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Abstract— This paper builds on previous work on optimal
methodologies for the design of numerical subsystems for
non-linear, uncertain hardware-in-the-loop (HWIL) simulators.
Firstly, three important extensions to the existing methods are
presented: the limitation to SISO systems is removed, allowing
full MIMO design; a method for the design of an important
and previously neglected component of the numerical system is
described; and finally measurement noise and other unstruc-
tured uncertainty is tackled more rigorously and explicitly than
previously. Secondly, as a case study the extended method is
used to design a numerical system for a real HWIL simulator,
and the results are shown to outperform those produced using
classical design methods. The system used in the case study is
a high-performance simulator for small aerodynamic objects
that is in the final stages of development.

I. INTRODUCTION

Hardware-in-the-loop (HWIL) simulation is a long-
established[1] technique used to produce an estimate of the
behaviour of a system, when only a subset of the hardware of
a system is physically present. A HWIL simulator operates
by replacing parts of a system that are well understood, or
excessively expensive or awkward, by a numerical system
that is interfaced to the hardware that is present through a set
of interface transducers. In the literature, two philosophically
similar yet practically distinct classes of HWIL simulators
can be found. Examples of the first typically use HWIL
simulation to verify the real-time behaviour of embedded
computational devices (e.g. engine ECUs) using a model of
the real plant. By contrast, examples of the second class
of simulators utilise a piece of real physical hardware (e.g.
a quarter-car suspension assembly), and require significant
power transfers across the interface domain. It is this second
class of simulator that is of particular interest to the control
engineer, and which is the subject of this work. Example
applications of this type of simulation can be found in [2],
(31, [4], [5], [6], (7], 8], [9]

Previous work by the authors [10] has investigated the
problem of designing the numerical part of a HWIL simula-
tion. This problem was shown to present interesting design
challenges to the control engineer. Firstly, the systems under
simulation are always uncertain by definition, and are often
non-linear. Secondly, common design goals such as robust
stability lose meaning, as simulations can be assumed to be
always of finite duration. Finally, the design of an optimal
numerical simulation can almost be framed as a tracking
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problem, with one important complication; specifically, that
the desired trajectory to be tracked (i.e. the behaviour of the
real system) varies with the same underlying uncertainty as
the behaviour of the plant to be controlled (i.e. the simulator,
including the uncertain real hardware).

In [10], a design method was developed able to produce
efficient, optimised numerical subsystems for general, non-
linear HWIL simulators. This paper extends this method by
removing the existing limitation to SISO systems, discussing
the design of a previously neglected numerical component,
and dealing with measurement noise and similar unstructured
uncertainty more directly. The method is then applied to an
interesting case study.

The paper proceeds as follows. Section II describes the
background to the paper, and presents a summary of the
method previously developed. Section III discusses the ex-
tensions to the method. Section IV describes the example
application. Section V compares the results of the new and
classical design methods in the example application. Finally,
section VI concludes the paper.

II. BACKGROUND AND PREVIOUS WORK

The work presented in this paper is a natural extension of
previous work by the authors on designing optimal numerical
subsystems for non-linear, uncertain, SISO HWIL simula-
tors. This section summarises this previous work. Refer to
reference [10] for full details.

A. Classical HWIL Design

To begin, a model of the SISO HWIL simulation problem
is required. Figure 1 shows general diagrams of the real sys-
tem to be simulated, and a HWIL simulator. All systems ‘W
represent non-linear, discrete time, SISO dynamical sjystems,
that map an input sequence a = [a[0] a[N]]" to an
output sequence b = [b[0] b[V]] It is assumed that
simulations are of interest over a finite time horizon N.

The real system has been broken down into subsystems
Wy, Wk, Wo. The subsystems are connected via scalars gr
and vy, which represent particular quantities in the system
(e.g. positions, angles, velocities, forces, etc.). Wy represents
those dynamics whose behaviour is uncertain, and that will
therefore be included as real hardware in the simulator. qr
represents the quantity upon which the behaviour of the
uncertain hardware depends. vy represents the output of the
uncertain dynamics to the rest of the system. Wy represents
the dynamics of the system that close the loop around the
uncertain dynamics. Finally, Wy represents the dynamics
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Fig. 1. Models of real system (left) and HWIL simulator (right)

that map the quantity vy to the output quantity that the
simulator must generate estimates of.

