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This study presents a systematic and optimal framework for designing excitation inputs for fixed-wing
aircraft system identification, with a particular focus on multi-input multi-output (MIMO) systems under
active flight control. Excitation signals such as pulse, doublet, and multi-step are commonly selected due
to their simplicity and widespread use in practical applications. However, their selection is often
empirical and may not provide optimal excitation for accurate and robust parameter estimation. The
proposed methodology systematically determines the most effective input signals, designs their
frequency content and amplitude characteristics, and evaluates their performance under both open- and
closed-loop control conditions. This approach facilitates accurate parameter estimation across multiple
identification techniques and is generalizable to other aircraft as well as potentially to other complex
dynamic systems. The effectiveness of the proposed method is demonstrated through high-fidelity six-
degree-of-freedom (6-DOF) simulations in MATLAB/Simulink, showing its capability to efficiently and
accurately excite the relevant aircraft modes for precise model identification.
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1. INTRODUCTION

System identification is a fundamental discipline that has
consistently played a pivotal role in the design and
development of aerospace vehicles, with enduring
applications from historical projects to contemporary
advanced aircraft. This methodology is employed across
a diverse spectrum of areas, including understanding and
optimizing aircraft behavior, designing and refining
control systems, fault detection and diagnosis,
developing  high-fidelity ~ simulators, establishing
handling qualities criteria, and planning efficient aerial
missions (1-5). A core tenet of system identification is
that flight data must be rich in information about the
dynamic characteristics to be identified; as a fundamental
rule, “if the characteristics are not in the data, do not
expect to be able to identify them in the model” (6).
Consequently, the design of appropriate excitation inputs
to stimulate the aircraft's dynamics during flight tests, —
thereby ensuring the collection of informative data—
represents one of the most critical stages in the
identification process. This design must be executed
systematically and aligned precisely with the objectives
of the system identification endeavor.

The most prevalent excitation inputs in aircraft
system identification include pulse, doublet, multi-step,
sinusoidal, and multi-sinusoidal signals, each serving
specific purposes (7-10). For instance, the doublet and
multi-step inputs are widely utilized due to their
simplicity and effectiveness in exciting a desired
frequency range, making them particularly suitable for
identifying short-period and Dutch roll modes (11-14).
Conversely, the pulse input is more appropriate for
exciting and characterizing the phugoid mode (15, 16).
Another commonly used input is the frequency sweep,
which covers a broad range of frequencies and is
especially valuable when prior knowledge of the system
dynamics is limited (17, 18). Among more recent
developments, the Orthogonal Optimized Multisine
(OOM) method (7) has been introduced as a practical,
versatile, and effective approach for flight test
applications. It has been employed both theoretically and
experimentally for the excitation of aircraft dynamics and
the estimation of dynamic parameters (19, 20). Given
their predominant application in exciting aircraft system
dynamics, these input types form the primary focus of the
present investigation.

In Multi-Input Multi-Output (MIMO) systems, a
crucial consideration is determining the impact of
different control effectors on the identification process.
For example, in an aircraft featuring a V-tail
configuration, longitudinal dynamics can be excited
using the elevator, rudder, or engine thrust. A review of
the existing literature reveals that excitation inputs are
often designed and applied based on traditional or
empirical methods, frequently leading to suboptimal

performance and increased time and cost for flight testing
and identification (21-23). While these references
address input design for identifying aircraft dynamics,
the critical questions of how to apply these inputs across
multiple channels and their subsequent effects are often
not thoroughly examined. Furthermore, besides the
application strategy, key input characteristics—such as
frequency content, amplitude, duration, and signal
shape—must be meticulously designed with respect to
the specific aircraft dynamics. This aspect of tailored
input design has also been largely overlooked in favor of
more conventional approaches .

Another critical factor in aircraft system
identification is the state of the flight control system,
which can be either active or inactive, corresponding to
closed-loop or open-loop identification, respectively. In
open-loop identification, the control system is
disengaged, allowing excitation inputs to be applied
directly to the aircraft, stimulating its dynamics
according to the input's frequency content. However, for
most modern aircraft, mission requirements and safety
constraints often preclude open-loop operation due to
their reliance on active stability augmentation and flight
control systems. Consequently, the active controller
significantly influences the system's response to
excitations, making open-loop identification challenging
and often impractical (4, 24, 25). While necessary,
closed-loop testing introduces specific challenges;
primarily, the feedback control action can dampen the
excitation signals and introduce correlations between the
control input and process noise, complicating the
identification process (4). Under these conditions,
excitation inputs must be designed to optimally
overcome these limitations and effectively excite the
system dynamics, a challenge that is addressed in this
work.

