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ABSTRACT
In this paper, an efficient approach to design and optimize a flight controller of a small-
scale unmanned helicopter is proposed. Given the identified helicopter model, the Linear
Quadratic Gaussian/Loop Transfer Recovery (LQG/LTR) robust control method is applied for
trajectory tracking and attitude control of the helicopter with a two-loop hierarchical control
architecture. Since the performance of the controller extremely depends on its weighting
matrices, the Artificial Bee Colony (ABC) algorithm is introduced to automatically select
the parameters of the matrices. Comparative studies between optimal algorithms are also
carried out. A series of flight experiments and simulations are conducted to investigate the
effectiveness and robustness of the proposed optimised controller.

Keywords: Small-scale unmanned helicopter; LQG/LTR; artificial bee colony algorithm;
flight experiments; trajectory tracking

Received 3 October 2016; revised 2 September 2017; accepted 7 September 2017; first published online 3 November 2017.

https://doi.org/10.1017/aer.2017.106 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2017.106
mailto:marui@nuaa.edu.cn
https://doi.org/10.1017/aer.2017.106


1880 December 2017The Aeronautical Journal

NOMENCLATURE
ABC Artificial Bee Colony
DE Differential EvolutionAlgorithm
GA Genetic Algorithm
LQG Linear Quadratic Gaussian Control
LQI Linear Quadratic Integral Control
LQR Linear Quadratic Regulator Control
LTR Loop Transfer Recovery
MIMO Multi-Input Multi-Output
NED North-East-Down Coordinates
PEM Prediction Error Minimisation Technique
PID Proportional Integral Derivative Control
PSO Particle Swarm Optimisation Algorithm
TFL Target Feedback Loop
UAVs Unmanned Aerial Vehicles

1.0 INTRODUCTION
In recent years, Unmanned Aerial Vehicles (UAVs) have gained worldwide popularity in
academia and industry because of their distinguishing advantages, such as low cost, easy
maintenance and good maneuverability(1,2). As an ideal experiment platform, the great
potential of UAVs has been explored for various research purposes and civil applications with
different payloads, e.g. sensors, cameras or other equipment installed on the platform. Among
various UAVs, the small-scale unmanned helicopters possess some unique flight capabilities
such as taking off and landing vertically, flight from hovering to cruising, and flight at
low altitudes. Due to their highly agile manoeuverability, small-scale helicopters have been
extensively exploited in a wide variety of applications, e.g. aerial photography, electric power
lines inspection, rescue services and border patrol. Therefore, research and development of
the helicopters is greatly noted in academic circles(3,4). However, helicopters are a kind of
multi-variable, strong coupling and unstable system which are more difficult to control than
their fixed-wing counterparts. Designing an automatic or semi-autonomous flight controller
is an essential way to expand the potential applications of the helicopters.

There are various control methods successfully implemented for helicopter in the literature.
For a miniature unmanned rotorcraft, Cai et al(5) designed a flight control system using a
Robust and Perfect Tracking (RPT) control technique. A Multi-Input Multi-Output (MIMO)
trajectory controller of the helicopter using the Kalman filter-based LQI approach is
reported(6). And the vision-based guidance control of a small-scale helicopter is examined
by Mori et al(7). In this paper, we put forward the Linear Quadratic Gaussian/Loop Transfer
Recovery (LQG/LTR) method to design an accurate tracking controller for our helicopters.
This method is a systematic design approach for the multivariable system on the basis of the
LQG controller and recovering open-loop singular values proposed by Doyle and Stein(8),
which show some useful properties of robustness and some performance for the flight control
system(9,10).

In the LQG/LTR or LQG design, the selection of the weighting matrices has significant
impact on performance and robustness of the controller. In general, the primitive method is to
set manually by the trial-and-error method. However, such a manual method is not definite and
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cannot find the optimal weighting matrices that meet the design specifications. Thus, some of
the Evolutionary Algorithms (EAs) for selecting the weighting matrices are proposed in the
literature, such as the Genetic Algorithm (GA)(11) is used to search the best values for the
weighting matrices of LQG design, and a longitudinal LQG/LTR flight controller optimally
designed based on the Differential Evolution (DE) algorithm(12). Mei and Goodal(13) apply
the LQG method to design a control strategy for active steering of solid axle railway vehicles
and implemented the GA algorithm to search for the optimal weighting matrices of LQG.
Neto et al(14) combined two computation intelligence paradigms to solve the synthesis of the
Linear Quadratic Regulator (LQR) control design problem, applied GA algorithm to conduct
the search of the weighting matrices and utilised the recurrent artificial neural network to
solve the Riccati equation. The Artificial Bee Colony (ABC) algorithm is a novel optimisation
method which imitates the swarm intelligence. The ABC algorithm was first proposed by
Karaboga(15) and has been proved to possess some advantages compared to the GA, DE
and Particle Swarm Optimisation algorithm (PSO) in the function optimisation problem(16).
The principal advantage of ABC algorithm is that it can efficiently avoid local optimum
to a great degree since local and global search conducted simultaneously in each iteration.
The application of the ABC algorithm including optimal turning of the Proportional Integral
Derivative (PID) controller(17), optimised LQR controller(18) and Robust fuzzy Power System
Stabilizer (PSS) design(19), to name a few. To the best of the authors’ knowledge, there is no
report about the combination of ABC and LQG/LTR that deals with the helicopter controller
design.

