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SYMBOLS (Cont'd)
DESCRIPTION OF A FOUR DEGREES OF FREEDOM,

Symbol Definition V/STOL AIRCRAFT, AIRBORNE SIMULATOR
L Scale length of turbulence, ft

. . 2 1.0 INTRODUCTION
N Yawing angular acceleration per unit subscript, rad/sec”/unit subscript

It is widely recognized that the development of vertical and short take-off

P Angular rate of roll, rad/ sec and landing aircraft is still in its relative infancy. There remain many unknowns in
establishing optimum or, in fact, acceptable handling qualities, the most suitable
T Angular rate of yaw, rad/sec modes of flight operations, particularly under instrument conditions, satisfactory
flight instruments to allow the pilot to utilize the aircraft's potentials fully, meaningful
S Laplace operator design criteria, and other facets of their design and use. Current helicopter and
V/STOL aircraft specifications (Ref. 1 and 2) were formulated largely from experience
t Time, sec with helicopters that, in general, were very different from the present and the proposed
generation of V/STOL aircraft.
T Time constant in autopilot compensation
Clearly, a need exists for a versatile airborne simulator capable of repro-
v Flight velocity, ft/sec ducing and simulating, with high fidelity, a wide range of flying characteristics appli-
cable to this new breed of aircraft. Such a research tool makes it possible to inves-
o Angle of attack, rad tigate the above problems in a systematic and controlled manner in the proper air-
borne environment,
B Angle of sideslip, rad
The first attempt, by the National Aeronautical Establishment, to fill this
o Pilot's roll control deflection, in requirement resulted in the development of the variable stability helicopter described
4 in Reference 3. The flight characteristics of this simulator could be aitered signifi-
; : - cantly about its three rotational degrees of freedom by use of the model-controlled
61* allet e COnkECl AEAGHOR,, meth%d of simulation, and enabled g;variew of handligg qualities investigations to be

successfully completed (e.g. Ref. 4 and 5).

. 2
) Angular acceleration in yaw, rad/sec
i Hgila y With the experience of building and operating the three degrees of freedom

& Angular acceleration in roll, rad/secz simulator, the development of a vastly improved variable stability helicopter was
undertaken incorporating the capability to alter its characteristics in the vertical,
) Frequency, rad/sec or heave channel, as well as the three rotational modes of motion. An electro-hydraulic
: autopilot and an increased computing capacity have greatly enhanced its usefulness
wy Undamped natural frequency, rad/sec and have yielded a reliable and yet flexible simulator. This is demonstrated in the

three programs reported in References 6, 7, and 8 - one of a general research nature
and the other two simulations of particular aircraft,
Subscript ) . 3 ] 3 e .

ubscripts This Report describes the equipment installed in the helicopter to achieve

. its variable stability capability and indicates how it is used to simulate various flight
H Helicopter sl
characteristics.
Other subscripts are defi . . . - . . .
ner subscripts are defined above The Appendix contains an illustration of how the equations of motion are

programmed for use with the simulator.

APPENDICES
App. 3 Page 2.0 GENERAL DESCRIPTION OF THE SIMULATOR

A AOBOTAEEA. 1o i s v oioen s Sl 388 Ss 5 bbbt § SmAB RS b oron 31 The basic vehicle used for this airborne simulator is a light, single rotor

helicopter, a Bell 47G-3B1 (Fig. 1) with a maximum gross weight of 2950 pounds and
powered by a turbo-supercharged engine. This latter feature is useful in maintaining
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the full engine power in summer months during the prolonged hovering and low speed
flight necessary to evaluate certain V/STOL aircraft characteristics.

It will be noted from Figure 1 that the stabilizer bar, one fuel tank, and the
battery have been removed to lighten the aircraft, allowing the installation of more
computing components and project equipment. Even with the fuel capacity reduced
in this way, the available testing time is still in excess of 11 hours.

Since the simulator system ultimately relies on the basic helicopter controls
to produce the desired motions, the maximum accelerations (control powers) employed
in simulations are limijted to those attainable by the helicopter. These are quite high,
however, when compared with existing V/STOL aircraft in the low speed flight regime,

and have been measured to be 2.4 rad/sec? in yaw, 1.2 rad/sec? in pitch, 2.2 rad/sec?

in roll, and 8 ft/sec? in heave.