System identification and precise dynamic modeling,
in addition to the mathematical model and flight motion
equations, have novel applications in other parts of an
aircraft as well. Recent advancements in UAV-based
sensing and control systems highlight the growing
importance of precise dynamic modeling and
identification for complex aerial platforms. For example,
reference (26) developed a UAV-based structural health
monitoring system combining vision-based localization
and deep learning models to detect structural defects in
GNSS-denied environments. Similarly, Jiang et al. (27)
integrated intelligent sensors with UAVs to enhance
operational safety and spatial awareness. These studies
underscore the increasing reliance on UAVs as intelligent
dynamic systems that require accurate system
identification and effective input design, motivating the
development of the systematic framework proposed in
this work.

Despite the variety of existing methods for designing
excitation inputs, a persistent challenge in aircraft system
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identification is their optimal design, particularly when
multiple control effectors are involved and the control
system is active. Flight testing is inherently risky, costly,
and time-consuming. Therefore, it is imperative to design
excitation inputs purposefully and efficiently to
maximize information yield and minimize the number of
required test flights. Most existing studies focus on
specific excitation types or single-input cases and do not
provide a unified procedure for evaluating and
comparing their effectiveness under different flight
conditions. To further clarify the importance of this topic,
Table 1 lists some studies that have employed excitation
inputs, along with the identified design limitations.

The main contribution of this paper is to present a
systematic and optimal framework for designing and
evaluating excitation inputs for fixed-wing aircraft. The
method accounts for both open- and closed-loop
conditions in MIMO systems. In this context, the
proposed process not only determines suitable excitation
frequency ranges but also evaluates which control
effectors (e.g., elevator or throttle) are more effective for
exciting specific aircraft modes and extracting
aerodynamic derivatives. The novelty of this work lies in
addressing all key challenges simultaneously —
including the closed-loop nature of the system, the
MIMO interactions between control effectors, and the
difficulty of properly exciting relevant modes while
maintaining safe flight conditions. The proposed
framework provides an integrated process that can be
applied to various aircraft configurations and potentially
extended to other dynamic systems.

The paper is structured as follows: the first section
details the derivation of the initial aircraft model. The
second section presents the design of the excitation
frequency range based on this model and provides a
method for selecting the most effective input in MIMO
systems. The third section develops various excitation
inputs according to the specified frequency range and
analyzes their performance through simulation. The
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fourth section addresses the specific design of excitation
inputs for closed-loop system identification. Finally, the
fifth section designs an optimal excitation input for the
target aircraft and validates its effectiveness through
comprehensive six-degree-of-freedom (6-DOF)
simulations in the MATLAB/Simulink environment.

2. DERIVATION OF INITIAL MODEL

The design process for excitation inputs begins with the
development of a mathematical model representing the
system at its intended operational condition. Following
this approach, the longitudinal state-space model of the
fixed-wing aircraft is formulated according to Equation
1. (28).

X = Ax + Buinp |
{y=Cx+Dul-np ’ M
Where matrices A and B are defined as follows:
X[z(Zu"’ZTu) XaZg
Xy o+ Xy + =210 Xo+ 558
Zy+Zry Zg
A= | Ui—Z4 Ui—Zg
Ma(Zu+ZTu) MuZg
llMu + Mpy + =2 Mg+ Mg + 555
0 0 5
¥ Xa(Ui+zg) 2)
q Ui—Zg 9
Uy +Z4
Ui—Z4 0
U +2,
Mg+ Mg+ 0
1 0
XaZse XaZr
Xoe ¥ 5,20 X1 T 022
Z&e ZT
B = Ui=Zg4 Ui=Z4 3)
MyZse My Zr
Mg, + Uz, My + =
0 0

TABLE 1. Comparison of issues in the design of excitation inputs in selected references

Refs. Input type  Closed loop excitation  Optimal Control Effector in MIMO  Frequency range estimation = Optimal process

) MS * * * *

4) FS v * % "

(7) OOM * * v *

®) OOM 3211 * * 4 *

9, 11) D 3211 * * * *
MS

(12, 14) v * 4 *

OOM

(15) OOM v N v .
MS

(19) OOM v * v *

D: Doublet, FS: Frequency sweep, MS: Multi sign
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Also, the states vector x =[u a@ q 6] denotes
longitudinal speed, angle of attack, pitch rate and flight
pitch angle respectively. The control inputs u;,, =
[6e ;] represent elevator and throttle. For simplifying,
the matrix A and B in Equations 2 and 3 are expressed as
Equations 4 and 5, respectively. This simplification is
accepted for aircraft dynamics and is documented in
reputable aerospace references (29, 30), as the effect of
the omitted terms is negligible compared to the retained
terms. Since the objective is to determine the effects of
aerodynamic terms on the forces and moments applied to
the aircraft and their respective frequency ranges, this
simplification provides an appropriate approximation of
each term independently.

