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ABSTRACT

Incremental Nonlinear Dynamic Inversion (INDI) has gained popularity in various aerospace
control applications, as it reduces reliance on accurate models and improves disturbance rejection.
Recently, the incremental control approach has been combined with classical proportional-integral
(PI) control to increase robustness, avoid hidden coupling terms, and enable fast gain scheduling,
in a manner similar to the differential PI (DPI) controller. This paper extends the incremental
DPI (iDPI) concept to a model-following structure for MIMO systems in the context of fixed-wing
flight control. It compares a coupled and a simplified decoupled physical reference model as well as
different error controller structures. The approach is evaluated using a high-fidelity six-degree-of-
freedom (6-DoF) simulation model of a commercial aircraft, including several practical adaptations
to support real-world implementation. The results highlight the suitability of the proposed iDPI
framework in achieving robust, implementable flight controllers.

Keywords: Incremental Nonlinear Dynamic Inversion (INDI), Incremental Differential PI (iDPI), Incremental
control, Model-following control, Flight control, MIMO systems, Robust control, Gain scheduling, Fixed-wing
aircraft, Nonlinear control

1 Introduction

Incremental Nonlinear Dynamic Inversion (INDI) was introduced to overcome key limitations of
classical Nonlinear Dynamic Inversion (NDI). While NDI relies heavily on accurate model knowledge,
INDI utilizes sensor-based feedback, which reduces its dependency on accurate models, resulting in
improved disturbance rejection and enabling control of input non-affine systems such as VTOL aircraft
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with tilting rotors. In addition, it adopts a model-following structure in which the desired closed-
loop behavior is defined by a tunable reference model, independently of disturbance rejection and
robustness. This separation facilitates controller synthesis and analysis and simplifies the process of
meeting performance and handling quality requirements. These advantages have made INDI particularly
attractive for novel aircraft configurations, where exact model information is often incomplete or costly
to obtain. Over the past decade, research on INDI has expanded rapidly across both aerospace and
non-aerospace domains, leading to numerous applications and several advanced variants [1-4]. Two
recent survey papers provide a comprehensive overview of the evolution of INDI, its variants, and its
applications across different vehicle types and control loops [35, 6].

Differential PI (DPI) features the ability to avoid the hidden coupling effects that gain scheduling can
introduce [7]. It supports scheduling of controller gains over rapidly varying states, such as the angle
of attack, and has been successfully applied in the Eurofighter [8]. Building on the concepts of INDI
and DPI, the Incremental DPI (iDPI) framework was proposed and subsequently validated in flight tests
[9, 10] where it was shown that iDPI outperforms DPI in the longitudinal control of a fixed-wing model
aircraft. More recently, this comparison was extended to MIMO systems in [11], where a lateral motion
controller for an aircraft was evaluated under two actuator loop configurations, one relying on direct
actuator measurements and the other employing an actuator model.

The iDPI framework can be further enhanced by embedding it within a model-following structure. This
motivates the investigation of how such a model-following structure can be systematically formulated for
MIMO flight control systems while retaining the practical advantages of the incremental approach. In
this paper, we:

* Extend the iDPI architecture to a model-following structure for MIMO systems using a physical
reference model.

* Investigate two types of reference models, decoupled and physically coupled, and analyze their
impact on tracking and robustness under model uncertainty.

* Analyze different error controller structures.

* Adapt the model-following iDPI for practical implementation and demonstrate its applicability on
a high-fidelity 6-DoF nonlinear simulation model of a commercial aircraft.

2 Aircraft Lateral Motion Model

We analyze the lateral motion of a fixed-wing aircraft in steady, level flight, represented here by a
linear time-invariant (LTT) model:
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In this formulation, r denotes the yaw rate, 8 the sideslip angle, p the roll rate, and ¢ the bank angle. The
control inputs are the aileron deflection ¢ and rudder deflection {. External disturbances are introduced
through the lateral gust velocity v, gust-induced roll rate p,, and gust-induced yaw rate r,. The objective
of the control design is to ensure precise tracking of commanded ¢ and S, with dynamics shaped according
to handling qualities criteria, in the presence of disturbances and model uncertainties.
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3 Model-Following Control

3.1 Motivation

The key advantage of model-following control is that it decouples the definition of the desired system
behavior from the handling of disturbances and model uncertainties. The desired response is fully defined
by the reference model, which can be tuned according to handling quality requirements or performance
goals. As a result, the feedforward signal drives the system toward this ideal behavior under nominal
conditions. This eliminates the need for the error controller to contribute to tracking performance under
nominal conditions, reserving its role solely for disturbance rejection or to deal with model uncertainties.
This separation simplifies both the tuning process for the reference model and the controller, as it allows
the handling qualities, performance requirements, and disturbance rejection requirements to be treated
independently.

