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ABSTRACT
The broad aim of the collaborative research programme between the Australian Defence Science Tech-
nology (DST) Group and the University of Glasgow has been to develop a simulation framework capable
for use in operational research to analyse helicopter mission effectiveness. This has involved integrating
flight mechanics models of the helicopter with radar, guidance, weapons and threat models to allow typical
operational scenarios to be modelled within a simulation framework designated CHOPPA. One objective of
this broad aim is to develop a control system for generic rotorcraft configurations to quantify mission effec-
tiveness. This paper presents the recent activity between the University of Glasgow and the DST Group
towards achieving this goal. The starting point for developing a control system is understanding the flight
dynamics of the rotorcraft that is to be controlled. As the control system will be implemented in conventional
and tandem helicopter simulations, it is important to identify and compare the flight dynamics characteristics
between these two rotorcraft arrangements. Consequently, the paper presents the salient flight dynamics
attributes of a tandem helicopter and a conventional helicopter. The tandem and conventional helicopters
of interest are the CH-47 Chinook and the UH-60, respectively. The first part of the paper focuses on the
flight mechanics of these vehicles and how a control system can be developed to improve the operational
effectiveness of both rotorcraft configurations. Thereafter, the basic control structure of the autopilot is
introduced. Subsequently, a case study of the autopilot using a CH-47 mathematical model is presented.

NOMENCLATURE
com commands
e error vector (various units)
p,q,r angular rates in body axes (rad/s)
r reference vector (various units)
u,v,w translational body velocities (ft/s)
u control vector (inch)
u∗ inner loop control vector (inch)
v sideslip velocity (ft/s)
x state vector (various units)
xb,yb,zb body axes
y output vector (various units)
ż climb speed (ft/s)
Ixx moment of inertia in the x-axis (kg.m2)
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K inner loop matrix (various units)
Lp roll damping derivative (1/s)
Mq pitch damping derivative (1/s)
Mw angle of attack derivative (rad/s.m)
Nr yaw damping derivative (1/s)
Nv directional derivative (rad/s.m)
Tf ront , Trear thrust of the front and rear rotor (kN)
Vf airspeed (ft/s)
Zw heave damping derivative (1/s)
χ track angle (deg)
δc collective control (inch)
δb differential collective control (inch)
δs lateral cyclic control (inch)
δr differential lateral cyclic control (inch)
µ real part of eigenvalue (1/s)
ω frequency (rad/s)



1. INTRODUCTION

The broad aim of the collaborative research programme
between the DST Group and the University of Glas-
gow has been to develop a simulation framework for
analysing helicopter mission effectiveness. This has in-
volved supplementing flight mechanics models of the
helicopter with radar, guidance, weapons and threat
models. The end result is a simulation framework,
called CHOPPA, which is capable of modelling typi-
cal operational scenarios. The main aim of this pa-
per is to report the recent activity in the University
of Glasgow and DST Group collaboration in develop-
ing a generic autopilot control system for the purposes
of Operations Research (OR). It is widely recognised
that the helicopter requires some form of augmenta-
tion so that pilots can complete missions effectively
and safely [1]. Therefore, including an autopilot system
within CHOPPA will enhance the fidelity of the simula-
tion results. The goal is to develop a generic autopilot
system which can be tailored to be used on a variety
of rotorcraft which are of interest to the DST Group. It
is important to stress that the autopilot system will be
used for the purposes of OR simulations and there are
no plans to implement this system in the operational air-
craft.

Modern helicopters are extremely complex systems
and they are generally considered more difficult to
model than a fixed wing aircraft in the simulation world.
A 6 degree of freedom (DOF) flight model provides for
a relatively accurate modelling of the motion and flying
characteristics of a helicopter. The DST Group has de-
veloped both non-linearised and linearised 6 DOF heli-
copter models for many of the helicopters servicing the
Australian Defence Force (ADF) in the past. With the
ADF’s acquisition of seven Chinook CH-47F helicopters
to replace its ageing Chinook CH- 47D fleet, the DST
Group is being tasked to develop new and more effec-
tive tactics to fight the enemy on the front line. As the
simulation framework of CHOPPA models typical opera-
tional scenarios, it has proven to be useful to investigate
the merits of various tactics and therefore is an effective
modelling tool for OR purposes [2].