In the HWIL simulator, the interface between the uncer-
tain hardware Wy and the rest of the system is broken,
and the surrounding known system dynamics are replaced
with a numerical system. In order to achieve this, interface
actuators Wcr and senors Wsgn are required. In a typical
classical HWIL design, the numerical system will contain
a filter/preprocessor Wry, to generate an estimate vy ~ vg
based on measurements ¥, models WK and WO of the known
system dynamics, and finally a controller Weo n to drive gg
to track the qps produced by the model WK.

The classical approach to HWIL simulator design amounts
to choosing the best available models WK, WO, and de-
signing filters and controllers to neutralise the interface
dynamics, i.e. produce Wspny o Wgrr ~ 0 and Weoon ©
Wacr =~ 0. While intuitively satisfying, this design ap-
proach is both inefficient and suboptimal. The classical
approach is inefficient because it requires a complicated
series of problem-specific design tasks, possibly including
non-linear observer design, and/or controller design for an
uncertain, non-linear system. This approach is suboptimal
because the design of preprocessor, model and controller are
all performed independently, rather than as a single unified
whole. For an example of why this could potentially cause
difficulties, consider the following scenario.

Imagine a HWIL simulator is to be designed for a partic-
ular system, for which the actuator selected has a significant
lag. The classical design approach would respond to this
by designing an aggressive controller to remove this lag
and regain interface transparency. This could result in a
problems with noise sensitivity, saturation, etc. Assume, in
addition, that the model WK of the known dynamics also
posses a significant lag, which will in turn be included in
the numerical system. There is a clear suboptimality in this
design: the controller is designed to remove a large lag from
the actuator, which is the reintroduced by the model, inside
the same numerical system!

B. New Design Method

In order to address the problems of inefficiency and
suboptimality in the classical approach to HWIL design, an
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novel design method has been developed. This new method
is general, highly automated, and mathematically justified.

The method is based on the observation that the subdivi-
sion of the numerical system into preprocessor, model, and
controller is artificial and unnecessary, as is the subdivision
of the simulator hardware into actuators, included hardware
and sensors. Instead, these system are unified into Wg
(the simulator hardware), Wg (the closed loop numerical
system) and Wp (the simulation postprocessing system,
which produces the final simulation outputs). The design
problem then amounts to the selection of Wg and Wp to
produce the best possible simulator.

A very brief derivation of the actual design method is as
follows. Again, refer to [10] for full details.

To begin, it is assumed that all systems are discretised.
Next, it is assumed that the uncertainty in the shared
hardware Wy (and hence also in Wpy) is parametric in
nature, with probabilistic parameter vector 6 ~ P, with P
a probability distribution.

The concept of simulation optimality in general must
then be defined. An optimal (SISO) simulation is defined
as one that minimises the expected squared error between
simulation output and the output of the real system, summed
over the time horizon of interest, i.e.

n=1

N
(Ws, Wp)opr = (arg min Ey (Z (zg[n] — zR(n))2>

Ws,Wp)
(1)

However, while useful, this definition is incomplete in the
HWIL context, as it ignores a fundamental goal of HWIL
simulation. Unlike other forms of simulation, the goal of
HWIL simulation is to not only produce an accurate estimate
zg, but to do so in such a way that the included hardware
dynamics are driven through a trajectory that is as close as
possible to what it would be in the real system. Therefore,
‘W should in fact be designed first and foremost to minimise
the error in gg compared to gg, under the assumption that
Wp will then be able to produce an optimal output zg.
In other words, the output optimality definition alone will
ensure a good simulation is produced; however, to ensure that
the simulator is in fact a true HWIL simulator per se, rather
than some other more general form of system identification
/ simulation, it is necessary to match ¢g to qg.

Follwing from this observation, an approximation is then
made; for reasons of tractability, the final optimisation cri-
teria used is to minimise error in inputs u to the simulation
hardware, rather than gg directly. This definition captures the
underlying intuition of matching hardware trajectories, while
allowing a useable design method to be developed.

Also for reasons of tractability, it is necessary to restrict
the form of the numerical system Wg. Specifically, Wg will
be restricted to affine systems, i.e. systems in which the
output at a particular time is a linear combination of previous
inputs, plus some time-varying bias.

