sub-
section 2.2.

2.2 Nominal model of quad-TRUAV

Based on previous explanations, it is difficult to formulate some nonlinearities of the quad-TRUAV such
as aerodynamic interactions and changes in structural parameters. To avoid considering these items
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Figure 2 (Color online) Definitions of coordinate systems and states.

directly in complex aerodynamic calculations or lookup tables, modeling assumptions are introduced as
follows: (1) Compared to the mass and rotational inertias of the quad-TRUAV, the mass and rotational
inertias of the rotor-tilt module is negligible. (2) Rotational inertias of the quad-TRUAV are considered
invariant in different flight modes. (3) The COG and center of acrodynamics are consistent and immobile
with different rotor-tilt angles. (4) External interferences and aerodynamic interactions between rotors
and aerodynamic components can be provisionally ignored in the simplified model formulation. (5) The
rotor speed derived from the flight velocity can also be ignored.

According to the parameters listed in Table 1, the rotor-tilt module has a small mass, and the inertia
of the quad-TRUAV does not change dramatically in various flight modes with less than 3% change in
rotational inertias in z- and z-directions. Although the rotational inertia in the y-direction and product
of inertia in the x-z plane vary by more than 10% in different flight modes, the induced model mismatches
are still limited in normal flight conditions. Therefore, assumptions (1)—(3) can be inferred to be valid for
the approximate model format. The quad-TRUAYV is simplified as a typical rigid body with tiltable rotor
thrusts and inevitable model mismatches. In addition, assumptions (4) and (5) are ideal and considered
to further reduce the complexity of the model. With these two assumptions, complex aerodynamic
interferences are ignored, and rotor models are considered invariant at different flight velocities. Based on
all assumptions, the formulation of the quad-TRUAV model can be simplified. However, the established
nominal model is approximate due to model mismatches similar to [8,9]. Some methods need to regain
ignored nonlinearities and improve the accuracy of the model.

To formulate the quad-TRUAV nominal model, some coordinate systems are defined in Figure 2, in-
cluding the north-east-down (NED) coordinate system Og2oYyeze, body-axis coordinate system Opxpyn2p,
and wind-axis coordinate system Oy Zwyw 2w [26]. Based on these coordinate systems, some states are
defined, including flight velocity V and angle of attack «, as shown in Figure 2. With [u1, v, wp]T as the
velocities in Opxpyp2h, the above states are in the forms V = u% + vg + w% > 0, a = arctan(wyp /up),
and angle of sideslip 3 = arcsin(v,/V). For Euler angles [¢ 6 1]T, [p ¢ 7]* represent the corresponding
attitude rates. Other symbols in Figure 2 will be explained in the following contents.

Similar to the model formulation of fixed-wing aerial vehicles, the longitudinal and lateral dynamic
and kinematic equations of the quad-TRUAV are formulated as follows [26]:

V =F,/m — g - (cosacos fsinf — sin Asin ¢ cos § — sin v cos 3 cos ¢ cos ),

h=V- (cos arcos B sinf — sin Bsin ¢ cos O — sin v cos 3 cos ¢ cos §),

a=q—(pcosa+rsina)tan f+ F,/(mV cos5) + g/(V cos ) - (sin asin @ + cos a cos ¢ cos 6),

q = 7(111 - Izz)/Iyy perT = Ixz/Iyy ’ (p2 o 72) + My/Iyya 9 - QCOng) - TSin¢a

B =psina —rcosa + Fy,/(mV) +g/V - (cosasin Fsinf + cos fsin ¢ cos § — sin v sin 5 cos ¢ cos 9),

(Iyy - Izz)q r+Iep-q+ M,

p _ Iﬁm‘ _Imz R
¢ =p—+gsingtanf + rcosptand, 1 = gsing/ cosb + rcos ¢/ cosb,

(1)

where m is the mass, g is the acceleration of gravity, h is the flight height, I, Iy, I.., and I,. are the
rotational inertias and product of inertia in the z-z plane.

In (1), [Fp Fy F.]" and [M, M, M_|" are the resultant forces and moments in Oy Ty ¥w2y and
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ObThyn2b:
Fz:*D*FFrza Fy:S+Fry; Fz:*£+Frz;

2
Mx:R+MF1+MQ1; My:P+MFy7 Mz:y+MFz+MQ27 ()

where [D S £]T are the aerodynamic drag, side force, and lift, [R P Y]* are the aerodynamic rolling, pitch-
ing, and yawing moments. Four rotors with corresponding rotor-tilt angles generate forces [Fyy Fyy F.]7T,
moments [Mpy Mg, Mpg.]T from thrusts, and moments Mgz 0 MQZ]T from reaction torques.

