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The paper presents a study of the flight dynamies of an  articulated rotor helicopter carrying a suspended load. The aircraft 
model includes rigid body dynamics, individual flap and lag blade dynamics, and i d o w  dynamics. The load is a point 
mass with a single suspension point. Results were obtained for load masses of u p  to 2000 kg, with load-to-helicopter mass 
ratios of up to 28%, cahle lengths from 3 to 8 m, turn rates of up to 16 degsec, and advance ratios of u p  to 0.3. The load 
affects trim primarily through the overall increase in the weight of the aircraft; the influence of cahle length is negligible. 
Substantial coupling can occur between the Dutch roll and theload modes. Becauseof this coupling, the Dutch roll damping 
can decrease with a deterioration of handling qualities. Theeffects on the ~hueoidarevervsmall.  A susoendedload modifies - .  . - 
the roll frequency response by adding a notch to the gain curves and a 180-degree jump in the phase curves a t  the pendulum 
frequencies of the load. The changes in bandwidth and phase delay are small. 

Notation Introduction 

ar. absolute acceleration of the suspended load, Eq. (4) 
D . aerodynamic force vector acting on the load, Eq. (6) 
FH force applied by the load to the helicopter, Eq. (8) 
f~ vector of load equations of motion, Eq. (7) 
i j k unit vectors of the body axis coordinate system (Fig. 1) 
ic,  jc, kc  unit vectors of the gravity axis system; the kc vector is 

directed along the vertical 
i n  j k unit vectors of hook coordinate system (Fig. I) 
I cable length 
nl mass of the suspended load 
n~ load factor 
p ,  q ,  r roll, pitch, and yaw rate of the helicopter 
RH position vector of the suspension point with respect to the 

aircraft CG, Eq. (2) 
RL position vector of the load with respect to the suspension 

point, Eq. (I) 
Sr. equivalent flat plate area of the suspended load 
XH, y ~ ,  ZH components of the position vector of the suspension point 

with respect to the aircraft center of mass (Fig. 1) 

Creek Symbols arid Subscripts 

8 ~ ,  q5.n pitch and mil angle of the fuselage 
BL. q 5 ~  coordinates of the suspended load (Fig. 1) 
P advance ratio 
(. . .lo trim value 
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Canying external suspended loads has always been one of the tra- 
ditional missions of the helicopter. Both military and commercial op- 
erators have exploited the capability of the helicopter to rapidly move 
heavy loads to locations where the use of ground based equipment would 
be impractical or impossible. The external load can modify the flight 
dynamic characteristics of a helicopter because the load behaves like a 
pendulum, and can change natural frequencies and mode shapes of the 
low frequency modes of the helicopter. Also, the aerodynamics of the 
load may make it unstable in certain flight conditions, with repercussions 
on the stability and the safety of the entire helicopterfload system. 

The dvnamics of a helicooter with external susoended loads received 
considerable attention in thelate 1960's andearly 1970's. Txo reasons for 
this interest were the extensive external load operations in the Vietnam 
war, and the Heavy-Lift Helicopter program (HLH). This interest has 
been renewed recently, prompted by the re-evaluation and extension 
of the ADS-33 (Ref. 1) Helicopter Handling Qualities Specifications 
to transport helicopters, and in the expectation of new cargo helicopter 
procurements. 

The first theoretical study of thedynamics of ahelicopter with a slung 
load is probably due to Lucassen and Sterk (Ref. 2). A simple 3-degree of 
freedom model of the hover longitudinal dynamics of the helicopter and 
the angular displacement of theload was used. A single suspension point 
was assumed and the aerodynamic forces and moments on the load were 
neglected. In general, the poleof theload pendulummode was stable; the 
phugoid remained unstable, but its frequency decreased with increasing 
cable length. For some combination of parameters the helicopter mode 
became unstable while theload mode was stabilized. Szustakandlennev 
(Ref. 3) pointed out that a conventional stability augmentation system 
was not adequate for precision hover and load release, and could result 
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in pilot-induced oscillations (PIO). A more effective solution consisted 
of an inner loop in which the relative motion of aircraft and load was fed 
back to cyclic, and an outer loop with the aircraft position fed back, again 
to cyclic. Dukes studied the basic stability characteristics of a helicopter 
with a slung load, possible feedback stabilization schemes (Ref. 4). and 
appropriate piloting strategies for various maneuvers (Ref. 5). A 3-degree 
of freedom longitudinal helicopterfload model was used. Positive pitch 
damping, whether provided by the rotor alone or also by a flight control 
system, did not necessarily increase the stability of the pendulum mode 
of the load. This mode, essentially undamped, could become unstable 
for ce~tain load configurations. Pitch damping provided at best a modest 
increase in the damping of the mode. A feedback scheme in which the 
attachment point was actively moved longitudinally proved effective on 
paper, but its practical feasibility was not explored. 

