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Abstract: The complex configuration of helicopter guarantees that the vehicle modeling, trim
and simulation are significantly more difficult than fixed-wing aircrafts. In this paper, general
expressions for aerodynamic forces and moments, acting on helicopter due to its main and tail
rotors at any flight conditions, are derived by using momentum and blade element theories.
These complex expressions are inserted in the rigid body equations of motion, derived from
Newton second law, to build a generic nonlinear mathematical model for single main and tail
rotors helicopters; in order to obtain their responses to arbitrary control inputs. This model can
be used in pilot training, control system design, and studying the helicopter stability
characteristics. Trimming problem is solved at general flight conditions; arbitrary turn rate,
flight path and side slip angles. The power required to fly helicopter at forward flight with
several flight path angles is determined. The flight path angle required for helicopter
autorotation condition is calculated at any forward speed. The mathematical model is solved by
numerical integration (Runge-Kutta method) in the simulation code. The resulting trim
conditions are verified by supplying the trim control inputs to the simulation code and verifying
that the helicopter is flying in steady-state.
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Nomenclature

a Main rotor blade section lift curve slope

a;,  Tail rotor blade section lift curve slope

A Main Rotor Area, mR?

A Tail rotor area

c Main rotor blade chord

Cr Main rotor thrust coefficient

Cr,,  Tail rotor thrust coefficient

Cx,,Cy,, Cz, Main rotor forces coefficients in Xy, Yy, Z,respectively.
Cx,, Cy,, Cz, Main rotor forces coefficients in X,,, Y, Z,, respectively.

f Fuselage equivalent drag area.

h,, Distance from A.C. center of gravity and hub center in z direction
I, Blade inertia

Ly, Iy, 1, Moment of inertia about X,, Y, Z,, respectively

L Distance from A.C. center of gravity and tail rotor hub center in x direction
p,q,r Angular velocity about X, Y, Z body axes respectively

Prw> Qo Thw  Angular velocity about Xy, Ynw, Znyw hub-wind axes respectively
R Main rotor radius
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Ry Tail rotor radius

T,  Tail rotor thrust

T Main rotor thrust

Ur Tangential component of velocity vector at the blade section

Up Radial component of velocity vector at the blade section
Perpendicular component of velocity vector at the blade section
u, v, w Velocity components in X, Y, Z body axes respectively

Uy, U, Wi, Velocity component in X, Y, Z;, hub axes respectively
U, Ve, Wi VelOCity components acting on the tail rotor

Vse  Flight velocity

x.g  Distance from A.C. center of gravity and hub center in x direction
Zir Distance from A.C. center of gravity and tail rotor hub center in x direction
as Fuselage angle of attack

Bw,, Tail rotor side slip angle.

Bo Blade conning angle

Bic,, Pis, Main rotor longitudinal and lateral flapping angles in hub-win axes
Bic.  Main rotor longitudinal flapping angle

Bis  Main rotor lateral flapping angle

Br Fuselage side slip angle

y Main rotor blade lock number

Yre  Spin angle (positive downward)

6, Main rotor collective pitch

01c,, 015, Main rotor lateral and longitudinal cyclic pitch in hub-wind axes
0, Lateral cyclic pitch

