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Abstract

This paper expands on a previously developed real-time load limiting for critical helicopter components
that are subjected to significant fatigue loading. The (structural) load limiting scheme, which is posed as
an optimal control problem where estimate of control margin associated with the component load limit
is used to arrive at load limiting, is developed within a Dynamic Inversion control architecture. The inte-
gration of the load limiting via Model Predictive Control (MPC) within the Dynamic Inversion environment
is described in detail. The developed controller resulting from this integration is evaluated using nonlin-
ear model simulations for its ability to limit harmonic pitch link loads and its direct effect on maneuver

performance for test cases including attitude and rate command maneuvers.

1. NOMENCLATURE

Perturbation from trim

Non-dimensional time

XB Rigid body state vector

XR State vector of rezidualized model
A LTI state matrix

B LTl input matrix

C LTI output matrix

D LTI direct transition matrix

F(y) LTP state matrix

G(Y) LTP input matrix

u Augmented control vector
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X Augmented state vector

Y Augmented output vector

u Control vector

X State vector

y Output vector

Oo Average or 0" harmonic term
() max Maximum value

On/rev n/rev magnitude component
One nth cosine harmonic term
O)ns nth sine harmonic term

LAC Load alleviation control

LLC Load limiting control

MPC Model predictive control

2. INTRODUCTION

A 2012 survey of the past 30 years, carried out within
Augusta Westland Limited (AWL) Materials Technol-
ogy Laboratory, concluded that fatigue failures ac-
count for approximately 55% of all premature fail-
ures in helicopter components”. The causes of low
cycle fatigue are largely due to aircraft maneuvers,
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gust loading and through take-off and landing. Criti-
cal helicopter components, classified as Grade-A Vi-
tal components by regulatory authorities, are sub-
ject to significant fatigue loading in which the failure
would result in a catastrophic event. A list of fatigue
critical components? on the AH-64A Apache shows
that many of the Grade-A Vital components are lo-
cated in the rotor system, creating challenges for
real time load monitoring of those components but
also for the development of load alleviation/limiting
control schemes.

Current methods for structural health and usage
monitoring and load alleviation control rely on dis-
tributed sensing and operational monitoring to in-
fer usage and estimate fatigue in critical compo-
nents. Such inference process is affected by signif-
icant uncertainty given that sensors type and loca-
tions are often removed from hot spot areas char-
acterized by maximum stresses. For example, past
work3 for limiting pitch link loads has used proxy
models of the vibratory loading. A classic exam-
ple is the Equivalent Retreating Indicated Tip Speed
(ERITS) parameter, which has been correlated as a
function of airspeed and normal load factor with vi-
bratory pitch link loads from retreating blade stall
onset, can be limited to indirectly constrain the
pitch link loads.

Recent studies*> at Georgia Tech have ex-
plored methods for approximating coupled
body/rotor/inflow dynamics into linear time invari-
ant form that is suitable for integrated flight/rotor
controller development. The developed methods
use harmonic decomposition to represent higher
frequency harmonics as states in a LTI state space
model, and they offer the potential for real-time
estimation of the effect of control inputs on com-
ponent dynamic loads. Such real-time estimation
of component level dynamic loads provides the
opportunity for real-time monitoring and the
development of control schemes designed to
alleviate/limit component loads by automatically
limiting excessively aggressive maneuvers.

