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DESCRIPTION OF A FOUR DEGREES OF FRE EDOM , 

V/ STOL AIRCRAFT, AIHB ORNE SIMULAT OH 

1. 0 INTHODUCTION 

It is wid ely r ecognized tha t the dev elopm.ent of vertical and short take -off 
and landing aircraft is still in its r e la tive infancy. Ther e r em ain ma ny unknowns in 
establishing optimum or, in fa ct , acceptable handling qua litie s , the most suitable 
modes of flight oper a tions, particularly under instrument conditions, s atisfactory 
flight instruments to allow the pilot to utili ze the aircraft's potenti als fully, m eaningful 
desig11 criteria, and other face ts of their de sig11 and use. Current helicopter and 
V/STOL aircraft specifications (Hef. 1 ru1d 2) wer e formul a ted lar gely from experience 
with helicopters tha t, in gener al , wer e very differ ent from the pre s ent and the proposed 
gener ation of V/STOL aircraft. 

Clearly, a need exists for a versatile airborne simulator c apable of repro
clueing and simulating, with high fidelity, a wide r ange of flying characteristic s appli 
cable to t llis new breed of a ircr·:tft. Such a research tool m.al< e s i t possible to inves
tiga te the above problems in a systematic and controlled m anner in the proper air
borne envirom11 ent . 

The first a ttempt , by the National Aeronautical Establishment, to fi ll tllis 
requirement r esulted in the development of the variable stability helicopter described 
in Heference 3 . The flight characteristics of this simulator could be a lter ed s ignifi
cantly about its three rota tional degree s of freedom by use of the model-controlled 
method of simulation, and enabled a variety of handling qualities investigations to be 
successfully compl eted (e. g . Hef. 4 and 5). 

With the experience of building and operating the three degrees of fr eedom 
simulator, the development of a vastly improved variable stability helicopter wa s 
undertaken incorporating the c apability to alter its characteristics in the v ertical , 
or heave chmmel, as well as the three rotational modes of motion . An electro-hydraulic 
autopilot and an increased computing capacit-y have gTeatly enhanced its usefulness 
and have yielded a reliable and yet flexible simula tor. Tllis is de monstra ted in the 
three progTams reported in Heferences 6 , 7, and 8 - one of a general research nahtre 
and the other two simulations of particular aircraft . 

This Heport describes the equipment installed in the helicopter to a c hieve 
its variable stability capability and indicates how it is used to simula te various flight 
characteristics . 

The Appendix contains an illustration of how the equations of motion are 
programmed for use with the simulator. 

2. 0 GENEHAL DESCRIPTION OF THE SIMULATOR 

The basic vehicle used for this airborne simulator is a light, single rotor 
helicopter, a Bell 47G-3Bl (Fig. 1) with a maximum gross weight of 2950 pounds and 

powered by a turbo-supercharged engine . This la tter 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 
b attery 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 1! 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 limited to those attainable by the helicopter. These are quite high, 
however, when compared with existing V/STOL aircraft in the low speed flig·ht regime, 
and have been measured to be 2. 4 rad/ sec2 in yaw, 1. 2 rad/ sec2 in pitch, 2. 2 rad/ sec2 
in roll, and 8 ft/ sec2 in heave . 

Two pilots occupy the simulator during all flight tests, with the one on the 
l eft side a cting as safety pilot a s well as program rnanager and the one on the right 
flying the aircraft tlrrough the 11 fly-by-wire 11 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 move ments, which in some 
cases are entirely different from his own and, hence, are quite disconcerting if in 

his field of view. 

