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Abstract: The traditional aircraft controller design is usually based on the off-line aerodynamic model.
Due to the deviation of the off-line aerodynamic model, the flight quality is difficult to meet the
requirements when the aircraft is flying in the real atmosphere. To solve this problem, this paper pro-
poses a frequency domain identification-based improved adaptive nonlinear dynamic inversion (NDI)
control method (FDI-ANDI). In this paper, an online recursive aerodynamic parameter identification
method in the frequency domain is first designed, and then an adaptive dynamic inversion control
method based on the online aerodynamic parameter identification results is established. Finally, aim-
ing at the problem of the slow response speed of the NDI controller, an improved adaptive dynamic
inversion control law is designed by using the method of series lead correction. Compared with the
traditional control method, the adaptive dynamic inversion method based on online aerodynamic
identification has stronger robustness and a faster response speed in the face of model uncertainty.
The final simulation analysis shows that the method has a better control effect than the traditional
control method.

Keywords: frequency domain; recursive least square; real-time aerodynamic identification; adaptive
control; NDI control

1. Introduction

In the past few decades, the Unmanned Aerial Vehicle (UAV) has been greatly popu-
larized in civil fields such as logistics and geological exploration [1,2]. Most of the control
systems for UAVs are traditional controllers, such as PID controllers. However, due to the
nonlinear characteristics of the real aircraft aerodynamic model, the control performance of
the traditional methods cannot fully meet the expectations and their robustness behaves
badly, which also brings secondary problems such as the long control system designing
process. In order to overcome this problem, in recent years, a large number of studies
have focused on the design of nonlinear control systems, such as adaptive control [3,4],
intelligent control [5,6], and so on. Representative among these studies is the Learn-to-Fly
project conducted by NASA’s Langley Research Center [7,8].

Accurate acquisition of real-time dynamic information for aircrafts is the premise of
nonlinear adaptive control adjustment. Aerodynamic identification can play a role in the
whole life cycle of an aircraft. There are many different application scenarios, including
aircraft offline aerodynamic model correction, aircraft adaptive controller design, and
post-damage control reconstruction, etc. In some application scenarios, the aerodynamic
identification must be carried out online, and the flight data collected by the sensor are ob-
tained step by step, and finally, the accurate identification results are obtained. The method
of aircraft dynamics identification includes two categories: time domain identification
method and frequency domain identification method. The regression method represented
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by the least square method is a kind of commonly used basic method, more methods have
been created based on the least square method.

Ref. [9] combined the general least square method with the support vector machine
(SVM) to achieve the predicted stable hysteresis loop. Ref. [10] introduced a method of
Smoothed Partitioning with Localized Trees in Real Time (SPLITR), which uses a local model
network for automatic real-time global aerodynamic modeling. In addition, the commonly
used identification methods include maximum likelihood method [11,12], Kalman filter
method [13,14] and so on.

As for the frequency domain, ref. [15] proposed a method to estimate the parameters of
the linear model in real time by using the equation error of the recursive Fourier transform
in the frequency domain. Ref. [16] established an equation error method in the frequency
domain to estimate the dimensionless stability and control derivative in real time and had
data forgetting, fusion prior information, and optimization excitation added. Ref. [17]
introduced orthogonal optimized multi-sine inputs to excite aircraft dynamic response.

Intelligent methods are also gradually being used in aerodynamic identification.
Ref. [18] used an adaptive neuro-fuzzy inference system extended by the Delta method
(ANFIS-Delta) based on a feedforward neural network to estimate aerodynamic parameters
to enhance the principle of an adaptive neuro-fuzzy inference system (ANFIS) in the Delta
method. Ref. [19] applied a neural network to model the dynamic process of a canard-wing
aircraft. In recent years, there have been many attempts to apply neural networks to
aerodynamic identification [20-23].

In terms of nonlinear adaptive control methods, there are many different technical
routes. For example, the series control system combined with a neural network or fuzzy
controller and PID controller realizes online adjustment of control gain based on control
error or other observations. Nonlinear dynamic inversion (NDI) control is also an adaptive
control method which has strong adaptability and versatility. NDI control can better cope
with the complicated decoupling work among different loops of nonlinear objects and
does not need to repeatedly adjust the gain of each loop; it also has a great number of
applications in aircraft nonlinear control in the long course of development. NDI control
produces many different forms by adjusting the controller structure or combining with
other controllers.