The previous studies were limited to hover or low speed Right, and 
therefore the aerodynamics of the load did not play a significant role. 
Slung loads are rarely aerodynamically shaped bodies. The typical loads 
are bluff bodies that may be subject to dynamic instabilities triggered 
by unsteady aerodynamics. Poli and Cromack (Ref. 6) studied the sta- 
bility in fo~ward flight of a helicopter carrying an 8 ft x 8 ft x 20 ft 
container and a 20 ft long, 5.4 ft diameter circular cylinder. Long ca- 
bles, high speeds, and low weights increased the stability of the loads. 
A stability study in forward Right by Cliff and Bailey (Ref. 7) partially 
confirmed the results of Ref. 6 because decreasing the weight improved 
stability, but longer cables were found to be destabilizing. The differ- 
ences may be due to the different aemdynamics of the load, which was a 
much more idealized representation in Ref. 7. Lowering drag increased 
stability. Lateral-directional and longitudinal stability were governed by 
the same parameters, but the conditions for lateral stability proved more 
stringent. 

A decade later, Nagabhushan again addressed the low-speed stability 
of a single-point suspension load configmation (Ref. 8). The analysis 
model was much more sophisticated than in any of the studies previously 
mentioned, and included full nonlinear equations for rigid body aircraft 
motion and rotor flap dynamics. The equations were then linearized for 
stability analysis, and the elfect of several configuration parameters was 
investigated. Cable length, forelaft and vertical position of the suspension 
point, andload weight wereall found to affect stability. Dependingon the 
combination of parameters some modes could be stabilized and others 
destabilized, but overall all the instabilities were quite weak. 

More recently, Cicolani et al. have reported the results of flight tests of 
a UH-60 helicopter (Ref. 9). including frequency responses obtailied us- 
ing system identification techniques. While the study focused primarily 
on system identification and simulation validation, several conclusions 
were presented on theeffect of the loads on Right dynamics and handling 
qualities. Increasing load weight reduced lateral bandwidth; further in- 
creasescouldreduce the bandwidth to avalue below that ofthe pendulum 
frequency. Longitudinal stability margins were not very sensitive to the 
load, but lateral stability margins were degraded. The effect on bandwidth 
and phase delay was highly variable depending on the load configuration. 

The general objective of the present paper is to explore some funda- 
mental aspects of the dynamics of an articulated rotor helicopter with an 
external load suspended fiom a single attachment point. Therefore, the 
brief literature review presented above concerned this particular config- 
uration. However, several studies have addressed the behavior of config- 
urations with multiple attachment points. Reference will only be made 
here to an assessment of the state of the art for multi-point suspension 
configurations, presented by Sheldon (Ref. 1 O), to an in-depth theoretical 
study of the dynamics of a 2-suspension point, 4-cable load configora- 
tion subsequently carried out by Prabhakar (Ref. 1 I), and to a paper by 
Cicolani et al. (Ref. 12) which proposes a formulation validfor . .. arbitrary 
numbers of aircraft, loads, and suspensionpoints. 

The specific objectives of this paper are: 
I )  Topresent the formulation and solution of the mathematical model 

of an articulated rotor helicopter carrying an external load, and 
2) To study the effects of cable length and load weight on trim, sta- 

bility, frequency response, and handling qualities characteristics of the 
helicopter, both in hover and forward flight, and both in straight flight 
and coordinated steady turns. 

In the present study the load is modeled as a point mass that behaves 
like a spherical pendulum suspended from a single point. The only aero- 
dynamic load is a quasi-steady drag force in the direction of the local 
airflow; no aerodynamic forces act on the cable. The cable is assumed to 
be n~assless and inelastic, that is, it does not bend and is axially rigid. 

While this model is adequate for basic studies of the flight dynamics 
of helicopters with suspended loads, it cannot describe some important 
nractical nroblems. Because the cable is inelastic. the sling load "vertical r~~ ~~~~~~~r~~ ~ - 
bounce" phenomenon (Ref. 13) cannot be modeled. This is a resonance 
condition that occurs when the natural frequency of the load is close to one 
of the rotor frequencies, and which requires an elastic cable model. Fur- 
thermore, the present model cannot capture the aerodynamic instabilities 
due to the non-streamlined shape of many suspended loads. These insta- 
bilities, described for example by Gabel and Wilson (Ref. 131, Poli and 
Cromack (Ref. 6), Sheldon (Ref. lo), and Simpson andFlower (Ref. 14). 
often limit the maximum speed of the helicopter. Finally, because it only 
assumes a single suspension point, the present model cannot be used to 
study the effects of number, spacing, and placement of suspension points, 
and the topology of the suspension cables. These parameters have been 
found to be very important for the stability and control characteristics 
of the helicopter, especially when the load has two or three nonnegligi- 
ble dimensions, and therefore cannot be modeled as a point load; see, 
for example, the studies by Sheldon (Ref. 10). Prabhakar (Ref. 1 I), and 
Simpson and Flower (Ref. 14). 