One important element of the CHOPPA framework
is the level of helicopter modelling. Generally speaking,
there are different levels of fidelities required in the OR
world. It all depends upon what it is being studied. For
example:

• First level modelling - simple performance calcu-
lation using the flight manual and/or data provided
the manufacturer. It is often used in the OR acqui-
sition project to select the best tender.

• Second level modelling - helicopter performance
in campaign level simulation, where locations and
speeds are major factors in the studies. Then the
3 DOF flight model should be applied. This means
that the equations of motion only determine x,y and
z displacements of the helicopter in space. The
actual characteristics of the helicopter are based
on the so-called “performance” equations, which
themselves are usually only defined for steady-
state situations.

• Third level modelling - OR analysts are often
presented with questions similar to the following:
When the helicopter is doing an evasive manoeu-
vre, how effective the counter measure will perform
(flare/chaff ejection path changed due to the fuse-
lage orientation)? Will the counter measure be a
threat to the team mate in a formation fly? Will the
sensors/weapons be out of gimbal’s limits during
the manoeuvre? These type of studies are mostly
related to the close-air-support (CAS) missions or
scenarios. It ultimately brings in the other perfor-
mance characteristics, such as roll, pitch, yaw, an-
gular accelerations, etc.

The DST Group’s full non-linearised models are usu-
ally developed by its Aerospace Division and are gen-
erated in the FLIGHTLAB environment for engineering
research or accident investigation purposes. The ad-
vantage of FLIGHTLAB is that high fidelity flight mod-
els can be developed quickly. However, it is compu-
tationally expensive, and it is difficult to integrate with
the JOAD’s CHOPPA environment. Therefore, a simpli-
fied linearised version of the 6DOF model equipped with
an autopilot function is an ideal solution for the JOAD’s
Operations Research purposes. An additional benefit
of the linear model is that it typically forms the basis
of the control system design. The development of the
new Chinook CH-47F linearised 6 DOF aerodynamics
model, equipped with the autopilot function will give the
DST Group an edge on its tactic development effort, es-
pecially for CAS missions.

The starting point of the design of any controller is
to understand the mechanics of the vehicle. Due to
the DST Group’s interest in both tandem and conven-
tional helicopters, this paper focuses on the CH-47 and
UH-60 helicopters. The paper begins by introducing the
CH-47 tandem helicopter, and subsequently discusses
the CH-47 and UH-60 flight dynamics characteristics.
These characteristics include the control, trim and dy-
namic stability of these two rotorcraft. Thereafter, the
basic autopilot control system is presented with the sta-
bility results of the CH-47 and the UH-60 highlighting
what functions the controller has to perform to stabilise



the vehicle and provide guidance control. The final por-
tion of the paper presents an example of the autopilot
system controlling the CH-47B mathematical model.

2. CH-47 Tandem Helicopter

The Chinook CH-47, as shown in Figure 1, is a twin-
engined tandem helicopter which is used primarily for
transport missions. The vehicle features two rotors,
which rotate in opposite directions with the front rotor
rotating anti-clockwise whereas the rear rotor rotates
clockwise, when viewed from above. One of the pri-
mary design benefits of the tandem helicopter is that
the two rotors are capable of providing a significant lift-
ing force. This situation does not occur in the conven-
tional helicopter as the main rotor is the only source of
lift. As a consequence, the tandem helicopter is able
to carry significant payloads which is why it is almost
exclusively used for transport missions. Although the
number of tandem helicopters in service is not as large
as the conventional helicopter, the tandem helicopter
does occupy an important role in vertical flight aviation.