The NDI control based on L1 control is a representative direction. Ref. [24] proposed
a new adaptive NDI control method based on L1 adaptive structure, called L1 Adaptive
Nonlinear Dynamic Inversion (L1-ANDI), which can overcome the influence of interfer-
ence and model uncertainty while ensuring the required dynamic performance. Ref. [25]
also tried to introduce an L1 adaptive structure into NDI control to realize an adaptive
DNI control method of an L1 adaptive structure with excellent dynamic performance and
strong robustness. Combining it with a sliding mode control is another idea. Ref. [26]
proposed a fault-tolerant control method based on an adaptive sliding mode, which can
reduce the influence of time delay and sensor intermittent fault on the system and im-
prove the stability of the inner loop controller. Ref. [27] combined baseline NDI control
with advanced robust adaptive integral sliding mode (ISM) control to achieve acceptable
flight quality at a high angle of attack under the influence of unknown disturbances and
aerodynamic uncertainties.

Adaptive NDI control is widely used in damage reconstruction. Ref. [28] proposed a
reconfigurable nonlinear dynamic inversion (RNDI) controller, which combines a nonlinear
disturbance observer (NDO) and improved NDI control for attitude control of structurally
damaged aircraft. Adaptive NDI control is also used in variable structure aircraft. In
Ref. [29], an NDI flight controller is designed for the flight control of the swept wing
morphing aircraft. Additional feedback is added to the nonlinear cancellation channel to
improve the control law, which eliminates the influence of interference force, interference
torque, and nonlinear cancellation error to a certain extent. NDI control is also used in the
controller design of small UAVs [30].
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In the engineering field, the traditional control method is often used. In past research,
many results focused on the improvement of control effects through adaptive control
methods. Most of these results remain in the theoretical research stage, and the engineering
application value is not high.

This paper innovatively combines the frequency domain recursive aerodynamic pa-
rameter identification method with the NDI control method commonly used in the engi-
neering field and realizes the adaptive NDI control method based on the identification
results. On the one hand, this method introduces adaptive control to improve the control
effect of the controller in the face of model uncertainty. On the other hand, the recursive
identification method can ensure the real-time effect of identification and meet the needs of
engineering applications.

Compared with previous studies, the method proposed in this paper takes into account
the needs of engineering control methods while improving the flight control effect, and has
a good improvement in control effect and practicability.

2. Article Structure Description and Aircraft Dynamics Modeling

Figure 1 shows the content structure of the article.

Research Background of Aerodynamic Identification Method and Adaptive Control Method

Frequency Domain Aerodynamic Adaptive NDI Control
Parameter Identification Method

method € Recursive data detrend <— lead correction
Y Y
Real-time recursive aerodynamic
parameter identification method in Improved adaptive NDI control
frequency domain
Real-time Frequency Improved adaptive NDI Simulation Comparison
Recursive data Domain Aerodynamic m:lml m::lh‘&id control of Adaptive NDI
detrending simulation Parameter Identification simulation Controlllor and PID
Simulation ’ : Controllor
simulation T I 7 | |

Simulation of Improved NDI Control Method Based on Online Frequency Domain
Online Aerodynamic Parameter Identification Method

Figure 1. Structure of the article.

The dynamic equation of the aircraft centroid is [31]:

m(Vx +qVe—1Vy) = Fy
m(Vy +1Ve —pV) = F @
m(V,+pVy —qVy) = E

In the formula, m is the mass of the aircraft, V = [Vx Vy VZ] is the component of the
aircraft speed in the airframe coordinate system, ) = [p ¢ r] is the component of the aircraft
angular velocity in the airframe coordinate system, and [Fx F, F;| is the component of the
combined external force of the aircraft in the airframe coordinate system. The upper point
of the variable represents the derivative of the variable, and this setting also applies to the
rest of this article.
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Combined with the force analysis, the centroid dynamic equation of the aircraft is
finally expressed as follows:

m(Vy +qV; —rV,) = —Gsin6 + (=D cosa + Lsina) + T cos ¢t
m(Vy+rVy —pVz) = Gsingcos0 + Fay + Fry ()
m(V, + pVy —qVy) = Geos¢cos® + (—Dsina — Lcosa) — T'sindr

In the formula, G is the gravity of the aircraft, D is the aerodynamic drag, L is the
aerodynamic lift, Fy, is the aerodynamic lateral force, ¢ is the engine installation angle,
and Fry, is the lateral component of the engine thrust in the body coordinate system:

The aircraft inertia matrix [ is:

Ly — Ixy — Iz
I=|-Ly —Ly —I: 3)
—L: — Iyz Iz

In the inertia matrix, [Ixx Iy L:z| respectively represent the moment of inertia of the
aircraft around the three axes of the body coordinate system, and [I xy Ixz oo Iyz] denotes
the product of inertia.