The aerodynamic forces and moments in (2) are as follows:

DS LY =1/2-pV2S[Cp Cs C)*, [RP YT =1/2- pV2S[bCx eCp bCy]T, (3)

where p is the air density, S is the wing area, b is the wingspan, and ¢ is the average wing chord length.
The aerodynamic coefficients in (3) are postulated as the following forms:

Cp = Cpo + Cpra + Cp2a®, Cs = Cs18+b/(2V) - (Cspp + Cs,1),
Cr=Cro+Cria+7¢/(2V)-Creq, Or =Cr1B+b/(2V) - (Crpp + Crs1), (4)
Cp =Cpo+ Cpra + E/(2V) . Cpqq, Cy = Cy1ﬂ + 5/(2‘/) . (Cypp + CyTT),

where the parameters in the above right hand sides (RHSs) are all unknown but constant, and the stepwise
regression procedure can be applied for the forms of aerodynamic coefficients [10].

For the tiltable rotors shown in Figure 1, generated rotor thrusts and reaction torques are represented
as Fy(w;) and Q:(w;), where w; (i = 1,...,4) is the PWM signal of ith rotor. With the rotor-tilt angle
signed by i, the average rotor-tilt angle i,, = 1/4 2?21 ini = /2 rad or 0 rad is defined in helicopter
mode or airplane mode. Rotor thrusts should be transformed from Opzpypzy into Oy TwYw 2w, and the
following forces and moments are formulated for (2):

4
[Frw Fry Bt = Z[cos(a +ing) €08 BF(w;) — cos(a + ini) sin BFy (w;) — sin(a + i) Fr(w;)] T,
i=1
Mpy = Yot - (sinipg Fr(w1) — sininaFr(w2)) 4+ yeb - (Sinina Fy(wa) — sinins Fr(ws)),
Mpy = v - (sining Fr(wi) + sinina Py (w2)) — 2 - (sinipg Fr(w3) + sininaFy(wa)) (5)

)
Mp, =yt - (cosin1 Fy(w1) — cosinaFr(w2)) + yrb - (€OSinaFr(wy) — cosinsFr(ws)),
M@z = co8in1Qr(w1) — €08 in2Qr(w2) + cosin3Qr(w3) — co8inaQr(wa),
MQz = —sin iler(Wl) + sin in2Qr(W2) —sin inSQr(wiﬁ) + sin in4Qr(W4)7
where ¢, 11, Yif, and y,1, are the longitudinal and lateral distances from rotors to COG.

Based on modeling assumptions, (1)—(5) formulate the nominal model of the quad-TRUAV. The inte-
grated nonlinear model of the quad-TRUAYV is proposed as follows:

m(t) = fc(m(t)a u(t)) + Eec(t)v y(t) = m(t)a (6)
where #(t) = fo(x(t),u(t)) is the nominal model, x = [V a ¢ h 0 8 p r ¢ ] is the state vector,
U= [ipg -+ Gpgwyp - w4]T is the control input vector, y is the measurement output vector, e. is the

defined model error vector to accommodate all model mismatches from modeling assumptions and some
other inaccuracy, and F is a parameter matrix. For the nonlinear model identification, the model about
rotor-tilt angles can refer to [9] without details. In addition, some unknown parameters in the RHSs of (4)
will be estimated, the rotor models F;(-) and Q,(-) for (5) will be identified, and the model error vector
in (6) will also be arranged to further improve the accuracy of the model. To collect flight data for these
tasks, Section 3 will introduce the attitude control method for the quad-TRUAV flight experiments.

3 Attitude control method

Without the tilt corridor of the quad-TRUAV for its safe velocity control, this section focuses on the
attitude stability mainly. The rotational dynamics in the quad-TRUAV nominal model will be reformu-
lated and simplified as the port-controlled Hamiltonian (PCH) model, and the attitude control with a
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smooth-switch structure will be designed based on the improved IDA-PBC for flight experiments.

3.1 Rotational dynamics simplification

In the aspect of energy [16], the rotational dynamics in the quad-TRUAV nominal model can be rep-
resented as an Euler-Lagrange (EL) equation J(n)% + C(n,n)n = M,, where n = [¢ 0 ¥]T, M, =
[M, M, M., J(n) is the inertia matrix, and C(n, n) is the Coriolis and centrifugal matrix as C(n,n) =

J () = 32 with T () = RY.T R,

on
I;c:c 0 _I;cz 1 0 —sinf
J=|10 I, 0 |, Ry= |0 cos¢ sin¢cost
I 0 I, 0 —sin¢ cos¢cos®

By defining a Hamiltonian H(n, k) = 1/2- kT J~(n)k as the total energy of rotational dynamics with
the angular momentum k = J(n)n, the above EL equation is equivalent to the following PCH model:

i[5
K —I, 0| |V.H I,

where V. H = J ' (n)k, Vo H = 7%%{](71)1;,’ and I, is an identity matrix with n = 3.