Xy Xo Xq _g]
Z, Z,
-y Za 1 0
Asimplified =1t Uy | “4)
M, My M, 0]
L 0 0 1 0 J
[ Xse X1
Zse Zr
Bsimwiified = € 5
simplified M&e MT ( )
) 0

The coefficients in the aforementioned equations can
be estimated through computational fluid dynamics
(CFD) analysis (31, 32), wind tunnel testing (33, 34), or
empirical methods such as DATCOM and vortex lattice
methods like AVL (35-38). Although these techniques
provide initial estimates for the system parameters, the
resulting values often lack the precision required for
high-fidelity modeling. The primary objective of system
identification is to refine these parameter estimates
accurately by leveraging flight test data. To this end,
excitation inputs must be strategically designed and
applied to ensure the system response comprehensively
captures the relevant dynamic modes. This is achieved by
utilizing the initial model to calculate the magnitude of
these dynamic terms across the frequency range of
interest. In the present study, longitudinal data from a
scaled model of a Bonanza fixed-wing aircraft is
employed. The key specifications of the aircraft under
trim conditions are summarized in Table 2.

TABLE 2. Bonanza scale model aircraft reference data

Parameter Value Unit
Mass 8.5 Kg
Wing span 29 M
Wing area 0.55 M?
Mean aerodynamic chord 0.19 M

Trim altitude (MSL) 2000 M

Trim speed (U1) 25 m/s

Hence, Equations 6 to 8 provide the values of the
state-space matrices A and B and the aircraft dynamic
mode poles, where sp and ph denote short period and
phugoid modes respectively. In this study, these values
were obtained using the DATCOM method, which
provides an initial approximation of the model. This
approximation is suitable for initial estimating the
desired frequency range for exciting the aircraft modes.

—0.1107 4.1015 0 -9.8
_ [-0.0312 -4.5948 09695 0 ©)
0.0360 —74.927 —5370 0
0 0 1 0
—0.2747 0
_ | —0.1052 0
B=1_289236 —0.094 @
0 0
d
s12= —499 £851,05 =05 ,wy, = 9.87%
rad (8)

S3.4 = —0.047 £5.0,{p = 0.09, @y, = 0575

3. CALCULATION OF DESIRED FREQUENCY RANGE

The design of excitation inputs for system identification
and parameter estimation of fixed-wing aircraft follows a
systematic three-stage methodology. The initial stage
involves determining the frequency range essential for
accurate parameter estimation. In the second stage, the
most effective control surfaces (inputs) for exciting the
aircraft's dynamics are selected. The final stage entails
synthesizing specific excitation signals that adequately
cover the designated frequency bandwidth. The target
frequency range is determined by analyzing the
contribution of each aecrodynamic parameter to the force
and moment equations. This analysis is performed using
Bode diagrams, which pinpoint the frequency bands
where the influence of each parameter is most
observable. This ensures that the designed excitation
inputs effectively target these critical frequencies.
Furthermore, comparative analysis of Bode diagrams
across different control inputs facilitates the selection of
the optimal input channel for estimating each specific
parameter. The frequency response of each state-space
parameter is calculated using the transfer function
approach outlined in Equation 9. For example, for the
parameter M,,, the magnitude of the term |(Maa) / ump|
is computed accordingly (39).

y=a=Cx+Du
(a=[0100]*[uaq9]'+[00]*[SeT]

Mya = [0 M, 0 0] * x + [0 0] * uy, 9)
€ =1[0A4(3.3)00] =[0M,00]
D = [00]
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So, the |Maa / uinp| can be calculated using space state:
|Mya/uinp| = 1C(SI— A)1B + D| (10)

Which A and B matrices has been presented in Equations
2 to 7. It is worth noting that Equation 10 can be
calculated using (ss2tf(A, B, C, D)) in MATLAB. Also,

the term A12=M,, + My, + —%22
Ui1—-Z4

Similar to Equations 9 and 10, the magnitude of the
terms corresponding to other state-space parameters is
calculated in the same manner as Table 3.