Due to the unique design of the CH-47 helicopter,
its flight dynamics characteristics differ from that of the
conventional helicopter in a variety of ways. One im-
portant difference between the two types of aircraft is
how they are controlled. The control of the conven-
tional helicopter is well understood and is explained in
the standard helicopter textbooks [1,3–5]. The main ro-
tor provides the lifting and propulsive forces whereas
the tail-rotor, located at the rear of the aircraft, controls
the yawing motion of the helicopter. Control of the con-
ventional helicopter is achieved through the application
of collective and cyclic control via the swashplate. The
main rotor collective controls the vertical acceleration
of the vehicle, whereas the application of cyclic pitch
controls the tilt of the rotor thrust vector thereby allow-
ing the aircraft to pitch and roll. The other important

Fig. 1. Australian CH-47D Helicopter

component of the conventional helicopter, the tail-rotor,
creates a side-force which allows the aircraft to yaw.

As mentioned previously, the control of the tandem
helicopter is different from that of the conventional he-
licopter due to the aircraft’s layout. Upon examining
the tandem helicopter arrangement, Figure 1, there are
some aircraft components missing when compared to
the conventional helicopter. Firstly, there is no tail-rotor
as the the front and rear rotors provide the yaw control.
Secondly, there is no horizontal tailplane to provide a
stabilising contribution to the pitch axis. Due to the ar-
rangement of the front and rear rotors, it is impractical
to mount a tailplane on the airframe [3]. Thirdly, there is
no vertical fin on the aircraft although the rear pylon of
the CH-47 does provide a small stabilising contribution
to the vehicle’s lateral modes [3]. These salient design
features, as well as other factors, require an alternative
method to control this type of aircraft class. Figure 2
presents the controls of the tandem helicopter. The ap-
plication of the collective stick, denoted by δc, increases
or decreases the blade pitch of the front and rear rotors
by an equal amount. The net effect is that this con-
trol can increase or decrease the vertical acceleration
of the tandem helicopter, as seen in Figure 2(a). Pitch
control of the tandem helicopter is achieved through a
differential collective control, δb. This is controlled by
the pilot by moving the main stick forward or aft. A
forward movement of the stick increases the pitch of
the rear rotor’s blades and has the opposite effect on
the front rotor’s blade pitch. The end result is that the
thrust from the rear increases and there is a reduction
of rotor thrust from the front rotor. Hence, the aircraft
is able to pitch as seen in Figure 2(b). The lateral con-
trol of the tandem helicopter is controlled by displacing
the main stick to the left or to the right. Moving the
stick to the right tilts the front and rear rotors laterally to
the starboard side of the helicopter, therefore increas-
ing sideslip. This control is given by δs with the effect of
the control demonstrated in Figure 2(c). The final con-
trol, δr, is called differential lateral cyclic and is used to
control the yawing motion of the tandem helicopter, as
seen in Figure 2(d). The application of δr increases the
lateral cyclic of the front and rear rotors but in opposite
directions. The front and rear rotors tilt laterally in differ-
ent directions, Figure 2(d), thereby yawing the vehicle.

3. TRIM CHARACTERISTICS

Figure 3 compares the pilot controls of the CH-47B and
UH-60 helicopters to maintain steady level flight. The
controls for the CH-47B were obtained from an estab-
lished data-set [6] whereas the UH-60 results were ob-
tained from a FLIGHTLAB simulation. The trend of the
two collective controls follow the standard bucket profile



(a) Collective Control, δc (b) Differential Collective, δb

(c) Lateral Cyclic, δs (d) Differential Lateral Cyclic, δr

Fig. 2. Controls of a Tandem Helicopter

shape, Figure 3(a). As each of the aircraft move into
forward flight, the required amount of collective reduces
due to increase of dynamic pressure across the rotor
blades. For each configuration, the minimum collec-
tive which is required to the trim the respective aircraft
configuration is reached at approximately 70kt, before
increasing to promote greater rotor thrust to overcome
the rising airframe drag.