Mathematical Model 

Modeling of the  external load 

The external load is essentially modeled as a point mass that behaves 
like a spherical pendulum suspended from a single point. The only aero- 
dynamic load is a quasi-steady drag force in the direction of the local 
airflow; no aerodynamic forces act on the cable. The cable is assumed to 
be inelastic and with no mass. 

Load eqrrariorrs of amtion. The geometry and the relevant coordinate 
systems are shown in Fig. 1. The unit vectors iH. jH, kH of the "hook" 
coordinate systemalwaysremainparallel to thoseofthe body axissystem 
i,, j,, k,. The position of the load is described by the two angles 8,. and 
dl,. where 4~ is the azimuth angle of the load and Or. is measured from 
the I,, axis. Therefore, the position vector RL of the load with respect to 
the suspension point is given by: 

The position vector RH of the hook with respect to the aircraft c.g. is 
given by: 

The absolute velocity VL of the load is given by: 

where VcG is the absolute velocity of the center of mass of the helicopter, 
R = RI, + RH isthepositionvectoroftheloadwithrespect tothecenterof 
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Both Fn and M H  are functions of Or and q5~, and of all the fuselage and 
rotor states. 

Modeling of the helicopter 

Suspension point 

Fig. 1. Geometry of suspended load. 

mass of the helicopter, and f2 =  pi^ + q j 8  ++k, is the angular velocity. 
The ahsolute acceleration aL  of the load is: 

where acc is the absolute acceleration of the center of mass of the heli- 
copter. The weight vector is given by: 

~ t r g k ~  = -rrrg sin BF~H + 111g sin& C O S O F ~ H  + 111p cos q5F cosOrk,, 
(5) 

where k, is the unit vector of the z-axis of a gravity reference frame, and 
@F and OF are respectively the roll and pitch attitudes of the fuselage. 
The aerodynamic force vector D contains only a drag contribution, and 
is given by: 

where SL is the equivalent flat plate area of the suspended load. 
The equations of motion of the load are written by enforcing moment 

equilibrium about the suspension point, that is, in matrix form: 

w h e r e q ~  isavectorofllelicopterstates. Inscalar form, Eq. (7)isasystem 
of three second order equations in the load coordinates q5L and flL. Only 
two (any two) of these equations need to be retained in the solution. 

Load corrrribstions to rigid body eqrratior~s of srotimz. The suspended 
load introduces additional terms in the rigid hody force and moment 
equations of motion of the helicopter. These terms are of inertial and 
aerodynamic origin. 

The force Fn  that the load exelis on the helicopter is given by: 

F ,  = -nra,. + D + rngkc (8) 

The additional moment Mn is therefore given by: 

The mathematical model of the helicopter used in this study is a non- 
linear blade element type model that includes fuselage, rotor, and main 
rotor inflow dynamics. The 6 degree of freedom rigid body motion of the 
aircraft is modeled using nonlinear Euler equations. Linear aerodynam- 
ics is assumed for fuselage and empennage. An articulated, four-bladed 
main rotor with rigid blades is assumed. Unsteady aerodynamic effects 
are modeled using the Pitt-Peters dynamic inflow model (Ref. 15). 

The coupledsystem ofrotor, fuselage, andinflow equations of motion 
is written in first-order form. The state vector has a total of 32 elements: 
flap andlag displacements and rates for each of the 4 blades (16 states); 9 
rigid hody velocities, rates, and attitudes; 3 inflow states; and 2 external 
load angles with their respective rates. 

Solution Technique 

Trim procedure 

The trim procedure is the same as in Refs. 16, 17. Thus, the rotor 
equations of motion are transformed into a system of nonlinear algebraic 
equations using a Galerkin method. The algebraic equations enforcing 
force and moment equilibrium, and additional kinematic equations that 
must be satisfied in a turn, are added to the rotor equations, and the com- 
binedsystemis solved simultaneously. The solution yields the harmonics 
of a Fourier expansion of the rotor degrees of freedom, the pitch control 
settings, trim attitudes and rates of the entire helicopter, and main and tail 
rotor inflow. Two algebraic equations for the trim of the load areobtained 
from Eqs. (7) by setting the accelerations $L and 8~ to zero. The aircraft 
states that appear in the acceleration a~ of the load are also set to their 
trim values. 

A spherical pendulum with afixed attachmentpoint, nodissipativeap- 
plied forces, and BL measured from the downward vertical, has two types 
of equilibrium conditions (Ref. 18). The first corresponds to a zero trim 
value of $I,, which implies that the pendulum oscillates in aplane. If 
it i s a l s 0 8 ~ ~  =0, then thependulumisstationary. The secondequilibrium 
conditioncorresponds to& #0, that is, thependulumrotates atconstant 
speed around the vertical axis. The trim formulation of this study only 
yields the first type of equilibrium condition with ho = aLO =0, that is, 
the load is stationary with respect to the "hook" or the body axis system. 
The second equilibrium cannot be realized in practice because the dissi- 
pativeeffect ofdrag wouldnot allow 41.0 to beconstant: theload trajectory 
would be a spiral of decreasing radius. Even if drag could be neglected. 
andaconstant, nonzero&ncouldbeassumed, the trim formulation ofthis 
study would still be unable todescribe this equilibrium motion because it 
is based on the assumption that the linear and angular accelerations of the 
fuselagc are zero. With a rotating external load this will not be possible 
because the applied forces and moments will be periodic. By appropri- 
ately moving the controls a pilot may still be able to keep the helicopter 
in a steady flight condition, at least in an average sense, with a moving 
load underneath. This, however, is not a rigorous trimmed condition and 
the trim formulation used in the present study is no longer valid. 