6.s  Longitudinal cyclic pitch

A Total induced flow ratio through main rotor disk

U Forward flight advance ratio

Uy Tail rotor advance ratio

¢, 6,y Euler angles

W Horizontal turn rate

g, 0y Main rotor and tail rotor solidity respectively

Q, Q. Main rotor and tail rotor rotational speed

Subscripts and superscripts

b body

e equilibrium
f fuselage

h Hub

hw  hub wind

mr Main rotor
tr tail rotor

1. Introduction

Helicopter has six degrees of freedom in its motion. The helicopter control is based on changing
the direction and magnitude of main rotor thrust vector. Helicopter has four control inputs
associated to its main rotor. These controls are the main rotor collective pitch 8,, longitudinal
cyclic pitch 64, lateral cyclic pitch 8, and tail rotor collective pitch 8, . The cross coupling
between these inputs makes the vehicle unstable without the stability augmentation system [1].
To design a control system and to analyze the helicopter complicated control and dynamics, it
Is necessary to develop a complete dynamic model which should be linearized about an
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equilibrium point. This modeling is divided into three levels according to their complexity [2].
Level 1 is the simplest model that describes the system whereas level 3 consist of set of complex
models and it is more accurate in predicting the system response [2]. In level 1 helicopter is
assumed rigid body and the blade dynamics are simplified to rigid blade motion, but level 3
incorporates detailed modeling of rotor blades and the modes of structure vibration. Level 2
complexity is in between level 1 and level 3. In the literature, most researchers in the field of
helicopter dynamic modeling, simulation and control uses Level 1 and reasonable and accurate
results [3] and [4]. The rigid body nonlinear model has helicopter orientation, position, linear
and angular velocity components as states. This model is 12™" order system [5]. Level 3 models
are used in structure and rotor mechanical design [6]. The helicopter trim problem, determining
control inputs required for steady flight, is solved in forward flight [7], [8] and [9]. All
publications in the field of helicopter control solve the trim problem in steady forward flight
only [10] and [11]. The conventional forward simulation or direct simulation is used to get the
vehicle motion (as a function of time) as a response to a given control inputs by solving the
non-linear differential equations of motion. This simulation is applied to fixed wing aircraft and
helicopter and the results are compared with flight test data [4].

The main objective of this study is to build a complete non-linear model for the helicopter. This
model can be used in the control system design and building direct simulation model for a full
scale helicopter. In this paper the mathematical model of a single main rotor and tail rotor is
presented, the total forces and moments acting in the helicopter due to its components are
discussed in details, helicopter general trim problem is solved, and a simulation of helicopter
motion at a steady maneuver is introduced.

The prouty example helicopter [1] is used in calculations in this study. Its characteristics could
be summarized in Table.1 and Fig. 1.

Table 1. Prouty example helicopter characteristics

Property = : Value -
British units Sl units
Design gross weight 20000 Ib. 9070 Kg
Main rotor radius 30 ft. 9.14 m
Main rotor disk area 2827 ft.2 262.64 m?
Main rotor chord 2 ft. 0.61m
Main rotor tip speed 650 ft./sec. 198.12 m/s
Tail rotor radius 6.5 ft. 1.98 m.
Tail rotor disk area 133 ft.2 12.36 m?
Tail rotor tip speed 650 ft./sec. 198.12 m/s
Fuselage length 57 ft. 17.37 m
Main rotor height above CG 6 ft. 1.8 m.
Tail rotor arm 37 ft. 11.28 m

Fig. 1. Prouty example helicopter [1]
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2. Helicopter Mathematical Model
Helicopter is treated as a rigid body of six degrees of freedom. Newton’s second law can be
applied to get six dynamic equations: three equations in the translational motion and three
equations in the rotational motion. There are six kinematic equations relating the angular
velocities of helicopter to the rate of change of its orientation or attitude w.r.t the fixed earth
axis. The six kinematic equations are obtained from Euler angle transformation [2]. There are
four control inputs (6,01, 615,0,,,) that controls the force and moment components
(X,Y,Z.L,M, N). The system of equations that presents helicopter model is as:

u=—(qw —rv) +X/m—gsin6

v=—(ru—pw)+Y/m+ gsin¢cosb

w=—(v—qu)+Z/m+ gcos¢cosf

D= Ul + LN Ul = I3)

Gg=M + U, — L,)rp + I;»cz(r2 - pz))/(lyy)

f: = (IzL" + L NT) [ (Uxxc L — Ia%z) (1)

¢ =p+qgsingptand + rcos¢tan b

6 =qcos¢p —rsing

1/) = gsing secO + r cos ¢ secH

% = u COCY + v(SPSOCY — CPSYP) + w(CHSOCY + SPSy)

y = u COSY + v(SPSOSY + CPC) + w(CPHSOSY — SPCp)

Z=—-uSO+vspCh +w CPHCO
where:

L' =L+ (I, — I,)qr + 1,,pq )
N*=N+ (Ixx - Iyy)pq — Leqr

The forces and moments acting on helicopter (X,Y, Z, L, M, N) are due to main rotor, tail rotor
and fuselage. The forces and moments due to main rotor, tail rotor and fuselage are expressed
in body axes system in detail in the following section.

