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ABSTRACT

Designing a reference model that produces trajectories reflecting capabilities of the aircraft is
crucial for control system design. Fundamentally, it offers two advantages. First, it prevents
integrator windup when there is an integral action in the controller. Second, it mitigates actuator
saturation and reduces the effect of unachievable commands on other axes, in the case of multi-
axis effectors like propellers in a multi-rotor aircraft. Pseudo control hedging (PCH) provides a
feedback of the unachieved pseudo controls to the reference model, in order to slow down reference
trajectories. Typically, implementation of PCH alters the closed-loop response of the system, since
it accounts for not only actuator nonlinearities like saturations, but also the linear dynamics of the
actuators. Moreover, in feedforward-feedback control structures, the effect of hedging is not visible
in the pseudo control command unless reference model is significantly slower than the controller.
In this paper, we propose a PCH structure that is active only in the case of actuator saturations
and therefore, does not alter the nominal closed-loop response and does not require the reference
model to be slower than the controller. Additionally, we propose a reference model architecture
with a novel PCH implementation for a transition aircraft employing a unified control strategy.

Keywords: Reference Model, Pseudo Control Hedging, Flight Control, Unified Control

1 Introduction

In control system design, computing physically feasible reference trajectories plays a crucial role.
Reference models in flight control systems receive inputs from the pilot or from the outer loop controller,
and produce a feasible reference signal to the respective controllers. The aim for the design of the
reference model is to produce trajectories that are realizable by the aircraft, and the bandwidth of the
reference model is as high as possible in order to preserve agility of the aircraft. However, the upper limit
of the bandwidth of the reference model is limited by the bandwidth of the corresponding control loop,
since a dynamical system is not expected to track a reference signal that is faster than its capabilities.

Pseudo control hedging (PCH) is a way of compensating the reference model for the unaccounted
actuator dynamics [1]. These actuator dynamics can include nonlinear effects such as position and rate
limits, and also the linear dynamics of the actuator. First, the difference between pseudo control command
and an approximation of the achieved pseudo controls based on measured or estimated actuator position
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is computed. Then, the internal dynamics of the reference model is slowed down by that difference. This
method is applied to several types of flight control systems, such as adaptive control [2, 3], nonlinear
dynamic inversion (NDI) [4] and incremental nonlinear dynamic inversion (INDI) [5].

Since the classical PCH approach also accounts for linear actuator dynamics, it modifies the nominal
closed-loop response of the system, even when there is no nonlinear effect active on the actuator. This
may not be desired because linear dynamics of the actuator could be already taken into account in the
controller gain design phase, by separating the bandwidth of the innermost control loop and the bandwidth
of the actuator sufficiently. Several designs include a modified version of PCH that only considers actuator
saturations, by computing achieved pseudo controls resulting from actuator commands limited by the
actuator limits [6]. In this work, we adopt an identical version of computing the achieved pseudo control.

Control of transition aircraft using unified control approaches such as INDI requires a closer exam-
ination of the reference models, since multiple flight phases come with different physical capabilities.
Existing approaches in the literature include applying a simple low-pass filter to pilot commands [7],
using linear reference models with pseudo control feedforward [8] and employing cascaded NDI-based
reference models [5]. A review of reference models used with INDI control laws is presented in [9].
For command filtering and linear reference models, there is a need of phase-dependent modification of
the reference model, such as limiting the derivatives of the reference depending on the flight phase or
applying PCH to slow down the reference model. Otherwise, they have to be slow enough to provide
physically feasible trajectories across all flight phases. This, however, can lead to an overly conservative
reference model and, as a result, loss of agility for the aircraft. NDI-based approaches can provide
this phase-dependent behavior, since they compute dynamical limits of the aircraft at each timestep.
However, since they rely on the model of the aircraft, they remove the key advantage of INDI of being
independent of extensive model knowledge. Considering these, linear reference models in combination
with PCH become advantageous since they do not require additional model knowledge, and can modify
the reference trajectories in case of actuator saturations. In this work, we propose a novel reference model
architecture for unified control of transition aircraft, using linear reference models with PCH.