The simula tion method used is the "model-controlled" method (Ref. 9), 
which was demonstrated by the original simulator to achieve accurate and predictable 
flight 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 evalua tion pilot's electric flying controls (Fig. 3) supply sig·nals proportional 
' ＮＬ Ｌ ＬＮｾ Ｌ＠ ｾ Ｑ ｾ Ｎｮ Ｂ Ｂ Ｇ Ｍ Ｚ Ｂ ＢＧ ＢＧ＠ J-,., i·h'"' ...,,..., ln o11P roll1nut.er . :I:he computer (Fio·. 4) is "Ratched" 
to control deflections to the ana ogue compu ·er . Tlie computer (Ylg . '±) 1s " paLc;neu .. 

for the characteristics of the equations of motion to be simulated and yields signals 
that are properly scaled to r epresent the yaw, pitch, and roll angular rate s, and the 
normal acceleration of the simulated vehicle. These calculated motions are compared 
with those of the helicopter, a s sensed by angular rate gyros and normal accelero
meters, a nd the autopilot, operating in a closed-loop fashion, forces the helicopter 
to follow the motions prescribed by the computer, Other inputs to the equa tions of 
motion such as synthetic ilubulence, simulated steady winds, and angles of attack 
and sideslip as measured by vanes, can be utilized to produce realistic simulations of 
very high fidelity. Tins s imulation method has the advantages of preventing the trim 
changes occurring on the test air craft from being felt by the evaluation pilot and re
sisting· disturbances in the controlled degrees of fr eedom that a r e due to external tur

bulence. 

All four of the autopilot acLctators are connected in parallel with the safety 
pilot's controls . In the main rotor collective, a nd both the longitudinal and l ateral cyclic 
systems they are located befor e 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 sys tem in parallel with the safety pilot's pedals . Since the autopilot ha s 100 percent 
authority, this method of attachment was necessar y to keep the s afety pilot informed of 
the true control positions and enabl e him to a ssume positive control at any time. 

The analogue computer and autopilot a r e controlled, trimmed, programmed 
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a nd monitored by the s-vvitches, g:ain-setting potentiometers, function switches, and 
ｮｾ･ｴ･ｲＬ＠ mounted on the console SItuated between the pilots in the cockpit and shown in 
Figure 5. 

. . The ･ｶ｡ｬｵ｡ｾｩｯｮ＠ pilot's :ontrol l eveFs can assume any form providing el ec-
tncal signals proportiOnal to then deflections can be obtained. 11Power lever' ' and 
11 

collective 
11 

height controls have been utilized as well as a conventional control column 
ｾ､＠ ｾ＠ wheel for pitch and _roll control. . Spring feel with viscous da mping and adjustable 
fncti_on ｨ ｡ｶｾ＠ been used ｗｉｾｨ＠ the roll, pitch, and yaw controls, while adjustab le friction 
only IS provided for the height control. Both "beep " and "push-to-release " trimmers 
ｾｲ･＠ ｡Ｚｶ｡ｩｬ｡｢ｬｾ＠ for the ｾｯｮｴｲｯｬ＠ c_olm:rm. A more fl exible el ectro-hydraulic feel system 
IS bemg designed for mstalla t10n m the near future. 

Two pods are mounted externally, a s 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 starboar? side accommodates various power supplies, a 14-channel tape r e
corder, plus miscellaneous electronic equipment including the circuitry associa t ed 
with the engine speed governor. 

The e_ngine 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 evalua tion pilot has been 
provided with a "beep" trimmer for this system, which is normally installed on Ius 
power lever or collective control. 

An instrument flight panel containing the six basic Hight instruments, 
ｴｯｾ･ｴｨ･ｲ＠ with two engine instruments and the instrument landing system cross-pointer 
driVen by the ground installation described in Section 3. 5 , is situated in fron t of the 
ｾｶ｡ ｬｵ ｡ｴ ｩｯｮ＠ pilot (Fig. 3). The se instruments can be r earranged , replaced, or other 
mstruments added, a s was done for the r e search of Reference 8. During instrument 
flight ･ｶｾｬｵ｡ｴｩｯｮ＠ ta sks, an orange sub-cockpit is insta lled on the right side (Fig . 6) 
and the pilot dons blue goggles, tins combination preventing lum from viewing the 
external world wlule he r efers 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 ana logue plug-in 
components, which ar e direc tly interchangeable with l aboratory units, have b een 
mounted in the fibreglass pods for this installation (Fig. 4). The b asic computer 
consists of: 

