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Robust Integrated Flight and Propulsion
Controller for the Harrier Aircraft

Ian Postlethwaite* and Declan G. Bates'
Leicester University, Leicester, England LE1 7RH, United Kingdom

An integrated longitudinal plus lateral flight and propulsion control system is designed for the Harrier short
takeoff and vertical landing aircraft, using the technique of Fo, loop shaping. This centralized controller is parti-
tioned via a step by step procedure, which generates both nominal performance and robust stability specifications
for the engine subsystem. Performance properties of both the centralized and partitioned systems are validated
via nonlinear simulation. Implications of the design experience for the implementation of a full integrated flight
and propulsion control system on the Harrier are considered.

Nomenclature
E = error signals
etad = tailplane deflection, deg
fnp = engine fan speed, rpm
G(s) = planttransfer function matrix
hnp = compressor speed, rpm
K(s) = Hu loop-shapingcontroller
p = roll rate, rad/s
pthtp = throttle position, dimensionless

q = pitch rate, rad/s

gef = fuel flow, gal/h

r = yaw rate, rad/s

thejd = nozzle angle, deg

U = control inputs

vd = velocity down, ft/s

ve = velocity east, ft/s

vf = velocity forward, ft/s

vtkt = total airspeed, kn

xid = aileron deflection, deg

zZ = controlled variables

zetad = rudder deflection, deg

o = angle of attack, deg

B = angle of sideslip, deg

y = flight-path angle, climb, deg
0 = pitch attitude, rad

o = maximum singular value

¢ = roll attitude, rad

v = yaw attitude, rad

Subscripts

a,e = airframe subsystem, engine subsystem
c = command value

ea = interface from engine subsystem to airframe subsystem

I. Introduction

ESULTS are presented from the first phase of a program of
researchcarried out by the authors for the Defence and Evalua-
tion Research Agency (DERA), on the design of an integrated flight
and propulsion control system for the vectored thrust aircraft ad-
vanced flight control (VAAC) Harrier aircraft. The VAAC aircraftis
a short takeoff and vertical landing (STOVL) Harrier T4 two-seater
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trainer, which has been fitted with an experimental digital flight
control system, designed to permit flight testing of experimental
flight control laws. VAAC is a U.K. Ministry of Defence program
with the objectives of flight demonstration of advanced vertical or
short takeoff and landing (V/STOL) flight controls and handling
qualities assessment techniques. Under this program several exper-
imental control laws for the Harrier have been developed for the
DERA,! and these designs have been evaluated both on the full
motion piloted simulation facilities at DERA Bedford and in flight
tests. Also, in Refs. 2 and 3, successful flight tests are reported for
experimental control laws for the Harrier, designed using modern
multivariable techniques. These control laws have, however, not at-
tempted to fully integrate the flight and propulsion control systems
and have, in general, been restricted to controlling the longitudinal
motion of the aircraft.

The aim of the first phase of the project carried out at Leicester
University for the DERA was to develop a systematic methodology
forintegrated flightand propulsioncontrol (IFPC) systemdesign for
the Harrier, using multivariablerobust controller design techniques.
Preliminary results from the project have been presented in Refs. 4
and 5. In this paper details are given of the application in nonlinear
simulation of the developed IFPC methodologyto the VAAC Harrier
aircraftin the 80-kn transition flight phase.

A significant advance in aerospace engineering in recent years
has seen the development of actuator technologies that allow much
greater flexibility in the use of propulsion generated thrusts as pri-
mary flightcontroleffectors.Pitch, roll, and yaw moments necessary
for attitude control, as well as various thrust and lift forces neces-
sary for trim and maneuvering control, can now all be partially or
exclusively generated by vectoring nozzles and various propulsive
lift systems such as ejectors, remote augmented lift systems, and
various techniques of boundary-layercontrol using engine air.® The
development of these new technologies means that there are now
many combinations of aerodynamic and propulsion effectors that
can be employed to enhance control authority during STOVL and
conventional operations, to minimize fuel consumption and pilot
workload throughoutdifferent flight modes and to permit reconfig-
uration in the event of malfunction of one or more components. The
use of propulsion effectors for aerodynamic control creates signif-
icant interaction between the two (heretofore independent) subsys-
tems, necessitatinga multivariable,robust approachto IFPC design.

