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INTRODUCTION 

The execution of specific missions requires that a helicopter 
possess certain maneuver capability.  This capability is 
assured by specifying maneuver requirements in design specifi- 
cations.  It is important that these requirements assure that 
the helicopter can perform the specified mission satisfac- 
torily. Unnecessary maneuver requirements may result in 
penalties to the helicopter design and cost while making 
little or no improvement in the helicopter's ability to per- 
form its mission. 

The Maneuver Criteria Evaluation Program is a simplified method 
which allows the user to determine what maneuver capability is 
required to perform a given mission. MCEF is an acronym for 
Maneuver Criteria Evaluation Program and denotes the computer 
model. MCEP can be used to aid in the development of maneuver 
requirements which provide the necessary maneuver capability 
to perform the desired mission. 

The desired mission is simulated in MCEP by using individual 
flight controllers to "fly" the helicopter through the mission 
profile. The flight trajectories of the helicopter are com- 
puted using the technique presented in Reference 1 which was 
developed under Air Force contract.  Key maneuver parameters 
are monitored throughout the flight profile to provide insight 
into the performance of the helicopter in achieving the de- 
sired flight trajectory. 

The individual flight controllers are designed to bound the 
maneuver in terms of maximum or minimum allowable values of 
various parameters such as load factor or airspeed to enable 
trade-off investigations to be made. 

 __ 
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DESCRIPTION OF MATHEMATICAL MODEL 

The methods used to represent and to control the helicopter 
in MCEP are reviewed in this section. The flight path of the 
helicopter is computed using well-known relationships of 
energy, work and power. The helicopter is controlled by 
specifying linear accelerations in the wind axes system. 

TECHNICAL APPROACH 

The computation of flight trajectories of a helicopter in 
MCEP is based on the energy method for predicting helicopter 
maneuverability as documented in References 1 and 2. This 
fundamental method uses the concepts of work and energy to 
predict the helicopter's ability to change its direction of 
flight. The helicopter is "flown" by controlling the linear 
accelerations in the wind axes. A technique is used which 
results in continuous specification of the control parameters 
to achieve the required flight trajectory. A wing simulation 
was developed which is dependent upon the fuselage angle of 
attack. Since the energy method does not provide fuselage 
angle of attack data, an empirical equation is provided for 
this purpose. However, this equation must be determined from 
another source for valid results in determining the influence 
of the wing on flight trajectories. 

HELICOPTER REPRESENTATION 

The helicopter is simulated by predicting its power required 
as a function of the flight condition, load factor, and cer- 
tain physical parameters of the helicopter from a set of 
closed-form equations.  The difference in the power supplied 
by the engine and the power required at the altitude-airspeed- 
g flight condition may be used by the helicopter to increase 
altitude (potential energy), to increase airspeed (kinetic 
energy), to increase rotor speed (rotation energy), or to 
change the aircraft's direction of flight.  These concepts of 
changing energy levels and controlling the direction of flight 
are explained in detail in Reference 2. 

The power-required equations for the helicopter include the 
parasite power, rotor and wing induced powers, rotor blade 
profile power, and rotor compressibility and stall powers. 
The detailed derivation of the power equation is given in 
Reference 1.  A summary of these equations is presented 
below. 



PARASITE POWER = fpV3/2 

ROTOR-INDUCED POWER * TN^ 

2r } 
WING-INDUCED POWER = -% n 

P neb  V 

ROTOR BLADE 9 , D o     o 
PROFILE POWER = (SQ + 8^  + $2a )^(1 + 4.6 /)P(J2R)

J 

COMPRESSIBILITY POWER = pA(AR)3\M3[0.0033-AM(0.022-0.11\M)] 

STALL POWER = 550 [3410(tc - (^Iniy)^2 

The parasite term includes the drag contributions of the fuse- 
lage, wing, elevator, fin, rotor hub, and external stores.  The 
rotor thrust (T) is the vector sum of the propulsive force and 
the force along the fuselage Z axis. The wing lift (L ) is a 

function of fuselage angle of attack, wing incidence, and 
rotor downwash. Compressibility power is a function of the 
amount by which the tip Mach number exceeds the drag rise 
Mach number (MCRO). The blade loading coefficient (t ) is 

used in the computation of s^all power. The symbol [t L. 

represents the value of t at the first occurrence of power 

increase due to stall« This quantity can be expressed as 
follows: 

^Div = TC1 + TC2A/1 + 50X2 (1) 

where ^ is the advance ratio, V/ftR. 

The above equations were developed for the AH-1G helicopter. 
Predicted power-required data from the above equation, and 
flight test data are correlated in Reference 1. Also, Refer- 
ence 1 compares data predicted by the energy method and flight 
test data for level flight acceleration and deceleration, and 
180-degree turning performance for the AH-1G helicopter. 

The power equations were originally developed for predicting 
the total power required for the AH-1G helicopter. However, 
these equations have been evaluated for the prediction of 
the total power required for different single-main-rotor 



helicopters. A procedure is outlined in Reference 1 showing 
how to determine a set of input coefficients for a helicopter 
based on the helicopter's speed-power data at different gross 
weights and from certain physical parameters of the helicopter« 
The sensitivity of the total power required to the input param- 
eters is investigated to provide the user with insight into 
the impacc of the various coefficients on the total power re- 
quired.  Several current operational helicopters were consid- 
ered in the evaluation of the equations:  the 0H-6A, CH-3C, 
and CH-53A.  Predicted data and flight test data for these 
various helicopters are compared in Reference 1.  Based on 
flight test used, the equations yielded satisfactory results 
for use in simulating flight trajectories. 

The power equations allow a rapid and simple representation of 
a helicopter to be made. However, it is not intended that the 
above equations be used to predict power-required data inde- 
pendently.  Flight test data or data from another source should 
be compared with the predicted data to validate the input 
coefficients. 

Since the above method does not consider fuselage force and 
moment data, an equation is needed to predict the fuselage 
angle of attack as a function of airspeed, load factor, gross 
weight, drag, and vertical velocity.  A closed-form expres- 
sion for the fuselage angle of attack was determined in Refer- 
ence 1 for the AH-1G helicopter: 

*r = KAF1 [KAF2(n-l)
2 + KAF3(n-l)] ^ f GffAtav 

F (o-'V)1^4 

-KAF5 V\/^ • tan "I ' "^1 - KAF7 
(2) 

-1 -sin 

where for the AH-1G helicopter 

KAF1 * 8.643 

KAF2 = 2.478 

KAF3 = 10.422 
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KAF4 -1.6 

KAF5 - 17.639 

KAF6 =0.8 

KAF7 -1.5 

KAF8 = 240. 

The last term in Equation (2) represents the change in «F for 

a pilot-induced acceleration or deceleration.  It should be 
emphasized that this term is zero if the acceleration or de- 
celeration is not pilot induced.  It is recognized that the 
coefficients of Equation (2) are for a specified helicopter, 
but may be used for different helicopters since most heli- 
copters have similar attitude variations with the parameters 
in the equation.  If fuselage angle of attack data are avail- 
able from flight test or another source for a specified heli- 
copter, then the coefficients of Equation (2) can be modified 
to give a better fit while retaining the basic form of the 
fuselage angle of attack equation.  This equation is important 
when a winged helicopter is being simulated. 

The helicopter is limited in maneuvers by the maximum thrust 
which the rotor can produce.  The user must determine this 
value from another source as suggested in References 1 and 2. 
The mathematical model limits the thrust which the rotor can 
produce in the following manner.  If the desired rotor thrust 
is greater than the maximum thrust allowed (t    - TCM1 + 

cmax 
TCM2 M), then the rotor thrust is reset to the maximum value 
for the given flight condition.  By observing this limit, the 
helicopter can not perform trajectories outside its perfor- 
mance capabilities. 

REPRESENTATION OF THE WING 

A method to represent a wing is provided to allow the influ- 
ence of a wing on the flight path to be evaluated.  However, 
since a force and moment representation is not used in the 
simulation, the fuselage angle of attack must be determined 
from another source.  Then the coefficients of the existing 
fuselage angle expression (Equation (2)) can be modified to 
match the desired fuselage angle of attack data.  The wing 
representation is defined for a wing angle of attack range 
of ± 90 degrees. 

The following equations are used to represent the wing.  The 
angle of attack of the wing is expressed as 



aw = aF + K  * tan 
-1 (V) (3) 

where       flp = fuselage angle of attack 

i - wing incidence 

K -  wing-induced velocity factor 

v. • main-rotor-induced velocity 

V = velocity 

The wing incidence contribution to the wing angle of attack 
is given by 

di 

^-Wan*»-» (4) 

where 

i  = wing incidence at n=l 

di 
^— = rate of change of wing incidence with load factor 

n = load factor 

The lift curve slope in the un-talled region is determined as 
follows: 

C  = a  -Ar  • LLa  
a2ü AR+I r.\LL'  aw '' "STALL (5) 

A graphic representation of the wing lift coefficient as a 
function of wing angle of attack is presented in Figure 1. 
The stall angles are determined from 
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Figure 1. Wing Lift Coefficient Versus Wing Angle of Attack, 
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Figure 2. Wing Drag Coefficient Versus Wing Lift Coefficient. 



where   CT    * maximum positive lift coefficient 
HlAXP 

C,    - maximum negative lift coefficient LMAXN 

The lift curve slopes in the stalled regions are calculated 
from the following expressions: 

r  -    HlAXP a < „    ^    " (z\ 
L   p : ) ;  aSTALL<aw" 1 (8) 

a      {1 ~     STALL' 

c        HlAXN .       - %    <  a     <a' (Q) La   IzT^     T        '      7      w     STALL } a
   ^7 + STALL' 

The wing lift coefficient can be written as shown below for 
the different regions of wine angle of attack using the lift 
curve slopes of Equations (5), (8), and (9). 

\  = °La °w 5  ^TALL < «w < "STALL  (10) w    a 

X -  CLa
(aw * aSTALL> + X^i       «STALL < \  * 5     <"> 

CLw " %<"« - "STALL) 
+ ^  * ? « % < "STALL   <12> 

The variation of wing drag coefficient with wing lift coeffi- 
cient is shown in Figure 2, In the unstalled region, the 
wing drag coefficient can be determined as follows: 

c 2 

W*       -'  CW V cw (13) 

where CD - drag coefficient at zero angle of attack 
o 
e = wing efficiency factor 

For the stalled region, the wing drag coefficient can be 
written as 

8 
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«Wr,'W»«rt,. «.. HOMM9l«N 

JD w 

r        ,  HlAX 
o 

<LMAX 

- C DFP 
CL + CDFP w 

(14) 

where CnFp = drag coefficient of flat plate 

- C 
LMAX   HlAXP 

= C 
HlAX   HlAXN 

if CT  > 0 
Lw 

if CT < 0 
Lw 

The wing lift is defined by 

L = a S CT w  Mw w L w 
(15) 

where 

S = wing area 

The wing drag is calculated from 

D = q  S Cn w  Mw w D w 
(16) 

The above equations were evaluated using MCEP.  The results of 
MCEP were compared to data generated by the maneuver section 
of C81 (Reference 3) as shown in Figures 3 and 4.  The aircraft 
used for the evaluation was an AH-1G helicopter with a wing 
of 60 square feet and an aspect ratio of 6.  The wing inci- 
dence was set at 14 degrees.  The MCEP data were generated 
using the puJ' ip/pushover controller. The C81 data were 
generated fr  a 1-inch pull and hold. 

The comparison shows good agreement for both the pullup and 
pushover maneuvers.  In the C81 maneuvers, no attempt is made 
to return the aircraft to level flight.  In the MCEP maneuvers, 
the aircraft is returned to level flight. 

I^WSBBW mssm*mmmKmn •ms 
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FLIGHT DYNAMICS 

The flight controllers send commands to the flight dynamics 
subroutine where the response to these commands is generated. 
The helicopter is considered to be oriented in space as shown 
in Figure 5. This subroutine receives commands in the wind 
axes system in the form of linear accelerations. Then the 
accelerations are transformed into the inertial reference 
frame. Here the accelerations are integrated to determine 
velocity and position.  The angular rates are determinsd from 
the accelerations and velocities in the inertial reference 
frame. The aircraft's constraints such as structural or aero- 
dynamic are applied to prevent a commanded parameter from 
violating a constraint. 

The coordinate system for flight dynamics shown in Figure 5 is 
the standard Euler axis system.  In the ground reference system, 
Xp is positive due north, Yp is positive to the east, and ZF is 

positive downward.  In the wind axes system, the Xy axis passes 

through the center of gravity of the aircraft and is directed 
along the velocity vector and is positive in the direction of 
the velocity vector. The Zw axis is perpendicular to Xr, axis, 

contained in the plane of symmetry, ana positive downward. The 
Yw axis is perpendicular to the X^ Zw plane and is directed in 

such a way that a right-handed trihedral is formed. The orien- 
tation of the wind axes with respect to the ground reference 
system is described in terms of three angles. The angles are 
chi (X), gamma (y), and phi (<p)  as shown in Figure 5. These 
angles should not be confused with the standard body axes 
angles with respect to the ground reference system. The angle 
between the X£ZE plane and the plane which contains the swing- 

ing of the velocity vector is £> .  In this analysis, it is 
assumed that a plane passing through the longitudinal body axis 
and including the yaw axis, must also include the velocity 
vector (i.e., no sideslip). 

The following transformation matrix [TJ is used to resolve 
accelerations in the wind axes to accelerations in the ground 
reference system. 

cosycosx    sin^sinycosx    cos^sinycosX 
-cospsinX +sinxsin<£ 

Tl = cosysinx    sin^sinysinx    cos^sinysinX 
+ cos<pcosX        -  sin9cosX 

-smy sin^cos} cosocosy 

(17) 

12 
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^E =   [T] \ 

uj L\J 
(18) 

The above matrix is orthogonal and thus has the property 

that [T] -1 [Tl 

The equation of motion for the aircraft relative to a flat, 
:n stating earth becomes 

r„ = m a,-, = m dV W  l" "W ' l" Ht (19) 

The rate of change of the velocity vector is 

dT 

"oT 3t 

ddw V) 

W (20) 

From Poisson's formulas, the time rate of change of the unit 
vector tangent to the flight path and the angular velocity 
are given by 

ar" % x Tw= (Iw pw + Tw ^w + HJ rw> x Tw 
dlw _ _ 
37" " Jw rw " "HJ qw (21) 

Thus Equation (20) becomes 

cT=iW^+ ^WrW" WV (22) 

Rewriting Equation (19) and using Equation (22), the scalar 
equations are 

ZF_ 

s V 

2F. 

kW 

w 

'W 

mV 

mVrw 

-mVq W 

(23) 

(24) 

(25) 
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The wind axes rates are related to the fixed reference rates 
as follows: 

Pw 1 0            -siny <P 

% 
SI 0 cos#     sinpcosy y 

.rw. 0 -sin^   cospcosy • 
X 

(26) 

From Equation (26) the wind pitch and yaw rates can be written 
as 

qw = ycosd + x sinöcosy 

rw • -ysinö + xcosocosy 

Putting Equations (27) and (?8) into (23), (24), and (25) 
results in 

(27) 

(28) 

kW r -=r • ax,, = V m     w (29) 

m - ayw • V(-ysinp + x cosocosy) (30) 

F. 
S-jj~ s azw * -V(Ycos<p + x sinpcos)') (31) 

The forces on the left side of Equations (29), (30), and (31) 
consist of the aerodynamic force and the weight vector. The 
weight vector in the wind axes becomes 

W • kF W - -iy Wsiny + jw Wsin^cosy + k^ Wcos^cosy (32) 

The aerodynamic force can be expressed as 

?a ' TW Fax + \  Fay + \ F az (33) 

where the scalar components represent the resultant aerodynamic 
force?.  Substituting Equations (32) and (33) into Equations 
(29), (30), and (31) results in 

(F  - Wsiny)   . 
a- ; Ä  a =  V 7      m (34) 
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(FflV + Wsiwfcosy) 
ayW s     m * v(-Ysin<P   + Xcos^cosy)  (35) 

(F  + Wcosteosy) 
azw = ———_  ._ Ä -V(ycos<£ + Xsinpcosy)  (36) 

The energy method calculates the V in Equation (34) instead of 
the resultant forces. The constraint of no sideslip results 
in the net aerodynamic force in the Yw direction being zero 

(F  = 0).  The net aerodynamic force in the Zw direction is 
normalized by the weight. Therefore, the resulting wind axes 
linear acceleration components are 

axw = V (37) 

av
w = g sin^cosy (38) 

azr, - g cos0cosy - ng (39) 

From Equations (37), (38), and (39), the.control parameters 
available to the flight controllers are V, y, 0, and n. 

The wind axes accelerations are resolved to the ground refer- 
ence system using the transformation matrix given in Equation 
(17).  The ground accelerations are assumed to vary linearly 
between time increments. The accelerations are integrated 
closed form to give velocity and position equations as follows: 

at * ai-;L + mt (40) 

where t - t - t. , and 

m = (a. - a..1)/(t. - t.^) 

Integrating the acceleration from Equation (40) for the 
velocity results in the following expression: 

Vi Ä Vi-1 + ai-l^ + J • t2 (41) 

Now integrating the velocity for position yields 

xi= Vi + Vil + k-i t2 + i ml3 <42> 
Th e evaluation of Equations (41) and (42) at t=t. gives 
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vi = vi-i + i(ai + ai-i)dt (43) 

and      Xt = Xt-1 + 
v
i.1 dt + ^(at + 2ai-X)dt

2       (44) 

where     dt = t. - t. , 

Velocity and position are then determined from Equations (43) 
and (44) at each time increment. 