This results in a cost function to be minimised:

J = Eollu — ||} + N?||G|[% )
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where u represents the vector representation of the sequence
of inputs for n € {1,2,...,N}, G represents the ideal
sequence of inputs that would drive the shared hardware
exactly as it would be driven in the real system. Note that
both u and G depend on the uncertain parameters ¢, while
u also depends on the numerical system. G represents the
gain matrix of the affine numerical system Wg. It can be
shown that the action of any affine system over a finite
horizon can be expressed as u = Gy + b, where input
and measurement sequences are seen as vectors u and y
respectively. Furthermore, any causal system will produce a
lower-triangular G. The ||G|| penalises a numerical system
that is sensitive to measurement noise, which is required as
measurement noise is not modeled explicitly here.

Next, the uncertain parameters 6 are restricted to a finite
set of values (either naturally, or by approximation). This
allows the expectation operator in the cost function to be
replaced with a summation, which can then be consolidated
into an overall matrix norm:

2
_ T 2 2
J = H(U U)PHFJr)\ G2 3)
_ll(ev —o\ell® +2nal?
= |[(eY -0)p|| +xacl; @)

where P is the diagonalisation of the probability mass vector,
the columns of any other matrix A represent the trajectories
a resulting from a given realisation of ¢, and G and Y are
defined such that GY = GY + 1b.

The minimisation of J as defined above can be proven
to be convex for sufficiently large 2. Furthermore, the
following iterated function system (IFS) can be proven to
converge to the unique minimising numerical system Gopr,
again for sufficiently large A%

GU+ — (b(c__}’u) (5)

where

-1

o(G) = (W>TP2® h*(GY) + NI

ae(G*)\ "
20 118
x(d_v > P2 U*  (6)

In the above, G¥* is the vectorisation of the non-zero
elements of the matrix G, (-)* is the matrix stack operator,
P2®9 = (P ®I)(P ®1I), and the functions f*, h* are defined
such that U*® = f*(G") = h*(G?)G".

While this solution method will produce the exact optimal
design, the presence of the large Jacobian of f° renders
the method computationally difficult for practical trajectory
lengths. In order to produce a more efficient method, the
following approximation is introduced:

df* (G)

G ~h(@) (7)
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This results in the following IFS, which should be iterated
to produce the approximate solution:

Gt — (h*T (GU)P2® h* (Gv) + )\21)—1
% h*T(GU>P2® us (8)

This IFS can be implemented in practice very efficiently.

The theoretical validity of this approximation is currently
under investigation, although in practice is has been success-
fully used in a variety of simulator designs.

III. EXTENSIONS

A. MIMO Systems

Although the design method given in section II is quite
general in terms of acceptable system dynamics, a key
limitation is the restriction to SISO systems. The majority of
practical HWIL simulators are in fact MIMO, and therefore
an extension of the methodology to deal with such systems
was considered valuable.

To begin, the quantities u, g, v, y, z relevant to simulator
design must be extended from scalars to vectors. As a
result, where previously a finite-length trajectory in time was
represented as a vector, now this quantity would naturally
become a matrix, with the dimensionality of the quantity as
one index and the sample index as the other. Finally, when
many such trajectories, each associated with a different value
of 6, are concatenated (as they must be for the algorithm to
operate), the resulting quantity is in fact a rank-three tensor.

However, rather than deal directly with these tensor quan-
tities, the problem will be kept in the domain of vectors and
matrices via reshaping of the component arrays. Specifically,
for a given quantity A € (U,Q,V,Y,Z), a matrix form is
defined:

[ ap[1] ay[1] ]
aj[N] a}u:[N]
A=| 1 ©)
ay" [1] ari [1]
_af"':[N] SNl

where an entry aie[n], (n, sq,m) € (N,S,, M) represents
the value of the s,th component of a, at sample time n,
under the value 6,,, of the uncertain parameters. As a result,

the gain matrix G and bias vector of the affine numerical
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system become

gl - 9m 915, 9N, |
g1 9Nt 91s, IN,
G =
1Sy 1Sy 18, 18,
911 IN1 915, -+ 9nNs,
NS, NS, NS, NS,
1911 - 9N 91s, INs, |
(10)
b = [b1 b1 e b1s, bns,|] (11)
= b
G = [G] (12)

Under these definitions, the design method described in
section II remains valid; one way to consider the effect of the
above definitions is that a MIMO system has been converted
into a SISO system by stacking the trajectories for each input
or output end-to-end.