The angular momentum equation is:

Hy Plxx — 1y,
H= |Hy| = qlyy (4)
H, Tl — Plxz

In the formula, [Hx Hy H| are the components of angular momentum in the body
coordinate system.
The motion of the aircraft around the center of mass can be expressed as:

dH Plxx + qr(lzz - Iyy) — (wz + pq) Lz Lo+ Lyt
{dt] qlyy = pr(Lz — Lx) + (P> = 1*) L= | = |Ma+ Mr ®)
Lz + pg(Iyy — Lex) + (97 — p) Lxz Ny + Nr

In the formula, [L, M, N,] are the components of the aerodynamic torque in the body
coordinate system, and [Lt Mt Ny| are the components of the torque generated by the
thrust in the body coordinate system, respectively. Because gravity passes through the
center of mass, it does not generate torque.

The torque equations are expressed as follows:

p = (c1r+cap)q+csL+ 4N
g = cspr — c6(p2 — ra)q + M (6)

r = (cgp +car)q+cul + CoN

. ) _ (y-L)L-I  (L—Iy+L)I, . I . Lis
In this formula: ¢; = L cp = L % T L cy = LT
_ (L—L) _ I _ 1 _ (k=L)L+1E _ Iy
%= [ 1 C6 = Iy €7 = Iy’ 8 = IXIZ_I%Z 759 = Isz_I)%z‘

Furthermore, it can be deduced that:
= p+ (rcos¢ +gsin¢g) tan6
ézqcosgb—rsin(p @)
P = c0156 (rcos¢ +gsineg)

where 1 is the yaw angle.

3. Real-Time Frequency Domain Recursive Identification Method

The frequency domain recursive identification flow chart is as Figure 2.
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Figure 2. Frequency domain recursive identification process.

When performing aerodynamic identification, the aircraft needs to reach the predeter-
mined flight state first, then the aircraft sensor obtains real-time flight data. The detrending
program will detrend these data. These data are then converted from the time domain to
the frequency domain using the Chirp-Z transform (CZT) method and are then recursively
identified online. Finally, in the static information recovery part, the static information
removed in the detrending part of these data will be restored.

There are several key steps in recursive identification in the frequency domain:

(1) Design an appropriate maneuvering mode to obtain flight data with valid information;

(2) Detrend the data, remove the information component, which is linear with time in
the data, and retain the dynamic response information. In order to meet the needs of
real-time control, it is necessary to use the recursive method to detrend;

(8)  Chirp-z transform is used to transform the detrended flight data into the frequency domain.

3.1. Multi-Sinusoidal Rudder Excitation

When the aircraft is in a stable flight, the amount of information contained in the flight
data is not sufficient. This low-information flight data cannot support accurate identification
of the aerodynamic parameters of the aircraft. Therefore, an effective maneuver method
must be adopted to improve the amount of information contained in the flight data to meet
the needs of identification.

The method used in this paper is a multi-sinusoidal excitation signal [17]. It can be
superimposed with the control instruction as the final control surface deflection instruction.
The expression of this excitation signal is:

uj= ) Aksin(znTktJrfpk) 8)

ke{12,.,M}

Here, the disturbance input applied to the control surface j is set to u;, which is the
sum of the sine wave harmonics ¢* with a single-phase shift, where m is the total number
of available harmonic correlation frequencies and T is the length of excitation time. Ay is
the amplitude of the kth sine wave component and ¢ is the time vector.
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3.2. Recursive Detrending Method

In order to meet the real-time control of the aircraft, a real-time detrending method
must be adopted. Here, a fourth-order Butterworth high-pass filter is used for detrending.

Here, there is a recursive method for filtering, which is a key point, because this
method can be achieved in the real-time sensor data to trend, and ultimately, can obtain
real-time identification results.

The expression of the filter can be written as a difference equation of the following
rational transfer function:

a()y(n) =b(1)x(n) +b(2)x(n—1)+ ...+ b(ny + 1)x(n — ny) ©)

—aQy(n—1)— ... —a(n, + )y(n — ny).