The angular rates are determined from the accelerations in 
the ground reference system (X£, Y£, Z£).  By using the in- 

verse of the transformation matrix of Equation (17), Equations 
(30) and (31) can be expressed as a function of the ground 
acceleration as follows: 

aXg(sin9sinycosX - cososinx) + ay^Osinpsinysinx + cospcosx) 

+ aZgSin^cosy = V(-ysinp + xcospcosy) (45) 

axE(cos<psinycosx + sinpsinx) + ay^cospsinysinX - sinpcosx) 

+azEcostf»cosy = -V(ycosp 
+ XsinpcosV) (46) 

The results of the simultaneous solution of Equations (45) and 
(46) for the angular rates (>' and X) are presented below. 

Y  = (-ax£ sinycosx - ayE sinysinx - azE cosy)/V   (47) 

X * (*axE sinx + ayE cosx)/V cosy (48) 

The denominator of Equation (48) is the velocity in the XFYV 
Li      x.i 

plane and may be calculated from the ground velocities by 

VXYI> = ^/VXE2 + VVE2 = V c°^>' <49> 

Roll rate is generated externally by the flight controller. 

The angular rates are integrated using the trapezoidal rule as 
demonstrated below. 

Xi • 'l-l + ¥*l +   Wdt (50) 
The flight controllers generate the necessary parameters for 
Equations (37), (38), and (39). 
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COMMAND GENERATION 

The flight controllers command the helicopter through the lin- 
ear accelerations in the wind axes.  From Equations (37), (38), 
and (39), the control parameters are V, y, o, and n.  The 
control of V is maintained through the rate and magnitude 
of power supplied from the engine. 

The other control parameters are generated by estimating the 
load factor as a function of time to produce the desired 
flight trajectory.  The relation between the load factor and > 
and c» can be determined as follows.  The solution of Equations 
(35) and (38) for X yields the following expression. 

• 
« _ g sinflcosX +  VV sinp ,„\ 

v cos^cos)   V cosocosV ' 
The solution of Equations (36) and (39) for \ gives the 
expression below. 

i =   ,n%    _ g cosftcos) m      > V cos?       , r- 
V sin^cosy " V sin^cos) "" V sinocos)       Jl• 

An expression for n can be determined from equating Equation 
(51) and (52).  Then n becomes 

n~—^+££^ ^53) g cos«?  coso ' 

To produce a continuous load factor trace, the flight control- 
ler selects the required value of > or 9 to achieve the desired 
Jlight trajectory.  Then, the controller predicts the angular 
accelerations, rates, and displacements required to achieve 
the angles.  From these predicted quantities, the command 
load factor is generated for flight dynamics according to 
Equation (53). 

The required angular displacement to generate a command load 
factor is obtained as shown in Figure 6.  The following 
assumptions are made to allow closed-forr:. gain.- :o te calcu- 
lated.  The angle is divided into four stages ;.:" equal time 
increments.  The angular acceleration is zero ?.t the end of 
the second stage. 

9(t2) = 0 (54) 

The angular acceleration and rate are zero at the end of the 
fourth stage and the angular displacement is the commanded 
angle ($>c). 
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0(t4) - 0 (55) 

4(t4) = 0 (56) 

*<t4> = «?c (57) 

The angular acceleration is assumed to be of the following 
form for any one of the four stages: 

?(t) - Gl^Vl-e   T  /+^tn-l) (58) 

where 

GK = gain for the nth stage 

t , < t < t n-l      n 

After integrating Equation (58), the angular rate is 

V(t)  - GK. .(t"tn-l) + Te - T 

+ ^n-l^W + fct^) (59) 

where 

t„ i < t < t n-l      n 

The angular displacement is determined from the integration of 
Equation (59) to be 

o(t) = GKn[0.5(t-tn.1)
2 - r2e   T   -rd-^P+T2] 

• 0.5 ÄtB.l><
t-Si-l>*'+ ^n-^'-Vl) + *Vl> 

(60) 
where 

Vl * C < fcn 

The angular acceleration at the end of the fourth stage (t=t,) 
can be written as follows. ^ 
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••rmm,. ..»»»,. 

(   i^£h)) 
tA) - GKAl-e       T      7 + 0(t nt4) - GK4\l-e / + 0(t3) (61) 

It is convenient to make the following definitions at this 
time. 

i 

= (ts + re~-rj = ts -rCl 

(62) 

C2 = V's + Te        -T/ = fcs " TC1 (63) 

C3 = (o.5tg
2 - r2e ~ . rtg + T2J , lt 2 . ^ (64) 

where 

cs - fcn " fcn-l for n ' L« 2» 3' 4 

With the use of Equation (62), Equation (61) can be written 
as 

0(t4) = GK^ + 0(t3) (65) 

Equation (65) can be expanded through the use of Equation (61) 
and (62) to include the first stage in the following manner. 

?<t4) = GKUCX  + GK3C1 + ?(t2) 

?(t4) - G^Cj, + GKj^ + GKjCjL + ?(tx) 

?(t4) = GK4CX + GK3C1 + GK2CL + GK^ + ?(tQ)     (66) 

The initial conditions for the angular acceleration, rate, and 
displacement are defined as shown below. 

*<t0) - \ <67> 

*(t0> " ^o <68> 

*<*<>) = 0O (69) 
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Now, the angular acceleration at t=t4 can be written in 

terms of its initial condition from Equation (66) and (67) 
as 

3(t4) * (GK4 + GK3 + GK2 + GK1)C1 + £Q       (70) 

The angular rate at t=t4 can be expressed as a function of 

its initial conditions using Equations (59), (63), and (68) 
using the method demonstrated above for angular acceleration. 
This expression becomes 

0(t4) =* [4$0 + (3GKX  + 2GK2 + GK^C^tg 

+ (GKL + GK2 + GK3 + GK4)C2 + 0( (71) 

A similar expression for the angular displacement at t*t4 
can be developed using Equations (60), (63), and (69). The 
angular displacement is 

0(t4) = 0.5(16^ + (9GKX + 4GK2 + GK^C^V 

+ U<£0 + (3GKL + 2GK2 + GK3)C2]tg 

+ (GKL + GI^ + GK3 + GK4)C3 + 0 (72) 

Closed-form expressions for the individual gains can be deter- 
mined by applying the constraints of Equations (54), (55), 
(56), and (57) to Equations (59), (60), (61), (70), (71), 
and (72). The results of the above application are presented 
below as expressions for the four gains. 

GKi 
2<£ C 

•±1^.-.•¥-(*-3 2 , W 
+ —2— 

*oC2 2*0C 

?K]- 
0 C2      90 

is        s 
(73) 

GK, *° -  OK Z£     GK1 (74) 
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GK„ - - GK, 

GK,  - 
2^   _ *ftC 

"^T   t_c 
*o o^2     .    9>o 

7? **K 
+ GK, 

(75) 

(76) 

By collecting terms in Equations (73), (74), (75), and (76), 
and using the definitions of Equations (62), (63), and (64), 
the gain equations can be reduced to the following form. 

-50ts[ts(5 - 4/Cj + 1/Cj
2) + .(7/2 - 1/cp] 

GKj^ = 

GK2 " " CJ " GK1 

GKq —  —  GK/ 

GK, £E^o+^tt.-cJ)+«W.] 

(77) 

(78) 

(79) 

(80) 

In MCEP, a command generator subroutine computes the gains 
required to achieve a commanded angle based on the initial 
conditions using Equations (77) through (80). 

If the predicted peak rate is greater than the maximum angular 
rate, then the command generator subroutine increases the 
stage time until the peak rate is less than the maximum angu- 
lar rate.  The command generator subroutine creates table 
values for Cj, C«, Co» and the exponential function for in- 

crements of .05 second. The current values of angular 
acceleration and rate are computed from Equations (58) and 
(59) using the table values.  If the predicted angle is 
different from the actual angLe by 0-001 radian at the end 
of the second stage, then the gains are recomputed for the 
third and fourth stages to match the constraints of Equations 
(55), (56), and (57). 

The value of angular rate from #the pitch command generator 
subroutine is used to predict y  in Equation (53). The value 
of angular rate from the roll command generator subroutine 
is used for roll rate which is integrated in flight dynamics 
to produce a roll angle. 
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The stage times for the roll, pitch, and yaw command generator 
subroutines are initialized using the maneuver urgency factor, 
MUF, unless otherwise specified. MUF controls the time 
required for the aircraft to achieve the desired angles. For 
maneuvers involving roll angle changes, MUF influences the 
roll-in and roll-out times for the turn.  For maneuvers in- 
volving flight path changes, MUF influences the times for 
pulling-up and pushing-over.  A MUF of 1 means that the air- 
craft will achieve the commanded angle in the shortest time 
possible. MUF is related to the time for achieving the desired 
angle change through the time to reach peak angular rate. The 
time to reach peak roll rate is determined from 

\6     - 6   I 
tpr = ^4-^°- (81) 

where ^VJAV ä maximum allowable roll rate 

The peak roll rate required in achieving the desired angle is 
influenced by MUF.  For example, the time to peak roll rate 
is.l second for an angle change of 60 degrees, a MUF of 1, and 
a 9MAY °£  60 degrees per second. The peak roll rate would be 

60 degrees per second.  For the same conditions with a MUF of 
0.5, the time to peak roll rate would be 2 seconds and the peak 
roll rate would be 30 degrees per second. The above method 
for determining time to peak roll rate is also used for deter- 
mining pitch and yaw times. Therefore, a decrease :n MUF 
results in lower angular rate and increased time to achieve 
the desired angle.  The time to peak angular rate may be in- 
creased to keep the peak load factor within the prescribed 
bounds.  This modification occurs in maneuvers involving flight 
path angle changes. By increasing the time to peak angular 
rate, f is reduced and the value of the load factor varies 
according to Equation (53). 
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DESCRIPTION OF MCEP 

The Maneuver Criteria Evaluation Program was designed to simu- 
late mission profiles by specifying the appropriate MCEP maneu- 
vers in the desired order.  The capability and function of the 
MCEP maneuvers are reviewed as they relate to the mission 
simulation.  The evaluation of the mission profile is consid- 
ered in terms of the quantitative information provided from 
the program. 

MISSION SPECIFICATION 

The simulation of mission profiles using MCEP required defin- 
ing the profile as a series of individual maneuvers.  The 
maneuvers available for simulating mission profiles in MCEP 
are listed in Table I.  The mission profile can consist of 
any number of the MCEP maneuvers.  To set up the profile, the 
required maneuvers are placed in order of their occurrence 
in the profile.  Then each maneuver is performed prior to 
calling and reading the data for the next maneuver.  The 
maneuver identification number determines which maneuver is 
called in MCEP.  If a specific maneuver is required for a pro- 
file and it is not a MCEP maneuver, then it may be possible to 
use several MCEP maneuvers to achieve a similar result.  It is 
inconvenient to estimate the ground distances traveled in 
performing the individual maneuvers as the profile is being 
formulated.  Since the locations of targets are specified in 
terms of ground positions, it is difficult to determine, before 
the maneuvers are executed, exactly where the target should 
be placed to correspond to the desired location after the 
completion of the maneuvers.  Several MCEP maneuvers can be 
used to locate the aircraft and then fly the aircraft to the 
desired ground location. The aircraft can be in free flight 
while approaching the target area.  Then the aircraft is 
returned to captive flight by re-establishing a desired ground 
track. 

MCEP MANEUVERS 

Each of the MCEP maneuvers is described to define its capa- 
bilities. The assumptions made in the formulation of the 
maneuvers are reviewed and the input requirements are listed. 

Cruise 

The cruise maneuver flies the helicopter to a specified aim 
point or a specified slant range from the air point at con- 
stant airspeed, altitude, and heading.  This maneuver can be 
used to arrive within a specified target area or to regroup 
at a given point to initiate another sequence of maneuvers 
which require a certain ground locat .on. 
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TABLE I.  MCEP MANEUVER IDENTIFICATION 

Identification 
Number Title 

M01 

M02 

M03 

M04 

Cruise 

Acceleration/Deceleration at Constant 
Altitude 

Turn at Constant Airspeed and Altitude 

Climb/Descent at Constant Airspeed 

M06 Auto Turn at Constant Airspeed and 
Altitude 

M07 Return to Target at Constant Altitude 

MG8 Dive/Rolling Pullout 

M09 Climbing/Descending Turn at Constant 
Airspeed 

MIO Sideward Acceleration/Deceleration 

Mil Sideward Acceleration/Pedal Turn Into 
Wind 

Ml 2 Orbit at Constant Airspeed 

Ml 3 Pedal Turn at Hover 

M14 Collective Pop-Up at Constant Attitude 
and Low Airspeed 

Ml 5 Climbing Return to Target 
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The cruise maneuver is controlled in the horizontal plane 
(XEYR) by calculating the slant range and comparing it to 
the desired slant range. The time increment is controlled 
by the projected slant range which is the estimated slant 
range at the next time point. A time increment of 0.5 second 
is used until the projected slant range is within one time in- 
crement of the desired slant range. At this point the time 
increment is switched to 0.05 second. The raaneuver is com- 
pleted when the slant range is less than the desired slant 
range.  If the slant range is not decreasing, then the maneuver 
is terminated. 

The input data required by the cruise maneuver are the aim 
points (XAP, YAP) and the minimum slant range to the aim point 
(CSLANT). 

Acceleration/Deceleration at Constant Altitude 

The acceleration/deceleration controller flies the aircraft to 
a velocity which is within the specified error band of the com- 
manded velocity.  This maneuver can be used in mission simula- 
tion to increase or decrease the velocity of the aircraft while 
maintaining constant altitude. 

This maneuver is controlled by the magnitude and rate of appli- 
cation of power.  The maneuver is initiated by the application 
of power as shown in Figure 7. A maneuver urgency factor, MUF, 
of 1 results in the fastest application of power. The energy 
method computes axw as 

«r - V - (HPA-HP)55QT?g (62) 
**w  v "   (CUV)  

where    1  = 1  if HPA>HP 

n   = 0.8 if HPA<HP 

HP • power required at the flight condition 

HPA • power supplied from the engine 

Equation (82) causes V to approach infinity as velocity 
approaches zero.  A method of calculating V was developed for 
the low speed regime in Reference 1. Horizontal accelerations 
are performed most effectively at low speed by tilting the 
rotor thrust vector so that the horizontal component acts to 
accelerate the helicopter, as illustrated in Figure 8. The 
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method requires that the horizontal component be increased 
until the power required matches the power supplied by the 
engine. This method requires an iterative process to match 
the power and vector summation constraints. A special flight 
dynamic subroutine was created to handle the iteration pro- 
cedure for this maneuver. Equation- (82) yields excellent 
results for airspeeds above 30 knots. 

The controller restricts the maximum deceleration to a negative 
0.5 g in the low speed regime. The power supplied by the en- 
gine is increased automatically to maintain this value. The 
flight controller increases or decreases the power supplied bv 
the engine according to the value of the weighting factor (WF), 
The weighting factor is computed from 

WF 
(v-vc) i2 

V ERR m 

(83) 

where WF - 1  if WF>1 

V - command velocity 

V • velocity 

V ERR - error band on velocity 

Once the velocity is within the error band, the power differ- 
ence between power supplied by the engine and the power re- 
quired for the flight condition is multiplied by the weighting 
factor«  As the velocity approaches the command velocity, the 
weighting factor approaches zero, which results in no change 
in power available, and the velocity is stabilized.  The con- 
troller stabilizes the velocity by setting the power available 
equal to the power required when the acceleration is less than 
0.05 ft/sec^. This terminates the maneuver in a reasonable 
amount of time. 

An example of this maneuver is shown in Figure 9. The input 
requirements are the command velocity, velocity error band, 
maneuver urgency factor, and the minimum power setting. 

Turn at Constant Airspeed and Altitude 

The level turn maneuver flies the aircraft through a given 
heading change at constant airspeed and constant altitude. 
This maneuver is accomplished by rolling into a turn and 
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holding the resulting turn rate until the proper time to roll- 
out on the desired heading.  This maneuver can be used in mis- 
sion simulation to obtain heading changes when either the 
absolute heading is known or the delta heading is known.  If 
the direction of the turn is not specified, the controller 
will execute the maneuver in the direction of minimum heading 
change. 

The turn controller was designed to match the constraints of 
constant airspeed and constant altitude. The constraint of 
constant altitude results in a curvature of the flight path in 
the horizontal plane (XEY^).  For this curvature to occur, the 
acceleration (az£) and the velocity (V7F) in the vertical plane 
(XgZE) must be zero.  From equation (1/;, az£ can be written 
as a function of the wind axes accelerations as follows: 

az„ = -axtjsiny + aywsin0cosy + azycos^cosy (84) 

The constraint of constant airspeed results in axy being zero 
while the constraint of V^E  being zero forces gamma and az£ to 
be zero.  Equation (84) may now be written in the following 
form. 

azw • -aywsin0/cos0 (85) 

Rewriting Equation (85) using Equations (38) and (39), the fol- 
lowing expression results. 