The frequency responses of the parameter magnitudes
for both control inputs—the elevator and engine thrust—
are presented in the Bode diagram shown in Figure 1. In
this figure, input 1(In(1)) corresponds to the elevator
input, and input 2 (In(2)) corresponds to the engine
throttle. It should be noted that the frequency range
determined in Figure 1, corresponds to the elements of
the state-space matrix A. For example, the element Az;

is simplified as M.

TABLE 3. State-Space Representation for Individual
Parameter Effects

Row Parameter Simplified C Matrix D Matrix
1 — — [A11 Az Az Ayl [Byy Byl
inp inp
2 |A—“| Hutt [A4;, 000] [00]
Uinp Uinp
3 ‘A—“| Xatt [0 4;,00] [00]
Uinp Uinp
4 |M| X [00 A, 0] [00]
Uinp Uinp
5 S BN [0000] [B1, 0]
a a
6 u_‘ o [A21 A2z Az Azl [Baa Byol
inp inp
7 |A—“| Zute [A,; 000] [00]
Uinp Uinp
8 ‘A—“| Lot [0 Ay, 00] [00]
Uinp Uinp
9 |A2—3‘* Zqa [00 A,; 0] [0 0]
Uinp Uinp
O e L [0000] (B, 0]
q q
11 W W [A31 Asz Ass A34] [331 332]
inp inp
12 - - [45,000] [0 0]
Uinp Uinp
13 sz Mo [0 A3, 0 0] [00]
Uinp Uinp
14 4334 Hqa [0 0 4,5 0] [0 0]
Uinp Uinp
R et O [0000] [Bq: 0]
6 [P |M; | [0000] [0 Bs]
inp

comprises the sum of M, + M. These terms must be
separated and distinguished post-identification using
mathematical methods.

When parameters exhibit overlapping magnitudes in
a Bode magnitude plot, their differentiation becomes
challenging. In such cases, phase plots provide a
powerful complementary tool for discrimination, as they
often reveal unique phase behaviors—such as distinct
phase shifts or steep phase slopes near natural
frequencies—that are characteristic of individual
parameters. By synergistically combining both
magnitude and phase information, a unique dynamic
signature for each parameter can be established, greatly
aiding the identification process. However, challenges
persist when parameters exhibit similar phase
characteristics or when phase measurements are
corrupted by noise. Under these conditions, the
application of advanced techniques, such as modal
analysis or time-domain parameter estimation, becomes
necessary. Employing high-resolution frequency data
alongside sophisticated computational tools can further
enhance the accuracy and reliability of parameter
differentiation.

As evidenced by the Bode diagram in Figure 1, the
optimal frequency range for parameter estimation can be
effectively determined. A comparison of the parameter
magnitudes in response to elevator versus throttle inputs
reveals that the elevator generates significantly larger
magnitudes across key parameters. This indicates the
superior effectiveness of the elevator for exciting the
system dynamics and achieving accurate parameter
identification.

Furthermore, it is observed that certain parameters,
such as specific control derivatives, exhibit inherently
small magnitudes, rendering them more challenging to
identify.

The frequency spectrum can be partitioned into two
distinct regions corresponding to the aircraft's short-
period and phugoid (long-period) dynamic modes
(Equation 8). Consequently, the elevator has been
selected as the primary control input for excitation, and
the target frequency range for input design is determined
to be 0.1 to 10 rad/s (base on Figure 1), as summarized in
Table 4.

4. EXCITATION INPUT

The primary function of an excitation input is to actively
perturb the aircraft's dynamic modes. To ensure effective
and safe excitation, the input must be designed to
maintain the aircraft within a linear range around its trim
conditions. This requirement implies that the input
amplitude must remain within predefined limits, and the
input signal must begin and end at the trim value to avoid
introducing a net change in the aircraft's state.
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Figure 1. Frequency Response (Magnitude & Phase) of Individual Parameters for Different Control Inputs
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TABLE 4. Determining frequency range for aircraft dynamic
excitation

and multi-step inputs—are employed instead. It is critical
that the selected input possesses sufficient energy
spectral density across the targeted frequency band to
adequately excite the relevant system dynamics. For

inputs derived from pulse combinations, the total energy
of the signal can be quantified using Equation 11 (39).