In the formula, 1, is the order of the feedback filter, n; is the order of the feedfor-
ward filter, a (i) represents the denominator coefficient of the rational transfer function
vector, b (i) represents the molecular coefficient of the rational transfer function vector, x (i)
is the input data, y () is the filtered data.

In order to achieve the purpose of recursive calculation, the following expressions can
be written:

y(m) = b(1)x(m) +wi(m —1)
w1 (m) = b(2)x(m) +wa(m —1) —a(2)y(m)
=5 (10)
() = b(n — 1)x(m) + w, 1 (m — 1) —a(n — 1)y(m)
w1 (m) = b(n)x(m) — a(n)y(m).

where w (i) is the intermediate calculation variable, and the initial recursive value can be
defined as constant 1.

3.3. Chirp-Z Transform

When the time domain data are converted to the frequency domain, the most com-
monly used method is the Discrete Fourier Transform (DFT) method, but the DFT method
has some shortcomings for aircraft real time identification. Because it is usually necessary
to pay attention to a small range of frequency bands, while DFT will introduce interference
information, the Chirp-z Transform (CZT) method is used here.

The starting point zg of the CZT transform can be arbitrarily selected, so the narrow-
band high-resolution analysis of the input data can be performed from any frequency, and
the frequency resolution can be adjusted as needed, so that any frequency band of interest
can be accurately analyzed.

The results of the CZT transform are shown in Figure 3, where the red dots cover only
one frequency range of interest.

imag

real

Figure 3. CZT transform effect illustration.

The steps of the CZT transform can be expressed as follows:
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First, two L-point sequences g (1) and h(n) are constructed as follows:

n2

PPl _

g(ﬂ) — AT"TW'T x (7’[),0 <n< N-1 (11)
00 N<n<L-1

n2
hin)=W"72,0<n<M-1
N =W"%.0, W
hn—L)=W~"2 ,M<n<L-1

h(n) =

where L satisfies L > N+ M —1,and L =2M, Misan integer.

The Fourier transform G (k) and H (k) of g (n) and i (n) are calculated, respectively,
and Y (k) = G (k) H (k).

Then, the L-point inverse Fourier transform of Y (k) is calculated by:

X(z) = W~ y(n) 13)

In order to achieve the effect of real-time identification, the conventional CZT trans-
form process needs to combine the recursive finite Fourier transform mentioned in [17]:

Xi(w) = Xi_1(w) + x(i)e /A (14)

o Wil _ efijtefjw(ifl)At (15)

3.4. Real-Time Aerodynamic Parameter Identification of Aircraft

The pitch moment coefficient of the aircraft can be simplified into the following form
by linearization. Here, the moment is mainly concerned. It can be regarded as related to
some flight state variables and satisfies an instantaneous linear relationship:

Ci = Cy, + CiyB + Ciyai + C1, S + Ci, 37
Cm = Ciny + Cing& + Cingete + Cn, 547 (16)
Cn = Cnv + Cnﬁ,B + Cn,;‘srdr + Cnpt%/b + Cﬂr%

In the formula, C;, Cy,, and Cj, are pitching, yawing, and rolling moment coefficients.
The lower right corner of the three variables represents the derivative of the moment
coefficient of a variable to the lower right variable. The lower right corner is 0, representing
the moment coefficient caused by the body configuration, b represents the wingspan length,
and ¢ represents the average aerodynamic chord length.

Sometimes, the modeling term on the right side of the equation also includes some
high-order terms or coupling terms of different variables. Appropriate adjustments need to
be made for different configurations of aircraft to accurately model, and a trade-off between
the number of modeling variables and the amount of dynamic corresponding information
is made, so as to achieve the purpose of accurately identifying and minimizing the amount
of calculation.

Here, the pitch moment is taken as an example for analysis. The variable is defined as
X, which is a vector composed of data obtained directly from the aircraft sensor. It contains
the following contents:
wyc
A (17)

The detrending method introduced in the previous section can realize the recursive
detrending of the data. The vector after the detrending is defined as Xj;, the variable in the
lower right corner “d” represents the detrended data of this variable, and X; is expressed
as follows:

X =9,

X, = [y, 8, ¥< 18
4= lag, o4, 2V|d] (18)
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The frequency domain sensor data X can be obtained by recursive Fourier transform,
the superscript “~” represents the frequency domain data, and the expression of X is
as follows:

a(1)

a(2) (19)

ag (M) 64(M) wyc|d( M)