Linearization 

Small perturbation equations are obtained by numerical linexization 
of the nonlinear equations about a trimmed condition. A multiblade co- 
ordinate transformation is used to transform the blade equations into a 
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nornotating coordinate system. The hansfomation removes most of the 
periodicity of the equations; the residual periodic terms are averaged over 
one rotor revolution, so that the final linearized system is time invariant. 
This system is used to calculate frequency responses, poles and zeros. 
The suspended load adds two oscillatory modes. They can be visualized 
as coupled oscillations in two mutually perpendicular planes, or as an 
oscillation contained in a plane that is also rotating. 

Results 

The helicopter configuration selected for this study is representative 
of aUH-60 Black Hawk. The weight without the external loadis7258 kg 
(16000 lhs), corresponding to a C r / o  =0.07. The altitude for all the 
results is 30.5 m (100 ft). The cable lengths considered are 1 =3,5 ,  and 
8 m, the load masses, m ~ 5 0 0 ,  1000, and 2000 kg, and the advance ratio, 
p. from 0 to 0.3, corresponding to airspeeds from 0 to 129 kts. For the 
purpose of calculating drag, the load is assumed to have an equivalent 
flat plate area Sl, =0.4 m2. The 5-meter cable length and the values of 
the mass are comparable to those of the CONEX loads used in Ref. 9, al- 
though the aerodynamic shapes of the two types of load are very different. 

Trim results 

Figures 2 and 3 show the position of the load with respect to the 
suspension point. The x and y distances are measured in the "hook" 
coordinate system, and therefore show how an observer on the helicopter 
would see the loadlookingdown fromthelocation ofthehook. Therefore, 
aloadaligned with t h e z ~  axis wouldhave bothcoordinatesequal tozero. 

Figure 2 shows the effect of advance ratio for three combinations of 
cable length and load mass. In hover the cable is vertical. However, the 
y coordinate of the load is negative because the helicopter is banked to the 
left. Thepositionoftheloads forthel = 5 caseisalmostthesamein hover, 
because the bank angle is almost the same. The larger distance from the 
hook;IxisoftheI = 8, m = IOOOcase, compared with the1 =5,  m = 1000 
case is a geometric effect due to the longer cable. As p increases, the 
load appears to move forward: this is primarily due to an increase in 
nose-down pitch of the helicopter. At higher speeds the growingeffect of 
drag makes the load move hack despite a further increase in nose-down 
pitch attitude. For /r ? 0.1 the helicopter is trimmed with zero roll angle 
4~ and variable sideslip B. Because the value of p is relatively small, the 

Fig. 2. Displacement ofsnspended load in trimmed Right as afunctinn 
ofadvance rat inpfor  threedifferent load configurations; A p  = 0.025 
for p 5 0.15, and Ap=0.05  for 0.15 5 p 5 0.3. 

Fig. 3. Displacement of suspended lnad in trimmed flight as a function 
of turn rate and load factornT for three different lnad configurations. 

Fig. 4. Trim value of longitudinal cyclic pitch as a function of advance 
ratio p for three different load configurations. 

drag acts almost parallel to the x body axis. This, together with r$F =0, 
makes the load move close to the x-y plane. 

Figure 3 shows thex-y loaddisplacement in steady turns atan advance 
ratiob = 0.2 forincreasing load factor. Thepointson thecurves are forthe 
turn rates indicated in the table added to the figure. Without the external 
load these values correspond to load factors rrr increasing from 1 to 1.5 in 
increments of 0.125. Forthe configurations with external loads the values 
of should be increased in nrooortion to the increase in overall weieht . . - 
due to theload. It was not possible to trim the helicopter with the 2000 kg 
load at turn rates o f f  15.81 deglsec, which correspond to a load factor 
of about 1.9. The figure shows that the load remains very close to the x-y 
plane even as the plane moves in space due to the increasing roll angle of 
the fuselage. Because of centrifugal force effects, the load moves slightly 
to the left of the plane in right-handed turns (positive turn rate), and to 
the right for left-handed turns. The longitudinal position of the load also 
remains largely unchanged. 

Figures4 and 5 show the trim values of longitudinal and lateral cyclic 
pitch respectively, as a function of the advance ratio p ,  and for three dif- 
ferent load configurations. It should be pointed out that the trim algorithm 
sets the sideslip angle B to zero and leaves the roll variable at low 
speed (/r < 0.1). At higher speed, the turn coordination equation for zero 
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i 
0 

0 0.1 0.2 0.3 
Advance ratio p 

Fig. 5. Trim value of lateral cyclic pitch as  a function of advance ratio 
p for three different load configurations. 

