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lATERAL-DIRECTIONAL STABILITY: 
THEORETICAL ANALYSIS AND FLIGHT TEST EXPERIENCE 

Abstract 

A. Faulkner 

Messerschmitt-Biilkow-Biohm GmbH 
Munich, Germany 

and 

M. Kloster 

Fachhochschule 
Munich, Germany 

The coupled lateral-directional dynamic stability (Dutch roll) 
for the helicopter is analysed theoretically using the technique of 
linearised stability derivatives. Sensitivity studies are used to 
highlight the most important derivatives for this mode and the model 
reduction to approximate formulae for the frequency and damping 
ratio is validated. Data based on parameter identification and a 
theoretical model are used. The composition of the derivatives is 
discussed, showing the most important moment and force sources 
from the rotor, fin and tail rotor. Practical experience from the 
BK 117 and BO 105 family of helicopters is presented and 
interpreted. It is shown that nonlinear aerodynamic effects caused 
by the fuselage and rotor wakes play an important role in the 
dynamic response and must be considered during the design stage. 
A balanced tail configuration is suggested. 
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1. Introduction 

With the realisation of the modern high performance helicopter, 
ever increasing demands have been placed on the aerodynamic 
aspects to ensure designs compatible with current expectations and 
specifications. Unlike fixed wing aircraft, the tail rotor and tail 
surfaces, which provide much of the inherent stability, are forced to 
operate in less than ideal aerodynamic environments owing to the 
rotor I fuselage I tail interferences (1). Experience has shown that 
these influences can be taken into account by modification to 
conventional aerodynamic theory. 

While much recent literature exists with regard to the pure 
longitudinal flight characteristics, and in the phugoid mode in 
particular, fewer papers (2) (3) (4) have touched on the lateral and 
directional motion. 

Classical flight mechanics analysis separates the static 
stability, the control trim positions as a function of flight state, 
from the dynamic stability which is normally investigated by a 
linearised small perturbation derivative model. Assuming the 
helicopter to behave as a rigid body, its motion and dynamic 
stability in flight can be described by 3 translational plus 3 
rotational equations of motion which, when combined with the 
kinematic relationships, can be written in the familiar matrix form 
with 8 state variables. Under certain circumstances, where the 
coupling derivatives are small, it is possible to divide the model into 
two equation subsets thus separating the longitudinal equations of 
motion from the lateral-directional. 

This model 
and low speed 
conditions, as will 

reduction, though clearly inappropriate in 
flight, is normally permissible for all 

be demonstrated later. 

hover 
cruise 

The lateral-directional stability is characterised by three 
modes. 

The short roll damping mode is the time constant which dictates 
the roll rate response following a lateral cyclic control input and 
is of primary importance in the manoeuvre qualities of the 
helicopter as discussed in various papers (eg. (5) ) . 

The slow spiral mode which is of more interest when considering 
I FR handling qualities. 

The so called "Dutch roll" which is a damped periodic mode, 
combining roll, yaw and side-slip motion. 

It is the Dutch roll mode which is "the theme for this paper 
since its frequency (typical period of oscillation 2 to 5 s) and motion 
directly affect the flying comfort and pilot workload. 
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Figure 1 Typical Dutch Roll Mode 

Figure 1 shows a typical, for this illustration weakly damped, 
Dutch roll cycle as viewed from the rear and from above. As the 
right roll angle recedes, the helicopter yaws nose left, passing 
though a maximum left yaw shortly before "wings-level". The 
helicopter continues to roll further left, the nose returning right, 
and returns to "wings-level" reverting to right roll and left yaw 
again. Superimposed on the roll-yaw is a lateral motion, not shown 
in the diagram, and there may be some pitching action. 

A poorly damped Dutch roll is to be avoided since the mode 
will be repeatedly excited by lateral gusts and requires continual 
pilot corrective action to avoid unpleasant ride qualities. 