In the frequency domain, the problem of a recursive solution can be expressed in the
form of recursive least squares. The expression is as follows:

ag(1) 6a(1)

2 la
%, = | w@ %2 *yv

Zy=X0+¢ 20)

- _ _ _ T
%= [64(1) Cu(@ | Cu(m) @
0= [Cn G Coneye]’ )

The value of theta can be obtained by the following expression [16]:
~ N1l o
0= [Re (X* X)] Re (X*Z) (23)

In the formula, the variable with upper right corner “t” represents the complex
conjugate transpose of this variable, and “Re” represents the real part of a complex number.
Eventually, we need to recover the static information C,, filtered out of the trend-

ing process: X
Cpo = Cy — 60X (24)

4. Adaptive Disturbance Suppression Integrated Controller Design for UAV
4.1. NDI Controller Based on Real-Time Aerodynamic Parameter Identification

Figure 4 shows the structure of adaptive NDI control.

real-time
identification
M |
Xemds Yemd ®emdy Oemd Wemd 1
Trajectory +, Attitude T Angu.lar + Moment state-space
velocity
command command command M model
_ L command 8,cmu
XY 4,0 l
observer
+ -~
6-DOF dynamic i @ =
<+——  control allocation
equation M + w
§,emd &+
04y 0e, Or
sensor

Figure 4. Adaptive NDI Controller Architecture.

Considering that the change of airflow angle «, 3, v is slower than that of angular
velocity wy, wy, w;, the system is divided into a slow loop and fast loop. The inner slow
loop dynamic inversion is to solve the next dynamic inversion command. According to the
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instructions of roll angle ¢, pitch angle 6, and angle of sideslip B, the instructions of wy, wy,
and w, are solved.

wxe = Kp (¢ — ¢) — tan(6) (w; sin(¢) + wy cos(¢))

wye = —Kg(Bc — B) — £ sin(¢) (25)
Wae = a7 (Ko(Bc = 6) + wy sin(@))

The lower-right corner ‘c’ represents the instruction value of the variable, and this
setting also takes effect in other parts of this article. Ky, Ky, Kg represents the gain of
the controller.

Bringing the above control instructions back to the dynamic equation, we can obtain:

¢ = Kop(¢c — )
0 = Ko(6 — 0) (26)
,B = Kﬁ(ﬁc - ﬁ)

According to the solution formula of first-order linear non-homogeneous differential
equation, we can obtain:

0 =0, + (6(0) — 6. )e Kot (27)
B =Be+(BO) = po)e "
The time domain response function in the same form as the orbital angle can be
obtained, and convergence can be achieved in a limited time.
By solving the inverse of the dynamic equation of the inner loop to track these angular

rate commands, the required angular acceleration proportional to the angular rate error
can be obtained by:

{ ¢ = e+ (¢p(0) — pc)e Kot

M, = IKy(we — w) — (M — w x Iw) (28)

In the formula, M represents moment, M is determined by the current identification
model of the aircraft, and K|, is the control gain.

Substituting the control torque command into w in the kinetic equation gives, in the
formula, M as the torque value obtained by the sensor.

w = Kg(we —w) + 1M — M) (29)

Combined with the results of real-time identification in the frequency domain, the
final control rudder deflection solution can be expressed as:

Cine = (Ciy X &+ Ciue X 57 + Cinyg)
S = c 2 (30)
ms

4.2. Improved NDI Controller Design

Aiming at the problem of large error and strong hysteresis based on conventional
dynamic inversion under an unsteady aerodynamic force, an improved adaptive NDI
control method is introduced, improving the control effect in the presence of errors in
aerodynamic identification results.

The leading link is added when solving the nominal angular rate in the slow loop [32].
The conventional slow loop angular rate solving law is as follows:

we = Ko(6: — 6) (31)
After adding the lead link, the expression becomes:

s/wec+1 s/wec+1 Kes+1
_yweT Ke(gcfg)_# _ ¢

Weimp S/(UD-i-l. _S/wD-O-l'qC_KDS-i-l.

We (32)
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Written in the form of time domain:
Kp- a;cimp (k) + Weyy,, (k) = K¢ - we(k) + we(k) (33)

where qcimp is the improved expected angular velocity. Using approximate difference
instead of differential, the nominal angular rate after adding the leading link is obtained:

[K?chimp (k - 1) - KTCwC(k B 1> + (K?C + 1)wC(k>}

(2+)

Wey,y, (k) = (34)

5. Simulation Result and Discussion

This section shows the simulation results and analysis of the two main research contents.