In control structures without a feedforward command from the reference model, hedging slows down
the reference and hence decreases the pseudo control command with a signal that is equal to the low-pass
filtered hedging signal. However, in linear feedforward-feedback structures, when the reference model
and the error controller bandwidths match, pseudo control command stays the same as in the case with
no hedging, since the changes in the reference signal and the feedforward contribution cancel each other.
In the case where reference model is slower than the error controller, hedging mitigates saturations by
decreasing pseudo control command. However, the steady-state gain of this effect depends on the ratio
between reference model and error controller bandwidths. [6] proposed a gain on the hedging signal
for linear feedforward-feedback structures in order to make the steady-state gain of the effect of the
hedging signal on the pseudo control command always one. However, the gain can result in non-physical
reference trajectories and hence can result in windup in the case of an integral action within controllers.
For linear feedforward-feedback structures, we propose a new hedging structure, which enables fast
reference models with bandwidths similar to those of error controllers, while keeping the contribution of
the hedging signal to the pseudo control command as a low-pass filtered signal with steady-state gain of
one.

This paper discusses a comparison of reference models with different hedging augmentations in
Section 2. The proposed reference model architecture for unified control approaches is given in Section
3. Several simulations are performed on a transition aircraft model to highlight the advantage of the
proposed architecture with comparisons to unhedged case and results are given in Section 4. Remarks
and conclusions are given in Section 5.
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2 Analysis of Pseudo Control Hedging

An example INDI control architecture with PCH is given in Fig. 1. In the figure, v, represents the
hedging signal, B is the control effectiveness matrix, v¢mq is the total pseudo control command consisting
of feedforward term from reference model vemg g and feedback term vemgf. Allocation outputs an
incremental actuator command Au.ng, While considering actuator limits # and u. $ and v are state and
pseudo control estimate, respectively. This architecture differs from most of the architectures in the
literature with PCH, since it computes the hedging signal as the difference between incremental pseudo
control command and realized pseudo control command based on the output of the allocation, similar
to [6]. Therefore, actuator dynamics are not considered in the calculation of hedging signal. Only the
saturation of the actuators triggers the hedging signal v, and it is zero in case of nominal operations
without saturated actuators. The closed-loop response remains unchanged for pseudo control commands
that are inside the attainable moment set (AMS).

B
+
Vh Yemd, ff
Reference | Yref Error | Yemdfb v Vemd AVemd ] Aucmg | Actuator | y
Yemd —> e T50+—5! Allocation +—— . Plant > Y
Model Controller + T— T Dynamics
y % u,u

Fig. 1 Example control architecure with PCH and baseline INDI controller.

A linear reference model for a control loop with relative degree of r and filter order of n is given in
Fig. 2. yief is the i-th derivative of the reference y..¢. For a control system, it is expected that filter order
is selected such that n > r, since the underlying dynamical system has at least an order of r. In case
of additional dynamics that are not considered in the dynamic inversion, such as actuator dynamics, the
order of the underlying dynamics becomes higher than the relative degree.

The hedging signal v}, is computed as

Vi = Vemd — Vs (1)

where pseudo control estimate v can be estimated using state estimate X and actuator commands #¢pg.
When the baseline controller is INDI, both pseudo control command to the allocation and actuator
commands take incremental form and state-dependent terms can be neglected in accordance with the
time-scale separation assumption [10]:

Vi = Avemd — BAuemg. (2)

2.1 Pseudo Control Hedging with Feedback Controller

A first order reference model with hedging, which generates reference for a P controller, is given in
Fig. 3. k. is the gain of the controller and k, is the gain of the reference model. Note that, the underlying
dynamical system is assumed to have a relative degree of 1, so that hedging signal is at the same algebraic
level as the derivative of the reference. The derivative of the reference is

Vref = ki (ycmd - Yref) — Vh. 3)
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Fig. 3 First order reference model with PCH and P controller.
The reference signal y..¢ and pseudo control command v.pq are
Yemdkr = Vi
=—— and 4
Yref 5+ k, 4)
~ Yemdkr Vike
Vemd = —Wke=—7—-V| k. — . 5
emd = (Vref — J) ke (S+kr ) e stk S)

A positive hedging signal always has a low-pass filtered slow-down effect on reference signal yyf, as
it can be seen from Eq. 4. Therefore, hedging improves the tracking performance in case of saturations
by slowing down the reference model. Moreover, hedging signal again has a low-pass filtered slow-down
effect on pseudo control command v¢yq, as in Eq. 5, with a steady-state gain of k./k,, which results in
mitigating actuator saturations.

Except where otherwise noted. content of this paper is licensed under 028 - 4 The reproduction and distribution with attribution of the entire paper or of individual
X wher wis Ne is paper is licensed un - . . . . . .
a Cre};tive Commons Attribution 4.0 Internatioizﬁ License pages, in electronic or printed form, including any material under non-CC-BY 4.0

- : : 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/

2.2 Pseudo Control Hedging with Feedforward-Feedback Controller

A first order reference model with feedforward-feedback control structure is given in Fig. 4. The
underlying dynamical system is assumed to have a relative degree of 1, so that hedging signal affects the
derivative of the reference signal.