B. Design of Output System

The previous work has concentrated on the design of the
closed loop numerical system Wg, and has ignored the post-
processing system Wp. Although the closed loop effects
make the design of Wg a more interesting and challenging
problem in general, it is nonetheless important to design a
suitable Wp in order to produce useful simulator outputs zg
from the measurements .

In a classical design Wp appears naturally, as estimates
vy are already computed for Wg, and values of zg can be
therefore be computed by passing vps through the model
Wo. However, in a simulator designed using the new
method, this is no longer the case.

In accordance with (1), and subject to Wg being already
designed, the optimal Wp is defined as

(We)opr = ar%vmin (Zs — ZR)PHQF (13)

P
Given that optimisation Wp over the full domain of arbitrary
non-linear mappings is intractable, the form of Wp must be
restricted (as was the case for Wg). Again, the form chosen
is that of affine mappings, i.e.

Zs=HY (14)

where Y is defined as before, and H is defined analagously
to G, save over the dimensions of Z rather than U.

The minimisation then becomes trivial; simply the solution
of a linear least squares problem, ming HI:IYP -7 RP| |i,
Note that there are no restrictions on the structure of H due
to causality as there are on G; as Wp operates offline, the
full output trajectories are accessible.

Finally, it should be noted that in practice a Tychonov
regularizing term penalising the norm of H with a weighting
k2 is also used, as for the Wg design, to produce a design
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that is sufficiently robust to measurement noise when such
noise is not explicitly included in the model.

C. Measurement Noise

The final extension described in this paper is to assist
in dealing more explicitly with any unstructured uncertainty
(e.g. measurement noise) present in the simulator, that exists
outside of the #-uncertainty.

The underlying concept is to attempt to include the un-
structured uncertainty in the design in a similar manner as
the structured uncertainty encoded in the 6 parameter is
included, i.e. by including the unstructured uncertainty in
the expectation used to define the cost function. In order
to do this a discretisation of this unstructured uncertainty is
required. In general, it will not be computationally tractable
to provide any sort of complete coverage of the domain
of the realisations of the unstructured uncertainty, due to
its massive dimensionality (e.g. for measurement noise, one
dimension per channel per sample). Instead, a simple Monte
Carlo approach will be used, where for each realisation of
parameters #, a number Y of realisations of the unstructured
uncertainty will sampled, and each simulated individually.

The end result of this process is that rather than having
M columns, one for each realisation of 6, the various
quantities (U, Y, etc.) will have MY columns, spanning
both the shared, structured uncertainty and the unstructured
uncertainty inherent in the simulator. The new, extended
desired input U that the simulator should match is simply
formed of YT copies of the original, as the unstructured
uncertainty is associated with the simulator only.

In addition, the same approach can be extended to the
design of Wp; in fact, it is often possible to dispense entirely
with the Tychonov parameter 2 from this part of the design,
provided T is large enough to provide sufficient conditioning.

Another minor extension to method is to use different
weighting A2, k2 for the gains associated with different
measurement channels, to represent the fact that different
noise amplitudes should be expected, and thus different
sensitivities designed. Specifically, good results were ob-
tained when the \?, k2 are proportional to the noise standard
deviations on respective channels.

IV. APPLICATION TO AERODYNAMIC HWIL SIMULATOR

The simulation scenario described in this section is based
on a real, experimental HWIL simulator that is in the final
stages of commissioning. The simulator has been discussed
previously in the literature [11]

A. System Modeling

The real system that is to be simulated is the motion
of a simple aerodynamic object. Specifically, the system
consists of a small airfoil section released into free fall, with
a particular initial angle-of-attack relative to the vertical axis.
The quantity of interest is the exact trajectory executed by
the airfoil as it approaches stall. It is assumed that the airfoil
is symmetrical about its section, so that all resulting motion
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Fig. 2.