3.2 Reference Model Variants

Utilizing a physical reference model involves designing reference signals for the inner loop controller
based on the aircraft’s physics, ensuring that the dynamic behavior aligns with handling quality standards.
This approach facilitates the implementation of protection schemes within the reference model [12, 13].
For longitudinal motion, the physical reference model typically employs short-period dynamics. However,
for lateral motion, the situation is more complex due to the coupling between the roll and yaw axes in a
MIMO system. This subsection aims to investigate the following reference model variants:

* Physically Coupled: Channel interactions are preserved.
» Simplified Decoupled: Channels are treated independently.

In the model-following setup with a physical reference model, the main difference between INDI and
iDPI lies in the formulation of the error controller. In such a model-following setup, the role of the error
controller is to ensure stability, handle uncertainties, and reject disturbances. The following analysis
focuses on tracking and the feedforward path, with the key aspect under investigation being the design of
the reference model, rather than the specific error controller formulation. In the closed-loop simulations,
we will employ an INDI-based error controller. A detailed investigation of the model-following iDPI
structure with different error controller formulations will follow in Section 4.

3.2.1 Physically coupled reference model

Fig. 1 illustrates a "vanilla" INDI controller with a physically coupled reference plant model. This
reference model is basically a copy of the linear plant dynamics. The output y,, , denotes the control
variables roll rate p and sideslip angle 3, G p represents the plant model, and G 4 is a diagonal matrix with
the actuator dynamics of the aileron and rudder. A DPI-based MIMO controller is used in the reference
model. This reference model controller generates u. .y to decouple the reference model internally and is
tuned to ensure that the reference closed-loop dynamics meet relevant handling quality and performance
criteria. DPI serves as an example of a reference model controller, for which a detailed analysis and gain
synthesis procedure for fixed-wing lateral dynamics are provided in [11].

In the following, it is shown analytically that for the closed-loop dynamics under nominal conditions, the
depicted choice of the feedforward signal in combination with the full coupled physical reference model
ensures that the true system will track the reference model such that Eq. (2) holds.

yref :y (2)
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Fig.1 Vanilla INDI with physically coupled reference model

The rate of change of the control variable can be represented as follows:

X =Ax + Bu 3)
y=Cx =CAx+CBu
Since a full dynamic reference model is utilized:
A N A 1 000
A=A, B=B, C=C= “4)
0010

holds under nominal conditions, where the % notation denotes the model parameters employed in the
reference model. The incremental loop results in an input signal to the plant model that follows:

u=Gs(I-Gp)'Au, (5)

where Au . can be represented as:
Auc = (CB)'(Yaes = ¥) (6)

Substituting Eq. (6) and Eq. (5) into Eq. (3), while assuming that G 4 is a diagonal matrix with identical
entries, yields, after further simplification, the following closed-loop relation:

Yy=(U-Ga)CAx + G4y des (7)

The desired rate of change of the control variables is split up into a feedforward term and a simple error
controller:
ydes:yff"'K(eref_Cx) (8)

where the feedforward term y f s results from a fully coupled dynamic plant model of the reference model
as follows:
.).’ff = CAxref + Céuc,ref 9)

Substituting Eq. (9) and Eq. (8) into Eq. (7) with the assumption that the model is perfectly known, under
nominal conditions (x,.s = x), and G 4 is diagonal with equal entries, the rate of change of the control
variable results in:

y = CAx + GaCBu, of (10)
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The reference rate of change of the control variable resulting from the full dynamic plant model of the
reference model is as follows:
Yref = CAxpor + CBG AU ros (11)

Hence, Eq. (2) holds. This indicates that through careful design, a reference model utilizing a complete
dynamic plant model can generate a feedforward signal that achieves perfect tracking under nominal
conditions, without requiring supplementary feedback mechanisms.

