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SUMMARY

The paper broadly surveys the first 20 yezars of gas turbine application 1o helicopters and the
progressive evolution of their assoctrated fully automatic englne cont rol systems. It 15 only recently
that the dominant performance and safety requirements of the control have emerged wltn sufficient
clarity to allow the. to be viewed by an overall systems en gxneerlng approach instzad of as plecemeal
needs., When this i1s done, the paper shows thal considerable simplilications are passxbla.

A system 1s outlined which offers substantial reductions in slze and weight over current systems
without any sacrifice in performance or safety and with marked improvement in integrity. The ut:ilisation
of digital control technlqups teads to simple Rhandling from the cockpit with self momitoring facilities
and unambiguous reversionary control modes. Such a system .S Seen as sstiing a pattern {or control of
helicopter engines of the future,

LTRODUCTION

During the past 20 years or so, the gas turbine rhas almost completely taken over fram the plston
engine as the power plant for helicopters. In this period 1t has evolved from an adapzat
shaft turbo~propeiler engine 1into a breed of free turbine shging with gulte distinct chara Cterlstlcs ot
118 own.

The engine's control arrangements have also been developing on lines esnectal ts the helicopter and
markediy different from the contrsls sf other aero gas turbines. atartang off by copying the pistan
¢nglne’s marmual twlst grip throttls interlinked with the helicopter's col EthVe pitch mechanism, the
contrel has evolwved via a partial authority speed control trim into a fully automatic rotor speed

governing system with isial autnority in the flight mode.

izveloped, the sngine control systam has had progressively o take onozdditional
Gp new functioral requirements, but as with any evilving sciencs, thers are
zern tie recogmiiiin of a Tunctioral need, the design of hardware to meet that
the rardware and its developmcnt to a standard sulzable for ointroductiin oints
pses btefore the operators can have determined advantages of the new egquip—
stering the fanction in specific numerical terms as a firm desmand 3 the

The same gzes for safety. Zach new advance in control concept introduces 11s own ge
medes and these need to be countered 1f the helicopter s to remaln a safe means oo o
there are tlme lags betwaen the recognition of the need for a particular protective devi
manufacture and development and finally :ts proving under service conditions. The evolution ¢
and functional controls run alongside sach other and combine to make up the complets syst

Attempting to put a time scale to this process, there 1s probably never less than 5 years wnd
possibly up to 10 years between the 1nception of a new control concept and :its acceptance as th

far the future. The gas turbine engine was first applizd to helicopters in the late 1940's Lut 1t was
probably not till the late 1950's that the free turbine wvariant could be saLd 19 have -.stablished itsell.
™ill oauthority rotor governing systems started to be designed in tne sarly 1950's, Lut any true
appreciation of the benefits such systems gave to the pilots was not umiversally rzgistered antil the
1960 g, The greatly reduced pilot's workload glven oy t \ege systems and some spectacular rescus
operations wWhith oInerwiss would not nave been possibl: then rendered other forms o7 contrsl sbssiess.

Bqual load sharing between engines on sulti-engined helicopters, tighter means of rotor speed
control, improved fuel filtration and many safety features have been added since 1960, he benefits of
these features are now showing up on the more recent helicopters and as far as control performance 1s
concerned a level appears to have been reached beycnd which no immediats major charge sesms neCessary.
However, because the phases 1n the evolution of the helicopter engine control system have been
individually and separately initiated, each has nearly always resulted in additive hardware. The
repetitive super-imposition of new features over the years has led to a rquite disproportionate growth

n bulk, werght ard cost of the control system reiative to the engine 1tself. This 1s typified in Pig. 1
which illustrates the total ergine control squipment on the Rolls-Royce Jrome erngine as fitted in the
Westland Sea King hellcopter. Here an excellent control performance is achieved but in hapdware that
repregents over EGi‘at the engine welght and cost.

It therefore seemed appropriate to step back, review the situation as a whole and see whether by a
closer cowordimation of function 1t was not pos 51bLe to create more compact and cost effective control
nardware., The more this can be done, the more atiractive the small gas turbine becomes for g wider and
more universal helicoplier market,

38.1



. 1, T, 3 |

A

L h: S
R ~ Y
w b

Fig.l. Control equipment for Rolls-Royce Gnome Engine

4 study was therefore initiated to consider the total control reguirements from fuel tanks to
engine burners taking into account all associated transducers and the pilot's means of handling the
engines from the cockpit. No limitations were %o be imposed on engine design; <ihere were to be no
relaxations on the rapid response rates now taken for granted in modern small military helicopters;
safety standards were to comply in full with stringent civil certification regulations.

The purpese of this paper is to present the outcome of this study in comparisen with past and
present practices. Very considerable simplifications are shown to be possible. Not only de these lead
to substantial bulk and weight savings on the engine itself, but alsc on the interface arrangements with
the aircraft. A safer and potentially more reliable system emerges, =asier tc handle from the cockpit.

1. CENERAL REQUIREMENTS

Whilst not attempting the complete quantitative definition of a helicopter engine conirol system as
in a procurement specificaticn, this paper needs to cover all functional and safety requirements so that
the full scope of the task may be appreciated. To emphasise the particular problems of helicopter
operation the following remarks may be regardsd as general requirements in the broadest sense:-

{a) Safety, integrity and reliability are of prime importance.

{b} The helicopter pilct's workload is such that he should be given the minimum involvement with
engine hardling in flight.

{c) Because the engines drive the main aircraft lift generating surfaces {the rotor blades), the
flight performance of the helicopter is directly and significantly affected by the behaviour of the
engines.

{d) Helicopters are basically low speed, low level aircraft rarely needing to fly above 5000 metres.
A design ceiling of 10,000 metres is adequate.

{e}) Helicopters need tc cperate in all climates between the arctic and the tropics. However they
do not normally encounter a wide variation of temperature in any one flight.

{f) Helicopters often operate from unprepared sites and should not have to depend on sophisticated
ground facilities.
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(gﬂ First line maintenance of the helicopter will usually be by replacement of faulty equipment.
Simplicity of concept and ease of fawult diagneeis are valuable assets of the engine and its control
system.