-5 
-20 -10 0 10 20 

Turn rate (deglsec) 

Fig. 6. lk im value of longitudinal cyclic pitch as  a function of turn 
rate for three different load configurations; advance ratio is p=0.2. 

turn rate sets the value of @F SO as to satisfy sin 4, cos.9~ =O. Figure 4 
indicates that larger negative values of longitudinal cyclic are required 
as the load increases, for p > 0.1. This, however, is mostly due to the 
increase in overall weight due to the external load, and only in small part 
to theadditional drag forcegenerated by the load. At low speed a slightly 
more aft longitudinal cyclic is needed. Figure 5 shows that a higher value 
of lateral cyclic, corresponding to the stick more to the left, is required as 
the load increases. This increase is mostly due to the increase in overall 
weight ofthe helicopter, and persists at all values of @. Cablelength does 
not have any influence, because it does not enter the force equilibrium 
and does not change the line of action of the forces exerted by the load 
on the helicopter. 

Figures 6 and7 show the him values of longitudinal and lateral cyclic 
pitch respectively, as a function of turn rate, and for three different load 
configurations, at an advance ratio p = 0.2. More forward and left stick 
is required with increasing load mass for all turn rates and in either turn 
direction. The load affects the trim values primarily through the increase 
in the overall helicopter weight. This is indicated by the minimal effect 
of cable length, by changes in cyclic pitch essentially proportional to 
load weight, and by the fact that the load remains very close to the x-y 
plane regardless of the value of q5,, as previously observed. Some effects 

Table 1. Effect of model complexity on frequency and damping of 
selected modes in hover; m=1000 kg, 1=5 m 

Model Tvoe Damoino Ratio Frequency (radlsec) 

Phugoid 
RB 
RB-R 
RB-R-I 

Dutch roll 
RB 
RB-R 
RB-R-i 

First load mode 
RB 
RB-R 
RB-R-I 

Second load mode 
RB 
RB-R 
RB-R-I 0.021210 1.5959 

Key to model type: 
RB --. 6-DOF rioid bod" (13 states1 
RE-R- 6-00irigid body plus rotor (29 states) 
RB~R-I - 6-DOF rigid body plus mfar and inflow (32 states) 
(All models include 4 slung load states) 

Turn rate (deglsec) 

Fig. 7. Trim value of lateral cyclic pitch a s  a function of turn rate for 
three different load configurations; advance ratio is p=0.2. 

of cable length can be seen at the higher turn rates, but they are very 
small. 

Stability results 

All the results presented in this section have been obtained with a 
model that includes rotor and inflow dynamics, for a total of 32 states. 
For the articulated rotor configuration used in this study, rotor and inflow 
dynamics have a modest influence on the frequency and damping of 
the rigid body and the suspended load modes. Table 1 shows typical 
results. The data are for a hover condition with a load mass m = 1000 kg 
and a cable length 1 = 5 m. Frequency and damping of the phugoid, 
Dutch roll, and first and second load modes (which are mostly a laleral 
and a longitudinal oscillation of the load respectively) do not change 
by more than about 5% when rotor and inflow dynamics are taken info 
account. 
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3 , 
LEVEL2 I LEVEL 3 

-1 -0.5 0 0.5 
Real part (radlsec) 

Fig. 8. Selected aircraft and lnad poles as  a function of advance ratio 
p; Ap=O.OZSforp 5 0.15,and Ap=O.OSforO.lS 5 p 5 0.3. 

Figures 8 through 12 provide stability information in the form of root 
loci of system poles, namely phugoid, Dutch roll, and two load modes. 
All the figures show the Level 1, 2, and 3 boundaries for the hover and 
low-speed mid-tern requirements of the ADS-33 specifications (Ref. 1) 
(the requirements apply only to the helicopter poles, and not to the load 
poles). In most modes, including those shown in the figure, there is some 
coupling between the aircraft rigid-body, the rotor flap and lag, and the 
load degrees of freedom. The load does not degrade the stability of the 
rotor modes, and therefore no rotor results are presented. 

Figures 8 compares the poles with and without the load, as a function 
of w ,  for a 5 meter cable and a 1000 kg load. Tbephugoid becomes stable 
in forward flight; the behavior for increasing f i  is almost the same with 
and without the load. The second load mode is lowly damped. The cor- 
responding pole does not move appreciably with increasing speed. On 
the other hand, the behavior of the Dutch roll mode is noticeably modi- 
fied by the presence of the load. The mode that interacts with the Dutch 
roll is primarily a rotation of the suspended load about the z~ axis. To- 
gether with t h e l o a d a ~ i m u t h 4 ~  theprima~y component of corresponding 
load eigenvector is the lateral velocity v of the helicopter. The coupling 
reduces both the frequency of theDutch roll mode and its damping, com- 
pared with the case without the load. The handling qualities deteriorate 
accordingly. (However, the limitations of the model due to the simple 
load aerodynamics should be kept in mind.) 