3.2.2 Simplified decoupled reference model

The second investigated reference model implements the roll and yaw channels as completely
decoupled and independent. The reference plant dynamics are selected as:

Nr Nﬁ 0 O ’;C’ref
-1 Y5 0 0 0
Xpef = “Xref +Ga(s 12
ef 0 0 Lp 0 e/ A() P.c,ref ( )
0O o0 1 0 0

which corresponds to the plant dynamics in Eq. (1) with all coupling terms being removed and where
the roll and yaw accelerations, produced by the control effectors, are considered as virtual inputs. These
virtual input commands are produced by desired yaw and roll rate dynamics, which are decoupled. The
roll rate dynamics are specified as first-order dynamics given by:

pc,ref = (pc— pref)wp (13)

where p,. s is the input to Eq. (12). In the yaw channel, linear second-order dynamics are used to generate
Bre £ Bre f» Brey based on a sideslip angle command S, according to:

Bref = _2§wﬂﬁref + wé(ﬁc - ﬁref)- (14)

According to the reference model dynamics in Eq. (12), the second derivative of § corresponds to:

B =—i+Ysp (15)

Hence, we solve for 7 and obtain:

’:c,ref = _wé(ﬁc - Bref) + (2{&)'3 + Y,B)Bref (16)

Fig. 2 reveals the corresponding block diagram of the roll and yaw dynamics. Fig. 3 shows the block
diagram of the reference plant model, INDI controller, and plant. The input to the reference plant model
1S X¢ ref, as shown in Eq. (17), with the commanded reference rates generated by the reference model
controller as represented in Eq. (13) and Eq. (16).

T
-x.:c,re_f = fc,ref, 0, pc,ref, 0 (17)
The feedforward term for this architecture can be written as:
Yrr=CAx,or+Cicrep (18)
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Fig. 3 Vanilla INDI with decoupled dynamic physical reference model
where C and A are as follows:
~ |-1 Y3 0 0| A 1 000
A= s ,C = (19)

0 0 L, O 00120

0O 0 1 O
Similarly, the reference rate of change of the control variable is formulated as follows:

yref = CA‘AA-":ref + CA‘(,?Axc,ref (20)

The closed-loop relation was derived in Eq. (7), and the desired rate of change of the control variable is
the same as in Eq. (8). Substituting Eq. (18) and Eq. (8) into Eq. (7) results in:

y = CAx — GACAx + GpsCAx,or + GoCkiper + GaAK(Cxypp — Cx) (21)
For the nominal case with no disturbance, x,.r = x, Eq. (21) is simplified to be:

Y = CAx — GACAx + GpCAx, .+ GpACke ey (22)
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Since the decoupled plant model differs from the full dynamic model, A and A are not equal, which does
not result in further simplification. Comparing Eq. (20) and Eq. (22), it is found that:

y iJ}ref (23)

which indicates that the feedforward resulting from a reference model with a decoupled plant model
cannot, alone, perfectly drive the system to the desired response.

3.3 Performance Evaluation of Reference Model Variants
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Fig. 4 Comparison of reference model variants under model uncertainty

The physical reference model can be implemented either physically coupled or decoupled. The
physically coupled model enables feedforward control, leaving feedback for uncertainties and distur-
bances. This requires an additional decoupling reference controller, such as DPI, with gain design
via eigenstructure assignment and a full coupled model as prerequisites. The decoupled model allows
for straightforward design but relies more heavily on the feedback, as it cannot capture cross-channel
interactions.

The physically coupled reference model with its controller can achieve perfect decoupling, as we will
show in the following under nominal conditions, i.e., upon precise knowledge of the linear plant model.
However, the plant model is usually subject to uncertainties. In the following, we therefore investigate
the robustness of the two reference model approaches towards uncertainties. A Monte Carlo analysis was
conducted to evaluate the effect of various model uncertainties between the reference model plant and
the actual plant. One hundred simulations are performed using a step command in the sideslip angle,
while maintaining the bank angle at zero, subject to a 20% uncertainty in different model coefficients.

To establish a rate command attitude hold behavior, an integrator is used to transform a roll rate command
p. into the bank angle command ¢, for the reference model controller. This command is set to zero for
this test. The resulting undesired response in the roll channel was used as a metric for coupling. Across
all simulated cases shown in Fig. 4, the physically coupled reference model consistently resulted in lower
cross-coupling effects than the decoupled variant.
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4 Model-Following iDPI

4.1 Motivation

The iDPI architecture allows for an extension into a model-following structure, where a physical
reference model is utilized. Based on this structure, commonly used incremental approaches, such as
INDI, are compared with the proposed model-following iDPI framework. The focus of this comparison
lies in analyzing the respective error dynamics. In particular, the error dynamics are examined and
explicitly utilized for the purpose of gain design. This makes it possible to systematically achieve the
desired error dynamics.