2. Structure of the Dutch Roll Mode 

As stated in the introduction, the classic approach to evaluate 
the dynamic stability, including the Dutch roll mode, is to analyse 
the 6 degree-of-freedom linearised derivative model and, in many 
cases, higher order models including blade dynamics are often 
recommended. Even a limited 6 d.o.f. model provides little insight, 
however, into the principal factors of one particular mode and 
further simplification is essential, provided of course it is physically 
justified. Though common practice for fixed wing aircraft, it is not 
immediately obvious that a separation of th'e longitudinal and 
lateral-directional stability derivatives for helicopters is permissible. 
The main rotor itself provides a potential source of coupling which 
may invalidate the separation concept. Ref. (2), for example, 
reports on observing significant coupling between the longitudinal 
and lateral modes during flight tests which influenced the Dutch roll 
damping. This was attributed to rotor torque variation resulting from 
the vertical motion of the helicopter. For these reasons, a systematic 
model reduction and comparison are necessary. 
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To avoid erroneous conclusions owing to possible incorrect 
assumptions and modelling errors involved in a purely theoretical 
derivative model, the following analysis is based on a hybrid of 
identified derivatives and theoretical values. 

Theoretical Derivatives - The theoretical derivatives have been 
obtained from a fully nonlinear rotorcraft stability analysis program 
(STAN). In addition to the basic fuselage 6 d.o.f."", the prog~am 
includes optional higher order rotor dynamics such as flapping, 
lagging and torsional modes. Tabulated wind tunnel data for the 
blade profiles, fuselage and aerodynamic surfaces as well as 
interference effects between rotor I fuselage and rotor I empennage 
are included. For the purpose of this study, the higher order blade 
modes were neglected since analysis showed them to have negligable 
influence on the slower Dutch roll. 

Figure 2 80 105: Time History Comparison during Parameter Identification at 120 kTAS 

System Identification - In a joint programme between MBB and 
the DFVLR, flight tests were performed to identify the stability 
derivatives of the BO 105 at various flight states. A summary of the 
principal results and findings is given in (6). Included in the tests 
were a number of runs with optimised lateral control inputs designed 
to excite the lateral-directional modes. from this data, it was 
possible to identify with confidence a significant number of 
derivatives for which the time history response compared well with 
flight tests (Figure 2). 

Reduced Systems - The complete coupled longitudinal I lateral 
stability matrix resulting from a combination of theoretical and 
identified derivatives for a typical 120 KTAS cruise condition with 
the BO 105 is given in Table 1. The origin of each derivative is 
indicated. 
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• Derivatives estimated from system-identification (several flight tests avergage values) 

0 Derivatives estimated with stability analysis program (smoothed values} 

EIGENVALUES 

FULL SYSTEM (B * R) LATERAL SUBSET (4 * 4) 

LONGITUDINAL 
-2. 43536300-01 
-5.09667670 00 

2.42044060-01 
2. 42044060-01 

LATERAL 
-1. 79637350-01 
-8.82744100 00 
-2. 76898420-01 
-2. 76898420-01 

0. 00000000-0l 
0.00000000-01 

-3. 17733020-01 
3. 17733020-01 

0.00000000-01 
0. 00000000-01 

-2. 59802670 00 
2. 59802670 00 

Table 1 

LATERAL 
-1.30123820-01 
-9.35207700 00 
-2. 98899580-01 
-2.98899580-01 

BO 105: System-Matrix and Eigenvalues 

0. OOOOOOOD-0 1 
0. 00000001)-01 

-2.72631240 00 
2. 72631240 00 

Comparison of the lateral eigenvalues derived for the complete 
coupled (8 x 8 matrix) and the lateral subset (4 x 4) shows very 
good agreement, in particular the Dutch roll mode, thus 
demonstrating the validity of the system reduction. Furthermore, the 
eigenvalues of the longitudinal motion, for example the phugoid 
mode, agreed very well with flight measurement thus adding 
confidence to the overall derivative set. 

A sensitivity analysis on the coupling derivatives also 
supported the validity of the longitudinal and lateral separation. 
From the basic derivative set given in Table 1, variation in the 
coupling derivatives produced little change in Dutch roll frequency 
or damping ratio as illustrated in Figure 3. The vertical velocity to 
yaw derivative nw, which was the major source nf coupling reported 

in (2), had little influence on the Dutch roll mode for the BO 105. 