•j 

gcos0 - ng = -gsin <P/cos<p 

n = l/cos0 
(86) 

Therefore, for the turn to be executed at constant airspeed 
and constant altitude, the turn controller must insure that 
the load factor meets the requirements of Equation (86) and 
that axy is zero.  The airspeed is controlled by not allowing 
the aircraft to roll to a bank angle greater than the bank 
angle which requires maximum power at that airspeed. 

The initiation of the roll-out occurs at the time when the sum 
of the estimated heading change from the roll-out and the cur- 
rent heading is equal to or greater than the desired heading. 
The estimation of heading change resulting from a change in 
roll angle is computed as follows.  First, eight values of roll 
angle are predicted for returning the roll angle to zero from 
the current values of roll acceleration, rate, and displace- 
ment in the specified time.  Then eight values of turn rate 
are computed using the expression 
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where <^. represents the predicted value of <p  at t - t.. 

The values of turn rate are then integrated to produce the 
estimated heading change. 

An example of this maneuver is presented in Figure 10.  The 
input requirements are the desired load factor, command head- 
ing, maneuver urgency factor, delta heading, and the direction 
of turn. 

Climb/Descent at Constant Airspeed 

The climb/descent controller flies the aircraft to a specified 
altitude at constant airspeed. Thio maneuver is performed by 
establishing the desired flight path angle within the speci- 
fied load factor limits. The flight path angle is maintained 
until the time to return the flight path angle to zero to 
arrive at the desired altitude within the specified load fac- 
tor limits. 

The wonstraint of constant airspeed is satisfied by the con- 
troller through the proper choice of the flight path angle. 
The controller predicts the maximum or minimum flight path 
angle based on the power available.  If the commanded flight 
path angle is within the limit of the angle based on power 
available, then the commanded angle is executed. However, if 
the commanded angle is outside the power limited angle, then 
the power limited angle is executed. The above procedure in- 
sures that sufficient horsepower is available to maintain zero 
acceleration in the wind axes (aXy = 0). 

This maneuver results in curvature of the flight path in the 
vertical plane to establish the flight path angle. The con- 
straint of motion in the vertical plane establishes that <i> 
is zero.  If </>=0, then Equation (38) becomes 

*yw = 0 (88) 

The constraint of constant airspeed yields 

axw = 0 

From Equation (47), the rate of change of gamma is a function 
of the ground accelerations.  The ground accelerations can be 

(89) 
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expressed as follows after applying Equations (88) and (89) . 

ax, 'E azwsmy cosx 

ayg - azwsiny sinX 

az£ * aZrtCosy 

(90) 

From Equation (47) and Equation (90), the expression for the 
time rate of change of gamma is 

Y  = - 
lzW 

(91) 

The expression for load factor can be determined from Equations 
(91) and (39) which yield 

n = 
g 

+ cosy (92) 

The climb/descent controller insures that the load factor meets 
the requirements of Equation (92). The load factors required 
to achieve the flight path angle are bounded by input values 
of load factor limits. The peak load factor in achieving the 
flight path angle is compared against the appropriate limit. 
If it is outside the limit, then the time to achieve the angle 
is increased, which reduces y and Y  in Equation (92).  This 
time change results in a new value of peak load factor to be 
compared against the limit. This procedure is continued until 
a value of time is found which passes the load factor test. 
Some variation in airspeed will occur if the value of peak 
load factor and flight path angle result in the power required 
being greater than the power available. 

The recovery portion of the maneuver is initiated when the 
sum of the estimated altitude change in returning the flight 
path angle to zero and the current altitude is equal to the 
desired altitude. The estimation of altitude change in reduc- 
ing gamma to zero is computed as follows.  Eight values (two 
per stage of angular command generation) of gamma are pre- 
dicted for returning gamma to zero from the current values of 
gamma acceleration, rate, and displacement in the specified 
time. The peak load factor is estimated and compared to the 
appropriate load factor limit.  If the peak load factor fails 
the test, the time is extended and the values of gamma are pre- 
dicted using the new time. From the values of gamma, the 
vertical velocity is computed from 

V7 = Vsin(y.) 

where y-   represents the predicted value of y at t = t.. 

(93) 
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The altitude change is calculated from the integration of the 
vertical velocities. 

An example of this maneuver is shown in Figure 11.  The input 
requirements for this maneuver are the command altitude, 
maneuver urgency factor, minimum power setting, command gamma, 
maximum load factor, and minimum load factor. 

Pullup/Pushover at Desired Load Factor 

The pullup/pushover controller flies the aircraft to a decired 
load factor within a specified time.  The desired load factor 
is maintained for the required time if the input airspeed 
limits are not violated.  This maneuver can be used in mission 
simulation to evaluate the impact of specification maneuvers 
on the flight path. 

This maneuver results in a curvature of the flight path in the 
vertical plane (XpZE).  This requires that the acceleration in 
the Yfo- direction fay^-) be zero, which means that 6-0.  The 
expression for load factor is the same as for the level turn, 
given in Equation (92),  The pullup/pushover controller 
selects the value of gamma which will produce the desired value 
of load factor in the specified amount of time.  The desired 
load factor is maintained by the controller for the required 
time unless the airspeed limits are violated.  At the conclu- 
sion of the holding time, the flight path angle is returned to 
zero while staying within the appropriate load factor limit. 

An example of this maneuver is presented in Figure 12.  The 
input requirements for this maneuver are command load factor, 
maximum load factor, minimum load factor, minimum power setting, 
time to achieve command load factor, time to hold command load 
factor, and minimum velocity. 

Auto Turn at Constant Airspeed and Altitude 

The auto turn maneuver flies the aircraft to the necessary 
heading to intersect the input aim points while maintaining 
constant airspeed and altitude.  The auto turn controller 
determines the direction and required heading change to acquire 
the heading which intersects the aim points.  This maneuver can 
be used in mission simulation to align the nose of the aircraft 
with a target or to locate the aircraft's position with respect 
to a known ground position. 

The auto turn maneuver is controlled by the required heading 
change to achieve a heading which intersects the aim points. 
The auto turn controller meets the same constraints as the turn 
controller discussed in the above section.  The primary differ- 
ence is the determination of the direction and magnitude of the 
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required heading change. The auto turn controller makes the 
choice using the following method. A typical orientation of 
the aircraft and the aim point is presented in Figure 13. 
First, the magnitude of the initial heading change is calcu- 
lated from the dot product of the velocity vector and the 
radius vector from the aircraft to the aim point. The expres- 
sion for this magnitude is 

• - -••ÖÄ) (94) 

where 

and 

v = rFvYF + j_v. E'YE 

•R = TE(XAP-X) + jE(YAP-Y) 

(95) 

(96) 

Equation (94) may be written as follows using Equations (95) 
and (96): 

€ = COS -1 
VXE(XAP-X) + VYE(YAP-Y) 

VXYP \/(XAP-X)2 + (YAP-Y)2 
(97) 

The direction of turn is determined from the direction of the 
vector, Ü, which results from crossing the velocity vector in- 
to the radius vector. This operation results in the following 
definition. 

ü= Vx IT 
ü Ä (TEVXE + VYE 

] x [VXAP"X) + TE(YAP-Y)1 

Ü = Er [VYF(YAP-Y) - VVP(XAP-X)1 

(98) 

'XE YE 

If the expression in brackets of Equation (98) is positive, 
then the auto turn controller will use a right turn. If the 
converse is true, then the auto turn controller will use a 
left turn.  For the cases when the expression vanishes, the 
auto turn controller makes the decision on whether to turn or 
not based on the magnitude of € calculated from Equation (97). 
If € = 0, no turn is executed; if € • ±n,  the auto turn con- 
troller will execute a right turn. 
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It may be possible for a situation to exist where the*aircraft 
will not have an opportunity to achieve a heading which inter- 
sects the aim point. The controller estimates the possibility 
of this situation existing in the following manner« A projec- 
tion of the flight trajectory is made as shown in Figure 14. 

The turn radius is calculated using 

RADIUS = V2/gtan^c (99) 

where <P    is based on the input value of load factor« The 
center Sf rotation is then estimated by the following equations. 

XC - X - RADIUS sinx + 2'V^ tpr        (100) 

YC =• Y + RADIUS cosx + 2 VyE tpr >       (101) 

Vcie  slant range from the estimated center of rotation and the 
aim point may be written as —J 

SLANT y(XAP-XC)2 + (YAP-YC)2 (102) 

If RADIUS>SLANT, the controller concludes that the aircraft 
will not be able to find an intersection heading and* there- 
fore, the controller elects to terminate the maneuver« 

The initiation of the roll-out occurs when the estimated head- 
ing change equals the heading change calculated from Equation 
(97). The estimated heading change is computed in the same 
manner as is the turn controller. 

Examples of this maneuver are shown in Figures 15 and 16« The 
input requirements for this maneuver are the desired load 
factor, maneuver urgency factor, and the aim points (XAP, YAP). 

Return to Target at Constant Altitude 

This controller flies the aircraft to a specified target« The 
maneuver is performed by executing a decelerating turn until 
the aircraft rolls out on the heading which intersects the tar- 
get. Then full power is applied to accelerate the aircraft to 
the target. This maneuver can be used in the mission simula- 
tion to fly across a designated target or to arrive at a check 
point. - - * * ' 

This maneuver is controlled by the heading change required for 
the aircraft to achieve intersection with the target« The 
required heading change as shown in Figure 17 is calculated 
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from the dot product of the velocity vector ar.d the radius 
vector from the aircraft location to the target location 
divided by the product of the magnitudes of the two vectors. 
The expression for the heading change can be written in the 
following form. 

€  m   COS -1 
(TARX-X)VXE + (TARY-Y)VYE 

VXYP V^TARX"X^2 + (TARY-Y)2 

(103) 

The heading change is varying throughout the maneuver. 

A roll-out is initiated when the estimated heading change pro- 
duced from returning the roll angle to zero from the current 
values of roll acceleration, rate, and displacement is equal 
to the heading change calculated from Equation (103). The 
heading change from roll-out is predicted in the same manner 
as discussed in turn at constant airspeed and altitude. 

The time to roll-in can be an important factor in the ability 
of the aircraft to achieve a heading which intersects the 
target. The aircraft must turn inside the target to have 
an opportunity to roll-out on a heading which intersects the 
target. The controller reduces the roll angle to maintain a 
constant radius turn if the airspeed falls below the input 
minimum velocity.  If the direction of the turn is not speci- 
fied, then controller uses the logic presented in the dis- 
cussion of auto turn to select the direction of turn for 
minimum heading change. 

Examples of this maneuver are presented in Figures 18 through 
21.  In Figures 18 and 19, the aircraft flies over the 
target and then returns to it. In Figures 20 and 21, the air- 
craft flies from the current position to the target.  The input 
requirements for this maneuver are desired load factor, time 
to peak roll rate, maneuver urgency factor, target position 
(TARX, TARY, TARZ), minimum velocity, and direction of turn. 

Dive/Rolling Pullout 

The dive/rolling pullout controller flies the aircraft through 
the setup of the engagement, the engagements, and the break- 
off of the engagement. The controller flies the aircraft to 
the correct position to establish the dive angle required for 
a line-of-sight on the target. Then the aircraft is flown 
down this angle until it is time to initiate recovery to stay 
above a minimum altitude or outside a minimum slant range 
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from the target. The recovery consists of a rolling pullout 
which returns the aircraft to level flight on the desired 
exit heading. This maneuver can be used to simulate the 
engagement of a target. 

The first part of this flight controller selects the point at 
which the dive phase should be initiated. The controller 
identifies the point as illustrated in Figure 22. The altitude 
loss (DHE) and the distance translated toward the target (DXW) 
are estimated in obtaining Yc  while maintaining load factor 
above the minimum load factor. The horizontal distance of 
the aircraft from the target when the aircraft intersects the 
desired glide slope is calculated from 

DXT = (Z-DHE-TARZ)/tanv (104) 

where TARZ * Z£ position of the target 

y * command dive angle 

The distance from the current aircraft position and the point 
to initiate the dive is 

FLDT = RANGE-DXT-DXW (105) 

where -V' RANGE =\/(TARX-X)2 + (TARY-Y)2 

If FLDT ^ 0, then the aircraft cruises until the dive point 
is reached, as shown by the arrow on Figure 22.  If FLDT < 0, 
the controller attempts to compute a dive angle based on the 
geometry of the aircraft position and target location. The 
value of this dive angle increases as the stage time for 
command generation is increased to prevent load factor from 
violating the minimum load factor. The stage time for command 
generation is increased until the estimated load factor is 
greater than the minimum allowed or until V^p (t^ + to) = RANGE, 
at which time a message will indicate that the target cannot be 
reached based on the existing initial condition. 

The flight controller executes the dive based on the informa- 
tion determined above. The amount of acceleration along the 
flight path is controlled by PSL. Lower values of PSL result 
in less acceleration for the same >c. The flight path of the 
aircraft should not violate the minimum slant range to the 
target during the recovery sequence. The estimated minimum 
slant range to the target is determined based on the current 
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initial conditions. 
in Figure 23. 

The geometry of this procedure is shown 

The change in heading (\X) is estimated from returning y to 
zero while rolling into a turn.  A procedure similar to the 
one used in the turn and climb controller is employed. 
turn rate is determined from 

e 
The 

*!-[* + 1 cosT. j 
tanc^ (106) 

for each of the estimated values of <Pi,  Y^,  and Y^.     The turn 
rate 's then integrated to provide AX. The altitude loss 
(DHE) is computed from the integration of the estimated verti- 
cal velocities.  The distances traveled in the horizontal plane 
in recovering from the dive and rolling into a turn are deter- 
mined from integrating the estimated ground velocities which 
are based on the headings from Equation (106).  Once the flight 
path is returned to the horizontal plane, a constant radius 
turn equivalent to the input value of nd is assumed.  The 
center of rotation of this turn is calculated from 

Xx = DXE - RADIUS sin(\x) 

Yt - DYE - RADIUS cos(\X) 

(107) 

(108) 

The minimum distance from the target occurs when the flight 
path of th.n  aircraft is tangent to the arc formed by cutting 
the sphere of minimum slant range with a plane at the alti- 
tude of the turn. This target point is estimated from the 
intersection of a straight line which joins the center of 
rotation of th^ turn and the target location with the pre- 
dicted flight path of the aircraft.  The range of the air- 
craft from the target in the horizontal plane is 

TARXH = \/(TARX-X)2 + (TARY-Y^2 

The an^le  5 - defined as 

Al = tan -1 
•—*I J 

(109) 

(110) 

Now the point- of closest approach become 

XNA - X1 + RADIUS sin(Al) 

YNA * YL - RADIUS cos(Al) 

(111) 

(112) 
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ZNA - Z - DHE (U3) 

The estimated minimum slant range from the target is calculated 
from 

SLANTE = \/(TARXH - XNA)2 + (YNA)2 + (TARZ - ZNA)2 (114> 

Once the estimated minimum slant range becomes less than the 
minimum slant range, the recovery portion of the maneuver is 
initiated. The peak load factor is estimated and compared 
against the maximum value*  If it violates the maximum load 
factor, then the stage time of the command generator is 
increased and the estimated slant range is corrected. 

The final portion of this maneuver is the roll-out on the de- 
sired heading. This roll-out is accomplished the same as ex- 
plained in the turn controller. Two values of MUF are used 
in this maneuver. One MUF is for the dive phase, while the 
other is for the rolling pullout and the roll-out on heading. 

An example of this maneuver is presented in Figures 24 and 25 
The input data required are desired load factor for the turn, 
desired dive angle, location of target (TARX, TARY, TARZ), 
minimum slant range to target, delta heading from present 
heading to leave target area, maximum load factor, minimum 
load factor, minimum velocity, maneuver urgency factor for 
dive, maneuver urgency factor for roll, and minimum power 
setting. 

Climbing/Descending Turn at Constant Airspeed 

The climbing/descending turn controller flies the aircraft 
to a specified altitude and heading at constant airspeed. 
This maneuver is performed by establishing a climb or dive 
angle while rolling into a turn.  The turn is maintained 
until the desired altitude is established, after which roll-out 
is initiated at the proper time to establish the desired 
heading. The maneuver can be used in mission simulation to 
change altitudes while staying in a general area. 

This maneuver is controlled through the proper choice of 
the flight path angle and the roll angle.  Two options are 
available for determining these angles.  If a desired load 
factor is specified, the remaining excess power is used to 
calculate a climb angle.  For a descending turn, the descent 
angle is based on the minimum power setting.  If a desired 
load factor is not specified, the climb angle is calculated 
using half of the excess power and the remaining excess power 
is used for the roll angle.  For a descending turn, the descent 
angle is based on the minimum power setting while the roll 
angle is based on the excess power from level flight. 
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The stage times of the pitch and roll command generators £-re 
increased if the estimated peak load factor using Equation (53) 
is  outside the appropriate load factor limit.  The time to 
initiate recovery to arrive at the desired altitude is deter- 
mined using the same procedure outlined in the climb/descent 
controller. 

The time to initiate the roll-out to arrive at the desired 
heading is the same method used in the turn controller. 

An example of this maneuver is shown in Figure 26.  The input 
data required for the maneuver are the desired altitude, de- 
sired load factor, desired heading, maneuver urgency factor, 
minimum power setting, maximum load factor limit, and minimum 
load factor limit. 