4.2 iDPI for Lateral Motion

The filtered Multiple-Input Multiple-Output (MIMO) iDPI controller structure investigated in [11]
for lateral motion control is shown in Fig. 5. This proposed controller tracks sideslip angle and bank
angle commands. In the block diagram, G p(s) denotes the plant, and G 4(s) is the diagonal actuator
transfer function matrix with identical entries. K}, is a feedforward, K; an integrator, and K; a feedback
gain matrix.

) —{e=
B. s+l ||

s+l

¢ s
Pl ——— et &
!

Fig. 5 Filtered iDPI block diagram for lateral motion
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A first-order filter is applied to the actuator feedback. For first-order G 4, with time constant 7, this is
equivalent to @ e r(s), where G A, r(s) is diagonal with elements g4 ¢(s) given by Eq. (24). The
filtered equivalent actuator dynamics G 4 ¢(s) are of the same order as the original actuator, but with a
lower time constant. The pole of the altered actuator dynamics depends on the time constants of both the
filter and the actuator. It is consequently referred to as a shared actuator filter pole.

. 1 1
gaf = (24)

Tr+ 7, ( TTa
f (_waa) s+ 1

4.3 Model-Following iDPI for Lateral Motion

A realization of the generic ideal model-following iDPI controller for lateral motion, alongside an
ideal standard iDP], is presented in Fig. 6, where generic control variables, CV; and CV>, are selected for
the roll and yaw channels, respectively. It is important to note that this formulation represents an ideal
version of iDPI as the integrator arising from the incremental loop is canceled by the derivative applied
to the error controller terms. Moreover, in an ideal DPI structure, the integrator would be placed directly
before the actuator rather than implemented as an incremental loop around it. However, the incremental
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variant of DPI is adopted here, as it has been shown, in [9] and [11], to significantly improve robustness
to uncertainties while still preserving the features of the standard DPI approach.
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Fig. 6 Generic ideal model-following iDPI control architecture for lateral motion

The following procedure is carried out to derive a model-following iDPI from a standard iDPI, as shown
in Fig. 6:

* The roll and yaw channels are divided into two separate loops.

* The feedforward component, marked in red, is replaced by the reference model feedforward.

* The control variables error terms, marked in green, are calculated with respect to the reference
variables instead of the command.

¢ The feedback terms, marked in blue, are chosen as errors from the reference variables rather than
the full states. This ensures that only deviations from the reference values are damped.

* Puim and Fyip are added in order to maintain steady-state flight in the absence of control inputs
and account for the coupling effect between both channels if required.

* Au is computed by mapping the errors in roll and yaw angular accelerations (Ap, Ar) through the
inverse of the control effectiveness represented by B matrix.

4.4 Error Controller Structure

The error controller generates the desired roll and yaw accelerations, each composed of three
components: a feedforward component based on the reference model dynamics, an error correction term
based on the feedback signals, and trim values needed to maintain steady-state flight in the absence of
control inputs. This is written as follows:

Ddes = Pec + pref + Dirim

Tdes = Vec T Tref t Tirim

(25)
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The incremental loop ensures that p and 7 track 745 and p 4., respectively. We assume that modeling
errors or disturbances lead to a deviation:

p.:pdes_ép
P =Tges — OF

(26)
In the following, we derive the error dynamics associated with the controller structure presented in Fig. 6.

4.4.1 Roll Channel

The roll channel control variable is chosen to be the roll rate p, i.e., operates on a roll rate com-
mand/roll rate control basis (p.ma/peciri)- The output of the controller to the incremental loop and control
allocation is the desired roll acceleration:

Ddes = Pref + Pirim + Pec = P +0p (27)
The error controller, p.., for the model-following iDPI is written as follows:
Pec = kpp(Pref = p) +kaps(Pres = p) +kaps(res — ¢) (28)
Substituting Eq. (28) into Eq. (27) results in:
Pref + Dirim + kpp(Pref = P) + kapS(Pref — P) + kapS(¢ref —¢) = p +6; (29)

Rewriting the above equation and omitting the trim term:

ép+kppep+kgpé,+kyge,=0p (30)
where the error terms are:
6 =B
p Pref — D (31)
€p = Pref — P

