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Investigating the Effect of Dynamic Inflow Modelling on
Incremental Backstepping Controller Performance for
Helicopters

W.P. den Ouden!
Delft University of Technology, 2629 HS Delft, The Netherlands

Due to their highly coupled and non-linear behavior, helicopters seem excellent subjects
to apply non-linear control theory to. Handling qualities of helicopters are consistently
rated lower than aircraft. Furthermore, the rotor is operating in its own wake, leading
to complex aerodynamics. A Command Filtered Incremental Backstepping controller
has been applied to a simulation model of an MBB Bo-105 hingeless rotorcraft. The
model incorporates the Pitt-Peters inflow model to calculate the inflow variations of the
main rotor. Incremental controllers rely on sensor measurements of state derivatives
instead of model knowledge, making them robust to modelling errors. However, some
states of the helicopter model, such as blade flap angles and rotor inflow, cannot be
measured in real life. Because for the MBB Bo-105 the blades are rigidly attached
to the rotor hub, the dynamics of the rotor couple with the body dynamics, speeding
up the body motion. This results in a violation of the time-scale separation principle
on which incremental controllers rely on. Therefore a process called residualization
and synchronization is used to remove these states from the controller model and
compensate for their dynamics in a synchronization filter. This process has already
been performed for the flap angles. In this paper the inflow states are also residualized
and added to the synchronization filter. Furthermore, the Pitt-Peters inflow model of
the simulation model is updated with the Keller correction to better simulate off-axis
response to control input. Modelling the off-axis response of helicopters is notoriously
difficult and is often of the wrong sign compared to experimental data. Having a more
precise helicopter model is key to perform piloted simulation or research to non-linear
controllers. Although the updated inflow model did alter the inflow states, changes
in the helicopter dynamics remained very limited. Furthermore, the application of
residualization was successful but synchronizing the rotor inflow did not improve
controller performance.

Nomenclature
app = angle of attack of the disk plane
Bo, Bic, B1s = rotor disk tilt angles in multi-blade coordinates
0% = rotor Lock number
Ao, A1s, A1 = inflow coeflicients
A = blade flapping frequency
u = advance ratio
Mx,My,i; = non-dimensional hub velocities
Q = rotor speed
0,0,y = helicopter attitude angles

!Graduate Student, Faculty of Aerospace Engineering, Control and Simulation Division, 2629 HS Delft, The Netherlands.



6o, 015,01 = helicopter control inputs
Or = blade twist angle

CL = lateral moment coeflicient

Cym = longitudinal moment coefficient
Cr = thrust coeflicient

P, q,r = body rotational rates

R = rotor radius

u,v,w = boy velocities

X, 9,2 = helicopter position

I. Introduction

Helicopters and other rotorcraft are known to have certain advantages compared to conventional fixed-wing
aircraft, mainly due to their hovering and VTOL capabilities. They are therefore used for a large variety of
tasks that are impossible to perform by their fixed-wing counterpart. For instance, helicopters are well suited
for search & rescue operations, transportation of people or cargo to remote locations where runways are not
available, construction in mountainous terrain and several military applications. Most of these tasks utilize
the high degree of maneuverability of a helicopter, it being able to perform vertical take-offs and landings,
hover and fly sideways and backwards while maintaining a high degree of precision.

As with many systems these advantages come at a cost. It has been recognized for a long time that
helicopters are notoriously difficult to control as a pilot, with Handling Quality ratings consistently lower
than aircraft. The main reason for this are the cross-couplings in the control system and the non-linear
dynamics of the helicopter. Unlike aircraft, the control surfaces do not directly affect the angular rates of the
body, but rather influence the orientation of the thrust vector through tilting of the main rotor plane. Thus
attitude control is done through a single actuation device, instead of the separated channels found in aircraft
design. Cross-couplings between longitudinal and lateral modes originate from gyroscopic precession that is
experienced by the main rotor subjected to control inputs and airspeed. The non-linear behavior of helicopters
is due to complex aerodynamics surrounding the helicopter, especially near hovering flight, as it operates in
its own wake. The wake of the rotor, composed of multiple vortices coming from each blade, interferes with
the blade aerodynamics and the induced velocity generated by the rotor disk. Furthermore, a large portion of
a generic helicopter flight task is done outside trimmed cruise flight, often at low altitude and in the vicinity
of hazardous objects. This makes predictable helicopter response and helicopter stability very important.

With the introduction of digital fly-by-wire control systems in helicopters, it becomes possible to implement
non-linear controllers[1]. In recent years the development and application of non-linear controllers show
promising results in many research areas. Within the TU Delft Control & Simulation group, research has been
performed on implementing these controller types to helicopter models. Especially their incremental versions
of these non-linear methods have been studied, as they are successfully applied to micro aerial vehicles and
aircraft [2]. Based on a generic helicopter model tailored to the specifications of an MBB Bo-105 hingeless
helicopter [3], an Incremental Non-linear Dynamic Inversion (INDI) controller was implemented [4]. Later,
application of an Incremental Backstepping controller (IBS) on an improved helicopter model proved to be
successful [5]. The application of INDI to an Apache AH-64D model, the Apache FlyRT model provided by
Boeing, proved to be more challenging [6].

The advantage of incremental controllers is that they hardly rely on accurate model knowledge, as their
regular variants do, but rather on measurements of the state of the helicopter. This circumvents the costly
determination of the helicopter dynamics model of the to be controlled system, which needs to be of high
accuracy to ensure stability of the closed loop system. However, the sensory equipment of contemporary
helicopters is unable to measure certain important states, making real life implementation of these controllers



impossible without proper adaptation. In particular the flap dynamics, the movement of individual blades
under inertial and aerodynamics forces, needs to be accounted for. In [7] these adaptations were made
concerning the flap dynamics, by residualizing the flap states in the controller model and compensate for
their dynamics with a synchronization filter. The dynamics of the airflow around the main rotor however
has not yet been investigated. As said, the non-linear behavior of the helicopter comes partly from the fact
that it operates in its own wake. It is known that the inflow of the main rotor has an effect on the flapping of
the blades. Accounting for the inflow dynamics in the controller design could have a positive effect on its
performance. Besides the flapping of the blade it is also impossible to measure the inflow in real-time. Thus
only residualizing the flap dynamics will not result in a solution that can be implemented in real life.

Aside from the possible influence of inflow dynamics on controller performance, also the inflow dynamics
modelling itself needs to be addressed. The inflow model that is used in the works of Van der Goot and
Arons, although widely applied, models the off-axis response incorrectly [8]. This is the lateral response of
the helicopter to longitudinal control input and vice versa. In general, for certain conditions the estimated
flow is of opposite sign compared to test data. It is known that inflow is a difficult phenomenon to model and
many papers have been published concerning correct off-axis inflow modelling [9]. Implementing accurate
inflow models might alter the pilots perception during piloted simulation and minimizes the gap between
reality and modelling results, enabling better research to control system behavior.

I1. Helicopter Simulation Model

The main helicopter simulation model that is used in this analysis is adopted from [7]. Relevant helicopter
data for the MBB Bo-105 can be found in table 1 in the appendix. The state of the helicopter consists
of the classical six body rotational and translational DoF’s, augmented with three flap DoF’s of the
main rotor blades and four inflow DoF’s of the main and tail rotor. This results in 22 states: x =
[uvwxyz|pgr o0y | BopBis Bic Po Bis Pic | Ao Ais e /lo’,r]T. Their derivatives are calculated
using non-linear differential equations and the corresponding states are obtained with a time-marching
integration scheme, in this case Runge-Kutta4. The states are then used for detailed force and calculations
for the horizontal and vertical tail plane, fuselage, tail rotor and main rotor. Because the inflow dynamics,
flap dynamics and body dynamics are the most important parts of the helicopter model, they are treated in
section II.A, section II.B and section II.C respectively. For a complete description of the helicopter model, the
reader is referred to [7] or [10]. Along with the descriptions of some important dynamics of the helicopter,
section II.D gives an overview of the command filtered incremental backstepping controller.

A. Flap dynamics

The flap dynamics are an important part of the total helicopter dynamics, as it is the cause for rotations of the
disk plane and therefore attitude changes of the helicopter. Using a Coleman transformation, the individual
flap angles are converted in multi-blade coordinates that describe the orientation of the rotor disk as a whole
[11]. This results in four parameters for a four-bladed helicopter such as the Bo-105. The coning angle Sy
represents the upward collective flapping off all blades. The longitudinal disk tilt angle 3;. represents the
forward tilting of the rotor cone. The lateral disk tilt angle ;5 represents the leftward tilting of the rotor. The
last angle is the differential coning By, representing the blades opposite to each other having the same but
with a flipped sine as the other blade pair. This mode is reactionless, as it is not producing any net force or
moment on the rotor hub. It is therefore neglected in any further calculations.

The differential equation that is used to calculate the derivative of the three parameters is given in eq. (1).
Based on the required accuracy of the simulation and the type of helicopter, one can consider to set the
second derivative and/or the first derivative to zero. This means only the steady state disk tilt angles are
calculated, which is allowed for for trim calculations or articulated rotors for which the body modes and flap



modes are widely separated in time and frequency. Including the first and second derivative of the MBC’s
adds the regressing and progressing flap modes respectively to the simulated dynamics. The regressing flap
mode is a low frequency wobble of the rotor plane. When simulating hingeless rotorcraft it is often the case
that the regressing flap mode couples with the body modes. This changes the response of the helicopter to
control inputs and is why this mode must be included when simulating hingeless or bearingless rotorcraft.

The progressing flap mode however is of higher frequency and is unlikely to couple with any of the body
modes [12].

Bo
Bu = -QCnPuy — XDyfu+PHy . By = | e M

Bls

The damping matrix Cyy, stiffness matrix Dy, and forcing function matrices Hy, that are present in eq. (1)
are shown in eq. (2) [10].

1 0 2u
Y
Cuy== 16
M=g 0 1 Y
=21
822
s
5 0 0
Ay 8(12—1) 2
Du=g|d 2o gL 2)
0 £y 8(15-1)
I ¥
) i -
fo (1 +/~l2) + 46y (% + %) + %,ugls + % (z = o) + %/J (p = A1s)
Hy = > 1659, (1+42 +(g - 1)
8 ?,P le 2 q le
_%q_ + %/190 + 200 + 015 (1 + %,uz) +2p (g — Ao) + (ﬁ - A1s)

The matrices clearly show that there exists multiple couplings between the equations. Also in the forcing
functions angular rates and control inputs appear in multiple rows. Moreover, the coefficients of the harmonic

inflow appear in the forcing matrix Hp,. This shows that the flap dynamics are influenced by the inflow
dynamics and can lead to coupling of the dynamics.

B. Inflow dynamics

Already in 1974 it was found that incorporating force and moment coefficients of the helicopter in a dynamic
inflow model had significant effects on the transient response [13]. A landmark in the development of
dynamic inflow modeling is the paper by Pitt and Peters [14]. In this paper the authors present a relatively
simple inflow model in closed form governed by 3 parameters which can be added to the helicopter dynamics
as a state-space system. The parameters are inflow coefficients that describe the uniform, fore to aft and
side to side inflow variation. The model is based on Kinner pressure distributions, which can give pressure
discontinuities across a circular disk. The benefit of the proposed model is that the formulation is in closed



form, something previous research was not able to obtain. Until this day, the majority of developed dynamic
inflow models use the Pitt-Peters model as a starting point, showing the importance of the findings presented
in the paper. It is implemented in both the flight simulation tool FLIGHTLAB [15] as well as the U.S. Army’s
Rotorcraft Comprehensive Analysis System [16]. The matrix equation is shown in eq. (3) [14]. This model is
also incorporated in the current helicopter simulation model.

/i() Ao Cr
M| ||tV (L Ais| = | CL 3
/ilc Aic Cm

with apparent mass and gain matrix:

128 1 157 [l=sin(app)
7z 0 0 3 0 o4 \ Tosin(apr)

M=|¢og =6 ¢ |,.L= 0 -4 0

1+sin(app)
0 0 -16 15z [1=sin(app) 0 —4sin(app)
L 457r_ | 64 1-sin(app) 1+sin(app)

with mass flow parameter:

_ 12+ (Ao — pz) 240 — i)

I+ (Ao — p2)?

The largest difference in helicopter dynamics due to the inflow is present during the hovering flight phase
[17]. When hovering, the only other movement that is influencing the angle of attack of the blade is coming
from the rotational velocity of the rotor. As forward airspeed builds up, the wake gets skewed backwards,
making the distance between the previous vortex and the blade greater. This diminishes its ability to produce
induced velocity locally at the blade and increases the influence of the incoming free flow.
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C. Body dynamics

Besides the derivatives of the inflow and flap states, also the derivatives of the body states have to be calculated.
This is done with the equations of motion of the helicopter. First the total force and moment acting on the
body in the body reference frame is determined by adding the contributions of each subsystem in eqs. (4)
and (5).

Ftot:Fmr+Ftr+th+th+Ffus (€))
Moy = Mypy + My + My, + My, +Mfus (5)

The total force and moment vectors are used in the translational and rotational dynamic equations. Note that
there will be some uncertainty in the magnitude of the components of these vectors, as they are obtained from
differential equations that inevitable have modelling errors. Thus they will never exactly match the moments
and forces in real life. The translational and rotational motion dynamics are given in eq. (6) and eq. (7) [18].



u —sin(0) qw —rv

v|=m Fp + | sin(@)cos(0)| g = |ru — pw 6)
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. -1
p Lx 0 -l p Lx 0 -ILg||p
q| = 0 Iyy 0 Mior — |q]| X 0 Iyy 0 q (7
r -I,, 0 Izz r “Ie: 0 Izz||r

Contrary to the the dynamic relations, the kinematic relations are exact. Because of the physical relation
of the body frame and the NED frame through the three Euler angles of the body, this conversion will not
introduce new uncertainties. The translational and rotational motion kinematics are given in eq. (8) and eq. (9)
[18]. Note that for the translational kinematic relation the cosine and sine symbols are replaced by ¢ and s
respectively for easier readability.

x| |e@We(@) cW)s(0)s(d) —sW)c(d) cW)s(O)c(d) +s)s(@)| (u
y| = |s@W)c(@)  s(y)s(0)s(@) +c()c(p) sW)s(O)c(¢) —c(¥)s(@)| |v (®)
z —s(0) c(0)c(¢) c(0)c(¢) w
1) 1 sin(¢)sin(0)cos(8)~" cos(p)sin(@)cos(6)~] [p
g1=10 cos(¢) —sin(¢) q ©)
W 0 sin(¢)cos(0)~! cos(¢)cos(0)7! r

D. Command Filtered Incremental Backstepping

Besides the popular incremental non-linear dynamic inversion control technique that is often applied to aircraft
and drones [19-22], other incremental control methods exist. One of them is Incremental Backstepping
(IBS), first described in [23]. It uses the stability characteristics of Control Lyapunov Functions (CLF) to
guarantee stability. Applications of the IBS control structure can also be found in literature [2, 24, 25]. Like
all incremental methods, it starts with applying a Taylor series expansion on the dynamic model description.

x=f(x)+g(x,u) (10)

x=f(x0)+g(xo,uo)+ai[f(x)+g(x,u)] (x —x0) +
X X0,U0

Il +stem]  w-u)+0 ((-x0 w-w?) (b

X0,UQ

X =xo + F(xg, up)Ax + G (xg, ug)Au + O ((x - xo)2 ,(u— uo)z) (12)

where X is the current state derivative, f(x) is the system dependent dynamics, g(x) is the control dependent
dynamics, F(xo, uo) is the linearized system dependent dynamics derivative, G (xo, up) is the linearized
control dependent dynamics derivative, Ax is the state increment and Au is the control increment. Based on a
number of assumptions, it is possible to simplify this equation. First of all the system sample rate should be
high enough, meaning that the sensors and controller operate at a sufficiently high frequency. Furthermore
the actuators are assumed to react instantly to command signals. At last, it is assumed that the changes in the
states are slow compared to the changes in control input. This is called time scale separation. By assuming
time scale separation, the system term F(xo, ug)Ax is assumed to be small compared to the control term



G (xo, ug)Au and can be neglected. Therefore the system coefficients in F do not need to be estimated and
only control effectiveness G remains. At the moment this assumption is violated, as the flap states have
significant influence on the angular acceleration derivatives due to the hingeless configuration of the MBB
Bo-105. This is the reason that residualization and synchronization will be applied in a later stage[7].

Resulting eq. (13) is a simplified description of the system which, assuming that all the controlled
states can be measured and the sampling rate is sufficiently high, can be used to construct the incremental
backstepping controller that controls the system using increments of control inputs.

Ax = G(xq, ug)Au (13)

Simulation models also consists of kinematic relations to calculate translational velocities and rotational
attitude. Since these relations are exactly known, there is no need to apply incremental control for these parts
of the model as there is no change of model mismatch. This allows for application of conventional NDI or BS.
Therefore the focus is on the incremental control laws that govern the dynamic relations.