A similar derivative sensitivity analysis for the 4 x 4 lateral 
subset alone provides a useful indication of the dominant parameters. 
In the data presented in Figure 4 each derivative has been varied in 
turn from zero to twice the value of the original given in Table 1. 
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Figure 3 80 105: Sensitivity Analysis of Coupling Derivatives 

It should be noted that not only the direct yaw rate damping 
derivative n but also the roll rate damping I and roll I side-slip I r p v 
play a significant part in the Dutch roll damping ratio. In practice, 
however, it is rarely possible to influence one derivative in isolation, 
so an aircraft design change will normally involve a complex 
interplay of derivative variation rather than the idealisation shown in 
Figure 4. 
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Assuming the translation content 
minimal and the roll I yaw motion 
suggests the following approximation; 

of the Dutch roll mode to be 
to be dominant, Seckel (7) 

with 

+ 

UJO 

(frequency) 

t 
(damping ratio) 

= 

= 

+ UJ 2 
0 

1 
2 UJO 

= 0 

-n 
r 

+ I 
r 

n 
~] 

p 

( 1) 

This approximation was found to compare well with both 
the 8 x 8 and 4 x 4 subset solutions discussed above and the values 
obtained from flight test records (Table 2). 

8 • 8 4 • 4 Seckel BO 105 LS 
approx. fit. test 

Wo 2.61 2.75 2.65 2.70 

' 0.107 0.109 0.109 0.100 

Table 2 Dutch Roll Results of MBB-BO 105 Helicopter 

Moment Derivatives - For the helicopter design layout or for 
modification to an existing design, it is necessary to understand the 
composition of the stability derivatives in terms of the individual 
moment components. A good theoretical model is essential which can 
then be proven against flight test results or identified derivatives. 
Measurement of the individual moment components themselves is of 
course impossible, however, the same forces (eg. from fin, tail 
rotor) may appear in several different moment derivatives so that 
some crosschecking is possible. 
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A typical breakdown of the lateral moment derivatives 
theoretical basis at 110 KTAS) is given in Figure 5. As i 
expected with hingeless rotor systems, the roll derivatives Lp' L 

at'e dominated by the main rotor. The yaw derivatives N , 
dependent mostly on the fin I vertical aerodynamic surfac.¥s a1 
tail rotor. Both Lr and Np, the cross-coupling derivatives, are 

virtually negligible and in fact the principal eleme·nt in Np is cause. 

by the transformation of Lp through the 5° forward tilt of the 

rotor mast into the helicopter· body axes, The assembly of the 1 

important derivatives is summarized qualitatively below; 

LV -> LV Rot. 
+ LV Fus. 

+ l (Y + yv Fin) v T. Rot. 
NV .. NV Fus. 

+ X (\ T. Rot. 
+ yv Fin) 

Lp .. Lp Rot. 
Nr ... xz . (Yv T. Rot. + yv Fin) 

(2) 

(NB: The sign of each term is dependent on configuration) 

Refering to Equations (1) and (2) it can be seen not only how 
fin or tail rotor size will alter the Dutch roll frequency and damping 
ratio, but also increasing the main rotor roll I side-slip L 
characteristic or reducing the main rotor roll damping Lp will hav¥ 

an adverse effect on the damping ratio. However, as is clear from 
Equations (1), this effect pre-supposes a significant value for np 

which is evident in the stability derivatives in Table 1 but not in 
the moment derivatives of Figure 5. The anomally is to be found in 
the choice of axis system. 

Principal Axes of Inertia - The constr·uctional or measurement 
axes, chosen for convenience, rarely coincide with the principal 
inertial axes which, owing to the configuration of the tail above and 
behind the mass centre, rotates the principal inertial axis 
approximately 15° downwat'd relative to the cabin floor. Neglecting 
second order terms, the stability derivatives can be approximated 
by; 

1 I 
I (-) " . L + xz 

N(-) 1xx (-) 1xx 1zz 

l I 
= N + xz 

L(-) nc~) 1zz 
. 

(-) 1xx 1zz 

(3) 

With a typical value of I : I zz"" 0. 4 it can be seen for example 
that LP becomes significant in ~-
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By combining Equations (3) and (2) and neglecting small terms 
very approximate expressions can be obtained as; 

= 1 
2 wo 

- N 
r 

1zz 

which serve to illustrate 
influence the damping ratio. 

LV 1xz 
L 1zz p 

(4) 

how the inertial products 

3. Selected Flight Test Observations and their Interpretation 

can 

The following are a collection of flight test measurements from 
various experimental and development programmes and are used to 
illustrate some of the effects discussed in the previous section. 