Recent studies®” at Penn State have used the
LTI modeling of coupled body/rotor/inflow dynam-
ics of Refs. 4 and 5 for the development of life ex-
tending control schemes in the form of load alle-
viation control (LAC) strategies. The LAC strategies
for component life extension aim at reducing com-
ponent dynamic (e.g., peak-to-peak) loads, leading
to reduced peak-to-peak stresses, and hence po-
tentially leading to reduced fatigue life usage. The
LAC scheme pursued in Refs. 6 and 7 considered
a Linear Quadratic Control (LQR) solution for arriv-
ing at feedback control laws that trade between ma-
neuver command following and load alleviation. As
such, load alleviation is implicitly used in arriving at
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a compromise set of gains as a trade-off between
maneuver performance and load alleviation. While
the LAC pursued in Refs. 6 and 7 offers a compu-
tationally simpler scheme, it leads to a conserva-
tive design at the expense of reduced maneuver
performance, as in the optimization of controller
gains, no distinction is made in the aggressiveness
of the maneuver. Further, in reducing peak-to-peak
dynamic loads, no distinction is made between dif-
ferent harmonic load effects on accumulated com-
ponent fatigue. A more effective control strategy
for component life extension, albeit at a significant
computational complexity, is to treat desired lev-
els of component harmonic loads as limit bound-
aries, and hence, limit directly the fatigue life usage
associated with harmonic loads, considering that
higher harmonics represent greater number of cy-
cles over time and harmonics that are close in fre-
quency to the natural modes of a component result
in a greater modal response.

Recent studies®? at Georgia Tech were aimed at
using the LTI models developed in Refs. 4 and 5 for
the development of load limiting controllers (LLC).
Specifically, the study of Ref. 8 focused on develop-
ing a controller using the local sensitivity method
for limiting a selected harmonic load component(s)
of a rotating blade root pitch link. It makes use of LTI
model approximation of coupled body/rotor/inflow
dynamics of a helicopter for the real-time estima-
tion of component dynamic loads, which in turn is
used for limiting or altering the pilot control inputs
in order to achieve component load limiting during
aggressive maneuvers.

The load limiting controller developed in Ref. 8 is
based on the use of dynamic trim estimation algo-
rithm which aims at calculating future steady state
value of the limit parameter. This ability to estimate
future steady state value of the limit parameter is
essential in the early detection of limit violation.
While the proposed use of dynamic trim method for
component load limiting was seen to be promising,
the performance of the LLC was seen to degrade
due to loss of fidelity of the LTI model for large con-
trol inputs. As such, a Linear Quadratic Estimator
using fixed system vibration load measurements is
suggested as a viable method for reducing errors in
LTI model predictions of pitch link harmonic loads.

In contrast, the load limiting control strategy de-
veloped in Ref. g is based on the use of Model Pre-
dictive Control (MPC) for the estimation of avail-
able control margin by treating the selected limit
value of component harmonic load magnitude as
a limit boundary. The proposed load limiting con-
troller scheme makes use of an on board reduced
order LTI model to compute, at each instant in time,
extremal control input, and hence available control
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margin, that would result in the component load
to reach its limit boundary without exceeding it.
The extremal control inputs so calculated are then
used as cues to the pilot. This load limiting strategy
via cuing allows for pilot's decision to prioritize be-
tween load limiting and maneuver aggressiveness.
The present study is focused on implementing the
load limiting strategy of Ref. g9 within a Dynamic In-
version controller and evaluating the impact of the
load limiting on helicopter maneuver performance
for test cases involving attitude and rate command
maneuvers. However, the cuing strategy is omitted
in this study. The paper is organized as follows: First,
a brief description of the methodology used for ex-
traction of the higher order LTI and reduced order
LTI models used in the development of the load
limiting via MPC is presented. Next, the integration
of the load limiting control law within the Dynamic
Inversion Controller is described. Following that, a
study of the impact of load limiting on helicopter
maneuver performance is analyzed using nonlinear
model simulations. Finally, concluding remarks are
provided in order to summarize the main points of
the study along with suggestions for future work.

3. HIGHER ORDER LTI MODELS

A description of the extraction of a higher order
LTI model from a high-fidelity nonlinear model of
a helicopter is presented in this section. Following
the method described in Ref. 5, an LTI model us-
ing harmonic decomposition of LTP states, with a
first order representation (i.e., separate displace-
ment and velocity states), is developed from a full
vehicle nonlinear (NL) FLIGHTLAB® " model of a
generic helicopter with elastic blade mode shapes
and a 33-state Peters-He dynamic inflow model. The
LTI model has previously been validated against a
nonlinear rotorcraft model and found to be of suf-
ficient fidelity>. Considering an LTP model of the
form given in Egs. (1) and (2), harmonic decompo-
sition for the extraction of LTI model assumes the
approximation for the state vector, x ,in Eq.(3)