Defining error state z as the difference between the current state and the reference state, one can assure
stability and tracking if the derivative of a chosen CLF is negative definite. For this example CLF V = —x is
used.

=X —Xref (14)
Z=X- -xref (15)
v=12 (16)
V=zz a7)
V:Z(X xref) (18)
V =z (ko + G(x0, u0)Au — Xy f) (19)
Which is negative definite if:
Au = G (xo,u9) " (=0 +Xper — Cz),C >0 (20)

The final control IBS law is shown in eq. (20). When choosing gain C>0 the use of a CLF assures stability and
tracking, given that the time scale separation principle and sampling frequency assumptions hold. Although
incremental controllers are commonly applied to dynamic systems in literature, only recently time delay
margins and robustness tolerances against parameter uncertainties were explicitly quantified. Until this point
sampling rates were always assumed sufficiently high and no systematic theory existed to calculate maximum
parameter mismatch. It was found that control effectiveness mismatch could reach up to 50% of its true value
when actuator dynamics were not included in the model [26]. Adding actuator dynamics even increased the
robustness of the controller controller against model errors.

A special type of IBS that is applied in the current helicopter simulation model is Command Filtered
Incremental Backstepping (CFIBS). Until now this explanation assumed that eq. (10) corresponded to the
dynamics system description with a direct relation to the control input. If eq. (20) was based on a dynamic
model with more than one layer to step through, the control law would also contain a & term. This is the
derivative of the intermediate control law «; in the previous layer. This happens when for instance also
kinematic relations are taken into account. The control law based on k steps through the system of lower
triangular form would result in eq. (21).

Au = Gy (x0,u0) ™" (<%0 + kref — Crzx + ck-1)) ,C > 0 (21

Since the intermediate control law of the previous step is also containing their predecessors, the final
control law would require the analytical time derivatives of each of the control laws which quickly become



prohibitively difficult to calculate. A solution to this problem is to apply a command filter on the intermediate
control laws before passing them to the next control law as a reference. By using a command filter, the
derivative of the signal is known and do not need to be derived. Furthermore, the intermediate reference
signals can be tweaked in order to obtain favourable dynamics. The error states can be redefined as:

I=Xi —Xiref (22)
i =2z —Xi (23)

Note that in this case a bar over the variable does not mean that it is normalized by the rotor speed. Z; is the
compensated error state, which is used in the Control Lyapunov Function to obtain the intermediate and final
control laws as is done in eq. (20). X; is a compensation term for using the command filters, defined as:

Xi=-CiX;i+G; (x(i+1),ref - x((),»ﬂ),ref) (24)

The last two terms in this equation are the output signal of the command filter and the input signal of the
command filter. The input signal to the command filter is given in eq. (25), while the command filter itself is
shown in eq. (26).

x(()i+1),ref =@ _X(H'l) (25)

xi,ref B xi,ref
. B w? 0 )
Xi,ref 2wy (Srate {m [Smag (xi,ref) _xi,ref]} _xi,ref)

With the parameters S,,,,¢ and S, ;. magnitude and rate limits can be imposed on the intermediate reference
signals. Moreover, bandwidth and damping limitations can be set by choosing the appropriate natural
frequency w, and damping term £. It is important to state that these limits will be applied to the commanded
states of the system in the controller, not the actual states.

The intermediate control function and final control law can then be found by eq. (27), knowing that
ap = Au+ ug = Au+ G;(xo, uo) ' %o when time scale separation is applied.

(26)

ai = Gi(xo, up)”" (trer — Cizi = Gi-1Z(i-1)) 27
Au = G (xg,u0) ™" (<%0 +%ref — Crzk = G (k-1)Z(k-1))

II1. Methodology
In this section the methodology of the adaptations are presented that are applied to the helicopter simulation
model. section III.A treats the updated inflow model and shows the additional steps taken before the inflow
model could be implemented in the simulation model. In section III.B the process of residualizing the flap
angle and inflow states is discussed and why this step is necessary. section III.C explains the synchronization
process.

A. Update of the inflow model

After the Pitt-Peters model was published, continuous efforts have been made to improve the fit of the inflow
model with experimental data. Although the Pitt-Peters model predicts helicopter response in the direction of
the control input well, the off-axis response is predicted poorly [27]. In some cases the off-axis response is even
of opposite sign as compared with experimental data. Based on the Pitt-Peters model, multiple publications



have been published proposing solutions to improve the fit between the predicted off-axis response of inflow
models and test data. It was shown that including wake distortion effects due to rotor shaft translation and
rotor disk rotation the off-axis response has the correct sign and shows a better fit to test data [28-31]. This
improved model is given in eq. (28) [17].

_KLMaer() + KTﬂx + KR (q_ - ﬂllc)
Tiv/s +Vg = _KLilaero + KT/ly +Kgr (ﬁ _ﬁlls)

TV e + Ve

(28)

where v is the non-dimensional inflow ratio, 7; is the inflow time constant, M., and L.y, are the pitch and
rol moment, Ky, K7 and K are the gains for moments, wake skew and wake rotation respectively. Before the
inflow model correction described by eq. (28) from [17] can be implemented in the simulation model, it has
to be converted to a form that is easier to implement in the current set up of the inflow calculations. As a
basis the Pitt-Peters inflow model that is currently implemented is used. This is possible since it is known
that when Kp is set to zero the two models are equal [29]. The new inflow model including the proposed
correction for the off-axis response is shown in eq. (29), with the matrices unchanged from their original
description given in eq. (3).

Ao Cr Ao 0

. -1 -1 -1 ;

/lls =M CL - VL /lls +VL KR p__ﬁll?x (29)
Ale Cm Ale q- 'l%

Before the rotational rates and flap velocities can be used in the model, they have to be transformed to another
reference frame. Namely, the inflow model is defined in the disk plane-wind reference frame, which is the
disk plane axis system rotated by the side slip angle. This causes the velocity vector to only have forward and
downward components. Both the angular rates and the flap velocities are defined in the hub plane. Therefore
two transformations are needed, the first from the hub plane to the disk plane and the second to the disk
plane-wind frame.

The value for K is set to 3.0, as this is the recommended value based on curve fitting to experimental
data [17]. However, as is also suggested, the identified value differs depending on the identification method of
the parameter [30]. Values for Kg are ranging from 0.75 to 3.5 in literature.

B. Residualization of flap and inflow states

The residualization procedure in its original form is to separate slow and fast states in a state space system and
thereby simplifying the system [32]. The fast states are assumed to be constantly at steady state compared to
the slow states, and their dynamics have therefore no effect on the slow states. This principle is similar to that
of only using steady state flap angles for articulated helicopters, as the response of body states and flap states
are widely separated in time.

In this instance the procedure is implemented to remove states from the controller model that cannot be
measured, as the incremental control law relies on measurements of the helicopter state. This entails the flap
angle states and the inflow states. These states can have significant effect on the helicopter dynamics. This
means that the time delay that is introduced by the residualized states in the actuation process of the actuator
disk is also lost. These dynamics have to be accounted for in the synchronization filter.

Residualization is performed by setting the derivatives of the flap and inflow states equal to zero and fold
their dynamics into the remaining states. This will transfer the control dependency of the flap and inflow
states to the remaining states, such that the time scale separation principle is less likely to be violated. The



residualized state vector will become x,.s = [uvw xy z | p ¢ r ¢ 8 ]". The residualization procedure is
given in egs. (30) to (34), with the flap angle vector and inflow vector represented by 8 and A respectively.
The final residualized system is given in eq. (35).

B = Fg o Xres + Fp pB+ FB,[;,B' +Gyu (30)
/'l:F,Lxmxres+F,1,,1/l+G/lu (31)

Setting all derivatives to zero and rearranging the terms:

8= _F/;’;Fﬁ’xmxres - FEBGﬁ-u (32)
A= _F,{’l,lF/l,mexres - F,{,l,lG/l” (33)

These equations can then be inserted into the residualized dynamics:

Xres = F

Xress>Xres

Xres + Fx, oo pB+ Fx,poad + Gy, U (34)

res

The final residualized system then becomes:

5 _ -1 X -1
Xres = (Fxr&v,xres - FxreSnBFﬁ"ﬁFﬁ,xres - Fxrex’/lF/l,/lF/l,Xres) Xrest

Fr

(35)
(erex - FxreS:ﬁF[g,]ﬁGB - Fxres’/lF/{,llG/l) u

GR

C. Synchronization of the input signal
Now the state space system for the controller model is residualized, the control dependency of the remaining
states in Gg 1is high enough to apply an incremental control law. However, there is now a large difference
between the controller model and the actual model describing the helicopter dynamics. Namely the latter
model includes dynamics and time delays from flap dynamics and inflow dynamics while the former does not.
This means that the controller model expects the helicopter to react much faster than is happening in real life.
Furthermore, sensors, filters and actuator dynamics also have an influence on the control deflection feedback
and state measurement feedback. When not accounting for these time differences, instabilities and divergent
behavior can occur. Therefore a synchronization filter is implemented for the flap dynamics in the current
helicopter simulation model [5]. This filter delays the feedback measurement of the control input to mimic the
delay that the control input otherwise had due to the flap dynamics, inflow dynamics and other uncontrolled
signal manipulations. A downside of this synchronization filter is that some system dynamics coefficients
have to be estimated, as it needs to map the expected effect of the controller input by the controller to the real
effect of the rotorcraft including the time delay. However, this is just a portion of the total amount of system
dynamics coeflicients in f(x) that would have been estimated if a non-incremental controller was used. As
the inflow dynamics also plays a role in the response of a helicopter, it should be investigated whether they
also need to be residualized and included in the synchronization filter. A similar case was investigated with
respect to the lead-lag dynamics of the rotor system by [33], but it was concluded that this was not necessary
for this specific part of the helicopter dynamics.

The time delay that is removed during the residualization process can be synchronized using eq. (36). The
filter is placed in the feedback path of the actuator deflection measurement, converting the measured actuator
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deflections to synchronized actuator deflections. As in residualization procedure, 8 and A are the flap and
inflow vector. 6 represents the control vector, while w represents the angular rates. The sensor dynamics can
be accounted for by placing the model of the sensors also on the actuator feedback path. This will cause the
possible delay of the sensors to by applied to both the state estimation signal as the actuator feedback, thereby
cancelling out any effect of the sensors. The synchronized control input 6y, can now be used to calculate
the new control output of the controller by adding it to the incremental control output Au of the controller.

Bsync F,B,ﬁ 0 G,B
/isync = 0 ﬁsync + F/L/l /1sync + G,1 gmeas (36)
Osync| |Gr'Fup GR'Funa GG

IV. Results & Discussion

The results of the applied changes in the inflow model and the residualized controller model in combination
with the extended synchronization filter are discussed in two parts. The effects of changing the inflow model
from a Pitt-Peters model to the Keller model is discussed in section IV.A. The analysis is based on pole-zero
locations, simulations of the free response to control input without any interference of the control system and
a tracking task of rotational rate reference signals. The outcomes of adapting the residualized dynamic model
and synchronization for accounting for inflow dynamics is given in section IV.B. All simulations performed
in this chapter are initiated from hovering conditions.

A. Applying Keller inflow model

To see if the modified inflow dynamics have influence on the helicopter dynamics as a whole, one can look at
the complex plane representation of the linearized systems. With this method one can see if the inflow modes
cause the body modes or flap modes to change position with respect to the nominal model. Figure 1 shows
the complex plane representation of the nominal model and a zoomed-in figure for the poles near the origin.
Note that only the positive side of the imaginary axis is displayed, as the locations of oscillatory poles is
mirrored across the real axis.
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(a) Nominal model. (b) Nominal model, zoomed-in around origin.

Figure 1. Complex plane representation of linearized nominal helicopter model.
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In order to compare both models, the complex plane representation of the linearized helicopter model with
the Keller inflow model is given in fig. 2.
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(a) Modified model with Kz=3. (b) Modified model with Kz=3,zoomed-in around origin.

Figure 2. Complex plane representation of linearized helicopter model with Keller correction.

Comparing the complex plane representations fig. 1 (a) and fig. 2 (a), one can conclude that they look very
similar. For both hover and forward flight no shifting of the poles is visible due to the change in inflow
dynamics. In fig. 1 (a) some typical modes are identified. Two of the three flap modes, namely the advancing
flap mode and the coning mode, are located at the same position as if the flap dynamics would be treated
separately. This is to be expected since they are of relatively high frequency compared to the body modes.
Leaving out the second derivative of the flap angles in eq. (2) of a helicopter simulation, the origin of this
high frequency mode, is therefore justifiable in most cases. The regressing flap mode, normally on the same
vertical axis as the other two modes but much closer to the real axis, has coupled with the pitch subsidence
and roll subsidence. If only the body states would be treated, these would be non-oscillatory modes in case of
the MBB Bo-105. This shows that for the MBB Bo-105 there is coupling between the regressing flap mode
and the body modes, speeding up the body motion.

The poles close to the origin are visualized in fig. 1 and fig. 2. Also in this view the location of the poles
have not changed significantly. One can identify the Dutch roll and phugoid modes in the figure, with the
heave and spiral subsidence remaining on the real axis near the origin. The only observable difference are
two non-oscillatory poles close to coordinate -0.5. As the flight speed increases they move from the real axis
and become lightly oscillatory. However, no major coupling with other modes can be seen in this view. All
three inflow modes start on the real axis, with one mode becoming oscillatory as flight speed increases.

Another way to see the possible influence of the changed inflow model is by looking at the free response of
the helicopter model subjected to a step in control input without interference of the controller. The four inflow
states of the helicopter model are presented in fig. 3 together with the angular rated of the helicopter. These
are the responses to a doublet consisting of a negative step input of 1 second on the longitudinal cyclic of -3
degrees at 1 seconds follow by an opposite command at 2 seconds. For the remainder of simulation time and
for the other control inputs there is no action. The simulation is performed from a hovering initial position.

From Figure (a) and (c) there are small differences visible during the time that longitudinal control input
is given. This also translates into slightly different angular rates. However, between the nominal and modified
model there should be a notably different reaction in the off-axis angular rates. Because longitudinal cyclic
is applied in this example, there should be a difference between the roll rate of the nominal and modified
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simulation. The simulation is performed for hover, as in this initial state the Keller correction is most effective.
Simulations at other airspeeds were also performed but did not give other results.
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(a) Inflow parameters for the nominal model. (b) Angular rates for the nominal model.
0.06 w __ 60
| Q
e —————————— (@] L
= 0.04 1 | 240
> S,
2 3 20
% 0.02f — =2
= — © 0 1
) N (<} —p
IS 0 ~—— Ao ] E 20 —q|
— o] | E r
-0.02 : : : -40
0 1 2 3 4 0 4
t [sec] t [sec]
(c) Inflow parameters for the modified model. (d) Angular rates for the modified model.

Figure 3. Free helicopter response to step input in longitudinal cyclic in hover.

Finally, it is investigated whether the control inputs generated by the CFIBS controller have been altered by
the change inflow dynamics. To this end a simulation has been performed in which the controller has to track
a doublet in the pitch axis and roll axis. The results can be seen in fig. 4, which shows the calculated control
inputs by the controller, the angular rates of the helicopter together with the reference signals and lastly the
resulting inflow coefficients. In this experiment the residualization and synchronization procedure has only
been performed for the flap states. Note that in fig. 4 (c) and (d) besides the reference input there is also a
commanded input. This is the signal that the CFIBS is trying to track and is calculated based on the reference
signal itself and the response requirements set in the ADS-33E-PRF handling qualities requirements [34].
As with the other experiments, no large difference is visible between the nominal and modified model.
The harmonic inflow coefficients show a sharper change after the doublets are initiated, but the overall effect
is insignificant. The largest effect during this simulation should be visible in the control inputs generated by
the control system. If a change in off-axis coupling would be present, the lateral control input would change
when a longitudinal doublet is performed because the controller tries to keep the other angular rates at zero.
This also applied to the longitudinal control input when a roll doublet is performed. But just as for the other
simulations in this section, the change inflow model hardly causes any difference in the tracked parameters.
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Figure 4. Helicopter response to angular rate doublets using CFIBS in hover.

It can be concluded from the investigations above that the implementation of the Keller correction in the
inflow model did not give any major difference in the helicopter characteristics. It is unclear why this is the
case, as simulation experiments from [17] do show differences in the response of the helicopter and changes
in the off-axis correction. The simulations shown here are only for hover, as this should be the condition
in which the largest effect is visible, but are also carried out for a range of airspeeds. These showed no
other behavior than the simulations discussed above. The modified model is implemented correctly and the
mathematical model is checked against multiple other sources [35, 36]. Increasing the value of Kr multiple
factors only increases the coupling between the harmonic inflow coefficients and the angular rates in the
same axis, but the off-axis couplings remain the unchanged. There is some ambiguity between the references
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whether some parameters are divided by € or not, but multiplying Kg by Q gives unrealistic results and in
turn do not change the off-axis coupling. Dividing Kr by Q has no use, as the effect of the correction goes to
zero as Ky approaches zero.