Influence of Airspeed - As predicted by the Seckel equations, 
the Dutch roll frequency increases and the period of oscillation 
decreases with airspeed as shown in Figure 6. 
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The variation is roughly proportional since the n derivative itself 
also increases with airspeed. The contribution to tf\e derivative from 
the fin and end plates increases linearly whereas, apart from the 
effects due to the induced velocity variation, the tail rotor 
contribution remains constant as a function of speed. 
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Despite the improved yaw damping n with airspeed (caused by 
the same effect as for n ) , the roll r; side-slip ·derivative 1 

v v 
increasingly works to destabilise the Dutch roll mode and hence the 
damping ratio tends to fall. However, this usually reaches a minimum 
before increasing again at higher cruising speeds, as was observed 
during BK 117 flight testing (5), and is attributable to the complex 
structure of the wake to be found at the tail. 

Aerodynamic Flow at Tail Rotor downwash, rotor hub and 
fuselage wakes combine to disturb the air mass impinging on the tail, 
directing the flow downwards and to the left side of the tail fin. At 
the same time, there is a dynamic pressure Joss which reduces the 
efficiency of the aerodynamic surfaces. Flight test measurements from 
several sources (3) (5) indicate that a peak pressure Joss of 50 % is 
common. Furthermore, the position of the pressure Joss is dependent 
on the trimmed flight state as is evident from Figures 7 and 8. 

--- ----

Figure 7 Typical Aerodynamic Flow Direction (Variation with Flight Condition) 

At lower forward speeds the region of pressure loss passes below 
the tail. At higher cruise speeds there is the maximum effect on the 
tail rotor and vertical surfaces, and, as speed is further increased, 
cleaner air once again returns to the tail. In global terms, an 
efficiency factor can be included in the theoretical calculations to 
account for the phenomenon. In the worst case, the factor reaches 
around 70 % efficiency of the theoretical .value for the tail under 
ideal conditions. 

As shown in Figure 8, the flow conditions at the tail 'are 
similarly improved as the helicopter starts to descend. Clean air is 
admitted from below and the efficiency of the fin and end plates 
increases substantially. 
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Figure 8 Typical Dynamic Pressure at Tail Area (80 kts lAS) 

The problem of dynamic pressure loss is inherent with all tail 
configurations. A high or low design may have particular advantages 

· at one trimmed flight state but to the detriment of another. The 
designer's task is to find the best compromise while taking into 
account other factors such as structural constraints. 

Tail Size and Geometry - The primary term in the equation for 
the damping ratio (1) is of course the direct yaw rate damping n . 
The second two terms in the equation always oppose the effects hf 
n thereby reducing the damping ratio as previously discussed. 
lrl'creasing the size of any of the vertical aerodynamic surfaces (fin, 
tail rotor area) will improve n and consequently the Dutch roll 
mode, raising the natural frequehcy and the damping ratio. Another 
effective method of increasing n is to add larger end plates to the 
tail plane to avoid the region of rdynamic pressure loss near the fin. 
A good aspect ratio is also desirable, which can be achieved by 
extending the end plate vertically and sweeping back the leading 
edge at the top to compensate for the downward angle of attack 
caused by the main rotor wake. It may also be found that, apart 
from improving the aspect ratio, the vertical form will enjoy less 
turbulent flow and will operate more efficiently. Both Dutch roll 
damping ratio and frequency are increased as shown in Figure 6. A 
typical pedal disturbed response is shown in Figure 9. 

Trim and Side-Slip Effects - Most theoretical work is performed 
under the assumption that the helicopter is trimmed to zero 
side-slip. However, unlike fixed wing aircraft, this results in a 
slight roll left attitude (typically 3 or 4°) owing to the asymmetric 
side force caused by the tail rotor thrust. Many pilots trim out this 
condition, preferring to fly with a zero roll attitude and nose left 
side-slip. 
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Figure 9 BO 105LS: Dutch Roll Characteristics at 130 kts 

The wake core wanders further left as a consequence so that the tail 
rotor and fin are able to operate in a more stable aerodynamic 
environment. The effect on the Dutch roll damping and frequency is 
shown in Figures 6 and 10. Surprisingly, when asked to fly either 
roll attitude zero or yaw attitude zero, the pilot trimmed with 
essentially the same control settings. This observation can only be 
explained by the complex structure of the wake causing nonlinear 
trim effects. Some of the test scatter can hence be explained by 
varying piloting techniques resulting in differing trim states. 
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Tests with both the BK 117 and 80 105 LS showed that under 
extreme right side-slip conditions the wake core passed away to the 
left of the left end plate so that the tail surfaces operate more 
efficiently with the converse true in left side-slip. Consequently, 
variation in the damping ratio will be encountered dependent on tail 
rotor pitch angle as shown in Figure 10 for a typical 110 KTAS 
horizontal cruise condition. The effect is also evident at other flight 
states, such as climb, where the wake remains in the general 
proximity of the tail. This is illustrated in Figures 11 and 12 where 
a dramatic increase in Dutch roll damping ratio can be seen in right 
side-slip. 