{h) The helicopter's miseion is usually of short duration although there could be many missicns in
one day. The mission pattern does not follow that of the fixed wing aircraft but will often be one
of constant manoceuvering demanding repeated large and rapid power changes from the engines.

(i} Helicopters are heavy vibration generators. All equipment must therefore be robust encugh to
Wwithstand contimuous vibration without malfunction.

These are ascme of the general considerations that have tc be taken into account but, as for the
procurement of any aircraft equipment, a nice balance needs to be drawn between the conflicting require-—
ments of performance, quality, size and cost., Over emphasis on cne facet could sericusly affecti the
others without any significant compensating benefit to the helicopter operators.

2.  SPECIFIC REQUIRFMENTS

Coming now te the specific reguirementa expected from a moderrn helicopter engine control system,
these are itemised as follows:-

- 3upply of fuel to the engine i1n a form suitable for combustion.
- Ability to operate on contaminated fuel.
— Fuel on-off facilities.
— Variable geometry actuation, as required
- Completely automatic control of fuel flow.
This last requirement is broken down intc a number cf subsidiary functions:-
- Automatic engine start and run-up to ground idle.
- Smooth transition between the ground idle and flight regimes.

~ Stable free turbine speed governing in all required modes, vis. on-lcad, autorotaticn and
accessory drive.

— BEqual load gharing between engines for multi-engine helicopters,

- Rapid and extensive power changes without surge or flame extinction.
- Over temperature protection.

- Gag generator top speed limitation.

- Prevention cof free turbine disc rupture should the transmission fail.

By asking for an overall view 10 be taken of the complete requirements of a helicopter engine
control asystem, the authors are almost by definition precluding the isolation of any particular function
for separate description. Never-the-less there are quite distinct tasks that have to be done., As in
anatomy the heart can be described without referernce to the rest of the body, so separate functions of
the control system can be dealt with on their own as long as their inter~relationship with the other
functions is congtantly borre in mind.

For the purpose of this paper, it ig considered that the specific reguirements can best be dealt
with under the headings, "Fuel Management™, "Fuel Metering", '"Fuel Control", "Rotor Speed Control" and
"Yariable (eometry Control™.

3.  FUEL MANAGEMENT

Under '‘fuel management' are included those functions invelved in accepting fuel from the helicopter
tanks and procesaing it for orward delivery to the metering devices, The following are some pertinent
features that have to be considersdi-

(a) Helicopters may be called on to operate on any available fuel, not necessarily of aviation quality.
The engine control system should therefore be designed to accept commercial fuels (petrol and diesel oil)
ag well as standard aviation kerosenes.

(b} Re—fuelling of helicopters is, as often as not, carried out in the field sometimes with the roters
turning, Under these conditions it iz not possible to ensure the standard.-of fuel cleanliness usually
associated with airline operations. The engine control system should therefore be designed from the
ocutset to accept contaminated fuel without being toc selective as regards the nature of the contaminant,.

(¢) Since helicopter engines are usually installed above the fuel tanks, the engine control gsystem
should have adequate suction capability to permit the engines to be kept operating without need of
aggistance from aircraft boosters, This reduces the fire risk in the event of damage to fuel feed pipes.
However gome external assistance will almost certainly be required for priming the system on starting.

{d) Fuel temperature from the aircraft tanks seldom falls outside the range -40%¢ to +55°C.
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{e} 1Ice crystal formaticn in the fuel 1s not a serious hazard with helicopter operations,

(f) Because of the relatively restricted flight envelope of helicopters as regards forward speed and
altitude, the turn—down ratic (the ratio between maximum and minimum fuel consumption rates} 1s
congsiderably lower for helicopter engines than for most fixed wing aircraft engines. The contrel system
should not therefore need particularly high pressures 1o maintain good burner performance throughout the

operating range.

In the past, functional units of fuel management have tended to be procured separately and often
from different manufacturers. Pumps, filters, heaters etc., would then be separately mounted and piped
together. The resulting brackets and lengthy pipe runs could be heavy and costly and create problems of
valnerability to dirt ingress, vapour locks and the like, An objective for the future must surely be the
cloger co~ordination of all fuel management functions and their integration into the total system.

Pumps

Fuel pumping arrangements on helicopter engines have in the vpast followed one of three lines: the
majority have used the fixed displacement gear pump; scme British engines have employed a Lucas variable
stroke piston pump whilst some of the more recent U.5.A. engines are fitted with the Vickers vane pump.

The piston pump gives good stariing characteristics but ctherwise its high pressure capability s
not necessary for the helicopter pole and does not adequately compensate for its high cost and weight.

The vane pump has the advantage of a built-in 11f% capability whereas both the gear pump and the
piston pump need the support of a backing stage to meet the suction requirement. For example the gear
pump on the Rolls~Royce (em engine carries a centrifugal thrower on the same shaft as the main pump
driving gear, whilst the piston pump on the Rolls-Royce Gnome ergine 1s backed by a separately driven
dynamic filter which combines boost and filter functions,

Experience under battle conditicns proves that the gear pump properly protected will give excellent
service. Bfforts have been made to build dirt tolerant pumps so that fuel filters can be replaced by
strainers. FExperience however is that with small and efficient helicopier engines conauming fuel on
average at a rate of less than 100 g/sec., the necessarily small size of the flow metering orifices and
burners will always i1n practice demand comprehensive filtration irrespective of the pump. This being so,
it is just as easy to place the filters upstream of a standard pump and avoid the high cost 2f a dirt
tolerant pump. A bogst stage upstream of the filter will counteract the effects of a partly blocked
filter.

An arrangement for tha future 1s thus seen as a gear pump rurning at around 12,000 r.p.m. backed by
a simple centrifugal dirt tolerant boost stage mounted on the same shaft, with a filter interposed between
the pumps. Although such pumps can sperate at higher speeds, little weight or size saving accrues and at
the higher speeds the fragility of the drive can become a reliability issue.

The proposed arrangement does not represent any significant departure from established practice, but
all the requirements specified are met in essentially low cost hardware.

For trouble free operation it has been shown advisable to restrict the pump delivery pressure
reguirement to below approximately 4500 kPa (650 p.s.1.) and to this end, and also to avoid a multiplicity
of very small burner orifices, the pumping system described should be combined with low pressure fuel
injectors. Vaporising burners are eminently suitable. 4 large number can be used to give even fuel
distribution arocund an annular combustion chamber without resource to too small drillings. They do
however need the support of a few atomiser burners around the annulus for light-up initiation.