In Refs. 7 and 8 a methodology for IFPC design was developed,
based on a centralized approach to the problem. This approach
consists of first designing a centralized controller considering the
airframe and propulsion subsystems as one integrated system and
then partitioning the centralized controller into decentralized in-
dependent subcontrollers with a specified coupling structure. The
subcontrollers will, in general, be of lower order than the central-
ized controller and will, thus, be easier to implement. They can
also be independently tested and validated at subsystem level. In-
dependent integrity of the subcontrollers is necessary not just for
control theoretic reasons (different types of control to be applied to
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systems with different dynamics, uncertainties, nonlinearities, etc.)
but for practical and political reasons as well. Because different
subsystems may be designed and built by different and indepen-
dent suppliers, design accountability and commercial issues will
often dictate that each manufacturer retains a high degree of con-
trol over the particular subsystem (and its controller) for which it is
responsible.

Thisstudyinvestigatesthe applicationof the H, loop-shapingde-
sign method to the VAAC Harrier IFPC problem, under the general
framework for IFPC system design detailed in Ref. 7. The objec-
tives of the paper are the evaluation of the H, loop-shapingdesign
method as a candidate technique for centralized controller design
and the formulation of a systematic methodology for IFPC design
for the Harrier STOVL aircraft.

The layout of the paper is as follows. Section II introduces the
VAAC Harrier IFPC problem addressed in this study. Section III
details the design of a centralized H, loop-shaping controller for
this problem. In Sec. IV, the centralized controller is partitioned
via a modified version of the procedure detailed in Ref. 9. The
modifications to the partitioning procedure are necessary due to the
nature of the control problem addressed, as well as to the particu-
lar implementation structure chosen for the H, loop-shaping con-
troller. Some additionalrobustness specifications for the partitioned
controller are developed. Section V contains a discussion of the ap-
proachto IFPC design adoptedin this study, and Sec. VI offers some
conclusions.

II. VAAC Harrier IFPC Problem

The aircraft model used in this study is the Harrier wide enve-
lope model (WEM): a full envelope nonlinear lateral plus longi-
tudinal representation of the aerodynamics, engine, and actuator
characteristics of the VAAC Harrier aircraft. The WEM software
incorporates a full thermodynamic powerplant simulation of a Pe-
gasus engine, which is integrated with the airframe system dynam-
ics: thus, in principle, all interactions between these two systems
are captured in this model. Representative actuation systems, in-
cluding rate and saturation limits, have been placed on all control
motivators. Saturation limits for control motivators are as follows:
etad: —10.25-11.25 deg, xid: £14 deg, zetad: £15 deg, thejd:
0-98.5 deg, and pthtp: 0.26-1. The WEM software is coded in
Fortran and run under the SIMULINK'® simulation environment.
The overall software package represents a highly detailed model
of the aircraft, producing 22 aerodynamic outputs and 12 engine
outputs. The package was configured to allow the extraction of lin-
ear state-space models at various points over the flight envelope for
the purposes of control system design. These (lower-order) linear
models are of the form

x = Ax + Bu, y=Cx+ Du

where the state vector and control inputs are given by

x=1[0,0,v,q,p,r,vf,ve,vd, fnp, hnp, gef]
u = [etad, xid, zetad, thejd, pthtp]

All of the states just defined are available as outputs. Both the linear
and nonlinear WEM models cover the full flight envelope for the
VAAC, from fully airborne flight at 200 kn down to hover. Details
of a centralized IFPC design carried out at the 150-kn point of the
flightenvelope can be found in Ref. 5. In this paper, the linear model
correspondingto the 80-kntransitionflight phase from fully airborne
flight to hover is used for controller design. At this point in the
flightenvelope, the aircraftis longitudinallyunstable and propulsion
system generated forces and moments are taking over control of the
aircraft from the aerodynamic effectors. The controlled variables z
are given by

z=1[Qq, Pp,r, vf, vd]

where Qg =¢q 4+ 0.30, Pp = p 4+ 0.3¢, and the others are as earlier
defined. The given choice of controlled variables was based on con-
trol configuration mode 4 of the NASA V/STOL systems research

aircraft.!! The choice of Qg and Pp correspondsto designinga rate
command-attitudehold system and provides response types that are
generally desirable for good handling qualities in transition flight.®
Performance specifications, based on Ref. 12, for the closed-loop
system are given as follows.

1) For the pitch, roll, and yaw outputs, 90% of demanded
rate/attitude to be reached within 2 s.

2) Bandwidth of the pitch, roll, and yaw channels to be approxi-
mately 7 rad/s.

3) Within 4 s 90% of demanded velocity to be reached.