Sideward Acceleration/Deceleration 

The sideward acceleration/deceleration controller accelerates 
the aircraft to the right or left from hover at constant alti- 
tudes while the nose of the aircraft is tracking a target. The 
aircraft is accelerated until the desired sideward velocity is 
reached and then the aircraft is decelerated to hover while 
still tracking the target. This maneuver can be used to eval- 
uate low speed tactics. 

This maneuver is controlled by the bank angle which the air- 
craft maintains in the acceleration phase of the maneuver. 
The limiting factor in this maneuver is the power available. 
The controller computes the power limited bank angle based 
on the maximum horsepower at the desired velocity.  If the 
commanded bank angle is greater, then the commanded bank 
angle is reset to the power limited bank angle.  A penalty 
can be imposed on flying to the right by subtracting some 
power from the maximum power available to account for the 
increased tail rotor power required.  The controller uses the 
thrust vectoring method as developed in Reference 1 to compute 
the sideward acceleration resulting from a bank angle.  The 
equivalent flat plate drag is based on the drag of the air- 
craft at a  sideslip angle of 90 .  The wind axes acceleration 
i- computed from 

axw = ^ftano - 
'-) (115) 

when; W tangent of the trim roll angle 
at the current velocity 
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f^ - drag area (CD = 1) of aircraft at 90° sideslip 

q - dynamic pressure 

The deceleration phase of this maneuver is initiated by roll- 
ing to a bank angle of equal magnitude but opposite sign as 
the commanded sideward velocity is approached.  The decelera- 
tion phase is terminated by returning the bank angle to zero 
as hover is approached. 

An example of this maneuver is given in Figure 27.  The input 
data required for this maneuver are the command bank angle, 
command sideward velocity, final velocity, maneuver urgency 
factor, tail rotor power penalty, and location of target (TARX, 
TARY). 

Sideward Acceleration/Pedal Turn Into Wind 

The sideward acceleration/pedal turn into wind controller 
accelerates the aircraft to the right or left from hover at 
constant altitude while the nose of the aircraft is tracking 
a target.  The aircraft is accelerated until the command 
sideward velocity is established.  Then the aircraft stops 
tracking the target and swings its nose into the wind.  This 
maneuver can be used to evaluate sideward acceleration in 
conjunction with other maneuvers. 

The first portion of this maneuver is exactly the same as 
the sideward acceleration/deceleration maneuver.  As the com- 
mand sideward velocity is approached, the aircraft rolls to 
a roll angle at the command sideward velocity such that the 
thrust tilt balances drag; then the aircraft stops tracking 
the target and swings its nose into the wind.  This portion 
of the maneuver is controlled in the same manner as the pedal 
turn maneuver except that the sideslip angle (ß)  is reduced 
to zero instead of making a heading change.  The controller 
integrates ft  to compute ß.     The trim roll angle is reduced 
to zero in the same time as ß  is reduced to zero.  After ß 
is reduced to zero, the aircraft has the proper conditions 
to use the other maneuvers such as the climb/descent maneuver. 

An dxample of this maneuver is presented in Figure 28.  The 
input data required for this maneuver are command sideward 
velocity, maneuver urgency factor for rolling, command bank 
angle, time to reach desired ft,  desired ß,  and target loca- 
tion. 
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Figure 27.     Time History of Sideward Acceleration From Hover 
and  Deceleration  to Hover for AH-IG Helicopter at 
8500  Pounds. 
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MCEP! INPUT 
PHIC-20— 
V035 
MüF-0.6 
HPMTR^O 
TARX*6000 
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TPB=1 
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Figure 28«  Time History of Sideward Acceleration From Hover 
and Turn Into the Wind for AH-1G Helicopter at 
8500 Pounds. 
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Orbit at Constant Airspeed 

The orbit controller rolls the aircraft into a turn of speci- 
fied radius and maintains a steady turn for a specified amount 
of time.  After the orbit time is satisfied, the controller 
flies the aircraft until it is time to roll out on the desired 
heading.  This maneuver can be used to represent loiter. 

The orbit controller performs the same commands as the turn 
controller with the exceptions of determining the command bank 
angle and of monitoring the time spent in the turn. The 
specified radius is converted to a command bank which is com- 
pared against the power limit bank angle.  If the command bank 
angle is greater, the command bank angle is reset to the power 
limit bank angle. The controller does not start determination 
of the roll-out time until the time in the maneuver is greater 
than the specified orbit time. Then the roll-out point is de- 
termined using the roll-out prediction of the turn controller. 

An example of the maneuver is shown in Figure 29.  The input 
requirements for the maneuver are the desired radius, maneu- 
ver urgency factor, time of orbit, desired heading, and the 
direction of turn. 

Pedal Turn at Hover 

The pedal turn controller turns the aircraft over a spot 
through a desired heading change. This maneuver can be used 
in mission simulation to line the nose of the aircraft with 
a target or to execute a heading change.  This maneuver is 
restricted to use in hover. 

The pedal turn is controlled by the desired heading change. 
The pedal input is assumed to be of the form illustrated in 
Figure 30. The controller estimates the command chi (Xc) to 
generate the desired rate in the specified time from the fol- 
lowing equations.  The initial angular acceleration (x0) and 
rate (Xo) are zero for this maneuver. The application of 
these constraints to the gain equations (Equations (77), (78), 
(79), and (80)) results in the following expressions for the 
gains. 

GKX = -GK2 

(116) 

GK4 = -GK3 
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MCEP  INPUT 
BÄi>iUs-9(X7 
HDG=90 
MUF=1 
T0RBIT=20 
PHIDR=1 

Figure 29.  Ground Track of Orbit Maneuver. 
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Figure 30. Definition of Pedal Input for Pedal Turn Maneuver. 
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Figure 31.  Time History of Pedal Turn Maneuver for 
AH-IG Helicopter at Hover. 
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The gains are based on achieving Xc at the end of the fourth 
stage. The expression for xc can be determined from Equation 
(71) and the initial conditions. 

Then, Xc becomes 

0.5 GKX Cx t 
4  + x, (117) 

The expression for peak rate (xp) can be determined from 
Equation (59) when t=t~. This operation gives 

0.5 GKT C, t lip (118) 

The value of GK^ can be determined from Equation (118) and 
the input value of the desired rate (X * X-.). The expression 
for GK, becomes " 

GKI - 2Vci s (119) 

Now the value of Xc can be estimated using Equations (119) 
and (117). Then, x„ may be written as c 

Xc Ä xp fcp + Xo (120) 

Assuming that a steady rate would be required to achieve the 
desired heading, the total angular displacement can be ex- 
pressed as 

XD " xc + Xpth (121) 

The time to maintain steady rate can be determined from Equa- 
tion (121) to be 

th - 
(XD." V- t th 5T~  S 

(122) 

If the time to maintain steady rate is less than one time 
increment, the controller commands X - XD; and the angular 
displacement is achieved as presented in Command Generation. 

An example of this maneuver is presented in Figure 31. The 
input requirements for this maneuver are the heading required, 
time to reach peak rate of change of heading, and the desired 
rate (XD). 
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Collective Pop-Up at Constant Attitude and Low Airspeed 

The collective pop-up controller changes the altitude of the 
aircraft while maintaining constant attitude. The ground 
speed is constant during the maneuver. This maneuver can be 
used in evaluating low speed tactics. 

The controller flies this maneuver at maximum power available, 
and determines the maximum load factor which can be achieved 
using maximum power available for the given flight condition. 
The load factor reaches NMAX in time tpn. 

tpn = (n-l)/(MUF.VJERK) (123) 

where VJERK » rate of change of load factor 

Then the controller maintains load factor at the value which 
requires maximum power available. The aircraft initiates 
recovery to arrive at the desired altitude by decreasing 
linearly the load factor in time tpn to the specified minimum 
value of load factor as illustrated in Figure 32. This mini- 
mum load factor is held for the required time which results in 
coming out at the desired altitude while linearly increasing 
the load factor to 1 in time tpn. The time to hold the minimum 
load factor is calculated as 

tout = -tpn - (V ZE +0,5 aZp tpn) (124) 

(l-MMIN)g 

where NMIN - minimum load factor 

If tout< 0, the controller computes a value of NMIN which will 
give the correct altitude change for a linear decrease in load 
factor to NMIN in time tpn followed by a linear increase in 
load factor to n = 1 in the same time as by the broken line 
in Figure 32.  This value is determined from 

V 
NMIN - 1 + + 0.5 azE|/g y> (125) 

The altitude change is determined by the controller by inte- 
grating the appropriate acceleration to determine vertical 
velocity and position. When the sum of the estimated altitude 
change and the current altitude is greater than the desired 
altitude, the appropriate recovery technique is initiated. 
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If tout<0 

tpn TIME-SEC tpn tout tpn 

Figure 32.  Definition of Recovery Load Factor for Collective 
Pop-Up Maneuver. 
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Figure 23.  Time History of Collective Pop-Up Maneuver for 
AH-IG Helicopter at Hover and 9000 Pounds. 
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An example of this maneuver is presented in Figure 33« The 
input requirements for this maneuver are the desired altitude, 
maneuver urgency factor, and the minimum load factor« 

Climbing Return to Target 

The climbing return to target controller pulls the aircraft 
into a steep climb while rolling into a turn. As the aircraft 
approaches the desired minimum velocity, the controller ini- 
tiates a dive to recover airspeed while maintaining the turn« 
The dive is terminated at the proper time to arrive at the 
desired altitude. The roll-out is initiated at the proper time 
to arrive on a heading which intersects the target. This 
maneuver can be used in the mission simulation to fly across 
a designated target. 

This maneuver is controlled by the heading change required for 
the aircraft to achieve intersection with the target. The 
required heading change is calculated from the dot product 
of the velocity vector and the radius vector from the aircraft 
location to the target location, as given by Equation (103), 
The recovery from the dive portion of the maneuver is initiated 
when the sum of the estimated altitude loss and the current 
altitude is equal to the desired altitude. The altitude loss 
is estimated using the same procedure used in the climb/descent 
controller. The initiation of roll-out is predicted using the 
method used in the turn controller with the exception of the 
turn rate equation. Equation (106) is used for turn rate. 
The estimated peak load factors are computed using Equation 
(53) and are compared with the appropriate load factor limits« 
The stage times for command generation are increased to stay 
within these limits. 

An example of this maneuver is given in Figure 34. The input 
requirements for this maneuver are the command altitude, loca- 
tion of the target in ground coordinates, maximum desired load 
factor, minimum desired load factor, command bank angle, com- 
mand climb angle, minimum velocity, time to peak rate for roll- 
out, time to peak rate in gamma, time to peak rate in roll, 
minimum power setting, and time to apply full power« 

EVALUATION OF MISSION PROFILE 

The evaluation of a mission profile in quantitative terms is 
made easier by MCEP data in the form of histograms and statis- 
tical parameters. MCEP is designed to allow the sensitivity 
of the flight path to various parameters to be evaluated by 
means of the quantitative data from the mission profile« the 
choice of criteria for assigning merit and the selection of 
parameters to be evaluated depend on the user's particular 
mission requirements. 
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MCEP  INPUT 
HC-50Ü GAMC-15 
TARX-0 VMIN-40 
TARY-0 TPO-1 
TARZ*0 TPP-2 
NMAX-2 TPR-3 
NMIN-0.8 PSL-0.5 
PHIO60 TACCEL-1 

600 

Figure 34. Ground Track of Climbing Return to Target for 
AH-IG Helicopter at 90 Knots Entry Airspeed. 
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MCEP provides a detailed output of the important flight path 
parameters for each maneuver. Time histories of the wind 
axes accelerations, flight path velocity, flight path position, 
vertical velocity, phi, gamma, chi, rates of change with 
respect to time of phi, gamma, and chi, load factor, power 
required, power supplied by the engine, arid time are provided 
upon request. A summary page is available at the conclusion 
of each maneuver.  This page provides a comparison of the 
actual values of certain parameters achieved during the 
maneuver with the desired values.  This comparison gives 
insight into the performance of the aircraft in terms of 
flight path parameters.  A comparison of actual value versus 
desired value is recorded for the flight path angle, slant 
range, minimum load factor, maximum load factor, minimum 
velocity, maximum velocity, exit heading, maximum bank angle, 
and aim points when applicable to the maneuver performed. 

MC5P provides histograms of power, altitude, velocity and 
load factor at the conclusion of each summary page for 
each maneuver.  These histograms provide information for 
the number of occurrences and the relative cumulative fre- 
quency of occurrence for specified intervals. This informa- 
tion provides data for determining the proportion of flight 
time spent in a given flight regime. 

The flexibility of being able to easily change the limiting 
parameters such as maximum or minimum load factor allows the 
user to define the impact of that particular limit on the 
actual flight path.^ From this type of comparison, the user 
can determine a minimum value of a specified parameter which 
yields a satisfactory flight profile. 
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SIMULATION OF AH-IG HELICOPTER GUNSHIP MISSION USING MCEP 

A typical AH-IG gunship mission is used to demonstrate MCEP. 
The mission profile is based on data from References 4 and 5 
and is a typical escort mission. 

DEFINITION OF MISSION PROFILE 

The AH-IG dashes ahead of troop-carrying helicopters to clear 
the landing zone. After the landing zone is cleared, the AH-IG 
loiters above the landing zone to provide suppressive fire if 
required during the landing of the utility helicopter. After 
the landing, the AH-IG returns to base. 

The mission is detailed as follows.  The AH-IG takes off and 
accelerates to an airspeed of 70 knots. A climbing turn is 
execut vd to obtain a cruising altitude of 2500 feet at a head- 
ing of 0 degrees. Now the AH-IG accelerates to a cruise air- 
speed of 90 knots which is maintained until the aircraft is in 
the general landing zone area. Once in this area, the AH-IG 
descends to 800 feet and accelerates to 115 knots. This air- 
speed is maintained until the landing zone is recognized. 
Then the AH-IG climbs to 1600 feet and decelerates to 60 knots 
while looking for targets.  A target is Identified in the land- 
ing zone at a slant range of 1700 meters.  The AH-IG dives on 
the target using a 20-degree dive angle. During the dive, 
appropriate ordnance is expended, and a rolling pullout is 
executed to maintain a minimum slant range of 700 meters from 
the target. During the rolling pullout, the AH-IG turns about 
120 degrees to the right and covers with 7.62 mm minigun fire. 

Then the AH-IG climbs to 1600 feet and turns back to the land- 
ing zone.  An orbit is established around the landing zone, 
and the AH-IG is available for quick-reaction fire if this 
becomes necessary.  After the landing is completed, it rolls 
out on a heading of 180 degrees and climbs to 2500 feet.  It 
then accelerates to 90 knots and cruises back to home base. 
Here a descending turn is executed to an altitude of 25 feet, 
and the airspeed is reduced to hover. 

The mission profile is separated into the individual maneuvers 
of Table I which best described the desired action.  The 
mission profile using MCEP maneuvers is defined in Table II. 

RESULTS AND INTERPRETATION OF SIMULATION OF MISSION PROFILE 

The mission profile outlined in Table II was simulated using 
MCEP.  The mission consisted of 22 individual maneuvers.  The 
required input data for the AH-IG helicopter and the initial 
flight conditions are given in Table III.  For convenience, the 
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TABLE II .  DEFINITION OF MISSION PROFILE 
USING MCEP MANEUVERS 

Profile 
Step 

Number 

Maneuver 
ID 

Number Maneuver Request 

1. Ml 4 Collective 
Pop-Up 

Climb to 10 feet 

2. M02 Acceleration Accelerate to 70 knots 

3. M09 Climbing Turn Climb to 2500 feet and 
arrive at a heading of 
0 degree 

4. MO 2 Acceleration Accelerate to 90 knots 

5. MO» Cruise Fly to aim point of Xjr= 
20,000 feet and YE=0 feet 

6. M04 Descent Desceno to 800 feet while 
maintaining heading 

7. M02 Acceleration Accelerate to 115 knots 

8. M01 Cruise Cruise to 25,000 feet 
range of landing zone at 
Xg=65,000 feet and YE«0 

9. M04 Climb Climb to 1600 feet while 
maintaining heading 

10. M02 Deceleration Decelerate to 60 knots 

11. M08 Dive/Rolling 
Pullout 

Execute a 20-degree dive 
onto a target located in 
the landing zone at Xg= 
65,000 feet and Yg=0 feet* 
Maintain a minimum slant 
range of 2300 feet from 
target and exit landing 
zone to the right after 
a heading change of 120 
degrees. 

12. M04 Climb Climb to 1600 feet 

13. M06 Auto Turn Turn back to the landing 
zone 
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TABLE II - Continued 

Profile 
Step 

Xur.be r 

Maneuver 
ID 

Xur.be r Maneuver Request 

14. MC 2 Acceleration Stabilize velocity at 70 
knots 

15. M01 Cruise Return to 1500 feet from 
landing zone located at 
XE=65,000 feet and YE~0 
feet 

16. MO 3 Turn Change heading 60 degrees 
to the right to parallel 
landing zone 

17. Ml 2 Orbit Establish an orbit of 
radius 800 feet around 
the landing zone and exit 
on heading of 150 degrees 
to return to base 

13. M04 Climb Climb to 2500 feet while 
maintaining heading 

19. MO 2 Acceleration Accelerate to 90 knots 

20. M01 Cruise Return to vicinity of 
base 

21. M04 Descent Descend to 50 feet 

22. MO 2 Deceleration Decelerate to hover 
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form of the output data was standardized. In some cases, this 
means labels such as "desired,M "actual," and "error" are not 
meaningful but simply identify end points of the maneuver seg- 
ment. 