Vh

Yemd %

‘ k, & Yemd

Fig. 4 First order reference model with PCH and feedforward-feedback control.

The effect of hedging on the reference signal is the same as feedback-only control case, as in Eq. 4.
The pseudo control command includes both feedback and feedforward term:

Vemd = Yemd,fb t Yemd, > (6)

where contribution of feedback control vemg b is the same as Eq. 5. The feedforward term v¢mg s can be
written as:

YemdKr = Vi _ ycmdkrs + Vrky
s+ ky s+k,  s+k

Vemd, ff = ky (ycmd - yref) =k, (ycmd - (7)

From Eq. 7, it can be seen that hedging signal has an add-on effect on feedforward pseudo control
term, vemg,g- Combining Eq. 5 and 7, the total pseudo control command v¢mg becomes:

kr kr ke - kr
Yemd _ ,\) k, + Yemd g _ ( )Vh’ (8)
s+ k,

Yemd =
cm ( s+ k, s+ k,

where the first term corresponds to the unhedged feedback pseudo control contribution, and the second
terms corresponds to the unhedged feedforward pseudo control contribution. The last part shows the
effect of hedging signal v; on total pseudo control command. From the rightmost term of Eq. 8 and
also as shown in [6], it is visible that a positive hedging signal has a decreasing effect on pseudo control
command, if k, > k,. In case the reference model and the error controller have the same gain, k, = k,,
then the effect of hedging on pseudo control command is vanished. In case the reference model is faster
than the error controller, k, > k., hedging signal will add-on to the pseudo control command, which is
undesirable since it leads to greater saturations.

Even when the error controller is faster than the reference model, k, > k,, the effect of hedging on
pseudo control command has a steady-state gain of (k, — k,)/k,. Normally, it is desired to have a steady-
state gain of one since both pseudo control command and hedging signal are on the same algebraic level.
[6] proposed a scaling gain Kj on hedging signal to ensure that steady-state gain of the effect of hedging
on pseudo control command is always one, whenever k., > k,. Such a scaling ensures the desired pseudo
control response of the system, however it comes with two disadvantages. First, the method still needs
the reference model to be slower than the error controller, which can be undesirable for many use cases
where a fast response is required and the error controller bandwidth is limited because of low actuation
bandwidth or low sensor bandwidth. Second, when &, and k., get close to each other, the scaling gain of
the hedging K}, increases. A higher K, results in higher effect of hedging signal v, on reference signal

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

@ Except where otherwise noted, content of this paper is licensed under 028 -5 . . . . . .
a Creative Commons Attribution 4.0 International License pages, in electronic or printed form, including any material under non-CC-BY 4.0
- : : 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/

Yemds as seen in Eq. 4. This can result in a non-physical reference signal, and therefore, a lower tracking
performance. In case of a controller with integral action, the system response may degrade because of a
non-physical reference signal. Several simulations of such a scaling on a first-order system with P and PI
controllers are shown later in this chapter.

Although the benefit of PCH on pseudo control command in feedforward-feedback control case
depends on the relation between the reference model gain k, and the error controller gain k., the benefit
in terms of slowing down the reference signal y.ng and having better tracking performance does not
depend on how k, and k. are chosen. Also, scaling requires the reference model to be slower than the
error controller and may result in non-physical reference trajectories. To overcome these issues, a novel
structure is proposed that separates the reference signal and feedforward pseudo control. The reference
signal is computed from a hedged reference model as in Fig. 4 and the feedforward pseudo control is
computed from an unhedged reference model to get rid of canceling effect of feedforward and feedback
contributions of hedging signal when k., = k,, and avoid using a scaling on the hedging signal. The
proposed structure is given in Fig. 5.

Vemd, ff

Ny 1

N s
—k,

Yemd %
Vi j
L@ >O—> 1 y
= ref
+ s

Fig. 5 First order hedged reference model in the proposed structure.

The proposed structure yields the reference signal given in Eq. 4, a total pseudo control command
consisting of Eq. 5 and unhedged feedforward terms, such that:

YemdKr _ A) k, + )’cmdkrs _ kevi ©)

Yemd = .
cm (s+kr s+ k, s+ k,

In case the reference model gain and the error controller gain are equal, k, = k,, Eq. 9 becomes:

k bk,
Yemd A) k. + Yemd g Vi (10)

Vemd = - - ,
cmd (s+kr 4 s+ k, s+ k,

which shows that hedging signal effect has a steady-state gain of one and filtered through a low-pass filter
with cutoff frequency k,.