(1) x=F)x+G@)u

(2 y=PW)x+R(W)u

N
3) x=x+ Z[chCOS(mp) + Xpssin(ni)]

n=1
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where xp is the average component and x,. and
Xps are respectively, the n/rev cosine and sine har-
monic components of x. Likewise, the control v is
expanded in terms of harmonic components as

M
@ u=uo+ Y [unccos(mp) + umssin(myp)]

m=1

and the output y is expanded in terms of harmonic
components as

L
5) y=y0+ > Wiccos(lp) + ussin(1p)]
=1

where yg is the average component and y;. and yjs
are respectively the /" harmonic cosine and sine
components of y. An LTI approximation of the LTP
model given by Egs. (1) and (2) can be obtained by
substituting for harmonic expansions#> of x, u and
y,i.e,Egs. (3), (4), and (5) into Egs. (1) and (2). The re-
sulting equations can be represented in state-space
matrix form by defining an augmented state vector
as:

0T T T T T T
6) X =[x Xic--Xis-Xjc-Xjs--

and the augmented control vector as

(70 U= [UJ..UZ,;CUZT;S..]T

where Xg is the zeroth harmonic component, X, X;s
are the /" harmonic cosine and sine components
of x, and ug the zeroth harmonic and umne, Umns are
the m™ harmonic cosine and sine components of
u, respectively. The state equation of the resulting
LTI model is

(8) X =[AX+[BJU

Likewise the augmented output vector of the LTI
model is defined as:

© Y=g vivi1"

Then the output equation of the LTI model can be
written as
(10) Y =[C]X + [D]U

Detailed expressions for the LTI model matrices
A, B, Cand D are developed in Ref. 5. The LTP model
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extracted through linearization from the NL model
includes 8 body states, 33 inflow states (Peters-He
Finite state inflow with 4 harmonics and a maximum
radial variation power of 8), and 48 multi-blade co-
ordinate (MBC) rotor states that include rigid flap,
rigid lead-lag and coupled elastic modes. Thus, the
total number of LTP states is 89. Each of these LTP
states is then decomposed into 0-8/rev harmonic
components, resulting in 1513 total LTI model states.
It should be noted that all 0-8 harmonics may not
be required to achieve acceptable fidelity in the
LTI model>. The nonlinear model is trimmed at 120
knots.

4. CONTROLLER DESIGN

A dynamic inversion control law is used as the air-
craft control system. Dynamic inversion is very at-
tractive as it eliminates the need to gain schedule
controllers in order to cover the entire flight en-
velop™. For structural load limiting, a load limiting
controller is implemented within the control system
architecture. The model prediction part of the load
limiting scheme requires the use of an on-board
model. Further, the initial values of on-board model
states from measurements are needed for model
predictions. As such, the reduction of the full-order
LTI model to a reduced order model using a two-
time scale method is described next.

4.1. Reduced Order LTI Model

A reduced order LTI model is obtained via residu-
alization using a two-time scale representation of
the full-order LTI model in terms of slow and fast
states™. Residualization is a process based on sin-
gular perturbation theory in which a reduced or-
der model is obtained from the higher order LTI
model. Through residualization, the LTI model low
frequency and steady state are accurately captured
but high frequency dynamics are neglected™. The
residualized LTI model is derived from a quasi-
steady representation of the fast dynamics of the
full order LTI model. It is assumed that the fast
states reach their equilibrium instantaneously with
respect to the slow states. What follows is a deriva-
tion of the new reduced order dynamical system
and functional relationship that maps the controls
and slow states to the limit parameters via the use
of residualization. For this study, specific harmonic
components of pitch link loads are selected as limit
parameters.