Filtration

There is little doubt that the problems associated with fuel handling away from regular airfields
were neitner appreciated nor understood when the original gas turbine helicopters first entered service.
Without exception, the first generation of such helicopters neesded supplementary f{iliration equipment to
be added, either on the engine or in the aircraft feed lines before they could be used operationally.

Helicopters are operated gquite differently to fixed wing aircraft. They land anywhere and, even in
civil use, need to be refuelled with whatever equipment may be to hand, It is by no means unusual to see
them being refuelled by hand from cans, with the wind blowing dust and sand about on the open landing
ground. gven with proper precautions, low hovering helicopters will beat up a dust c¢loud some of which
may find its way into the fuel tank vents. Contaminated fuel is therefore an ever present hazard and the
designers of helicopter engine systems should face this fact firmly and incorporate complete and adequate
filtration arrangements as a basic part of any future system. Such arrangements should include the means
of field cleaning in situ without disturbance of the element, a means of indication that cleaning 1s
necessary, and facilities for replacing the element on the engine without releasing trapped dirt into the
'clean' side of the system. The filtration arrangements on the helicopter engine, whilst having to meet
the standard contaminated fuel tests, need to be designed with a much broader spectrum of contaminant in
mind and must on no account be dependant for their proper operation on the presence or absence of water.

Several cost effective designs that deal adequately with all the aforementioned problems are doubtless
possible but a practical sclution as used on the Rolls-Royce (lem engine is shown in Fig., 2, Here a
10 micron pleated paper element surrounded by a metal shroud and supperted from the lid by a hollow bolt
is housed within the filter bewl. PFuel from the boost stage enters the bowl tangentially to impart a
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swirl to the fuel and separate out the larger contaminant particles which settle in the sump. The fuel
then paasses inward through the element where the finer contaminant is retained, 4 condition indicator
denotes the need of washing and a bypass valve caters for rapid blockage of the element by fine contaminant.

Routine servicing is carried out by fitting a hose to the drain in the lid and switching on %he
aircraft boost pumps with the engine shut down. Most of the contaminant is then washed sway through the
hollow bolt without disassembly or risk of contaminating the downstream side of the filter, If, in spite
of washing, the element needa to be changed, this can be done by merely withdrawing the lid, No pipe
connections need be broken, nc fuel need be spilt and the risk of contaminating the 'clean' side of the
filter is minimiged. With a generous filtration area of around 1000 mm? per :fsec. maximum flow, an
slement should normally last the engine overhaul life.

Here is a compact and inexpensive arrangement that meets all the requirements and is simple to
service.
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Fig.2. Puel Filter - Rolls-Royce Gem Engine
4. FUEL METERING

By "Fusl Metering' is implied those flow modulating mechanisms that need to be interposed between
the pump and the burners tc enable the precise fuel flow rate to be set and maintained for any operating
condition of the engine within the flight envelope. The actual method of modulating the mechanisms is
here termed "Fuel Control"™ and is dealt with later. The fuel metering syestem of a helicopter engine has
te cater for the following engihe gtates at all ambient temperatures between arctic and tropical
conditiong: -

~  Shut down =~ anywhere within the flight envelope, both for normal and emergency use.
- Light up - at sea level or on altitude airfields.

- Relight -~ in the air, usually with a limit on altituds.

- Ground idle - at sea lgvel or on altitude airfields.

-~ Accegsory drive -~ at sea level or on altitude airfields.

~ Flight - any power between zerc nett power (autorotation) and maximum contingency power anywhere
within the flight envelope.

Contrary to what appears popular belief it ia not poaasible to use a single tap %0 provide for flow
metering, If the desired engine flow rate is less than the pump's output,a path must be provided for the
surplus. Moreover, since flow rate through an orifice is a function not conly of the orifice area but
also of the velocity of flow, the accurate metering of flow through an orifice will demand a conirol over
both orifice area and flow velocity. At least two valves are therefore required, one in the direct flow
line and one spilling off it as shown in Fig. 3. This diagram illustrates the simplest possible metering
gystem that can be used in conjunction with a fixed digplacement pump running at varying speed. In
practice, fuel metering systems used on gas turbine engines have tended to supplement this simple arrange-
ment with additional modulating means. Although it ig beyond the acope of this paper to describe all
the variety of systems used in the past, the metering system used on the Rolls-Royce Gem engine and
illustrated diagrammatically in Fig. 4 may be taken as a typical example of a modern snd guite satisfactory
arrangement.
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Fuel from the pump is metered Lnto the aystem through an acceleration control valve with the surplus
taken away through the main apill valve, These two valves combine to regulate the flow into the syatem
to an amount that can be accepted by the engine for satisfactory acceleration. Steady state running
conditions are held by removing the acceleration eurplus and this is done by opening the speed control
spill valve. Further opening of this valve causes the engine %o decelerate. Yet another spill valve,
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Fig.3. Fuel Metering System -~ Minimum Requirements
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Fig.4. Fuel Metering System -~ Rolls-Royce Gem Engine

normally closed, can be copened to protect the engine from overspeed or overtemperature. The starting
valve, which here also acts as the shut-off cock, reguires an additional spill valve to allow flows
below the acceleration schedule to be set at low sngine speeds.

Since the cost and weight of a fuel metering system is related to the number of valves, the most
compact and cogt effective arrangement must be that which meost closely approaches the system shown in
Fig.3. The actual metering system to be proposed for the future cannot however be defined until the
method of fuel control has been established.