The outline of this paper is organised as follows. Section 2 describes the system modeling
and identification of our helicopter including the experimental facilities and flight data
pre-process. The basic principle of the LQG/LTR method and ABC algorithm are briefly
introduced in Section 3, and a complete flight control system for trajectory tracking is well-
designed based on them. The simulation result and actual flight test are presented in Section 4.
Finally, the main conclusions of this paper are remarked in Section 5.

2.0 SYSTEM MODELLING AND IDENTIFICATION
In this paper, Mettler’s linearised helicopter model(20,21) is adopted to describe the dynamics of
the TREX-600 small-scale unmanned helicopter. The accurate model parameters are obtained
by the time-domain system identification method based on our helicopter’s flight data. This
helicopter model consists of 6-Degrees-of-Freedom (DOF) rigid body dynamics and extra
servo/rotor dynamics. As illustrated in Fig. 1, the dynamic motion of the helicopter is defined
by the state vector x = [u v w θ φ q p as bs r]T in the body frame which contains the fuselage
velocities (u, v, w), the angular rates (p, q, r), the main rotor flapping angles (as, bs) and the
attitude angles (φ, θ, ψ).

The state-space model governed by Equation (1) contains a system matrix with 18 unknown
parameters and a control matrix with 7 unknown parameters. This is obviously a multi-variable
linear system with strong coupling. The state vectors are physically shown in the body frame,
and the input vectors can be written as u = [δcol δlat δlon δped ]T , where δcol is the collective
pitch and impacts heave motion (along ZB-axis); δlat is the lateral cyclic and impacts roll
motion(around XB-axis) then the lateral translation (along YB-axis); δlon is the longitudinal
cyclic and dominates pitch motion (around YB-axis) then the longitudinal translation (along
XB-axis); δped is the tail rotor input and affects yaw motion (around ZB-axis) then the heading
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Figure 1. (Colour online) Illustration for helicopter states and coordinates.

direction.

ẋ = Ax + Bu, … (1)

where

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Xu 0 0 −g 0 0 0 −g 0 0
0 Yu 0 0 g 0 0 0 g 0
0 0 Zw 0 0 0 0 Za Zb Zr

0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0

Mu Mv 0 0 0 1 0 Ma 0 0
Lu Lv 0 0 0 1 0 0 Lb 0
0 0 0 0 0 −1 0 −1/τ Ab 0
0 0 0 0 0 0 −1 Ba −1/τ 0
0 Nv 0 0 0 0 Np 0 0 Nr

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0
0 0 0 0

Zcol 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 Alat Alon 0
0 Blat Blon 0

Ncol 0 0 Nped

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2.1 Flight experiment and data processing

The flight experiments are conducted on a modified TREX-600 small-scale helicopter
equipped with a suit of on-board avionics system, as shown in Fig. 2. Table 1 gives a brief
introduction of the helicopter. In order to collect the flight data, the helicopter is manipulated
by a professional pilot. The AEROcontrol system is selected as a kernel unit to deliver inertial
measurement through a small Inertial Measurement Unit (IMU). It provides drift-free three-
axis orientation as well as calibrated three-axis acceleration, three-axis angular rate, and three-
axis earth-magnetic field data. Some key parameters of the system are listed in Table 2. In
addition, a low-cost GPS module is mounted on the tail beam. The specifications of the GPS,
i.e. position accuracy (1 m), update rate (18 Hz) and sensitivity (−167 dBM), can meet the
accuracy requirements of the flight test.

In the flight tests, the pilot manually kept the helicopter in the hovering condition by
regulating each channel of the control input (collective, roll, pitch and yaw). The control
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Table 1
General physical parameters of TREX 600 helicopter

Physical quantities Value

Rotor speed 2200 rpm
Full length of fuselage 1.16 m
Main rotor diameter 1.35 m
Total weight 6.4 kg

Figure 2. (Colour online) TREX-600 helicopter and its on-board avionics system.

input and the response of the helicopter are both sampled with 50 Hz frequency and recorded
in 1 GB SD card. In order to ensure that the sample size is large enough, the flight test needs
to be repeated three to five times and last at least 50 s for each time.