Two pilots occupy the simulator during all flight tests, with the one onthe
left side acting as safety pilot as well as program manager and the one on the right
flying the aircraft through the "fly-by-wire'" system while assessing the handling
qualities being simulated. A screen is installed between the two cockpits to prevent
the evaluation pilot from seeing the safety pilot's control movements, which in some
cases are entirely different from his own and, hence, are quite disconcerting if in
his field of view,

The simulation method used is the ""model-controlled! method (Ref. 9),
which was demonstrated by the original simulator to achieve accurate and predictable
[light characteristics without a detailed knowledge of the stability and control charac-
teristics of the basic vehicle. With this approach to simulation (Fig. 2), movements
of the evaluation pilot's electric flying controls (Fig. 3) supply signals proportional

~onienl Anflnntiane tn the analoone comnuter. The computer (F_i . 4} is ""patched"
to control deflections to the analogue compu%er. :I\Be c¢omputér (Fig. &) 18 Bdu,neu

for the characteristics of the equations of motion to be simulated and yields signals
that are properly scaled to represent the yaw, pitch, and roll angular rates, and the
normal acceleration of the simulated vehicle. These calculated motions are compared
with those of the helicopter, as sensed by angular rate gyros and normal acc_elero—
meters, and the autopilot, operating in a closed-loop fashion, forces the hel'lcopter

to follow the motions prescribed by the computer, Other inputs to the equations of
motion such as synthetic turbulence, simulated steady winds, and E}ng.les ‘of atta‘ck

and sideslip as measured by vanes, can be utilized to produce realistic s%rnulatlon.-s of
very high fidelity. This simulation method has the advantages of prfevent}ng the trim
changes occurring on the test aircraft from being felt by the evaluation pilot and re-
sisting disturbances in the controlled degrees of freedom that are due to external tur-
bulence.

All four of the autopilot actuators are connected in parallel with the safety

pilot's controls. In the main rotor collective, and bhoth the longitudir.lal and lateral cyclic
systems they are located before the irreversible hydraulic boost cylinders normally part

of the basic helicopter. The inherent directional control forces are very light; conse-
quently, the yaw autopilot actuator was connected directly to the tail rotor collective

pitch system in parallel with the safety pilot's pedals. Since the autopilot has 100 percent

authority, this method of attachment was necessary to k-egap the safety pilot i.n:formed of
the true control positions and enable him to assume positive control at any time.

The analogue computer and autopilot are controlled, trimmed, programmed

o

and monitored by the switches, gain-setting potentiometers, function switches, and
meter, mounted on the console situated between the pilots in the cockpit and shown in
Figure 5.

The evaluation pilot's control levers can assume any form providing elec-
trical signals proportional to their deflections can be obtained. "Power lever' and
""collective' height controls have been utilized as well as a conventional control column
and a wheel for pitch and roll control. Spring feel with viscous damping and adjustable
friction have been used with the roll, pitch, and yaw controls, while adjustable friction
only is provided for the height control. Both "beep" and “"push-to-release! trimmers
are available for the control column. A more flexible electro-hydraulic feel system
is being designed for installation in the near future.

Two pods are mounted externally, as shown in Figure 1, with the one on
the port side housing the main portion of the analogue computer (Fig. 4) while that
on the starboard side accommodates various power supplies, a 14-channel tape re-
corder, plus miscellaneous electronic equipment including the circuitry associated
with the engine speed governor.

The engine speed, and consequently the rotor speed, are governed by an
electro-hydraulic control system allowing duplication of conditions existing in modern
V/STOL aircraft equipped with free turbine engines. The evaluation pilot has been
provided with a "beep' trimmer for this system, which is normally installed on his
power lever or collective control. )

An instrument flight panel containing the six basic flight instruments,
together with two engine instruments and the instrument landing system cross-pointer
driven by the ground installation described in Section 3.5, is situated in front of the
evaluation pilot (Fig. 3). These instruments can be rearranged, replaced, or other
instruments added, as was done for the research of Reference 8. During instrument
flight evaluation tasks, an orange sub-cockpit is installed on the right side (Fig. 6)
and the pilot dons blue goggles, this combination preventing him from viewing the
external world while he refers only to his instruments for flight information.