The longitudinal controls of the two vehicles are dif-
ferent. The tandem helicopter uses differential collec-
tive to control aircraft pitching whereas the UH-60 uses
the standard longitudinal cyclic control. Figure 3(b)
compares the displacements of the longitudinal control
of the CH-47B and UH-60. The longitudinal control dis-
placement of the UH-60 is almost linear with airspeed.
The reason the pilot is required to push the main stick
forward, as airspeed increases, is two-fold. Firstly, a for-
ward displacement tilts the rotor thrust vector so that it
provides a component of propulsive force to overcome
the vehicle’s airframe drag. Secondly, there is a natural
tendency of the main rotor disc of a conventional he-

licopter to flap backwards as the dynamic pressure of
the rotor blades increase when they approach the ad-
vancing side of the disc. The pilot compensates for this
by moving the stick forward as airspeed increases. For
the tandem helicopter, the differential collective control,
δb, is linear with airspeed until 40kt. This forward stick
motion increases the rotor thrust of the rear rotor, whilst
having the opposite effect on the front rotor, to create
a component of propulsive thrust. After 40kt, δb begins
to reduce to balance the pitching moments produced
by the front and rear rotors. In forward flight, the front
and rear rotor wakes begin to interact requiring suitable
control action to trim the aircraft in pitch. Before pro-
ceeding, it is interesting to note that earlier tandem heli-
copters suffered from large pitch attitude angles to trim
the vehicle in high speed flight. The solution to this is-
sue, as used in the CH-47B [6], is the application of a
longitudinal cyclic control, which is scheduled with air-
craft speed, to reduce the excessive pitch attitudes in
forward flight.

The lateral controls of the conventional and tandem



(a) Collective Control (b) Longitudinal Control

(c) Lateral Control (d) Pedal Control

Fig. 3. Controls of the CH-47B and UH-60 Helicopters in Steady Level Flight

helicopters are presented in Figure 3(c). For the con-
ventional helicopter, a surprising amount of lateral stick
displacement, with the negative numbers indicating that
stick is moved to the left of the centre stick position, is
required to trim the helicopter, Figure 3(c). In the hover,
a small lateral control input is necessary to balance the
side-force produced by the tail-rotor. As the conven-
tional helicopter transitions into forward flight the stick is
displaced further to the left, reaching a minimum value
of -1.5inch. As the helicopter leaves the hover, the main
rotor wake skews backward due to the effect of the for-
ward airspeed. The rotor wake creates a downwash at
the rear of the rotor disc, effectively reducing the angle
of attacks of the rotor blades in this portion of the disc.
Due to the approximately 90° phase lag between pitch

and flap there is a natural tendency of the helicopter
to roll to starboard (for a helicopter rotor that rotates
anticlockwise when viewed from above). A rather sig-
nificant left stick input is required in low speed flight to
compensate for this effect [7]. This situation occurs on
most conventional helicopters. The lateral control in-
put for the tandem helicopter, δs, is fairly constant from
hover upto 130kt. The pilot is only required to make
small lateral control inputs to maintain trim. The tan-
dem helicopter does not feature a tail-rotor and there
is a tendency of the lateral forces of the front and rear
rotors to balance as they rotate in opposite directions.

The final control to examine is the yaw controls,
which are controlled in both vehicles by the applica-
tion of pedals. The corresponding results are shown



in Figure 3(d). For the UH-60 helicopter, the pedal con-
trol is displaced by -2.35 inches in the hover to balance
the main rotor’s torque. The control increases with air-
speed and the pedal displacements are almost close
to centre by 60kt. At this particular flight condition, the
rotor torque is close to its lowest value due to the bene-
ficial contribution of forward flight speed. As the aircraft
approaches flight speeds of 120kt, the vehicle’s fin pro-
vides a significant side-force, thereby offloading the tail-
rotor of its anti-torque responsibilities. Consequently,
the pedal controls of the conventional helicopter are
close to centre in high speed flight. The pedal control
inputs of the tandem helicopter are not as significant
as the conventional helicopter in low speed flight, Fig-
ure 3(d). As the tandem helicopter features two rotors
which rotate in opposite directions, the torque from the
two rotors generally tend to balance without significant
inputs of δr. Therefore only small control inputs of the
differential lateral cyclic control are required to the bal-
ance the modest differences of rotor torques in steady
level flight. These small differences in torques, in steady
level flight, are due to differential collective control in-
puts as well as the aerodynamic interactions between
the front and rear rotor wakes.

