
levels of noise or high levels of complexity. At this
point in the development of the methodology, it can
be concluded that the WSDS component makes a
significant improvement to search efficiency, parti-
cularly with noisy real-world data. As with every-
thing associated with search heuristics, there is no
universal methodology, evidenced by the fact that
unsupported SA outperforms the supported instan-
ces on the bump surface.

3 ENGINE-IN-THE-LOOP EXPERIMENTAL
APPLICATION

In this section, a decision support system for hard-
ware-in-the-loop optimization is investigated. The

method, which has previously been developed on
test surfaces in simulation, is applied to an auto-
motive combinatorial search in the laboratory, on
a real-time engine in the loop application. It is
desired to find the maximum power output of an ex-
perimental single-cylinder spark ignition (SI) engine
operating under a quasi-constant-volume (QCV)
operating regime. Under this regime, the piston is
slowed at top dead centre (TDC) to achieve combus-
tion in close to constant-volume conditions.

As part of the further development of the engine to
incorporate a linear generator to investigate free

Fig. 12 Comparison of GD method with no support
with first- to fifth-order supported searches

Fig. 13 Comparison of VNS method with no support
with first- to fifth-order supported searches

Fig. 11 Worst-case computations comparison of un-
supported search methods on the five surfaces

Fig. 14 Comparison of SA method with no support
with first- to fifth-order supported searches
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piston operation, it is necessary to perform a series
of experiments with combinatorial parameters. The
objective is to identify the maximum power point in
the least number of experiments in order to mini-
mize costs. This test programme provides peak
power data in order to achieve optimal electrical
machine design.

The decision support methodology is combined
with standard optimization and search methods,
namely GD and SA, in order to study the reductions
possible in experimental iterations. It is shown that
the decision support methodology significantly re-
duces the number of experiments necessary to find
the maximum power solution and thus offers a
potentially significant cost saving to hardware-in-
the-loop experimentation.

In this section, GD and SA are supplemented by
the decision support methodology and applied to
the real-life task of identifying the peak power
operating point of a novel internal combustion
engine experimental rig and control methodology.
The supplemented methods are compared with the
basic methodologies and offer considerable savings
in experimental effort.

3.1 Engine-in-the-loop operation

The engine employed in this research, as shown in
Fig. 15, is a purposely converted single-cylinder re-
search engine. Its combustion chamber, the head
and the piston, are based on the GM Family One 1.8-l
engine architecture, of four-valve type with a bore of
80.5 mm and a stroke of 88.2 mm. The bottom part
of the engine is converted from a standard four-
cylinder engine block. The combustion chamber
has been lifted significantly from the bottom. The
extension in between is reserved for further future
work on free-piston engines. The purpose of the
work described in this paper is to identify the peak
power of the engine under a QCV regime [17], in
order to design optimally a linear motor–generator
that will replace the extension tube.

During operation of conventional internal com-
bustion (IC) engines, the piston can only reciprocate
continuously between TDC and bottom dead centre
(BDC) at a frequency proportional to the engine
speed. The chemical reaction process associated
with combustion events, however, essentially takes a
fixed time to complete, which is relatively indepen-
dent of the engine speed. In order to maximize the
work obtained from the heat energy released by
combustion, the air–fuel mixture has to be ignited
prior to the piston reaching TDC, and the ignition

timing should be adjusted according to the engine
speed and the quality of the air–fuel mixture.

Clearly, the early stage of the heat release before
the piston reaches TDC results in negative work.
During the combustion event, the piston movement
is defined by the crank rotation, so that truly
constant-volume heat release is not achievable.
Further, to scavenge the burned gas efficiently, the
exhaust valve has to be opened well before BDC,
while the pressure of the burned gas is still high.
Thus, a large portion of the thermal energy is ex-
pelled into the exhaust, which further reduces the
engine efficiency. The ideal scenario is to initiate
and complete the combustion event while the piston
remains at or close to the TDC position in order to
achieve the maximum thermal potential and elimin-
ate the negative work which results with early ignition,
and to extend the expansion stroke further in order
to use the thermal energy fully as well as to pro-
vide sufficient time for post-combustion reactions,
thereby reducing partial burned emissions. One
practical method of achieving such an optimization
without changing the engine design and sacrificing
engine performance in series-hybrid applications is
to reduce the engine crank rotation velocity signi-
ficantly at the TDC position to provide sufficient
time for combustion to be completed and then to
accelerate the engine during the compression and

Fig. 15 The QCV experimental engine
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expansion phases to maintain the high average
crank speed to deliver the high power output. This
will then generate a new combustion cycle which is
between the combustion cycle of a conventional IC
engine and the ideal Otto constant-volume com-
bustion cycle. This can be therefore be called a
QCV combustion cycle, as illustrated in Fig. 16.

Theoretically, the series-hybrid power train en-
ables a higher efficiency and power output from IC
engine configurations [18], while the QCV concept
offers an even greater potential for higher combus-
tion efficiency. In order to investigate the QCV com-
bustion concept, a proof-of-principle engine system
has been developed, as shown in Fig. 17. The sys-
tem consists of a high torque-to-inertia ratio, high-
bandwidth permanent-magnet brushless a.c. electric
machine, a single-cylinder research SI engine, and a
control system.

3.1.1 Piston trajectory

For a proof-of-principle system, control was im-
plemented on the electrical machine that could
deliver a sinusoidal crank velocity with defined
average and magnitude quantities. An example of a
simple variable-crank-velocity profile was selected; a
sinusoidal wave velocity form at an average speed of
600 r/min with a wave magnitude of ¡200 r/min
has been employed in the study. Figure 18 shows the
theoretical variable crank rotation velocity at various
crank positions in comparison with equivalent
conventional constant-speed data. The piston TDC
position is 0u and 360u.