(1) X= [igj
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where X =slow states and Xy=fast states We there-
fore have the following dynamical system

Xs _ As Asf Xs Bs
(12) [XJ - |:Afs Ar | [X¢| T | By v
As per the assumption that the fast states reach
steady state very quickly, we can set Xr =0 and solve

for Xr

(13) ArsXs + A X+ BrU =0

(14) Xr = A7 [—ArsXs — BrU]

By substituting for Xr from Eq.(14) into Eq.(12) the
dynamic equation for the residualized system be-
comes

(15) Xs = [A]Xs + [B]U

where

(16) A= As — AsrA- Ars

(17) B = Bs — AssA; ' By

The output equation is also rewritten in terms of
the slow states and control as

18) Y =[Cs Cf] [))gj_] + [D]U

(19) Y = [C]Xs + [DJU

where

(20) € =Cs— CrA- Ars

21 D=D - CrA;'Bs

Using the residualization procedure described
above, a 10! order reduced order LTI model is con-
sidered. The reduced order model is derived with
slow states consisting of 0t harmonic components
of body velocities (U, V, W), body angular velocities
(P, Q, R), body pitch and roll attitudes, (8,¢), also and
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the 0" harmonics of the longitudinal (81¢,) and lat-
eral flapping (81s,). The resultant slow state vector
is defined as

(22) X¢ = [XEO Bic, Pis)”

The obtained 10t/ order model allows for capturing
the low-frequency cyclic flap mode in addition to the
body modes as part of the slow dynamics

A study conducted in Ref. 8 assesses the fidelity
of different reduced order LTI models for predic-
tion of blade root pitch link loads, vehicle angu-
lar rate and body velocity component responses.
It was concluded that the reduced 10" order LTI
model provided a relatively good representation of
the higher order LTI model in the prediction of 1/rev
harmonic of pitch link loads, and hence, a 10" or-
der LTI model is used in this study for the synthesis
of the load limiting controller via MPC.

4.2. Dynamic Inversion Control Law

The dynamic inversion controller™ makes use of lin-
earized aircraft model, such as in Egs. 8 and 10. The
linear models were generated about different air-
speeds ranging from o knots to 160 knots with an
increment of 20 knots. A block diagram representa-
tion of the controller is shown in Fig. 1.

¥y, o
cmd Control 5

) y
Py Uip s
5qna' ommand Yemd e ompensatorAé\_, MC'X m,gl ircra
Filter _%/ Ks) & 1€B |

cA

Figure 1: Dynamic Inversion control law.

=1

In this control architecture, the signal y is forced
to follow the reference signal y.mnq. The matrices
A, B and C as stated earlier are function of air-
speed. A PID controller is used for compensation.
The transfer function in the command filter dictates
the desired dynamics of the closed loop or the na-
ture of the desired response type. One instance of
response type is Attitude Command/Attitude Hold
(ACAH). ACAH response relates a pilot stick displace-
ment to a vehicle attitude. Another response type
is Rate Command/Attitude Hold (RCAH). RCAH re-
sponse relates a pilot stick displacement to a vehi-
cle angular rate. The selection of the response type
heavily depends on the usable cue environment™
(UCE).

It is important to note that the command model
has design parameters that are tuned manually to
meet desired aircraft response to piloted inputs as
characterized by ADS-33 requirements’s.
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4.3. Model Predictive Control (MPC)

The use of model predictive control for the estima-
tion of control margins associated with vehicle per-
formance limit boundaries was developed in Ref. 14.
In this section, we adopt the control margin esti-
mation via MPC towards the development of a load
limiting control scheme by making use of a model
predictive receding horizon control formulation as
previously done in Ref.9. The load limiting control
scheme makes use of an on-board reduced order
LTI model to compute, at each instant in time, fu-
ture extremal control input that would result in the
component load to reach its limit boundary without
exceeding it. The calculated extremal control inputs
are then used as bounds on the control inputs com-
ing out of the control mixing. A block diagram repre-
sentation of the load limiting scheme via MPC inte-
grated within the Dynamic Inversion control archi-
tecture is shown in Fig. 2.

Selected Ynax (MPC J}——

S
: |LTI MODEL
Yema 3 ¥

-

Semd  Command ?°"%.€ Compensator| <+, Control 5 . 5 y
Fiter 2Ry 'E"C'g;‘g T3~ pircraft.

x(t0), u(to-)

X

CcA

Figure 2: Dynamic Inversion control law with active
load limiting.