Further simplifying the above equation yields Eq. (32), which exhibits first-order dynamics of the roll rate
and a disturbance dp that would excite the dynamics . The controller parameters enable the independent
shaping of the first-order dynamics, i.e., the time constant, and disturbance rejection by increasing kg .
The controller architecture for p.q/peciri i shown in Fig. 7.

kp,p +kd7¢ _ 1 5.
1+kd,p p 1+kd,p P

ép (32)

4.4.2 Yaw Channel

The yaw channel control variable is chosen to be the sideslip angle S, i.e., operates on a sideslip
command/yaw rate control basis (B.q4/7cr1). The yaw channel is different than the roll channel in the
sense that for the roll channel, the control variable is the roll rate, which has a relative degree one dynamics.
Consequently, the error dynamics in the roll channel are relatively straightforward. Conversely, the yaw
channel’s control variable is the sideslip angle, characterized by relative degree two dynamics. Because
the sideslip angle is regulated via the yaw rate, it necessitates linking the sideslip dynamics with the yaw
rate dynamics to derive the resultant sideslip error dynamics.
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The output of the controller to the incremental loop and the control allocation is a desired yaw acceleration,
which is represented as follows:

fdes:i'ref+ftrim+fec:i'+5f (33)

By differentiating the 3 equation in Eq. (1), and solving for 7, the yaw acceleration with only lateral gust
disturbance is derived to be equal to:

o favehe S By (34)
B VO VO 8

where Y;,Y;, Y, and Y, were neglected due to their low magnitude.

In case the full coupled dynamic reference model is utilized, the reference yaw acceleration is equal to:
. o P g .
Fref = _ﬁref+Yﬁﬁref+ vo¢ref (35)

where Y represents the assumed stability derivative Y.
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Fig. 7 Ideal model-following iDPI control architecture with p ,..i/pctr1 and Bema /7 ctri

Since the sideslip angle is regulated through the yaw rate, the yaw rate dynamics are expressed in terms of
the sideslip. This formulation yields a second-order dynamic representation of the sideslip angle, which
can be shaped using the feedback gains k), 5 and k. s acting on the error of the sideslip angle and the
rate of change, respectively. This is reflected in 7, expression in Eq. (36), and represented in the control
structure shown in Fig. 7.

fec = _kp,r,,B(,Bref - IB) - kp,r,ﬁ(ﬁref - ﬁ) + kd,,BS(:Bref - 13) + kd,rs(rref - r) (36)
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Inserting Eq. (36) into Eq. (33) and re-writing the equation yields:

(1 + kd,r)ér + Frim — kp,r,ﬂeﬂ + (kd,ﬁ - kp,r,ﬁ)éﬂ =0y (37)
where
é,B = Bref - :8
ep = Brer — B (38)

€r =Fref =T
Since a full dynamic reference model will be utilized for the iDPI, substitute Eq. (34) and Eq. (35) into
Eq. (37):
.o . & . Y. . .
(1 + kd,r)(_eﬁ + Yﬁﬂref - Yﬁﬂ + Voe(p + vovg) + Vtrim — kp,r,,Be,B + (kd’ﬁ - kp,r,B)e,B =9; (39)
The trim term is selected to remove the coupling effect as follows:

1+kg,) .
Frim = _uezﬁ (40)
Vo

Applying Eq. (40) into Eq. (39) and further simplifying the equation results in:

kap = Kprp kp.r.p O Yp . .
TTrk,, T TR, T ~ Ly~ (-, 41
1+kd,r °p 1+kd,reﬁ 1+kd,r V()Vg (ﬁ ﬁ)IB ( )

—ég+ (Vg +

It is observed in Eq. (41) that the sideslip angle follows a second-order dynamics that can be shaped
through the controller parameters. The disturbance and model-mismatch terms act as excitations of this
dynamics, and certain contributions can be attenuated by increasing k.

4.5 Comparison with INDI

Model-following INDI follows the same exact error dynamics derivation. However, the error con-
troller looks different. In the INDI error controller the following gains in Eq. (32) and Eq. (41) are
Zero:

kap=kap=kar=kap=0 (42)

Table 1 presents the final error dynamics for INDI and iDPI controllers in both the roll and yaw channels.
It is visible that the iDPI controller has more parameters and degrees of freedom. In the nominal case,
where the model is fully known, and no disturbances affect the system, for both the INDI and iDPI, the
parameters can be selected such that they exhibit identical error dynamics with the correct trim being
utilized in each controller. Although the iDPI controller offers more degrees of freedom and additional
gains to shape the dynamics, these gains are redundant and unnecessary. The primary difference between
the two controllers becomes evident when examining the error dynamics in off-nominal cases.