(i) 76 operational amplifiers (16 of which ar e used in the autopilot) · 

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

(iii) 50 attenuators or gain-setting potentiometers (20 of winch ar e sihtated on 
the centre console in the cockpit to enable the safety pilot to change charac
teri stics without unstrapping); 



(iv) 

(v) 

(vi) 

(vii) 

(vi.ii) 
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(xi) 
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12 function switches, also available to the safety pilot to preset changes of 
conditions such as stability augmentation failur es (Ref. 7 and 8); 

2 r elays with 4 double throw positions, which can be actuated by a switch on the 
safety pilot 1 s collective handle to effect various changes in a stepwise fashion; 

a transport time delay unit with a capability of inserting delays from 0. 1 sec 

to 160 sec ; 

2 ntrack-and-hold 11 circuits that a r e 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)) ; 

60 balancing controls located in the cockpit, one for each amplifier used in 

the model; 

GO ov erload lights situated in front of the safety pilot that indicate when the 

amplifiers exceed their limits of linear operation; 

an over load horn that sounds in the safety pilot's left ear when any amplifier 

reaches its limit; 

pa tching points to connect the computing components together and to 
introduce the sig11als from the various transducers, described in the next 

Section, into the electrical analogue; 

power supplies that have been especially designed and packaged to minimize 

both weight and space. 

All these components can be 11 patched 11 together to simulate quite complex 

nxcd-point equa tions of motion in the four controlled degrees of freedom. 

3. 2 Equipment Associated with the Computer 

A var iety of transducers and simulating elements have been installed in the 

aircraft for usc in the equa tions of motion. These include: 

(i ) Angle of a ttack and angle of sideslip vanes that are used in forward flight 
above 25 knots to drive potentiomet ers yielding signals proportional to these para
m eters . These vanes arc normally switched into the simulation during acceleration 
from the hover (around 30 knots indicat ed airspeed) and switched out as the helicopter 
deceler ates tlu·ough 20 - 25 knots on the approach to landing. Appropriate 

11
track-and

hold 11 circuits preve nt transients as the changes are made. 

(ii) A directional gyro that yields sig11als proportional to (a) the .heading of the 
air craft , (b) the change of angle from the heading at which the system lS .engaged, and 
(c) the sine and consine of this change of heading, which can be used to s1mulate the 
c iTccts of a wind on the longitudinal and lateral velocities as the helicopter is turned 

in the hov er . 

(iii) A ver tical gyro that yi elds sig11als proportional to the roll and ｰｾｴ｣ｨ＠ angles 
and has proven useful in simulating various attihlde hold features of stab1hty augmen

ta tion systems. 
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(iv) T\VO l ateral accelerometers situat ed with respect to the centre of gravity to 
minimize the e ffects of yawing and rolling angular accel erations. The s e accelerometers 
were used in the r esearch of Referenc e 8 as one source of directional stabilization. 

(v) Three statistically independent synthetic turbulence generators that may b e 
prog-ra1ru11ed a t any g·ust intensity l evel to give r ealistic flight disturbance s. These 
devices contain Geiger tube s and r adioactive elem ents to provide sources of random 
pulses (Ref. 10), and their outputs can be shaped by active filters to yi eld power spec
tra approximating those of a tmospheric turbulence . A typical shape us ed is shown in 
Figure 7. 