The summary page for profile step 1 is presented in Table IV. 
The entry altitude was 0 and the exit altitude was 10 feet. 
The maximum flight path angle was 90 degrees.  The results 
of profile step 2 are given in Table V.  The AH-1G accelerated 
to 68.9 knots, which is within the velocity error band of 2 
knots.  Profile step 3 was a climbing turn to 2500 feet and 0 
degrees heading.  These results are given in Table VI.  The 
difference between the desired minimum load factor and the 
actual minimum load factor indicates that the pushover did not 
need to use the minimum g load factor limit.  The maximum load 
factor limit was exceeded slightly.  The aircraft climbed 
to 2500 feet and the exit heading was 0 degrees.  The power, 
altitude, velocity, and load factor histograms for this maneu- 
ver are shown in Table VII.  The relative frequency gives 
the fraction of total flight time spent in each interval, while 
the relative cumulative frequency gives the fraction of flight 
time spent in the current interval and all preceding invervals. 

The results of the acceleration in profile step 4 are shown in 
Table VIII.  The velocity is stabilized w* thin 1.1 knots of the 
commanded velocity.  The aim point evaluation does not apply 
for this maneuver.  The cruise maneuver of profile step 5 
results in an error of 38 feet in slant range as indicated in 
Table IX.  The AH-1G helicopter descends to 800 feet altitude 
in profile step 6.  The summary of this maneuver is presented 
in Table X.  The load factors stayed within the minimum and 
maximum load factor limits.  The aim point evaluation is only 
meaningful for the altitude.  The roll-in time is the time 
required to establish the descent angle and stay within the 
minimum load factor limit.  Histogram data for the descent 
maneuvers are shown in Table XI.  Profile step 7 consists of 
accelerating to 113.4 knots as given in Table XII.  The air- 
craft now cruises to the general area of the landing zone as 
requested in profile step 8.  This maneuver is summarized in 
Table XIII.  The AH-1G now climbs to 1600 feet of altitude 
in profile step 9 as shown in Table XIV.  Profile step 10 
results in the aircraft decelerating to 61.8 knots.  This 
maneuver is summarized in Table XV. 

The AH-1G helicopter has entered the landing zone area and 
is ready for the engagement of targets in profile step 11. 
A target is recognized at XE=65,000 feet.  The desired minimum 
slant range from the target was 2300 feet, and the actual was 
2293.  The aim point comparison is not used for this maneuver. 
The coordinates of the closest point of approach are printed 
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in the "actual" row under the aim point heading.  Histograms 
of the maneuver are presented in Table XVII.  The results of 
profile step 12 for a climb to 1600 feet are given in Table 
XVIII.  Profile step 13 asked for an auto turn back to the 
landing zone.  The results of this maneuver are presented in 
Table XIX.  The time to achieve the bank angle was 1.4 seconds, 
and this bank angle was maintained for 14.55 seconds.  The 
desired exit heading gives the value of the heading which 
should point tn2Vacie-of the aircraft to the aim point.  The 
aircraft decelerates^»*^^ki^ts in profile step 14 as shown 
in Table XX.  In profile step'i^ the AH-1G cruises along the 
line toward the landing zone as shown in Table XXI.  A turn 
at constant airspeed is executed in profile step 16 to parallel 
the landing zone as presented in Table XXII.  The aim point 
evaluation is applicable for this maneuver. Histograms of 
this maneuver are presented in Table XXIII.  For profile step 
17 an orbit is established in the vicinity of the landing zone. 
This orbit is maintained for about 5 minutes as given in 
Table XXIV.  At the conclusion of the orbit, tK: aircraft 
rolls out on a heading toward home base.  A summary of the 
ground track of the above maneuvers in the landing zone is 
presented in Figure 35. 

The return to home base is accomplished by a climb to cruise 
altitude of 2500 feet as requested in profile step 18.  A 
summary of this maneuver is given in Table XXV.  Profile steps 
19, 20, 21, and 22 return the AH-1G to home base.  The results 
of these maneuvers are given in Tables XXVI through XXIX. 

Variations of the input parameters to each maneuver can be 
made to evaluate their impact on the flight path foi this 
mission profile.  This simulation demonstrates the method of 
representing a mission profile in the context of MCEP maneu- 
vers. 
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TABLE III.  AH-IG HELICOPTER INPUT DATA 

MANEUVER CRITERIA EVALUATION PRÜGRAM 

AH-1G  HELICOPTER 
ESCORT MISSIUM FUR UTILITY HELICOPTERS 

DEMONSTRATION OF MCEP 

HELICOPTER INPUT DATA 

VARIABLE 
DIGITAL 
NAME VALUf: UNITS 

NUMjfcR UF BLADES 
KJTJK CHJ^ü 
KCTOK KADI US 
MAIN RGTU3 INÜUCtU VELOCITY FACTOR 
TIP SPEEJ 
BLAüE SECTION LIFT CURVE SLUPE 
BLADE ÜRAv, COEFFICIENT 

ÜRAG OIVERGENT MACH NUMBEK 
UIVEKGENT THRUST COEFFICIENT CURVE 

MAXIMUM THRUST CUtFFICIENT CURVE 

CLIMB/DESCENT EFFICIENCY FACTOR 
FUSELAGE ANGLE uF ATTACK COEFFICIENTS 

AT ZLAC LIFT 

UlNi, IKEA 
"!(J i\<-i aiict 
l^iu. VrrH-Ci TY f AL T.JK 
M1.'J<J .»oPbCT -vATiJ 
rtlN.i   CücFFlLltNT    L.t    cJt>y 
*l\; L in Cw-vr. bi,:-t 
F t A1    PLATE   i>'Av   C.JI rr lCIf^T 
wlLG   E F h 11. il'.i/'   FACTO* 
«I.V.   I\ClJc<VCi    CHAAvr:   ». I !H   L .;;.;   fAc !•_,•< 
MAXIMUM   PJSITIV'.   LIFT   CJtrtlCIlM 
MAXIMUM   NL jAIivt    Lii:l    COEFFICIENT 
LIMIT    JIVr.   VLU.UTY 
MAXIMUM   VELOCITY   To   THF   ^ UMT 
MAXIMUM   VELOCITY   TTJ   TMt   If»FT 

b 
C 
k 

*R 
A20 

DtLO 
DELI 

0EL2 
MCRÜ 

TCI 
TC2 

TCMl 
TCM2 
HPEFF 

Z2.ZY< 

7^6.oo: 
6.2<iG 

0.75! 

N.D. 
FT 
FT 

N • ü. 
FT/SEC 
/KAD 

0.008      N.D. 
ö.O /RAU 
1.000      /RAD*RAD 

N.D. 

0.1-^0 N.D« 
0.200 N.D. 

0.3<»C N.D« 
0.0 N.D. 
o.sc: N.O< 

KAf i t>, •';•,;• 

KAF2 £ • -t .  u. 1/G*G 
KAF 3 K.H.   i 1/G 
KAF4 i.o-,; 
KAF 5 i;' • t~'c' StC/F 
K A F 6 C.oOC N.I.7. 
KAF 7 i. t>00 ^G 
K.'.ro 240.::: ;-.. J . 
b rt \ T**-2 
1 .i ? • * • ULV 

K.. \. "•. 
Ab' J »j • *. *. . 
CUJ 0.0 i.iju 

ALZ', v • v. /:• AJ 
C   .F -» \.j. 

.•i'.. r 1 v. 3 \ . 0 . 
UI'MJN liLG/C 
CL-VA-5 0. J N.D. 
CLVAXN > N.J. 
VOL 1 v J • • j 0 C KT 
'/M'K T 31>. 0 C' KT 
JVJ -.33.QJ. Kl 



TABLE III - Continued 

VAÄlAoLt 

TIME CONSTANT TO* GAMMA 
TIME CONSTANT FUR KOLl 
TIME CuftSTA.iT FJA CHI 
MAXIMUM KATE K'K uAMMA 
MAXIMUM RATE FUR «CLL 
MAXIMUM RATE FOR CHl 
MAXIMUM ANGLE FüK GAMMA 
MINIMUM ANGLE FOR GAMMA 
VERTICAL JERK LIMIT 
ERRGR IN ANGLE CALCULATION 
ERROR IN ANGULAR RATE CALCULATION 

DIGITAL 
NAME VALUE UNITS 

TAUP 0.500 N.O. 
TAUR 0.300 N.J. 
TAUY 0.3CC N.O. 
ARPMX 3O.0C0 OEG/SEC 
ARRMX 60.000 OEG/SEC 
ARYMX 60.000 DEG/SEC 
GAMMP 60.000 OEG 
GAMMN -60.00C OEG 
VJERK 0.500 G/SEC 
EPA 0.080 OEG 
EPAV 0.050 OfcG/SEC 

AIRCRAFT FLIGHT CONDITION 

VARIABLE 

GROSS «EIGHT 
EQUIVALENT FLAT PLATE 0RAG(6ETA=0) 
EQUIVALENT FLAT PLATE 0KAG<BETA=90) 
VELOCITY 
ALTITUDE 
HEADING 
AIR DENSITY 
SPEED ÜF SOUND 

DIGITAL 
NAME VALUE UNITS 

GW 9500.00C Lb 
FO 19.50C FT**2 
Fl 195.000 FT**2 
V 0.0 KT 
H 0.0 FT 
CHI 0.0 OEG 
RHO 0.002 SLUGS/FT**3 
VS 1117.000 FT/SEC 
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TABLE IV.     SUMMARY OF PROFILE STEP  1 

TYPE  OF  MANEJVFR:   COLLECTIVE   POPUP 

EXEC TION            TARGET  LOCATION -  FT 
TIME  -SEC               XE               YE               2E 

ROLL   IN 
ACHIEVE 
HOLÜ   G 

0.0 
G            0.0 

0.0 

0. 0.              0. 

TIME 
SEC. 

AIRCRAFT 
XE 

LOCATION 
YE 

- FEET •  VELOCITY         HEADING 
ZE                   KNOTS              OEG 

ENTRY 
EXIT 

0.0 
7.00 

0. 
0. 

0. 
0. 

0.                 0.0 
-10.                 0.0 

0.0 
0.0 

FLT   PATH 
ANGLE 

SLANT 
RANGE 

LOAO   FACTOR-G        VELOCITY-KT 
MIN             MAX                MIN          MAX 

EXIT 
HEADING 

UESIKEÖ 
ACTUAL 
ERROR 

0.0 
90.0 

-90. C 

0. 
0. 
0. 

0.800 
0.800 
O.C 

1.029            0.0         CO 
1.029            CO          1.3 
0.000         -0.0       -1.3 

CO 
CO 
0.0 

BANK   ANGLE 
MAX XE 

AIM   POINT 
YE 

-  FEET 
IE 

UESIHEO 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 
0. 
0. 

0.            .-10. 
0.           -10. 
0.                0. 
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TABLE V.  SUMMARY OF PROFILE STEP 2 

TYPE OF MANEUVER: ACCELERATION OR DECELERATION 

EXECUTION    TARGET LOCATION - FT 
TIME -SEC      XE      YE      ZE 

ROLL IN 
ACHIEVE 
HOLD G 

0.0 
G    0.0 

0.0 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT LOCATION 
XE      YE 

- FEET 
ZE 

VELOCITY 
KNOTS 

HEAOING 
OEG 

ENTRY 
EXIT 

7.00 
18.30 

0. 
661. 

0. 
0. 

-10. 
-10. 

0.0 
68.9 

0.0 
0.0 

FLT PATH 
ANGLE 

SLANT 
RANGE 

LOAD FACTOR-G 
MIN    MAX 

VELOCITY- 
MIN 

KT 
MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 
0. 
0. 

1.000 
1.000 
0.0 

1.000 
1.000 
0.0 

0.0 
0.0 
0.0 

70.0 
68.9 
l.i 

0.0 
0.0 
0.0 

BANK ANGLE        AIM POINT 
MAX          XE       YE 

- FEET 
ZE 

OESIRED 
ACTUAL 
ErfROK 

0.0 
0.0 
0.0 

0. 
661. 
661. 

0. 
0. 
0. 

0. 
-10. 
10. 

78 



TABLE VI.     SUMMARY OF PROFILE STEP  3 

TYPE  OF  MANEUVER:   CLIMBING OR OESCENOING  TURN 

EXECUTION 
TIME   -SEC 

TARGET  LOCATION  -  FT 
XE                YE                IB 

ROLL   IN 
ACHIEVE 
HOLO G 

0.0 
G           0.0 

0.0 

0. 0. 0. 

TIME                AIRCRAFT   LOCATION 
SEC.                 XE                 YE 

-   FEET 
It 

VELUCITY          HEADING 
KNOTS               DEO 

ENTRY 
EXIT 

18.30 
156.50 

661.                  0. 
968.             -49. 

-10. 
-2500. 

68.9 
68.4 

0.0 
CO 

FLT   PATH 
ANGLE 

SLANT        LOAD  FACTüR-G 
RANGE          MIN             MAX 

VELOCITY-KT 
MIN          MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

9.5 
9.5 

-0.0 

C        0.800 
0.        0.951 
0.     -0.151 

1.400 
1.409 

-0.C09 

68.9        68.9 
68.1        68.9 
0.7          0.0 

0.0 
0.0 
0.0 

BANK   ANGLE 
MAX 

AIM POINT 
XE                  YF 

-  FEET 
ZE 

OESIRED 
ACTUAL 
ERROR 

33.6 
33.6 
0.0 

0. 
968. 

-968. 

0. 
49. 
49. 

2500. 
2500. 

0. 

70 
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TABLE VIII.  SUMMARY OF PROFILE STEP 4 

TYPE OF MANEUVER: ACCELERATION OR DECELERATION 

EXECUTION 
TIKE -SEC 

ROLL IN 0.0 
ACHIEVE 6 0.0 
HCLD 6       0.0 

TARGET LOCATION - FT 
XE     YE     ZE 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT 
XE 

LOCATION - FEET 
YE      ZE 

VELOCITY 
KNOTS 

HEAOING 
DEG 

ENTRY 
EXIT 

156.50 
162.60 

968. 
18X9. 

-49,  -2500. 
-48.   -2500. 

68.4 
88.9 

0.0 
0.0 

FLT PATH 
ANGLE 

SLANT 
RANGE 

LOAO FACTOR-G 
MIN    MAX 

VELOCITY- 
MIN 

KT 
MAX 

EXIT 
HEAOING 

OESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 
0. 
0. 

1.000   1.000 
1.000  1.000 
0*0    0.0 

68.4 
68.4 
0.0 

90.0 
88.9 
1.1 

0.0 
0.0 

-0.0 

BANK ANGLE 
MAX XE 

AIM POINT - FEET 
YE ZE 

OESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0.      C. 
1819.    -48. 

-1819.     48. 

0. 
2500. 
2500. 

82 



TABLE IX. SUMMARY OF PROFILE STEP 5 

TYPE   OF   MANEUVER: CRUISE 

EXECUTION 
TIME  -SEC 

TARGET  LOCATION -  FT 
XE               YE              IE 

ROLL   IN 
ACHIEVE 
HOLD   G 

0.0 
G            0.0 

0.0 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT  LOCATION 
XE                 YE 

-  FEET 
IE 

VELOCITY 
KNüTS 

HEAOING 
OEG 

ENTRY 
EXIT 

162.60 
283.95 

1819.            -48. 
19999.            -37. 

-2f00. 
-2500. 

88.9 
88.9 

0.0 
0.0 

FLT  PATH 
ANGLE 

SLANT       LOAD  FACTOR-G 
RANGE         MIN            MAX 

VbLOCITY- 
MIN 

KT 
MAX 

EXIT 
HEADING 

DfcSIREO 
ACTUAL 
ERROR 

0.0 
3.0 
0.0 

0.        1.000 
38.        l.GOO 

-38.       0.0 

1.000 
1.000 
0.0 

88.9 
88.9 
0.0 

88.9 
88.9 
0.0 

0.0 
0.0 • 
0.0 

BANK   ANGLE 
MAX 

AIM POINT 
XE                 YE 

- FEET 
2E 

DESIRED 
ACTUAL 
ERROK 

G.O 
Ü.0 
0.0 

200C0. 
19999. 

1. 

0. 
37. 
37. 

2500. 
2500. 

0. 
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TV   '. S X.     SUMMARY OF PROFILE STEP 6 

TYPE   Of-   MANEUVER:   CLIMQ  OR  DESCENT 

EXECUTION            TARGET  LOCATION -  FT 
TIME  -SEC              XE               YE               IE 

RCLL   IN 
AChlEVc 
HOLU   G 

2.40 
G            CO 

C. 0 

0. 0. C. 

TIME 
SEC. 

AIRCRAFT   LOCATION 
XE                  YE 

-  FEET 
ZE 

VELOCITY 
KNOTS 

HEADING 
DEG 

ENTRY 
EXIT 

283.95 
398.50 

19999.             -37. 
37147.            -27. 

-2500. 
-8C0. 