3.0 DESCRIPTION OF EQUIPMENT
3.1 Analogue Computer

The heart of this simulation method is, of course, the computer used to
build up the model of the aircraft to be simulated. Standard electrical analogue plug-in
components, which are directly interchangeable with laboratory units, have been
mounted in the fibreglass pods for this installation (Fig. 4). The basic computer
consists of:

(i) 76 operational amplifiers (16 of which are used in the autopilot);

(ii) 30 integrating networks or non-linear elements such as diode function
generators, multipliers, ete:

(iif) 50 attenuators or gain-setting potentiometers (20 of which are situated on
the centre console in the cockpit to enable the safety pilot to change charac-
teristics without unstrapping);
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(iv) 12 function switches, also available to the safety pilot to preset changes of
conditions such as stability augmentation failures (Ref. 7 and 8);

) 2relays with4 double throw positions, which can be actuated by a switch on the

safety pilot's collective handle to effect various changes in a stepwise fashion;

(vi)  a transport time delay unit with a capability of inserting delays from 0.1 sec
to 160 sec;

(vii) 2 "track-and-hold" circuits that are used to eliminate transients as the vanes
are switched in and out of the model when the aircraft departs and approaches
hovering flight (see Para 3.2 (i));

(viii) 60 balancing controls located in the cockpit, one for each amplifier used in
the model;

(ix) 60 overload lights situated in front of the safety pilot that indicate when the
amplifiers exceed their limits of linear operation;

(%) an overload horn that sounds in the safety pilot's left ear when any amplifier
reaches its limit;

(xi)  patching points to connect the computing components together and to
introduce the signals from the various transducers, described in the next
Section, into the electrical analogue;

(xii) power supplies that have been especially designed and packaged to minimize
both weight and space.

All these components can be ""patched'" together to simulate quite complex
fixed-point equations of motion in the four controlled degrees of freedom. '

3.2 Equipment Associated with the Computer

A variety of transducers and simulating elements have been installed in the
aircraft for use in the equations of motion. These include:

(1) Angle of attack and angle of sideslip vanes that are used in forward flight
above 25 knots to drive potentiometers yielding signals proportional to these para-
meters. These vanes are normally switched into the simulation during acceleration
from the hover (around 30 knots indicated airspeed) and switched out as the helicopter
decclerates through 20 - 25 knots on the approach to landing. Appropriate "track-and-
hold" circuits prevent transients as the changes are made.

(ii) A directional gyro that yields signals proportional to (a) the .heading of the
aircraft, (b) the change of angle from the heading at which the system is ‘engaged, and
(c) the sine and consine of this change of heading, which can be used to s1mglate the
effects of a wind on the longitudinal and lateral velocities as the helicopter is furned
in the hover,

(iii) A vertical gyro that yields signals proportional to the roll and .p%tch angles
and has proven useful in simulating various attitude hold features of stability augmen-
tation systems.

(iv)  Two lateral accelerometers situated with respect to the centre of gravity to

minimize the effects of yawing and rolling angular accelerations. These accelerometers

were used in the research of Reference 8 as one source of directional stabilization.

(v) Three statistically independent synthetic turbulence generators that may be
programmed at any gust intensity level to give realistic flight disturbances. These
devices contain Geiger tubes and radioactive elements to provide sources of random
pulses (Ref. 10), and their outputs can be shaped by active filters to yield power spec-
tra approximating those of atmospheric turbulence. A typical shape used is shown in
Figure 7.

3.3 Autopilot

The desired helicopter responses are calculated by the analogue computer
and, as indicated by the diagram of Figure 2, are compared with the actual helicopter
motions measured by angular rate gyros and normal accelerometers mounted on the
aircraft. To make the autopilot control loops operate in the optimum fashion, each
consists of a "lead" term (or pre-emphasis), a compensation network, a hydraulic
positional servo actuator, the basic aircraft, a feedback sensor, and a filter network
(Fig. 8).

Various safety devices are built into the system to allow the safety pilot
to assume positive control of the aircraft should a dangerous situation arise. One of
these is a circuit that automatically disengages the autopilot following a failure of any
one of six critical voltages in the system, and simultaneously sounds an audio alarm
in the safety pilot's earphone.

The frequency response for each autopilot control loop, shown in Figure 9,
was obtained by determining the transfer function for each system component. It was
not practical to determine the actual frequency response of each control loop experi-
mentally since this would have required forcing the aircraft at frequencies that would
excite structural modes, causing damage to the helicopter. Hence, only the undamped
natural frequencies were obtained by increasing the loop gains until sustained oscil-
lations occurred. In most cases the experimental results shown in Table I are in
fair agreement with those determined from transfer function analysis.