3. Forces and Moments

Main Rotor Model
Main rotor is assumed to be the main source of generation forces and moments.
Aerodynamically, momentum theory is used to obtain inflow ratio, the blade element theory is
utilized and the forces and moments of blade section are integrated over the radius of blade.
Because of ignorance of compressibility effects, reversed flow region, and stall effects, the total
forces and moments are obtained by summation the contribution of each blade. A previous
study showed that this type of study is valid for control and stability investigations of the
helicopter for advance ratio up to 0.3 [12].
The rotor forces and moment are expressed in the hub wind axes system then transformed in
the hub axes and body axes. The velocity components in (x;,y,,zp)axes are (u,v,w)
respectively and the angular rates are (p, q, 7). Fig. 2 shows the hub, body and tail rotor axes.
It also shows the horizontal distance helicopter center of gravity and tail rotor hub [, and the
vertical distance between main rotor hub and CG.
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tail rotor axes

L Mg

Zp

Fig. 2. Helicopter body axes, hub axes, and tail rotor axes [3]

The velocity components in body axes are transformed to the hub axes as following.
Up = u—qhy
Vp=V+phy+71 x4 (3)
Wh =W —( X¢q
where: x4 is the distance between vehicle CG and main rotor hub in x,, direction.
Side slip angle, the angle between X, axis and X}, axis, is defined as:
= gin-l—F___
Bw 2] (4)
The tangential and perpendicular velocity components on the blade sections are:
&=f+,usin1/)+f,8(Phwcosi—msim/)) (5)
U, = A+ 7p + puf cos(yp) — 7(Pyy, Siny + Gy, cos )
where,
Pny = Ecosﬁw + gsinﬁw
Q . Q q (6)
Thw = —Esinﬁw + ﬁcosﬁw
Transformation of control input from hub axes to hub wind axes is as following:
91cw] B [cos B —sinﬁw] ch] @)
elsw sin ﬂw cos ﬁw 915
From momentum theory, the induced flow ratio is:
Main rotor loads hub-wind axes
The hub wind axes are like the wind axes in the fixed wing aircraft. The loads are calculated in
the hub-wind axes and then transformed in the hub axes. The blade element theory is applied
to get loads at blade sections and integrated along the span and over the azimuth to obtain
general expressions for forces and moments coefficients in hub-wind axis.
Thrust coefficient:
- S2(s 30) o) S d e
Drag force coefficient:

C. = % [00 (/1_1'4 _ lglcw _ @) etw (/1_# _ ﬁlcw _ @)

Xw 2 3 . 6ﬁ ; 4 4 8 5 1
up1 N 0 _
+ elsw (_ - _#phw) + Qlcw <_ ~ _ﬂQhw)
3 4 8 4 8 16 | 6 16/1 (10)
1 o H _ _
+ Zlﬂlcw + sgv + Z (ﬁg + ﬁlzcw) - gﬁOQhw + Ephw

1 1 1 o u
+ Eﬂlglcwphw + E#ﬁlsWQhw] + E (E 8)
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Side force coefficient:

oa 1 1
= =2 (60 [0 + 722 (142 12) — 2T + 00 {220 4 B0 14 )
2 2 6 2
21 1
+ glcw {4 + 4.uﬁlcw P‘phw}
Bo , 1 _ 3y 3
+ glsw{ (1 + 3u ) +5 P‘.Blsw 6.uqhw} - Elﬂﬁo (11)
i1
+ Bobrcw (3= 12) = 3 Wrsw — Browrow + 5 BoPs + 5 1w