Real-time flight data are obtained from flight simulation, and the real-time data are
recursively detrended. Then, they are substituted into the frequency domain recursive
identification program to determine the accuracy of the identification. In this process, it
is necessary to evaluate the recursive effectiveness of online flight data, so as to set some
necessary process settings, such as time delay, for the whole process simulation.

The second part compares the control effects between the conventional PID controller
and the NDI controller, and then introduces the improved NDI controller with advanced
correction to compare the control effects of the three and verify the robustness of the
improved NDI controller. Finally, the whole process simulation including the real-time
frequency domain identification and improved adaptive NDI control is given, which proves
that the method designed in this paper can meet the requirements of real-time operation.

5.1. Real-Time Frequency Domain Identification Simulation

Applying an active excitation signal to the control surface can stimulate the dynamic
characteristics of the aircraft, so that the flight data contain more information and improve
the accuracy of identification. In this paper, only the longitudinal pitch force distance
identification is concerned, so only the elevator is applied. The excitation expression is:

167t

w=05x (sin( 7 4 2.8274) + sin(2 +2.1991) + sin(227) 4 sin(29™ 4 1.8850)) (35)

T T T

The image of each sine signal and the effect of their superposition are shown in
Figure 5.

1 T T T T T T T
1 1 I 1 1 I I 1

0 1 2 3 4 5 6 7 8 9 10
1 T T T T T

T

c1(°)

c2(°)

c3(%)

0 1 2 3 4 5 6 7 8 9 10
0’\1 T T T T T T T T T
5 0
34
0 1 2 3 4 5 6 74 8 9 10
2 T T T T T T T
SO0 .
e
2 I 1 I .
0 1 2 3 4 5 6 7 8 9 10

t(s)

Figure 5. Actuator surface excitation component.
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The flight state of the identification phase selected in this paper is shown in the
Figure 6.

7500.2 150.05
7500 @
= i;:, 150
7499.8
10 20 30 40 10 20 30 40
7.5 7
e S <HiB
o] ;ON
8
7
10 20 30 40 10 20 30 40
1 7.5
) >
2« s
1 7
10 20 30 40 10 20 30 40

Figure 6. Flight state in real-time parameter identification phase.

Flight altitude is about 5000 m, speed is about 150 m/s, in the horizontal flight state
dynamics identification.

A 4-order Butterworth high-pass filter is used, Table 1 shows the specific information
of the filter.

Table 1. Filter configuration.

Description Symbol
filter types Butterworth
order 4
sampling frequency 100
cut-off frequency 0.1

In order to realize real-time identification, the flight data have to be detrended. The
comparison of data before and after processing is shown in the figure below.

In Figure 7, the blue solid line represents the untreated original data. When the data
has a constant component or a component that is linearly related to time, after being
converted into the frequency domain, there will be a high-peak low-frequency component,
which affects the identification accuracy. In the above figure, it can be clearly seen that the
angle of attack and the elevator angle have obvious constant components, so these data
must be processed. Relatively speaking, the other two have small deviations, but they also
need to be processed.

The red solid line in the diagram is the result of real-time recursive detrending. In order
to observe the detrending effectiveness more intuitively, after the simulation is completed,
a more accurate batch detrending method is used offline for data processing, and all the
results are displayed in a picture. It must be pointed out that this batch method does not
meet the needs of real-time operation, because it requires simultaneous processing of all
flight data. If all the previous data are processed in batches after each data acquisition, the
effect of the similar inference method can be achieved. However, this will cause a very large
amount of calculation and put forward high requirements for the hardware computing
power of the aircraft. The results of offline batch processing are represented by blue dashed



Appl. Sci. 2023,13, 6951

12 of 20

lines. It can be clearly seen from the figure that it takes about 20 s to converge the nevus
with the same accuracy as the batch processing method. This is because at the initial time,
for the lack of flight data, the constant components contained in the flight data cannot be
accurately identified.

raw data
Processed data
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Figure 7. Comparison of Flight Data Before and After Detrending and Reference Standard Curve.

Through this experiment, a conclusion can be drawn that when using the recursive
real-time detrending method, it is necessary to wait for a period of time after starting the
detrending process to carry out the recursive aerodynamic identification. The specific
waiting time length should be determined by flight data analysis. Here, the waiting time is
20s.

After the detrending, the frequency domain recursive identification can be performed.
Figure 8 shows the identification results.