Four different first order reference model schemes are compared for the closed-loop system with first
order dynamics and P controller. Plant transfer function is P(s) = 1/s, error controller and reference
model gains are k, = k, = 1. Pseudo control saturation limit is assumed to be vpax = 0.3. These four
structures are: unhedged reference model, classical hedged reference model as in Fig. 4, scaled hedged
reference model proposed by [6] and the proposed reference model given in Fig. 5. For the scaled case,
since reference model has to be slower than the error controller, reference model gain is set to be k, = 0.9,
and therefore, the hedging scaling gain is K = 9.
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Pseudo control responses of different structures with P controller to a step input at time r = 1s
are given in Fig. 6. The cases with normal hedging and no hedging yield the same pseudo control
response. The proposed hedging structure and scaled hedging cases show a response where saturations
are mitigated better compared to normal or no hedging cases. Note that, scaled case yields slightly softer
response than the proposed structure because of having lower controller gain.

Pseudo Control Command with P Controller

| | | | | I I
10 L . . . . === No Hedge |
a '\\ --- Normal Hedge
RN Scaled Hedge
0.8 . | ' ' ' Proposed Hedge | |
™, —  Limit
,.8 | S
8 06 [ i ~,\ |
'S N
& ! B
S 0.4 \\ |
: .
0.2 n ,*\~\' .
O "o ™ -_---__'---__-_—_‘!-——-—l—l-uun_u_n
| | | | | | |
0 1 2 3 4 5 6 7 8
Time (s)

Fig. 6 Pseudo control command v g with different hedging augmentations with P controller.

Tracking responses of different approaches with P controllers are given in Fig. 7. Proposed structure
has a better tracking response than no hedging case, whereas normal hedging yields a perfect reference
tracking. In the scaled case, since hedging signal is multiplied with a high scaling gain, the reference
signal becomes nonphysical, although response is similar to other cases.

Similar analysis is also made for the case with PI controller that has the same bandwidth as P
controller. Pseudo control responses with PI controllers are given in Fig. 8. Because of a nonphysical
reference signal, the scaled case shows oscillations with PI controller. Proposed structure again shows a
command that is decaying faster than the normal hedging case. Fig. 9 shows the tracking responses with
PI controller. No hedging case has an overshooting response, while scaled case has slow and oscillating
behavior.

Overall, although the proposed structure yields a slightly worse reference tracking response than
normal hedging case, it has a better pseudo control response than normal hedging and no hedging cases
since the command decays faster in case of saturations. Fast decay of the pseudo control command is
favorable in case of saturations, since it decreases the amount of over-command which can also undermine
the stability of other axes of the aircraft, as illustrated in the next subsection. Scaled hedging case also
provides a similar fast-decaying pseudo control command, while needing the reference model to be slower
than the error controller and outputting a nonphysical reference signal, which is undesired in case of an
integral action in the controller.

2.3 Quadrotor Example

An example quadrotor simulation to show the effect of different hedging structures is given in this
subsection. Simulated quadrotor has a control architecture with attitude control for roll and pitch, and rate
control for yaw, along with a vertical velocity control loop. All mentioned controllers are P controllers.
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Fig. 8 Pseudo control command v g with different hedging augmentations with PI controller.

A direction-preserving control allocation method, given in [11], is used. The quadrotor is assumed to
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Fig. 9 Reference signal and response of the system with PI controller and different hedging cases.

have a low thrust-to-weight ratio of 1.2, and therefore, is prone to saturations. Two different cases are
simulated with proposed hedging structure and normal hedging structure.

Yaw rate command and response of the system can be seen in Fig. 10. A step input is given as yaw
rate command at time ¢ = 1, with magnitude of 90 °/s. The yaw rate command is set back to zero at
t = 6. Note that, response of the aircraft in the proposed and normal hedging cases are nearly identical.
During the yaw rate command, roll and pitch angle commands are set to zero. However, because of the
severe saturation in yaw axis when the step command is applied, quadrotor’s capability of stabilizing
itself around the roll and pitch axes is undermined.