The same interesting coupling between load modes and Dutch roll can 
be seen in Fig. 9, which shows the poles in turning flight at an advance 
ratio =0.2, for a cable length of 5 m and a load mass of 1000 kg. The 
addition of the load reduces both frequency and damping of the Dutch 
roll. The damping is transferred to the first load mode. The behavior of 
the phugoid is essentially the same with or without the load; the mode 
becomes slightly unstable in right-handed turns. Otherwise, the effects 
of turn rate appear to be modest. 

Figure I0 shows the effect of increasing load mass in hover, for a 
5 meter cable. The damping of the first load mode increases substan- 
tially, while the Dutch mll damping decreases: the handling qualities go 
from borderline Level 1 to Level 2. The second load mode frequency 
increases slightly. The phugoid is mostly unchanged. The Dutch roll 
damping can also decrease by increasing the weight of the helicopter 
alone, that is, without a slung load. Therefore it may be interesting todis- 
tinguish between the case in which the helicopter weight stays constant 
and the load weight increases (this is the case shown in Fig. 10) and the 
case in which the helicopter weight is increased without a slung load. For 
this purpose, the Dutch roll poles were calculated without the load, and 

-1  -0.8 -0.6 -0.4 -0.2 0 0.2 

Real part (radlsec) 

Fig. 9. Selected aircraft and load poles as  a function of turn rate. 

0.0 
-1 -0.5 0 0.5 

Real part (radlsec) 

Fig. 10. Selected aircraft and lnad poles a s  a function of load mass. 

with the helicopter mass increased as in Fig. 10, i.e., by 0,500, 1000, and 
2000 kg. In the scale of the figure, the root locus plot (not shown) would 
be superimposed to that for increasing load mass. However, the pole for 
a 2000 kg mass increase of the helicopter is essentially coincident with 
that for a 500 kg mass increase of the load. In other words, increasing the 
mass of the suspended load causes a decrease in the Dutch roll damping 
that is about four times that that would be caused by the same increase 
in the gross weight of the helicopter alone, without the load. 

In hover, the poles are only minimally affected by the drag character- 
istics of the load. For example, for the case of n~ = 1000 kg and I = 5  m, 
the real and imaginary parts of the Dutch roll poles change by about 
0.1% and 0.02% respectively as the equivalent flat plate area of the load 
SL is changed from 0 to 1.2 m2. The changes are slightly more signifi- 
cant in forward flight. Figure 11 shows the four lowest frequency poles 
at w =0.2 as a function of S,,. While the poles of the phugoid, Dutch 
roll, and first load modes stay largely unchanged, the second load mode 
becomes more stable as SL increases. However, the load drag does not 
change with angle of attack and sideslip: this is an idealized situation, 
corresponding to a spherical load with no separated flow. The drag of a 
real load can have a more complex behavior, and increasing the flat plate 
area will not necessarily increase stability. 

Finally, Fig. I2 shows theeffect ofcablelength in hover, fora 1000 kg 
load. As expected, given the analogy with a pendulum, a longer cable 



JANUARY 2001 FLIGHT DYNAMICS OF AN ARTICULATED ROTOR HELICOPTER WITH AN EXTERNAL SLUNG LOAD 9 

Fig. 11. Selected aircraft and load poles as a function of equh'alent 
flat plate area SL of the slung load. 

3 

2 

o 
-0.5 

m=10boKg 
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Fig. 12. Selected aircraft and load poles as a function of cable length. 

lowers the frequency of the load modes. The Dutch roll damping de­
creases slightly, the phugoid is largely unchanged. 

Frequency response to pilot inputs 

This section presents frequency response plots for various load config­
urations and flight conditions. These plots provide the basic information 
to assess compliance with the ADS-33 bandwidth specifications (Ref. I). 
Because the slung load affects the roll degree of freedom the most, all 
plots will refer to the roll attitude response to lateral cyclic. 

Figure 13 shows the effects of cable length. The primary features in­
troduced by the load are a notch in the gain diagram and a phase shift of 
approximately 180 degrees. These features occur at a natural frequency 
of the load, seen as a pendululll. As the length of the cable increases the 
pendulum frequency decreases , and the features Illove to lower frequen­
cies. For the parameters used in the study the strongest effects due to the 
presence of the load are concentrated between I and 2 rad/sec. Therefore, 
they do not affect the frequency WIliO at which the phase curve crosses 
the ISO-degree line. The shape of the gain curve in the frequency range 
involved in the calculation of the gain bandwidth (Ref. I) is also essen­
tially unaffected, and therefore the gain bandwidth is not changed by the 
load. The phase shifts introduced by the load introduce new crossings of 
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Fig. 13. Roll atlitude frequency response to lateral cyclic as a function 
of cable length. 