4) Maximize decoupling of command tracking over all channels,
ensuring: a) 10-deg attitude demand causes less than 1-deg change
inotherattitudesandless than 1-kn change in velocitiesandb) 10-kn
velocity demand causes less than 1-kn changein other velocitiesand
less than 1 deg change in attitudes.

5) Control signals to stay within rate/saturation limits at all times.

No engine variableshave beenincludedin the vector of controlled
variablesz, due to the limited number of control inputs available on
the linear model of the Pegasus engine used in this design. The
methodology detailed in this paper has been developed to be as in-
dependent as possible of specific aircraft configurations, however,
and therefore automatically allows the option of directly control-
ling engine variables in both the centralized and partitioned control
schemes. This capability will be required for the next phase of the
project, which will apply the IFPC methodology to a new model
of the VAAC Harrier with a detailed thermodynamic representation
of a Rolls Royce Spey turbofan engine. The new integrated model
makes provision for thrust split demands and the use of inlet guide
vanes and variablenozzle area as internal control variables and will,
thus, allow direct control of key engine variables, as well as more
complex partitioning arrangements.

III. Robust Centralized IFPCS Design

The controller design methodology used in this study is the H
loop-shaping procedure of McFarlane and Glover.!* Certain advan-
tages of this method over traditional mixed sensitivity H., opti-
mization are now well documented in the literature>'* As noted
in Ref. 7, a key requirement for IFPC design is that the synthesis
procedure be capable of capturing the very different performance
requirements of aerodynamic flight control and aeroengine con-
trol. The successful application of H, loop shaping to real indus-
trial flight control and aeroengine control problems,* !> thus, makes
it an obvious candidate. Furthermore, various studies carried out
by British Aerospace on full-authority fly-by-wire control systems,
summarized in Ref. 3, have indicated that separating the design
into the two steps of 1) command feedforward design and 2) robust
closed-loopstabilizationresults in a very effectivedesign approach,
which easily arrives at good handling qualities combined with good
stability margins. Thisis exactly the approachadoptedin the method
of H, loop shaping. The structure of the closed-loop system with a
one-degree-of-freedan H,, loop-shapingcontroller K (s) is shown
in Fig. 1. The design parameters in the H,, loop-shaping procedure
are the transfer function matrix W, and the two constant matrices
W, and k. All three matrices are, in general, diagonal. An essential
initial step in the design procedureis the proper scaling of the plant
inputs and outputs.!® In this example, input scaling was applied to
the plant to normalize the actuator signals by their maximum allow-
able values. Cross coupling between all outputs was considered of
equalimportance,and so outputscaling was used only to convertthe
units of the first three outputs from radians to degrees. Note that the
scaled plant G (s) in this example also includes linearized models of
the dynamics of the plantactuators. The design procedureitself then
consists of two basic steps. First, the weighting matrices W;, W,
and k are chosen to shape the singular values of the open-loop plant

ZL.| Koo (0)Wo k I—-| Wi(s) |—-| Gls)

Z

Fig. 1 Implementation structure of the He loop-shaping controller
K(s).



288 POSTLETHWAITE AND BATES

so that the given performance specifications are satisfied. Then, the
feedback controller K ., (s) is calculated so that the shaped plant is
robustly stabilized against normalized coprime factor uncertainty.
For this example, the weighting matrices were chosen as

Wi(s) = [(s +5)/s1s55s, Wy =1Is,5

k =diag[0.1 0.2 0.1 0.15 0.1]

W, was chosen to ensure good tracking properties with zero steady-
state error, good disturbance rejection at low frequencies, and a
moderate rolloff rate around crossover. The matrix W, is generally
used to reflect the relative importance of the outputs to be controlled
and was, therefore, chosen as the identity matrix for this example.
Finally, the matrix k was used to set the bandwidth of the open-loop
singular values and to adjust the relative magnitudes of the vari-
ous actuator signals. The implementation structure shown in Fig. 1
has the advantage that reference signals do not directly excite the
dynamics of K, (s); because this block has been designed for stabi-
lization and not performance purposes, its presence in the forward
loop can result in large amounts of overshoot (classical derivative
kick). The constant prefilter K, (0)W, is included to ensure zero
steady-statetracking error, assuming integral action in W,. The sec-
ond step in the design procedure is the calculation of the H,, robust
stabilization controller K -, (s). Unlike with standard H., optimiza-
tion, no y-iteration-type procedures are necessary for this calcu-
lation, which only involves the solution of two Riccati equations.
Once K (s) has been calculated, a stability margin function'® €,
gives a measure of the amount of coprime factor uncertainty that
can be tolerated before the closed-loop system goes unstable. For
€max > 0.25, i.e., allowable coprime factor uncertainty of >25%, it
can be shown theoretically'? that the controller K ., (s) does not sig-
nificantly change the shapes of the open-loopsingular values. Thus,
robust stabililty is achieved without significant degradation in per-
formance characteristics.If €, is less than 0.25, this indicates that
the chosen loop shapes are incompatible with robust stability, and
further adjustement of the weighting functions is then required. For
this example, a robuststabilizationcontroller K, (s) was calculated
with an €,,,, of 0.3.

