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ABSTRACT

This paper describes a flight control design method for agile aerospace vehicle applications subject
to rate saturation constraints. The model includes linear airframe dynamics and a second order
nonlinear actuator. A baseline controller is synthesized utilizing the signal-based closed-loop shap-
ing design method to obtain good performance and robustness metrics in the linear domain. Design
of an Anti-Windup augmentation based on the rate saturation signal is then carried out to address
the performance degradation of a constrained system. Three distinct Anti-Windup schemes are
analyzed, ranging from classical to modern frameworks. A comparative analysis of the proposed
compensators is provided by evaluating the £, gain and simulating a flight scenario under a non-
linear actuator with multiple saturations. All analyzed Anti-Windup schemes reduce the upper
bound on the £, gain of the system and show a significant improvement in disturbance rejection
response.
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Nomenclature
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Damping Ratio

= Natural Frequency
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1 Introducion

The agile aerospace vehicle control problem is challenging due to fast dynamics, wide flight en-
velopes, and actuator saturation. These factors demand controllers robust to aerodynamic uncertainties
and nonlinearities, ensuring stability and performance, which are often mission-critical.

Advances in robust control now allow fixed-structure designs [1, 2], increasing the applicability of
H,, methods to aerospace autopilots, including Closed-loop Shaping (CLS) [3-5], Open-loop Shaping
(OLS) [6-8], and more recently, signal-based design via systune [9, 10]. However, these methods often
neglect actuator saturation, which can severely degrade performance.

Anti-Windup (AW) augmentation addresses this issue, with early schemes unified in [11] and ex-
tended through sector-condition analysis [12], stability domain maximization, and £, gain minimiza-
tion [13]. Notable frameworks include Direct Linear AW (DLAW) [14, 15] and Model Recovery AW
(MRAW) [16-18], with systematic descriptions in [19-21]. Despite this, literature comparisons between
AW schemes remain scarce, with recent exceptions in guided systems applications [22, 23].

While AW techniques typically address magnitude saturation, the rate saturation, known to induce
pilot-induced oscillations [24, 25], has received less attention. Extensions for rate limits require reformu-
lated models [26, 27], and few works treat both magnitude and rate limits [28, 29]. Acceleration saturation
is even less studied, with [30] being a rare example.

This paper applies robust control and AW augmentation to design a baseline controller with multiple
AW compensators, comparing their performance via £, gain analysis and demanding simulations. The
baseline controller is synthesized using CLS, and AW methods range from classical to modern DLAW
and MRAW frameworks. The paper is organized as follows: section 2 covers flight dynamics model-
ing; section 3 details the baseline controller design; section 4 presents AW augmentation; and section 5
compares performance and robustness across control schemes.

2 Flight Dynamics Modeling

This section discusses the modeling of the agile aerospace vehicle, including the longitudinal dy-
namics of the airframe, and the linear and nonlinear actuator models used in design and subsequent sim-
ulations. Modeling aspects of the rate saturation are also discussed, including the method of recasting
the system into a standard form, necessary for anti-windup design.

2.1 Airframe

The notional model of an airframe considered for this research work represents the longitudinal
dynamics of an agile aerospace vehicle, which are controlled using movable aerodynamic surfaces. State
vector consists of angle of attack, pitch angle, and pitch rate, and is defined as x, = [a 0 q]”. Input
to the airframe dynamics is the actuator deflection u, = ¢. It is assumed that perfect measurements of
pitch angle and pitch rate are available, defining the airframe output vector as y = [6 ¢]”. The resulting
state-space system, denoted by G (), is given by Equation 1. This study considers a single flight point,
hence, the aerodynamic coefficients assume fixed values.
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2.2 Linear Actuator

The actuator model is of high importance for this study, as the saturation limit values and their imple-
mentation are one of the actuator characteristics. Linear dynamics of the actuator are given by Equation 2.
Input to actuator dynamics is the commanded deflection angle 6.,,4, and the output is the actual deflec-
tion angle 6. The dynamics represent the system responsible for the movement of aerodynamic control
surfaces, eg, an electro-mechanical servo.

w2

. 2)