Diagram of airfoil aerodynamics.

will be constrained to a single plane. A diagrams of the
system can be seen in figure2.
A continuous-time state space model for this system is:

T1R $:1R
ToR T2Rr
d YR
dt ;R (t)= _ Fp cos Br+Fy, sin Br (t) (15)
~1R Fpsin 3 7}4@, cos (3
ToR _ Fpsin R% L R _ g
i 2

In the data set used in this example (see [12]), the lift force,
drag force and pitching moment are defined to act at the
quarter-chord point, and hence the total moment M7 around
the centre of mass will not equal the quoted pitching moment
Mp. In this example, it is assumed that the centre of mass is
at the half-chord point for all airfoils; the resulting equation

could be trivially modified were this not to be the case.
My = Mp + 0.25¢(sina Fp + cosa FT,) (16)

The aerodynamic forces F'p, Fr,, M p (drag force, lift force
and pitching moment respectively) take the canonical form

Fp=05Cppr? A (17)
Fr,=05CL pr? A (18)
Mp=05Cypr*Ac (19)

with Cp,Cp,Cys being the coefficients of drag, lift and
pitching moment respectively, v being the relative airspeed,
A being the airfoil area, and ¢ being the airfoil chord length.
The aerodynamic coefficients are assumed to be described
by non-linear functions of the angle of attack «, i.e.

CD = CD(CY), CL = cL(a), CM = C]\{(Oé) (20)

In the real system, the angles v, § and a (being the
absolute airfoil orientation, the absolute angle of the velocity
vector, and the angle of attack respectively) are defined as
follows

21
(22)

ar =7r — Br
ﬁR = atan2 (igR,jle)
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Also, the airspeed is defined as the magnitude of the airfoil
velocity, vg = /@3y + @35, i.e. the surrounding air is
assumed to be still.

The output quantities of interest in this example are those
defining the positional trajectory of the airfoil, i.e. x1r, T2r
and orientation 7yp.

In order to simulate the behaviour of this system (which
could be expensive, awkward and time-consuming to test
physically), a HWIL simulator is to be designed. The phys-
ical design of this simulator has been performed a priori,
and is based around a controlled wind tunnel combined
with a three-axis motion simulator (of which only one axis
will be used in this scenario). The airfoil is attached to
the tool point of the motion simulator, through a force-
torque sensor that is able to measure the forces Frp, Fiy
and torque Mg between the airfoil and the mounting. The
sensor is calibrated to read zero at rest. The angle ag of the
motion simulator is also measured, as is the airspeed vg. All
of these measurements are subject to independent gaussian
measurement noises €; ~ IV (0, 0’,?). The measurements must
be processed by the numerical subsystem (the design of
which is the subject of this work), in order to produce inputs
to the simulator hardware; the first input sets the torque My,
applied to the motion simulator, and the second input controls
the voltage v applied to the fan driving the wind tunnel
airspeed. Finally, these measurements must also be used
to generate an estimate of the actual quantities of interest,
namely the simulated positional trajectory (x1s, %25, 7s)-

The motion simulator has been designed for high levels of
performance as well as ease of modeling. The dynamics of
the axis itself can be modeled as a simple rotational inertia
Ig. The effect of friction is negligible. The tool point is at
the rotational centre of the device, and mounts to the centre
of gravity of the airfoil. The axis is controlled by a direct-
drive torque-controlled DC motor. The amplifier driving this
motor is four quadrant and fully linear, and is current-limited
to produce a maximum absolute torque of M.

The wind tunnel fan can be modeled as a first order system
taking input voltage to airspeed, with a time constant 7,,.
The DC gain of the fan system depends on the amplifier
settings, and has little effect beyond scaling the required
voltage inputs as the maximum fan speed is significantly
beyond the speeds reached in these experiments. Therefore,
for simplicity, unity DC gain is assumed.

The continuous-time dynamics of the simulator can be
expressed as

a |98 sy

g |as| @ =1 T | @ (23)
vs TD(U — 1/5')
where Igo = Is + I 4. Measurements are formed via

Fr = Fpcosag — (Fy, — mg) sinag (24)
Fn = Fpsinag + (Fr, — mg) cosag —myg (25)
Ms =My~ 2 (26)

Iy
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Note that the (F;, — mg) term exists because in the simulator
airflow is always horizontal, and thus lift always vertical and
directly opposing gravity. The —mg term at the end of the
F'v equation exists because the force-torque sensor is always
calibrated to read zero at rest, i.e. the Fiy axis is shifted by
the weight of the airfoil.