According to (5), the applied control inputs in w = [i,1 -+ in4 w1 --- wy]T affect rotor thrusts and
generate the main effects for the attitude control. To reformulate the format of M,,, some virtual control
inputs i, Aing, Aipyr, i, AF,, and AF,,. that satisfy the following equations are defined:

in1 = In + Dipg + Nipr, ina = in + Ding — Aipr, in3 = in — Ding — Nipp, Ina = in — Aipg + ANipy,
Frl:Fr(wl):Zr/zrf'(Fr+AFrq+AFpT)’ Fr2:FY(WQ):xr/xrf'(Fr+AFrq7AFpT)’ (8)
Fr3 = Fr(w3) = Ir/xrb : (Fr - AF‘rq - AF])T)) Fr4 = Fr(w4) = xr/xrb : (Fr - AFrq + AFp'r‘)a

where i, is the average rotor-tilt angle, Ai,, is the difference between forward and backward rotor-tilt
angles, Ai,, is the difference between left and right rotor-tilt angles, F; is the average rotor thrust, AF;,
is the difference between forward and backward rotor thrusts, AFj,, is the difference between left and
right rotor thrusts, and constants z, and y, satisty y,/x; = 1/2(yst/Tst + Yrb/2). By introducing (8)
into Mgy, Mpy, and Mg, in (5), the trigonometric functions therein can be extended with respect to i,
Aipg, and Aip,, and further multiplied by the rotor thrusts about F, AF,,, and AF),,. Thus moments
Mpy, Mpy, and Mg, can be extended as the forms related to the above virtual control inputs. Because
some virtual values are always small, the following approximations are considered:

€08 Aipg &= 1, cos Aipy &~ 1, sin Aipgsin Aip, = 0, sin AipgAF), =0, sin Aip,AF,, ~ 0, (9)

and then the moments in (2) are reformulated as follows:

M, Mpy +Mgoz +R dyr(siniy, - AF,, 4 cosiy - Fysin Aip,) + J¢ +Mg, +R
M,=|M,|=|Mp, +P = |4 (siniy, - AFyq + cosiy - Fysin Aiyg) + do +P , (10)
M, Mp, +Mqg.+Y 4y, (cosiy - AFy,, — sini, - F, sin Aiy,) + CZ¢ +Mg. +Y

where the forms of Mp,, Mp,, and Mg, are simplified based on (9), the virtual control inputs that take
main control effects are reserved, and some items are ignored directly because they are additional from
the dynamic coupling. Three variables J¢, Jg, and d~w are introduced to consider the simplification errors
from the above ignored items.

For the virtual control inputs AF,,, Aiy,, AF,, and Ain, in (10), the following forms are proposed:

AF,,. =sini, - Cup + cosiy - Car, Ay = sinAip, = —sini, - Cup + cosiy - Cap,

(11)

AF,q =siniy, - Cug, Aing = sinAiyg = cosiy, - Cag,
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and Eq. (10) is equivalent as follows:

M, = sin’i, - Buuy + cos?i,, - Baua + d + d, (12)
where
4y, 0 0 CHp 4yrFr 0 0 CAp
Biy=|0 42, 0 , ug = [Cuq|, Ba= 0 4z, Fr 0 |, ua= |Caq|
0 0 4yrFr CHT 0 0 4yr CAT

and d+d = [4y, sini, cosi,(Ca,— F:Cx,) +Mqa +R+J¢ P+dp 4y, sini,, o84y, (Cup —FrCap) +Mg.+ Y+
dw]T. In the above equation, d and d are defined and reformulate all simplifications as two disturbance

vectors to facilitate the following control design, where d is large-sized but slowly varying (d =~ 0), and
d is small-sized and time-varying. Vectors ug = [Cup Cug Cur]t and ua = [Cap Caq Car]T can be
regarded as virtual control inputs for Helicopter mode (i,, = 7t/2 rad) and Airplane mode (i, = 0 rad).
Consequently, the PCH model of the quad-TRUAV rotational dynamics (7) is reformulated as follows:

nl | 0 In| |VyH
K —I, 0| |V.H

which is a parameter-dependent PCH model with respect to sin®4,, and cos?,.
This subsection simplifies the rotational dynamics of the quad-TRUAV as the PCH model (13), where
new virtual control inputs un = [Crp Chq Cu,|T and up = [Cap Caq Car|T are introduced. Based on (11),

uy and up can be transformed into the original virtual control inputs, and (11) implies the smooth-switch
structure dependent on the average rotor-tilt angle 7,, for the TRUAV attitude control.

0

d

0
d

2

+ sin” 4, up + + , (13)

0
uy + cos? in
By

H

2

3.2 Attitude control via IDA-PBC

With the parameter-dependent PCH model (13) as the controlled plant, the slowly varying disturbance
vector d in the model should be compensated, and the stability under the time-varying disturbance vector
d should be analyzed. For these purposes, the improved IDA-PBC with the integral action and some
fundamental knowledge about passivity will be applied in this subsection [16,17,27].