S FUEL CONTROCL

"FPuel Control" here implies the methods and actuating means by which the valves in the fuel metering
system are positioned to obtain the exact fuel flow rate needed by the engine to meet the demands of
the moment. Moreover it alse implies the means used to vary the flow rate for changing engine demands,
the means of limiting the flow rate to keep the engine within safe operating conditions and all
precautionary measures that need to be taken to ensure flight safety. Puel control covers such a wide
variety of functional tasks that, coupled with the already wide assortment of metering arrangements and
actuating methods in use, there become an almost infinite number of viable possibilities, This wide
choice is probably the main reason why the control system of any new engine tends tc be markedly
different from those before it., This iz not 1o criticize adversely any particular control system since
most have, after development, proved adequate for their task. In general however, because of the lack
of any common pattern, there has been little carry over of the benefits of development from one control
aystem to the next, either from mamifacturer to manufacturer or within one manufactursrs' own
organization. Thls has led to a much slower overall evolution of conirol systems in comparison with
octher parts of the gas turbine, for example the axial compressor, which are all based on a similar theory.
The authors contend that if a framework could be laid down for a small gas turbine control syatem that
would become generally acceptable in principle, then development would be legs diversified, evolution
would be directed towards a common geal and the whole industry would benefit. The user would alac benefit
by a really =ost effective system in an attractively sized package.
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Before however such a framework can be formulated a clearer understanding of "Control' in all its
aspects will be needed.

Steady State Control - the positioning of the flow metering arrangements to set a specific engine
ruming condition.

Referring again %o Fig. 3 and recalling that flow rate is a function of orifice area and flow
velocity, normal helicopter engine practice is to use the metering valve as the flow area modulating
means and arrange for the spill valve automatically to regulate the velocity through it.

O the Rolls-Royce Nimbus engine {which powers the Westland Scout and Wasp helicopters) the spill
valve 9 a simple spring loaded relief valve maintaining a fixed pressure upstream of the metering valwve,
itself positioned by the speed governor. Such a system does not give an accurate hold on flow but it
does satisfy the not too exacting requirements of a single engined helicopter. 4 more common practice
ig %o use a spring loaded spill wvalve, balancing the spring closing force on the spill valve against the
pressure drop across the metering valve. A constant velocity 18 thus maintained through the metering
valve irrespective of its flow area or the environmental conditions. Many U.5.A., ergines use this
method as does the Rolls-Royce (em engine.

CUn the Rolls-Reyce (nome engine the metering valve 1s again positioned by the rotor speed governor
tut an anercid capsule 1s incorporated in the spill valve spring loading mechanisms such that the
metering valve pressure drop is reduced in relation to ambient pressure. Thereby the velccity and
consequently the flow through the metering valve at any given valve setting is automatically reduced with
altitude to maintain an approximately fixed power rating during ¢limb. Though first introduced on the
Rolls~Royce Dart engines for use on the fixed wing Vickers Viscount aircraft, the Onome system has been
shown to have two important advantages when considering the overall requirements of a helicopter engine:
it allows the full range of the metering valve movement to be used at all altitudes so that set positions
can be used for starting, idling, maximum power etc., and it alsc automatically provides a reduction in
galn of the system with altitude, aiding stability by assuring that the speed governor makes a similar
correction for a given speed error throughout the flight envelope, This is such a straighiforward way
of providing all the altitude compensation necessary that it is seen as a major contribution towards the
simplification of future control systems.

Transient Control -~ the means of changing rapidiy and safely from one steady state flow 'condition to another,

With the spill valve automatically holding pressure or pressure drop constant, engine deceleration
is obtained by closing the metering valve; acceleration by opening it. The main concern with
deceleration is to assurs that the fuel flow is not reduced so far or so fast that the combustion flame
15 extinguished. Gontrol of acceleration has to assure a smooth and rapid increase in power without
causing rough combustion, compressor surge or turbine overheating. The manner whereby acceleration is
controlled has a pronounced if not dominant influence on the complexity, reliability and cost of the
whole system.

On tne very first British gas turbines, the Rolls-Royce Welland and the De Havillarnd Goblin (both
of pre 1945 vintage) the pilot provided the only limitation on acceleration. These engines with their
simple centrifugal compressorg were found not to damage themselves cn surge and a cockpit indication of
jet prpe temperature allowed the pilot in the main to restrain his demands within safe limits. To this
day the Rolls-Royce Nimbus helicopter engine has no acceleration contrel as such and can in fact be
accelerated through surge without damage or overheating. With the advent of axial compressor esngines,
acceleration controls became a hecessity. Surge was found not only to halt the increase of power but
also %o lead to very rapid overheating to the extent that if not stopped within one or two seconds,
surbine blades could be partially burnt away. Though many helicepter engines use a mixed compressor
system i,e. axial stages followed by a centrifugal stage, and this combination appears to behave in
surge more like a centrifugal compressor engine, any generally acceptable control system for the future
would need to be comprehensive in its acceleration contrel capability.

The smaller helicopter engines of today such as the Alliscn 250, the United Aircraft PT6, and the
Rolls-Royce Gem engine which all use "mixed" compressor systems,have their fuel for acceleration limited
according to a scheduled "linear" relationship with compressor delivery pressure. The larger U.S.4.
axial compressor helicopter engines, such as the General Eleciric T.58 and T.64 and the Lycoming T.53
and T.55 use a variable stop to Limit the extent of opening of the metering valve during acceleration
with the stop position scheduled by a three dimensional cam as a function of compressor speed and
compresaor inlet temperature. This latter method allows the generation of complex gchedules to match
the requirements of multi-stage axial compressors with several varilable geometry features. All these
engines are meeting their requirements for rapid accelerations but at conaiderable cost.

When the Gnome was licensed by De Havilland from General Electric's T.58 in 1957, no equipment
existed in Britain fer manufacturing the 3~D cams. The decision was therefore taken to reproduce the
complex overfuelling schedules in the only other way known i.¢. electrically. The permitted T.58 over—
fuelling at each operating condition was converted to a turbine temperature rise and a corresponding
variable limit set of power turbine inlet temperature against compressor speed and inlet temperature.

A large number of Gnome engines using this means of acceleration control are in regular use on Westland
Whirlwind and Wessex, Agusta Bell 204 and Vertol 107 helicopters, giving comparable acceleration times
to the parent T.58,

With demands for still faster engine response to match the needs of more rapidly manceuvering
military helicopters, the shortcomings of acceleration control by scheduling began to show up, The
delays and lags 1n sensing true readings of rapidly changing engine pressures and temperatures at the
control were found to need quite substantial modifications to the theoretical schedules to achieve the
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required response rates. The accurate measurement of compressor inlet temperature, particularly under
icing cornditiong, has never really been achieved. Compressor pressure measurement is apt to be affected
by dirt, water and ice and is vulnerable to small leakages. Turbine temperature measurement is at best
the average of a few point readings around the annulug. Achievement however proves that these short-—
comings can be overcome but a $impler and more reliable method can surely be provided for the future.