3 . 3 Autopilot 

The desired helicopter r espons e s a r e calculated by the analog·ue computer 
and, as indicated by the diagTa m of Fig·ur e 2, ar e compared with the actual helicopter 
motions measured by angular rate gyros and normal acceleromete rs mounted on the 
aircraft. To m ak e the autopilot control loops operate in the optimum. fashion, each 
consists of a 11 lead 11 term (or pre-empha sis), a compensation network, a hydraulic 
positional servo actuator, the basic aircraft , a feedback sensor, and a filter ne twork 
(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 aris e . One of 
these is a circuit that automatically disengages the autopilot following a failure of a ny 
one of six critical voltages in the system, and simultaneously sounds an audio alarm 
in the safety pilot 1 s earphone. 

The frequency response for each autopilot control loop, shown in Figure 9, 
was obt:'lined by determining the transfer function for each system component. It was 
not practical to determine the actual frequency response of each control loop experi
menta lly since this would have required forcing the aircraft at fr equencies that would 
excite struchtral modes, causing damage to the helicopter. Hence, only the undamped 
nat1.1ral frequencies were obtained by increasing the loop gains until sustained oscil
lations occurred. In most ca ses the experimental r esults shown in Table I ar e 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 simula tor, a 11 l ead 11 compensation 
network has been placed between the model and the hydraulic servo in each chmmel 
(Fig. 8) . The s e circuits attempt to eliminate the lags due to the basic helicopter by 
pre-e mphasizing the model command sig11al, and hav e succeeded in enhancing the 
system performance as indicated in the frequency and lime domains in Figures 9 and 
10. The insertion of these lead terms does not affect the closed loop system stability, 
sensitivity to external disturb ances , etc., but only pre-emphasize s the model outvuts 
to the autopilot. 

3. 3. 2 Control Loop Compensation 

Good model-following characteristics of the airborne simulator r equire the 
control system to have high closed loop gain and wide b andwidth relative to the band
width of the signal from the model. High gain is essential for fast transient response, 



- 6 -

but the usable gain is limited by system overshoot and stability . 

. . K (1 + TS) . . . 
Compensation circmts of the form S have been apphed to the 

angular rate control loops ｾｯ＠ make_ ｴｨｾｬｾ＠ Type _1 ｳｾｳｴ･ｾｮｳＮ＠ _ This ensures ｩｮｦｩＮＱｾｴ･＠ _open 
loop gains for de signals w1thout s1gmflcantly mer easmg t:1e ｰｨ｡ｳｾ＠ lags at h1gher fre
quencies that would t end to reduce the undamped natural fr equenc1es. 

For the heave control loop the compensation is of the lag-lead-lag form, 
to cancel out the zero a t s = 0 term in the transfer function de scribing the helicopter 

vertical acceleration to collective control inputs. 

H was found necessary to incorporate a gain change circuit in the pitch 

control loop because of the increasing control se.nsi1.ivity of the basic helicopter with 
increasing speed resulting from the aerodynan:-1c effect of the ｣ｯｮｴｲｯｬｬｾ｢ｬ･＠ ･ ｬ Ｎ･ ｶｾｴｯｲＮ＠
In order to maintain an opti-mum closed-loop gam_ throu?hout, the autop1lot gam ｾｳ＠
high at low speed and vice versa, with the alter a bon bemg made smoothly by a Ｎｬｾｧｨｴ ﾭ
sensitive resistance illuminated by a modulated la mp actuated by a speed-sens1tlve, 

spring-loaded vane at the front of the helicopter. Thi_s ｾ｡ｩｮ＠ ｣ Ｎ ｨ ｡ ｮｧ ｾ Ｎ＠ occu.rs a t app.r?xi
mately 45 knots. The other three control loops r emam mvan ant w1th fl1ght conchbon. 

3. 3 . 3 . Positional Servo Actuators 

ｾ｡｣ｨ＠ autopilot channel is connected to the appropriate helicopter control 

through a hydraulic actuator (Fig . 11) . To keep the frequency ｲ ･ ｳｾｯＺＱｳ ･＠ of ｴｨｾ＠ .overall 
system high these actuators have been made positional controls, w1th the pos1t1.on 
feedback being obtained from film potentiometers mounted on the achtator body. 