Since the system noise and structural vibrations are unavoidable in the flight test, the pre-
processing of the flight data is necessary before system identification. A five-point average
finite impulse response (FIR) filter(22) is adopted to smooth the original data. The equation is
written as:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

y1 = 1
70 [69y1 + 4(y2 + y4) − 6y3 − y5]

y2 = 1
35 [2(y1 + y5) + 27y2 + 12y3 − 8y4]

yi = 1
35 [−3(yi−2 + yi+2) + 12(yi−1 + yi+1) + 17yi]

ym−1 = 1
35 [2(ym−4 + ym) − 8ym−3 + 12ym−2 + 27ym−1]

ym = 1
70 [−ym−4 + 4(ym−3 + ym−1) − 6ym−2 + 69ym]

, … (2)

where Y = [y1, . . . , ym]T is the original data, m is the data length and Y = [y1, . . . , ym]T

is the processed data, i = 3, . . . , m − 2. The filter is based on the least square method
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Table 2
Specifications of the AEROcontrol system components

Specification Sending range

Acceleration range ±19.6 m/s
Angular rate range ±200 deg/s
Magnetometer range ±0.75 G
Roll/Pitch accuracy 0.005 rad
Yaw accuracy 0.012 rad
Size 65 mm × 42 mm × 13 mm
Weight 58 g

Table 3
General physical parameters of TREX 600 helicopter

Parameter Value Parameter Value Parameter Value

Xu − 0.0201 Lb 535.2235 Zr 0.7889
Alat − 10.5762 Yv − 0.6235 Ab 0.4923
Nv 2.7001 Blon − 1.8373 Mu 0.8448
g 9.8000 Np − 7.8792 Blat 0.1294
Mv − 0.2026 Ba 0.4120 Nw − 1.6001
Zcol − 30.5662 Ma 211.3636 Za 0.5862
Nr − 0.5107 Ncol 0.2389 Lu -0.0333
Zb 13.3371 τf 0.0221 Nped 13.0772
Lv − 0.1536 Zw − 4.0948 Alon 0.2349

to smooth the discrete data, in which the value of each data point is adjusted by five adjacent
points using a three-order polynomial. The more that the filter is used, the smoother the curves
become. However, it should be noted that overuse of the filter will lead to the increase of the
identification error.

2.2 System identification and model validation

The unknown model is identified through the Prediction Error Minimisation (PEM)
technique(23) in the Matlab System Identification Toolbox. Here, the identification process
follows Kim et al(24), in which the linearised model is divided into three dynamical models:
the attitude dynamics, the longitudinal and lateral velocity dynamics, and the heave velocity
and yaw rate dynamics. Table 3 shows the obtained system parameters. To verify the accuracy
of the identification, we compared the angular response of the obtained model with that
of a manual hovering flight. Note that the angular responses of the model are gained from
the simulation test using the input signals recorded in the manual flight. Figure 3 shows the
identified model is able to capture the attitude dynamics of the helicopter effectively. However,
with the uncertainties in the linear model, the rotor flapping dynamics is expected to have less
accuracy than the attitude dynamics as the secondary system. This is mainly reflected in the
distinct difference between the magnitude of Alat and Blon, which represent the effect of cyclic-
on-flap for the lateral and longitudinal axes, respectively.
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Figure 3. (Colour online) Comparison of the actual and estimated attitude responses.

3.0 CONTROLLER DESIGN
In this section, a robust flight control system for our helicopter is presented based on the
linear model. As depicted in Fig. 4, a two-loop hierarchical control architecture(25) is adopted.
The inner-loop implements the LQG/LTR method to maintain the stability and decouple the
helicopter dynamics. Based on the closed attitude-loop, the trajectory controller is designed
by using the LQI theory to achieve good performance in local-NED-based positioning. The
intermediate conversion link is responsible for the conversion of the coordinate system and
control instruction.
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Figure 4. Structure of the autonomous flight control system.

Figure 5. Block diagram of the LQG controller.

3.1 Attitude controller design

The attitude control of the helicopter in inner-loop is formulated as a standard LQG/LTR
control problem: {

ẋin = Ainxin + Binuin + Gw
yin = C inxin + v

, … (3)

where Ain, Bin and C in are state space matrices of attitude dynamics which are extracted from
Equation (1) by discarding the fuselage velocity vector. xin = [θ φ q p as bs r]T is the state
vector. uin = [δlat δlon δped ]T is the control input vector and yin = [φ θ ψ]T is the output of the
model. w and v are process disturbances and measured output noise, respectively.