Roll Rate 

Piteh Rale 

Pedt~llnput 

Figure 11 BK 117: Typical Dutch Roll Characteristics at 95 kts MCP Climb (Left Side-Slip! 

Piteh Rate 

YttW Rate 

Pednllnput 

Figure 12 BK 117: Typical Dutch Roll Characteristics at 95 kts MCP Climb (Right Side-Slip! 
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Figure 13 BO 105LS: Dutch Roll Characteristics with CSAS at 130 kts 

Effect of Roll Damping - As previously discussed, the roll rate 
damping I will influence the Dutch roll mode. This is most evident 

p 
by referring once again to Equations (1) where it can be seen that 
lp appears in the denominator of the second and third terms, which 

are destabilising. If it were possible to infinitely increase the roll 
damping, the destabilising terms would reduce to zero and only a 
highly damped pure yaw mode would remain. 

Referring to Figure 5 once again, it will be seen that lp is 

entirely dependent on the main rotor characteristics and specifically 
the blade Lock's number. Reducing the Lock's number, by minimising 
blade area or increasing blade mass will improve the roll damping. 
However, major changes to the rotor system are not possible to 
impliment for experimental purposes. Neither is the designer free to 
choose the Lock's number at will. From a flight mechanics point of 
view small area, high mass blades are advantageous. For blade 
dynamic stability, aerodynamic efficiency and to reduce structural 
loads and helicopter weight, the opposite is true. 

The roll damping can, however, be improved or a rotor design 
variation simulated by the inclusion of a simple control and stability 
augmentation system (CSAS). Figure 13 shows a- typical pedal input 
response with- the CSAS engaged. As theoretically predicted, the 
rolling motion is reduced and the damping of the remaining periodic 
yaw response substantially increased. 

A Balanced Design It can be seen from the previous 
discussion that the designer has several possibilties to ensure good 
Dutch roll characteristics. The primary consideration must be to 
ensure an adequate value of the direct yaw damping derivative n . 
However, within limits, this can be achieved by differeht 
combinations of tail rotor and fin sizes. The distribution of the 
equivalent area over a tail rotor I fin I end plate combination is 
particularly attractive. 
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A physical separation of fin and end plates helps to reduce the 
.unavoidable problem of the wake and dynamic pressure loss. Even in 
the most unfavourable flight condition, sufficient vertical 
aerodynamic surface will be in the undisturbed free stream. 
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Figure 14 BK 117: Possible Flight Envelope Following Tail Rotor Loss (Roll Attitude) 

The distribution between passive area (fin + end plates) and 
active area (tail rotor) has the advantage of relieving the tail rotor 
during normal high speed cruise flight. Furthermore, though not a 
requirement for civil helicopters, there is the added safety 
advantage in the event of complete tail rotor loss. Theoretical 
analysis and flight simulation with the BK 117 demonstrated that a 
wide horizontal speed range from about 60 kts to V H. is still possible 
without excessive left roll or side-slip (Figures 14 and.l5). 
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At minimum power speed of about 70 kts climb rates in excess 
of 500 ft/min can be achieved with maximum take-off weight. Below 
60 kts a partial powered descent ensures that the side-slip angle 
remains acceptable. Finally, an emergency power-off landing can be 
executed at an acceptable forward speed. 

4. Concluding Remarks 

It has been demonstrated with the aid of identified stability 
derivatives that reduced order models can give a 
approximation to the Dutch roll mode of helicopters 
hingeless rotor systems. 

good 
with 

The unsteady aerodynamic conditions at the tail must be 
considered in the flight mechanics model. 

A balanced design between tail rotor and vertical aerodynamic 
surfaces offers an additional safety factor in the event of tail 
rotor failure. 
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