§2 + 20 wo + w2

A(s) =

2.3 Saturated Actuator

While the linear actuator can be used within the design model, ultimately, the performance will be
evaluated on a nonlinear actuator model. Its implementation in Simulink is presented in Figure 1. Four
saturation elements are present in the diagram, as magnitude saturation is limited both at the input and
at the output. Input limitation guarantees that no commands exceeding the limits will be passed to the
actuator dynamics, while output limitation models the physical limits of the actuator, for example a me-
chanical stop. Limited integrators are chosen to model the rate and output magnitude saturations. The
feedback connection represents a state reset condition, which ensures that, when magnitude saturation is
reached, the rate drops to zero, corresponding to the real-world behavior of a system with nested satura-
tions. Additionally, a saturation on acceleration without a limited integrator is included.
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dd_delta
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Fig. 1 Nonlinear actuator model in Simulink

2.4 Rate Saturation Modeling

This work focuses on rate saturation constraints. Since full access to nonlinear actuator states is
assumed unavailable, the rate saturation block must be isolated to extract the deadzone signal, requiring

a reformulation where the rate signal is accessible. The rate is approximated as — 5, with ¢ linked to the
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sampling rate. To avoid added lag, the modification from [26] is adopted, introducing a loop with free
parameter K to recover the unconstrained response when saturation is inactive. As noted in [26] and [27],
K is chosen as a trade-off between response recovery and numerical stability in LMI-based AW synthesis.
The equivalent system, shown in Figure 2, is the closed-loop of a new plant ¢ (is) and controller JZ ().
The input to the saturation block is the commanded control rate 6,4, enabling analysis and AW design
for rate saturation. The new plant state vector is X, = [x,; Semal’, and the plant output (equivalently
controller input) is j = [y; Semal’ = ile.
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Fig. 2 Equivalent closed-loop system with plant and controller details

Controller matrices are also reformulated, so that the new controller output is now y.. Assuming that
a controller with state-space realization (A., Bey, Ber, Ce, Doy, D) has been designed, the new controller
state-space matrices can be formulated as given in Equation 3.

Ac
Ce

Bcr _ Ac ‘ Bcu 0 ‘ Bcw
Cchu _K‘CCBCW

_ (3)
D., KC, + C.A.

BCM
DCM

3 Flight Control Design

Firstly, the baseline flight control design is carried out. This section defines the main control objec-
tives and the control structure used in this work. The chosen control design methodology is the signal-
based H,, CLS design, for which the tuning goals and relevant transfer functions are detailed at the end
of the section.

3.1 Control Objectives

Control objectives for this work largely follow the methodology presented in [10], although not ev-
ery requirement discussed in this work will be incorporated. The key goal is to achieve good disturbance
rejection in the linear domain. Achieving it will create a baseline for designing the anti-windup augmen-
tation and extending the controller to nonlinear domain. The main top-level control requirements can be
summarized as follows:
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(L1) Disturbance Rejection: Closed-loop system shall be able to reject disturbances at the plant
input and output.

(L2) Reference Tracking: Closed-loop system shall be able to track a reference signal with no
steady-state error.

(L3) Stability Margins: Stability margins at plant input and plant output, for both loop-at-a-time
and multi-loop cases, shall be sufficiently high.

(L4) Control Action Minimization: Performance objectives of disturbance rejection and reference
tracking shall be achieved with minimum control action.

3.2 Control Structure

The control structure in this work takes inspiration from [31], with a key difference that measured
signals are 6 and g, instead of n; and ¢. It resembles a classical PID with an integral gain on the tracking
error, proportional gains on two measured signals, and a feed-forward gain on the reference signal. This
architecture forms a control law given by Equation 4. The controller input is the measured output of the

plant u. = [6 ¢]”, while the output is the commanded deflection y. = §.nq.
Ocmd = K; / (6’ - Qref)dl‘ + Ky0 + qu + Kffgref @)
K(s)
= BN
: i Vo ve
! "
| |
g B

Fig.3 Control structure block diagram

3.3 Signal-Based #., CLS Design

Now a controller will be synthesized such as to satisfy the broad objectives set out in subsection 3.1,
while adhering to the control structure defined in subsection 3.2. The plant G, formed by connecting
the linear actuator and the Eirframe dynamics in series, and the controller K, form a closed-loop system.
The closed-loop system (G, K), denoted from now on as P, has a state-space representation given by
Equation 5, with state vector x; = [x, x.]7 € R"*"<, and performance output vector z = y = [0 g]” €
R"=. Additional details about the matrices below can be found in Appendix A.