7
+ L= WBrow P + 1 ¢ WBs |
Moment coefficient about X}, axis:
oga 0 1 1 1 3
w = 7 ﬁlé’w _1§W + Z.ugtw + §M90 - ZAM - 1_6M2'810W + 1_6.uzalsw (12)
+phw] +ﬁ 1 k ﬁ
8 | 2 pnR2(QR)2R FMisw
Moment coefficient about Yy, axis:

oay 1 1 T 1, 1,
CMyW_ 2 891cw+ .Blsw T‘I'E.BOM_EM 91cw+1_6.u Blsw

My

(14)
"~ 2 pnR2(QR)2R g Brew
Moment coefficient about Zp,,, axis:
oa 1 1
Cyz, = [90 (—5/1 + Z HPhw )
1 1.1 1 )
+ elcw (_ gﬁlsw + gqhw - gﬁo# - Eﬁlsw# )
1 11 1 )
+ 915w (gflcw ‘1|' gphw - ZSAM - 1_6:8ch.’; ) . (15)
+ 0w (‘Zﬂ + §Wﬂ> ~a A +p®) + §.Blzcw + 5.3125\41
11, 11,1
+ Zﬁlcwphw + gphw - ZBlswCIhw + §Qhw + 5/1 + 5.[))0.815w.u
1 - 1 1 2,2 3 2 2 1 2 2
- §EOQth + E.Blcw/l.u + ZBOM + 1_6.[))1cw.u + 1_6.815w.u
where, the flapping angles can be obtained from the flapping model as follows:
5 u A
= e+ 5 (14502 +E0ru )
4 20 (Prw 9hw
—gllﬁo y(Q)+(Q)
Bisw — b1ew = 1 + 1
1+§[,42 1+§‘le (16)
8 3 3 3 16 (qnw) _ (Paw
__gll(go_zl"'zﬂglsw‘i'zgtw) y(Q) (Q)
.Blcw + lew - 1 + 1
1- 7# 1- E,u

Rotor profile drag coefficient § is required in calculation of torque and drag force coefficients.
Ref. [12] provides an expression for the profile drag coefficient which matches the measured

section characteristics as follows:
2

6C
8 =0.009+0.3 (U—aT) (17)
Main rotor loads in hub axes
The aerodynamic forces and moments coefficients are derived in hub-wind axis. These

expressions should be transformed to hub axis and body axis to be used in aircraft modelling
and simulation. The load transformation from hub-wind axes to hub fixed axes is as follows:
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Cx, = Cx,, cos By + Cy, sin B,
Cy, = —Cx,, sin B, + Cy,, cos B,

CZh = CT
Cuay, = City,, €08 Bu + iy, Sin By (18)
CMYh = _CMXW sin ﬁW + CMYW Cos ﬁW

CMZh = CMZW

Main rotor loads in body axes
The contribution of main rotor in the total forces and moments acting on the aircraft is obtained
from the transformation of its loads from hub axes to body axes as follows:
Xonr = _CthA(-QR)Z
Yinr = Cy,pA(QR)?
Ly = _CthA(-Q-R)Z

C Cy.z
L, = [—CMXh - z;y i Yl’% ”] pRA(QR)? (19)
Cx,zn  Cz,xn
M, = [CMYh + ; - }’; ]pRA(QR)Z

Ny = _CMthRA(-QR)Z

Tail Rotor Model
Tail rotor is a powerful solution for torque balance in single main rotor helicopter. It is also a
tool for direction stability and control Tail rotor is modeled as a teetering rotor without cyclic
pitch input (68,., 6,5 = 0). Flapping motion is not evident in tail rotor because the blades are
rigid and shorter than main rotor blades. The velocity components acting on the tail rotor are as
follows:

Uy = U

Vi =V P Zer — T gy (20)