In Fig. 2, x(tg) represents the current values
of the reduced order LTI model state vector and
u(tp—) represents control vector prior to input at
to. It is assumed that the reduced order LTI model
states are available from on-board measurements
and the estimated trim values of the limit param-
eter are assumed to be known. Note that the on-
board reduced order model uses these measure-
ments in order to estimate the component loads at
to. The proposed load limiting control scheme cal-
culates the extremal control input by solving at each
time instant a constrained optimization problem of
a quadratic cost function using the reduced order
LTI model. As mentioned before, the reduced order
model is derived from a full-order LTI model via the
process of residualization™. The determination of
extremal control boundary associated with compo-
nent load limit is posed as a receding horizon model
predictive algorithm and is formulated in terms of
the following optimal control problem:

to+Tp

(23) minulJ], J = / L(Vhormlla, U)dt

to
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subj:

(24) Xs = [A]Xs + [B]U
(25) HYharmHZ < Ymax

(26) Umin < U(tO—) +U< Umax
where ||Yharml|2 is the two norm or magnitude of
the specific pitch link harmonic load and y,.x is a
selected value of its limit.
The cost function integrand is defined as follows:

L(HYharmHZv U) = (||Yharm||2 - Ymax)T*

Q(||Yharm||2 - Ymax)+(U - U(tO—))T*

) R(U - u(to))

where Q and R are symmetric positive definite
matrices of design coefficients that penalize the
limit parameter tracking error in reaching its bound-
ary in the selected time horizon, T,, and control ac-
tivity, respectively. ymax is a user selected value of
pitch link harmonic load limit. The expression for
the two norm of the specific pitch link harmonic
load is given by:

HYharmHZ =

(28)
\/(ylc(tr/m) + A.y].C)2 + (YIs(mm) + AY15)2

The limit parameter, ||Yharml|2, is the total har-
monic load (i.e., trim + change from trim). Due to
the computational benefit that comes with solving
a convex optimization problem, it is beneficial to
transform the posed optimization problem into a
quadratic form. The posed optimization problem
can be transformed as such by performing a linear
approximation of Eq. 28 as

approx
29) [|[Yharmll2 = a-+ bAyic + cAyrs

where a, band ¢ € R and are given by

(30) a= \/ Vcrim)? + Visgerim )

1 C(trim)

310 b=
\/(_le(t,fm))z + (y]-s(trim))2
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y]-s(trim)
\/(le(t,,'m) )2 + (y]-s(trlm) )2

The MPC formulation expressed by Eqg. 23
through Eq. 28 makes use of Eq. 29 as a represen-
tation of the magnitude of the harmonic pitch link
load we are trying to limit.

The solution to the optimal control problem pro-
vides estimates of the control margin boundaries
associated with pitch link load limits and are used
to bound the control input from the control mix-
ing. For computational efficiency, and more impor-
tantly real-time application of such a methodology,
it is beneficial to convert the infinite dimensional
optimal control problem into a finite dimensional
one. This is done through the use of the direct tran-
scription method™ where the continuous optimal
control is approximated into a discrete form. The
discrete form is obtained by using a judiciously se-
lected time discretization method over a grid of N
time nodes that span the interval [ty,tp+Tp]. The
solution to this convex optimization problem can
be solved efficiently and in real-time by using the
convex optimization solver described in Ref. 16.
The integration of the load limiting control scheme
within the dynamic Inversion architecture provides
a framework to study in more depth the trade-off
between structural load limiting and maneuver per-
formance.