88.9 
89.1 

0.0 
0.0 

FLT   PATH 
ANGLE 

SLANT        LOAD   FACTOR-G 
RANGE          MIN             MAX 

VELOCITY- 
MI N 

KT 
MAX 

EXIT 
HEADING 

DESIRED 
ACT IAL 
ERRUR 

-5.8 
-5.8 
-O.C 

C.        0.800 
0.       0.815 
C.     -0.015 

1.400 
1.396 
0.DC4 

83.9 
83.9 
0.0 

88.9 
89.2 
-0.3 

0.0 
0.0 
0.0 

HANK   ANGLE                     AI«   POINT 
MAX                          XE                  YE 

-  FEET 
'1 E 

OESIftEO 
ACTUAL 
ERROS 

0.0 
0.0 
0.0 

0. 
37147. 

-37147. 

0. 
27. 
2 7. 

•800. 
800. 
-0. 
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TABLE XI .     HISTOGRAMS  FOR CLIMB MANEUVER 

HORSEPOWER HISTOGRAM 

HCRSEPQWER NUMBER  OF RELATIVE RELATIVE CUMULATIVE 
INTERVAL-HP OCCURRENCES FREQUENCY FREQUENCY 

3.0 - 50.00 0 0.0 0.0 
53.03- 100.00 0 0.0 0.0 

100.00- 150.00 3 0.0 0.0 
153.00- 203.CO 0 0.0 0.0 
203.00- 250.00 0 0.0 0.0 
250.00- 300.00 0 0.0 0.0 
300.3*:- 353.00 0 0.0 0.0 
350.00- 400.00 2199 0.9594 0.9594 
400.33- 450.00 10 0.0044 0.9638 
450.00- 500.00 9 0.0C39 0.9677 
500.OC- 550.00 8 0.0035 0.9712 
550.30- 600.00 8 0.0035 0.9747 
603.00- 650.00 9 0.0C39 0.9786 
650.00- 700.00 20 0.0087 0.9873 
700.00- 750.00 8 0.0335 0*9908 
750.CO- 300.30 5 0.0022 0.9930 
800.00- 850.OC 6 0.30.26 0.9956 
350.00" 900.00 10 0.0044 1.3000 
400,00- 950.00 0 0.0 1.0000 
953.03- 1000.00 0 0.0 1.0000 

1CC3.30- 1053.00 0 0.0 1.0000 
1050.00- 1103.00 0 0.0 1.0000 
1133.00- 1150.00 0 0.0 1.0000 
1150.00- 1200.00 0 0.0 1.0000 
1200.00- 1250.00 0 

ALTITUDE 

0.0 

HISTOGRAM 

1.0000 

ALTITUOE NUMBER  OF RELATIVE RELATIVE  CUMULATIVE 
INTERVAL-FT OCCURRENCES FREQUENCY FREQUENCY 

0.0  - 200.00 0 0.0 0.0 
200.03- 4C0.00 0 0.0 0.0 
4CO.00- 600.00 0 0.0 0.0 • 
6:3.00- 8T3.00 11 0.0048 0.0048 
830.00- tcoo.oo 275 0.1200 0.1248 

1003.33- 1203.00 261 0.1139 0.2387 
1203.00- 1400.00 261 0.1139 0.3525 
14C3.33- 1603.00 261 0.1139 0.4664 
1600.00- 1800.00 261 0.1139 0.5803 
i803.00- 2000.00 261 0.1139 0.6942 
2003.00- 2230.30 261 0.1139 0.8080 
2203.03- 2400.00 261 0.1139 0.9219 
2403.00- 2600.00 179 0.0781 1.0000 
2600.00- 2800.00 0 0.0 1.0000 
2803.00- 3030.00 0 0.0 1.0000 
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. 

TABLE XII.     SUMMARY OF PUOFILE STEP 7 

TYPE OF MANEUVER:   ACCELERATION OR DECELERATION 

EXECUTION            TARGET LOCATION - FT 
TIME -SEC              XE              YE              ZE 

ROLL   IN 
ACHIEVE 
HOLD  6 

0.0 
G           0*0 

0*0 

0.             0. 0. 

TIME 
SEC. 

AIRCRAFT LOCATION - FEET 
XE                 YE                 IE 

VELOCITY         HEADING 
KNOTS              DEG               j 

ENTRY 
EXIT 

398.50 
409.15 

37147.            -27..        -800. 
38991.            -26.         -800. 

69.1 
113.4 

0.0 
0.0 

FLT  PATH 
ANGLE 

SLANT       LOAD FACTOR-G 
RANGE         MIN            MAX 

VELOCITV-KT 
MIN         MAX 

EXIT 
HEAOING 

DESIREO 
ACTUAL 
ERROR 

9.0 
0.0 
0.0 

C.        1.000       1.000 
0.        1.000       1.000 
0.      0.0           0.0 

89.1     115.0 
89.1     113.4 
0.0         1.6 

0.0 
0.0 
0.0 

BANK  ANGLE                   AIM POINT  - FEET 
MAX                        XE                 YE                 t IE 

OESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0.                0. 
38991.            -26. 

-38991.               26. 

0. 
-800. 
800. 

87 



. 

TABLE XIII.     SUMMARY OF PROFILE STEP 8 

TYPE OF  MANEUVER:   CRUISE 

EXECUTION            TARGET  LOCATION - FT 
TIME  -SEC               XE              YE              IE 

ROLL   IN 
ACHIEVE 
HOLD  6 

0.0 
G            CO 

0.0 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT   LOCATION 
XE                 YE 

- FEET 
ZE 

VELOCITY          HEADING 
KNOTS              OEG 

ENTRY 
EXIT 

409.15 
414.45 

30991.            -26. 
4C005.            -26. 

-800. 
-800. 

113.4 
113.4 

0.0 
0.0 

FLT  PATH 
ANGLE 

SLANT       LOAO FACTOR-G 
RANGE          MIN             MAX 

VELOCITY-KT 
MIN         MAX 

EXIT 
HEAOING 

DESIRED 
ACTUAL 
ER OR 

0.0 
0.0 
0.0 

2500C.         1.000 
24995.        1.000 

5.       C.C 

1.000 
l.COO 
0.0 

113.4     113.4 
113.4     113.4 

0.0         0.0 

0.0 
CO 
0.0 

BANK   ANGLE                     AIM   POINT 
MAX                        XE                 YE 

-  FEET 
IE 

DESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

65C00. 
40005. 
24995. 

0. 
26. 
26. 

-800. 
-800. 

0. 
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TABLE XIV.     SUMMARY OF PROFILE STEP 9 

TYPE   OF   MANEUVER:   CLIMB  OR  DESCENT 

EXECUTION            TARGET   LOCATION - FT 
TIME  -SEC               XE              YE               IB 

RHLL   IN 
ACHIEVE 
HOLD G 

4.80 
G            0.0 

0.0 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT  LOCATION 
XE                 YE 

-  FEET .    VELOCITY         HEADING 
KNOTS              OEG 

ENTRY 
EXIT 

414.45 
475.15 

40005.            -26. 
51518.            -19. 

-800. 
-1600. 

113.4 
112.7 

0.0 
0.0 

FLT PATH 
ANGLE 

SLANT       LOAO FACTOR-G 
RANGE          MIN            MAX 

VELOCITY-KT 
MIN          MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

4.2 
4.2 

-0.0 

0.        0.800 
0.        0.817 
0.     -0.017 

1.400 
1.365 
0.035 

113.4     113.4 
112.6     113.4 

0.8         0.0 

0.0 
0.0 
0.0 

BANK  ANGLE                   AIM  POINT 
MAX                          XE                   YE 

-  FEET 
Zfc 

DESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 
51518. 

-51518. 

0. 
19. 
19. 

;«oo. 
1600. 

0. 
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TYPE OF MANEUVERS ACCELERATION OR DECELERATION 

ROLL IN 
ACHIEVE C 
HOLD G 

EXECUTION 
TINE -SEC 

0*0 
0.0 
0*0 

TARGET LOCATION - FT 
XE     YE     ZE 

0. 0. 0. 

TINE 
SEC. 

AIRCRAFT 
XE  % 

LOCATION - FEET 
YE      ZE 

VELOCITY   HEAOING 
KNOTS     OEG 

ENTRY 
EXIT 

•75.15 
507.80 

51518. 
56215. 

-19.   -1600. 
-16.  -1600. 

112.7 
61.8 

0.0 
0.0 

FLT PATH 
ANGLE 

SLANT 
RANGE 

LOAD FÄCTOR-G 
HIN    NAX 

VEL0C1TY-KT 
MIN . MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 
0« 
0. 

1.000  1.000 
1.000  1.000 
0.0    0.0 

60.0  112.7 
61.8  112.7 
-1.8   0.0 

0.0 
0.0 
0.0 

BANK ANGLE 
NAX         XE 

AIM POINT - FEET 
YE ZE 

DESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0.      0. 
56215.    -16. 

-56215.      16. 

. o. 
1600. 
1600. 
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TYPE CF MANEUVER: OIVE AND ROLLING PULLOUT 

ROLL IN 
ACHIEVE G 
HCLO G 

EXECUTION 
TIME -SEC 

0.0 
0.0 
0.0 

TARGET  LOCATION - FT 
XE VE ZE 

65000. 0. < 

TIME 
SEC. 

AIRCRAFT 
XE 

LOCATION - FEET 
YE      ZE 

VELOCITY   HEAOING 
KNOTS     OEG 

ENTRf 
EXIT 

507.80 
568.90 

56215. 
62852. 

-16.   -1600. 
846.   -958. 

61. 
80. 

8 
6 

0.0 
121.1 

FLT PATH 
ANGLE 

SLANT 
RANGE 

LOAD FACTOR-G 
MIN    MAX 

VELOCITY-KT 
MIN   MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

-20.0 
-19.9 
-0.1 

230C. 
2293. 

7. 

0.800  2.200 
C.782  2.148 
0.018   0.052 

60.0 
61.8 
-1.8 

190.0 
116.6 
73.4 

120.0 
121.1 
-1.1 

BANK ANGLE 
MAX         XE 

AIM POINT - FEET 
YE ZE 

DESIRED 
ACTUAL 
ERROR 

60.0 
60.0 
0.0 

65000.       0. 
62966.    450. 
2034.   -450. 

0. 
-958. 
958. 
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TYPE OF MANEUVERS CLIMB OR DESCENT 

ROLL IN 
ACHIEVE G 
HOLO G 

EXECUTION 
TIME -SEC 

8.CO 
0*0 
0.0 

TARGET LOCATION - FT 
XE     YE     ZE 

0*     0.     < 

ENTRY 
EXIT 

TIME 
SEC* 

568.90 
601.20 

AIRCRAFT LOCATION - FEET 
XE      YE      ZE 

62852. 
60632. 

846. 
4525. 

-958. 
-1601. 

VELOCITY 
KNOTS 

80.6 
80.0 

HEAOING 
OEG 

121.1 
121.1 

FLT PATH  SLANT  LOAD FACTOR-G 
ANGLE    RANGE    MIN    MAX 

VELOCITY-KT 
MIN   MAX 

EXIT 
HEADING 

OESIRED 
ACTUAL 
ERROR 

10.6 
10.6 
-0.0 

0. 0.800 
0. 0.802 
0.    -0.002 

1.400 
1.386 
0.014 

80.6 
79.7 
0.9 

80.6 
80.6 
0.0 

121.1 
121.1 

0.0 

BANK  ANGLE 
MAX 

AIM  POINT  - FEET 
XE YE ZE 

OESIRED 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

0. 0.      -L600« 
60632. 4525.        -1601. 
•60632.       -4525. 1. 

94 



TABLE XIX.  SUMMARY OF PROFILE STEP 13 

TYPE CF MANEUVER: AUTO TURN 

ROLL IN 
ACHIEVE G 
HOLD G 

EXECUTION 
TIME -SEC 

1.40 
1.40 

14.55 

TARGET LOCATION - ?T 
XE YE IB 

0. 0. ( 

ENTRY 
EXIT 

TIME 
SEC. 

601.20 
618.55 

AIRCRAFT LOCATION  -  FEET     VELOCITY 
XE YE ZE KNOTS 

60632. 
61790. 

4525. 
5241. 

-1601, 
-1601. 

80.0 
80.0 

HEADING 
DEG 

121.1 
300.8 

FLT  PATH 
ANGLE 

SLANT 
RANGE 

LOAO FACTOR-G 
MIN            MAX 

VELOCITY- 
MIN 

-KT 
MAX 

EXIT 
HEADING 

DESIREO 
ACTUAL 
ERRO* 

0.0 
-0.0 
0.0 

0. 
0. 
0. 

1.000 
1.000 
0.0 

1.300 
1.2:; • 
C.000 

PO.O 
79.9 
0.1 

80.0 
80.0 
-0.0 

300.2 
300.8 
-0.6 

BANK  ANGLE 
MAX XE 

AIM POINT 
YE 

-  FEET 
2E 

DESIRED 
ACTUAL 
ERROR 

-39.7 
-39.7 
-0.0 

65000.                 0. 
61790.          5241. 

3210.       -5241. 

•1601. 
•1601. 

0. 
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TABLE XX.  SUMMARY OF PROFILE STEP 14 

TYPt OF MANEUVER: ACCELEKATION OR DECELERATION 

eXtCUTIGN     TARGET LOCATION - FT 
TIME -S€C XE     YE     IE 

ROLL IN 
ACHIEVE G 
MCLD G 

0.0 
0.3 
0.0 

0. Or 

ENTRY 
EXIT 

TIME 
SEC. 

618.55 
625.45 

AIRCRAFT LOCATION - FEET  VELOCITY 
XE      YE      IE KNOTS 

61/90. 
62244. 

5241. 
4481. 

-1601. 
-1601* 

80.0 
71.8 

HEADING 
DCG 

300.8 
300.8 

OESIPkO 
ACTUAL 
ERROR 

FLT PATH 
ANGLE 

0.0 
0.0 
0.0 

SLANT 
RANGE 

0. 
0. 
0. 

LOAD FACTOR-G 
MIN MAX 

1.000 
1.000 
CO 

1.000 
1.000 
o.c 

VELUCITY-KT 
MIN   MAX 

70.0 
71.8 
-1.8 

80.0 
80.0 
0.0 

EXIT 
HEAOIJG 

300.8 
300.8 

0.0 

6AN< ANGLE 
MAX 

AIM POINT - FEET 
XE      YE      ZE 

DESIREO 
ACTUAL 
ERROR 

0.0 
CO 
0.0 

0. 
62244. 
•62244. 

0. 
4481. 

-4481. 

0. 
-1601. 

1601. 
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TABLE XXI.  SUMMARY OF PROFILE STEP 15 

TYPE   OF   MANEUVER:   CRUISE 

EXECUTION TARGET  LOCATION - FT 
TIME  -SEC XE YE ZE 

ROLL   IN 
ACHIEVE  G 
HCLO G 

0.0 
CO 
0.0 

0. 0. 

TIME     AIRCRAFT LOCATION - FEET  VELOCITY   HEADING 
SEC.      XE      YE      ZE       KNOTS     OEG 

ENTRY 
EXIT 

625.45 
656.5C 

62244. 
64172. 

4481. 
1250. 

-16C*, 
-1601, 

71.3 
71.8 

300.8 
300.8 

FLT PATH   SLANT   LOAD FACTOR-G 
ANGLE     RANGE    MIN     MAX 

VELOCITY-KT 
MIN    MAX 

EXIT 
HEADING 

ÜESIREO 0.0 15C0. 1.000 l.COO 71.8 71.8 300.8 
ACTUAL 0.0 1499. 1.000 1.000 71.8 71.8 300.8 
ERROR      0.0        1.   0.0     O.C      0 0   CO      0.0 

BANK ANGLE 
MAX 

AIM POINT - FEET 
XE       YE       Z£ 

DfcSlREO 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

65000. 
64172. 

828. 

0. 
1250. 
1250. 

-1601, 
-1601. 

0. 
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TYPE OF MANEUVERS LEVEL TURN 

EXECUTION    TARGET LOCATION - FT 
TIME -SEC      XE      YE     2E 

ROLL IN 
ACMEVE 
HOLD G 

1.60 
G     1*60 

2. 55 

0«     0. 0. 

TIME 
SEC. 

AIRCRAFT 
Xc 

LOCATION - FEET 
YE      IB 

VELOCITY   HEAOING 
KNOTS     OEG 

ENTRY 
EXIT 

656.50 
662.25 

64172. 
64735. 

1250.   -1601. 
930.   -1601. 

71.0 
71.8 

300.8 
1.1 

FLT PATH 
ANGLE 

SLANT 
RANGE 

LOAD FACTOR-G 
MIN    MAX 

VELOCITY-KT 
MIN   MAX 

EXIT 
HEAOING 

DESIRED 
ACTUAL 
ERROR 

0.0 
O.C 
0.0 

0. 
0. 
0. 

1.000   1.400 
1.000   1.400 
0.0     0.000 

71.8  71.8 
71.7   71.8 
0.1  -0.0 

0.8 
1.1 

-0.3 

BANK ANGLE 
MAX         XE 

AIM POINT - FEET 
YE it 

DESIREO 
ACTUAL 
ERROR 

44.4 
44.4 
0.0 

0.      0. 
64735.     930. 

-64735.    -930. 

1601. 
1601. 

0. 
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TABLE XXIV.     SUMMARY OF PROFILE STEP 17 

TYPE  OF  MANEUVER:   ORBIT 

EXECUTION            TARGET LOCATION - FT 
TIME -SEC              XE              YE             2E 

RCLL   IN 
ACHIEVE 
HOLO  C 

1.00 
G            1.00 

3C9.95 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT LOCATION 
XE                 YE 

- FEET 
ZE 

•    VELOCITY         HEADING 
KNOTS               OEG 

ENTRY 
EXIT 

662.25 
974.20 

64735.            930. 
64733.          -667. 