Wi =W+ qlyy
Tail rotor side slip angle is:

=1 Wtr
Bw,, = sin ”
T

Tail rotor advance ratio is:

v ug, + wp; (22)
L P
. _QtrRtr . .
Aircraft pitch and yaw rates are transformed to the tail rotor axis as follows:
___ DpcosPy, +rsinp,,

(21)

Per = R (23)
tr
The induced inflow ratio of tail rotor is given by:
v C
Atr tr TtT (24)

= +

-QtrRtr 2 ﬂ?r + A%r
By applying blade element on the tail rotor blade section, the tail rotor thrust coefficient is
obtained as follows:

Oy Q¢ 80 3 Ht r /115 Uer
Cry =—5— l% (1 + E.u?r) + () ==+ P (25)
Tail rotor thrust is:
Ty = Cr, Ay (Q¢rRer)? (26)
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Tail rotor loads in body axes system are as follows:

Yoo =T (27)
Liy = Trrzey
N = —Teler

Fuselage Model
For calculation the fuselage forces and moments, it is assumed that the longitudinal forces are
dependent on the angle of attack and lateral forces are dependent on the side-slip angle. The
drag force is dependent on both angle of attack and side-slip angle. The velocity components
on the fuselage are as follows:

U.f =Uu

vp = (28)
where w;(is the induced velocity due to main rotor and can be expressed as:

W.
Wir = (—lf) Vi (29)
Vi
where v; the main rotor is induced velocity and (?) defined as the following empirical relation
[12]:
Wir 2 3
(v—) = 1.299 + 0.671y — 1.172y% + 0.35x
i
U
=t -1
X an C—A (30)
v; = ————(QR)

2\ u? + 22

The fuselage angle of attack is:

w
ar = tan™* = (31)
Us
The fuselage side slip angle is:
v
By = sin™! Vf (32)
f
where: V; = /u}% +vf + wf . The fuselage drag force is
1
Dy =5 pVFf (33)
The fuselage drag force coefficient is:
15
_zHf (34)
Df - A

where, uy = % .The fuselage load is transformed to the body axes at aircraft center of gravity
as follows:

Xp = (—CDf cos a; cos Br) pA(QR)?

¥y = (=Cp, sin B)pAQR)? (35)

Zs = (—Cp, sin ay cos Br)pA(QR)?

4. General Trim Problem

The general trim problem is the helicopter trim at a steady turn maneuver in a spin mode (spiral
climb or decent) with horizontal turn rate ¥. During this maneuver, the spin axis is vertically
and there isn’t any change in fuselage roll and pitch attitude (¢,, 8.), so the components of
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weight force in body axes are constant. In general trim problem, velocity vector magnitude
Vredoes not change and helicopter is flying with a side slip angle g and spin angle y¢.. Fig. 3
shows the general trim problem flight conditions. . By defining the following four quantities
v Vs, B, W), any maneuver can be defined. That is the cause of choosing these variables. For
example, at steady forward flight, the maneuver is defined by putting 3.y, and ¥ zeros.
Another example, to define horizontal turn maneuver, put ¥ by the horizontal turn rate, flight
path angle is zero and side slip angle is also zero.

w

>

horizon

Fig. 3. General trim problem flight conditions [2]

The trim equations are non-linear algebraic equations as follows:

Xe :
—(Weqe — VeTe) + m_ gsinb, =0
Y,
—(Uely — Wep,) + Ee + gcosfO,sing, =0

Z
—(VoPe — Uq,) + Zg + g cosB,cos¢p, =0 (36)

(Iyy - Izz)Qere + LzPeqe + Le =0
U2z = Ly )TeDe + Ixz(re2 - pg) +M,=0
(Ixx - Iyy)peCIe + I,qete + No =0

where: The quantities X,,Y,, Z,, L., M., N, are the aerodynamic forces acting on helicopter due
to main rotor, tail rotor and fuselage. These forces and moments are functions of four control

inputs (6, 01, B15, 0o, ), translational velocities (u,, , ve, w,), and angular velocities (p,, g, 7).
Equations (36) are six equations in twelve unknowns: translational velocities (u,, v., w,),
angular velocities (p, g, 7.), four control inputs (6, 01, 615, 8o,,), roll angle ¢,, and pitch
angle 8,. The four given quantities are: flight velocity V., spin angle y¢., horizontal turn
rate W, and side slip angle g.