3.3.1 Lead or Pre-emphasis

In order to improve the response of the simulator, a "lead'" compensation
network has been placed hetween the model and the hydraulic servo in each channel
(Fig. 8). These circuits attempt to eliminate the lags due to the basic helicopter by
pre-emphasizing the model command signal, and have succeeded in enhancing the
system performance as indicated in the frequency and time domains in Figures 9 and
10. The insertion of these lead terms does not affect the closed loop system stability,

sensitivity to external disturbances, etc., but only pre-emphasizes the model outputs
to the autopilot.

3.3.2 Control Loop Compensation
Good model-following characteristics of the airborne simulator require the

control system to have high closed loop gain and wide bandwidth relative to the band-
width of the signal from the model. High gain is essential for fast transient response,
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but the usable gain is limited by system overshoot and stability.
EA(E ; T5) nave been applied to the

. This ensures infinite open
lar rate control loops to make them Type .1 syste_ms : p
?gc;g;)l gazfins for dec signals without significantly increasing the phasg lags at higher fre-
quencies that would tend to reduce the undamped natural frequencies.

Compensation circuits of the form

Tor the heave control loop the compensation is of the lag—lead~1ag form,
to cancel out the zero at S = 0 term in the transfer function describing the helicopter
vertical acceleration to collective control inputs.

1t was found necessary to incorporate a ga'in. change circqit in !;he pitch _
control loop because of the increasing control sepsitnnty of the basic helicopter with
increasing speed resulting from the aerodynamic effect of the controllgble el_evgtor.
In order to maintain an optimum closed-loop gain throughout, the autopilot gain is
high at low speed and vice versa, with the alteration being made smoothly by a‘h}ght-
. gensitive resistance illuminated by a modulated lamp_actugted by a speed-sensitive, .
spring-loaded vane at the front of the helicopter. Thl'S gain c.hang‘(a'occu_rs at approxi-
mately 45 knots. The other three control loops remain invariant with flight condition.

3.3.3., Posilional Servo Actuators

Each autopilot channel is connected to the appropriate helicopter control
through a hydraulic actuator (Fig. 11). To keep the frequency response of thfa .overall
system high these actuators have been made positional controls, with the position
feedback being obtained from film potentiometers mounted on the actuator body.

Sincc it is necessary to engage the autopilot in a variety of flight conditions
from still air hover to high speed flight, track-and-hold circuits are installed in each
fecdback path, which keeps the position signals zero until the autopilot is gngaged.
Actuator changes from their initial positions are then measured and used in t%us con-
trol loop. These circuits are disengaged when the safety pilot actuates a sprlng—loaded
button on the top of the control column, altering the actuator to an integrating type,
thus enabling him to accurately trim the positional loop before leaving the ground.
While this button is engaged the integrating capacitors in the compensation networks
are short-circuited, preventing any signals from the feedback transducers from
affccting the actuator trim.

High response electro-hydraulic valves control the flow to the actuators,
while both an engine-driven pump and a pump driven by an electric motor during
ground testing arc available to supply the 250 psi hydraulic pressure for system op-
cration.

The safety pilot can override the system by overpowering the autopilo_t
actuators with forces of 17 1b in the longitudinal cyclic, 14 1b in the lateral cyclic,
25 1b on the tail rotor pedals, and 13 lb on the main rotor collective. Check valves
(Fig. 11) have been incorporated around each actuator to make it possible for the
pilot to move the controls by exerting forces just slightly higher than those above,
even if the electro-hydraulic valve fails in the fully closed position. The entire
autopilot (and cngine speed governor) can be disengaged by either pilot through buttons
located on their control columns, which allows hydraulic fluid to be pumped freely from

one side of the actuator to the other through the "by-pass™ valve shown in Figure 11.

3.3.4 Feedback Sensors

The angular velocity of the simulator in each rotational degree of freedom
is sensed by a high natural frequency (30 Hz) rate gyro with a linear range of + 60
deg/sec. The three gyros that provide the electrical signals for comparison with the
angular rates calculated in the model are mounted on a machined block that has been
carefully aligned with the aircraft axes.

Two linear accelerometers, mounted with respect to the centre of gravity
to eliminate signals due to pitching and rolling accelerations, provide the feedback
signal to be compared with the calculated normal accelerations from the model. These
devices are subminiature '"force-balance" servo systems that have natural frequencies
of 100 Hz.