the I 35-degree delay line, which determine the phase bandwidth (Ref. I). 
These crossings occur between I and 2 rad/sec, much lower than that of 
the "baseline" crossing at about 5 rad/sec. These results alone cannot in­
dicate whether the lower or the higher frequency crossing should be used 
for the calculation of the phase bandwidth, or, equiva lently, whether the 
load degrades roll handling qualities so substantially. The flight tests of 
Ref. 9 do indicate some worsening of roll handling qualities and a reduc­
tion of bandwidth, although not as dra.lllatic. In the frequency response 
plots of Ref. 9 the gain notch and the phase sh ifts at the penduluIll fre­
quency are less evident than in the present study. In particular, the flight 
frequency responses do not show the multiple crossings of the I 35-degree 
line. The probable reason is that the linearized model used in this study 
corresponds to infinitesimally small inputs, whereas the flight tests were 
conducted with non negligible control inputs (about 10% of the available 
control range) that engaged the nonlinearities of tile systems. Therefore, 
the frequency responses from flight tests should be considered as a de­
scribing function or optimum linear fit to a nonlinear system. Because 
of these differences between theoretical and experimental frequency re­
sponses, any conclusions drawn based on the fonner should be viewed 
with some caution. 

Some additional insight in the effects of the load can be gained by 
considering a very simple 2-degree of freedom model of uncoupled roll 
or pitch dynamics. The model is shown in Fig. A.I, and the relevant 
equations of motion are provided in the Appendix. Equation (A.5) is a 
frequency response equation; the corresponding magnitude and phase 
plots are shown in Fig. 14 as a function of cable length I. The behavior in 
the 1- 2 rad/sec frequency band is reproduced qua litative ly very well. At 
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Fig. 14. Roll attitude frequency responseto lateral cyclic as  afunction 
of cable length obtained from the simplified helicopter-load model. 

the frequency ofthenotch the amplitudeofthe oscillationofthependulum 
tends to become extremely large (not shown in Fig. 14) whereas the 
amplitude of the idealized motion of the helicopter tends to zero. There 
is no damping in the pendulum motion, and very lowly damped zeros that 
do not cancel out the loadpoles, hence the sharp phase shifts. Thecoupled 
rotor-fuselage model used in this study also indicates lateral flapping in 
phase with the lateral oscillations of the load, that is, on the same side of 
the x-z plane. 

The effect of cable length on roll handling qualities is summarized 
in Fig. 15. Because cable length affects neither the value of the ulxo 
frequency nor the shape of the phase curve beyond olxo, the phase delay 
is the same regardless of cable length. The figure shows two groups of 
representativepoints, corresponding to thelowerand the higher frequency 
crossing of the 135-degree delay line respectively. The latter is probably 
the more representative because, as previously mentioned, the frequency 
responses from flight tests do not show the lower frequency crossings 
(Ref. 9). In this case there is essentially no change in bandwidth, and 
therefore in handling qualities, which are predicted to be Level 1. If the 
other set of points was to be considered, then the load would degrade 
the roll handling qualities to Level 2. In this case, the handling qualities 
would worsen with increasing cable length. 

Figure 16 shows the effects on the roll frequency response of increas- 
ing the load mass. The Right condition is hover, and the cable length is 
1 = 5 m. The effects are relatively minor, and are mostly related to the 
increase in the overall weight of the helicopter caused by the load. A 
slight increase of the wlxo can be seen, as well as a slight gain increase at 
most frequencies. The phase bandwidth increases by about 1 radlsec in 
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Fig. 16. Roll attitude frequency responsetolateral cyclic asa function 
of load mass. 

going from the unloaded to the most highly loaded configuration. There 
is also asmall increase of the frequency of the notch in the gain plots and 
of the phase jumps. 

The effect on roll handling qualities is shown in Fig. 17. As in Fig. 15 
two groups of points are shown. The small changes at wlxo and above 
result in only small changes of phase delay. The overall bandwidth is the 
phase bandwidth, which increases with increasing load. As in Fig. 15, if 
the "low cmssing-frequency" points are considered, then the slung load 
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of turn rate. 

degrades noticeably the roll handling qualilies, which become Level 2. In 
thiscase,slightly lowerbandwidthsandphasedelayoccurwithincreasing 
load mass. 

The effect of turning flight can be seen in Fig. 18, which shows the 
frequency responses at w =0.2, for a 1000 kg load and a cable length 
of 5 m. The turn rates are f 10.6 deglsec, corresponding to a load factor 
rrr = 1.25 for the helicopterwithout the external load, and approximately 
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Fig. 19. Effect of turn rate on roll handling qualities. 