X1 = Axo +Bad + Byr
P 7= Cuxe + Dygd + Dyrr (5)

Design methodology adopted in this work follows general principles of H., CLS design, which in-
volves shaping the desired closed-loop transfer functions in the frequency domain. The main control

The reproduction and distribution with attribution of the entire paper or of individual

Except where otherwise noted, content of this paper is licensed under XYZ-5 pages, in electronic or printed form, including any material under non-CC-BY 4.0
BY

a Creative Commons Attribution 4.0 International License. R . . .
licenses is hereby granted by the authors and respective copyright owners.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

objective is disturbance rejection, therefore, a 4-block approach is chosen [32], which can guarantee dis-
turbance rejection at both plant inputs and outputs.

General expressions for n-th order weighting filters W (low-pass) and W, (high-pass) are given by
equations (6a) and (6b), respectively. The filters are completely characterized by their low-frequency gain
A, high-frequency gain M, and crossover frequency w*. Given these values. they are constructed with
MATLAB’s makeweight function.

n n
1 1
s+ wA] Als + w;
Wis) = | ——— (6a) Wa(s) = - (6b)
(Mil)ns+aﬁ1‘ s+ w; (MLQ)”

For output sensitivity S, g, low values are desired in the low frequency range. Desired high frequency
gain can be linked to phase margin via Ms,,, < 1/2sin(PM/2). The crossover frequency is desired
within a close range of the airframe frequency poles. For control sensitivity KS, g, the crucial parameter
is the desired crossover frequency, as attenuation is desired beyond the natural frequency of the actuator.
Gains at low and high frequencies are not as relevant for this function, as long as they are chosen as high
and low values, respectively. The desired shape for input co-sensitivity 7; is approximately an inverse
of output sensitivity, with low values desired at high frequencies, and the low-frequency gain linked to
phase margin. For plant sensitivity S, oG, the desired behavior at low frequencies is very similar to that
of output sensitivity, while at high frequencies, the function will follow the open-loop gain of the plant;
therefore, constraining it there is not necessary.

To improve the tuning, a second order reference model is constructed, given by Equation 7. Model
following constraint is also implemented as an H,, constraint, with a new weighting filter defined. The
aim is to minimize the error in pitch angle, ey, between the reference model and the actual model re-
sponses. Desired shape in the frequency domain involves low values at low frequencies to guarantee
minimal error within the model’s bandwidth.

2
wre f

Gref(s) = (7)

s2 4+ 2 efWref + wfef

3.4 CLS Controller Synthesis

To carry out the controller synthesis all the requirements are aggregated and translated into optimiza-
tion goals. Synthesis is performed using MATLAB’s systune, specifying the five established weighting
filters as hard constraints, utilizing the TuningGoal.Gain function. Additionally, disk margins are intro-
duced as soft constraints with TuningGoal .Margins. The optimization problem is solved with systune,
utilizing many random starts to avoid local minima. Resulting singular value plots can be seen in Figure 4.
The most constraining requirements are those put on output sensitivity S, g, control sensitivity KS, ¢, and
model following M. This is largely due to a very fast reference model being chosen. For the output sensi-
tivity, the peak is bounded, which indicates satisfactory margins, while the achieved crossover frequency
almost coincides with the crossover frequency of the weighting filter.
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Fig.4 Shaped closed-loop transfer functions resulting from signal-based 7{., CLS controller design,
along with corresponding weighting filters

4 Anti-Windup Design

Anti-Windup design is motivated by the need to address the performance and stability degradation
caused by introducing saturation nonlinearities into the system. This section aims to present various
methods of synthesis and analysis of AW augmentation. The main objectives and possible structure of
anti-windup compensation are detailed. The formulation and synthesis method for three distinct anti-
windup schemes are presented, highlighting their main aspects.
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4.1 Anti-Windup Objectives

It was shown that even a controller with good performance and robustness measures, designed in the
linear domain, can struggle when exposed to saturation nonlinearities. To perform AW design, a new set
of objectives is defined, taken from [20].