4. STABILITY COMPARISON

The previous discussion explained the trim controls of
the tandem and conventional helicopter. Another im-
portant flight dynamics feature of the helicopter is its
natural modes of motion. Figure 4 presents the pre-
dicted Dutch roll, Heave and Pitch modes of the CH-
47B and UH-60 helicopters. One distinguishing feature
between the two helicopter configurations is the differ-
ences in the Dutch roll mode. For the UH-60 helicopter,
this lateral oscillatory mode is stable throughout the
speed range, with the frequency of the mode increas-
ing with airspeed. In contrast, the Dutch roll mode of the
CH-47B is unstable through the speed range, Figure 4.
It is interesting to note that the mode’s characteristics
are insensitive to airspeed for this particular aircraft ar-
rangement. The tandem helicopter does not feature a
tail-rotor which reduces the lateral stability of this con-
figuration. As a consequence, the directional stability
derivative, Nv, for the tandem helicopter is small, when
compared with a conventional helicopter. The fuselage
contribution to this derivative is significant and destabil-
ising. In addition, the large inertias of the CH-47B heli-
copter reduce the damping derivative, Nr

[3]. Overall, the
directional lateral stability characteristics of the tandem
helicopter are not as favourable as the conventional he-
licopter which has handling qualities implications [3].

Figure 4 also presents the eigenvalues of some of
the longitudinal modes of the two helicopters. In the

Fig. 4. Dutch roll, Heave and Pitch Modes of the CH-
47B and UH-60 Helicopters

hover, the heave mode of two vehicles is predicted
well by the heave damping derivative, Zw, which is al-
ways negative, thereby giving a stable mode. The pitch
damping derivative, Mq, also gives a good approxima-
tion of the pitch subsidence mode, in the hover. Con-
sequently, the UH-60 and the CH-47B have stable pitch
subsidence modes in this flight regime. As the UH-60
moves into forward flight, there is a significant change
to the vehicle’s longitudinal modes. As seen in Fig-
ure 4, the heave and pitch subsidence modes couple
together, as forward flight speed increases, and eventu-
ally branch off the real axis to form an oscillatory mode.
This mode is referred to as the pitch short period mode
which loosely resembles the classical short period of
a fixed wing aircraft [1]. The mode is characterised by
a rapid incidence change with the airspeed remaining
fairly constant. This weak longitudinal oscillation is typ-
ical of conventional helicopters with articulated main
rotors. For example, the Puma SA330 has a similar
oscillatory pitch short period mode in forward flight [1].
In contrast, the pitch subsidence and heave modes of
the tandem helicopter are given by real roots through-
out the speed range. The pitch subsidence mode is
stable due to the high pitch damping of the front and
rear rotors. When this type of vehicle is subjected to
a positive perturbation of q, the thrust of the rear rotor
increases whereas the perturbation has the opposite ef-
fect on the front rotor. The net effect is that the vehicle is
well damped in pitch throughout the flight envelope. In
contrast, the heave mode of the tandem helicopter be-
comes unstable in forward flight. This is primarily due to
a large angle of attack instability [3] which is indicated by
a positive value of Mw. The interaction of the front and
rear rotor wakes has an adverse effect on the angle of
attack stability derivative in forward flight [3]. As the tan-



Fig. 5. Phugoid and Spiral Modes of the CH-47B and
UH-60 Helicopters

dem helicopter experiences a positive perturbation of
w, the thrust of the front rotor increases as well as the
airflow through its rotor disc. This increase of induced
velocity through the front rotor disc impinges the rear
rotor, thereby reducing its lifting capability. As a result
of the aerodynamic interference between the front and
rear rotor wakes, a positive perturbation of w increases
the thrust of the front rotor but decreases the thrust of
the rear rotor. Consequently, there is a destabilising
pitch up moment which adversely influences the heave
mode in forward flight, Figure 4