The steady roll, pitch and yaw rates are related to the spin rate as:

p. = —W¥sin 6,

g, = Wsin ¢, cos b, (37)

1, = W cos ¢, cos 6,
The velocity vector Vg.makes an angle yg.with the horizontal plane as shown in Figure 4.2.
Then,
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X = Vfe COSYfe COS ¥

Y = Ve COS Ype Sin y (38)

Z = Vpe sinyg,
where: y is the angle between projection of velocity vector and X,,. Using the transformation
matrix R between earth fixed axes and body axes.

Up = Vpe[cOs ¥y, COS B, COS x, — sinyy, sin 6, | (39)

Ve = Vpe [cos Yre Sin @, sin 6, cos y, + cos Y, €OS P, sin y, (40)
+ sinyy, sin ¢, cos 6, |

We = Ve [cos Yfe COS @, sin 6, cos y, — COS yr, Sin ¢, sin y, (41)

+ sinyy, cos ¢, cos 6, ]

where: y, = y — y is the track angle. This angle is constant with time, but the heading angle
changes with timey = Wt. Track angle is the angle between velocity vector and X,axis

e

projected in the earth horizontal plane. From the definition of side slip angle § = sin™?! Vv— eq.
fe

(40) will be:
sinff = [cos Yre SiN @, sin 6, cos y, + COS yf, COS P, sin y, (42)
+ sin yy, sin ¢, cos 96]
Solution of General Trim Problem
From equations (37), the angular velocity components (p,, q., ) are function of given variables
and (¢,, 8,). Hence, the six equilibrium equations (36) and equations (39, 41, and 42) are
nonlinear nine equations in nine unknowns (6o, 01, 615, B0, Pe, O, Ue, We, Xe) and can be
solved by any numerical iterative method (Newton Raphson method) or fsolve matlab function.

5. Direct Simulation Procedure
Direct simulation for helicopter is a technique used to estimate the airplane motion and
represent the time history of the change of the six kinematic components (x, y, z, ¢, 8,y), the
translational and angular velocity components (u,v,w,p,q,r) for any control input
(80,015, 01c, 6o,,)- This method is used to predict the helicopter response to a sequence of
control inputs. It is conventionally called initial value problem.
Helicopter model consists of six dynamic equations and six kinematic equations which can be
represented as

x = f(x,u), x(0)=x (43)
where: The vectors x and u represent the helicopter states and control inputs respectively. To
get the aircraft response to any control input u as function of time, these equations are integrated
by Runge-kutta method [13]
Fig. 4 represents the direct simulation procedure. The control inputs and previous states are the
inputs for the helicopter aerodynamic model to get the total aerodynamic forces and moments
acting on the helicopter. Then, these forces and moments are inserted in the vehicle equations
of motion derived by Newton’s second law. Finally, the model equations are integrated by using
Runge-kutta method to get the helicopter response due to any set of control inputs.

6. Results and Discussion
The complete non-linear model is solved at the trim conditions (steady flight) to get the control
inputs required to trim the vehicle at any flight conditions.
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Oo(t) —
8,c(t) —
0,5(t) —
Bo,, (t)—

.* —— X
Yy I
Fx z . ’
) z
Fy p — ¢
Fz L. . . Integration of — @
i Kinematic equations | : :
Helicopter My . - equations of motion —— ¢
Aerodynamic model " dvianilc couations u by Runge-Kutta u
v ey 4 2 method "
My W
ﬁ w
: P
q
i' q
r

C

Fig. 4. Helicopter direct simulation procedure

Trim at Several Flight Path Angles
Fig.5 shows the four control inputs required to trim the helicopter at several flight path angles

and different flight speeds. As shown, the main rotor collective pitch increases as the flight path
angle increases which means that the vehicle needs more thrust to raise its altitude. Also, the
longitudinal cyclic become more negative as increasing the flight path angle since the main
rotor must tilt forward by a higher angle to support the weight of the airplane. Due to the
coupling between the longitudinal and lateral cyclic, the lateral cyclic changes and the tail rotor
control also changes to balance the helicopter laterally.