(A1) Small Signal Preservation: To make the response of the anti-windup augmented closed-loop
system match the response of the unconstrained closed-loop system whenever possible

(A2) Asymptotic Stability: To make, in the absence of exogenous inputs, a desired constant oper-
ating point asymptotically stable with a basin of attraction at least as big as the set of states
over which the system is expected to operate

(A3) Input-Output Stability: To induce a bounded response for initial states and exogenous input
that are expected during operation

(A4) Unconstrained Response Recovery: To recover the unconstrained closed-loop response asymp-
totically whenever possible

(A1) essentially means that the AW closed-loop system should match the unconstrained system’s
response in regions where the saturation equals the identity. In this work, fulfilling (A1) involves selecting
a rate saturation model that has negligible influence in the linear region, as discussed in subsection 2.4.
(A2) and (A3) can be quantified using performance measures such as the domain of attraction &(P) or the
L gain from disturbances to outputs. Since the plant is stable and the vehicle faces significant external
disturbances, the designs here emphasize (A3). (A4) reflects an MRAW design philosophy, but it will be
assessed solely through time-domain simulations.

4.2 General Anti-Windup Structure

General structure for linear AW design is a standard interconnection, where a saturation block driving
the AW scheme is isolated between the plant and the controller. where . Two distinct architectures can
be identified: full-authority AW, where the signal is injected directly into the controller (Figure 5a); and
external AW, where the signals are injected into the controller’s input and output (Figure 5b). The full-
authority architecture requires access to the controller states.

This structure describes both anti-reset windup and static DLAW, which are similar for low-order
controllers. These schemes use the full-authority AW architecture, which assumes direct availability of
the controller states. The designs are also static, which reduces the AW design problem to computing

D g
: :
4”» )-)‘ Z r Z
H (5) I VU ac| H(s) R i

Yaw Vv
ﬁuaw yllW MHM/'
AW(s) = AW(s) j

(a) Closed-loop system for AW design with full- (b) Closed-loop system for AW design with external
authority architecture architecture

Fig.5 Comparison of different AW compensation architectures

¥ (s) is the extended plant model defined in subsection 2.4. The block .Z (s) represents the linear
controller, designed in section 3, extended by parts of the rate saturation model, as shown in subsec-
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tion 2.4. The state-space form of the controller, taking into account both previous linear design and the
rate saturation modeling, is given by Equation 8. Control gains used as a baseline for AW design are the
gain of the linear controller, as the AW compensator is intended as an a posteriori augmentation.

Xe = ApXe + Beylie + Beyr + vy

e { ®)

Yo = CoXe + Doyl + Depr +v2

4.3 Anti-Windup Methods Overview

This paper will present a comparison between three different AW schemes. The first one, Anti-Reset
windup (AR), is a classical AW method [11], featuring a single AW gain. The second method, which falls
under the framework of the Direct Linear Anti-Windup (DLAW) [14, 15], is an extension of AR acting
on all the controller states and outputs. Both of these methods only involve static compensators, use
full-authority architecture, and will be synthesized by minimizing the £, gain from disturbance inputs to
performance outputs.

The third method provides an alternative design framework, as it follows the objective of recovering
the response of an unconstrained plant, based on an online plant model. Such methods are referred
to as Model-Recovery Anti-Windup (MRAW), and are generally described with external architecture.
The method featured in this work uses a dynamic compensator synthesized by minimizing a quadratic
performance index [17]. A brief comparison of key aspects of the methods is given in Table 1.