To compensate some disturbances by the integral action, a state transformation is necessary [17]:

zZn =1, zx=kK+kyVs Ha (14)
with the desired Hamiltonian:
Ha(zn, 20, 21) = 1/2- 20 I7 (M) 2z + Va(n) +1/2 (2 — d)" K (2 — d), (15)

where Jq(n) > 0, ky > 0 is a scalar, K; > 0, z; is an auxiliary vector for the integral action, and V4(n)
should satisfy the following condition for the tracking towards a constant reference ngq:

Nq = argmin Hq(2zy, 2x, 21) = argmin Vq(n) i.e., V., Va(na) = 0, VZan(Ud) > 0. (16)
Two sets of control inputs for helicopter and airplane modes are designed as the following form:
Bou, = —Kag. 7' (n)k — ky(Va, Ha) — 21 + Vol — [Ka 7 (0)kn + Ja(m)T ' (0)] V2, Ha,  (17)

where x = H or A for different flight modes and Ky, > 0. By introducing (17) into (13), the closed-loop
system is formulated as follows with Kq(i,) = sin i, Kqp + cos? i, Kga:

~knJHm) Jr(m)Ja(m) O | |V, Ha 0
Zo| = |=Jam)J () —Ka(in) —Ki| |V Ha|+ |d]. (18)
0 K; 0 | | V. Hd 0

z

3

X

Z:
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Figure 3 (Color online) Attitude control structure of quad-TRUAV.

Theorem 1 will analyze the stability of this closed-loop system.

Theorem 1. With the control input vector in (17), the closed-loop system (18) of the controlled
plant (13) can be formulated. If d = 0, the asymptotic stability of V. Hq and V. Hq will be
achieved with the slowly varying in, i.e., limy 100 Vo, Ha = limy 400 VyHa = 0, limy 100 V, Ha =
limg 4 oo ng(n)zn =0, and lim;_, 1 o 2, = 0; if d # 0, the Ly stability of d — V,,_Hq4 will be satisfied.
Proof. By regarding (15) as the Lyapunov function, its derivative against time is as follows:

Ha = [VL Ha VI Ha VIHA[2) 25 41"

= Vo, Hi knd ')V, Ha — Ve, Hi Ka(in) Ve, Ha + Vi, Hid, (19)

where k,J 1 (n) > 0 and Kq(i,) = sin? i, Kamg + cos? i, Kga > 0.
If there is no time-varying disturbance, i.e., d = 0, the derivative of Hq will be in the following form:

Ha = —Va, "y knd ' (M)Va, Ha — Ve Hi Ka(in) V. Ha < 0. (20)

According to the invariant principle [27], the closed-loop system with the slowly varying i, (zn ~ 0)
converges to the largest invariant set with Ha = 0, which means V,, Hq = 0 and V;,_Hq = 0. Because
matrix Jq(n) is invertible, V. _Hq = J; ' (n)2, = 0 further results in z, = 0.

If there are some time-varying disturbances, i.e., d # 0, the derivative of Hq will be as follows:

Ha <~V Ho Ka(in) Ve Ha + Ve, Hod. (21)

With the definition about passivity [16], the above equation means d — V,,_Hq is output strictly passive
(OSP). Because the OSP property is the sufficient condition of Ly stability [27], the Lo stability of
d — V., Ha is also established.

In the above proof, the slowly varying assumptions i, ~ 0 and 7jq ~ 0 are necessary for the stability
analysis of (18), and some new ideas are required to break these assumptions. To further satisfy condition
(16), Va(n) = 1/2- (n —ma)TK, (n — ma) is defined with K,, > 0. Because the values of ¢ and 6 are
all small in normal flight experiments, let Jq(n) = J(n) ~ J in controller synthesis. Consequently, the
simplified format of (17) can be obtained as follows with K, = k;,l . k;lj and IC = j_lk,,Kp:

u, = B (Kau + T)[K - (na —n) — 0] + BflKi/O (K- (na —n) —nldt. (22)

By regarding B; (K4, + JK), K, and B;'K; as control parameters directly, the above equation is
equivalent to two sets of hierarchical proportional-integral control laws for helicopter and airplane modes.

Based on (11) and (22), the attitude control structure for all flight modes of the quad-TRUAV is
displayed in Figure 3, and this kind of hierarchical control structures are popular in real applications [28].
The common attitude controller block is the outer loop to generate the attitude rate references and
corresponds to IC- (nqg —m) in (22). The attitude rate controller blocks are the inner loop to generate the
control input vectors uy and wa, which ensure the attitude stability of helicopter mode (i,, = /2 rad)
and airplane mode (i, = 0 rad), respectively. To transform flight modes automatically in real applications
of the designed control structure, an effective transition strategy is applied as [29]: the average rotor-
tilt angle i, would tilt as a fixed value first for acceleration or deceleration; then the quad-TRUAV
would tilt into the target mode directly, when the flight velocity is larger or smaller than a threshold
value. For the attitude stability in this transition procedure, control inputs ux = [Cup CHq CHT]T and
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ua = [Cap Caq CAT]T need to be switched smoothly according to (11), and the value of 4,, for this smooth
switch is set by the applied transition strategy. The mixer block in Figure 3 is based on (8) with an
inherent thread of Pixhawk to export applied control inputs with PWM forms for tilt servos and ESCs.
The flight control code based on Figure 3 is open and presented in website!).