n7 = 1.33 with the load. In both turning flight conditions the notch in the 
gain plot becomes less pronounced, and it is replaced by two smaller 
dips. Similarly, the phase jump is less sharp and is composed by two 
smaller changes. Tum rate increases the coupling between longitudinal 
and lateral-directional dynamics. As a consequence, pole-zero pairs that 
wouldcancel in straight flightno longerdosoin turns (Ref. 19). Thesame 
occurs for the load modes. The two load modes can be interpreted as an 
oscillationin thelongitudinal plane plus an oscillalion in the lateral plane. 
In  the roll transfer function for straight flight, the poles corresponding 
to the longitudinal load mode are canceled by a pair of zeros and their 
effect does not appear in the frequency response plots. This pole-zero 
cancellation is weaker in turning flight, and this results in the changes 
of the shapes of gain and phase curves that can be observed in Fig. 18. 
Although interesting from a theoretical point of view, these features are 
not likely to cause significant changes in handling qualities. Finally, ex- 
cept at the lowest frequencies, no noticeable differences can be seen by 
replacing the roll angle $F with the integral 4; of the roll rate p (see 
Ref. 19 for a discussion of this issue). 

Theeffectonroll handlingqualitiesis shown in Fig. 19.Tbeslungload 
increases the phase bandwidth, and in this case the overall bandwidth, by 
about 1 radlsec both in straight and in turning flight. The "low crossing- 
frequency" points again indicate that the handling qualitiescharacteristics 
would degrade to Level 2. 

Summary and Conclusions 

The paper presented a study of the flight dynamics and handling qual- 
ities of an articulated rotor helicopter carrying a suspended load. The 
aircraft model included rigid body dynamics, individual flap and lag 
dynamics of each blade, and inflow dynamics. The external load was 
modeled as a point mass suspended from a single point, and the only 
aerodynamic load was a quasi-steady drag force in the direction of the 
local airflow; no aerodynamic forces acted on the cable. The limitations 
of the aerodynamic model of the load should bekept in mind in evaluating 
and generalizing the conclusions of this study. 

The main conclusions of the present study are: 
I) The load affects trim primarily through the overall increase in the 

weight of the aircraft, both in straight and in turning flight. The influence 
of cable length is negligible. 

2) Substantial dynamic coupling can occur between the Dutch roil 
mode and a load mode that consists primarily of the lateral motion of the 
load. Because of this coupling, the Dutch roll damping can decrease with 
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a consequent deterioration 01 handling qualities. The effects of the load 
on the phugoid are typically very small. 

3) Higher order dynamics, such as rotor and inflow dynamics, has 
a modest effect on the stability of the lowest frequency modes of the 
aircraft and the load; a quasi-steady rotor model is probably sufficiently 
accurate for those modes. 

4) A suspended load niodifies the on-axis roll frequency response 
by adding a notch to the gain curves and a roughly 180-degree jump in 
the phase curves. These ieatures occur at the pendulum frequencies of 
the load, and are associated with a mode with small roll motions of the 
helicopter, large amplitude lateral load motions, and lateral rotor flapping 
in phase with the motion of the load. 

5) The frequency responses identified from flight test data show 
smaller gain notches and phase jumps than those calculated from the 
linearized model of the present study. A possible reason is that the for- 
mer effectively include some degree of nonlinearity, whereas the latter 
are strictly linear and correspond to infinitesimally small inputs. 

6) The changes of the frequency response introduced by the load 
occur primarily at frequencies lower than those used to determine band- 
width and phase delay according to the ADS-33 specifications. How- 
ever, the phase shifts cause additional crossings of the 135-degree delay 
line that, at least formally, can reduce the phase bandwidth consider- 
ably: if these are ignored, the changes in bandwidth and phase delay are 
small. 
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Appendix: Idealized Model of Helicopter and Suspended Load 

The idealized model is shown in Fig. A. I. The equations of motion 
of the system are: 

L86 = (I, + ~ ~ r r ~ ) $ ,  + m$,rI COS(@, - h) 

- l)idL(dF -d,,)rI  sin(@^ - 4 ~ )  - rnr$p4Lr1 ~ i n ( 4 ~  - 4L)  

+nigrsin@, - L,@, (A.1) 

0 = ,n12$L + I I I $ ~ ~ /  COS(@F -@)I .  - I I I $ ~ ( $ ~  -d,,)r/ sin(@F - @ L )  

- 1 1 1 d ~ d ~ r I   sin(@^ - 4 ~ )  + I I J ~ I  sin 4,. ( A . 3  

When linearized about the equilibrium position GL =$p = S = 0  with 
cos(4p - 4 ~ )  X I and sin(@, - @,) -4, - @,, the system becomes, in 
perturbation form: 

LsAS = (I, + a , r 2 ) ~ $ ,  + ~ n r - l A $ ~  + trrgrA4, - L ~ A ~ ~  (A.3) 

0 = + n ? ~ t A $ ~  + n!g/A@L (A.4) 

Letting A8(r) = Soe'"', Ar$,(t) = 4,ociW', and A4L(i) = 4 ~ ~ e " " ,  and 
substituting into Eqs. (A.3) and (A.4) gives, after some manipulations: 

(applied moment) 

Fig. A.1. Simplified helicopter-load model. 

where 

and ir = w/wp, where wp =m is the natural frequency of the mass 
pendulum for &(I) = 0. 
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