The purpose of the simulator is to allow the testing
of a variety of different aerodynamic objects. Thus, the
aerodynamic behaviour of the actual airfoil under test will
be inherently uncertain. Specifically, for the purposes of
this paper, a simulator is required that can test all of the
airfoils described in [12]. These airfoils represent a sample
of 50+ airfoils that are popular in small scale glider designs.
Experimental data describing the Cp, Cp and Cj; curves
of these airfoils is available in [12]; this data is incorpo-
rated into the system model, with the uncertain parameter
0 € {1,2,3,..., M} indicating which particular airfoil is
currently under test. In the absence of any more specific prior
information, all individual airfoils are assumed to be equally
likely; therefore, 6 is assumed to be uniformly distributed,
ie.Pr(0=1i)=1/M, Vie {1,2,...,M}.

Before a numerical model can be designed for this simu-
lator, the above models must be discretised. In this example,
discretisation is carried out using a simple zeroth-order
method, i.e.

x[n + 1] = z[n] + Tz[n] (27)

where T represents the sample period, and = represents any
of the states described above.

The system described above can be cast in the notation
used in preceeding sections:

o «
qr = [yjj , gs = L:] (28)
FD FD_
vp= | Fr veg = | FL (29)
MP a=aR MP_ a=ag
T1R T1s
ZR = |T2r|, Zs= |Za2s (30)
YR ¥s |
Fr+e
Fyn + e
M,
U—[UU}, y= | Mg +es 31
ag + €4
Vs + €5
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Finally, the parameter values in the example system are:

aprl0] = 5° T4 = 0.00147kg m?
z1r[0] = Om g=9.8Ims?
zor[0] = Om p=1.204
Yr[0] = —90° 4+ ag[0] A = 0.08m?
#1r[0] = Oms™! c=02m
i1r[0] = Oms™! ag[0] = 5° (32)
4r[0] = 0571 agl0] = 051
T = 0.002s vs[0] = Oms™!
m = 0.3kg Is =0.1kgm?
T, = 1s

o5 =[1072,107,107°,107%,107?]

Tests are conducted over a time horizon of 400ms (i.e.
N = 200) and M = 50 different airfoils are considered.

B. Classical Simulator Design

For the purposes of comparison with the newly developed
design method, this section describes a classical design for
the numerical subsystem of the simulator discussed in section
IV-A. The classical design consists of three core components.
First of all, the measurements y must be processed in order to
obtain an estimate of the outputs vg of the shared hardware.
These quantities vg (i.e. aerodynamic forces) must then be
fed into a model of the dynamics not included as hardware
(i.e. the inertial behaviour of the airfoil), thereby producing
outputs zg, as well as quantities gp; on which future aero-
dynamic forces will depend. Finally, a controller is required
to drive the simulator hardware in such a way that the actual
quantities gg track the reference g,; produced by the model.
This controller must make used of the measurements ¥, and
produce control inputs u.

Extracting an estimate of vg based on measurements
y requires the transformation of the forces Fr, Fiy, Mg
into Fp, Fr,, M. In general this may involve filtering the
noisy measurements beforehand. In this case, however, the
negative performance impact of the filter lag was considered
excessive, and the modeled airfoil inertia sufficient to damp
out measurement noise.

The forces in the two frames are related by:

Fp = (Fn +mg)sinag + Frcosag (33)
Fr, = (Fn +mg)cosag — Frsinag + mg (34)
I I
Mp=Mg(1+ 2 ) + M2 (35)
Is Is

Therefore, estimates FD, FL, MT for use by the model can
be obtained via

(36)
Fr, = (42[n] + mg) cosy*[n] — y'[n] siny*[n] +mg (37)

- I I
My = y3[n] <1 + A) +utln — 1]—A
Iq Iq

Fp = (y*[n] + mg) siny*[n] + y'[n] cos y*[n]

(38)
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These forces are then applied to a discretised model of the
inertial behaviour of the system:

X
Tim 1M

X
TaM .2]”

M

A rYM [n] =T o Fp cos B+ FL sin Bar [n] (39)
T1M R m
$2M _FD Sinﬁ]\/[”;FL COSﬁ]u _g
Y Mr
L Ia J

Finally, controllers attempt to drive the quantities gg
(simulator hardware angle of attack and airspeed) to track
the quantities ¢ generated by the above model. The design
of these controllers presents a key difficulty in the classical
approach; the dynamics driving the gg quantities will be
determined by the dynamics of the entire system, including
the non-linear, uncertain aerodynamics. Therefore, a rigorous
design approach requires the linearisation of an uncertain
non-linear system, followed by a controller design around
these systems.