B. Inflow residualization and synchronization

Besides the investigation into the effect of modifying the inflow model, efforts have also been made to analyze
the effect of including the inflow dynamics in the residualization and synchronization procedure. These can
be seen as separate parts; for the analysis of these procedures it does not matter whether the original inflow
model or the modified inflow model is used in the helicopter model.

Currently only the flap angles are residualized from the controller model. This is a logical choice as the
flap angle states cannot be measured and are the most important states relating to controlling the helicopter.
Controlling a helicopter while being unable to account for the time delays that the flap dynamics introduce
is impossible. However, the inflow states are currently not residualized. An incremental control law based
on such a model is not possible in real life as it is impossible to measure the inflow states. Therefore they
either have to be removed from the controller model, leaving a model with a lower fidelity, or they have
to be residualized and accounted for in the synchronization filter. Removing the inflow states from the
controller model seems unwanted, since the rotor inflow has an effect on the flap dynamics according to the
literature mentioned in section II.B and section III.A. Therefore this step is not merely to account for time
scale separation, but also from an implementation point-of-view.

To analyze if residualizing and synchronizing the inflow dynamics is beneficial for controller performance,
the synchronization filter of eq. (36) is added to the flap synchronization in the helicopter model. Furthermore,
the system and control dependency matrices are adapted so both inflow states and flap dynamics are
residualized. The updated model is compared to the original model by means of their tracking performance
of attitude angle reference signals. As with other simulations in this chapter, the simulations are initiated in
hover condition, as this is the situation wherein the inflow states are supposed to have the most influence on
the helicopter dynamics. Figure 5 shows a comparison for a pitch and roll attitude tracking task with and
without additional inflow residualization and synchronization using the CFIBS controller.

Attitude angles [deg]
Attitude angles [deg]

0 5 10 15
t [sec] t [sec]

(a) Flap and inflow synchronization. (b) Only flap synchronization.

Figure 5. Tracking of attitude reference signals with CFIBS controller in hover.

It can be seen that the tracking performance with only flap synchronization is better than the adapted version
of the controller. The tracking performance of the respective attitude angles to which a doublet reference
signal is given is still somewhat satisfactory. However, large deviations in the other attitude angles are
visible. The controller is unable to keep them close to their reference signal. The doublet tracking shows both
overshoot of the reference value and time delay, with roll angle tracking worse than pitch angle tracking. This
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is unexpected, since the moment of inertia of the helicopter around the roll axis is less than around the pitch
axis.

The comparison between inflow synchronization of the nominal model and the model with the off-axis
correction can be seen in fig. 6. It can be concluded that lack of tracking performance is not due to the added
correction itself, but rather due to inflow synchronization as a whole. Moreover, the tracking performance
keeps degrading for higher reference angles. If the reference signals reach above 30 degrees for this series of
doublets, the simulation model will diverge in attitude control due to reaching actuator magnitude limits.
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(a) Model with added inflow correction. (b) Nominal model.

Figure 6. Flap and inflow synchronization with CFIBS controller in hover.

The tracking task is also performed with an INDI controller to see whether the lack of tracking performance is
specific to the CFIBS controller. Figure 7 (a) shows the tracking task for both flap and inflow synchronization,
while subfigure (b) only employs flap synchronization. From subfigure (a) it can be concluded that INDI
controller performance is also inadequate when using flap and inflow synchronization. This shows that the
poor performance is not due to a specific control algorithm, but rather the application of residualization and
synchronization of the inflow dynamics. Comparing the tracking performance with the CFIBS controller in
fig. 5 one can see that both controllers have problems tracking the signal. The INDI controller does a slightly
better job in mitigating the unwanted cross-couplings, but on the other end has more overshoot in the roll

angle doublet.
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Figure 7. Tracking of attitude reference signals with INDI controller in hover.
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V. Conclusion

This paper considers the investigation into the improvement of the off-axis response of an MBB Bo-105
hingeless helicopter due to the improvement of the current Pitt-peters inflow model. It was found in literature
that the Keller inflow model improves the off-axis response of the helicopter simulation model due to a
change in inflow dynamics. Furthermore, an analysis has been performed on the inclusion of inflow dynamics
in the controller model of incremental controllers. Adding the inflow dynamics to the residualization and
synchronization of the controller model could increase its performance and make the controller more suited
for application in real life, since it is currently impossible to measure the inflow of the rotor.

After applying the Keller inflow model in the helicopter model it was found that the improved model did
not have the desired outcome. The off-axis response did not change and the overall effect on the inflow states
was very minor. This resulted in no changes in the overall helicopter dynamics, as was proved by analysis of
the complex plane representation of the linearized helicopter dynamics and the execution of several angular
rate tracking tasks.

The inclusion of the inflow states in the synchronization filter and the residualized system description also
did not have the wanted effect. Tracking performance of the command filtered incremental backstepping
controller degraded significantly, not being able to track attitude reference signal doublets above 30 degrees
magnitude for the tested reference signals. Especially the attitude angles that were supposed to stay at zero
showed significant coupling, compared to the simulation with only flap synchronization. However, the
inflow residualization and synchronization is necessary because the inflow states cannot be measured in
real life. The results did not change whether the simulation was performed with the improved Keller inflow
model or the original Pitt-Peters inflow model. The tracking task was also performed with and incremental
non-linear dynamic inversion controller, but this did not result in better tracking performance. From this it
can be concluded that the degradation of controller performance is due to the process of residualization and
synchronization, not from a specific incremental control methodology.
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Appendix

Table 1. MBB Bo-105 helicopter parameters.

Parameter Value Unit Description
Q 44 .4 rad/s Rotor rotational speed
R 4.91 m Rotor radius
N 4 - Number of rotor blades
Ce 0.27 m Equivalent blade chord
C, 6.113 rad~! Blade lift curve slope
O; -8.0 deg Linear blade twist
Ig 231.7 kg*m?  Blade Mol about flapping hinge
Kpg 113330 Nm/rad Center-spring rotor stiffness
Vs 0.0524  rad Rotor shaft tilt angle
heg 0.94468 m Height of main hub above center of gravity
Fy 1.3 - Fuselage parasite drag area
m 2200 kg Helicopter mass
Iy 1433 kg*m? Mol about roll-axis
Iyy 497 kg*m? Mol about pitch-axis
I, 4099 kg*m®> Mol about yaw-axis
Iy 660 kg*m? Mol about nonsymmetry-axis
O15max 11.0 deg Maximum longitudinal control input
O15min -6.0 deg Minimum longitudinal control input
015,00 28.8 deg/s Maximum longitudinal control input rate
O1cmax 4.2 deg Maximum lateral control input
Lemin 5.7 deg Minimum lateral control input
lerate 16.0 deg/s Maximum lateral control input rate
00,0 20.0 deg Maximum collective control input
6o,,.;., -0.2 deg Minimum collective control input
00, 1. 16.0 deg/s Maximum collective control input rate
vy 5.087 rad~! Rotor Lock number
Ag 1.12 - Normalized flapping frequency
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Introduction

Helicopters and other rotorcraft are known to have certain advantages compared to conventional fixed-
wing aircraft, mainly due to their hovering and VTOL capabilities. They are therefore used for a large
variety of tasks that are impossible to perform by their fixed-wing counterpart. For instance, helicopters
are well suited for search & rescue operations, transportation of people or cargo to remote locations
where runways are not available, construction in mountainous terrain and several military applications.
Most of these tasks utilize the high degree of maneuverability of a helicopter, it being able to perform
vertical take-offs and landings, hover and fly sideways and backwards while maintaining a high degree
of precision.

As with many systems these advantages come at a cost. It has been recognized for a long time
that helicopters are notoriously difficult to control as a pilot, with Handling Quality ratings consistently
lower than aircraft. The main reason for this are the cross-couplings in the control system and the
non-linear dynamics of the helicopter. Unlike aircraft, the control surfaces do not directly affect the
angular rates of the body, but rather influence the orientation of the thrust vector through tilting of
the main rotor plane. Thus attitude control is done through a single actuation device, instead of the
separated channels found in aircraft design. In this light Micro Aerial Vehicles (MAVs) also differ from
conventional helicopters as they perform attitude control by distributing power over the available rotors,
instead of combining all these functions in one rotor system. Cross-couplings between longitudinal and
lateral modes originate from gyroscopic precession that is experienced by the main rotor subjected to
control inputs and airspeed. The non-linear behavior of helicopters is due to complex aerodynamics
surrounding the helicopter, especially near hovering flight, as it operates in its own wake. The wake of
the rotor, composed of multiple vortices coming from each blade, interferes with the blade aerodynamics
and the induced velocity generated by the rotor disk. All these effects have influence on the thrust
vector, which is used to control the attitude of the helicopter. Furthermore, a large portion of a generic
helicopter flight task is done outside trimmed cruise flight, often at low altitude and in the vicinity of
hazardous objects. This makes predictable helicopter response and helicopter stability very important.

1.1. Problem definition

A solution to alleviate the workload of helicopter pilots and to deal with the non-linearities and instabilities
of a rotorcraft is the implementation of advanced digital flight control systems in helicopters. In order
to incorporate full authority digital flight control systems, the rotorcraft has to be controlled through fly-
by-wire technology. Other advantages of such systems compared to hydraulic or mechanical control
systems are the reduction of cost and weight. In older helicopter types the support of pilots is limited
to mechanical mixing systems that compensate control inputs of the pilots by a fixed ratio. This only
marginally improves helicopter handling. As the helicopter industry is much smaller than the aircraft
industry, and therefore has lower funding, the introduction of fly-by-wire systems took place in a much
later stage than for aircraft. Full authority digital flight control systems in military helicopters were
introduced the NH-90 and V22 Osprey around 2004 (Stiles et al. 2004). The introduction of fly-by-wire
systems in commercial helicopters started in 2015 with the Bell 525.

In recent years the development and application of non-linear controllers show promising results in
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many research areas. Within the TU Delft Control & Simulation group, research has been performed
on implementing these controller types to helicopter models. Especially their incremental versions of
these non-linear methods have been studied, as they are successfully applied to micro aerial vehicles
and aircraft (Keijzer et al. 2019). Based on a generic helicopter model tailored to the specifications of
an MBB Bo-105 hingeless helicopter, developed by Pavel (2001), Simplicio et al. (2013) implemented
an Incremental Non-linear Dynamic Inversion (INDI) controller. Later, Chu, Pavel, and Van der Goot
(2017) successfully applied an Incremental Backstepping controller (IBS) on an improved helicopter
model. The application of INDI by Pavel, Shanthakumaran, Stroosma, et al. (2016) to an Apache
AH-64D model, the Apache FIyRT model provided by Boeing, proved to be more challenging.

The advantage of incremental controllers is that they hardly rely on accurate model knowledge, as
their regular variants do, but rather on measurements of the state of the helicopter. This circumvents
the costly determination of the helicopter dynamics model of the to be controlled system, which needs
to be of high accuracy to ensure stability of the closed loop system. However, the sensory equipment of
contemporary helicopters is unable to measure certain important states, making real life implementation
of these controllers impossible without proper adaptation. In particular the flap dynamics, the movement
of individual blades under inertial and aerodynamics forces, needs to be accounted for. Van der Goot
(2017) made these adaptations concerning the flap dynamics, by residualizing the flap states in the
controller model and compensate for their dynamics with a synchronization filter. Arons (2020) looked
atthe influence of lead-lag dynamics, but showed that the IBS controller is robust to uncertainties in lead-
lag dynamics. The dynamics of the airflow around the main rotor however has not yet been investigated.
As said, the non-linear behavior of the helicopter comes partly from the fact that it operates in its own
wake. Itis known that the inflow of the main rotor has an effect on the flapping of the blades. Accounting
for the inflow dynamics in the controller design could have a positive effect on its performance. Besides
the effect on the flapping of the blades it is also impossible to measure the inflow in real-time. Thus only
residualizing the flap dynamics will not result in a control solution that can be implemented in reality.

Aside from the possible influence of inflow dynamics on controller performance, also the inflow
dynamics modelling itself needs to be addressed. The inflow model that is used in the works of Van
der Goot and Arons, although widely applied, models the off-axis response incorrectly (Keller and
Curtiss 1996). This is the lateral response of the helicopter to longitudinal control input and vice versa.
In general, for certain conditions the estimated flow is of opposite sign compared to test data. It is
known that inflow is a difficult phenomenon to model and many papers have been published concerning
correct off-axis inflow modelling (Peters 2009). Implementing accurate inflow models might alter the
pilots perception during piloted simulation and minimizes the gap between reality and modelling results,
enabling better research to control system behavior.

1.2. Approach

To summarize the challenges that were touched upon in the previous section, a set of research ques-
tions and sub questions have been set. The simulation model that will form the basis of the inves-
tigations is the model developed by Van der Goot (2017). This model consist of a helicopter model,
specified to model a MBB Bo-105 hingeless helicopter and a controller. The helicopter model com-
prises of body, flap and inflow states along with actuator dynamics and sensors. The control related
part of the model consists of an IBS, INDI and PID controller together with relevant estimators and
signal filters. This also includes the residualization and synchronization of the flap angles.

* RQ-1 How can the dynamic inflow model be improved to get better correlation between the off-
axis response from the simulation and test data?

— SRQ-1.1 Which improved inflow models can be found in literature that are applicable to
real-time simulation and controller design?

— SRQ-1.2 Does the inflow response change after implementing the best candidate?

— SRQ-1.2 Is a difference in helicopter dynamics visible after changing the inflow model?

* RQ-2 Can correcting for inflow dynamics in the controller design give better controller perfor-
mance?

— SRQ-2.1 Does residualizing the inflow dynamics have a positive effect on the control effec-
tiveness of the controller?
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— SRQ-2.2 Can one see a contribution of the inflow dynamics in the synchronization filter?
— SRQ-2.3 Is the tracking performance of the controller improved, based on handling quality
criteria?

Summarizing the research questions in one statement, the main research objective of this thesis is:

to analyze the influence of inflow dynamics on the dynamics of a hingeless helicopter and to investigate
the effect of accounting for inflow dynamics in controller design, by adapting the inflow model to correctly
model the off-axis response and to add the inflow states to the synchronization filter.

1.3. Thesis outline

This thesis is structured as follows. Chapter 2 provides an overview of the governing equations that de-
scribe helicopter motion. It also highlights some important parameters that influence helicopter motion
substantially. In Chapter 3 background knowledge about inflow modelling is presented and the different
inflow modelling methods are discussed. The model that is used for implementation is chosen based
on applicability to the current helicopter model and the feasibility to apply it to real-time simulation and
control. Chapter 4 discusses non-linear control theory, with the focus on INDI and IBS. Furthermore,
it treats the adoptions that are necessary to apply these controllers to a helicopter model. Finally, in
Chapter 5 a number of case studies are presented to show the influence of incorporating flap dynamics
and inflow dynamics into the controller design and helicopter dynamics. The cases start with simplified
models showing the importance of including flap or inflow dynamics in the controller. The last case
will show the result of the modified inflow model en controller augmentation on the full rotor, inflow and
body dynamics helicopter model.






Helicopter Dynamics

The main helicopter simulation model that is used in this analysis is adopted from Van der Goot (2017).
The model closely follows the helicopter dynamics description that can be found in Padfield (2007). All
relevant helicopter data for the MBB Bo-105 can be found in Appendix A. The state of the helicopter
consists of the classical six body rotational and translational DoF’s, augmented with three flap DoF’s
of the main rotor blades and four inflow DoF’s of the main and tail rotor. This results in 22 states:
x=[uvwzyz|pgrédv| BB Bis Bo Pie Bis | Ao A Ais Aor]T. Their derivatives are
calculated using non-linear differential equations and the corresponding states are obtained with a
time-marching integration scheme, in this case Runge-Kutta4. The states are then used for detailed
force and calculations for the horizontal and vertical tail plane, fuselage, tail rotor and main rotor. The
focus in the model is on the main rotor, as it the most complicated subsystem to describe and is the
actuation system that controls the helicopter. In this regard the flap angle, the angle that a blade makes
perpendicular to the plane of rotation, can be seen as a very important variable. Finally, the forces and
moments are used in the equations of motion to determine the new attitude, angular velocity, position
and translational velocity of the helicopter body.

Because the body dynamics and flap dynamics are the most important parts of the simulation model,
they are treated in Section 2.3 and Section 2.4. For a complete description of the helicopter model, the
reader is referred to the report of Van der Goot (2017) or the book of Padfield (2007). Since the inflow
dynamics are further investigated and altered in this report, they are treated separately in Chapter 3.
Section 2.1 describes the mechanics of the rotor system and the control system that controls the pitch
angle of the rotor blades. In Section 2.2 a general overview is given of the reference frames that are
used in the helicopter model.