In the stage of waiting for the convergence of the real-time filter, the identification
result is artificially set to 0. In order to ensure that the identification result fluctuates greatly
at the beginning of the recursion, the first 90 samples are taken for one batch, and the result
is used as the initial value for subsequent recursion.

In the above diagram, it can be seen that the initial value error obtained after batch
processing is very small, and the identification result is stable in the subsequent recursive
process, which can show that the identification is rapid, the convergence is great, and
the error is small. In order to explain the identification accuracy more clearly, after the
recursion starts, a time interval with stable identification results is selected to average
the relative error of parameter identification. Table 2 shows the aerodynamic coefficient
identification results.

Table 2. Relative error of real-time aerodynamic parameter identification.

Description Mean Relative Deviation (%)

Cina —0.9084
Cuus —0.4896
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Figure 8. Real-time parameter identification results. subplot (a,b) are the derivatives of the pitch

moment coefficient to the deflection angle and angle of attack of the elevator, respectively.

The error of the aerodynamic parameter identification results is within 1%, which
meets the accuracy requirements of real-time control adjustment.

5.2. NDI Control Simulation Based on Real-Time Aerodynamic Parameter Identification

This section first uses the conventional NDI controller for simulation and compares
the control effect between the NDI controller and the PID controller under the step pitch

angle command.
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After the recursive identification achieves convergence, The control switch will trigger
the controller switching to NDI control mode, then use the PID controller and NDI controller
to track the pitch angle step command, respectively. Since the accuracy of identification has
been explored and explained in detail in the previous section, this section only shows the
image of the instruction tracking part.

In this section, the initial state of the aircraft is given as follows, and the step instruction
is 10°. Table 3 shows the simulation initial conditions.

Table 3. Simulation initial state.

Description Symbol Value
pitching angle 0 7.25°
angle of attack o 7.25°

elevator Sele —7°
altitude H 7500 m
speed 14 150 m/s

Figure 9 is the NDI controller and PID controller pitch angle control effect comparison.

In the simulation diagram, it can be clearly seen that compared with the PID controller,
the NDI controller responses faster with a smaller overshoot. From the elevator deflection
angle image and the pitch angular rate image, it can be seen that the NDI controller can
simultaneously achieve a larger angle of the rudder deflection and faster adjustment re-
sponse when controlling the aircraft to track the step pitch angle command, so as to achieve
a better control effect. In order to compare the differences between the two numerically,
three indicators of the rise time, peak time, and overshoot are selected to quantitatively
compare the control effects of the two.

The definitions of the three indicators are:

(1) Overshoot: The ratio of the instantaneous maximum deviation (feyax) to the steady-
state value (6), expressed in a percentage.

(2) Rise time: The time required for the response curve to rise from 10% of the steady-state
value to 90% of the steady-state value.

(3) Peak time: Time it takes for a step response curve to exceed its steady-state value to
reach its first peak.

1M T T T T T T T

- === Reference instruction
10 5 = —— P|D 7

"""" Adaptive NDI

95

Figure 9. Cont.
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Figure 9. Comparison of NDI and PID control effects. subplot (a—c) are pitch angle, elevator deflection
angle and pitch angle velocity, respectively.

Table 4 shows the quantitative comparison of simulation results.

Table 4. Control effect index comparison (NDI vs. PID).

Description PID Controller NDI Controller

rise time(s) 0.39 0.36

peak time(s) 0.61 0.55
overshoot (%) 35.21 26.78

According to the three indicators defined here, the control effects of different con-
trollers can be quantitatively compared. Combined with simulation images and numerical
analysis, it can be seen that compared with the traditional PID controller, the adaptive NDI
controller can make the aircraft converge to the target command faster, and the response
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speed is faster, the overshoot is smaller, and the convergence speed is faster, indicating that
the adaptive NDI controller has better control effect.

5.3. Simulation Verification of Improved Adaptive Control Method

Under the same conditions as Section 5.2, the simulation verification of the improved
NDI control method is carried out. Similarly, in the simulation of this section, all links
including recursive detrending, identification, and step pitch angle command are also used,
and only the image of the step command tracking stage is displayed.

Figure 10 shows the step response tracking effect of the improved NDI control method,
conventional NDI control, and PID control.