(32) ¢ =

5. RESULTS

In this section, an investigation of the performance
of the proposed dynamic inversion controller with
active load limiting is shown. Specifically, limiting of
the 1/rev pitch link load is considered. Moreover,
the impact of such load limiting on the maneuver
performance is also investigated. For this study, the
prediction horizon Tp is arbitrarily set to 0.0065 sec-
onds. Likewise, the number of grid points N is ar-
bitrary set at 10, representing a time discretization
interval of 0.00065 seconds. The high fidelity full
vehicle nonlinear model (NL) in FLIGHTLAB®, from
which the higher order LTI model is generated, is
used as the aircraft model (truth model). Two simu-
lations were conducted. The first maneuver is an at-
titude command maneuver where the flight control
system is set to give an Attitude Command Attitude
Hold (ACAH) response in the pitch axis. The second
maneuver is a rate command maneuver where the
flight control system is set to give a Rate Command
Attitude Hold (RCAH) response in the pitch axis. As
described in the previous section, the load limiting
control scheme applies bounds to the input coming
out of the control mixing, based on the MPC solu-
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tion. Hence, unlike in Ref. 9, no bound is set on the
command inputs from the pilot.

5.1. Attitude command maneuver

For this maneuver, the transfer function in the com-
mand model is appropriately selected to give an At-
titude Command/Attitude Hold response type (see
Ref. 11 for details). The longitudinal cyclic stick input
from the pilot is taken to be desired pitch attitude
command input.

Pitch Attitude

0.4

0.3 /
T I
2,0 2 L —Aircaft attitude
=) X Commanded attitude
< X / - - Pilot stick command

0.1 : '

0 -‘/
0 10 20 30
Time (sec)

Figure 3: Body pitch attitude response comparison
between pilot stick command and aircraft response.

In order to test the attitude command/attitude
hold capability of the Dynamic Inversion controller,
simulation results with LLC turned off is first con-
sidered. Figure 3 shows the pilot stick command,
the commanded attitude and the resulting aircraft
attitude. As a result of the step input command
from the pilot, the aircraft is commanded to reach
a specified attitude and hold it approximately con-
stant until removal of the step input. This is indeed
the case as the aircraft pitch attitude is seen to
converge to the desired attitude. It is also impor-
tant to note that subsequent to the start of the pi-
lot stick command, the aircraft attitude is approxi-
mately constant (about 0.36 rad) between 6 and 12
seconds following the step input. We therefore can
conclude that we meet level 1 handling quality for
an Attitude Command/Attitude Hold system, as de-
scribed in the ADS -33 handbook. Figure 4 shows
the reference blade root pitch link 1/rev load magni-
tude resulting from the pitch attitude command of
Fig. 3.

The dynamic inversion controller is seen to work
as expected. In what follows, we investigate the
trade-off between load limiting and maneuver per-
formance for the attitude command/attitude hold
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Magnitude of 1/rev Harmonic Component

400

w
(=]
o

PL1 [Ibs]
N
o
o

100

0 10 20 30
Time (sec)

Figure 4: Variation of 1/rev harmonic component of
reference blade pitch link load without LLC.

maneuver when the LLC is turned on. The limit for
the pitch link 1/rev load magnitude is arbitrarily set
to 350 Ibs. Simulation results of the reference blade
root pitch link 1/rev load magnitude without (labeled
‘No LLC') and with the proposed load limiting control
scheme (labeled ‘With LLC...") are shown in Fig. 5 for
the case of the step pitch attitude command of Fig.

3.

sglagnitude of 1/rev Harmonic Component

400
2300 —No LLC
= —With LLC
~1200 - - Max limit=350Ibs
o

100

0
0 10 20 30

Time (sec)

Figure 5: Variation of 1/rev harmonic component of
reference blade pitch link load with and without
LLC.

It can be observed from Fig. 5 that the 1/rev mag-
nitude of the pitch link load approximately stays
within the selected limit of 350 Ib. However, slight
load exceedance is noticed. This is due to the fact
that even though the reduced order LTI models
used in the formulation of the proposed load lim-
iting scheme can be used for real-time component
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load estimation, the estimated loads may have to
be corrected for error due to LTI model approxima-
tion and nonlinearities™'92°, As such, to large in-
put the on-board linear model is expected to loose
fidelity. It is therefore normal that some limit ex-
ceedance is expected since the on-board model is
used to compute the control limit boundary corre-
sponding to the load limit boundary. The root mean
square values of limit exceedance for the case with
no LLC and with LLC are evaluated to be, respec-
tively, 58.02 Ibs and 11.09 lbs (80.87% reduction).
Figure 6, where the control input with LLC turned
off and the associated control bounds from the
MPC are compared, shows that the control input ex-
ceeds the predicted control limit several times. It is
interesting to note from Figs. 5 and 6 that, with LLC
turned off, load exceedance occurs whenever the
control input exceeds the computed control limit.