2.1. Helicopter rotor system

Looking from a control point of view, the most interesting mechanical part of a helicopter is the rotor hub.
This is where the rotor blades are actuated and where all the forces and moments generated by the rotor
are transferred to the fuselage. All the blades of the rotor are attached to the rotor via a combination
of hinges, as can be seen in Figure 2.1. Of all the 3 possible rotations of the blade, flapping, lagging
and feathering, only the feathering angle can be controlled by the pilot or control system. The other 2
angles are the result of the dynamics of the rotor. The hinges were first introduced by Juan de la Cierva
in 1922 during the early development of helicopters, to compensate for the dissymmetry of lift during
non-hovering flight. When a helicopter takes off vertically and hovers, the rotating blades experience
the same apparent velocity vector at every azimuth during a full rotation. This velocity vector is the
result of the angular velocity of the blade and the induced velocity it produces. However, when the
helicopter starts to move in a certain direction a difference in lift between two sides of the rotor plane
builds up. The rotor blades on the retreating side will experience a lower air velocity since a part of the
angular velocity of the rotating blade is cancelled by the airspeed of the helicopter. On the advancing
side the opposite happens. Here the airspeed of the helicopter is added to the angular velocity of the
blade. When the flight speed is high enough this can even cause stall at the retreating side of the rotor
or local transsonic behavior at the advancing side of the rotor. Due to this difference in velocity the
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advancing side will generate more lift than the retreating side, resulting in the helicopter pitching over.
To overcome this problem flapping hinges were installed. This allowed the blades on the advancing
side, in case of forward flight speed, to flap up and the blades on the retreating side to flap down in
harmonic fashion.

CF Lag hinge

Flapping hinge

Pitch change
(or feathering) hinge

Figure 2.1: Typical hinge arrangement on a rotor hub (Bramwell, Done, and Balmford 2001).

Based on the number of hinges applied in the design of a helicopter, they can be classified in three
categories: articulated, hingeless or bearingless rotors. Articulated rotors have hinges on all three axis,
as shown in Figure 2.1, allowing the blade to move in every direction. This means that the blades
can hardly transfer any moment to the rotor hub, making attitude changes solely possible by changing
the orientation of the thrust vector. Thus causing the helicopter to respond relatively slow to control
inputs. However, the use of hinges was the first logical and technological possible way to solve the
dissymmetry of lift. Alternatively, later bearingless rotor designs have no hinges at all. They rely on
structural bending of the blades and an elastomeric root to absorb the lead-lag and flap motion and
facilitate blade pitching. A hingeless rotor combines the previous concepts, having only a hinge for
blade pitch while relying on structural flexibility around the flap and lead-lag axis.

Because the bearingless and hingeless configurations are rigidly attached to the rotor hub, they
can transfer much greater moments to it. This results in faster response to control inputs and therefore
faster body motion. This is a key difference with articulated systems. For articulated systems the rotor
dynamics and the body dynamics are well separated in time. A fast rotor response is followed by a slow
body response, meaning that the rotor states can be treated as being constantly at steady state. This
greatly simplifies controller design, as will be discussed in Chapter 4, as the influence of body dynam-
ics on incremental control laws can be neglected and control dependency is high. With the increased
flapping stiffness of hingeless rotorcraft the rotor dynamics speeds up the body motion, resulting in sig-
nificant coupling between the body and flapping modes. In most cases, time-scale separation between
body dynamics and flap dynamics cannot be assumed.

As mentioned the attitude of the helicopter is controlled by altering the pitch angles of the individual
blades of the main rotor. The pilot or control system has 3 controls at its disposal for the main rotor:
collective, longitudinal and lateral cyclic. The inputs of these controls are combined and result in a
certain orientation of the swashplate. This is an apparatus that changes control inputs from the non-
rotating fuselage to the rotating rotor system. The swashplate mechanism is visualized in Figure 2.2.
Because the rotor blades are linked to the top part of the swashplate, the pitch angle of every blade
changes constantly to be in line with the swashplate. This causes the pitch angle at a certain azimuth
to stay constant. The orientation of the swashplate can be seen as a visualization of how the control
system wants the plane of rotation of the blades to be oriented.

The collective is used to alter the pitch angle at every azimuth in the same way and mainly influences
the thrust of the rotor. This is done by raising or lowering the swashplate entirely. The cyclic is used to
rotate the helicopter in the longitudinal or lateral plane. For instance, when applying forward longitudinal
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cyclic the swashplate will tilt forward. This will cause a positive pitch angle on the left and a negative
pitch angle on the right, due to the pitch links being connected to the swashplate with a 90 degree lead
to correct for gyroscopic precession. The plane that is trailed out by the tip of the blades is now tilted
forward and the helicopter will start rotating.

4—— actuator inputs (3)

T T8
drive shaft @ ?\L? eyclic

Figure 2.2: Swash plate system (Padfield 2007).

L‘]

Besides the main rotor controls, their is also a tail rotor collective and engine throttle. The tail rotor
collective has the same functionality as the main rotor collective and is operated by footpedals. It is
used to control the yaw angle of the helicopter and is decoupled from the other system. As no cyclic
inputs are used and the rotor is usually small, the flap dynamics are negligible and do not need to
be accounted for. The engine throttle is often automated, as helicopter rotors are designed to work
at a fixed RPM. As for example the collective is raised, the RPM of the rotor will drop because it will
experience more drag due to the increased pitch angle of the blades. This is countered by increasing
the throttle of the engine.

2.2. Reference systems and rotor planes

The body related variables, forces and moments follow the standard right-handed body axis system. A
generic representation is given in Figure 2.3. Position coordinates are given in the North-East-Down
reference frame, using the Euler attitude angles to convert the body velocities. The local reference
system of the rotor proves to be more complicated. Due to the complexity of the rotor system different
reference planes are used to calculate various parameters, with each plane offering simplifications for
the equations at hand. The three most important reference planes can be seen in Figure 2.4. The
figure shows a left side view of the planes, with the front of the helicopter on the left. All reference
planes have their origin where the rotor hub meet the axis of rotation. The shaft plane (SP) or hub
plane (HP) lies tangential to the body x and y axis and perpendicular to the z axis, corrected for the tilt
angle and offset of the rotor hub. This plane is used to transfer variables, forces and moments to the
body frame. The control plane (CP) is a fictive plane containing the swashplate. This plane sees no
cyclic feathering of the rotor blades and is tilted compared to the shaft plane by the control input angles.
The disk plane (DP) or tip-path plane (TPP) is made from the plane that the tips of the rotor blade make.
Perpendicular to this plane is the thrust vector, while the angle with the shaft plane determines the flap
angle of the blades. From the side view presented in Figure 2.4 one can see that if the disk plane
coincides with the control plane, which can happen under specific circumstances, the cyclic pitch input
that is given by the swashplate is equal to the flap angle of the blade 90 degrees later. This shows
again the peculiarities of the control system. The difference between these planes is caused by the
dynamics of the rotor, such as its response to angular rates.

For some calculations, the reference frames are rotated such that the sideslip angle is zero and
there is no lateral airspeed in that frame. This is done for the inflow dynamics modelling, with its
motion defined in the disk plane, and the flap dynamics modelling, with its motion defined in the shaft
plane. In this way the inflow and flap models can directly be applied as found in literature. Orthonormal
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transformation matrices are used that rotate the reference systems with the sideslip angle calculated
from the body velocities.
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Figure 2.3: lllustration of the body reference system. Figure 2.4: Reference planes of the rotor system.

To describe the pitch and flap angle of a blade during one revolution, one can make use of harmonic
functions. The pitch angle of a blade is determined by equation Equation (2.1), with the coefficient being
equal to the collective and cyclic control inputs. Equation (2.2) describes the flap angle of a blade at
any azimuth. The coefficients in this equation are coming from the multi-blade coordinate coefficients
treated in Section 2.3. Contrary to older descriptions found in literature, this equation has positive signs
in front of the coefficients. Care should be taken when comparing the different flap angle formulations
and their definition in relation with control related research, as they can be defined from other planes
than the shaft plane. In Appendix B it is shown via a simplified example why this is important.

In a similar fashion, the induced velocity distribution across the disk plane can be constructed, in
which 7, is the relative radial position on the rotor disk. The other are coming from the inflow model
that will be discussed in Chapter 3.

0 = 0y + 61.c0s(¥) + O15sin (V) (2.1)
B = Bo + Prccos(V) + Prssin(V) (2.2)
Ai = Ao + 75 (A1ecos(¥) + Aqgsin(P)) (2.3)

2.3. Main rotor flap dynamics

The flap dynamics are an important part of the total helicopter dynamics, as it is the cause for rotations
of the disk plane and therefore attitude changes of the helicopter. In this regard, the flap angle of each
individual blade is converted to flap angles that describe the rotor cone as a whole. This is done using
a Coleman transformation and results in the so called multi-blade coordinates (Hohenemser and Yin
1972). For a four-bladed helicopter such as the Bo-105, the four individual flap angles are transformed
into four parameters describing the orientation of the rotor cone. The coning angle 3, represents the
upward collective flapping off all blades. The longitudinal disk tilt angle ;. represents the forward tilting
of the rotor cone. The lateral disk tilt angle 3, represents the leftward tilting of the rotor. A schematic
representation of the parameters can be seen in Figure 2.5, bearing in mind that the disk plane is
formed by the plane which contains the tip of each rotor.

The last angle is the differential coning 5,4, representing the blades opposite to each other having the
same but with a flipped sine as the other blade pair. This mode is reactionless, as it is not producing
any net force or moment on the rotor hub. It is therefore neglected in any further calculations.

The differential equation that is used to calculate the derivative of the three parameters is given in
Equation (2.4). Based on the required accuracy of the simulation and the type of helicopter, one can
consider to set the second derivative and/or the first derivative to zero. This means only the steady
state disk tilt angles are calculated, which is allowed for for trim calculations or articulated rotors for
which the body modes and flap modes are widely separated in time and frequency.
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Figure 2.5: Rotor disk angles in multi-blade coordinates (Padfield 2007).

Including the first and second derivative of the MBC’s adds the regressing and progressing flap
modes respectively to the simulated dynamics. The regressing flap mode is a low frequency wobble of
the rotor plane. When simulating hingeless rotorcraft it is often the case that the regressing flap mode
couples with the body modes. This changes the response of the helicopter to control inputs and is why
this mode must be included when simulating hingeless or bearingless rotorcraft. The progressing flap
mode however is of higher frequency and is unlikely to couple with any of the body modes (Johnson
1994).
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The damping matrix C,, stiffness matrix D;, and forcing function matrices H,, that are present in
Equation (2.4) are shown in Equation (2.5) (Padfield 2007).
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The matrices clearly show that there exists multiple couplings between the equations. Also in the
forcing functions angular rates and control inputs appear in multiple rows. Moreover, the coefficients of
the harmonic inflow appear in the forcing matrix H,,. This shows that the flap dynamics are influenced
by the inflow dynamics and can lead to coupling of the dynamics.

Due to the lateral and longitudinal flap angle of the rotor disk the orientation of the thrust vector
changes, initiating angular accelerations of the body. Furthermore, for hingeless and bearingless rotors
the flap angle of the individual blades cause bending moments at the rotor hub. This is captured in
Equations (2.6) and (2.7) by means of the Kz term. For typical hingeless rotorcraft such as the MBB
Bo-105, this term is around five times as large as the thrust component. Therefore these helicopters
are able to produce much larger rotor moments (Padfield 2007)
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2.4. Body dynamics

Besides the derivatives of the inflow and flap states, also the derivatives of the body states have to
be calculated. This is done with the equations of motion of the helicopter. First the total force and
moment acting on the body in the body reference frame is determined by adding the contributions of
each subsystem in Equations (2.8) and (2.9). In the present simulation model these subsystems are
the main rotor, tail rotor, horizontal tail plane, vertical tail plane and fuselage.

Ftot = Fmr + Ftr + th + Fut + Ffus (28)
Mtot = Mmr + Mtr + Mht + M'ut + Mfus (29)

The total force and moment vectors are used in the translational and rotational dynamic equations.
Note that there will be some uncertainty in the magnitude of the components of these vectors, as they
are obtained from differential equations that inevitable have modelling errors. Thus they will never
exactly match the moments and forces in real life. The translational motion dynamics are given in
Equation (2.10), while the rotational motion dynamics are given in Equation (2.11).
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Contrary to the the dynamic relations, the kinematic relations are exact. Because of the physical relation
of the body frame and the NED frame through the three Euler angles of the body, this conversion will
not introduce new uncertainties. The translational motion kinematics are given in Equation (2.12), while
the rotational motion kinematics are given in Equation (2.13). Note that for the translational kinematic
relation the cosine and sine symbols are replaced by ¢ and s respectively for easier readability.
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Inflow Modelling

The modelling of induced velocity, or inflow, generated by the rotor and its influence on helicopter
dynamics has been the subject of ongoing research. As highlighted in Chapter 2 it forms a part of
rotorcraft dynamics and should be well understood in order to perform piloted simulation or control
related research. To this end, several approaches to model the induced velocity have been developed.
The difference between the approaches is that they differ in complexity and therefore their applicability
to certain problems. This chapter gives an overview of these induced velocity modelling methods and
zooms in on the method that is most applicable for real-time simulation and controller design, namely
dynamic inflow modeling. In Section 3.1 the different approaches are elaborated upon, with dynamic
inflow modelling as main focus. Section 3.2 discusses the effect of accurately modelling dynamic inflow
on helicopter dynamics.

3.1. Methods to model induced velocity

The rotor inflow is the name given to the flow field induced by the rotor at the rotor disc, thus contributing
to the local blade incidence and dynamic pressure. In general, the induced flow at the rotor consists
of components due to the shed vorticity from all the blades, extending into the far wake of the aircraft.
To take account of these effects fully, a complex vortex wake, distorted by itself and the aircraft motion
would need to be modelled. The rotor induced velocity does not only have an effect on the rotorcraft
dynamics, but also on blade aerolasticity, structural loading, vibrations and performance calculations.
These different purposes require different levels of modelling accuracy. Inflow modelling is predomi-
nantly done with four methods: free wake and prescribed wake models, computational fluid dynamics
and finite-state dynamic inflow modelling. Each method and their applicability to real-time applications
is described below.

3.1.1. Computational fluid dynamics

For modelling the dynamics of a fluid around an object, generally Computational Fluid Dynamics (CFD)
achieves the highest accuracy. It has gained a lot of ground in the last decade due to the increas-
ing availability of computational power. CFD programs numerically approximate the Navier-Stokes
equations or, when the viscosity of the flow is ignored, the Euler equations in a grid around the object
(Zawawi et al. 2018). It has many applications in the automotive, aerospace, maritime and wind energy
sectors.

Although CFD can produce the most accurate rotor wake modelling, the computational cost to run
such a solver is the major drawback. This is especially true for real-time simulation and control appli-
cations where computation times are very limited. Efforts have been made to simplify the simulated
model and thereby reducing the computational effort. Barakos et al. (2020) performed CFD simulations
of rotor flow based on unsteady actuator disk theory instead of fully resolved blades. The results cap-
tured well the main vortical structures around the rotor disk in comparison to the fully resolved cases.
This was also attempted by Leza (2015) and Filippone and Mikkelsen (2009), who coupled a blade
element method for computing the loads to a CFD simulations with an actuator disk approach.

The above methods reduce the computational workload and therefore increase the ability to be
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run at a higher frequency. Bottai et al. (2018) successfully coupled CFD calculations for the main and
tail rotor using actuator disk models with a multi-degree-of-freedom dynamic model of a helicopter.
Applying such methods to real-time simulation however is still in an early phase. A trade-off between
the accuracy and completeness of the CFD calculations and the frequency at which a simulation can
be performed is remains necessary. This is unwanted if one wants to perform piloted simulation or
use it online for control purposes. Furthermore, CFD solvers use artificial viscosity in their calculation
to maintain numerical stability. This tends to decay concentrated vorticity, thereby losing the most
powerful source of induced flow - the vortex wake produced by the spinning rotor blades (Peters 2009).
To overcome this dissipation over time sometimes CFD calculations are coupled with free wake or
prescribed wake methods, which are described in the next subsection. CFD calculations are then
responsible for the velocity field near the rotor blades, whereas the mid and far field characteristics are
modeled with a free wake or prescribed wake model (Komerath and Smith 2009).

3.1.2. Free wake and prescribed wake

Other approaches to model the induced velocity distribution over the rotor disk and its aerodynamic
influence on the rest of the helicopter are the prescribed wake and free wake models. Contrary to CFD
they do not numerically approximate the flow, but use Biot-Savart law to evaluate the induced velocity
at a certain point at a particular distance from vortex segments with a certain strength and length (Van
Hoydonck, Haverdings, and Pavel 2009).