This section designs the attitude control method for quad-TRUAV flight experiments. Because this
control method is based on the nominal model format of the quad-TRUAV rather than accurate dynamics,
its control performance under unknown model errors might be poor, and the control parameter tuning
is usually necessary. To provide the model basis for further control performance improvement, Section 4
will focus on the nonlinear model identification of the quad-TRUAV.

4 Active model-based nonlinear system identification

According to existing references [20-23], the active model-based system identification for a real system
consists in two steps: First, by ignoring some unstructured nonlinearities, the nominal model needs to
be identified offline to describe the dynamics approximately. Second, model errors need to be defined
and estimated online to accommodate all model mismatches between the nominal model and real system.
For the quad-TRUAV, this section will identify the nominal model (1)—(5) by the ground and flight tests.
Owing to the nonlinearity of the identified nominal model, UKF will be applied to estimate model errors
online. For the application of UKF, this section represents the quad-TRUAV model as the following
discrete-time form with k& and T as the sampling number and period in experiments:

i1 = f(xg, up) + Eer, yp =z, (23)

where @11 = f(xk, ur) is the discrete-time nominal model of the quad-TRUAV, e, is the discrete-time
model error vector, &, = x(kT), ur = w(kT), and y, = y(kT).

4.1 Nominal model identification

4.1.1 Ground test

According to the form of the nominal model (1)—(5), the rotor thrust model F,(-) and reaction torque
model Q,(-) need to be identified, and the ground test aims at this task.

The rotor of the quad-TRUAYV is driven by the DC brushless motor, so the generated thrust and
reaction torque are formulated as F, = KrQ? and Q, = KQQ2 = K - F} [30], where € is the rotor speed,
Kp and K are constant parameters, and K = Ko /Kr. Because the rotor speed (2 is regulated by the
ESC with the PWM signal w, it is feasible to map the PWM signal to the rotor thrust and reaction torque
directly as Fy(w) and @Q,(w), and the relationship between w and € can be formulated as a third-order
transfer function [31]. Consequently, it is valid to formulate the following transfer functions:

F.(2) Qz)  b322 + b2+ b1z +by Q.(2) Fi(2) b3z +boz? + b1z + b
=K = - =VvK =K 24
w(z) o) PHwml+az+a’ ©(2) w(z) 23 +agz? 4+ a1z +ao’ (24)

where F,(z), Q,(z), and @(z) are the z-transformations of time-domain signals F, = /Iy, Q, = v/Qr,
and @ = w — wp, wo is the initial value of the PWM signal, and K = VK.

To estimate unknown a;, (i, = 0,...,2), b;, (ip = 0,...,3), and K in (24), the rotor thrust and
reaction torque should be measured. For this purpose, the platform shown in Figure 4 is constructed for
the ground test, where the six-dimension force sensor can measure the force and moment in the vertical
direction. Together with the recorded PWM signals corresponding to the measured forces and moments,
Eq. (24) can be transformed as the following autoregressive exogenous (ARX) models:

Fr(kT) -+ CLQFr((k - 1)T) + alfr((k - 2)T) + (I()Fr((k - 3)T)
= b35(k‘T) + bgw((k’ — 1)T) + blw((k' — 2)T) + bow((k’ — 3)T), (25)
R -Fo(kT) = Q.(kT).

1) https://github.com/LiuZhongSIA /px4_vtol/tree/V44.
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Figure 4 (Color online) Ground test platform. Figure 5 (Color online) Cruise flight experiment.

By considering the measured values and recorded PWM signals in N sampling periods, the following
equations can be formulated for the parameter estimation:

AFCF = bF, AQCQ = bQ, (26)

where Ap € RWV=9XT by = [FL(4T) --- F:(NT)|", Ag € RV, and by = [Q,(T) --- Q.(NT)]".
Unknown cp = [ag a1 ag bs by by bO]T and cg = K include all parameters about rotor models. The applied
LS estimation approach will be introduced together with the following parameters about aerodynamics.

4.1.2  Flight test

After the identification of the above rotor models, the flight test for the quad-TRUAV focuses on the
unknown parameters about aerodynamics in the RHSs of (4).

To estimate these parameters, the aerodynamic coefficients Cp, Cs, Cr, Cr, Cp, and Cy are re-
quired. Based on the measurement outputs y from onboard sensors, the states @ in (1) can be as-
signed. With the recorded control inputs w and rotor models (24), rotor thrusts Fi(w;) and reac-
tion torques Qr(w;) (1 = 1,...,4) can be calculated to formulate forces [Fi, Fyy FrZ]T and moments
Mps + Mgy Mpy Mp. + MQZ]T according to (5). Consequently, varying aerodynamic forces and mo-
ments can also be calculated. For example, the drag is calculated as follows with (1) and (2):

1/2-pV28Cp = —mV — mg - (cos a cos Bsin @ — sin §sin ¢ cos  — sin a cos § cos pcos 0) + Frp.  (27)

In every discrete-time sampling instant with ¢ = kT, the time-varying coeflicients Cp(kT), Cs(kT),
Cr(kT), Cr(kT), Cp(kT), and Cy (kT) are available. Because the pre-processing can be applied to reduce
measurement noises offline, the derivatives of states in (27) can be calculated by the Euler approximation.
The flight data from the experiment shown in Figure 5 and parameters in airplane mode are applied for
the above calculations, and the pre-processing based on the wavelet is used to remove noises partly (refer
to the website?) for more details).