25 10
frp=-15°
20t == o=
D g @ - !‘ffp=‘15{:'
ﬁ 15+ S —B-E—rffp=D{:'
SN < T T r;fp=5'°
101 — + =§,=10°
5 : : : -5 : : :
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
H H
15
L 2\
> 5 1 by 4t T
[0} ) gof
T, S WXy Boonppzadl
q;‘- %5 5t S-Q
-15 : : : 0 : : :
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 04
K K

Fig. 5. Trim control inputs at several flight path angles
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Trim at Several Side Slip Angles

Fig 6 presents the change of the required control inputs at various side slip angles. The main

change is observed in the lateral cyclic pitch and tail rotor collective pitch.

S ko)
3 S
o 8
> )
0.4 0.4
ko) Io)
O [0)
) S
> %6
6 -
0 0.1 0.2 0.3 04 04

Fig. 6. Trim control inputs at several side slip angles

General Trim Results

The general trim problem is solved at turn rate 0.1 rad/sec., spin angle -5 deg., side slip angle 0
deg., and an advance ratio 0.3 then the required control inputs and helicopter attitudes at the

trim condition are as follows:

Table.2 Trim control inputs and helicopter attitudes at
p = 0.3, B=0 deg., y.=-5 deg., ¥=0.1 rad. /sec.

Main rotor collective pitch 6, 14.3541 deg.
Longitudinal cyclic pitch 6, -3.2058 deg.
Lateral cyclic pitch 6, 0.9255 deg.
Tail rotor collective pitch 6, 12.2436 deg.
Helicopter roll angle ¢, 30.6468 deg.
Helicopter pitch angle 6, -4.9459 deg.
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Verification of General Trim Results by Direct Simulation
The of general trim problem is achieved by supplying the trim control inputs as a constant
function of time to direct simulation code, the simulation code that integrates the equations of
motion by Runge-Kutta method. The results of this code indicates that the vehicle moves in a
steady flight with the required trim conditions as shown in Fig. 6

Flight trajectory at trim control inputs

1500

1000

500

altitude (ft)

Fig. 6 Flight trajectory at trim control inputs

These results demonstrate the accuracy and correctness of the direct simulation and the trim
code outputs.

7. Conclusion

In this paper, General expressions for aerodynamic forces and moments acting on helicopter
due to its main components, main rotor, tail rotor and fuselage, at any flight condition are
derived in detailed by using momentum theory and blade element theory. The obtained
expressions from aerodynamic loads are used in the rigid body equations of motion, derived by
Newton’s second law, to get a complete non-linear model for helicopter. The vehicle response
to any set of control inputs is determined by this general model. This model is used in designing
the control of autonomous helicopter and the automatic helicopter pilot. Many maneuvers are
achieved by this model.

The first step in helicopter controller design is the linearization of vehicle model. The
linearization process is about the trim point. In this study, the trim problem is solved at any
flight condition; forward flight with several flight path angles, side slip angles and turn
maneuvers. The solution of trim problem is determining the control inputs and helicopter pitch
and roll attitudes required to fly helicopter at a steady maneuvers.

The verification of trim results is verified by direct simulation code. The resulted control input
is supplied to the direct simulation code as a constant function of time. The resultant states from
the simulation code are also constant with time which means that the helicopter in a steady
flight and moving in the trim conditions. These results asserts that the trim results and the direct
simulation code are accurate and correct.
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