•1601. 
-1599. 

71.8 
71.8 

1.1 
179.8 

FLT  PATH 
ANGLE 

SLANT       LOAD FACTOR-G 
RANGE          MIN            MAX 

VELOCITV-KT 
MIN          MAX 

EXIT 
HEAOING 

OESReD 
ACTUAL 
ERRJR 

CO 
-0.0 
0.0 

0.        l.CCO 
0.        1.COO 
C.        0.0 

1.152 
1.152 
0.000 

71.8       71.8 
71.8       71.8 
0.0       -0.0 

180.0 
179.8 

0.2 

BANK  ANGLE                   AIM POINT 
MAX                        XE                 YE 

-  FEET 
ZE 

OESIREO 
ACTUAL 
ERROR 

-29.7 
-29.7 
-0.0 

0.                0. 
64733.         -667. 

-64733.            667. 

1601. 
1599. 

-2. 
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Figure 35.  Summary of Ground Track for Demonstration 
Manuever in Landing Zone Area. 
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TYPE CF MANEUVER: CLIMB OR DESCENT 

EXECüTIoN    TARGET LOCATION - FT 
TIMc -SEC     XE      YE     It 

RCLL IN 
ACHIEVE G 
HOI a 6 

8.0G 
CO 
0.0 

0. 

Tjvc AHC*AFT LOCATION - FEET V£L3CZTV HEADING 
s=c. A E YE 25 NNWTS CEG 

\T» v i ?••    * " ©*723. -*©7. -1*9;. 1   * •  w ir*.s 
Ki" u;s.7« 59b«.7. -t53. -25C1. 71.2 179.3 

CESIREO 
ACTUAL 
ERRO* 

FLT   PATH SLANT LOAD   FACTG»-G 
A\JU RANGE «IN MAX 

12.5 G. C.30G       i.AO: 
12.5 C. 0.504       1.385 
-G.C C. -C.C04       0.015 

VtLCCITY ~<T EXIT 
V:N VAA HEADING 

71.3 71.6 179.8 
70.9 71.8 179.8 
0.9 0.0 CO 

BANA A.GLC AIM 
«AX AE 

DtSIfccO j • J J. 

ACTUAL o.c 596*7. 
E**H& :.o -598<»7. 

AIM PGJNT   -  FEET 
YE 2E 

C.       -2500, 
-653.       -2501. 

653. 1. 
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TABLE XXVI.     SUMMARY OF PROFILE STEP 19 

TYPE  OF  MANEUVER:   ACCELERATION OR  DECELERATION 

EXECUTIUN            TARGET  LOCATION - FT 
TIME -SEC             XE             YE             2E 

ROLL   IN 
ACHIEVE 
HCLO  G 

0.0 
G           0.0 

0.0 

0« 0«             0« 

TIME 
SEC« 

AIRCRAFT LOCATION 
XE                 YE 

-  FEET     VELOCITY 
IE                   KNOTS 

HEAOING 
OEG 

ENTRY 
EXIT 

1015,75 
1020.70 

59847.         -653. 
59178.          -651« 

-2501«              71*2 
-2501•              89.4 

179.8 
179.8 

FLT   PATH 
ANGLE 

SLANT       LOAD FACTOR-G       VELOCITY- 
RANGE         MIN            MAX              MIN 

KT 
MAX 

EXIT 
HEADING 

PPSIMED 
ACTUAL 
ERROR 

0.0 
O.C 
3.0 

0.        1.000 
0.        1.000 
0.       0.0 

1,000         71.2 
l.OOC          71.2 
O.C                 0.0 

90.0 
89.4 
0.6 

179.8 
179.8 

0.0 

BANK   ANGLE                     AIM   POINT 
MAX                        XE                 YE 

-  FEET 
*E 

DESIRED 
ACTUAL 
ERROR 

0.0 
0*0 
0.0 

0«                 0.                 0« 
59178«         -651.       -2501« 

-59178«            651.          2501. 

; 
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TABLE XXVII.     SUMMARY OF PROFILE STEP 20 

TYPE  CF   MANEUVER:   CRUISE 

EXECUTION            TARGET  LOCATION - FT 
TIME  -SEC              XE               YE               ZE 

ROLL   IN 
ACHIEVE 
HOLU  G 

0.0 
G            0.0 

0.0 

0. 0. 0. 

TIME 
SEC. 

AIRCRAFT LOCATION 
XE                 YE 

- FEET 
ZE 

VELOCITY          MEAOING 
KNOTS              DEG 

ENTRY 
EXIT 

1020.70 
1229.50 

59178.          -651. 
27677.          -564. 

-2501. 
-2501. 

89.4 
89.4 

179.8 
179.8 

FLT   PATH 
ANGLE 

SLANT       LOAD  FACTQR-G 
RANGE          MIN            MAX 

VELOCITY-KT 
MIN           MAX 

EXIT 
HEADING 

ÜESIREO 
ACTUAL 
ERROR 

O.C 
o.c 
c.c 

0.        1.000 
565.        l.OOC 

-565.        O.C 

i.CCO 
1.000 
0.0 

89.4        89.4 
89.4        89.4 
0.0         0.0 

179.8 
179.8 

CO 

BANK   ANGLE                     AIM   POINT 
MAX                        XE                 YE 

-  FEE! 
ZE 

OESIREU 
ACTUAL 
ERROR 

0.0 
0.0 
0.0 

27700.                 0. 
27677.          -564. 

23.              564. 

2501. 
•2501. 

0. 
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TABLE XXVIII.     SUMMARY OF PROFILE STEP 21 

TYPE   OF  MANEUVERS   CLIMB  OR DESCENT 

EXECUTION            TARGET  LOCATION - FT 
TIME  -SEC               XE               YE               It 

ROLL   IN 
ACHIEVE 
HOLD  G 

2.40                         0* 
G           0.0 

0.0 

0. 0. 1 

TIME               AIRCRAFT   LOCATION 
SEC.                 XE                 YE 

-  FEET 
IB 

VELOCITY 
KNOTS 

HEADING 
OEG 

ENTRY 
EXIT 

1229.5C           27677.          -564. 
1391.75            3250.          -496. 

-2501. 
-53. 

89.4 
69.6 

179.8 
179.5 

FLT  PATH 
ANGLE 

SLANT       LOAD  FACTOR-G 
RANGE          MIN             MAX 

VELOCITY« 
MIN 

-KT 
MAX 

EXIT 
HEADING 

DESIRED 
ACTUAL 
ERROR 

-5.9 
-5.9 
-0.0 

C.         C.8CC 
0.         G.ol4 
0.     -0.014 

1.400 
1.399 
C.C01 

89.4 
89.4 
0.0 

89.4 
89.6 
-0.3 

179   - 
17v,3         j 

0.0 

*•> 

BANK   ANGLE 
MAX 

AIM   P31NT 
XE                   YE 

-  FEET 
ZE 

DESIRED 
ACTUAL 
ERROR 

O.C 
3.G 
CO 

325D,           —*9fc. 
-3250.             ^96. 

-5C. 
-50. 
-0. 
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TABLE XXIX. SUMMARY OF PROFILE STEP 22 

TYPE UF MANEUVER: ACCELERATION OR DECELERATION 

TARGET LOCATION - FT 
XE     VE     It 

EXECUTION 
U«£  -SEC 

RCLL   IN 
iC-IEvE   G 
hZi'J  6 

0.0 
CO 

0. c. 

E'lT 

T iwe 
SEC. 

AIRCRAFT LOCATION 
Y£ 

-  FEET 
It 

VELOCITY 
KNOTS 

KfAOING 
:EG 

1391.IS iZ5Z. 
i;c6. 

- * v 6 • 
-50. 

179.a 
179. i 

FLT ?-Th   SLANT   LOAD FACTCR-Ü   VEL1CITY-KT      EXIT 
ANoLE     RANGE    MIN     MAX      MIN    MAX    HEADING 

JESIkEO 0.0 0. 1.000 1.000 O.C 89. & 179.8 
ACTUAL 0.0 0. 1.GC0 LOCO 0.9 39.6 179.8 
EKROR O.C c. 0.0 CO -0.9 -0.0 0.0 

i 
i 

BANK   .'AuLE AIM   P 
Xc 

3INT  -  FE 
VE 

ET 
ZE 

;    3tlSI*S0 
i    ACTJAL 

E* * JK w # w 

0. 
I06o. 

-1366. 

w. 
-49C* 
493. 

-5:. 
S3. 

1 
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APPENDIX 

USER'S GUIDE 

The required input data for MCEP are listed below. The program 
requires a set of basic data which describe the helicopter to be 
evaluated. The helicopter data are followed by the necessary 
information for histograms of power, altitude, velocity, and 
load factor. If a wing is used, then the wing data cards are 
required. These cards are followed by any number of maneuver 
sets consisting of a maneuver identification card and maneuver 
data cards. The data are input fields of G10.0, with the excep- 
tion of the logic variables which have a field of LI. 

Identification 

Card 01 

Columns 1-70 Identifying Comments 

Card 02 

Columns 1-70 Identifying Comments 

Card 03 

Columns 1-70 Identifying Comments 

Helicopter Group 

Card 04 

Columns 1-10 number of rotor blades, B 

11-20 rotor chord, C 

21-30 rotor radius, R 

31-40 flat plate drag (Cn»l) 
area at 0=0°, F0 u 

41-50 flat plate drag (Cn=l) 
area at 0=90°, Fl u 

51-60 main rotor induced 
velocity factor, K3 

61-70 tip speed, WR 

71-80 blade section lift curve 
slope, A2D 

ft 

ft 

ft' 

ft' 

ft/sec 

/rad 

The main rotor induced velocity factor, K3, represents the in- 
creased induced velocity at low airspeeds to improve correla- 
tion with measured data (Ref. 1, pp 16, 45, 47). 
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MA 

s Card 05 

Columns 1-10   constant part of blade CD, 

DELO (CD - 8o + Bja  ••• 52«
2) 

11-20   >.x varying part of blade CD, 

21-30 

31-40 

41-50 

51-60 

61-70 

DELI (C D «„ + 6i<* + «o«2) /rad 

/rad' 

a   varying part of blade CD, 

DEL2 (CD - 50 + 8^« + 62«
2) 

drag divergence Mach number, 
MCRO 

efficiency factor for comput- 
ing climb and descent power, 
HPEFF (HPVz - -gw V2E/550 HPEFF) . 

arror in angular displacement 
for gain calculation, EPA       deg 

error in angular rate for 
gain calculation, EPAV      deg/sec 

Card 06 

Card 07 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

71-80 

Columns 1-10 

11-20 

21-30 

time constant for gamma, TAUP 
(time to reach 63% of peak rate) sec 

time constant for roll, TAUR 
(time to reach 63% of peak rate) sec 

time constant for chi, TAUY 
(time to reach 63% of peak rate) sec 

maximum roll rate, ARRMX deg/sec 

maximum gamma rate, ARPMX deg/sec 

maximum chi rate, ARYMX deg/sec 

maximum negative gamma deg 

maximum positive gamma deg 

constant in tt 1n.  expres- 
sion, TCI    c Ulv 

velocity constant in [t )n. 
expression, TC2      c U1V 

maximum time to apply power, 
TMAX sec 
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31-40 minimum time to apply 
power, TMIN 

41-50 constant in t   , TCM1 
max 

51-60 velocity constant in 
t   , TCM2 
max 

maximum sideward velo- 

sec 

61-70 

71-80 

Card 08 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

71-80 

Card 09 

Columns 1-10 

11-20 

21-30 

city to laft, VMLT 

maximum sideward velo- 
city to right, VMRT 

fuselage angle of 
attack coefficient, 
KAF1 

fuselage angle of 
attack coefficient, 
KAF2 

fuselage angle of 
attack coefficient, 
KAF3 

fuselage angle of 
attack coefficient, 
KAF4 

fuselage angle of 
attack coefficient, 
KAF5 

fuselage angle of 
attack coefficient, 
KAF6 

fusilage angle of 
at'.ack coefficient, 
KAT7 

fus ?lage angle of 
attack coefficient, 
KAF8 

gross weight, GW 

limit dive velocity, VDL 

maximum power available, 
HPMAX 

St% sec) 

kt 

kt 

1.6 

(ft2-lb)'3 

1/g 

(ft2-lb)'5 

(ft/sec)1*6 

sec/ft 

deg 

lb 

kt 

hp 
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Card 10 

Card 11 

31-40 

41-50 

51-60 

61-70 

71 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

Columns 1-10 

11-20 

21-30 

Card 12 

Columns 1-10 

11-20 

21-30 

Card 13 

Columns 1-10 

air density, RHO 

speed of sound, VS 

time increment for 
integration, DDT 

rat° of change of 
vei .ical load factor, 
VJERK 

Wing 
F no wing 

T wing 

velocity, V 

altitude, H 

X position in Earth 
reference, XE 

Y position in Earth 
reference, YE 

heading, CHI 

starting time, T 

upper limit for power 
histogram, PMAX(l) 

lower limit for power 
histogram, PMIN(l) 

interval size for power 
histogram, DHIS(l) 

upper limit for altitude 
histogram, PMAX(2) 

lower limit for altitude 
histogram, PMIN(2) 

interval size for alti- 
tude histogram, DHIS(2) 

upper limit for velocity 
histogram, PMAX(3) 

slug/ft' 

ft/sec 

sec 

/sec 

kt 

ft 

ft 

ft 

deg 

sec 

hp 

hp 

hp 

ft 

ft. 

ft 

kt 
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11-20 

21-30 

Card 14 

Columns 1-10 

11-20 

21-30 

lower limit for velo- 
city histogram, PMIN(3) 

interval size for velo- 
city histogram, DHIS(3) 

upper limit for load 
factor histogram, PMAX(4) 

lower limit for load 
factor histogram, PMIN(4) 

interval size for load 
factor histogram, DHIS(4) 

kt 

kt 

The maximum number of intervals is limited to 200.  If any 
interval size is set to zero, then histograms are bypassed. 

If WTNG=F then the next two wing cards are omitted. 

Wing Card 01 

Columns 1-10 wing incidence when 
o-l, IW 

11-20 wing induced velocity 
factor, KW 

21-30 wing area, SW 

31-40 wing aspect ratio, ASR 

41-50 wing drag coefficient 
at zero angle of attack, 
CDO 

51-60 2-D wing lift curve 
slope, AL2D 

61-70 drag coefficient for 
flat plate, CDFP 

71-80 wing efficiency factor, 
WEFF 

Wind Card 02 

Columns 1-10 rate of change of wine 

11-20 

incidence with load 
factor, DIWDN 

maximum positive lift 
coefficient, CLMAXP 

deg 

ft' 

/rad 

deg 
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Columns 21-30 maximum negative lift 
coefficient, CLMAXN 

(F suppress wing 
output data 

31   WINGPRT =) 
IT print wing data 

At this point, the program expects maneuver identification 
cards. The program reads one maneuver identification card at 
a time. The maneuver called by the main program then reads 
the maneuver data card following the maneuver identification 
card. At the conclusion of the maneuver, the main program 
then reads the next maneuver identification card.  If there are 
no more maneuver identification cards, then the program stops. 
The formats for the maneuver identification and maneuver data 
cards are presented below. 

Cruise 

Maneuver Identification Card 

Columns 1-3:  M01 

Maneuver Data Card 

Columns 1-10 X aim point in Earth 
reference, XCP ft 

11-20 Y aim point in Earth 
reference, YCP ft 

21-30 cruise time increment, DTI sec 

31-40 slant range to aim point, 
CSLANT ft 

41   multiple of time increment 
for time history output, 
MPRINT 

If the aircraft is flying away from the aim point on entry 
into the cruise maneuver, the maneuver is terminated with a 
message to that effect. MPRINT controls the frequency of the 
time history output. Data are printed every MPRINT times the 
time increment. MPRINT may have values between 0 and 9.  An 
MPRINT value of 0 or 1 prints every time point. 
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Acceleration/Deceleration 

Maneuver Identification Card 

Columns 1-3:  M02 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31-40 

41 

command velocity, VC 

velocity error band, VERR 

maneuver urgency factor, 
MUF 

minimum power setting, PSL 

multiple of time increment 
for time history output, 
MPRINT 

kt 

kt 

Turn at Constant Airspeed and Altitude 

Maneuver Identification Card 

Columns 1-3:  M03 

Maneuver Data Card 

Columns 1-10  desired load factor, ND 

11-20 heading, HDG 

21-30 maneuver urgency factor, 
MUF 

31-40 delta heading, HDCG 

41-50 direction of turn, ITURN 

51    multiple of time incre- 
ment for time history 
output, MPRINT 

The turn maneuver can be used to turn to an absolute heading 
or a delta heading from the aircraft's present heading.  If 
HDG=0 and HBCG-0, the aircraft will turn to 0 degree heading. 
If HDG=0 and HDCG/0, then aircraft will turn to present head- 
ing plus HDCG.  If ITURN>0, a right is executed.  If ITURN<0, 
a left turn is executed.  If ITURN=0, a minimum heading change 
turn is executed. 

deg 

deg 
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Climb/Descent at Constant Airspeed 

Maneuver Identification Card 

Columns 1-3:  M04 

Maneuver Data Card 

Columns 1-10  command altitude, HC        ft 

11-20 maneuver urgency factor, 
MUF 

21-30 minimum power setting, PSL 

31-40 command flight path angle, 
GAMC deg 

41-50 maximum load factor, NMAX 

51-60 minimum load factor, NMIN 

61    multiple of time increment 
for time history output, 
MPRINT 

If GAMC=0, the controller computes the appropriate flight path 
angle based on either MUF or PSL.  If GAMC^O, the controller 
checks to see if it is possible to maintain airspeed at this 
flight path angle.  If not, the Controller resets the flight 
path angle to the maximum allowed to maintain airspeed. 