Control Input to Aircraft

1
<
>0
3

-1 \ Predicted

control
2 boundary |—No LLG
0 10 20 30
Time (sec)

Figure 6: Change in inches of control input without
LLC.

However, when the LLC is turned on, it can be
seen that the control input from the control mix-
ing rides the predicted control boundary whenever
load exceedance is detected as can be see from
Figs. 5 and 7, and hence, limiting the selected har-
monic component magnitude of the pitch link load
within the selected value. It is important to note that
the predicted control bound from the LLC scheme
is dynamic in nature, as it depends, at any given in-
stant in time, on the current state of the vehicle. As
such superposition of the control input plots with
and without LLC do not give us valuable informa-
tion.

The effect of the load limiting control strategy on
the helicopter maneuver performance can be illus-
trated by comparing the achieved pitch attitude for
the case with and without LLC. Figure 8, where the
pitch attitude variation with and without LLC are
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Control Input to Aircraft

1
<
>0
LQ
4 -1 Predicted
control
) boundary ’m‘
0 10 20 30
Time (sec)

Figure 7: Change in inches of control input with LLC.

compared, shows that with LLC turned on, the de-
sired pitch attitude is achieved. The only trade-off
between load limiting and maneuver performance
resides in the time needed to reach the desired atti-
tude. With LLC turned on, the maneuver aggressive-
ness is limited in order to limit the resulting 1/rev
magnitude of pitch link load, which, in turn, causes
the desired pitch attitude to be reached with some
delay.

Pitch Attitude
- /./"“m
0.3 h
3
=0.2
)
<
0.1 —No LLC
—With LLC
oL Commanded attitude
0 10 20 30
Time (sec)

Figure 8: Body pitch attitude response with and
without LLC.

5.2. Rate command maneuver

For this maneuver, the transfer function in the com-
mand model is appropriately selected to give a Rate
Command/Attitude Hold response (see Ref. 11 for
details). The pilot control input is taken to be pitch
rate command as show in Fig. 9. The pulse input has
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a duration of 7 seconds.

Pitch Rate

—Aircaft pitch rate
Commanded pitch rate
- - Pilot stick command

0.15

e
EEY

AQ [rad/s]
o
o
(5]

o

-0.05
0 10 20 30

Time (sec)

Figure 9: Body pitch rate comparison between pilot
stick command and aircraft response.

Similar to the previous maneuver case, the rate
command/attitude hold capability of the Dynamic
Inversion controller is tested first by turning off the
LLC. As a result of the rate command pulse, the
aircraft is commanded to reach a specified pitch
rate, and subsequent to the pulse, keep the pitch
attitude constant as can be seen in Figs. 9 and 10.
Figure 11 shows the reference blade root pitch link
1/rev load magnitude resulting from the longitudi-
nal cyclic pulse input of Fig. 9. The pilot commands
a maximum pitch rate of 0.1 rad/s while the aircraft
reaches a maximum pitch rate of 0.11 rad/s. The dy-
namic inversion controller is therefore seen to per-
form as designed.

Pitch Attitude
0.6 ‘ -
0.4
3
= 0.2
=
<
0
-0.2
0 10 20 30
Time (sec)

Figure 10: Body pitch attitude response without LLC.

In what follows, we investigate the trade-off be-
tween load limiting and maneuver performance for
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Magnitude of 1/rev Harmonic Component
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Figure 11: Variation of 1/rev harmonic component of
reference blade pitch link load without LLC.

the rate command/attitude hold maneuver when
the LLC is turned on. For consistency and ease
of performance comparison with attitude com-
mand/attitude hold maneuver results, the limit for
the pitch link 1/rev load magnitude is kept at 350 Ibs.
Simulation results of the reference blade root pitch
link 1/rev load magnitude without (labeled ‘No LLC')
and with the proposed load limiting control scheme
(labeled ‘With LLC...") are shown in Fig. 12 for the case
of the pitch rate command pulse of Fig. 9.