Table 1 Overview of AW compensators

AW Schemes
AR DLAW MRAW
Static/Dynamic Static Static Dynamic
Injection Type Full-authority | Full-authority | External
No. of AW Gains 1 3 (n.+ny) 6 (np)
Synthesis Method L> Gain L> Gain LQ-based

4.4 AR & DLAW Formulation

Before conducting AW synthesis it is crucial to formulate the expression for the closed-loop AW
system P.;, so that the expressions for design LMIs can follow. Equation 9 provides the state-space
equations for P.;. In the equation below, ¢, represents the rate deadzone. This formulation is valid for
static AW compesantors, encapsulating the AR and DLAW methods.

xcl,aw = Axcl,aw + (B¢ + BvDaw)(pr()_)c) + de + Brr
Pe;: <= szcl,aw + (Dz¢ + Dszaw)‘pr(yc) +Dqd + Dy )
Ve = Cyxeraw + (Dyg + Dy D)9 (3e) + Dygd + Dy, r

Closed-loop matrices are expressed in terms of new plant and controller matrices according to Equa-
tion 10. The AW injection matrices B,, D,, and Dy, are not included below, as they are determined by
the choice between AR and DL AW, and are detailed in Table 2.
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A, +BpuDeCy BpuCo | Bpu | Bpa+ DpaDeuBpy | DB,
A1 By | Ba | B e A | o DaB ;
cu c dDcu cr
C.| Dy | D | Dy | = = o o g 0 (10)
C, | Dy | Dy | D P pd
YT D.C c. | o DD D
cu~p c culd pd cr

The AW compensator is represented by a matrix D,,, which can be partitioned as in Equation 11 to
differentiate between signals added to controller states (D, 1), and signals added to controller outputs
(D4 2). For the AR method, only the signal vy ; is considered, which reduces the matrix to a single gain
D,,, € R. Considering the structure of # (), this corresponds to only acting on the integrator state of
the controller.

V1,1
aw,l
Dy = = Yaw = | V1,2 (11)
Daw,2
V2

DLAW method involves signals acting on both controller states and controller. Therefore, the AW
matrix features a separate gain for each controller state and output, resulting in D, € RU%)>m Tt
should be noted that an AW signal is injected directly into the controller output, after only passing through
a static gain block. This creates a risk of an algebraic loop and an ill-posed system, which has to be
addressed during the synthesis of this structure.

4.5 MRAW Formulation

The same process of formulating an expression for a closed-loop system can be repeated for MRAW.
The new closed-loop AW system $; is given by Equation 12, with new notation introduced to easier
differentiate the various schemes.

xcl,aw = ﬂxcl,aw + B¢¢r()_’c) + Bud + B,r
= szcl,aw + Dz¢¢r(yc) + Dzdd + Z)zrr
Ve = nycl,aw + qub‘pr(yc) + Z)ydd + Dyrr

(12)

Specific matrices from the above closed-loop system equations are expanded in Equation 13. For
compactness, the formulation uses definitions given in Equation 9, as the main differences lie in extending
the AW compensator to a dynamic system, thus introducing new AW matrices (A, Baw, Caw). It is
convenient to establish a state-space representation of this scheme consistent with the previous framework,
so that the same tools can be used for analysis.

A B,C,w By + By Dy B,; | B,
A B¢ B; | B,
0 Agw B, 0 0
CZ Dzaﬁ Dzd Z)zr = (13)
C; DyCaw | Dyg+DyyDyy | Dyg | Dy
Cy @m Z)yd Dyr
Cy Dy,Caw | Dyg +DyyDyy | Dyg | Dy,

The AW matrices can be expressed in terms of the plant state-space matrices, and a gain matrix

Kay € R™* which will be tuned as part of MRAW synthesis. The AW matrices of the complete
compensator are given in Equation 14.
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A, +B, K B
Aaw Baw _ L Clm = (1)7” (14)
Caw | Daw | K” 0
aw

Finally, the AW injection matrices B,, D,,, Dy, are presented for all schemes in Table 2 to allow for
easier comparison. These matrices describe the connection between the AW compensator block and the
controller, thus completing the definition of the system and allowing us to proceed to AW compensator

synthesis.