On a later mark of Gnome engine a departure f{rom sstablished methods was made 1n that it wasg decided
to control the rate of increase of power more logically by controlling the rate of increase of fuel flow.
n this engine, with the metering valvs: positioned by an slectric metor and an electrical signal of
compressor speed also being used, there was no difficulty in limiting the motor drive rate
nor in varying the drive rate limit as a function of compressor speed, The actual rate limit schedule
derived is shown in Fig. 5. This single characteristic, in conjunction with the altitude compensated
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pressure drop control dready described,with flow characteristics as shown in Fig. 4, is now in use on all
Gnome englnes in the Westland Sea King helicopter. These engines have equally as fast accelerations as
the T-58 engines in the parent Sikorsky SE-3D aircraft over the entire Flight envelope., Deceleraticn is
controlled by setting a limit o motor drive rate inm the closing direction together with & stop to limit
the extent of ¢losing., This system hag been flying in routine Naval service on many Sea Xing helicopters
asince 1968 and has seen duty in many parts of the world, both in hot and cold climates.

Calculaticns have shown the method of acceleration control by limiting the increase of fuel flow
rate to be gquite general for the helicepter engine application. It offers a significant simplification
over other methods. No measurement of compressor pressure or ambient temperature is needed at all, and
though free turbine inlet temperature measurement will still be reguired for overheat protection, it
plays no part in the normal acceleration control of the engine. Whereas rate control has been used on
both the Napier Eland and the HRolls-Royce Adour engines, the difficuliy of intreducing it mechanically
forms a powerful inducement to g¢ to an electrical system so that advantage can be taken of this simple
method of acceleration conirol.

Limiting Controls - these serve two purposes; to kKeep the enging within its own safe cperating
conditions irrespective of other demands and to protect against faults which could otherwise lead to
flight safety hazards.

Thegse two agpects need different treatment since operation of the former can be a nermal occurrance
and calls for stable limlters, whereas protection against faults is only necessary abnormally, and hopefully
rarely. The main concern with beth is to prevent am accident, but with the latter it 1s alsc necessary
to ensure that the pilet has the best chance of taking the right corrective measures without risk of adding
to the danger., Overspeed and overitemperature limiters have in the pasgt been applied in meny ways. A
commonr: method shown in FPig.4 is to open up a further spill path for the fuel downstream of the metering
valve, Alternatively, the level of pressure drop to which the main spill valve controls can be reduced,
or a further restriction imposed in series with the main metering valve. Since on free iturbine helicopter
engines there are at least two shafts to protect against overspeed and a single unit cannct satisfactorily
combine two separate mechanical movements, each overspeed limiting control has tended to be an independent
device, with its own bleed valve or the like. With electrical systems it is normal practice to allow
quite separate limiting contrcls to actuate a single valve. By passing the signals through a logic gate,
interaction between loops is avoided and the engine can still be protected against exceeding whichever
limit is immediately at risk.

The failure of the helicopter that demands the most exacting protective means is that of the
transmission between the engine and the rotor system. Should this break at full power, the free turbine
becomes completely unlcaded and accelerates towards self destruction unless preventive action is taken
within a fraction of a second. The risk on a well develcoped helicopter is small and many military
aircraft accept the risk with no protectior at ail. Should the military helicopter later be adopted for
civil use, its background history could persuade the certification authority that such protection 1is
unnecessary. Lf not however, and for new civil aircraft, a fast acting overspeed governor will alimost
certainly be needed. This can be an expensive item if dealt with on its own, and not incorporated into
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the system at the outset, Mechanical governors are inherently limited to a response rate no fagter than
60 to 100 milliseconds and though used on many helicopter engines to-day (e.g. on the RollawRoyce Gem)
the free turbine inertia then has to be made sufficiently high to limit the run~away rate t¢ that which
allows the governor to respeond before dis¢ bursting speed is reached., Such a demand is looked on as an
unacceptable penalty on engine weight for the future. The more modern helicopter gas iturbines today are
needing response rates of between 25 and 35 milliseconds which seemg to necessitate an electronic device.
However, if this very fast response requirement is accepted from the outset, it can be accommodated
within the bas.ic system without a let of additional complication,

Safety

It is outside the scope of this paper to discuss the safety requirements in detail, but some
general remarks relevant to a helicopter engine control system need to be made gince safety is an
overriding requirement which influences the total concept. Civil certification requirements call for
protection againat any single fault of any likelihood in the engine or its control system and also
against a second fault if one could have developed before or during flight without being noticed. Two
potentially dangerous faults are readily identifiable in the basic metering system of Fig, 3 - the
metering valve going fully open and the spill valve closing right off. In either ¢ase the engine is
driven to high power. To protect against the metering valve being stuck open, a second valve needs to
be included in the engine flow line so that the flow can be reduced or shut off. If the spill valve is
blocked and the metering valve then closed, pressure would build up sufficiently to burst the system and
therefore a pressure relief valve is necessary to provide an alternative spill path.

Conaideration of the effects of faults in the control system must also take into account the effect
on the aircraft. As stated previously the engines drive the main 1ift generating surfaces of the
helicopter and hence failures leading to rapid power loss or increase are t¢ be avoided. For example
a sudden loss of power during a low level hover could cause the helicopter to lose height and crash
unless very quickly corrected and a sudden gain of power during a low level degcent could rapidly drive
the helicopter rotor system beyond its safe rotational speed.

It must therefore be a prime consideraiion for the future that not only are the certification
requirements met but that the system is so designed that should faults in the control oceur, their
effects on the flow rate to¢ the engine are limited. Moreover, since the pilot has no other way of
immediately kmowing which control system on a multi-engined helicopter has failed, an unambiguous
signal of failure is looked on as a necessity to avoid the possibility of him taking the wrong
corrective action, Here is another strong argument for going to electrical control for the future. It
is difficult to see how any improvement in the capability of mechanical systems as regards both
asgsurance of any particular failure mode and the provision of fault indication can be made.