E(w) =

2At%(1—cos Q)

02 [Z{V=1 Viz +

an

23Nt cosjOXN ) Viviys]. >0

where () = wAt is the normalized frequency, T = NAt is
the total duration of the input consisting of N impulses
each of duration At, and V; is the amplitude for the current
impulse. Consequently, for each input, the energy versus

frequency graph is plotted to determine which input

Parameter Simplified Frequency range (rad/s)
Ay Xy 0.1t00.7

A, Xq 0.1to 10

Az X, ---

Ay Zy 0.1t00.5

A,, Zy 0.1to 10

Ay Zq 0.2to 10

Az M, 0.1t00.7

As, M, 0.2to 10

A M, 0.2to 10

Bsy Ms, All frequency Range
Ay A51. A5 Xy Zy. M, Phugoid: 0.1 to 0.7
Az Azz- Aos. KXo Lo Ly Short period: 8 to 10
Aszy.Ass M,. M,

Consequently, a conventional step input is generally
unsuitable for flight test applications due to its persistent
offset.  Alternative  signals, synthesized from
combinations of pulse functions—such as pulse, doublet,

provides suitable energy within the desired frequency
range. Based on an established empirical criterion, the
frequency band over which the signal's energy exceeds
50% of its maximum value can be defined as the
effectively excited frequency range (39).

The amplitude and the time interval At for an input
can be determined based on the load factor applied to the
aircraft and the deviation from trim conditions. The load
factor should not exceed the allowable limit specified in
the aircraft flight manual. Additionally, the applied
excitation should not drive the aircraft’s flight conditions
significantly away from the pre-excitation state. In this
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study, these considerations have been evaluated through
simulation, and accordingly, the amplitude and time
interval have been appropriately limited.

4. 1. Pulse Input A pulse input is one of the
simplest and effective excitation signals used in aircraft
system identification. By applying a short-duration
control surface deflection, the aircraft dynamics are
excited over a frequency range, allowing the transient
response to reveal information about the underlying
aerodynamic and stability derivatives. This method is
particularly attractive due to its ease of implementation
during flight tests and its ability to provide data for
parameter estimation with minimal pilot workload. The
pulse input is illustrated in Figure 2. To design this input,
two parameters, At and amplitude A, must be determined.
In Figure 2, the energy of this input is shown for different
A and At values.

The amplitude of the excitation input must be
constrained to a range that prevents significant deviation
from trim conditions and ensures the resulting load factor
remains within acceptable structural and safety limits.
Simulation results for a pulse input with a duration of
At = 1.2 s and an amplitude of A = 0.2 radians are
presented in Figure 3. It is evident that employing a larger
input amplitude induces a higher load factor and causes
substantial deviation from the nominal trim condition.
The Power Spectral Density (PSD) analysis in Figure 3
indicates that the pulse input is particularly suitable for
exciting low-frequency dynamics, such as the phugoid
mode. Furthermore, the total energy of the pulse input,
calculated from the aircraft's pitch rate response, is 19.11
(rad/s)?. Each figure consists of six subplots, arranged in
3 rows and 2 columns. The first row, first column shows
the aircraft velocity in meters per second; the first row,
second column shows the pitch rate in degrees per
second; the second row, first column depicts the load
factor applied to the aircraft; the second row, second
column illustrates the aircraft pitch angle in degrees; the
third row, first column shows the signal energy or power
spectral density across different frequencies; and the
third row, second column represents the input applied to
the aircraft. The inputs are applied starting from the 10th
second, with the aircraft trimmed during the initial 10
seconds. The data prior to this period are not shown for
clarity.

4. 2. Doublet Input A doublet input is constructed
by summing two consecutive pulse signals. This input
waveform, along with its spectral energy distribution for
a specific amplitude and time step, is illustrated in Figure
4. The horizontal axis represents the normalized
frequency, oAt, which renders the plot dimensionless and
independent of the specific time step value.

In Figure 4, the analysis focuses on the solid curves
(Amplitude = 0.2 rad). Applying the previously

mentioned empirical criterion, a suitable effective
frequency range is identified from approximately 1.5 to
3.5 rad/s. This relationship can be expressed as:

wAt =15 > At =22

w1

y (12)
wAt =35 - At =22
w
Analysis of the initial model indicates a short-period
natural frequency of approximately 10 rad/s and a
phugoid frequency near 0.5 rad/s. Consequently, the
required At values for effective mode excitation range
from 0.15 s to 0.35 s for the short-period mode, and from
3 s to 7 s for the phugoid mode. At values smaller than
0.5 s produce insufficient energy magnitude in the
spectral plot and fail to excite the dynamics adequately.