Table 1 Error dynamics for Model-Following INDI and iDPI

INDI iDPI
. . kp’p+kd,¢ 1
PemalPewrt | €p+kppep =6p p+ “Tirg, €r = Tk, 0p
A A kd B—k 3 k

—é — Nén — ¢ @k Pprfys o ZprB
BemalTeurt ép+ (Yp—k,, p)ég—kprpep —ép+(Yp+ = =")ép — 1 -ep+

_ Yﬁ . A . _ 1 Yﬁ . A .

=0r = v~ (Yp = Yp)p = Tty O — Ve — (Yp = Yp)Ps
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For the off-nominal cases, the iDPI provides the additional gains k,, and ky, that allow to effectively
reduce the effect of disturbances on the error dynamics which is represented above by ¢ and 6;. In
addition, the desired overall error dynamic behavior can still be preserved through the adjustment of
other gains, in particular k), , and k , ,. 5 and k, » . The other gains introduced by the iDPI methodology,
in this case kg 4 and k4 g, are unnecessary as they do not introduce any new degrees of freedom for the
design and can be omitted in order to reduce the overall system complexity.

In order to validate the above error dynamics and the additional benefits introduced by the iDPI controller
architecture, a physically coupled reference model is utilized, and the overall error dynamics is chosen to
be equal to the following dynamics:

wp =3 radls
(43)
wpg=3radls, {p=0.7

The INDI and iDPI controller gains are selected in order to achieve the overall error dynamics specified
by Eq. (43). Since it was proven in Section 3.2 that utilizing a full dynamic model allows the feedforward
alone to achieve perfect tracking, the error signals are all zero, and hence the error controller output is
also zero. Therefore, a lateral gust disturbance is applied, and the feedforward term is omitted by giving
zero commands to facilitate checking the error dynamics of each controller.

The lateral gust disturbance is represented by a discrete gust model with a 1 - cos shape, which follows
the discrete gust design criterion mentioned in [14], where V, 4 represents the design gust velocity and H
is the gust gradient distance. For this investigation, a design gust velocity of 15m /s and a gust gradient
distance of 1.5m is selected.

Ve =

{ %[l—cos(%)] 0<r<2H (44)

0 t>2H

Fig. 8 shows the roll rate and sideslip angle response to a lateral gust disturbance. To demonstrate
the impact of additional gains that mitigate disturbance effects in the iDPI architecture, as indicated in
Table 1, different magnitudes of k4, and k4, are applied, as shown in Table 2. At zero magnitude, both
INDI and iDPI are identical, as setting these gains to zero results in both controllers having the same
error dynamics, making them equally affected by the disturbance. As the gains increase, the roll rate and
sideslip angle perturbation due to the lateral gust disturbance decrease, as expected from the overall error
dynamics of iDPI.

Table 2 Error controller gain sets

Gain sets Roll Channel Yaw Channel

INDI kp.p =3.00 kprp=9.00,k,, ; =438,

iDPL: gain set 0 | kp, = 3.00, kg = 0.0, kg = 0.00 kp,5=9.00,k,, 5= 438, kap = 0.0, kg, = 0.00
iDPL: gainset 1 | kp, =3.75, kg = 0.0,kgp =025 kp,p=113,k,, 5=546,kep = 0.0, kg, = 0.25
iDPL: gain set 2 | kp, = 4.50, kg = 0.0,kqp =0.50 kp,p5=13.5,k,, 5= 6.55kap = 0.0,kq, = 0.50

To assess the impact of higher gain settings on stability margins, the gain and phase margins, along with
the phase margin frequency, are presented in Table 3. For the roll axis actuator cut, u. ¢, both gain and
phase margins are higher for the INDI and iDPI with gain set 0, but these margins decrease as the gain
increases. Conversely, for the yaw axis actuator cut, u. ;, the margins improve as the gain increases. This
also holds for Au. ¢ and Au.,. However, this improvement comes with the side effect of an increase in
the phase margin frequency, which should be considered while choosing suitable gains. Regarding the
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Fig. 8 Roll rate and sideslip angle under lateral gust disturbance with different gain sets