Figure 5 compares the phugoid and spiral modes of
the CH-47B and UH-60 helicopters. In terms of the spi-
ral modes, both vehicles exhibit small negative roots
across the speed range, indicating stability. The stabil-
ity of the phugoid mode of a conventional helicopter is
reliant on the type of main rotor system. Semi-rigid rotor
helicopters, like that of the Lynx and the Bo-105, tend to
have unstable phugoid modes [1] and it is the rotor type
which is the primary reason for the instability [8]. The
high stiffness of the rotors create large moments around
the rotor hub. When the two helicopters are subject
to a perturbation in forward speed, the two rotor sys-
tems flap significantly backward, resulting in the fuse-
lage pitching up. As the fuselage pitches up, the main
rotor provides a pitch-down moment, with the stability
derivative Mq being negative, with this oscillatory mo-
tion continuing with the amplitude steadily increasing.
However, the phugoid mode of the UH-60 helicopter,
with its articulated main rotor, is stable for all airspeeds.
The frequency of the weakly damped mode decreases
with airspeed. Concerning the phugoid mode of the CH-
47B, in low speed flight the mode is predicted to be un-
stable. However, as airspeed increases, the poles of the

Fig. 6. Roll Subsidence Modes of the CH-47B and
UH-60 Helicopters

phugoid cross over the imaginary of the root locus plot,
thereby estimating a stable oscillatory mode in forward
flight.

The roll subsidence modes of the two aircraft con-
figurations are presented in Figure 6. As expected, the
mode is stable for all airspeeds for both the UH-60 and
the CH-47B helicopters. The roll subsidence mode is
approximated by the roll damping derivative, Lp. For
a rotor this derivative generally tends to be negative,
and therefore stabilising, as there is a natural tendency
of the rotor to flap to the port side following a positive
perturbation of p. For a semi-rigid rotor, the stability of
this mode is further increased due to the contribution
of the flapping stiffness [1]. For the UH-60 helicopter,
with its articulated rotor, the damping of the roll subsi-
dence mode is mainly due to the tilt of the rotor disc
following a perturbation of roll rate. The stability of the
roll subsidence mode is fairly insensitive to airspeed,
Figure 6, with the Lp derivative approximately equal to -
6.5/s across the flight envelope. The eigenvalues of tan-
dem helicopter are approximately -1.1/s throughout the
speed range, and therefore stable. The front and rear
rotors provide stabilising contributions when the aircraft
is subject to a perturbation of roll rate. The numerical
differences between the eigenvalues of the two vehicles
are primarily due to the inertias of both aircraft. For ex-
ample, the moments of inertia around the x-axis of the
UH-60 and the CH-47B are 7632 and 50386 kg.m2, re-
spectively.

5. AUTOPILOT CONTROL STRUCTURE

The previous section explored the stability results of a
tandem and conventional helicopter. It identified certain
flight dynamics attributes which need to be addressed



Fig. 7. Control Structure of the Autopilot Function

in the control system design. Recall that the eventual
aim of the collaboration between the University of Glas-
gow and the DST Group is to develop a control generic
control structure for OR purposes. Again, it is important
to highlight that the goal is not to develop an autopilot
for use on the operational aircraft, but to create con-
trol functions which will supplement ongoing OR simu-
lations. As a consequence, the design of the autopilot
is not subjected to the rigorous testing that would occur
if the control system were planned to be implemented
on an actual aircraft. The benefit of integrating an au-
topilot into typical operational scenarios is that realistic
control action is generated which is a key indicator of
the level of pilot workload and therefore a measure of
mission effectiveness. As the operational research by
the University of Glasgow and the DST Group plans to
focus on various rotorcraft configurations, the controller
is designed in a generic manner. The advantage of this
approach is that only the controller gains, system and
control matrices need to be altered to investigate other
helicopter configurations. Given this design approach,
Figure 7 shows the basic control structure of the autopi-
lot. The control structure is designed deliberately to be
simple, in order to be generic, with one inner and one
outer control loop. The commands for this controller,
which are represented by the vector r, are the vehicle’s
airspeed, sideslip velocity, climb speed and track angle