Prescribed wake models describe the geometry of the wake based on certain parameters that are
extracted from experimental studies. Examples of these parameters are wake contraction, viscos-
ity and wake skew. The wake vorticity is then carried downstream by sheets of filaments along this
predetermined path. Empirical relations from experimental data are necessary for their application.
Therefore their use is restricted to similar geometries and flight conditions as the ones used to gather
the experimental data.

The free wake models, as their name suggest, let the wake geometry deform under its own influence.
Thus all the vorticity is located on a continuous truncated cylinder. The result is a more accurate
representation of the wake. This comes with the cost of more computational power, as the velocity of a
point is influenced by all other vorticity carrying elements (Martini 2019). Furthermore, it does not need
experimental data to be used in simulation. But because of the many converge parameters they are
not robust, sometimes even unstable, at low speeds and in hover (Wilke 2019).

As with the CFD models in the previous section, efforts have been made to modify prescribed and
free wake methods to remove their drawbacks for real-time applications. For instance, Rand and Khro-
mov (2018) successfully extracted a linearized state-space dynamic inflow model from a free wake
based model. Gennaretti et al. (2017) developed a procedure to obtain a finite state dynamic wake
model from interpreting harmonic perturbations of rotor kinematics with a generic high fidelity aerody-
namic solver. This allows to still capture aerodynamic phenomena such as blade vortex interaction,
while reducing computational workload.

3.1.3. Dynamic inflow modelling

Although the aforementioned methods produce more accurate representations of the induced velocity
distribution around the rotor, dynamic inflow modelling still remains the most popular method for real-
time simulation. It has the advantage of being computationally efficient, is relatively easy to incorporate
due to its state-space like structure and is not depending on the time history of the state of the system
(Hidalgo 2014). As already mentioned, the additional effects that are modelled by the previous methods
are often to be introduced into the system by capturing them in a dynamic inflow model. This shows
the popularity and applicability of the dynamic wake models.

Dynamic inflow models exist in various degrees of complexity. Depending on the goal of the cal-
culations, additional states in the model increase the completeness of the outcome. For preliminary
trim calculations, simple one degree of freedom descriptions suffices. For piloted simulation a more
elaborate model is needed, which can model changes of the inflow distribution across the rotor disk
more realistically. For research on structural loading one might opt for a model that takes into account
higher order variations both radially and azimuthally.

The most basic model that calculates the induced velocity is referred to as actuator disk theory, a
mathematical artifact effectively representing a rotor with infinite number of blades, able to accelerate
the air through the permeable disc and to support a pressure jump across it (Bramwell, Done, and
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Balmford 2001). A simplified representation of the (induced) air flow in forward flight can be seen in
Figure 3.1. In this figure V is the velocity of the helicopter, a the angle of attack of the disk plane,
T the thrust produced by the rotor and v; the induced velocity produced by the rotor. By relating the
change in kinetic energy of the flow to the work done by the actuator disk through the rate of change of
momentum, one can prove that the induced velocity effect in the far wake is twice the induced velocity
at the rotor.

Figure 3.1: Airflow through a rotor in forward flight (Padfield 2007).

Using this principle it is possible to combine the expression for mass flow rate through the rotor and the
fact that the thrust is equal to the mass flow rate times the induced velocity in the wake. This results in
the Glauert formula for forward flight, given by Equation (3.1).

T
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By non-dimensionalizing the velocities and using the thrust coefficient instead of the thrust, one can
use the Glauert formula together with the thrust coefficient obtained from blade element theory to get
a derivative of the induced velocity. This method is shown in Equation (3.2). To account for inflow
dynamics, a quasi-steady inflow model is created by means of a time constant r,, (Van Aalst and
Pavel 2002). To initialize this system one can use the induced velocity at hover as a first estimate if a
trim procedure of the rotorcraft model is not available.
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The assumption of uniform inflow is appropriate for a preliminary analysis of helicopter performance,
but insufficient for accurate simulation. In maneuvering or forward flight conditions, the constant inflow
leads to overestimated or underestimated blade lift. In fact, in forward flight the inflow is conveyed
to the aft region of the rotor. This leads to a reduction of the angle of attack and the subsequent
overestimation of the blade lift in the aft region of the rotor disc. Therefore a more realistic model is
needed when applying inflow modelling in piloted simulation or control related research.

Already in 1974, Peters (1974) found that incorporating force and moment coefficients of the heli-
copter in a dynamic inflow model had significant effects on the transient response. A landmark in the
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development of dynamic inflow modeling is the paper of Pitt and Peters (1980). In this paper the au-
thors present a relatively simple inflow model in closed form governed by 3 parameters which can be
added to the helicopter dynamics as a state-space system. The parameters are inflow coefficients that
describe the uniform, fore to aft and side to side inflow variation. The model is based on Kinner pres-
sure distributions, which can give pressure discontinuities across a circular disk. With a matrix equation
containing an apparent mass and gain matrix, the inflow parameters are related to the aerodynamic
coefficients. The benefit of the proposed model is that the formulation is in closed form, something
previous researches were not able to obtain. Until this day, the majority of developed dynamic inflow
models use the Pitt-Peters model as a starting point, showing the importance of the findings presented
in the paper. The matrix equation is shown in Equation (3.3) (Pitt and Peters 1980).
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In the following years Peters tried to improve the dynamic inflow model to better capture the non-
uniformities in the modeled flow and thereby increase the correlation with measurement data. This
updated model, first published in (Peters, Boyd, and He 1989) and in closed form in (Peters and He
1991; Peters and He 1995), is still relevant as new research on it is done to this date (Ho and Yeo
2021). It is implemented in both the flight simulation tool FLIGHTLAB (Du Val and He 2018) as well
as the U.S. Army’s Rotorcraft Comprehensive Analysis System (Saberi et al. 2015). The model can
be configured to use an arbitrary number of harmonics and radial distributions of the inflow, increasing
its modelling accuracy at every step. When truncating the system to three states, one ends up with
the original Pitt-Peters model as described by Equation (3.3). For piloted simulation purposes, a three
degree of freedom state-space system for the inflow dynamics is sufficient to obtain high enough fidelity
(Pitt and Peters 1980; Guner 2016).

Although the Pitt-Peters and Peters-He models predict helicopter response in the direction of the
control input well, the off-axis response is still poorly predicted (Su, Yoo, and Peters 1992). In some
cases the off-axis response is even of opposite sign as compared with experimental data. Based on
the Peters-He model, multiple publications have been published proposing solutions to improve the
fit between the predicted off-axis response of inflow models and test data. Rosen and Isser (1995),
Keller (1996), Keller and Curtiss (1996) and Basset and Tchen-Fo (1998) show that by including wake
distortion effects due to rotor shaft translation and shaft rotation, the off-axis response has the correct
sign and shows a better fit to test data. Arnold et al. (1998) further extend this inflow model by adding
the effect of the rotor disk plane motion. The model is given in Equation (3.4) based on a Peters-He
model truncated to 3 states, as increasing the number of harmonics or radial distributions does not give
better off-axis results (Keller 1996). Again, better agreement with test data is presented, as compared
to the old Pitt-Peters and Peters-He models Arnold et al. (1998). This model is commonly referred to
the Keller inflow model or extended momentum theory.
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Note that when K, is set to zero, Equation (3.3) and Equation (3.4) are similar. The term with K1 is
due to the translation of the wake, also called wake skew. The term with K is from the curvature of
the wake due to angular rate of the disk plane in which the equations are derived. The angular rate of
the disk plane is determined by adding the angular rate of the shaft plane, ¢ and p, to the angular rate
of the disk plane relative to the shaft plane, 3. and 3;.. The effect of wake spacing is incorporated in
the mass flow parameter of the original model. As an example, imagine the helicopter to have a steady
positive pitch rate. This will cause the vortices in the aft region of the rotor disk to be closer together.
This in turn will cause the induced velocity to increase, which is reflected in the increase of \,. by the
new term. The values of K and Ky are around 0.6-0.8 and 1.5-3.2 respectively, depending on which
validation routine and benchmark helicopter model is used (Arnold et al. 1998).

In a later stage, Zhao, Prasad, and Peters (2004) modelled the dynamics of these wake distortion
effects by means of a set of first order equations. Furthermore, the authors incorporated the wake
distortion parameters in the gain matrix L instead of adding them as a forcing term. This alleviated
divergence problems near hover that were observed with the quasi-steady models and qualitatively
captured the correct off-axis response with an ideal Kr equal to 1. However, for better correlation with
flight test data this has to be increased to 3.8. This was attributed to unmodelled on-axis response,
unsteady aerodynamic effects or fuselage interference with the inflow.

To illustrate the differences between the Pitt-Peters and Keller inflow model, Figure 3.2 includes
comparisons of simulations with both inflow models to experimental data. The experimental data is
taken from an experiment with a UH-60 helicopter, reacting to a lateral cyclic stick displacement of 0.7
inches at 1 second. The simulations were performed with a non-linear model with body, flap and inflow
degrees of freedom.
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(a) Simulation with Pitt-Peters inflow model. (b) Simulation with Keller inflow model.

Figure 3.2: Effect of inflow model on correlation between a non-linear flight dynamics model and experimental data of a UH-60
in hover (Arnold et al. 1998).

The comparisons show that for the on-axis roll rate response both models react in a similar fashion,
especially within two seconds of the step input. However, there is a large difference in the off-axis be-
tween the models. Whereas the simulation with the Keller inflow model approximates the roll response
well, the simulation with the Pitt-Peters model shows an initial response that is of opposite sign com-
pared to the experimental data. This shows that the application of the Keller model causes substantial
changes in the helicopter behavior.

Besides the developments described above, adaptions were also made to the model based on other
principles than directly incorporating wake distortion. When using the Peters-He model to analyze the
induced power of rotors, discrepancies were found between the measured and predicted induced power
(Garcia-Duffy 2009; Peters, Hsieh, and Garcia-Duffy 2009). After investigation it was found that this
was due to the so-called "swirl” velocity in the wake. This is a component of the induced velocity which
is in the plane of motion of the rotor. It can also be described as a yawing motion of the wake. Makinen
and Peters (2005) already found that the kinetic energy lost to the swirl velocity could be corrected for
in the model by a simple adaption of the apparent mass matrix of the Peter-He model for propellers
with large swirl velocity. Huang, Peters, and Prasad (2015) blended the Peters-He model and Duffy
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model to obtain accurate velocity field both on and off the disk, including swirl velocity. However this
model is not in closed-form and is therefore not convenient to incorporate in real-time applications. The
latest new approach of capturing the correct off-axis response is done by Lu et al. (2021). They present
and augmented formulation for the fore-to-aft and side-to-side inflow ratio of the Pitt-Peters model, by
adding four correction factors linked to pitch rate, roll rate, heave velocity and sway velocity. The gains
for these correction factors are then found by fitting the model to flight test data. The model captures
the response of the rotorcraft very well. The major downside of this method that the extracted gains
can only be used for a helicopter model on which the flight test data was obtained with. This makes it
a less flexible approach than the other methods discussed earlier.

3.2. Effects of dynamic inflow modelling on helicopter dynamics

From the previous section it is clear that a change in the induced velocity model is changing the dynam-
ics of a rotorcraft. Until now the focus was mainly on providing improvements for the off-axis response
of helicopter models. In short, this is done by incorporating wake distortion parameters such as wake
skew and wake curvature in the dynamic inflow model. The general influence of the induced velocity
created by the rotor on helicopter dynamics have not been discussed so far.

The aerodynamic loading of a rotor blade is determined by its angle of attack to the oncoming airflow.
The loads on the blade cause it to flap, which in turn influence the rotational rates of the body. The
angle of attack is consists mainly of three contributions, namely the commanded pitch blade pitch angle
through the controls, the velocity of the blade flapping and the induced velocity. Note that the velocity
of the blade also consists of the body velocities and the rotor rotational speed. The interdependency
of these parameters is captured in Figure 3.3.

The largest difference in helicopter dynamics due to the inflow is present during the hovering flight
phase (Keller and Curtiss 1998). When hovering, the only other movement that is influencing the angle
of attack of the blade is coming from the rotational velocity of the rotor. As forward airspeed builds
up, the wake gets skewed backwards, making the distance between the previous vortex and the blade
greater. This diminishes its ability to produce induced velocity locally at the blade and increases the
influence of the incoming free flow.
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Figure 3.3: Block diagram of coupled rotor and inflow dynamics (Pitt and Peters 1980).

Carpenter and Fridovich (1953) noted in their research that the induced velocity did not change instan-
taneously to a rapid change in blade pitch, having a time constant around 1 second depending on the
rate of change. Initial overshoot in the response of the thrust coefficient and flap angle are caused
by the coupling between rotor disc-tit dynamics and inflow dynamics. The effects are modelled by in-
troducing an apparent additional mass. This means it takes time to accelerate the flow, delaying the
reduction in angle of attack by the downward induced velocity of the air. This causes the spike in thrust
coefficient, as a higher angle of attack in the transient phase causes more thrust.

Furthermore, it has been show that dynamic inflow produces significant changes in the modes of
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motion of helicopters (Curtiss 1986). The time constants associated with the inflow dynamics can be
of the same order as the low frequency flap dynamics. Therefore it seems that if flap dynamics are
be included in a helicopter model inflow dynamics should be included as well. This causes the inflow
dynamics to have an effect on the body dynamics through altering the flap dynamics. It was found that
increased coupling was present between the lower flap and body roll mode. This resulted in a change
in transient roll response to a cyclic step input. This was also found by Sissingh (1951) and Keller and
Curtiss (1998). The change of roll or pitch response is predominantly due to the change in damping of
those motions. In the case of a rolling motion, roll damping of a helicopter comes from the tilt of the disk
plane that develops in response to a roll rate. The thrust vector always opposes the roll motion, thus
giving a roll damping. Because the thrust changes distribution across the rotor disk it influences the
inflow and therefore decreases the aerodynamic effectiveness of the blades and increases the damping
(Peters 2009).






Non-linear Control Methods

Controlling a helicopter can be very demanding for a pilot because of all the cross couplings in its
dynamics. A control system can relieve the work load of the pilot by removing these cross couplings and
improve handling qualities. Furthermore, advanced control systems can execute certain flight phases
automatically, as can be seen in the aircraft sector. The reason that these system have not widely been
applied to helicopters is the lack of fly-by-wire systems. In the past helicopter controls were very basic
mechanical systems and cross-couplings were canceled by mechanically mixing the pilot control inputs.
With the introduction of fly-by-wire control systems (Stiles et al. 2004), digital control algorithms can be
used which are more capable of providing stable and predictable control of the helicopter. Because
rotorcraft are known for their non-linear dynamics, controllers based on non-linear control theory are a
good candidate to be applied. However, conventional non-linear control methods heavily rely on the
availability of accurate model knowledge. This can be problematic, as for many system an accurate
model is not available and has to be estimated during flight. Incremental control theory solves for this
sensitivity to modelling errors by relying on sensors instead. In general this will improve the robustness
of the controller.

This chapter discusses the general theory behind incremental non-linear control methods based on
Non-linear Dynamic Inversion (NDI) and Backstepping (BS). This is done in Section 4.1. The addition
of adding command filters to the incremental backstepping procedure is described in Section 4.1.3, as
it is implemented in the simulation model of Van der Goot (2017). Finally, Section 4.2 emphasizes the
necessary adoptions to incorporate these aforementioned controllers in a helicopter dynamics model.

4.1. Incremental control methods

The non-linear controllers described above all have a drawback. They rely on the availability of accurate
models of the controlled vehicle. If the model is inaccurate or the dynamic characteristics of the con-
trolled element change, for instance due to a failure, the controller may become unstable. Simulation
models of rotorcraft have various states which cannot be measured, which is problematic as feedback
linearization requires full state feedback. Furthermore, conventional dynamic inversion requires the
system model to be affine in control and minimum phase (Horn 2019). Non-minimum phase systems
have zeros in the right half plane of the complex plane which become, after inversion, unstable poles.
These can become a problem if present in the closed loop system.

A special type of non-linear controllers that circumvent this issue are incremental controllers. In-
stead of relying on system dynamics modeling, incremental controllers rely on sensor measurements
of the controlled states. Therefore they are not sensitive to modeling errors, something which is often
the case for non-linear systems such as helicopters. The first step when applying incremental con-
trollers to a system is to create an incremental system description. This is done by applying a Taylor
series expansion on the dynamics that need to be controlled. This process is shown in Equation (4.1)
to Equation (4.3) for a general time-invariant system, where z, u, f, g are the state vector, input vec-
tor, system dependent dynamics and control dependent dynamics respectively. Note that due to this
linearization, this system description is only valid for a small region around z.
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Based on a number of assumptions, it is possible to simplify this equation. First of all the system sample
rate should be high enough, meaning that the sensors and controller operate at a sufficiently high
frequency. Furthermore the actuators are assumed to react instantly to command signals. At last, it is
assumed that the changes in the states are slow compared to the changes in control input. This is called
time scale separation. By assuming time scale separation, the system term F'(x, ug)Ax is assumed
to be small compared to the control term G(z¢,uo)Au and can be neglected. Therefore the system
coefficients in F' do not need to be estimated and only control effectiveness G remains. Resulting
Equation (4.4) is a simplified description of the system which, assuming that all the controlled states
can be measured and the sampling rate is sufficiently high, can be used to construct an incremental
controller that controls the system using increments of control input.