Table 3 Gain margin and Phase margin (frequency) at different loop cuts

INDYV/ iDPI: gain set 0

iDPI: gain set 1

iDPI: gain set 2

Ueg 18.7dB/104° (0.02 rad/s)
Uey | 0/85.7° (4. 7rad]s)
Aucg | 00/76.3°(24.9rad/s)
Aucy | 00/70.2° (27.6 rad/s)
00/82.3° (4.0rad/s)
00/89.9° (0.23 rad/s)

12.9dB/84.7° (0.03 rad/s) 3.6dB/62.4° (0.04rad/s)

0 /100.8° (5.7 rad/s)
0/81.3° (30.6 rad/s)
0 /77.0° (33.8 rad/s)
0 /83.7° (4.1 rad/s)
/89.9° (0.23 rad/s)
/89.9° (3.0rad/s)

00/117.5° (7.5rad/s)
00/86.1° (36.8 rad/s)
0/83.1°(40.9rad/s)
00 /84.7° (4.1 rad]/s)
00/89.9° (0.23 rad/s)
0/89.9° (3.0rad]/s)

,
B
p 0/89.9° (3.0rad/s)
¢

00 /00 00 /00 00 /00

sensor cuts, the data show that their margins remain consistent across different gain settings, indicating
that they are not significantly influenced by changes in the gain.

S Application to High-Fidelity Nonlinear Flight Dynamic Model of
a Commercial Aircraft

The concept of model-following iDPI was applied to control the lateral motion of the DO-728
aircraft. To enable real-world implementation, several practical adaptations were required. Before we
detail the adaptations made for our application specifically, we first summarize the key aspects that may
be generally considered in this context.

* Filtered iDPI: The ideal iDPI is typically not feasible to implement in practice because of the
direct differentiation represented by the Laplace operator s as can be seen in Fig. 6. Instead, filter-
ing can be applied as shown in Fig. 5 or in Fig. 9 where the filtering is represented by L(s). The
derivative filters L(s) before the controller gains cancel with the virtual integrator filter after the
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control gains (which results from the incremental actuator feedback loop) in the fixed gain linear
analysis, and remove the hidden coupling terms when analyzing the gain-scheduled controller, as
proven in [9]. Note: In contrast to Fig. 5, we do not apply the filter L(s) in the actuator feedback
in Fig. 9 because it is incorporated in the hybrid complementary filter as will be detailed later.

* Sideslip Rate Estimation: The measurement of £ is often noisy or unavailable. Differentiation,
even when filtered as suggested by the filtered iDPI, could amplify the noise to an unacceptable
level. In this case, as proposed by [10], the sideslip angle rate can be estimated from the lateral
load factor using the kinematic relationship:

[?A = LE((”Y)B +cosfsing) —rg (45)

(v¥)

* Control allocation: In over-actuated systems, control allocation algorithms can distribute the
commanded rate accelerations to the available control effectors while considering actuator limits
and rate constraints. Two widely used approaches are the Redistributed Pseudo-Inverse (RSPI)
[15], and the ERP [16] methods. When the commanded pseudo-control cannot be achieved with
the available effector limits, these allocation schemes scale the commands such that the desired
pseudo-control direction is preserved. It has been shown in [17] that RSPI and ERP lead to
equivalent results. Further work has extended RSPI to include null-space transitions, enabling

smooth redistribution of commands when actuators reach their limits, and expanded it specifically
for usage in the context of safety-critical applications [18].

* Additional Signal Processing and Filtering: In real-world applications, measurements are usu-
ally filtered with roll-off or notch filters, are delayed, or include sensor dynamics. These effects
are represented in Fig. 9 with F(s).

* Synchronized Angular Acceleration Complementary Estimation Filter: The model-following
iDPI architecture requires roll and yaw acceleration signals. It is often not possible to measure the
angular accelerations directly; thus, an estimation filter is required. As [19] shows, incremental
loops in combination with angular acceleration filters and additional signal filtering require careful
synchronization.