According to the linear forms in (4), the following equation can be formulated similar to (26) by
considering the data in N sampling periods:

Ager = by, (28)

where the subscript f represents D, S, £, R, P, or Y for different aerodynamic forces or moments, ¢t € R3
includes all unknown parameters in the RHSs of (4), At € RV*3 and by = [C(T) --- C3(NT)]T.

4.1.3 Least squares estimation

In the above contents, some equations about the unknown parameters of the quad-TRUAV have been
formulated, as shown by (26) and (28). Because the magnitude of N is absolutely larger than the number
of unknown parameters, these equations are all over-determined as follows:

A.c, =b,, (29)

where A, = [a.(T) -+ a.(NT)]" is a matrix, a.(kT) € R" is a column vector, n is the number of
unknown parameters with N > n, by, = [b(T) -+ bo(NT)|* = [bo(T) -+ b (NT)|*+[v(T) --- v(NT)]T

2) https://www.mathworks.com/help/wavelet/ref/wden.html.
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is a column vector, b, (kT') is the measurement value, v(kT') is the unavoidable measurement noise, and
subscript * represents F', Q, D, S, L, R, P, or Y for different parameters.

Solving an over-determined equation based on LS approach is the most convenient and widely-used
idea [18,19,23]. The LS estimations for the unknown parameters in (29) are as follows [10]:

N -1
é,=(ATA) AT, = lz a,(kT)al (kT) (30)

> a.(kT)b.(KT),
k=1 k=1

62 =1/(N—n)-(ATA)7' (b, — A.é.)" (b — ALéy),

where ¢, is the estimated parameter vector, and 62 is the estimated covariance matrix. Note that the
above estimations are affected by measurement noises. The difference between the above result ¢, and
estimation without measurement noises ¢, can be represented as follows:

—1

N
G — Cu = l1 /N a.(kT)al (kT)
k=1

1/ND " an(kT)v(kT), (31)
k=1

which means that to ensure the consistence é. — ¢, is satisfied with N — 400, the expectation
Ela.(kT)al (kT)] should be nonsingular, and the expectation E[a.(kT)v(kT)] should be equal to 0 [10].

In most cases, the nonsingular E[a.(kT)al (kT)] is usually satisfied. If measurement noises are all
Gaussian white noises, E[a.(kT)v(kT)] = 0 will also be satisfied. However, Gaussian white measurement
noises are impossible in real applications, so the estimation biases between ¢, and ¢, are always exist-
ing. Some closed-loop identification methods, such as the method based on the instrumental variable
(IV) [32], can reduce the estimation biases from measurement noises or closed-loop data. Nonetheless,
most closed-loop identification methods focus on the linear model between control inputs and measure-
ment outputs, which are not directly suitable for the nonlinear model identification of the quad-TRUAV.
Because estimation biases increase the model mismatches between the nominal model and real system
intuitively, the following active model method is still suitable to improve the accuracy of the model.

4.2 Active model method

In the above contents, a nominal nonlinear model of the quad-TRUAYV is formulated and identified, which
describes the quad-TRUAV dynamics with some accuracy. Model errors with the active model method
can accommodate all model mismatches and improve the accuracy of the nonlinear model.

Eq. (6) proposes the model-error-enhanced model of the quad-TRUAV in the continuous-time form.
To estimate model mismatches therein with UKF, (6) should be discretized as (23) as follows:

kT kT
T = Tp_1 —|—/ fe(x(t),u(t))dt + E e.(t)dt, yp = xy. (32)
(k—=1)T (k—=1)T

Because the sampling period T is very small in flight experiments (7" = 0.008 s according to the quad-
TRUAV dynamics), the following discrete-time forms are obtained with approximations:

flep_1,up1)~xp_ 1+ T folxe(kT —T),u(kT —T)), er—1~T- e. (kT —T), (33)

which will be applied in the following contents. Without some prior knowledge about model errors, ey
in (23) is assumed as the stationary random process and driven by a process noise vector wy, [20-23]:

€p = €p_1 + Wk_1. (34)

With the above assumption, the active model method usually forms a proportional-integral observer to
estimate the slowly varying parts of model errors mainly, and some high-frequency parts have to be
ignored.
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Table 2 Estimated parameters of quad-TRUAV nonlinear model

Parameter Estimated values Estimated standard deviations
Go, @1, az —0.640, 1.832, —2.189 0.0054, 0.0100, 0.0054
bo, b1, ba, bs —0.0011, 0.0024, —0.0024, 0.0012 49x107°,1.3x 1074, 1.3 x 107%, 4.9 x 1077
x 0.126 3.973 x 105