6, ROTOR SPEED CONTROL

Rotor governing is the function which really separates the helicopter engine from all other gas
turbines. It is a complex subject involving considerations not only of each individual ergine but also
of the effects of other engines, the pilot's involvement and the overall performance of the aircrafi,

In the early days of gas turbine application %o helicopters, the control of the main metering valve
was from the pilot's twist grip, interlinked to the main roter collective pitch lever as on piston
engined helicopters. This meant that throughout the flight, the pilot had to watch the rotor speed
instrument and constantly adjust the twistgrip to keep the speed within defined limits. Like riding a
bicycle, it was not as difficult as it sounds but it demanded constant attention with no period of
relaxation permitted.

The next brief phase superimposed a limited authority trim governor on the manual control. This
helped to the extent that the pilot then needed only to assure manual. control within a power band and
the governor would trim the power within its limited capability to hold the rotor at the required speed.

Around the early 1950's design work started in France and the {J,§,A, on full authority roter
governing systems. Before the end of that decade these systems had began to establish themselves through
their c¢uite remarkable easement of the pilot's workload, freeing him of any necessity to take part in
control of rotor speed throughout flight.

The different facets of rotor speed control will be briefly dealt with under separate headings.

On-}oad (overning

As the pilots became accustomed to automatic rotor speed control they found they could pay more
attention to aircraft handling, speeding up their manoeuvres and thus testing out the capability of the
governor to hold the rotor on apeed. Pitch applications which had been made in 6 to 8 seconds were now
made in 2 seconds or less and the response of the governcr assessed by the extent it permitted the rotor
transiently to depart from the selected speed. This, together with the develcpment of more sophisticated
rotor systems demanding even tighter speed control, led to the design of fast response governors with
various forms of lcad change anticipators, and to the use of new control medes. One of the stability
problems that had to be overcome arcse as follows:—

The rotating system of a helicopter effectively consists of a number of fairly heavy inertias
interconnected by long flexible shafts as depicted in Pig. 7. Such systems have natural torsional
resonances of quite low frequencies, usually between 2 and 10 Hz. A fast acting governor will respond
to such frequencies akd can readily set the fuel flow oscillating in sympathy. Since the resulting
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power change oscillations will be transmitted directly inte the helicopter main and tail rotors it can be
felt in the aircraft as a most inpleasant positional shake. In extreme cases the oscillating fuel flow
can amplify the disturbance %o the extent of causing structural damage to the aircraft,

All menufacturers of gas turbine engines for helicopters have come across this problem and have had
to introduce damping and tuning means of one sort or ancther, The problem has now largely been overcome
but this does not imply that it no longer exists, Since the resonant freguencies depend on the particular
nelicopter ro{or and transmission design, any future engine control system to be universally applicable
should have flexibl: tuning arrangements.

Autorotation

To aliow the helicopter rotor system %o continué to rotate after engine failures it is normal
practice to iniroduce free wheels in the transmission as indicated in Fig. 7. These free wheels alse
play a part in the overall handling of the aircraft, since to allow the fastest descent rate
the engine power input into the rotor needs to be reduced to the lowest possible, and this is assured
1T the rotor system is made to overrun the free wheels, leaving the free turbines running unloaded. They
syill however need to be speed controlled, This imposes a considerable governing problem, since from
controlling the speed of a system with the heavy inertias of the main and tail rotors, the governor
suddenly has to control the speed of the free turbine on its own with virtually no additional inertia.
Speed oscillations in autorotation can cause mechanical damage tc the free wheels. Although not currently
a2 universal requirement, control systems of the future showld have the capability of satisfactory control
in this flight mode.

Load Sharing

With the advent of twin or multi engined helicopters not only have the on-load and autorotational
governing requirements to be met but new regquirements are brought into being. In the first place since
the main reason for more than one engine 1s safety, the good engines have in case of need to restore the
power of a failed engine rapidly and without pilot's intervention. This reinforces the requirement for
full authority governing but also adds the need for good response and stability in the engine out case.
Interaction between the engines with oscillatory load transference must also be precluded. More
particularly such helicopters have repeatedly prompted tre demand for similar behaviour between engines.
Though probably as much for the pilotts peace of mind as for technical reascns, there is noc doubt that
confidence is instilled if engines share the demanded power equally and if all cockpit instruments respond
to a load change in a similar mamner. Now that individual engine torque measurement is becoming standard
cockpit information, similarity of behaviour implies a similarity of torque reading over the full leoad
range, even with engines of different service life,

Accessory Drive

Yet another requirement has been added in recent years. With modern multi-engined helicopters the
transmission arrangements usually provide for disconnecting the main and tail rotors and running the
generators and hydraulic pumps from one engine on the ground for aircraft serviceabiliiy checks or even
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for stand-by external electiricity generation. This duty was previously carried out mamally without toc
much concern for gpeed. Modern methods of governing have shown however that it is possible for the
rotor speed control to take on thie task and free the pilot of cne more burden.

The Total Spesed Control Problem

Any solution to the total helicopter engine speed control problem for the future should satisfy all
of the aforementioned requirements. A brief survey of methods used in the past shows that, whilat some
of the requirements have been met relatively simply, the achievement of all of them has only been
possible with the most complex and expensive conirols.

Historically the firat governors were mechanical flyweight governors directly modulating fuel flow.
This however led to on-load instability necessitating the addition of damping devices, lag-lead
mechanisms, or the like. With the on~load stability problem solved the auto-rotation stability problem
called for a substantial reduction in system gain at low loads. Where tackled, this led %o further
mechanical complexity. BSince all governors at this time were spring loaded proportiomal devices their
matohing capability over the load rangs was dependent on the precise matching of the spring rates, These
could not be readily adjusted but needed careful selection on build and, in the event, load matching over
the range with this simple type of governor has not proved adequate and calls for constant pilet attention.
Where acceptable load sharing has been achieved on a basically hydromechanical system it has only been
done at the expense of further complication, cost and weight. The United Aircraft twin PT6 and the
General Electric T58-10 engines use additional load matching controls which balance a measured engine
parameter (torque and temperature respectively) by trimming oneé gevernor against the other, The
Rolls-Royce em engine achieves acceptable matching by using a fulcrum arm adjustment within the
governor to set up the rate of each governor within close limita,

With the Rolls~Royce Gnome slecirical speed conirol system no difficulty has been experienced from
the outset in load sharing by accurately holding any desired droop law slope. On the later marks as
f1tted in the Westland Sea King helicopter a marmual slope trim adjustment is fitted sa that dissimilar
engines can be precisely matched against sircraft instruments, and thig facility is much liked by the
operators.