The residual time at TDC has been extended, while
the residual time at BDC is reduced, as shown by the
solid curve. This offers longer time for the combus-
tion event to complete at the TDC region which
delivers higher combustion efficiency than in the
conventional case. Figure 19 shows the fired cylinder
pressure of the conventional cycle at 600 r/min and
the QCV cycle at a sinusoidal speed of 600 r/min
average with ¡200 r/min amplitude at a normalized
cycle time. The engine was 5.75 per cent throttled in
the conventional cycle and 5.3 per cent for the
QCV cycle. The fuel-injection pulse width for both
scenarios were the same with a length of 5.65 ms.
The SI timing of the conventional cycle was opti-
mized at 10.2u crank angle (CA) before top dead
centre (BTDC). For the QCV cycle, it was optimized
at 9.8 uCA BTDC. Clearly, the QCV cycle uses a later
optimized ignition timing, but produces a later but
higher peak cylinder pressure, which further leads to
an overall higher in-cylinder pressure during the
expansion stroke.

The work produced by a combustion engine is an
integration of the pressure over an engine cycle.
Clearly, the higher expansion pressure of the QCV
cycle can produce higher work than its conventionalFig. 16 Typical pressure–volume diagram

Fig. 17 Schematic diagram of the QCV electrical power system
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counterpart. Overall, the pressure integral of the
QCV cycle is 11 per cent higher than that of the
conventional cycle.

3.2 Decision support and search methods

For the next stage of the development of this
experimental rig, and the main exposition of the
application of the decision support methodology,
it is necessary to find the combinations of mean
crankshaft velocity and sinusoidal amplitude at each
throttle setting and injection timing that deliver
the highest peak cylinder pressure (and hence
power). These data are required for the design of a
linear generator that will be built into the rig to
investigate free-piston operation. As an example, the
application of the experimental decision support
operator will be examined to find the maximum
power operating point of the engine at the throttle
and injection settings given earlier in the section. In
order to evaluate the relative performance of the
decision support method, the engine was character-

ized by an exhaustive search, which is shown in
Fig. 20.

GD-based methods will be used to find the com-
bination of mean crankshaft velocity versus crank-
shaft sinusoidal perturbation that produces the
highest peak cylinder pressure.

Figure 21 shows a typical hardware-in-the-loop
search using a simple GD method. The method uses
a total of 41 stochastic jumps, and a total of 311 steps
to find a solution within 0.02 bar of the maximum
identified by exhaustive search. Under the same
experimental parameters, a simple GD search with
WSDS is performed.

Fig. 19 Peak cylinder pressure at firing; QCV versus
conventional operation

Fig. 21 Example of a simple GD search with no WSDS
(terminating coordinates (516, 280); x, average
crankshaft speed (r/min); y, sinusoidal pertur-
bation (r/min))

Fig. 20 Engine experimental map for peak cylinder
pressure under QCV operation

Fig. 18 Conventional constant and variable sinusoidal
crank velocity (CAD, crank angle (deg))
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geous to weaken areas with low confidence, and
to strengthen the areas with high confidence. This
would have the effect of higher concentration of
jumps away from low-confidence areas, a corollary
with tabu search. This will also be researched at a
later date.

4 CONCLUSION

A method has been presented to add decision
support to the previously random jumps of GD
methods commonly used in combinatorial experi-
mentation. Significant promise has been shown in
the performance improvements of even the simplest
GD method. However, as with all search method-
ologies, there is no universal solution. The basic
heuristics themselves have been shown to perform
better on some surfaces than others, which is to be
expected. In a similar way, the support method has
been shown to be more effective in certain surface–
method–support order combinations.

In section 3 of this paper, the support method-
ologies were applied to a real-life combinatorial
experiment conducted in an engine laboratory, to
assess their performance in a realistic environment.
Significant improvements in search efficiency was
exhibited by the WSDS methodology, even under a
relatively tight stop criterion.

Future work will address implementing an adap-
tive order support surface, and an adaptive search
hybrid (effectively a hyperheuristic) to maximize the
effectiveness of this method. In particular, an ada-
ptive heuristic search parameter will be investigated.

A decision support methodology has been pre-
sented to support hardware-in-the-loop experimen-
tation. Since the majority of this type of experimen-
tation is performed on plant with an unknown
response, it is general practice to utilize simple
heuristics such as GD or SA. Genetic algorithms have
also been shown to be effective, and these will be
the subject of future study in terms of decision sup-
port. The methodology as presented in this paper
has shown itself to be effective in dealing with ‘un-
known’ search spaces and relatively ‘untuned’ search
heuristics.

A decision support operator has been presented,
which uses the past history of searches to construct
a ‘confidence map’ based upon the RS methodol-
ogy. This confidence map influences the stochastic
jumps of the heuristics towards areas of increased
interest. In line with the philosophy of the heuristics,
the decision support operator is extremely simple to
implement.

In section 2, the performance of the decision
support operator was investigated on a series of test
surfaces with various levels of noise present. The
operator was shown to be highly effective in re-
ducing the number of steps to termination of the
chosen heuristics.

In section 3, the methodology has been applied
to the task of finding the maximum power point of
a single-cylinder engine under a novel operating
regime at a defined operating point. The two chosen
heuristics were GD and SA. In both cases, the search
performance was significantly improved by decision
support. With respect to the experimental applica-
tion under consideration in this paper, the identified
peak pressures with predicted peak power profiles
allowed the design of a linear motor–generator for
the project, under reduced experimental time to
extract the necessary data and, as such, the meth-
odology is shown to be advantageous.
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