Table 2 Overview of AW injection matrices

AW Schemes

AR DLAW MRAW

Onna| | 14 B ByD. B
170} u u C
.g B, | NpXne p p_ u pu
3 Inc Oncxnu By OncX”u
S 0
=
E Dzv [0] [Onuxnz] [Onuxnz]

IDyv [O] [Onuxnc Inu] [DCM Inu]

4.6 L,-Based Design with LMIs

This method of AW compensator synthesis aims to fulfill (A3), and thus to minimize the £, gain
from disturbance inputs to performance outputs. By minimizing the £, gain one can achieve a bound on
how much a given disturbance can amplify a chosen output, when a specific AW scheme is included in
the closed-loop system. The £, gain can be expressed as a minimum 7y, for a given bound on the energy
of the disturbance signal, denoted by s, such that Equation 15 holds.

Izl < ¥lldll2 Vd st |ldll> < s (15)

Synthesizing the optimal AW compensator is now equivalent to minimizing y, while finding matrices
Q € Rwptne)xnptne) 17 ¢ Ry e RuX(tp+ie) and X e Rt guch that the LMI conditions in

Equation 16 hold. This formulation is analogous to the one used in [27], with the addition of a free
variable X to incorporate the AW compensator gains into the synthesis.
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min 7y subject to

o.UY X,y
0=0">0
U>0
AQ B,U + B, X By O
Y+CyQ0 DyyU-U+DyX Dy 0
Hel 0 4 0T 0 (16)
C,0 DyU+DyX Dy -
YT
Q 32 > 0
Y
He (0 = DU — p(UDyg + XDy,) puI?%VX <0
pUDyg U

The optimal AW compensator is computed as D, = XU~!. The matrix Q, inverse of the Lyapunov
stability matrix, characterizes the domain of attraction &(Q~'). The matrix Y controls the regionality of
the solution: as s — o0, Y — 0, making the local performance y converge to the global level y. Includ-
ing Y as a free variable enables synthesis with regional guarantees, while a solution with y independent
of s ensures global guarantees. The final condition in Equation 16, the strong well-posedness constraint,
prevents algebraic loops in the AW closed loop. It depends on two free parameters, p and u, chosen to
balance LMI feasibility with a small Lipschitz constant of the right-hand side. The selection is subject to
u>p>1[33].

For the signal choice, d is the pitch acceleration disturbance, representing effects such as thrust vector
misalignment, while the performance output z matches the plant outputs. The disturbance energy bound
is set to s = 100. Well-posedness properties, relevant for static DLAW, are set to the minimum feasible
values to reduce algebraic loop issues. MATLAB’s LMILAB solver is used, and the resulting gains are
shown in Table 3. It should be noted that such synthesis will be performed offline, rather than online
during the vehicle’s flight, to mitigate the risk of solvers not producing a meaningful solution. Similarly
to regular controllers, the anti-windup compensators can be scheduled along different points in the flight
envelope to cover a wider range of cases.

Table 3 Linear AW synthesis results

Architecture e Daw
Anti-reset Windup | 0.039 [-0.0118]
Static DLAW 0.039 | [-0.0019 0.012 -0.2]

Notably, for one synthesis point, both architectures yield the same performance level y when synthe-
sized with the same parameter configuration. This indicates that the classical architecture should perform
as well as static DLAW around this value of s. However, it is not a guarantee of performance for a larger
range of values of s. A more extensive analysis on this matter is conducted in subsection 5.1.

4.7 LQ-Based Design

Tuning of the MRAW compensator follows the rationale of LQ-based design, where a quadratic per-
formance index of weighted system states and inputs should be minimized. This variation of MRAW
does not explicitly include characterization of saturation functions in the design, but rather uses an ap-
proximate model of the plant that does not include saturation effects. The closed-loop system P;gg for
LQ-based MRAW compensator synthesis is set up as in Equation 17.
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The system uses an online plant model, which allows for the use of full state feedback, as all the states
are available by definition. The matrix B,, in this context represents the initial condition x(, while w(t)
is taken as an impulse d(¢). Synthesizing the MRAW gains corresponds to finding a gain matrix K.
The Q p matrix is defined as a diagonal matrix, with terms Q,,,, corresponding to respective states, on its
diagonal. The matrix Rp consists of a single term R,,,, related to the penalty imposed on the signal v. The
tuning is performed in MATLAB’s systune framework, using the TuningGoal.WeightedVariance
objective, according to Equation 18.