Both the Onome and the Cem engine speed control systems give good stability and response in all
governing modes with excelient load sharing. On the Gnome, discrete electrical stabilising filters are
selected for each mode whereas the (em uses mechanical lag-lead stabilization in conjunction with an
indirect method of goverring similar to that first introduced by Bendix for the Allisen T-83 engine.
This type of governing, whereby the free turbine governor resets the datum of the gas generator governor
which 1n turn modulates the engine fuel flow, has been shown to be a very effective way of achieving
good response and stability on the helicopter. Such a governing method could also be implementad
zlectrically, when full advantage could also be taken of the ease of setting and adjusting any desired
Adrcop law. This would glve entirely adequate matching without interconnection of control systems and
without additional hardware. It woulé also give the flexibility necessary to achileve all the speed
control requirements for any future helicopter engine.

Before proceeding to the total system it i3 still necessary to consider how best to control the
variable geometry features that a future engine might have.

Te VARIABLE GECMETRY CONTROL

S0 as to bhe applicable to any future helicopter gas turbine engine, provision must be made in the
total system for variable geometry control. It is no%t possible to generalise about the form this
variable geometry would take: compressor stator vanes, compressor bleed, turbine nozzles etc., are all
features which could be varied to improve engine performance and handling. Each of these would have its
own requirements for control and actuation, a common link being that control would normally be required
as a function of a non-dimensicnal engine parameter and operation of the variable geometry would be
necessary when the engine was under both automatic and reversionary control.

Where on U.S5.A, engines a 3-D cam ig already provided for acceleration control it is nermal practice
to utilize another surface of the cam for variable geometry control, actuation being by high pressure fuel.
On the (nome engine a speed signal is generated mechanically and is combined with an ambient temperature
signal to servo control a high pressure fuel actuator. Neither of these arrangements are seen as the
answer for the future since they are not self-contained and place constraints on the design of the rest
of the control system. The approach taken on the Nimbug engine which employs an independent unit using
compressor delivery pressure for control and actuation ig considered wore satisfactory. An independent
electronic control is not thought to be a cost-effective solution, especially bearing in mind the
transducer requirements.

For the future therefore self-contained pressure ratio devices, perhaps using fluidic techniques,
may well offer the simplest and cheapest variable gecmetry controls.

8, THE TOTAL SYSTEM

What then is the control system of the future? None of the systems currently in helicopter use i;
looked on ag the answer : either they fail to meet some esgsential requirement, or they impose a restraint
on engine design, or they have unacceptable bulk, weight and cost. How did this situation arise?

It would be incerrect to state that when designing control systems for the first generation of
helicopter engines the total requirements ae then foreseen weré not sll taken into account: they were.
The escalation of these systems into the multiplicity of units typified by the Rolls-~-Royce Gnome system
depicted in Fig., 1 therefore still needs to be explained. The explanation probably lies not unnaturally
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in & lack of understanding generally at that time of the potential of the helicopter, This led to the
subsequernt necessity t¢ be ever adding to existing hardware to kKeep pace with evolving demands as
helicopters and their engines developed. When the control system requirements of the Rolle-~Royce Gem
engine came to be specified in 1967, a much better realisation of the practical necessities was
available, based on some 10 years experience on many d41fferent systems. A sincere effort was then made
to co-ordinate the functions inte more compact hardware, the success of which may be judged from the
illustration in Fig., 3. Here the total requirements are met by Just two units with the addition of two

Fig.8. Contrel Equipment for Rolls—Royce Gem Engine

amall speed probes and a thermocouple harness. The performance of the Gem system matches that of the
Gnome in almost all respects in hardware that is under 10% of the engine weight and c¢ost. However, the
Gem type of system is not really looked on as forming the basis of systems for the future, since it
imposes restraints on the engine design that may not be acceptable except for the smaller sizesg of
helicopter engines., For example it demands an engine design without variable geometry and which can
accept a linear overfuelling relaticnship against compressor delivery pressure.

A further 7 years has passed since the Gem system was conceived. Not only has our understanding of
the helicopter's requirements further advanced but this period has been accompanied by rapid developments
in electronic technoleogy which make electrical control much more attractive for the future even for the
small helicopter engines. Electronic development has been especially marked in the advances made in
micro-miniaturisation eof circuitry, particularly those circuits associated with simple digital computers,
Here, the commercial pressures of the small electrenic calculator market have prompted the era of the
"computer on a chip", and this is bound t¢ revolutionise no% only helicopter engine contrel but also the
whole of the gas turbdbine control field. Such integrated circuits are already in quantity production and
are small, light, cheap and becoming cheaper,

The size, weight and potential cost of anelectrical control system based on this type of component
are hence now seen as very important advantages for the future., There are many other benefils of such
control systema which should also be noted. They offer flexibility and the potential for growth of
‘functions during natural evolution without the sort of complication we have seen before. Flight safety
can be markedly improved by arranging that mogt failures occur only in a defined mode, with minimum risk
to the aircraft and unambiguous fault indication to the pilot, This overcomes the principal deficiency
of current electrical amalogue asystems, The pilot's work load can be further reduced by the more
rational cockpit layout which is possible with such a system. The ground crew's task can also be eaged
by utilizing the self check-out and menitoring capabilities inherently available. Lastly, it i8 a natural
step for a digital system to be controlled by electrical signals only - a "fly-by-wire" arrangement,
with attendant weight and cost savings in the aircraft. Once these benefits have been fully appreciated
by both manufacturers and operators alike it is envisaged that they will become firm requirements for the
futwre. This leads directly to the conclusion that future helicopter engine control systems will be
baged on a simple digital computer. The arguments advanced for integration of equipment imply that this
computer will become a basic part of the engine-mounted control, Reliability requirements necessitate
that the computer must be designed from the outset for a high vibration, high femperature environment,
utilizing fuel cooling to keep component temperatures down.