3.3.5 Filtering

Since the transducers in the autopilot feedback loops respond to motions
of the simulator, they also are affected by the relatively high vibration lcvel inherent
in the helicopter caused by rotating components such as the main and tail rotors and
the engine. To prevent this noise from limiting the uscable gain in each autopilot
closed loop, the signal from each transducer is filtered by a network designed to elim-
inate the bothersome signals and yet minimize the phase lag at low frequencies. The
frequency response information contained in Figure 9 was obtained including the filters.

3.4 Tape Recorder

A l14-channel magnetic tape recorder is installed in the starboard pod and is
currently set up to record 13 channels of I, M. data and one channel of audio at1-7/8ips.
Up to 13 parameters in the equations of motion or the responses of the simulator may
be recorded while the audio channel is used to record the pilot's comments. Three

calibration pulses on each F.M. channel are automatically recorded after the pilot se-
lects the recorder on.

3.5 Synthetic Instrument Landing System (I.L.S.)

Using the orange-blue system described previously, this vehicle can be used
to simulate instrument flying conditions. To provide a flexible, meaningful, instrument
task, a synthetic instrument landing system has been developed that allows selection
of any localizer angle and any glide path angle up to approximately 30 deg. In addition,
the localizer and glide path beam sensitivities can be adjusted over a wide range.

The system, shown pictorially in Figure 12, involves an operator on the
ground optically tracking the helicopter in both azimuth and elevation, while the errors

[rom the desired flight path are transmitted continuously to the helicopter and displayed
to the evaluation pilot on a cross-pointer type of instrument.

4.0 CONCLUDING REMARKS

The original three degrees of freedom simulator employed at this Establishment




proved to be a valuable airborne research tool. The results from the several programs
completed to date, utilizing the greatly improved capabilities of the four degrees of
freedom simulator described in this Report, show that it provides an even more versa-
tile means of conducting experiments relating to the stability and control of VTOL and

STOL aircraft.
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APPENDIX A

As an example of how the model is programmed and scaled for use in this
model-controlled method, consider how a typical dircctional equation of motion is
simulated, Lect the yawing acceleration be

d N‘Sr 01"+N‘51 6a+Nr 1+Np p+NB [)’+cqb
where each of the terms is defined in the list of symbols.
The stability derivatives have dimensions of rad/ sec2 per unit variable

2
(e.g. Ng , inoilagf/ 1816131 der) obtained by dividing the yawing moment per unit variable
"

by the yawing moment of inertia of the simulated aircraft.

Each variable is scaled in the normal analogue computer fashion to utilize
as much of the linear range of the amplifiers as possible, allowing for the anticipated
maximum variations. The only voltage scaling that cannot be altered is at the final
step, where the model is compared with the helicopter angular rate since the helicop-
ter scaling from the rate gyro to the amplifier used as the comparator in the autopilot
is determined by the autopilot closed loop gain.

Using the optimized scaling terms as defined in the list of symbols, and
calculating the yaw rate instead of the acceleration, gives the following scaled equation

oy oM t i t ¢
K d=\g" N Jrs o a+ [ Ny ) fKy 6 cat+e @y [ roadb
r F /i OF 6'1 ajo a 0

[4

P'\JL_‘W

o}

t K, t K, g
+( 4 Np) pr. pdt + I-(; - Ny fKB- Bdt+(f— ro LI

where the terms in the brackets become the settings on the potentiometers scaling the

. various terms in the equation, as indicated in Figure 13, The calculated rate of yaw
is compared with the actual helicopter angular rate by introducing it into the comparator
with a resistance given by

K
T
R = =—— X R
Myoper  Fry INHELICOPTER
where Ry and K_ , the yaw rate gyro scaling (volts/%i—i—), remain

HELICOPTER H




- 12 - - 13 -

invariant. Similarly, as the model output scaling is altered, the lead or pre-emphasis
scaling must be changed inversely to maintain proper overall operation.

TFigure 13 indicates how the equation is ""patched" on the computer. In any
given program the parameters that are to be varied are wired into the gain setting
potentiometers mounted in the cockpit, so that the safety pilot can alter them without

leaving his seat.

A UNDAMPED NATURAL FREQUENCY, wy,
‘ IN RAD/SEC
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HEAVE
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TABLE
UNDAMPED NATURAL FREQUENCY FOR FOUR CONTROL LOOPS
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