Pullup/Pushover at Desired Load Factor 

Maneuver Identification Card 

Columns 1-3:  M05 

Maneuver Data Card 
Columns 1-10  desired load factor, ND 

11-20 maximum load factor, NMAX 

21-30 minimum load factor, NMIN 

31-40 minimum power setting, PSL 

41-50 time to achieve desired 
load factor, TP sec 

51-60 time to hold desired load 
factor, TH sec 

61-70 minimum velocity, VMIN      kt 

71    multiple of time increment 
for time history output, 
MPRINT 
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Auto Turn at Constant Airspeed 

Maneuver Identification Card 

Columns 1-3: M06 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31-40 

41 

desired load factor, ND 

maneuver urgency factor, 
MUF 

X aim point in Earth 
reference, XAP 

Y aim point in Earth 
reference, YAP 

multiple of time increment 
for time history output, 
MPRINT 

Return to Target at Constant Altitude 

Maneuver Identification Card 

Columns 1-3:  M07 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

71 

ft 

ft 

sec 

desired load factor, ND 

time to peak roll rate 
for roll in, TP 

maneuver urgency factor, 
MUF 

X location of target in 
Earth reference, TARX 

Y location of target in 
Earth reference, TARY 

minimum velocity, VMIN 

direction of turn, TURN 

multiple of time increment 
for time history output, 
MPRINT 

If TURN>0, a right roll occurs.  If TURN<0, a left roll occurs 
If TURN-=0, a minimum heading change occurs. 

ft 

ft 

kt 
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Dive/Rolling Pullout 

Maneuver Identification Card 

Columns 1-3:  M08 

Maneuver Data Card 

Columns 1-10  desired load factor, ND 

11-20 desired dive angle, GAMCR 

21-30 X location of target in 
Earth reference, TARX 

31-40 Y location of target in 
Earth reference, TARY 

41-50 Z location of target in 
Earth reference, TARZ 

51-60 minimum slant range to 
target, SLANT 

61-70 delta heading, DHDG 

71-80 maximum load factor, NMAX 

Maneuver Data Card 

Columns 1-10  minimum load factor, NMTN 

11-20 minimum velocity, VM1N 

21-30 maneuver urgency factor 
for dive, MUFD 

31-40 maneuver urgency factor 
for roll. MUFR 

41-50 minimum power setting, PSL 

51    multiple of time increment 
for time history output, 
MPRJXT 

The sign of DHDG determines the sign of the bank angjt 
GAMCR-0, the controller compute? the required dive ari£ 
intersect the target. 

Climbing/Descending Turn at Constant Airspeed 

Maneuver Identification Card 

Columns 1-3:  M09 

deg 

ft 

ft 

ft 

ft 

deg 

& 

kt 

to 
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Maneuver Data Card 

Columns 1-10 command altitude, HC ft 
11-20 desired load factor, ND - 

21-30 desired heading, HDG deg 
31-40 maneuver urgency factor, 

MUF - 

41-50 minimum power setting, PSL - 

51-60 maximum load factor, NMAX - 

61-70 minimum load factor, NMIN - 

71 multiple of time increment 
for time history output, 
MPRINT 

If ND=0, the controller selects the flight path angle and bank 
angle. If ND^O, the controller uses the remaining power avail* 
able to compute the flight path angle. 

Sideward Acceleration/Deceleration 

Maneuver Identification Card 

Columns 1-3: M10 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

71 

command bank angle, PHIC deg 

command velocity, VC kt 

final velocity, VF kt 

maneuver urgency factor, MUF 

power required for tail 
rotor, HPMTR hp 

X location of target in 
Earth reference, TARX ft 

Y location of target in 
Earth reference, TARY ft 

multiple of time increment 
for time history output, 
MPRINT 

This mfintuvor  requires  that the final velocity,  VF,  be zero. 
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Sideward Acceleration/Pedal Turn Into Wind 

Maneuver Identification Card 

Columns 1-3:  Mil 

Maneuv er Data Card 

Columns 1-10 

11- •20 
21- -30 

31- •40 

• 
41- •50 

51- •60 

61- •70 
71- •80 

Maneuver Data Card 

Columr i 1 

command bank angle, PHIC 

command velocity, VC 

maneuver urgency factor, 
MUF 

power required to tail 
rotor, HPMTR 

X location of target in 
Earth reference, TARX 

Y location of target in 
Earth reference, TARY 

time to peak 0, TPB 

desired 0, BETAD 

multiple of time increment 
for time history output, 
MPRINT 

deg 

kt 

hp 

ft 

ft 

sec 

deg/sec 

Orbit at Constant Airspeed 

Maneuver Identification Card 

Column 1-3:  M12 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31-40 

41-50 

51 

turn radius, RADIUS 

exit heading, HDG 

maneuver urgency factor 
MUF 

time of orbit, T0RBIT 

direction of turn, PHIDR 

multiple of time increment 
for time history output, 
MPRINT 

ft 

deg 

sec 
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Pedal Turn at Hover 

Maneuver Identification Card 

Columns 1-3:  Ml 3 

Maneuver Data Card 

Columns 1-10 

11-20 

21-30 

31 

desired heading, HDG        deg 

time to peak rate of change 
of heading, TP sec 

desired rate of change of 
heading, CHIDR     " deg/sec 

multiple of time increment 
for time history output, 
MPRINT 

Collective Pop-Up at Constant Attitude and Low Airspeed 

Maneuver Identification Card 

Columns 1-3:  M14 

Maneuver Data Card 

Columns 1-10  command altitude, HC 

11-20 maneuver urgency factor, 
MÜF 

21-30 minimum load factor, XMIN 

31    multiple of time increment 
for time historv output, 
MPRINT 

Climbing Return to Target 

Maneuver Identification Card 

Columns 1-3:  M15 

Maneuver Data Card 

Columns 1-10  command altitude, HC 

11-20 X location of target in 
Earth reference, TARX 

^1-30 Y location of target in 
Earth reference, TARY 

31-40 Z location of target in 
Earth reference. TARZ 

ft 

ft 

ft 

ft 

ft 
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Columns 41-50 maximum load factor, NMAX - 

51-60 minimum load factor, NMIN - 

61-70 command bank angle, PHIC deg 
71-80 command climb angle, GAMC deg 

Maneuver Data Card 

Columns 1-10 minimum velocity, VMIN kt 
11-20 time to peak rate for 

rollout, TPO sec 

21-30 time to peak r, TPP sec 

31-40 time to peak 0, TPR sec 
41-50 minimum power setting, PSL - 

51-60 time to apply full power, 
TACCEL sec 

61   multiple of time increment 
for time history output, 
MPRINT 
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Symbol 

a 

ai 

ai-l 

a2D 

ax£ 

ayE 

ayw 

azE 

azw 

A 

Al 

AR 

b 

c 

c 

CSLANT 

C1'C2,C3 

LIST OF SYMBOLS 

lift curve slope 

acceleration at the ith time point 

acceleration at the (i-l)th time point 

two-dimensional section lift curve 
slope 

component of linear acceleration in XF 
direction L 

component of linear acceleration in Xy 
direction 

component of linear acceleration in YF 
direction * 

component of linear acceleration in Y, 
direction W 

component of linear acceleration in ZF 
direction 

component of linear acceleration in Z 
direction 

2 
rotor disc area (*R ) 

W 

angle between radius vector from center 
of rotation to target and perpendicular 
to radius vector from aircraft to target 

aspect ratio, (b /S ) 

number of blades or wing span 

rotor chord 

resultant vector of cross product of 
velocity vector and radius vector 

minimum slant range to aim point 

constants used in evaluating angular 
acceleration, rate, and displacement 

Units 

/rad 

ft/sec2 

rt/sec2 

/rad 

ft/sec2 

ft/sec2 

ft/sec2 

ft/sec2 

€t/sec2 

ft/sec2 

ft2 

rad 

- or ft 

ft 

ft 
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Symbol 

CDFP 

CD 
w 

\ 

SlAXX 

LMAXP 

w 

LIST OF SYMBOLS - Continued 

vk'a*, coefficient of flat plate 

drac coefficient of wing 

drag coefficient at a  * 0 

maximum negative lift coefficient 

maximum positive lift coefficient 

wing lift coefficient 

wing three-dimensional lift curve slope 

Units 

/rad 

dt 

DHE 

DXE 

DXT 

DXw 

DYE 

D w 

time increment 

predicted altitude change in returning 
gamma to zero 

predicted distance traveled in XEYE plane 

in recovering from dive and rolling into 
turn 

distance from target to projection of 
intersection point with glide slope 
into the X-Y- plane 

predicted distance traveled in X£YE plane 

in obtaining dive angle 

predicted distance traveled in X-Yr plane 

perpendicular to initial line of =i-^t from 
aircraft to target in recovering from dive 
jr.J rolling into a turn 

wing drag 

wing efficiency factor 

flat plate drag area (CD * 1) 
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LIST OF SYMBOLS - Continued 

Symbol Units 

fx      flat plate drag area (Cn = 1) at ft  = 90° ft2 

FLDT    predicted distance to initiation of dive ft 

F       aerodynamic force vector lb 

F ,F ,  scalar components of aerodynamic force 
F
ax ay  vector lb 

Faz 

FI7      total force vector lb 
W 

F , F    scalar components of total force vector lb 
XW yW 

F 
ZW 

9 9 
g       unit of acceleration («32.2 ft/sec ) ft/sec 

GK,      gain for angular acceleration in the « 
first stage rad/sec 

GKy              gain for angular acceleration in the « 
second stage rad/sec 

GK-.     gain for angular acceleration in the « 
third stage rad/sec 

GK,      gain for angular acceleration in the ~ 
fourth stage rad/sec 

GW      gross weight      , lb 

HP      total power required to maintain air- 
speed, altitude, and load factor hp 

HPA     power supplied from the engine hp 

HPMAX    maximum allowable value of HPA hp 

HPMIN    minimum desired value of HPA hp 

i, i-1   points in time 

i£,JE,kE earth axes unit vectors (X, Y, and Z 
axes, respectively) 
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LIST OF SYMBOLS - Continued 

Symbol Units 

i       wing incidence deg 

i       wing incidence when n = 1 deg 
wo 

^W'^W'^W w^-nd axes unit vectors (X, Y, and Z 
axes, respectively) 

KAF1     coefficient in fuselage angle of attack vft/sec)—,. 
expression (ft -lb) 

KAF2     coefficient in fuselage angle of attack 2 

expression 1/g 

KAF3     coefficient in fuselage angle of attack 
expression 1/g 

2    5 
KAF4     coefficient in fuselage angle of attack  (ft -lb)' 

expression (ft/sec)1'6 

KAF5     coefficient in fuselage angle of attack 
expression sec/ft 

KAF6     coefficient in fuselage angle of attack 
expression 

KAF7     coefficient in fuselage angle oi   attack 
expression deg 

KAF8     coefficient in fuselage angle of attack 
expression 

FCj      wing induced velocity factor 

L       wing lift lb 
w ö 

m mass, — slu2;s 

\M Mach number increment 

MUF maneuver urgency factor 

n load factor 

nd desired load factor 
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Symbol 

NMAX 

NMIN 

Pw 
PSL 

q 

% 

% 

R 

R 

RADIUS 

SLANT 

SLANTE 

S. w 

c 

ttj cJDiv 

max 

IN 

LIST OF SYMBOLS - Continued 

maximum desired load factor 

minimum desired load factor 

roll rate, wind axes 

minimum power setting, HPA/HPMAX 

free stream dynamic pressure 

dynamic pressure at the wing 

pitch rate, wind axes 

yaw raLt, wind axes 

rotor radius 

radius vector from aircraft location 
to aim points 

turn radius 

distance from estimated center of 
rotation and aim point 

estimated minimum slant range from 
target 

wing area 

time 

time increment between updates of linear 
acceleration 

blade loading coefficient 

blade loading coefficient where power 
increases from stall 

maximum blade loading coefficient 
(t    = TCMl + TCM2 *0 

max 

time to achieve desired turn rate in pedal 
turn maneuver 

Units 

deg/sec 

lb/ft2 

lb/ft2 

deg/sec 

deg/sec 

ft 

ft 

ft 

ft 

ft 

ft2 

sec 

sec 

sec 
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LIST OF SYMBOLS - Continued 

Symbol 

tOUT 

H 
th 

4*4-1 
tout 

'"MAX 

TMIN 

tp 

t 
P 
tpn 

tpr 

t 
s 

t1,t2, 

t3,t4 

T 

M 
TARX 

TARXH 

TARY 

TARZ 

TCI 

time to arrest desired turn rate in pedal 
turn maneuver 

total time for command generator response 

time to hold steady rate in pedal turn 

time at the ith point and (i-l)th point 

time to maintain minimum load factor in 
recovery phase of pop-up 

maximum time for application of power in 
acceleration maneuver 

minimum time for application of power in 
acceleration maneuver 

time to reach peak rate in pedal turn 

time to reach peak rate 

time to reach maximum load factor in 
collective pop-up 

time to peak roll rate 

length of each stage of command generator 

stage time for command generator 

rotor thrust 

transformation matrix 

X,p location of target 

location of target in Xp.YE plane 

Y£ location of target 

Z- location of target 

constant coefficient of ft ln. 

Units 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

sec 

lb 

ft 

ft 

ft 

ft 
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LIST OF SYMBOLS - Continued 

Symbol 

TC2 velocity coefficient of fOniv 

TCM1 constant coefficient of t 
max 

TCM2     velocity coefficient of t 
max 

vi 

Units 

rotor-induced velocity ft/sec 

V airspeed along flight path ft/sec 

V flight path acceleration ft/sec 

V flight path velocity vector ft/sec 

VJERK    rate of change of load factor for 
collective pop-up /sec 

VERR     error band on velocity for acceleration 
maneuver kt 

^i*»V-. i  velocity at ith time and (i-l)th time       ft/sec 

V^p     component of velocity vector in X_ 
direction ft/sec 

V^Yp    magnitude of velocity vector in the 
X£YE plane ft/sec 

VyE     component of velocity vector in Yp 
direction ft/sec 

VZE     component of velocity vector in Z^ 
direction J ft/sec 

\'y estimated values of vertical velocity 
i     for recovery ft/sec 

W       magnitude of weight vector lb 

W       weight vector lb 

WF      velocity weighting factor for controlling 
velocity in acceleration maneuver 
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LIST OF SYMBOLS - Continued 

Symbol Units 

X,Y,Z    aircraft location in XgYgZg reference system     ft 

XAP      X aim point in earth reference ft 

XC,YC    predicted center of rotation for auto 
turn in earth reference ft 

XNA predicted Xp coordinate of aircraft's 

closest approach to target ft 

X,       predicted XE location for center of 

rotation for rolling pullout ft 

XE,Yg,Zg earth axes 

X. »X. •. position at ith time and (i-l)th time ft 

XW,YW,ZW wind axes 

YAP Y aim point in earth reference ft 

YNA      predicted Yp coordinate of aircraft's 

closest approach to target ft 

Y,       predicted Y£ location for center of 

rotation for rolling, pullout ft 

ZNA      predicted Zp coordinate of aircraft's 

closest approach to target ft 

a                    angle of attack dc± 

ax?                angle of attack of fuselage <!LC 

angle of attack for stall (positive) rati 

angle of attack for stall (negative) rad 

angle of attack of wing rad 

ß sideslip angle deg 
« 

ft time rate of change of ft deg/sec 
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LIST OF SYMBOLS - Continued 

Symbol Units 

y               flight path angle deg 

y               time rate of change of V deg/sec 

y               commanded flight path angle deg 

50     profile drag coefficient at <* • 0 

82     profile drag coefficient change with a /deg 
2 2 82     profile drag coefficient change with « /deg 

€      angle between V and K deg 

V efficiency factor for computing axw 

fi rotor advance ratio 
q 

p      air density slugs/ft 

o-'     density ratio 

*      first order system time constant (time 
to reach 63% of peak rate) sec 

(j>               roll angle deg 

A      command roll angle deg 

<6      time rate of change of roll angle deg/sec 

^MAX   maximum allowable roll rate deg/sec 

(/>'      roll angular acceleration deg/sec 

X      heading angle deg 

X      time rate of change of heading angle deg/sec 

X_     commanded heading angle deg 

XD     desired heading angle deg 

XD     time rate of change of desired heading 
angle deg/sec 

X      peak time rate of change of heading angle   deg/sec 

'31 



LIST OF SYMBOLS - Continued 

Symbol Units 

X0      initial heading angle deg 

X0      time rate of change of X deg/sec 

X       angular acceleration of initial heading deg/sec 

oTrr      angular velocity of the wind axes 
!       reference frame with respect to the 

earth axes rad/sec 

8R      rotor tip speed ft/sec 

132 