(1) r =
[
Vfcom vcom żcom χcom

]
The required control action, to minimise the error vector
e, is determined by Proportional Integral (PI) controllers
and the inner loop control law of u∗ = −Kx. The inner
loop control law is effectively a Stability Augmentation
System (SAS) which stabilises the unstable modes of
motion and provides additional damping, were appro-
priate, to the given helicopter. For example, with the
tandem helicopter there is an unstable dutch roll mode
across the flight envelope as well as an unstable heave

mode, which develops in forward flight. In addition, the
the phugoid mode is unstable in low speed flight. For a
tandem helicopter simulation, the K matrix needs to be
selected to ensure that these natural modes of motion
are stabilised. In terms of the conventional helicopter,
the UH-60, there are no unstable modes. However,
the vehicle’s phugoid and dutch roll modes are lightly
damped. Therefore, the gains within the K matrix may
need to be selected to increase the damping of these
types of modes so that helicopter can be flown safely
within low levels of pilot workload. Taking a broad view
of the control system, the inner loop performs the stabil-
ising task whereas the outer loop provides the guidance
control. The output vector block in Figure 7 converts the
vehicle’s states, x, into the output variables required.
These variables are

(2) y =
[
Vf v ż χ

]
and the error vector is simply e = r− y. Of course, it
is the goal of the control system to minimise the error.
This can be achieved with the appropriate selection of
the gains of the PI controllers and the gain matrix, K.

Case Study

This section presents a case study using the autopi-
lot control system on the CH-47B helicopter. This case
study involves the aircraft transitioning from an airspeed
of 60ft/s to 80ft/s over a 5s period. The commands
for the other controlled states, v, ż,χ, are set to zero
so that the aircraft is only required to change its air-
speed. The aim of the controller is to achieve this track-
ing performance with minimal overshoot. By appropri-
ately selecting the gains for the PI controllers and the
gain matrix, K, then good tracking performance can be
achieved with Figure 8 showing the results. The con-
troller is able to calculate the control action to force the



Fig. 8. Case Study Outputs

aircraft to reach an airspeed of 80ft/s at 10s. The air-
speed response does lag behind the command signal
by a few seconds. It is important to note that the CH-
47B is primarily used as a cargo helicopter due to its
ability to transport significant payloads. Therefore, it
isn’t as agile as an attack helicopter such as the AH-64.
Consequently, this lag is expected and the performance
of the controller can be viewed as acceptable. The se-
lection of the gains results in the airspeed exhibiting
a first order response with an insignificant amount of
overshoot. With a helicopter, a significant increase of
airspeed changes the response characteristics of the
vehicle. The inherent cross-couplings of the tandem
and conventional helicopter require a high level of pilot
skill or an augmented airframe for the aircraft to change
speed successfully without major changes to the other
aircraft states. Naturally the sideslip, climb speed and
track angle all sway from their desired value of 0, but
the size of these perturbations is minor and therefore
acceptable. As a whole, the tracking performance of
the autopilot is satisfactory and achieves its main goal
of changing the vehicle’s airspeed.

Figure 9 presents the control action calculated by the

autopilot control system. This control action is due to
a combination of the inner loop control law, u∗ = −Kx,
and the controls determined by the four PI controllers.
It is interesting to note that satisfactory tracking per-
formance could not be achieved without the inner loop
control law. Consequently, it seems evident that all fu-
ture autopilot control systems, developed by the Uni-
versity of Glasgow and the DST Group collaboration,
need to have this inner loop to stabilise the natural mo-
tion of the helicopter of interest. The main control ac-
tion is from the collective lever, δc, and the longitudinal
stick, δb. There is a significant increase in the collective
lever position between 0-5s to increase the rotor thrust
of the front and rear rotors to accelerate the aircraft for-
ward. The longitudinal stick control, δb, is actively used
to tilt the rotor vectors forward to provide a component
of propulsive force. The result is that between 0-5s the
collective and longitudinal controls couple together to
accelerate the tandem helicopter forward. Thereafter,
suitable control displacements are calculated to arrest
the forward acceleration and return the helicopter to a
constant airspeed of 80ft/s. The displacements of the
lateral stick, δs, attempt to reduce the vehicle’s sideslip