It is a straightforward matter to caiculate in the computer the required fuel flow, particularly
pince the simple control laws previcusly outlined depend in the main only on readily available epeed
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and position sigmals, but the computed flow resgquirement must be implemented through an interface which
has to be compatible with a digital computer and also consistent with the fuel metering and control
requirements previocusly described. The interface arrangement sugzgested here 1s indicated diagrammatically
n Fig. 9. It consists of an hydraulically balanced, rotary metering valve positicned by a stepper motor
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driving through a reduciicn gearbox. Rotation of the metering valve varies ine oW area winiist Siow
veioclty is set by an altitude compensated pressure drop conmtril. This gives all that 1s necessary [or
accurate fuel metering. Valve position 1s sensed by a simple rotary transducer. Control over
energising of the motor wxndlngs and control 3f motar drive rate for acceleration can be exercised
gimply and directly by the computar. he low torgue of the throttle snsures low power dissipation.

Speed of operation is adequate and the cntxre arrangement is basically "rail-freeze" and hence acceptable
from the safety aspect. Spead control would be by ap wndrre i the Pree turbine Zovernor

resetting the gas generator speed control lsop. Tha rotor s
against a preset droop law with a facility for trimming the ve of the droep law on installation for
accurate matching to a second engine. A separate fast-acting motor combines the functions of pilot’s
shut—off cock and emergency protection and duplication of speed signals assurss the necessary complets
independence 5f these functions from the normal control and limiting channels.

governor would operate properticrally

3(,wk
G g g

4 simple reversionary control can be provided with little additional complication by inciuding a
separate rotatable sleeve arocund the main mctcvlng valve, The pilot can then control fuel flow by turning
this sleeve relative to the valve at a set slow rate using an Lnappendert motor driven off a separate
power supply and operated directly by switches on the collective piteh lever. A farled computer would
automatically '"freeze" the main metering valve and select the reversionary motor.

One feature of this system not refsrred to before arises from consideraztions of total system integrity.
This 1s an engine - drivén gensrator to Lf-power the control system in flight and allow full speration
following an aircraft supply faiiure. provision of this integrated power supply alsc minimizes
potential hazards resulting from possible susceptibilaty to extermal radis-fregquency intarference - a
particular problem with helicopters siace therr operation cap often anvelve flying very close to powerful
radic or radsr transmiitér
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'1g.9 18 1ntended to be indicative only of the type of system envisaged for the future, 1t 18 not
wrthin the scope of this paper to discuss the detailed design of the hardware. The aushors' purpese will
nave been served 1f 1%t 15 apparent that by adopring the "tozal sysisms approach”, a system can be arrived
at which gs 1nmherently simple and yet which adeguately meets all the stated requiremsnts.

An undication of what such a contrsl system might 1ok like
®1g. 1J. The total system shown would welgh Less than 7rg, of
5 kg and the variable geometry control less than i xg. Th
comphex engines with only a small wincrease in size and wel
snrc/hydromechanical package can thus be seen to i=ad to

n ¥
T

ve adapted for larger,
sophy 0 an Lntegrated
vings in hardware.

v
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further savings to the aircraft can be achieved by adopting the "fly-by-wire" approach, with the
cockprt contrels part of the basic system. FPig. 11 shows the form such cockpit controls might take., As
znvisaged hers they consist of a single panel with 2ngine mode being selacted by push buttons or swWitches
and rotor speed datum and transition by rotary knobs. Simple switches on the ccllective piteh lever
znable the pllot to control the engine in the reversionary mcds,

An illuminated display can be used for fault diagnosis or the like. Once agaln, the purpose 2f the
diagram is to illustrate the sort of rationalisation sthat 1s possible and 1s not an attempt to define
the details.
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CONCLUSTONS

The study to define a helicopter engine control system for the future has shown how very.effective
the "total sysiems approach" can te. If all requirements are considered fogether as interwrela®ed parts
of a whole, there emerges a completely different system with an altogether simpler concept from arny
system tn service today.

The following are the main findings of the study:-

(a) All requirements for fuel pumping, suction, filtration, filter cleaning etc. can be
accommodated together in simple and compact hardware.

{b) By considering all modes of free turbine speed control and power matching together and in
relation to the fuel metering arrangements, a simple governing system can be arranged without
need of superimposing matching controls, integrating governors, or the like.

{¢) & simple digital electronic computer driving an altitude compensated metering valve via a
stepper motor and working only off speed and position signals can give all that is regquired
for fuel control with a high level of integrity.

(d} Rate control of the metering valve 1s a simple and effective means of acceleration contrel for
helicopter engines and avoids reliance on pressure and temperature transducers,

{g) The need to provide a fast-acting fuel cut-cff control for transmission failure eventualities
can te utilised to provide for normal on-off and other safety contrels independent of the
main metering valve control without further multiplicity of fuel valves.

(£} A digital system lends i1tself to "fly-by-wire™ cockplt control which simplifies the aircrafi-
engine interface. Self check-out largely eliminates the dependence of the control system on
separate ground test equipment for first line serviceadbility, and failure warning displays
Leave the pilot 1n Mo doubt as to which engine has failed,

(g) By wncorporating an slestrical generator in the contrel system of each engine backed by ihe
aircraft's electrical supply for starting, all supply failure contingencies are covered and the
risk of wnterference by external high frequency rad:iation is minimized,

{2} The separation of the variable geometry control from the rest of the control system resulis
in simple nardware whlch operatés 1n either normal or reversionary moedes of control.

p=r has been entitizd "Helicopter Engine Conirsl — The past 20 years and the next."

:nce 38 drawn from the past; our interest is in the future. Je have seen the helicopter

and fzr oour part, have assured that the engine control meets each new requirement as 1t has

ras baen fast with lLittle time to take the broad view and consider the requirements

d parts of a winole rather than specific individual needs. HNow that this has teen
i arrangsment dlagrammatically presented 1n #ig, § and pictorially indicated 1in

b 15 ne currently known reguirsrent that such a system cannot meet, nor
¢ acnlevement that cannot be egualled or surpassed. The substantial weight and cost
with exaianced safety and reliability, zase of handling and ground suppori gives
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" that 1t will be this type of helicopter engire control system that will be
anges of the next 29 years.
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