Wi (s)PrLor(s)Wg(s)||, < 1, with Wy =1, Wg = @ 0 (18)
| 0 I

0 +VRp

For the selection of Qp and Rp, one state to be regulated is chosen, namely the pitch angle 6, and the
corresponding term Qgy is varied, while the other terms of Qp are set to zero, and R, is set to identity.
Notably, the synthesis is valid for the system Por, which is an approximation of #,; in the low saturation
region. While literature has shown that such an approximation can be quite powerful, selecting an LQ-
based MRAW compensator only with this analysis does not offer a stability guarantee akin to previous
design.

5 Results

Methodologies of flight control design and AW augmentation have been used to synthesize a baseline
controller and three distinct AW compensators. This section presents the results on performance and
robustness of these schemes. The chosen simulation scenario considers the vehicle in a steady-state flight
condition, and introduces a large disturbance on the pitch acceleration §. Such a scenario is common
within agile aerospace vehicle operations, and can be attributed to actuation faults, such as thrust vector
misalignment. Before the time domain results, the £, gain analysis of the AW schemes is carried out, to
evaluate the robustness of the proposed schemes.

5.1 £, Gain Analysis

The £, gain from disturbance inputs to performance outputs is a tool to conservatively analyze the
performance of a closed-loop system in the presence of saturation. To obtain more insight about the
constrained system behavior, the performance level y, which represents the £, gain, can be computed
for a range of values for parameter s, which bounds the energy of the disturbance signal. Such a curve,
denoted by I'(s), is constructed by solving a set of LMIs, given by Equation 19, for a range of values of
s.
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The closed-loop matrices originate from the plant and controller matrices, as defined in equations
(13) and (10). The AW injection and compensator matrices depend on the specific AW scheme con-
sidered. This general formulation is applicable to all AW schemes discussed in this chapter, as well as
to constrained systems without AW, enabling meaningful comparisons. All results in this section were
obtained using MATLAB’s LMILAB solver.

Each curve represents the I'(s) function from selected disturbance inputs to performance outputs.
Since system variables like angles, rates, and accelerations differ in units and magnitudes, comparisons
are limited to cases with the same signal types. The relevant range of the parameter s depends on the
disturbance input type, as angle-based disturbances typically carry less energy than rate-based ones. The
three AW compensator designs analyzed here correspond to the three methodologies introduced in this
chapter.

1) AR (green): Anti-reset windup, classical AW scheme designed according to subsection 4.6
2) DLAW (blue): Static DLAW, designed according to subsection 4.6
3) MRAW (orange): LQ-based MRAW, designed according to subsection 4.7, with Qgg = 60

The first £, gain analysis can be conducted on the same set of disturbance inputs and performance,
on which the AW compensator design was carried out, which are the pitch acceleration disturbance d,
and the plant outputs pitch angle 6 and rate g. The two comparison of £, gain curves are illustrated in
Figure 6 for pitch rate output.

0.0398
0.0396 -
0.0394 - AW—0
@ —AW=AR z=q
H 0.0392 — AW=DLAW z=q
—AW=MRAW z=q
0.039
0.0388
10~ 10° 10! 102 10° 10*

S

Fig. 6 L, gain curves from d; to g

The curve shapes match those in [20], confirming the analysis. All curves coincide for low s, rep-
resenting the £, gain in the linear domain where saturations and AW schemes are inactive. The linear
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performance level is about 0.0387 for pitch rate. These low vy values arise because signal energy is ex-
pressed in angular acceleration units, which generally have higher magnitudes than angular velocity units.
The curves plateau at different levels, with the DLAW scheme performing best, yielding an almost flat
I'(s) and approaching a global performance guarantee. Anti-reset windup also outperforms the no-AW
case, while the LQ-based MRAW reaches almost the same performance as DLAW.