The performance of the linear H, loop-shaping controller K (s)
was evaluated on the nonlinear WEM software model in time-
domain simulations. Figure 2 shows the responses of the longitudi-
nal controlled variables for a demand of 20 kn in forward velocity.
Figure 3 gives the corresponding control signals. No significant
coupling was observed between longitudinal and lateral responses.
Figure 4 shows responses for a demand in Pp corresponding to
a 16-deg change in ¢. The responses are seen to meet command
tracking, decoupling, and control usage specifications. Similar per-
formance was observed for demands on the other controlled vari-
ables; further simulation results are given in Refs. 4 and 5.
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Fig.4 Nonlinear responses for Pp demand, centralized controller.

IV. Centralized Controller Partitioning

The controller partitioning procedure adopted is based on that
presented in Ref. 9, with appropriate modifications arising from
1) the particularimplementation structure of H.,, loop-shapingcon-
trollers and 2) the nature of the design problem considered. In the
following, the dependence of the subcontrollerblocks on frequency
is suppressed in the notation for the sake of clarity. The steps in the
procedure can be summarized as follows:

1) Separate the outputs of the plant into engine controlled vari-
ables Z,, airframe controlled variables Z,, and interface variables
Z., and Z,,. This step identifies which variables affect only the
dynamics of their own subsystems (Z, and Z,) and which are re-
sponsible for interactions between subsystems (Z, and Z,,). For
this design no engine variables are included in the vector of con-
trolled variables Z, and thus Z, is empty, and all engine variables
can be considered as interface variables Z,. The effect of airframe
variables on engine variables is assumed negligable, and therefore
Z,. can also be set to zero. Thus,

Z,=12, Zo = fnp, hnp, gef], Z, =0, Zowe=0

2) Separate the control effectors into engine U, and airframe U,
inputs based on control effectiveness studies. In this design

U, = [etad, xid, zetad, thejd], U, = [pthtp]



POSTLETHWAITE AND BATES 289

Althoughthenozzleanglethejd is partof the propulsionsubsystem,
it is included in U, because it directly affects aircraft velocities,
attitudes, and rates.

3) Under the assumption that subsystem interaction is in one di-
rection only, i.e., from engine variables to airframe variables, the
engine subcontroller K,, can be calculated directly from the cen-
tralized H, loop-shaping controller K (s). Considering K (s) as a
transfer function matrix, K, is given as the portion of this matrix
with inputs E, = Z,. — Z, and outputs U,. Note that for the design
example under consideration this step can be skipped because Z,
has been set to zero.

4) Generate specifications for the interface variables Z., from
inspection of the closed-loop response from Z,. to Z,, with the
centralized controller.

This step identifies the dynamic response that must be achieved
by the interface subcontroller for the performance of the partitioned
system to match that achieved with the centralized controller. From
inspectionof the relevantresponses, it was decided that the interface
controller K, should have a closed-loopbandwidth of 30 rad/s with
zero steady-state tracking error. Note that this represents a nominal
performance specification for the interface subcontroller.

5) Calculate an interface subcontroller K., to satisfy the specifi-
cations. Because the number of outputsis greater than the number of
controlinputs,independentcontrol of all of the interface variablesis
notpossible. Selection of gef as the outputto be controlleddirectly,
however, allowed the design of an H,, loop-shaping controller that
met all of the derived specifications. The design parameters for this
controller are given as

kea = 0.01,

Wiea = (s +2)/S, Waea = 1

6) Calculate the airframe subcontroller block K, as a reduced-
order approximation of the E, to [U, Z.,] transfer function matrix
with the centralized controller, see Fig. 5.