Fig. 9. Control Action Calculated by the Autopilot System

velocity throughout the task. As seen in Figure 8, this
control is successful in maintaining the zero sideslip
command. The sway in the sideslip velocity is small
and therefore acceptable. As expected, small control
inputs of the differential lateral cyclic control, δr, are re-
quired throughout the manoeuvre to balance the differ-
ent torques of the front and rear rotors, thereby main-
taining the aircraft’s heading. Similar to the sideslip ve-
locity, there is some sway about the zero tracking com-
mand but the values are small. The values for all four
control interceptors are fairly constant after the vehicle
reaches its target speed of 80ft/s, which is achieved af-
ter approximately 10s, highlighting the effective nature
of the autopilot control system.

CONCLUSIONS

This paper has reported the ongoing research activities
in the University of Glasgow and the DST Group collab-
oration. Broadly speaking, the aim of the two organisa-
tions is to develop a simulation framework capable for
use in operational research to analyse helicopter mis-
sion effectiveness. The focus of this particular paper
was to report the recent activity in developing a generic
autopilot control system for the purposes of OR. The
eventual goal is to develop a generic autopilot system

which can be tailored to be used on a variety of rotor-
craft configurations. As highlighted within the paper, the
starting point of the controller design is to understand
the mechanics of the vehicle. Therefore, the paper in-
vestigated the flight mechanics of two helicopter con-
figurations which are of interest to the DST Group. In
addition, the paper introduced the control structure of
the autopilot system and presented a case study using
the CH-47B helicopter model. The following is a list of
conclusions from the paper:

1. The tandem helicopter exhibits an unstable dutch
roll mode throughout the speed range due to the
low levels of yaw damping. The frequency of the
mode is insensitive to airspeed. There is also
an unstable phugoid oscillation in the hover. As
the tandem helicopter moves into forward flight
the mode begins to stabilise, however the phugoid
mode is lightly damped. An unstable heave mode
also develops in high speed flight due to a large an-
gle of attack instability. It is clear that the inner loop
of the control system needs to stabilise these un-
stable modes so that autopilot can effectively guide
the tandem helicopter to its designated destination.

2. All the modes of the conventional helicopter in



question are stable throughout the vehicle’s flight
envelope. There is a significant difference between
the dutch roll modes of the tandem and conven-
tional helicopters. The tail-rotor of the conventional
helicopter stabilises the dutch roll mode and there-
fore improves the vehicle’s lateral stability charac-
teristics. Although there are no signs of instability
for this particular conventional helicopter, the inner
loop of the autopilot function will still be required,
in all likelihood, to provide stability augmentation
to improve the damping of certain vehicle modes.
For example, although the phugoid is predicted to
be stable, it is lightly damped and the mode may
need to be further stabilised so that autopilot can
navigate the vehicle along the desired flightpath.

3. The paper also introduced the basic control struc-
ture of the autopilot system. It has been designed
deliberately so that the control system can be ap-
plied to various rotorcraft configurations. The pro-
cess to change between different vehicles is sim-
ple. Only the controller gains, system and con-
trol matrices need to be altered to simulate a dif-
ferent rotorcraft configuration. Continuing forward
with the work, the aim is to test the control system,
using the CH-47 mathematical model, for a variety
of operational tasks. After successful testing, the
controller will be implemented into the CHOPPA
framework so that OR studies can commence.

4. A case study of the autopilot system using the CH-
47B helicopter model was presented. The autopi-
lot system successfully determined the control ac-
tion to force the tandem helicopter to change its
flight speed from 60ft/s to 80ft/s. The airspeed re-
sponse was of a first order nature and there was
little overshoot. In addition, the vehicle’s sideslip,
climb speed and track angle did not change signifi-
cantly throughout the task, therefore good tracking
performance was achieved.
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