Az = G(zg, up)Au (4.4)

Simulation models also consists of kinematic relations to calculate translational velocities and rotational
attitude. Since these relations are exactly known, there is no need to apply incremental control for these
parts of the model as there is no change of model mismatch. This allows for application of conventional
NDI or BS. Therefore the focus is on the incremental control laws that govern the dynamic relations.

4.1.1. Incremental Non-linear Dynamic Inversion

With the system description given in Equation (4.4) one can implement several control algorithms. The
first algorithm discussed here is INDI. Example applications of INDI control structure to rotorcraft are
shown in (Simplicio et al. 2013), (Van der Goot 2017), (Pavel, Shanthakumaran, Chu, et al. 2020).
The INDI control law is constructed by inverting the system description of Equation (4.4). Thereafter,
the state derivative variable i is replaced by virtual control input v. The final control law is shown in
Equation (4.7). Thus, the control input « will be such that the difference between the current state
derivative iy and the desired state derivative i tends to zero. This means that the outer loop system,
the system that determines virtual control v, will experience linear behavior of the inner loop system. v
can be governed by a PID controller that minimizes the error between a reference signal and a certain
state, for instance pitch attitude or rate. A downside of INDI is that stability cannot be guaranteed and
the PID controller still needs tuning.

Au = Gz, u0) ' A (4.5)
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4.1.2. Incremental Backstepping

Another promising and more recent control algorithm is IBS. It uses the stability characteristics of Con-
trol Lyapunov Functions (CLF) to guarantee stability. Applications of the IBS control structure is given
in (Koschorke 2012), (Keijzer et al. 2019) and (Acquatella 2020). It departs from the same system de-
scription given in Equation (4.4). Defining error state z as the difference between the current state and
the reference state, one can assure stability and tracking if the derivative of a chosen CLF is negative
definite. For this example CLF V' = %:132 is used.

2= — Tref (4.8)
Z=0&— dref (4.9)

V=12 (4.10)
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V= 22 (4.11)
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Which is negative definite if:
Au = G(z0,u0) "t (=20 + ey — C2),C >0 (4.14)

The final control law is shown in Equation (4.14). When choosing gain C>0 the use of a CLF assures
stability and tracking, given that the time scale separation principle and sampling frequency assump-
tions hold. Other than the INDI controller, no additional PID controller is necessary.

Note that in some cases the INDI and IBS control laws can become equal. When no outer loop
dynamics are considered, Equation (4.7) equals Equation (4.14) if the P(ID) controller that drives v is
designed as v = K, (2,.f — x) + &r.s, Where K, is a proportional gain larger than zero and equal to C
from the IBS law. This results in the same controller dynamics for both methods.

Although INDI and IBS controllers are commonly applied to dynamic systems in literature, only
recently time delay margins and robustness tolerances against parameter uncertainties were explicitly
quantified (Huang, Zhang, et al. 2022). Until this point sampling rates were always assumed sufficiently
high and no systematic theory existed to calculate maximum parameter mismatch. It was found that
control effectiveness mismatch could reach up to 50% of its true value when actuator dynamics were
not included in the model. Adding actuator dynamics even significantly increased the robustness of the
INDI controller against model errors. It was also found that underestimation of the control effectiveness
lead to better tracking performance than perfect estimation.

4.1.3. Command Filtered Incremental Backstepping

A special type of IBS that is applied in the simulation model of Van der Goot (2017) is CFIBS. If Equa-
tion (4.14) was based on a dynamic model with more than one layer to step through, the control law
would also contain a & term. This is the derivative of the intermediate control law «; in the previous
layer. The control law based on k steps through the system of lower triangular form would result in
Equation (4.15).

Au = Gk(mo,uo)_l (—io + Tpef — Crzi + d(kfl)) ,C>0 (4.15)

Since the intermediate control law of the previous step is also containing their predecessors, the fi-
nal control law would require the analytical time derivatives of each of the control laws which quickly
become prohibitively difficult to calculate. A solution to this problem is to apply a command filter on
the intermediate control laws before passing them to the next control law as a reference. By using a
command filter, the derivative of the signal is known and do not need to be derived. Furthermore, the
intermediate reference signals can be tweaked in order to obtain favourable dynamics. The error states
in Section 4.1.2 can be redefined as:

2 =X — Tiref (4.16)

Note that in this case a bar over a variable does not mean that it is normalized by the rotor speed. z; is
the compensated error state, which is used in the Control Lyapunov function to obtain the intermediate
and final control laws as is done in the previous subsection. X; is a compensation term for using the
command filters, defined as:

Xi = —CZ'Xi + GZ (‘T(H_l)vrgf — m?iJrl),ref) (418)

The last two terms in this equation are the output signal of the command filter and the input signal of the
command filter. The input signal to the command filter is given in Equation (4.19), while the command
filter itself is shown in Equation (4.20).
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x(()i+1),mf = o — X(i41) (4.19)

Ti,ref Liref

= , (4.20)
| |26 (Seate {225 [Sman (12107 — ires] ) — 10er)

With the parameters S,,,,, and S,... magnitude and rate limits can be imposed on the intermediate
reference signals. Moreover, bandwidth and damping limitations can be set by choosing the appropriate
natural frequency w,, and damping term (. It is important to state that these limits will be applied to the
commanded states of the system in the controller, not the actual states.

The intermediate control function and final control law can then be found by Equation (4.21), knowing
that aj, = Au + G, (20, up) 140 When time scale separation is applied.

o; = Gi(wo,u0) " (Erep — Cizi — Gi—1)Z(i-1)) 4.21)
Au = Gi(zo,u0) " (—d0 + Erer — Cruzk — Grm1)Z(k—1)) -

4.2. Adaptions to successful application

When applying an incremental controller, one relies on sensor measurements instead of a mathematical
model to obtain the state of the system. Thus this is also the case when these controllers are applied
to helicopters. In principle this is a big advantage, since estimation errors in the mathematical model
are excluded. However, a rotorcraft has a lot of states that cannot be measured. Two of these states
are flap angles and inflow velocities. Moreover, these quantities have a large effect on the overall
helicopter dynamics. In particular the flap dynamics is the main contributor to angular acceleration for
hingeless rotorcraft like the MBB Bo-105, as was discussed in Section 2.3. This is because the control
inputs indirectly influences the angular accelerations through the flap angles of the rotor disk. Since
the system dependent dynamics are neglected while assuming time scale separation and the direct
control effectiveness of the control input on pitch acceleration is negligible, the controller will be unable
to control the helicopter. Effectively the time-scale separation assumption is violated because the flap
states have significant influence on the accelerations. Therefore the controller model on which the
control law is based has to be adapted to increase control dependency of the angular accelerations.
Furthermore it was assumed that the actuators and sensors operate at a sufficiently high frequency.
While this true for the majority of sensors, actuator delays and dynamics can often not be neglected.
Furthermore filters are use to obtain certain states, so the filters induce some form of delay as well. It
is known that incremental controllers have relatively small stability robustness margin when subjected
to time delays and unmodelled dynamics that influence the feedback path (Kumtepe, Pollack, and Van
Kampen 2022).

Two solutions to these issues will be treated in this section. They can be best explained based on
a generic controller-helicopter combination as can be seen in Figure 4.1. The first part of the solution
is to apply residualization of the unmeasurable states in the model that is used in the controller block.
This is explained in Section 4.2.1. The second part of the solution is to synchronize the control output
of the controller model with the actual control deflection of the relevant actuation system. Furthermore,
this process can also account for any other delay, such as sensor or filter delays. The application of
the synchronization filter is given in Section 4.2.2.

4.2.1. Residualization of flap and inflow states
The residualization procedure in its original form is to separate slow and fast states in a state space
system and thereby simplifying the system (Skogestad and Postlethwaite 2001). The fast states are
assumed to be constantly at steady state compared to the slow states, and their dynamics have there-
fore no effect on the slow states. This principle is similar to that of only using steady state flap angles
for articulated helicopters, as the response of body states and flap states are widely separated in time.
In this instance the procedure is implemented to remove states from the controller model that cannot
be measured. They cannot be used in the incremental control law as it relies on measurements of the
helicopter state. However, also states that have significant effect on the helicopter dynamics, such as
the flap angle, are residualized. This means that the time delay that is introduced by the flap dynamics
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Figure 4.1: Generic system visualization.

in the actuation process of the actuator disk is also lost. This delay has to be accounted for in the
synchronization filter.

Residualization is performed by setting the derivatives of the flap and inflow states equal to zero and
fold their dynamics into the remaining states. This will transfer the control dependency of the flap and
inflow states to the remaining states, such that the time scale separation principle is less likely to be
violated. The residualized state vector will become x,..s = [uvw z y z | p ¢ r ¢ 6 ¥]. The residualization
procedure is given in Equations (4.22) to (4.26), with the flap angle vector and inflow vector represented
by 5 and X respectively. The final residualized system is given in Equation (4.27).

B="Fs, res+FspB8+F;38+Gsu (4.22)
A= Fy g res + FapX + Ghu (4.23)
Setting all derivatives to zero and rearranging the terms:
— _p-lp, _rla.,
8= FBﬁF/B’ImxT@S FB,/ﬁGﬁu (4.24)
A= —F 3Py Tres — F \Gau (4.25)
These equations can then be inserted into the residualized dynamics:

Tres = F.

Tres,;Tres

Tres + Fxres,[ﬁﬂ + o A+ G u (426)

res; Tres

The final residualized system then becomes:

. —1 —1
Tres = (Frms,zms - Fzres’,BFB ﬂFB:zres - Fzresy)\F)\7AF)\7x7‘e.s‘) Trest
Fr

<eres - FxrcsaﬁFg;Gﬁ - Fzres,AF;&Gk> u

(4.27)

Gr

4.2.2. Synchronization of input signal

Now the state space system for the controller model is residualized, the control dependency of the
remaining states in Gy is high enough to apply an incremental control law. However, there is now a
large difference between the controller model and the actual model describing the helicopter dynamics.
Namely the latter model includes dynamics and time delays from flap dynamics and inflow dynamics.
This means that the controller model expects the helicopter to react much faster than is happening
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in real life. Furthermore, sensors, filters and actuator dynamics also have an influence on the control
deflection feedback and state measurement feedback. When not accounting for these time differences,
instabilities and divergent behavior can occur. Therefore Arons (2020) and Van der Goot (2017) intro-
duced a so called synchronization filter. This filter delays the feedback measurement of the control
input to mimic the delay that the control input otherwise had due to the flap dynamics, inflow dynamics
and other uncontrolled signal manipulations. A downside of this synchronization filter is that some sys-
tem dynamics coefficients have to be estimated, as it needs to map the expected effect of the controller
input by the controller to the real effect of the rotorcraft including the time delay. However, this is just
a portion of the total amount of system dynamics coefficients in f(x) that would have been estimated
if a non-incremental controller was used. As the inflow dynamics also plays an important role in the re-
sponse of a helicopter, it should be investigated whether they also need to be residualized and included
in the synchronization filter. A similar case was investigated with respect to the lead-lag dynamics of
the rotor system by Arons (2020), but it was concluded that this was not necessary for this specific part
of the helicopter dynamics.

The time delay that is removed during the residualization process can be synchronized using Equa-
tion (4.28). The filter is placed in the feedback path of the actuator deflection measurement, converting
the measured actuator deflections to synchronized actuator deflections. As in residualization proce-
dure, 5 and X are the flap and inflow vector. 6 represents the control vector, while w represents the
angular rates. The sensor dynamics can be accounted for by placing the model of the sensors also on
the actuator feedback path. Thus in Figure 4.1 the sensor block is also placed inside the synchroniza-
tion block. This will cause the possible delay of the sensors to by applied to both the state estimation
signal as the actuator feedback, thereby cancelling out any effect of the sensors. The synchronized
control input 6,,,,. can now be used to calculate the new control output of the controller by adding it to
the incremental control output Au of the controller.

Bsync FB,B 0 GB
j‘sync = 0 Bsync + F)\,)\ )‘sync + G)\ emeas (428)
Osyne Gr'Fup Gr'Fun G7'G.,



Case Studies

In this chapter the challenges of helicopter flight control and the relevant helicopter dynamics are dis-
cussed based on different case studies. The consecutive cases are increasing in complexity, making
them come closer to reality at every step. The first three cases use a longitudinal helicopter model with
second order flap dynamics and quasi-steady inflow dynamics to perform the underlying helicopter sim-
ulations. This model is similar to the controller model used in Section 5.3, except for the extra derivative
in the flap dynamics. The first case, described in Section 5.1, shows the resulting helicopter dynamics
when no flap dynamics is assumed in the controller model. Section 5.2 explains the application of ap-
plying simplified flap dynamics in the controller model, based on a time constant. This is an essential
step if one wants to construct a controller that is able to control a helicopter in a stable manner. The
helicopter model on which the controller is based greatly influences its complexity and ability to control
and/or stabilize the actual helicopter. When the discrepancy between the controller model and the heli-
copter is too large, unwanted oscillations can make the helicopter unstable and diverge. In Section 5.3
inflow and forward velocity is introduced in the controller model, together with first order flap dynamics.
All the sections up to this point work with the assumption that only the longitudinal plane is studied.
Furthermore, they work with simplified IBS controllers instead of the more complex CFIBS method that
is used in Section 5.4. As mentioned in Section 4.1.2, by choosing the appropriate PID controller in the
INDI controller, the final IBS and INDI control laws can become equal. Therefore only results based on
an implemented IBS control law will be discussed in the first 3 simplified cases. Finally, in Section 5.4
the model from Van der Goot (2017) is investigated. In this section the adaptions proposed in Chapter 3
and Chapter 4 are applied and their influence is analyzed. All simulations performed in this chapter
are initiated from hovering conditions. As discussed in Chapter 3 the influence of inflow is the most
pronounced in this condition.

5.1. 1 DoF model - Pitch rate only

The simplest form to describe helicopter motion, is the pitch acceleration equation in the longitudinal
plane of motion. Additionally, hover condition, no flap dynamics or collective controls are assumed. In
this way a further simplification can be made by replacing the thrust needed to hover by the weight of
the helicopter. This reduces the helicopter model to Equations (5.1) to (5.3).

__ K

¢=—7— (i) (5.1)
vy
with:
N,
K =Whey + TbKﬁ (5.2)
164
510 - 75 918 (53)
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resulting in:
. 16 ¢
k(24 4
Looking at the pole of this motion described by Equation (5.4), s = —16 & this motion is always stable
Y

and non-oscillatory. Following the steps presented in Section 4.1.2, the resulting IBS controller for this
system will be:

915 = 015,0 + G(;l (7(]0 + (jref - quq) (55)

with:
Zq = 4 — Qref (56)
G, =K (5.7)

Equation (5.4) shows a direct relation between the control input 6, and the pitch acceleration ¢. This
suggests that there is no delay between applying cyclic control input and producing pitch acceleration.
While this might be true if the actual helicopter can be precisely described by Equation (5.4), resulting in
the asymptotic tracking seen in Figure 5.1, if the controller is applied to higher order models with more
dynamics the controller fails to deliver adequate performance. This is shown in Figure 5.2. The latter
case is more realistic, as the rotor system acts as an actuator and introduces delays in the system.
Furthermore, the actuation of the blades itself takes some time as well. Therefore, if no time scale
separation can be applied due to coupling of the rotor and body modes, Equation (5.4) is not an accurate
representation of the helicopter dynamics. In this and subsequent figures, A#,, is the control input
increment that is calculated by the IBS control law.
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Figure 5.1: Tracking task with steady state IBS controller and steady state dynamics.

The reason for this oscillatory behavior is that in the helicopter model there is delay between the input
of cyclic control and the desired pitch acceleration, due to the flap dynamics. Other dynamics, such
as actuator dynamics and inflow dynamics, do also contribute but are not considered for this example.
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Figure 5.2: Tracking task with steady state IBS controller.

Because the controller is unaware of these delays, it keeps increasing its control input and this results
in overcorrecting the signal. Due to the applied maximum deflection and rate limits of the actuator the
signal is still bounded. If these limits are not applied, the helicopter model diverges.