Cpo, Cp1, Cpo 0.573, 2.004, 6.060 0.0302, 0.665, 3.518
Csi1, Csp, Csr 0.289, —0.264, 4.642 0.0078, 0.189, 0.190
Cro, Cr1, Cry 0.780, 2.337, 14.076 0.0096, 0.0940, 2.337
Cr1, Crp, Crr —0.0686, —0.405, 0.8713 0.0026, 0.0634, 0.0640
Cpo, Cp1, Cpqy —0.0312, —0.628, —3.349 0.0025, 0.0243, 0.604
Cy1, Cyp, Cy»r 0.0424, 0.391, 0.626 0.0015, 0.0355, 0.0358

Based on (23) and (34), the following augmented system is formulated:

lwk] _ [f(wk—17uk—1) + Eek—1‘| n

€

V-1

] £ (e}, ur) + (35)

€r—1 WE—1

where z3 = [z} e}|T is the augmented state vector, and py, = [vl w{]7T is the process noise vector with
vy, as the process noise vector of (23). Furthermore, the following measurement equation is defined:

yr = T, + v = h*(x}) + v, (36)

where only the measurement outputs about flight states are included, and vy is the measurement noise
vector. Egs. (35) and (36) form the nonlinear system for online estimation.

To apply UKF for the estimations of xj; and ej simultaneously, process and measurement noises
are assumed as the Gaussian white noises satisfying Cov(px, ptj) = Q0;, Cov(vg,v;) = Rdy,;, and
Cov(py,vj) = 0, where Q and R are the covariance matrices of the noises, d;; = 0 when &k # j, and 0y,
is an identity matrix when k = j. For the quad-TRUAV system, y;, € R'® and x} € RS, where e, € R®
is considered only for dynamic equations, whose accuracy is reduced by model mismatches directly.

5 Model validation based on flight data

With the control method in Figure 3, flight experiments are conducted before the model identification to
collect flight data, as shown in Figure 5. With the ground test and flight data, LS approach is applied
to obtain the estimated parameters and estimated standard deviations in Table 2. In the case without
measurement noises or with only Gaussian white noises, by representing the estimated value as ¢ and
its estimated standard deviation as ¢(¢), ¢ &+ 1.966(¢) is a good approximation for the 95% confidence
interval. Based on this criterion, the estimations in Table 2 provide good confidence. To validate the
above study, the following contents will display some flight experiment results. Then real data are applied
to validate the identified nominal model and model-error-enhanced model of the quad-TRUAV.

5.1 Flight experiment results

In the flight experiments with the control structure designed in Section 3, the quad-TRUAV takes off
vertically, and tilts rotors at 7t/4 rad for acceleration. When the flight velocity is larger than the stalling
speed 7 m/s, the quad-TRUAV tilts into airplane mode and cruises to record enough flight data, as shown
in Figure 6. Without velocity and height controllers, the flight velocity and height fluctuate under the
control instructions from the ground control station. To reduce the bad effect from external interferences
for data collection, the degree of wind is required not more than Beaufort two. A video about flight
experiments is presented in the website®.

Furthermore, Figure 7 displays the curves of Euler angles and attitude rates from a set of flight data,
where attitude references are provided by the ground control station, and attitude rate references are
calculated by the attitude controller block shown in Figure 3 corresponding to K - (ng — n) in (22).
These curves display the effectiveness of the designed control method. Note that the reference value of

3) https://v.qq.com/x/page/w0976sg2kof.html.
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Figure 6 (Color online) Average rotor-tilt angle, flight veloc- Figure 7 (Color online) Euler angles and attitude rates in a
ity, and flight height in an experiment. flight experiment.

¢ is almost zero in airplane mode. However, due to the dynamic coupling between rolling and yawing
motions, ¢ is accompanied with fluctuations with the variations of .

5.2 Quad-TRUAV model validation

The nominal model of the quad-TRUAV is identified with the nonlinear equations (1)—(5), rotor mod-
els (24), and estimated parameters listed in Table 2. Based on some modeling assumptions and real
flight data, this nominal model is approximate and also a typical model from offline system identi-
fication methods as the models in [6,9]. By representing it as & = f(mk,l,uk,l), & means the
one-step predicted state vector with 1 = yr_1. For the further accuracy of the model, the ac-
tive model method with UKF is applied to estimate model errors based on the augmented system (35)
and (36). The parameters for UKF are mainly based on heuristic knowledge, and set as Q = diag(0.1,
0.1,0.01,1,0.01,0.01,1,1,0.01,0.01,1,1,1,1,1,1), R = diag(0.1,0.1,0.01,1,0.01,0.01,1,1,0.01,0.01),
aykr = 1, and Bukr = 2.