0.3

=——dt=0.4 s, A=0.2 rad
Pulse = dt=0.8 5, A=0.2 rad
dt=1.2s,A=0.2rad | 4
= = =dt=0.4s,A=0.4 rad
= = =dt=0.8s,A=0.4 rad

N = = =dt=12s,A=0.4 rad
02F 1

0.25

01F =« \

=
s e T e

6 8 10 12
frequency, (rad/s)

Figure 2. Pulse input and its energy across the frequency
range for various At and A
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Figure 3. Pulse input (At=1.2 sec. and A=0.2 rad) and the
aircraft response
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Figure 5. Doublet input (At=1.2 sec. and A=0.2 rad) and the
aircraft response
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Excessively large At values, conversely, cause
significant deviations from trim conditions. Simulation
results in Figure 5 suggest an optimal compromise at
At =~ 1.2 s, which effectively excites frequencies in the
1 to 3 rad/s range. This makes the doublet input suitable
for this specific bandwidth, though it lacks the capability
to excite the short-period mode for this particular aircraft.
According to Table 4, however, it remains applicable for
estimating certain phugoid mode parameters. The total
energy of the doublet input in Figure 5, calculated from
the aircraft pitch rate response, is 27.17 (rad/s)>.

4. 3. Multi Step The multi-step input is synthesized
from a sequence of multiple pulse signals. The most
prevalent variant is the 3211 input, which integrates both
positive and negative pulses. In contrast to simple pulse
and doublet inputs, this waveform is designed to excite a
broader frequency spectrum. Figure 6 presents this input
signal alongside its corresponding energy distribution for
various amplitudes and time steps (At).

Consistent with the methodology applied to the
doublet input in the previous section, the effective
frequency range for the 3211 input is defined by the
bandwidth where its normalized energy exceeds 50% of
its maximum value. Analysis indicates that this
corresponds to a normalized frequency (wAt) range of
approximately 0.3 to 2.7. Consequently, by identifying
the target frequency (w) for excitation, the appropriate
time step (At) can be systematically determined.

Numerous combinations of amplitude and At for the
3211 input were investigated through simulation.
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Figure 6. Multi step input and its energy across the
frequency range for various At and A

Considering amplitude constraints inherent to flight
testing, a configuration with an amplitude of 8 degrees
and At =15 was selected for implementation. The
application results of this specific input to the aircraft are
depicted in Figure 7. The results demonstrate that while
this input excites a wider frequency range compared to
simpler inputs, the energy amplitude across this spectrum
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remains relatively low. For the specific aircraft
configuration in this study, the 3211 input proved
ineffective in exciting the short-period mode, primarily
exciting frequencies below 5 rad/s. The total energy of
the multi-step input in Figure 7, calculated from the
aircraft's pitch rate response, is 47.22 (rad/s)>.

4. 4. Frequency Sweep The frequency-sweep
technique is extensively employed to excite an aircraft's
dynamic response across a broad frequency spectrum.
This method utilizes a continuous input signal, typically
a sinusoid with a linearly or exponentially varying
frequency over time, facilitating the comprehensive
identification and analysis of key dynamic
characteristics, including natural frequencies and
damping ratios. Frequency-sweep excitation is
particularly advantageous when preliminary information
regarding the aircraft's dynamics is limited or
unavailable. The mathematical formulation for the
frequency-sweep input is given by (6):

[ Usweep = Asin(e(t))
8(t) = [, w(t)dt
W = Wmin + K(0Omax — Omin)

c=cifow ()1

where Wpin, Wmayx and T denote the minimum frequency,
maximum frequency and total excitation duration,
respectively. The values C; = 4.0 and C, = 0.0187 have
been established as suitable for a wide range of
applications (6). The time-history of the frequency-
sweep input for a duration of T = 50 s and a frequency
range from 0.3 to 12 rad/s is illustrated in Figure 8.
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The system response to the applied frequency-sweep
input (Figure 8) is presented in Figure 9. A primary
limitation of this method is the constraint on input
amplitude, which must be restricted to prevent significant
deviation from trim conditions. For the specific aircraft
configuration in this study, the resulting excitation
amplitude across the frequency spectrum was found to be
insufficient for robust identification of all modes.
Consequently, while the input excites a wide frequency
band, the energy distribution is not adequate for high-
quality parameter estimation, particularly for modes
requiring stronger excitation. The total energy of the
frequency-sweep input in Figure 9, computed from the
aircraft's pitch rate response, is 31.30 (rad/s)>.
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4. 5. Orthogonal Optimized Multisine Morelli
(7) introduced an Orthogonal Optimized Multisine
(OOM) input is. The authors claim that this input can be
employed without significant operational limitations
during flight and effectively excites the desired
frequency range. This signal can be superimposed as a
disturbance on the control surfaces while maintaining the
aircraft near its trim conditions. Further comprehensive
details regarding its formulation are provided by Morelli
(7). The design equation for this input is given by
Equation 14:

. 2wkt
U= Teerz..m AyPesin (25 + ¢ ) (14)

where M is the total number of available harmonic
frequencies, T is the excitation time length, A is the
multisine amplitude, P, is the power fraction for the kth
sinusoidal component, and t is the time vector. The
frequency wy = 2nM /T defines the upper limit of the
excitation frequency band, and w; = 2rm/T defines the
lower limit. In general, the superposition of harmonic
components can result in large amplitude excursions,
which is undesirable as it may displace the aircraft from
its reference flight condition. To mitigate this, the phase
angles ¢, in Equation 14 are optimized to minimize the
Relative Peak Factor (RPF), defined as follows (7).

[max(u)—-min (u)]

RPF(u) = =52 (15)

The optimal RPF value is unity. Based on Figure 1 and
Table 4, a frequency range of [0.3, 10] rad/s with T =
20 s was utilized. The phase angles ¢, for RPF
minimization were computed using a genetic algorithm.
Specific details of the designed excitation input are
summarized in Table 5.

The designed input signal and its frequency spectrum
are shown in Figure 10. The aircraft's response to this
input is presented in Figure 11. The excitation signal was
combined with the elevator control input to form the total

TABLE 5. Elevator excitation input specification

A (deg) P, k ¢ (rad) w(r/s) RPF
1 -3.626 0.3142
4 3.202 1.2566
8 6.033 2.5133
11 2911 3.4558
15 4.724 4.7124
6 0.1 1.2
18 0.4512 5.6549
22 -0.1469 6.9115
25 1.735 7.8540
29 -0.2262 9.1106
32 -2.035 10.053

command. The total energy of the OOM input in Figure
11, calculated from the aircraft's pitch rate response, is
21.89 (rad/s)>.

It is observed that this input successfully excites the
target frequency range. Unlike conventional inputs, the
OOM input enables more optimal excitation across
various frequencies. Furthermore, the excitation level can
be enhanced by increasing the input amplitude without
necessarily compromising trim conditions.
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Figure 10. Designed input signal and its specific frequency
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As observed in this section, under open-loop
excitation, all input signals are capable of stimulating the
aircraft dynamics; however, the OOM, 3211, and
frequency sweep inputs can excite a wider frequency
range. Among these, the OOM input provides a more
optimal response, as it effectively excites higher
frequencies and the short-period mode.

5. CLOSED LOOP SYSTEM EXCITATION

The investigations presented thus far have focused on
exciting the aircraft in open-loop configuration, without
considering the presence of stability augmentation or
flight control systems. However, for many modern
aircraft, mission profiles and operational requirements
necessitate the continuous engagement of control
systems during flight. Under these conditions, the active
controller significantly alters the effective excitation
inputs commanded to the aircraft. In Figures 12a to 12c,
the inputs designed in the previous sections are applied
to the aircraft with an active control system. The results

demonstrate the controller's effect on the inputs. Pulse
and doublet inputs have little impact, as they are easily
damped and ineffective at exciting the closed-loop
system, especially at higher frequencies. Since the multi-
step input encompasses these signals, only the multi-step,
sinusoidal, and OOM inputs were analyzed.

One established method to mitigate the controller's
influence is to inject the excitation signal directly to the
control surfaces, bypassing the closed-loop controller;
this technique is referred to as Surface Servo Excitation
(SSE). An alternative approach involves reducing the
controller gains. For the purposes of this study, the SSE
method has been employed.