For this design the complete airframe subcontrolleris then made
up of K, together with the K, (s), W, and K, (0) W, blocks from
the centralized controller. The structure of the partitionedintegrated
controlleris showninFig. 6. The centralized H ., loop-shapingcon-
troller has been replaced by independent airframe and engine sub-
controllers with a specific interconnectionstructure. In this way the
partitioned IFPC system improves the overall transparency of the
designand also providesinsightinto the effectsof loweringthe order
of each subsystem block on the performance of the overall system.
The controllerorder reduction technique chosen for this study is the
method of balanced residualization!” In this approach, the states of
the balanced system with small Hankel singular values are residual-
ized as opposed to truncated, thus retaining more information about
the original system as well as preserving the dc gain. Application
of this technique to the partitioned system reduced the orders of the
K, and K (s) blocks of the airframe subcontroller from 10 to 9

By

Fig. 5 Calculation of K, block of airframe subcontroller.
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Fig. 6 Partitioned Heo loop-shaping controller.
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Fig. 8 Control signals for Qg demand, partitioned system.

and from 27 to 17, respectively. The order of the K .., block of the
engine subcontroller was reduced from 6 to 2. The reduced-order
partitioned IFPC system was again evaluated in nonlinear simu-
lation. Responses of the longitudinal controlled variables and the
control signals to a demand in Qg are given in Figs. 7 and 8, re-
spectively. As with the centralized design, there was no significant
coupling between longitudinal and lateral axes. Responses were in
generalslightly slower but continued to meet the specifications. Fur-
ther simulationresults are given in Ref. 4. Simulation results at the
50- and 120-kn off-nominal design points indicated good levels of
stability robustness, but indicated the need for suitable controller
scheduling strategies to retain adequate performance characteristics
over the full flight envelope. Good robustness properties were also
observedfordesignscarried outat otherpointsin the flightenvelope;
see Ref. 5 for details.

If significant redesign of subcontrollers is to be carried out at
subsystem level, then closed-loop performance may deviate signif-
icantly from the nominal specifications derived earlier. This fact
raises the need to establish robustness specifications for the subcon-
trollers. Robust stability specifications for the subcontroller K, can
be derived as follows. Writing the closed-looptransfer function ma-
trix from Z, . to Z,, as a single block Q, variationsin the dynamics
of this system can be representedby an unstructured additive uncer-
tainty block A, as shown in Fig. 9. Using the small gain theorem,'® a
frequency-dependert scalar upper bound on the maximum singular
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Fig.9 Extraction of interaction uncertainty.

valueof A, such that stability of the closed-loopsystemis preserved,
is then given by

1

Lo = siGan

where
M = _KuZKooWZ (I + GulKulKooWZ + GuZQKuZKoo W2)71 GuZ

In the partitioning procedure of the preceding section, the nom-
inal performance specifications generated for the closed-loop en-
gine subsystem were that it must have zero steady-state tracking
error and a bandwidth of 30 rad/s. From analysis of the singular
values of L(jw), the minimum and maximum bandwidths for K,
such that overall closed-loop stability is retained were calculated as
22 and 37 rad/s, respectively. For full independent development of
this subcontroller, robust performance specifications would also be
required; the work reported in Ref. 6 addresses this issue.

V. Discussion

A centralized approach to the problem of IFPC system design
was adopted. Because the centralized controllerexplicitly takes into
account all of the possible interactions between the various sub-
systems, it can fairly be claimed that it represents a baseline for
the optimal achievable performance with a fully integrated system.
Alternatively,as arguedin Ref. 6, theradically differentnature of the
flight and propulsion control problems may mean that only detailed
separate designs by experts in the relevent areas will deliver truly
optimal controllers. From the experience gained in this study, the
authors believe that a third viewpoint is possible. This is, that the
centralized controller can be regarded as an initial, general design
that focuses on satisfying high-level specifications and investigat-
ing the effect of subsystem interactions. Subsequent partitioning of
the centralized controller can then allow for redesign at subsystem
level, subject to satisfaction of the relevent performance and stabil-
ity specifications. Because the subcontrollerscan be designed using
any synthesis technique, and subsystem specifications relate only
to interface variables and not to internal subsystem variables, sub-
stantial freedom exists for detailed redesign at subsystemlevel even
under a centralized approach.

VI. Conclusions

A systematicmethodology for IFPC design was presented and ap-
plied tothe VAAC Harrier IFPC problem. The methodologyisbased
on a centralized approach and uses the method of H,, loop-shaping
for controller synthesis. The centralized controller was partitioned
into low-order subcontrollers, according to a step by step proce-

dure. Robust stability specifications for the engine subcontroller
were derived. Performance properties of the centralized and parti-
tioned IFPC systems were validated via nonlinear simulations.
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