Roll and pitch angle responses of the quadrotor are given in Fig. 11 and 12, respectively. It can be
seen that, in the normal hedging case, roll and pitch angles deviate significantly from zero, whereas in the
proposed hedging case, roll and pitch angles are kept closer to zero. This is because of the faster decay
of the pseudo control command in the proposed structure, which results in less over-commanding and
therefore, higher authority in roll and pitch axes during saturations. Also note that, during maneuvers
without saturations, both hedging structures yield the same responses, which means that the hedging
does not alter the nominal closed-loop response.
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3 Reference Model Architecture for Transition Aircraft

3.1 Flight Control System Architecture

The flight control architecture is given in Fig. 13. The pilot commands are velocities in the control
frame, shown with subscript ¢, which is a local geodetic frame turned by the yaw angle of the vehicle, and
a yaw rate. Roll and pitch angle increments are computed through the allocation algorithm by considering
them as virtual effectors. Detailed description of the allocation can be found in our previous work [12].
Control architecture consists of velocity, attitude and rate control loops. Each loop contains P controllers,
and reference models output translational and angular accelerations feedforwards.

u,u
+¢ c chd,ff ¢
Vend Velocity Vet Velocity Vemd.err A Ve A
Reference »  Error += ) > Ucmd
Model Controller T_
Vmeas Incremental
i ) Allocation
Yemd J Fref meas
_— \—>
. A¢ ref . _ l
Ademd Attitude > Attitude Dref Rate Oemderr Y A@emd
> Reference Error > Error ——p
Abret qref +
Model > Controller »| Controller "
Aecmd‘ (‘:)cmd ff

Fig. 13 Flight control system architecture for transition aircraft.

Control loop gains are determined by applying a bandwidth separation between each loop, with a
separation factor k. Bandwidth of the velocity loop w,, is k times slower than the bandwidth of the attitude
loop we, such that w, = we/k. Similarly, the bandwidth of the attitude loop is k times slower than the
bandwidth of the attitude rate loop w¢. The bandwidth of the attitude rate is again k times slower than the
bandwidth of either the angular acceleration measurement or the actuator bandwidth, whichever is lower.
Pseudo control command v.pyq to the allocation consists of linear and angular acceleration increments:

A Viemd]
Ach,cmd
_|AeVeema] (11)
Apemd
Aqcmd
| AFemd |

Resulting pseudo control increment from the allocated effector increments becomes:

AVTSS

Wres

AVies = BAucmg = (12)
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Hedging signals that are used by reference models are the difference between commanded and
resulting pseudo control increments:

Vheo = Aa')cmd - Ad’res» (13)
Vpv = Achmd - Aches- (14)

The control effectiveness matrix for a transition aircraft includes terms with physical actuators and
virtual effectors, which are roll and pitch increments, as:

v v B. B.
B=|%A2 e _|°vae Pve (15)
- Jw Jw - B . 0 ?
JAQ  9AD w,Q

where  is the physical actuator commands such as propellers and control surfaces. A® consists of roll
and pitch increments, which are called virtual effectors.

3.2 Attitude Reference Model

T
The attitude reference model is shown in Fig. 14 for pitch and roll angles, where ® = [¢ 9] . The

reference model is second order for roll and pitch because the relative degree is two for attitude. The
reference model for yaw rate is first order since the relative degree is one for angular rate. The reference
models are tuned, such that kg and kj ¢ are equal to gains of attitude and attitude rate controllers,
respectively.

> Dcpng
@ 1 1 ®
&) S s ref,unhedged
L —kio
Dcing —k(),q) <
Vh,d T

@ e 1 1 d
&) 3y ) 5 s ref

-k 1.0/«

— koo«

Fig. 14 Attitude reference model.
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The hedging signal given in Eq. 13 is the unallocated body angular accelerations. Both the pilot
command and reference model output is in Euler angles, therefore, tranformation for the hedging signal
is applied:

Vid = TovVho (16)

where Tg, 1s the transformation matrix from body angular rates to the derivative of the Euler attitude
angles. Note that, Eq. 16 neglects the term T, since the deficiency is only in angular accelerations.
The transformation matrix T, is defined as:

1 sin(¢)tan(0) cos(¢)tan(8)
Tor = |0 cos(¢) —sin(¢) . 17)
0 sin(¢)sec(8) cos(¢p)sec(6)

The transformation matrix from the Euler attitude rates to body angular rates is the inverse of
transformation matrix given above, Tpp = T(;,}). Then, the feedforward angular acceleration command
from reference model ®.pq g is transformed from Euler angle accelerations to body frame angular
accelerations as:

Oemd i = Too Pema i + Tpo Pref- (18)

3.3 Velocity Reference Model

The velocity reference model is shown in Fig. 15. Although the relative degree of velocity control
loop is one, the primary source of linear acceleration is tilting, rolling and pitching, which has second
order dynamics. Therefore, the underlying dynamics for the velocity control can be assumed to be third
order. The reference models for each axis are tuned such that outer-most loop gain ko y matches the gain
of the velocity error controller. Similar to attitude reference model, k1 y and k, v are tuned such that they
are equal to the attitude and attitude rate error controller gains, respectively.