Analysis of the results indicates that the control
system's attenuation effect diminishes as the input
frequency increases. Among the tested inputs, the
Orthogonal Optimized Multisine (OOM) input exhibits
the greatest robustness to controller interference.
Furthermore, transformation of the controller-affected
OOM input into the Fourier domain confirms that higher-
frequency components remain effectively excited. This
demonstrates the OOM input's superior performance in
closed-loop identification scenarios.
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Figure 12. Closed loop aircraft response to various excitation inputs
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A comparative summary of the excitation inputs
investigated in this article is presented in Table 6. To
facilitate a quantitative comparison, a performance
indices system ranging from 0, 5 and 10 is utilized, where
a score of 10 indicates full satisfaction of a criterion, and
a score of 0 denotes a failure to meet it. A score of 5
means the criterion is acceptable but needs some
improvements or additional review.

This scoring is based on the simulation results, the
capability of the input signals to excite the aircraft
dynamics, and the targeted excitation range shown Figure
1. For example, as illustrated in Figure 4, the doublet
input is capable of exciting the frequency up to 3.5 rad/s,
which is suitable for stimulating the phugoid mode of the
considered aircraft (Figure 1). This behavior is also
demonstrated in the simulation results presented in
Figure 5; therefore, a score of 10 has been assigned to this
case.

As the table shows, the OOM input scores higher
overall than the other inputs, demonstrating its
superiority. It should be noted that the OOM input cannot
be applied manually by a pilot and must instead be
computationally pre-programmed and injected into the
system automatically.

It is important to note that the results presented in this
study are specific to the aircraft configuration
investigated. In this paper, an optimal process for
excitation input design has been developed and
implemented for the aircraft under study. Although the
obtained numerical results are not directly applicable to
other aircraft, the proposed input design process itself has
a general and adaptable structure that can be utilized for
different airframes. To apply this approach to another

TABLE 6. Comparison of the types of excitation inputs for
considered aircraft

Multi Frequency 0OM

Criteria Pulse Doublet

step sweep
Phugoid
excitation 10 10 10 10 10
capability
Short period
excitation 0 0 5 5 10
capability
Open loop 10 10 10 10 10
excitation
Cloged- loop 0 0 5 10" 10
excitation
Appling
continuously 0 0 0 0 10
during flight**
Ease of the use 10 10 10 5 5

* Just in high frequencies
** base on reference (7)

aircraft, the steps described in Sections 2 and 3 should
first be performed for the target aircraft to derive its
corresponding mathematical model and to determine the
desired frequency range to be excited. Then, the same
optimization-based procedure introduced in this paper
can be followed to design the excitation inputs. Naturally,
the numerical outcomes will differ depending on the
aircraft’s characteristics; however, the optimal procedure
for input design remains identical.

6. CONCLUSION

This study proposed a systematic and optimized
framework for designing excitation inputs for
longitudinal system identification of a fixed-wing MIMO
aircraft under both open-loop and closed-loop
configurations. A scaled Bonanza aircraft was used as the
test case, and several excitation signals—pulse, doublet,
multi-step, frequency sweep, and Orthogonal Optimized

Multisine (OOM)—were evaluated through high-fidelity

MATLAB/Simulink simulations to identify the most

effective input strategy.

Results show that multi-step and OOM inputs provide
the best excitation performance, yielding the most
accurate identification of longitudinal dynamics while
minimizing flight test effort. Frequency-domain analysis
confirmed that the elevator input is more effective than
the throttle for exciting longitudinal modes; thus, all final
tests were performed using elevator actuation.

Based on the simulation results, experimental
observations, and supporting literature, the following
Practical recommendations are proposed:

e The findings presented here are specific to the
aircraft configuration studied. The design process
should be repeated tailored to each unique aircraft
system.

e Excitation inputs should ideally be designed to
initially induce a pitch-up motion.

e The exact time-domain form of the input is not
critical. Minor asymmetries during manual
application may even be beneficial in certain cases.

e All inputs must be applied around trimmed flight
conditions. It is recommended to allow a 10-second
trim period before and after each input application.

e The OOM input can be superimposed as a small-
amplitude disturbance during closed-loop operation
for continuous excitation, provided its amplitude
remains within safe limits.

e Based on the comprehensive analysis, the use of
OOM and multi-step inputs is strongly
recommended for the subject aircraft. In particular,
the OOM input proves highly suitable for closed-
loop identification
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7. FUTURE WORK

In this paper, the process of designing aircraft excitation
signals for MIMO, nonlinear, opened-loop and closed-
loop systems was discussed, along with the main criteria
that should be considered. In future work, we intend to
develop an intelligent and automated framework that can
perform this process autonomously based on the defined
objective. The proposed intelligent system will evaluate
performance indices and automatically design the
optimal excitation input according to the target
identification goal.
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