Since it i s necessary to engage the autopilot in a variety of flight conditions 

from still air hover to high speed flight, track- and-hold circuits ar e installed in each 
feedback path, which keeps the position sig11als zero until the autopilot is ｾｮｧ｡＿･､ Ｎ＠
Actuator changes from their initial positions ar e then measured and used ll1 ｴｾｮｳ＠ con
trol loop. These circuits are disengaged when the safety pilot actu.ates a sprmg-loadecl 
button on Lhe top of the control column, altering the actuator to an mteg-ratmg type, 
thus enabling him to accurately trim the positional loop before leaving ｴｾ･＠ ground. 
While this button is engaged the integTating capacitors in the compens a twn networks 
o.re short-circuited, preventing any sig11als from the feedback transducers from 

affecting the rrctuator trim. 

Hioh response electro-hydraulic valves control the flow to the actuators, 
vvhilc both an"' engine-drive n pump and a pump driven by an electTic motor during 
ground Lesting arc available to supply the 250 psi hydraulic pressure for system op

eration. 

The safety pilot can override the system by overpowering the autopilot 
acluators with Iorces of 17 lb in the longill.tdinal cyclic, 14 lb in the lateral cyclic, 
25 lb on the trril rotor pedals, and 13 lb on the main rotor collective. Check valves 
(Fig. 11) have been incorporated around each achtator to make it possible for the 
pilot to move the controls by exerting forces just slightly higher than those above, 
e\ en if the elec tro-hydr aulic valve fails in the fully closed position. The entire 
autopilot (and engine speed governor) can be dis engaged by either pilot through buttons 
located on their control columns, which allows hydraulic fluid to be pumped freely from 
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one side of the actuator to the other through the "by-pass" valve shovvn in Figure 11. 

3. 3. 4 Feedback Sensors 

The angular velocity of the simulator in each rotational degTee of freedom 
is sensed by a high natural fr equency (30 Hz) r ate g·yro 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 arc mounted on a m achined block that ha s been 
carefully aligned with the aircraft axes. 

Two linear accelerometers, mounted with r espect 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 
device s are subminiatl.tre 11 force-balance" servo systems that have natural frequencie s 
of 100 Hz. 

3. 3. 5 Filtering 

Since the tra nsducers in the autopilot feedback loops respond to motions 
of the simulator, they also ar e affected by the r ela tively high vibration level inherent 
in the helicopter caused by rotating components such as the main ::U1d tail rotors and 
the engine . To prevent this noise from limiting the useabl e gain in each autopilot 
closed loop, the signal from each transduc er is filtered by a network designed to elim
inate the bothersome signals and yet minimize the phase lag a t low frequencies. The 
fr equency response information contained in Figure 9 was obtained including the filters. 

3. 4 Tape Recorder 

A 14-channel magnetic tape r ecorder is installed in the starboard pod and is 
currently s e t up to r ecord 13 chmmels of F. M. data and one channel of audio at 1-7/8 ips . 
Up to 13 par ameters in the equa tions of motion or the r esponses of the simulator may 
be r ecorded while the audio channel is used to record the pilot's comments. Three 
calibration pulses on each F. M. channel are automatically r ecorded after the pilot se 
lects the r ecorder on . 

3. 5 Synthe tic Instrument Landing System (I . L. S.) 

Using the orange-bllte 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 tha t allows s election 
of a ny localizer angle a nd any glide path angle up to approximately 30 deg . In addition, 
the localizer and glide path beam sensitivities can be adjusted over a wide r a nge. 

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 
from the desired flight path are transmitted continuously to the helicopter and displayed 
to the evalua tion pilot on a cross-pointer type of instrument. 