The standard hedging signal for velocity reference models is the unallocated linear acceleration given
in Eq. 14. However, attitude is generally the main source of linear acceleration and, from the allocation
perspective, it is assumed to be instantaneous. Attitude response of the aircraft can be degraded because
of saturation in angular accelerations. Considering only the term v, ;; does not reflect the effect of
unallocated angular accelerations on velocity reference models. Therefore, another term is introduced to
include such effect of saturations in angular accelerations. For that, the difference between hedged and
unhedged attitude references, shown in Fig. 14, is computed as:

Dy = (Dref,unhedged — @ (19)

The effect of attitude difference on linear velocities can be computed using their effectiveness shown
in Eq. 15:
Viov = By oPuifr- (20)

Then, the hedging signal is the sum of two terms given in Eq. 20 and Eq. 14 as:

Visum = Vv + Vi gov- 21
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Fig. 15 Velocity reference model.

4 Simulation Results on a Transition Aircraft

The reference models are tested on a nonlinear model of a transition aircraft with eight electrically
driven propellers, which are all identical, and wings, shown in Fig. 16. The vehicle has fixed tilt angles
and first six propellers are nearly vertical. The rear propellers 7 and 8 are tilted 30°, which means they are
acting partially as pushers. Aerodynamic coefficients for the simulation are obtained from wind tunnel
experiments and propeller characteristics are obtained from bench tests.

The controller sampling frequency and the simulation update rate are both set to 200 Hz. A pure
longitudinal maneuver is simulated, where the vehicle transitions from hover to forward flight at a
commanded speed of 21 m/s. The transition maneuver is initiated by a step command in longitudinal
velocity, while velocity command in other axes and yaw rate command are kept at zero. The reference
signal output from reference models and the vehicle response are shown in Fig. 17. Two different cases
are compared, one with hedged reference models and one with unhedged reference models. It can be
observed that the response with hedged reference model, with proposed structures in Figs. 14 and 15,
tracks the reference velocity closer than the unhedged case. Additionally, a small overshoot is observed
in the unhedged case due to the integrative nature of INDI control loops [10].
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Fig. 16 Vehicle configuration.
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Fig. 17 Reference and response longitudinal velocities with different reference models.

The longitudinal acceleration command ch,cmd is shown in Fig. 18. It can be observed that the
hedged reference model results in a smoother acceleration command, while the response with unhedged
reference model has a higher peak, and therefore, it results in a higher over-command.

The pitch angles during the transition maneuver are shown in Fig. 19. Oscillations are observed in
the pitch angle response with the unhedged reference model, whereas the attitude response is smoother
with the hedged reference model.

5 Conclusions

This paper proposes a linear reference model architecture for a transition aircraft, which makes
use of PCH to mitigate the effects of actuator saturation. First, the hedging structures are compared
for feedforward-feedback control structures, in terms of the resulting pseudo control command and the
reference signal. A structure that generates feedforward command from the unhedged reference model
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Fig. 18 Longitudinal acceleration commands during transition maneuver with hedged and unhedged
reference models.
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Fig. 19 Pitch angles during transition maneuver with hedged and unhedged reference models.

is found to be advantageous, since the effect of hedging signal on pseudo control command can be
observed in a low-pass filtered manner. Then, the reference model architecture for a transition aircraft
is presented. The architecture includes velocity and attitude reference models, which are hedged by
unallocated linear and angular accelerations. Additionally, since attitude is the main source of linear
acceleration, another term is added to the velocity reference model hedging signal to account for the
effect of unallocated angular accelerations on linear velocities. Simulation results on a transition aircraft
show that the proposed hedged reference model architecture improves tracking performance during a
transition maneuver and reduces oscillations, compared to unhedged reference models. It is worth noting
that, Pseudo Control Hedging is not sufficient to avoid actuator saturations, since PCH only acts when
the saturations occur and mitigates these saturations with a low-pass filtered signal. They can be further
avoided with the usage of model information such as flight envelope protections [5, 13].
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