5.2 Time Domain Simulations

All three AW schemes of AR (green), DLAW (blue), and MRAW (orange), are now evaluated in
the time domain, against a baseline case with no AW compensation (dotted-black). The results for pitch
angle, actuator magnitude and rate, are shown in Figure 7. The main features of the simulation setup can
be summarized as follows:

* The plant model used is the one introduced in section 2, with the nonlinear actuator of subsec-
tion 2.3, introducing limits on actuator magnitude, rate, and acceleration

* All models use the same baseline controller synthesized in section 3

* Anti-Windup compensators are driven by the rate saturation model of Figure 2. This introduces an
assumption that the actual saturation level of the actuator is known by the controller, which may
not always be accurate and depends on the actuator hardware

* The simulation assumes a vehicle initially in a steady-state flight condition, and introduces a high-
magnitude pitch acceleration disturbance, which can be associated with actuator faults, such as
thrust vector misalignment

0.2 0.4 0.6 0.8 -. ’ 1.0
t/tfi,nul [‘]

(a) Pitch angle and reference signal time evolution

t/tfizml [‘]

(b) Actuator magnitude time evolution
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Fig. 7 Simulation results comparing performance of various AW schemes against a setup with no AW
augmentation

The pitch acceleration disturbance, which caused severe performance degradation for the linear con-
troller without AW augmentation, is rejected well by all three AW schemes. The classical anti-reset
windup performs very well, despite having a much simpler structure. The trajectory of control action and
plant outputs for DLAW and AR is very similar, although additional corrective actions can be seen in
actuator rate, in Figure 7c. They can be attributed to the additional signals introduced by static DLAW.
LQ-based MRAW exhibits a more aggressive control action, which results in slightly faster pitch angle
recovery, at the expense of a higher pitch rate.

6 Conclusions

This work has studied a control problem for agile aerospace vehicle application, in the presence of
multiple saturations. CLS signal-based design has been applied to synthesize a baseline controller of a
pre-defined structure, exhibiting good performance and robustness qualities in the linear domain. Despite
the good stability margins and time-domain responses, the baseline controller’s performance severely
degraded in the presence of saturations. Three distinct anti-windup schemes were proposed as a controller
augmentation, and their performance compared. To accommodate anti-windup compensation driven by
rate saturation signal, a model similar to [27] was implemented, where an augmented plant and controller
are constructed to isolate the rate saturation block, which is used to drive the AW compensators. It was
found to be a suitable extension to allow for rate saturation AW design for a non-strictly proper controller
outputting a magnitude signal. The three AW schemes, anti-reset windup, static DLAW and LQ-based
MRAW, have all shown significant improvement in the disturbance rejection simulation scenario, with
the MRAW scheme exhibiting the largest design freedom. A comparative analysis of £, gain of the AW
schemes was carried out, which showcased the best £, gain bounds for the DLAW scheme. This has
indicated that the £, gain is a valid metric for AW design, but should not be used in isolation.

A number of future studies can build upon this work. Firstly, the modeling aspect can be extended
to bring the analysis closer to a realistic experimental setup. Nonlinear airframe dynamics could be
included, as well as an extended actuator model accounting for the hardware components responsible
for the saturation limits. The analysis can also be carried out over the whole flight envelope. Reaching
further, the simulations could be realized in an experimental setup using a test-bench with real, electro-
mechanical or hydraulic actuators. This could uncover the potential mismatch of the actual saturation
limits in operational conditions, compared to the limits used internally by the controller. Evaluating this
aspect in more detail could extend the knowledge about sensitivity of the anti-windup to such modeling
uncertainties.
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7 Declaration of Use of Artificial Intelligence

Artificial Intelligence was not used in the work presented.
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A Additional Matrix Definitions

This appendix presents some additional definitions of the matrices introduced in the main body of
the paper. It is meant as a complimentary material as the most important definitions are included in the
main body.

Equation 20 presents the matrices defining the controller K(s) in terms of the control gains.

_[0—1 0] 1
B K,-\Kg Kq\Kff

[ Ac ‘ By ‘ By ] (20)
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Equation 21 shows the closed-loop matrices of the linear system P,; in terms of plant and controller
matrices.
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Equation 22 presents the matrices of the augmented controller . (s) in terms of control gains and
the rate saturation model parameters ¢ and K.
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