It can be seen from the simulation diagram that compared with the PID controller and
the NDI controller, the improved NDI controller has a further improvement in response
speed and overshoot. Similarly, it can be seen from the elevator deflection angle image
and the pitch angle velocity image that the improved NDI controller has a better response
effect of the elevator deflection angle. In order to compare the differences among the
two numerically, three indicators of rise time, peak time, and overshoot are selected to
quantitatively compare the control effects of the three. Table 5 shows the quantitative
comparison of simulation results.

Table 5. Control effect index comparison (INDI vs. NDI vs. PID).

Description PID NDI Improver NDI
rise time(s) 0.39 0.36 0.35
peak time(s) 0.61 0.55 0.49
overshoot (%) 35.21 26.78 11.97

Under the same simulation conditions, compared with the improved NDI, adaptive
NDI and PID control methods, it can be seen that the improved NDI has faster response
speed and convergence speed than the adaptive NDI, and the overshoot is smaller. It has
the best control effect among the three, which shows the effectiveness of the series lead link.
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Figure 10. Cont.
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Figure 10. INDI, NDI and PID control effect comparison. subplot (a—c) are pitch angle, elevator
deflection angle and pitch angle velocity, respectively.

5.4. Whole Process Simulation of Improved NDI Control Based on Real-time Frequency
Domain Identification

Since this paper focuses on a whole process method combining real-time aerodynamic
identification and adaptive NDI control, the whole process simulation is carried out on the
basis of the above verification of each part.

The simulation process of this section includes: real-time recursive detrend, real-
time recursive parameter identification, step command tracking, free flight phase, as
Figure 11 shows.
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Figure 11. Whole Process Simulation of Improved NDI Control Based on Real-time Frequency
Domain Identification.

In the whole flight phase, the flight attitude of the aircraft is stable, the command
response is fast, and the attitude command with large variation can also be accurately
tracked to meet the design requirements.

6. Conclusions

Aiming at the problem of poor robustness of traditional controllers under nonlinear
conditions such as model uncertainty, this paper designs an improved adaptive NDI control
method based on real-time aerodynamic parameter identification in the frequency domain.
Firstly, the online frequency domain aerodynamic parameter identification method is
introduced, including the setting of the excitation signal, recursive flight data detrending,
CZT transform, and recursive identification steps. Then, the solution process of the adaptive
NDI method based on real-time aerodynamic identification is introduced. Based on it,
an improved NDI control method is introduced to improve the control response speed.
In the final simulation part, the aerodynamic parameters are identified by the real-time
identification method introduced in this paper. The identification error is within 1%, which
meets the requirements of adaptive control. Then, the performance of the PID controller
and adaptive NDI controller in aircraft attitude control is compared. Through quantitative
comparative analysis, it is proved that the adaptive NDI controller is superior to the PID
controller in terms of rising speed, response speed, and overshoot. By introducing an
improved adaptive NDI controller for comparative simulation, it is concluded that the
controller has better control effect, which shows the feasibility of the method introduced in
this paper. The frequency domain online identification introduced in this paper can achieve
accurate online identification, and on this basis, an improved adaptive NDI controller is
used to achieve accurate attitude control. At the same time, because the method proposed
in this paper can be recursively operated step by step, the calculation amount of online
identification is reduced, which is of great significance in practical engineering application.

The innovation of the method proposed in this paper is mainly to combine frequency
domain identification with the improved adaptive NDI control method, to design an
adaptive control method that can be realized in engineering. It can use flight data to
identify and optimize the control effect of the controller in real time.

This highly engineered method can be applied to the design of commercial aircraft
to simplify the control system design process and save costs. At the same time, it can be
applied to improve the flight controller using the conventional NDI control method to
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improve its control effect. This improvement has a good application prospect in some
application scenarios that require high flight control quality.
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Nomenclature
The following abbreviations are used in this manuscript.
Acronym Full Name
NDI Nonlinear Dynamic Inversion
FDI-ANDI Frequency Domain Identification based Improved Adaptive NDI Control
UAV Unmanned Aerial Vehicle
SVM Support Vector Machine
SPLITR Smoothed Partitioning with Localized Trees in Real Time
ANFIS Adaptive Neuro-fuzzy Inference System
ANFIS-Delta  Adaptive Neuro-fuzzy Inference System Extended by Delta Method
L1-ANDI L1 Adaptive Nonlinear Dynamic Inversion
ISM Integral Sliding Mode
RNDI Reconfigurable Nonlinear Dynamic Inversion
NDO Nonlinear Disturbance Observer
CZT Chirp-Z Transform
DFT Discrete Fourier Transform
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