5.2. 2 DoF model - Adding longitudinal flap

The most important reason why the controller discussed in the previous section did not work properly
was the lack of flap dynamics in its controller model. To investigate the influence of these dynamics, a
first order approximation of the flap dynamics is added to the previous model. This has been done by
means of a flap time constant. The adaption can be seen in Equation (5.8) and essentially incorporates
the regressing flap mode into the dynamics.

q¢=—K (Bic)
) 16 ¢ (5.8)
78B1c + Bic = —b1s + P
Calculating the poles of this system, given by Equation (5.9), one can see that two situations are

possible depending on the value of K. If K > % the two modes are separated in a disk tilt mode

and a body mode. If the opposite holds, the two modes couple and produce oscillatory poles. This
shows that increasing the moment transfer between the rotor blades and the hub, as is the result of a
hingeless configuration, speeds up the body motion.

1 1 16 K
Si2=—5—=% 6 K

—_— - — 59
275 47'62 v Qg (5.9)

The equations of system 5.8 can be reformulated to a state space system. This system is shown
in Equation (5.10). A number of remarks can be made about this system. First, one can see that
the control dependency of the pitch acceleration is diminished to zero. This means that time scale
separation cannot be applied, thus the current controller is unable to control this system. Furthermore
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one can see that the influence of the control input on the flap angle is large. Just removing the flap
dynamics by means of residualization will not result in adequate performance. Also synchronization

has to be applied here.
j 0 -K 0
= Ty 01 (5.10)
b1 6 1 1 b1 _1
c v Q7 3 ¢ 8

A normal procedure would then be to control the ¢ by means of controlling flap angle ;. with 6;,.
However, this is not possible with current helicopters since there is no measurement of the flap angle
of the rotor blades. This is needed for the incremental control law. Therefore it is necessary to remove
the flap angle from the state vector and increase the control dependency of ¢ on the control input. This
is done by residualization by means of Equation (4.27). Applying Equation (4.27) to model (5.10) with
z,., = ¢, the following system remains:

16 K
(=-——5a+ Kb (5.11)

v Q
Gr=Gr, =K (5.12)

The residualization procedure solves the time scale separation problem by increasing the control de-
pendency of ¢. Practically, it returns the model to the system description in Section 5.1. However,
the residualization procedure neglects the time delay that the flap time constant is introducing into the
system. In order to compensate for the effect of the flap time constant a synchronization filter has to

be applied.
Blc,sync
els,sync

Combining the results from the synchronization filter and the residualized dynamics, the final IBS control
law is shown in Equation (5.14):

-1 -1
GR Fq,ﬂ R

F G
o0 ] 5lc,sync + [ g ] gls,meas (513)
q

015 = els,sync,o + G}_{; (_QO + QV'ef - quq) ~dt (514)

The resulting tracking performance can be seen in Figure 5.3. Looking at the figure it is obvious that this
controller performs much better than the steady state controller, close to optimal tracking. Only some
oscillations are visible in the control input increment signal, but they die out as the signal stabilizes.
The difference between this simulation and the previous one shows the importance of including flap
dynamics in controller design for helicopters.

In the quasi-steady controller model, the flap dynamics is modeled as a quasi-steady approximation
of the second order flap model of Equation (2.4) using the variable 73. By applying the correct simplifi-
cations and assumptions to the second order flap model the value of 73 can accurately be determined
to be % For the MBB Bo-105 helicopter this results in a time constant of 0.07 seconds. The formula
is also used in the synchronization filter. To see the influence of the estimation of 73 on the tracking
performance, three simulations are done with different time constant values. The result of these simu-
lations is shown in Figure 5.4, for 73 = [0.00711 0.0711 0.711]. The figure shows that for large 73 the
synchronization filter is overestimating the impact of control input, thereby delaying the control signal
more than necessary. This leads to stable but sub-optimal tracking. For small values of 73 the pitch
and control response show oscillatory behavior. In fact, the oscillations are bounded because of actu-
ator rate limits. This can be explained by comparing the simulation with a small tau to the simulation
with the steady state controller in place (Figure 5.2). Because 75 is very small, the synchronization
filter assumes that the flap dynamics are almost instant. Therefore the calculated control inputs are
too rigorous for the helicopter model and the divergent behavior explained for the steady state con-
troller happens here as well. In general it can be said that it is important to use an accurate estimate
of 74 when using the quasi-steady controller, with overestimation leading to sub-optimal control and
underestimation leading to (bounded) instability.
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Figure 5.3: Tracking task with quasi-steady IBS controller.
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5.3. 5 DoF model - Adding uniform inflow and forward velocity

Compared to the 2 controller models above, the difference between the model that simulates the he-
licopter and the controller model is still substantial. For instance no forward velocity is included, a
parameter that has a large influence on helicopter behavior in general. Therefore a third IBS controller
is constructed using first order flap dynamics, derived from Equation (2.5) and retaining the influence
of flight velocities. The systems of equations for this controller model are:

q: _KBIC
éf =q

U= X —gsin(6f) — quw
T; (5.15)
W= - +gcos(0f) + qu

By = —QCh/oDaroBar + QCh0HA0

\ l t
TaA = O™ — o

As can be seen a uniform inflow component is taken into account by using a time constant. The
equations for both thrust coefficients can be found in Chapter 3. Since the controller model now includes
the ;. derivative by means of the flap equation, this controller model now encompasses the regressive
flap mode. The next step is to residualize the flap and inflow states. System (5.16) is constructed in
such a way that the remaining states and states that need to be residualized are grouped in z, (= z,..,)
and z, respectively. Equation (4.27) is applied to this system to arrive at the residualized system to
be used for the controller. Since the IBS controller only uses the residualized control matrix Gy its

formulation is repeated in Equation (5.17).

q 0 Fou Fow Fypic Fyxi q Gq
—w Fu,u Fu,w Fu,ﬁlc Fu,)\i u Gu
w | = U Fyu Foyw Fy 8. Fyx, w | + | Gy | O1s (5.16)
Bre Fiog Forow Fprow | Forope Fpion | |Pie Gp,.
).‘i 0 F)\hu F)\i,w F/\z‘,ﬁlc F/\i:)\i Ai G/\i
GR = Gm - Fm,sza:_;mQGzQ (517)

Because this controller requires more states to be residualized, also the synchronization filter is more
extensive than for the quasi-steady controller. The extended synchronization filter is shown in Equa-
tion (5.18). Gg, is the first entry of the residualized control effectiveness matrix of Equation (5.17),
representing the residualized control effectiveness of 6, with respect to q. The final control law for
the first order IBS controller is equal to the control law for the quasi-steady control law, given in Equa-
tion (5.14). The only difference is in the values for Gr, and 01, sync.

Blc,sync Fﬁlc-ﬂlc 0 Gﬁlc
).\i,sync = 0 /Blc,syn(: + F)\i’)\i )\i,sync + G)\i els,meas (518)
O15,sync G]_%;LF‘Lﬂlc GJ_?,;Fq,M GJ_%;Gq

To make a preliminary investigation whether taking into account inflow dynamics in the controller de-
sign is improving tracking performance, the controller model for the first order controller included the
regressing flap model and inflow dynamics. Therefore it is able to take into account more aspects of
the helicopter dynamics and, in theory, improves the tracking of the reference signal. As the simulation
results in Figure 5.5 show, tracking did not improve significantly. It seems that the correction for the
regressing flap, as was done in the previous example, has much more impact than accounting for inflow
dynamics. Only the oscillations in the increments of the control signal have disappeared.
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Figure 5.5: Tracking task with first order IBS controller.

This makes clear that the oscillations are coming from a mismatch in time delay of the flap dynam-
ics modeling between the helicopter model and the controller model, comparable with the statements
made when discussing the steady state controller. The controller model in the previous example has
a tau based time delay, while the helicopter model and the controller model in this example has the
more accurate regressing flap modeled time delay. This causes the latter model to be closer to the
original model, obtaining better performance. Including inflow dynamics in the controller model, and
subsequently using it for residualization and synchronization, does not seem to solve this problem.

5.3.1. Influence of 7,,

The goal for this report is, among others, to investigate the effect of inflow dynamics on the perfor-
mance of IBS controllers. In the previous section it was stated that including inflow dynamics in the
controller model and thereby taking it into account in the synchronization filter did not make any signif-
icant improvement in tracking performance. During this investigation the inflow was modeled with the
last equation of system 5.15. Until now, time constant 7,, was set at a value of 0.1 seconds (Pavel
2001). By varying the time constant to a value of 0.01 and 1 seconds, the influence of changing inflow
behavior can be investigated.

Figure 5.6 summarizes the findings of the simulations. In Figure 5.6(a) on can see thatincreasing the
time constant indeed changes the behavior of the inflow dynamics. To see if the inflow also affects the
controller, the synchronized inflow that is used in the synchronization filter is displayed in Figure 5.6(c).
Here one can see that the inflow with lowest time constant not only reacts the quickest, it also reaches
the largest amplitudes. Since the inflow has no direct relation to the control law itself, the influence of the
synchronized inflow is examined in the synchronization filter. As can be deducted from Equation (5.18)
the 2 states that can influence the synchronized control input 6, 5. are the synchronized inflow and
flap angle. Their influence on 6, syn. is plotted in Figure 5.6(b), with the signal of A; being the one for
Ta;, = 0.01 as this one reaches the largest amplitudes. It is shown that the synchronized inflow has
very little effect on the control input compared to the flap angle. Therefore the effect of changing 7, on
the control input is very limited, as can be seen in Figure 5.6(d). Only minor differences in the control
signal are visible at the end of the simulation.
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Figure 5.6: Influence of 7y, on inflow and control parameters.

5.3.2. Influence of forward flight speed u

As stated in the introduction of this chapter, all simulation results shown in this report are performed
without any initial horizontal velocity. To show the influence flight speed has on tracking performance,
three simulation runs at initial speeds of 0, 30 and 60 meters per second are displayed in Figure 5.7.
As one can see from Figure 5.7(b) the sustained required longitudinal control increases with increasing
airspeed. This is because the rotor wants to blow-back due to the dissymmetry in lift between the
advancing side and the retreating side of the blades. From Figure 5.7(a) it is clear that flight speed
has no large effect on tracking the reference signal, other than a small steady state error. This will of
course be different if due to the larger required control inputs the actuation limits of the control system
are reached. Inreal life this will not happen often has helicopters have a certain never-exceed airspeed.
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Figure 5.7: Influence of u on pitch rate and control input.
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5.4. 13 DoF model - Adding inflow states and lateral states

After performing a preliminary investigation on simplified longitudinal models in the previous sections,
all evaluations made in this section are based on the higher fidelity model from Van der Goot (2017).
The most important dynamics of this simulation model are covered in Chapters 2 to 4. The effects of
changing the inflow model from a Pitt-Peters model to the Keller model is discussed in Section 5.4.1.
The analysis is based on pole-zero locations and simulations of the free response to control input,
without any interference of the control system. The results of adapting the residualized dynamic model
and synchronization for accounting for inflow dynamics is given in Section 5.4.2.

5.4.1. Applying Keller inflow model

Before the inflow model correction described by Equation (3.4) from Keller and Curtiss (1998) could be
implemented in the simulation, it had to be converted to a form that is easier to implement in the current
set up of the inflow calculations. As a basis the Pitt-Peters inflow model that is currently implemented is
used. This is possible since it is known that when Ky is set to zero the two models are equal. The new
inflow model including the correction proposed by Keller is shown in Equation (5.19), with the matrices
unchanged from their original description given in Equation (3.3).
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Before the rotational rates and flap velocities can be used in the model, they have to be transformed to
another reference frame. Namely, the inflow model is defined in the disk plane-wind reference frame,
which is the disk plane axis system rotated by the side slip angle. This causes the velocity vector to only
have forward and downward components. Both the angular rates and the flap velocities are defined in
the hub plane. Therefore two transformations are needed, the first from the hub plane to the disk plane
and the second to the disk plane-wind frame. The value for K is set to 3.0, as this is the recommended
value based on curve fitting to experimental data (Keller and Curtiss 1998). However, as the authors
of (Arnold et al. 1998) also suggest, the identified value differs depending on the identification method
of the parameter. Values for Kz are ranging from 0.75 to 3.5 in literature.

One way to see if the modified inflow dynamics have influence on the helicopter dynamics as a
whole, one can look at the complex plane representation of the linearized systems. With this method
one can see if the inflow modes cause the body modes or flap modes to change position with respect
to the nominal model. Figure 5.8 shows the complex plane representation of the nominal model and
a zoomed-in figure for the poles near the origin. Note that only the positive side of the imaginary axis
is displayed, as the locations of oscillatory poles is mirrored across the real axis. In order to compare
both models, the complex plane representation of the linearized helicopter model with the Keller inflow
model is given in Figure 5.9.

Comparing the complex plane representations Figure 5.8 (a) and Figure 5.9 (a), one can conclude
that they look very similar. For both hover and forward flight no shifting of the poles is visible due to
the change in inflow dynamics. In Figure 5.8 (a) some typical modes are identified. Two of the three
flap modes, namely the advancing flap mode and the coning mode, are located at the same position
as if the flap dynamics would be treated separately. This is to be expected since they are of relatively
high frequency compared to the body modes. Leaving out the second derivative of the flap angles in
Equation (2.5) of a helicopter simulation, the origin of this high frequency mode, is therefore justifiable
in most cases. The regressing flap mode, normally on the same vertical axis as the other two modes
but much closer to the real axis, has coupled with the pitch subsidence and roll subsidence. If only
the body states would be treated, these would be non-oscillatory modes in case of the MBB Bo-105.
This shows that for the MBB Bo-105 there is coupling between the regressing flap mode and the body
modes, speeding up the body motion.

The poles close to the origin are visualized in Figure 5.8 and Figure 5.9. Also in this view the
location of the poles have not changed significantly. One can identify the Dutch roll and phugoid modes
in the figure, with the heave and spiral subsidence remaining on the real axis near the origin. The
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only observable difference are two non-oscillatory poles close to coordinate -0.5. As the flight speed
increases they move from the real axis and become lightly oscillatory. However, no major coupling with
other modes can be seen in this view. All three inflow modes start on the real axis, with one mode
becoming oscillatory as flight speed increases.

1007 . 0O T O Hover
@ Advancing flap mode S :‘ggi'n 6l |-_.1. O 160 kn
80 N .o.
5t .
__ 60 —4t ".. / Dutch roll
E (® Coning mode £ 3l kS
o7 Inflow modes s Phugoid
2+ %
20 N 1 i .0
Roll-flap mode [ D"'m\ .

O
P . —.%
0 Pitch-flap mode [Sgy | & 0am & b S EO

-15 -10 -5 0 -1.5 -1 -0.5 0.5
Re [-] Re []
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Figure 5.8: Complex plane representation of linearized nominal helicopter model.
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(a) Modified model with K r=3. (b) Modified model with K =3, zoomed-in around origin.

Figure 5.9: Complex plane representation of linearized helicopter model with Keller correction.

Another way to see the possible influence of the changed inflow model is by looking at the free response
of the helicopter model subjected to a step in control input without interference of the controller. The
four inflow states of the helicopter model are presented in Figure 5.10 together with the angular rated
of the helicopter. These are the responses to a doublet consisting of a negative step input of 1 second
on the longitudinal cyclic of -3 degrees at 1 seconds follow by an opposite command at 2 seconds. For

the remainder of simulation time and for the other control inputs there is no action. The simulation is
performed from a hovering initial position.



5.4. 13 DoF model - Adding inflow states and lateral states 59

0.06 ‘ ‘ ‘ __ 60
———— Q
e (@] L
0041 ] g%
g :
2 "% —rp g C/\
2 — S 0
S s ) —p
E 0 ———— | )‘10 ; g 20t —ql
)‘O,tr g r
-0.02 : : : -40 : :
0 1 2 3 4 0 1 2 3 4
t [sec] t [sec]
(a) Inflow parameters for the nominal model. (b) Angular rates for the nominal model.
0.06 ‘ ‘ ‘ 60
————— Q
R B, S RS (@] L
0041 ] g%
3 "
% @ 20
% 0.02f —X H ©
z — © o
ke s o) —p
H_E 0 T o—— )‘1(: _; g 20+ —q|
—on|| E r
-0.02 ‘ ‘ ‘ -40
0 1 2 3 4 0 4
t [sec] t [sec]
(c) Inflow parameters for the modified model. (d) Angular rates for the modified model.

Figure 5.10: Free helicopter response to step input in longitudinal cyclic in hover.

From Figure (a) and (c) there are small differences visible during the time that longitudinal control input
is given. This also translates into slightly different angular rates. However, between the nominal and
modified model there should be a notably different reaction in the off-axis angular rates. An example of
this difference has been given in Figure 3.2 in Section 3.1.3 (Arnold et al. 1998). Because longitudinal
cyclic is applied in this example, there should be a difference between the roll rate of the nominal and
modified simulation. The simulation is performed for hover, as in this initial state the Keller correction
is most effective. Simulations at other airspeeds were also performed but did not give other results.