To validate the quad-TRUAV models sufficiently, fresh flight data in different flight modes are consid-
ered to compare actual states and their predicted values from different models. With the measurement
outputs yx from onboard sensors and the control inputs u recorded by the Pixhawk, the M-step pre-
dicted state vector by the moving-horizon (prediction from the nominal model)

& = f(@r_1,up_1) (37)
will be displayed, where &;_; = f(i?k_Q,Uk_Q), cowoand Tp_pre1 = f(yk_M,uk_M). With the model
error estimation é; from UKF, the M-step prediction from the model-error-enhanced model

Ty, = f(@p—1,up-1) + Eéx1 (38)

will also be shown, where ;1 = f(ék,g, ug—2)+FEég_o, ..., and ék,Mﬂ = f(yk,M, ug_n )+ Eép .
Figure 8 displays and compares the actual states in different flight modes with their M-step predictions
from (37) and (38). To compromise the model validation and computation time, M is set as 5 in these
curves. The prediction errors & — x) and %k —xj, of all states are also shown, and their absolute averages
are listed in Table 3, where the absolute average of signal 7(¢) is defined as ave(|7(¢)|) = 1/N Zgzl |7(kT)|,

”

the values with “ 7 are from (37), and the values with “~” are from (38).

According to Figure 8 and Table 3, the kinematic models about h and [¢ 0 w]T are all with excellent
accuracy. It it rational because there is no unknown parameter in kinematic equations. However, the
nominal dynamic model presents different accuracy in different flight modes, which is mainly caused
by modeling assumptions and some other inaccuracy. Especially during the transition procedure, the
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Figure 8 (Color online) Quad-TRUAV model validation with three sets of flight data and M-step predictions (M = 5).
Table 3 Absolute averages of M-step prediction errors (with the same units as Figure 8)
Helicopter Transition Airplane Helicopter Transition Airplane
mode procedure mode mode procedure mode
ave(|]V — V) 0.0451 0.0463 0.0451 ave(|8 — B]) 0.9044 1.2515 0.1407
ave(\v -V 0.0213 0.0381 0.0239 ave(\ﬁ - A1) 0.2330 0.3258 0.0361
Increase rate (%) 52.8 17.7 47.0 Increase rate (%) 74.2 73.9 74.3
ave(|& — af) 2.3140 3.4353 0.2065 ave(|p — p|) 1.5630 2.7496 4.7035
ave(\é — al) 0.3816 0.5246 0.0509 ave(|;;77 pl) 1.3400 1.7092 2.7824
Increase rate (%) 83.5 84.7 75.4 Increase rate (%) 14.3 37.8 40.8
ave(|g — ql) 3.8038 4.3009 2.1395 ave(|? —r|) 1.0395 1.3601 2.2137
ave(|t:j— ql) 1.6365 2.3089 1.5923 ave(\%— r|) 0.7207 0.6629 1.8619
Increase rate (%) 56.9 46.3 25.6 Increase rate (%) 30.7 51.3 15.9
ave(|;L — hl) 0.0592 0.0050 0.0039 ave(|<z; —¢|) 0.0381 0.0549 0.0891
ave(|77, — hl|) 0.0603 0.0045 0.0036 ave(|$ — | 0.0366 0.0442 0.0617
ave(\é —0|) 0.0682 0.0923 0.0526 ave(|'t/:v —|) 0.0202 0.0242 0.0493
ave(\g— o)) 0.0396 0.0692 0.0474 ave(|'$ —|) 0.0198 0.0233 0.0427

nominal models about «, ¢, and § are less accurate than them in other flight modes, and the nominal
models about p and r are also worse than them in helicopter mode.

To accommodate the above model mismatches, model errors are estimated for dynamic states, and their
decuple values are shown in Figure 8, which present obvious correlations with prediction errors. Compared
to the identified nominal model, which is also a typical nonlinear model from offline system identification
methods, the model-error-enhanced model is more accurate, as shown by the increase rates about dynamic
states listed in Table 3. The above results mean the active model-based nonlinear system identification
improves the quad-TRUAV model, and the accuracy and complexity of the model are compromised by
additional model errors and a less complex nominal model. However, limited by the assumed model (34),
active model methods in this study and other references [20-23] can not estimate some time-varying parts
of model errors. For excellent TRUAV models, time-varying model error estimation methods are worth
considering and comparing with current propositions.

6 Conclusion
This paper focuses on the active model-based nonlinear system identification of quad-TRUAV. Accord-

ing to some modeling assumptions, the quad-TRUAV nominal model is formulated in a nonlinear and
relatively concise form. Based on the simplification of the model, IDA-PBC is applied to attitude control
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and flight experiments of quad-TRUAV. Some unknown parameters in the nominal model are estimated
offline based on real flight data. To improve the accuracy of the model, an active model method using
UKF is developed to estimate model errors online. According to numerical results, the designed control
method ensures the attitude stability of quad-TRUAYV in all flight modes. The identified nominal model
describes the TRUAV dynamics in a less complex form, and the estimated model errors further improve
the accuracy of the model. The accuracy and complexity of the model are effectively compromised.

In future work, the active model method for quad-TRUAV will be further modified. Estimating some
time-varying model errors improves the accuracy of the model-error-enhanced model. In addition, the
quad-TRUAYV flight control enhanced by model errors will be investigated. By introducing an integrated
nonlinear model, the model-error-enhanced control provides better control performance than current
methods that rely on nominal models.
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