5.1 Control Variables and Controller Structure

The control variables are selected such that the pilot commands roll rate p. and lateral load fac-
tor ny .. The lateral load factor was chosen in the directional channel due to the unavailability of a
sideslip measurement. The steady state sideslip error can be estimated using the lateral load factor error
information, to output the following relation [10]:

S,
YV

elg (46)

In order to create a rate command attitude hold behavior, a prefilter is used to transform a roll rate
command p. into the bank angle command for the reference model controller. This prefilter is designed
with a desired first-order dynamics with the time constant 7 as shown in Eq. (47).

g = 5D @7)

N
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Fig. 9 Lateral iDPI controller architecture with Hybrid Complementary Filter

The model-following variant is utilized in combination with the physically coupled dynamic physical
reference model, presented in Section 3.2.1. The complete lateral iDPI controller structure with the
discussed control variables, hybrid complementary filter, control allocation, and filters can be seen in
Fig. 9. The final iDPI error controller is based on the findings in 4.5. Within the architecture, the filter
denoted as L represents a low-pass filter expressed as L(s) = —— with time constant 7, and F comprises

Ts+1
additional dynamics of the measurements, like roll-off filtering.

5.2 Estimations

Angular Acceleration Estimation: It is often not possible to measure the angular accelerations directly;
thus, an estimation filter is required. The hybrid complementary filter was first introduced in [20], and
then reformulated in [21], which is used for this purpose. It takes into account and synchronizes for the
dynamics and delays introduced by L(s) and F(s). Furthermore, it accounts for system dynamics via
a model-based estimate of the angular accelerations, as the state contributions had a noticeable impact.
The structure of the hybrid complementary filter that is utilized in this study is shown in Fig. 9.

Sideslip Angle Rate: The rate of change of the sideslip angle ,é is obtained using Eq. (45).

6 Simulation Results

The proposed controller was integrated into the nonlinear six-degree-of-freedom model of the DO
728 and evaluated at a representative trimmed flight condition corresponding to a single point in the flight
envelope. Figures 10 and 11 present the responses to roll rate and lateral load factor doublet commands,
respectively, together with the commands and the reference model output. The figures also include the
state evolution and surface deflections predicted by the reference model, labeled as design.

For the roll rate command in Fig. 10, the measured roll rate closely follows the reference response with
negligible steady state error and well-damped transients. The rise time and overshoot are consistent with
the reference model dynamics, indicating that the model-following objective is achieved. The sideslip
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Fig. 10 Simulation results with predicted and actual response for a roll rate doublet command

response remains close to zero throughout the maneuver, demonstrating effective decoupling between the

roll and yaw channels. The corresponding aileron and rudder deflections remain smooth and bounded,
with no excessive control activity.

For the lateral load factor command in Fig. 11, accurate tracking is again observed. The induced roll rate
response is consistent with coordinated motion and matches the predicted reference dynamics, confirming
that the reference model correctly captures the coupled behavior. The control surface deflections exhibit
physically consistent trends and remain within reasonable limits.

In both cases, the state trajectories and actuator responses closely match the nonlinear simulation results,
validating the consistency between the linear physical reference model and the full nonlinear plant. The
small discrepancies observed during sharp transients can be attributed to nonlinear effects and unmodeled
dynamics, yet they do not influence overall tracking or stability. Overall, the results demonstrate that the
proposed model-following iDPI structure achieves accurate tracking of the desired closed-loop dynamics
while maintaining effective channel decoupling and realistic control effort at the evaluated flight condition.

7 Conclusions

This work develops a model-following iDPI framework that extends the traditional iDPI concept
to systematically decouple desired closed-loop behavior from disturbance rejection and robustness in
MIMO flight control systems. This separation allows the feedforward path to drive the ideal system
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Fig. 11 Simulation results with predicted and actual response for a lateral load factor doublet command

behavior while the error controller is reserved exclusively for managing external disturbances and model
uncertainties.

Analytical analysis of different variants of reference models demonstrates that the physically coupled
reference model outperforms simplified decoupled variants by preserving essential channel interactions,
thereby mitigating cross-coupling effects and reducing feedback activity during tracking. Furthermore,
the investigation into error dynamics confirms that the iDPI framework offers practical advantages over
standard INDI. The introduction of additional derivative gains provides more degrees of freedom to
independently shape the error dynamics and effectively attenuate disturbances.

High-fidelity simulation results further validate the proposed approach, demonstrating its effectiveness in
achieving satisfactory performance in modern aircraft configurations. These results highlight the potential
of such framework as a systematic and implementable methodology for advanced flight control design.
Future work will focus on extending the model-following iDPI structure to accommodate longitudinal
motion, investigating performance across the full flight envelope, and conducting experimental flight
tests to comprehensively assess and validate the architecture under real-world operational conditions.

Declaration of Use of Artificial Intelligence

Artificial intelligence was not used in the work presented.
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