Finally, it is investigated whether the control inputs generated by the CFIBS controller have been
altered by the change inflow dynamics. To this end a simulation has been performed in which the con-
troller has to track a doublet in the pitch axis and roll axis. The results can be seen in Figure 5.11, which
shows the calculated control inputs by the controller, the angular rates of the helicopter together with
the reference signals and lastly the resulting inflow coefficients. In this experiment the residualization
and synchronization procedure has only been performed for the flap states. Note that in Figure 5.11 (c)
and (d) besides the reference input there is also a commanded input. This is the signal that the CFIBS
is trying to track and is calculated based on the reference signal itself and the response requirements
set in the ADS-33E-PRF handling qualities requirements (Baskett 2000).

As with the other experiments, no large difference is visible between the nominal and modified
model. The harmonic inflow coefficients show a sharper change after the doublets are initiated, but the
overall effect is insignificant. The largest effect during this simulation should be visible in the control
inputs generated by the control system. If a change in off-axis coupling would be present, the lateral
control input would change when a longitudinal doublet is performed because the controller tries to keep
the other angular rates at zero. This also applied to the longitudinal control input when a roll doublet is
performed. But just as for the other simulations in this section, the change inflow model hardly causes
any difference in the tracked parameters.



60 Chapter 5. Case Studies

15 15
> >
s 'O S,
2] [2]
S 5/ 5
o (o}
£ £
s ° E
& 5 s
O (©]
-10 ‘ -10 ‘ ‘
0 5 10 15 0 5 10 15
t [sec] t [sec]
(a) Control inputs for the nominal model. (b) Control inputs for the modified model.
20 20
& - P & p
S —9 | 3 0
ﬁ 10+ r ﬁ 10+ r
8 == ~Pcom 8 =~ ~Peom
'E 0 =~ ~%om '§ 0 =~ ~Yom
‘3 Tom C_TS eom
%_10 s - - e I I LT pref %-10 s e T S A B IR PO pref
c E c
< { a9 ] qref < .......... qref
-20 - ‘ ‘ ) "ret 20 ‘ ' ‘ Mret
0 5 10 15 0 5 10 15
t [sec] t [sec]
(c) Angular rates for the nominal model. (d) Angular rates for the modified model.
0.06 0.06
® 0.04 | — | 2004; —%
g )‘13 g )‘15
A A
1 1
2002} V1 B oo2f e
E - “or '*_E o
! 0k
0 5 10 15 0 5 10 15
t [sec] t [sec]
(e) Inflow parameters for the nominal model. (f) Inflow parameters for the modified model.

Figure 5.11: Helicopter response to angular rate doublets using CFIBS controller in hover.

It can be concluded from the investigations above that the implementation of the Keller correction in
the inflow model did not give any major difference in the helicopter characteristics. It is unclear why
this is the case, as simulation experiments from Keller and Curtiss (1998) do show differences in the
response of the helicopter and changes in the off-axis correction. The simulations shown here are only
for hover, as this should be the condition in which the largest effect is visible, but are also carried out
for a range of airspeeds. These showed no other behavior than the simulations discussed above. The
modified model is implemented correctly and the mathematical model is checked against multiple other
sources (Barocela et al. 1997; Zhao 2005). Increasing the value of Kz multiple factors only increases
the coupling between the harmonic inflow coefficients and the angular rates in the same axis, but the
off-axis couplings remain the unchanged. There is some ambiguity between the references whether
some parameters are divided by €2 or not, but multiplying K by Q gives unrealistic results and in turn
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do not change the off-axis coupling. Dividing K by €2 has no use, as the effect of the correction goes
to zero as K i approaches zero. Then the original Pitt-Peters model remains.

5.4.2. Inflow residualization and synchronization

Besides the investigation into the effect of modifying the inflow model, efforts have also been made to
analyze the effect of including the inflow dynamics in the residualization and synchronization procedure.
These can be seen as separate parts; for the analysis of these procedures it does not matter whether
the original inflow model or the modified inflow model is used in the helicopter model.

Currently only the flap angles are residualized from the controller model. This is a logical choice
as the flap angle states cannot be measured and are the most important states relating to controlling
the helicopter. Controlling a helicopter while being unable to account for the time delays that the flap
dynamics introduce is impossible. However, the inflow states are currently not residualized. An incre-
mental control law based on such a model is not possible in real life as it is impossible to measure the
inflow states. Therefore they either have to be removed from the controller model, leaving a model with
a lower fidelity, or they have to be residualized and accounted for in the synchronization filter. Remov-
ing the inflow states from the controller model seems unwanted, since the rotor inflow has an effect on
the flap dynamics according to the literature mentioned in Chapter 3. Therefore this step is not merely
to account for time scale separation, but also from an implementation point-of-view.

To analyze if residualizing and synchronizing the inflow dynamics is beneficial for controller perfor-
mance, the synchronization filter of Equation (4.28) is added to the flap synchronization in the model of
Van der Goot (2017). Furthermore, the system and control dependency matrices are adapted so both
inflow states and flap dynamics are residualized. The updated model is compared to the original model
by means of their tracking performance of attitude angle reference signals. As with other simulations
in this chapter, the simulations are initiated in hover condition, as this is the situation wherein the inflow
states are supposed to have the most influence on the helicopter dynamics.

Figure 5.12 shows a comparison for a pitch and roll attitude tracking task with and without additional
inflow residualization and synchronization using the CFIBS controller. It can be seen that the tracking
performance with only flap synchronization is better than the adapted version of the controller. The
tracking performance of the respective attitude angles to which a doublet reference signal is given is still
somewhat satisfactory. However, large deviations in the other attitude angles are visible. The controller
is unable to keep them close to their reference signal. The doublet tracking shows both overshoot of
the reference value and time delay, with roll angle tracking worse than pitch angle tracking. This is
unexpected, since the moment of inertia of the helicopter around the roll axis is less than around the
pitch axis.
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(a) Flap and inflow synchronization. (b) Only flap synchronization.

Figure 5.12: Tracking of attitude reference signals with CFIBS controller in hover.

The comparison between inflow synchronization of the nominal model and the model with the off-axis
correction can be seen in Figure 5.13. It can be concluded that lack of tracking performance is not due to
the added correction itself, but rather due to inflow synchronization as a whole. Moreover, the tracking
performance keeps degrading for higher reference angles. If the reference signals reach above 30
degrees for this series of doublets, the simulation model will diverge in attitude control due to reaching
actuator magnitude limits.
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Figure 5.13: Flap and inflow synchronization with CFIBS controller in hover.

The tracking task is also performed with an INDI controller to see whether the lack of tracking perfor-
mance is specific to the CFIBS controller. Figure 5.14 (a) shows the tracking task for both flap and
inflow synchronization, while subfigure (b) only employs flap synchronization. From subfigure (a) it can
be concluded that INDI controller performance is also inadequate when using flap and inflow synchro-
nization. This shows that the poor performance is not due to a specific control algorithm, but rather the
application of residualization and synchronization of the inflow dynamics.
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Figure 5.14: Tracking of attitude reference signals with INDI controller in hover.



Conclusion

This report considers the investigation into the improvement of the off-axis response of an MBB Bo-
105 hingeless helicopter due to the improvement of the current Pitt-peters inflow model. It was found in
literature that the Keller inflow model improves the off-axis response of the helicopter simulation model
due to a change in inflow dynamics. Furthermore, an analysis has been performed on the inclusion of
inflow dynamics in the controller model of incremental controllers. Adding the inflow dynamics to the
residualization and synchronization of the controller model could increase its performance and make
the controller more suited for application in real life, since it is currently impossible to measure the inflow
of the rotor.

After applying the Keller inflow model in the helicopter model it was found that the improved model
did not have the desired outcome. The off-axis response did not change and the overall effect on the
inflow states was very minor. This resulted in no changes in the overall helicopter dynamics, as was
proved by analysis of the complex plane representation of the linearized helicopter dynamics and the
execution of several angular rate tracking tasks.

The inclusion of the inflow states in the synchronization filter and the residualized system descrip-
tion also did not have the wanted effect. Tracking performance of the command filtered incremental
backstepping controller degraded significantly, not being able to track attitude reference signal doublets
above 30 degrees magnitude for the tested reference signals. Especially the attitude angles that were
supposed to stay at zero showed significant coupling, compared to the simulation with only flap syn-
chronization. However, the inflow residualization and synchronization is necessary because the inflow
states cannot be measured in real life. The results did not change whether the simulation was per-
formed with the improved Keller inflow model or the original Pitt-Peters inflow model. The tracking task
was also performed with and incremental non-linear dynamic inversion controller, but this did not result
in better tracking performance. From this it can be concluded that the degradation of controller per-
formance is due to the process of residualization and synchronization, not from a specific incremental
control methodology.
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Recommendations

This investigation shows that more work is necessary to be able to implement non-linear controllers in
real-life and to model helicopter dynamics to a high degree of precision. Future recommendations can
be set to continue research on these topics.

Other inflow models with different approaches to the inflow modelling could be applied to arrive at a
more realistic dynamic inflow model. Inflow models are available that correct for the off-axis response
by means of an aerodynamic phase correction that shifts the phase of the aerodynamic flap moment.
Another correction is an aerodynamic lag term, which lags the aerodynamic load of a blade compared
to the change in angle of attack of the blade. Other inflow models with correction coefficients that are
empirically obtained could give better results, but are helicopter specific. Furthermore, prescribed and
free wake models become increasingly computational efficient while computers get more computational
power. In the near future it might be possible to apply these methods in real-time for piloted simulation
or control related purposes.

To solve the issues with the synchronization filter described in this report, the sensitivity of the
synchronization filter needs to be investigated. Furthermore, entirely other control methods could be
explored as well, such as adaptive or reinforcement learning. These could circumvent the necessity of
the residualization and synchronization procedure that will remain necessary for incremental controllers.
One can also look at applying estimators or Kalman filters that estimate the state of the flap angles and
inflow coefficients, in combination with a non-incremental non-linear controller.
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Helicopter Data MBB Bo-105

Table A.1: Bo-105 main rotor properties.

Parameter

Value Unit

Description

44 .4 rad/s
4.91 m

4 -
0.27 m
6.11 rad—!
-8 deg
231.7 kg*m?
0.0524 rad
-0.00761 m
0.02995 m
0.94468 m

113330 Nm/rad
5.087 rad—!

0.007 -
1.12 -

Rotational speed

Rotor radius

Number of blades

Equivalent blade chord

Blade lift curve slope

Linear blade twist

Blade moment of inertia about flapping hinge
Rotor shaft tilt angle

Longitudinal position w.r.t. helicopter CG
Lateral position w.r.t. helicopter CG
Vertical position w.r.t helicopter CG
Center-spring rotor stiffness

Rotor Lock number

Rotor solidity

Normalized flapping frequency

Table A.2: Bo-105 tail rotor properties.

Parameter Value Unit Description

Qi 233.1 rad/s Rotational speed

Ry, 0.95 m Rotor radius

Ny, 2 - Number of blades

Cetr 0.18 m Equivalent blade chord

Cr, tr 5.7 rad—! Blade lift curve slope

K, 1 - Main rotor downwash factor

lir 6.01 m Longitudinal position w.r.t. helicopter CG
hir 1.05 m Vertical position w.r.t. helicopter CG

Otr 0.1206 - Rotor Solidity
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Table A.3: Bo-105 fuselage properties.
Parameter Value Unit Description
Fy 1.3 m?  Parasite drag area
Vius,m 6.13 m3 Equivalent volume in the horizontal plane
Vius,N 25.5 m3 Equivalent volume in the lateral plane
Qfus, M 0 rad Incidence angle for zero pitch moment
Kfus 0.83 - Correction coefficient in pitch moment
Table A.4: Bo-105 horizontal tail properties.
Parameter Value Unit Description
Shi 0.803 m? Surface area
CLoht 4.0 rad—! Lift curve slope
Qht,0 0.0698 rad Built-in surface incidence
Ky 1.5 - Correction coefficient in pitch moment
Int 4548 m Longitudinal position w.r.t helicopter CG
Table A.5: Bo-105 vertical tail properties.
Parameter Value Unit Description
St 0.805 m? Surface area
Cr. vt 4.0 rad—!  Lift curve slope
But.0 -0.0812 rad Built-in surface incidence
Lot 5.416 m Longitudinal position w.r.t helicopter CG
hot 0.97 m Vertical position w.r.t helicopter CG
Table A.6: Bo-105 mass properties.
Parameter Value Unit Description
m 2200 kg Helicopter mass
. 1433  kg*m? Moment of inertia about roll-axis
I,y 497 kg*m?  Moment of inertia about pitch-axis
I, 4099 kg*m? Moment of inertia about yaw-axis
1. 660 kg*m? Moment of inertia about nonsymmetry-axis
Table A.7: Bo-105 actuator limits.
Parameter Min. saturation Max. saturation Rate rate [deg/s] Description
limit [deg] limit [deg]
0o -0.2 20.0 16.0 Collective pitch
015 -6.0 11.0 28.8 Rotor radius
01c -5.7 4.2 16.0 Number of rotor blades
0o.tr -8.0 20.0 32.0 Equivalent blade chord




Control Plane versus Disk Plane for
Control

During the research on flap dynamics some ambiguity arose with respect to which angle the simplified
flap dynamics apply. The final tilting of the rotor disk plane because of the flap angle can be described
by three angles, shown in Figure B.1 for the longitudinal case. The longitudinal situation will also be
the example in this appendix. All reasoning also applies to the lateral case. When assuming steady
state flapping angles one can quantify the relation through Equation (B.1).

-~ a1
’¢’ Blc e15
sP — Prec=—b01s —a
—- 16 ¢ (B.1)
P ] = —— —
0P 1 o)

Figure B.1: Reference planes of rotor including a; .

Until now the terminology for angle a1, and b, for the lateral case, has not been used in this report and
is not visible in Figure 2.4 to avoid confusion. In the book of Padfield (2007) the flap angle is denoted
by 51 and is described as the angle between the shaft plane and the disk plane. The second order flap
dynamics, Equation (2.5), used for the helicopter model is also from this book. In some other earlier
books, such as Bramwell, Done, and Balmford (2001) and Johnson (1994), the flap angle is denoted
by a;. This originates from describing the flapping motion as a Fourier series, instead of multi-blade
coordinates. However, it is unclear whether they just use a; as a replacement of the term ;. from
Padfield or that their flap dynamics equations apply to the a; term of Equation (B.1) and consequently
Equation (B.1) is needed to calculate the final flap angle from SP to DP. If the last statement is true, this
is a fundamentally different modeling approach as the first one. Namely, by using the flap dynamics
equations to calculate a; and then using Equation (B.1) to calculate the final flap angle leaves a direct
link between pitch rate ¢ and control input 6,,. This requires a very different control approach then the
approach taken in this report, where 6, is indirectly influencing ¢ through the flap angle 3;.. To explain
the difference, a state-space system is created with the quasi-steady flap equation in hover.

Approach A (5,. / DP) Approach B (a; / CP)
g=-K (ﬁlc) Gg=-K (_915 - al)
; _ 169 - __16¢
TB1c + Bic = 9134—79 TG +ar = o
q 0 -K q 0 q 0 K q K
; R 1 + 1 01 | T 16 _1 1 + b1
Bic S ar 7 Bic - ai —5 0 7 ai 0
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The differences between the 2 approaches originate from the ;. and a; equations. Approach A as-
sumes that both 6, and the %% term experience the same dynamics (modeled by adding a 7 term),
while approach B only assumes dynamics in a;. An argument against approach A would be that it is
incorrect to model the contribution of 6, to q, which happens in the control plane, and the contribution
of %%, which happens in the shaft plane, by means of a single time constant . On the other hand,
approach B assumes an instantaneous relation between ¢ and 6. This is physically counter-intuitive
since some time must pass before a changed pitch angle of the blade results in a change in flap angle
90 degrees later. Furthermore, controlling this system would also be very convenient. Since there is
a direct relation between ¢ and 6,,, the influence of a; on ¢ is just treated as some unknown system
dynamics by the controller. As the incremental control law of the IBS controller is neglecting system
depended dynamics and the control effectiveness of 6, with respect to ¢ is very good due to its direct
relation, tracking is not at all influenced by the flap angle dynamics in a;. Finally, when looking at the
second order flap models of Bramwell and Johnson, and simplifying the equations to hover condition,
neglecting flap derivatives, inflow and lateral motion, the equation that remains is Equation (B.2).

o =g, + 64 (B.2)

v 0

This confirms that approach A is used in all three sources, as it is the same equation as Equation (B.1)
only with ;. switched to a;. A cause for the confusion might be that Bramwell and Johnson switched
from describing an individual blade motion, where they use a; correctly as the angle between control
plane and disk plane, to a Fourier series representation without clear separation. Furthermore, one can
see that the system A matrix of both state-space models are equivalent. Therefore eigenvalues and
eigenmotions of both systems would be equal, the only difference is in the control matrix B. Therefore
the system dynamics of both approach A and B would be similar.
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