Consider the g axis first. An approximate transfer func-
tion from input torque u' = My to simulator angle of attack
¢' = ag can be obtained in a straightforward manner by
linearising around ag ~ 0. This approximation results in

My =~ Mp + 0.25¢F7,
Fr, ~0.1¢"

(40)
(41)

where F, =~ 0.1¢' uses a commonly used estimate of the
gradient of C',(«), o &~ 0. This results in a transfer function:
q' 1

7(8) —

= 42
ul ISA52 —0.025¢ ( )

Note that, conveniently, these approximations result in a
transfer function that is independent of the particular airfoil
used, i.e. is independent of the uncertainty 6. Thus, robust
control techniques will not be needed in this case, although
in general most classical HWIL designs will require them.

A controller can be designed for this transfer function.
Specifically, in this example a proportional-derivative form
has been chosen, with parameters resulting in a phase margin
PM = 77° at a frequency of 10rad/s.

A controller for the wind tunnel airspeed is simpler
to design, as the airspeed trajectory is dominated by the
gravitational acceleration, and is largely unaffected by the
aerodynamic behaviour. Thus, control can be provided in
open loop provided the time constant 7, of the fan is known
accurately, or with a dominant feedforward term combined
with a small feedback term to correct any small control
mismatches. In this design, a purely open loop controller
will be used. Gravitational acceleration will produce:

(43)

which can be combined with the fan dynamics to obtain the
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desired control trajectory
2
QS Ty
= (s) = 44
u? (5) s+ T, “44)
2 g Tv
= — 4
= u(s) = 43)
= u?(t) = g(1+1) (46)
= u?[n] = g(1 + Tn) 47

C. New Design

Again, the application of the new design method is
straightforward, requiring little more than the selection of
values for a handful of parameters. The values used here
are:

K =15 (iterations of the IFS) (48)
L =30 (non-zero gains allowed at each time)  (49)
T =50 (noise realisations) (50)
)\g =6 (base regulariser, is multiplied by o5,) (51)
/1% =0 (base regulariser, is multiplied by o ) (52)

Note that the parameters \? and «7 represent base weights,
which are multiplied by the standard deviations of the noise
on each measurement channel.

The results of the two designs are compared in the
following section.

V. RESULTS

Figure 3 shows the trajectories executed by the airfoils in
real free flight. These are the trajectories that the simulators
are designed to predict, depending on which particular airfoil
is under test (i.e. on the value of the uncertain parameter 6).

real spatial trajectories of airfoils in free flight
0 T T T T

. . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

x(m)

Fig. 3. Spatial trajectories of airfoils in real free flight.

Figure 4 shows the simulation errors (positions and orien-
tation) for both the new and classical design methods. The
plots show 90% confidence intervals, calculated by taking
a large number of trials with a variety of noise realisations
and basing statistics on this ensemble. These plots clearly
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90% confidence interval on percentage
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Fig. 4. 90% confidence intervals on percentage output errors in simulators
designed using the classical and new methods.

demonstrate that the new design method outperforms the old
method with a high degree of confidence.

In addition to increased simulation accuracy, the new
method has a number of other advantages over the classical
design method. The requirement of arduous problem-specific
design work is vastly reduced, due to the automated nature
of the method; also, the new method works in situations
in which the classical design would be inherently difficult,
for example when the transformation between measurements
y to estimates of v is ill defined, as would be the case in
this example if no torque was measured, but rather had to
be observed from the dynamics of «. Finally, the numerical
system designed by the new method results in a simple affine
system that is extremely efficient to implement, whereas
the classical design requires non-linear models and other
complicated features that may not be practical inside an
embedded computational environment.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, extensions to an existing proven HWIL
design method have been described. Specifically, the method
was extended to deal with MIMO systems, to fully design the
output stage of the numerical system in addition to the online
closed loop stage, and to explicitly deal with unstructured
uncertainty.
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Also, and example application was presented, in which
the extended design method was compared to a competing
classical design, in the context of a real, large scale HWIL
simulator. The new method was found to outperform the
classical design and provide other practical advantages.

In the near future, it is anticipated that the physical
simulator will come online, at which time the design method
will be tested on the real plant.
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