4. 0 CONCLUDING REMARKS 

The original three degrees of freedom simulator employed at this Establishment 
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proved to be a valuable airborne research tool. The results from the several proo:rams 
completed to date, utilizing the greatly improved capabilities of the four degrees ;f 
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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\PPENDDC A 

As an exan1plc of how the mod l i s progr ammed and scaled for use in this 
m odel-contr olled method, c onsider how ｾｾ＠ ty pical directional equ[ltion of motion is 
s i mub ted. Let the y:L\\ ing acccl r:1 tion b e 

ti - N-
0 

r 
· 6 + N 

r 6 
a 

6 + N 
a r 

r + N · p +N 
p (3 

wher e each of the terms is defined in the list of symbols. 

(3 + E (j) 
c 

? 
The stability deriv a tive s have dimensions of r ad/ ｳ ･ ｣ ｾ＠ per unit variable 

(e . g. N
6 

, 

r 

I 
2 

r ad sec ) l t · 1 b 1· ·d· tl · t · t · 11 . 
1 

f del o J ·au1ec " c 1v1 me: ·1e " awmg 1non1en · [Jer un1 · varw J e 1nc 1 o· · ru er J " J ｾ＠

by the yawing moment of inertia of the simulated aircraft. 

Ea ch variable is sca led in the normal analogue computer fa shion to utili ze 
a s much of the linear r ange of the amplifiers as possible . a llowing for the anticipa ted 
maximum varia tions . The only volta ge scaling that cannot be alter ed is at the fina l 
step, where the model is compar ed vvith the helicopter angular r a te since the helicop
ter scaling from the rate gyro to the amplifier used a s the compa r a tor i n the autopilot 
is determined by the autopilot closed loop gain. 

Using the optim.iz ed scaling terms as defined in the list of sym.bols , and 
c alculating the yaw r a te instead of the accelera tion, give s the following scaled equa tion 

· ( K ) t 
K ｾ＠ = I.r r N - j IC · r ,_ _ o o 

o r o r 
r 

6 clt + 
r ) 

t 

. No f Ko . o :l 
a o a 
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dt + (N ) j ' K 
r r 
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(K ) t ( K ) t (K E) 
+ K r N J j K J • pelt + K r · N(3 j l\.(3 • (3 dt + I/ i K J · p 

p l ol (3 o p I. 

· r cl t 

wher e the terms in the brackets become the settings on the potentiometers scaling the 
various terms in the equation, as indica ted in F igure 13. The c alculated rate of yaw 
is compared with the actual helicopter angula r r a te by introducing it into the comparator 

with a resistance given by 

R 
IN MODEL 

where TLN and K , 
- -l HE LICOPTER rH 

K 
= r X R 

K INHELICOPTER rH 

. 
1 1

rad 
the yaw r a te gyro scahng (vo ts --), 

sec 
remain 
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invariant. Similar ly, as the model output scaling is alter ed , the l ead or pre-empha sis 
scaling must be changed inversely to maintain proper overall operation . 

Figure 13 indicates how the equation is "patched" on the computer . In any 
given program the parameters that ar e to be varied are wired into the g·ain setting 
potentiometers mounted in the cockpit , so that the safety pilot can a lter them without 

leaving his seat . 

. ' 
\ 

1 
j 
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UNDAMPED NATURAL FREQUENCY,wN 

IN RAD/SEC 
CHANNEL 

DETERMINED FROM DETERMINED FROM 

GRAPHICAL ANALYSIS ACTUAL FLIGHT TEST 

HOVER 40.5 31.8 

YAW 

50 
KNOTS 30 

HOVER 9 .2 9.5 

PITCH 

50 
10 

KNOTS 12 

HOVER 10 .5 13 

ROL L 

50 

KNOTS II. I 11 .2 

HOVER 46 21 

HEAVE 

50 45 28 
KNOTS 

TABLE I 

UNDAMPED NATURAL FREQUENCY FOR FOUR CONTROL LOOPS 
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