Magnitude of 1/rev Harmonic Component

400
2 300 —NoLLC
= —With LLC
1200 - - Max limit=350Ibs
o

100

0
0 10 20 30

Time (sec)

Figure 12: Variation of 1/rev harmonic component
of reference blade pitch link load with and without
LLC.

It can be observed from Fig. 12 that the 1/rev mag-
nitude of the pitch link load stays approximately
within the selected limit value of 350 Ib. The root
mean square values of limit exceedance for the case
with no LLC and with LLC are evaluated to be, re-
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spectively, 46.98 Ibs and 8.710 lbs (81.46% reduc-
tion). Figures 13 and 14 show the plots of control
input variation with and without the load limiting.
These plots demonstrate once again the effective-
ness of the LLC scheme. When LLC is turned on, no
control input limit exceedance is noticed in Fig. 14,
and hence, no load limit violation is seen in Fig 12.

Control Input to Aircraft

Predicted

3 control
—_ boundary
c
= 2 \
=
3 1 i
<

0 4

|—NolLLC

0 10 20 30
Time (sec)

Figure 13: Change in inches of control input without
LLC.

Control Input to Aircraft

3 Predicted
control
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> \
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Figure 14: Change in inches of control input with LLC.

The study in Ref. 9 shows that load limiting
comes at the expense of reduced pitch rate ma-
neuver performance. This finding is confirmed with
Fig. 15 where the variation of body pitch rate re-
sponse with and without LLC are compared. With
LLC turned on, the resulting pitch rate is reduced,
whenever necessary, in order to arrive at load lim-
iting. Nevertheless, Fig. 16, wherein the pitch atti-
tude responses with and without LLC are compared,
shows that the same pitch attitude is reached in
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both cases, albeit at a slower rate for the case with
LLC.

Pitch Rate

0.15
—No LLC
—With LLC
0.1 f Commanded pitch rate

AQ [rad/s]
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(=]
(3]
L-—‘-——-_ =
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-0.05
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Figure 15: Body pitch rate response with and with-
out LLC.

Pitch Attitude
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Figure 16: Body pitch attitude response with and
without LLC.

6. CONCLUDING REMARKS AND FUTURE WORK

An approach for real time load limiting using
model predictive control (MPC) for limiting heli-
copter component loads during aggressive ma-
neuvers is presented in which higher order linear
time invariant (LTl) model of a helicopter coupled
body/rotor/inflow dynamics and the notion of resid-
ualization are used. The load limiting scheme is im-
plemented within a Dynamic Inversion control ar-
chitecture in order to fully understand the trade-
off between load limiting and maneuver perfor-
mance. The proposed Dynamic Inversion with ac-
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tive load limiting controller is evaluated using non-
linear model simulations for its ability to limit an
individual harmonic component of blade root pitch
link loads arising from attitude and rate command
maneuvers. The proposed controller is also evalu-
ated in its ability to perform the desired maneuver
while performing active load limiting. The presented
results show promise in the ability of the proposed
load limiting control (LLC) scheme to limit harmonic
components of the pitch link loads through a re-
duction in the aggressiveness of the maneuver. For
both the Attitude Command Attitude Hold (ACAH)
and Rate Command Attitude Hold (RCAH) maneu-
ver cases considered, it is seen that the vehicle pitch
rate response is altered by the Load Limiting Control
(LLC) in order to keep the 1/rev harmonic load of the
rotating pitch link within a selected limit value. This,
in turn, results in degraded attitude response dur-
ing the transient part of the maneuver, while hold-
ing the required steady state attitude during the
hold mode part.

While the proposed Dynamic Inversion with ac-
tive load limiting control law via MPC shows promise
based on the results presented in this paper, more
work is needed in establishing the performance
of the proposed load limiting scheme when one
chooses to limit different harmonic components of
loads. Further, future work needs to consider the
use of higher harmonic control inputs for limiting
individual harmonic components of pitch link loads.
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