In the LQG/LTR method, the first step is designing the Target Feedback Loop (TFL) which
has to meet the performance and stability robustness requirements and then recovering the
overall loop through the LTR procedure. In order to obtain the optimal tracking performance
of the flight controller, here, the loop transfer recovery is implemented at the input of the
plant. According to the separation principle, the design procedure of LQG/LTR consists of
two steps:

A. TFL Design
The LQG structure with integral action is shown in Fig. 5, which increases the singular

values at the low frequency band and ensures that the output yin tracks the reference command
r and rejects process disturbances and measured output noise v. The optimal solution of the
LQG controller, formulated in the previous section, is achieved by solving two independent
optimisation problems. One is the Kalman state estimator and the other is optimal state-
feedback control law. Here, the enlarged state vectors are defined as:

r = [φr θr ψr]T , xi =
∫ t

0
(r − yin) dt, x = [xin xi]T , … (4)

where xi is the integral of the tracking error.
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Then, the extended state-space system description is described by:

A =
[

Ain 0
C in 0

]
, B =

[
Bin

0

]
… (5)

The optimal control method is to find an optimal state-feedback control law:

uin = −Kx = −Kxxin − K ixi … (6)

to stabilise the extended system in Equation (5) and minimise the performance index:

J = 1
2

∫ ∞

0
[xT Qx + uT

inRuin] dt, … (7)

where Q = diag(0, . . . , 0, n1, n2, n3) ≥ 0 and R = diag(n4, n4, n4) > 0 are symmetric
weight matrices, in which ni are undetermined parameters. Standard assumptions are that
(A, B) is controllable, (Q, A) is observable, and R > 0.

The feedback gain is given by the solution of the algebraic Riccati equation:

{
K = R−1B

T
P

A
T

P + PA − PBR−1B
T

P + Q = 0
… (8)

The TFL transfer function has the form:

Gg(s) = K (sI − A)−1B … (9)

B. Kalman Filter Design and LTR Procedure
The next problem is to obtain the Kalman filter for the optimal estimate of xin, and the

observer-based controller. The full-order observer is of the form:

˙̂x = Ainx̂ + Binuin + L(yin − C inx̂), … (10)

where x̂ is the optimal estimate of xin. The Kalman filter gain L is given by the solution of the
Riccati equation:

{
L = P f CT

inR−1
f

P f AT
in + AinP f − P f CT

inR−1
f C inP f + GQ f GT = 0

, … (11)

where Q f ≥ 0 and R f ≥ 0 are symmetric weight matrices.
The state-space realisation of the LQG controller is described by the following equations:

[ ˙̂x
ẋi

]
=

[
Ain − BinKx − LC in −BinK i

0 0

] [
x̂
xi

]
+

[
0 L
I −I

] [
r
y

]
, u = [−Kx −K i

] [
x̂
xi

]

… (12)
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Figure 6. Block diagram of the outer-loop control system.

The overall loop transfer function T (s) has the form:

T (s) = G (s)GLQG(s), … (13)

where G (s) = C in(sI − Ain)−1Bin is the transfer function of the inner-loop plant. GLQG(s) is
the transfer function of Equation (12).

The LTR procedure is conducted by assuming: Q f = ρI, R f = I , and increasing the value
ρ until the singular values of the overall loop T (s) converges to the target feedback loop Gg(s)
at a wide range of frequencies.

3.2 Trajectory controller design

In the field of flight control, the trajectory kinematics of an aircraft is generally characterised
by:

{
ṗn = vn

v̇n = an
, … (14)

where vn = [vxvyvz]T is the translational velocity vector, an = [axayaz]T is the acceleration
vector, and pn = [xyz]T is the position vector. All of the vectors are described on the North-
East-Down frame (NED) axes.

For the convenience of controller design, the trajectory kinematics can be rewritten in state-
space model:

{
ẋout = Aoutxout + Boutuout

yout = Coutxout
… (15)

xout = [
pn vn

]T
, uout = an, yout = pn, Aout =

[
0 I
0 0

]
, Bout =

[
0
I

]
… (16)

The point is that the position, velocity and acceleration of the helicopter are all measurable
and available for feedback control. The LQI theory is employed in the design of trajectory
controller as show in Fig. 6. Here, the enlarged state vectors are defined as:

Pre f = [
xr yr zr

]T
, xp =

∫ t

0
(Pre f − pn) dt, xp = [

xout xp
]T

, … (17)

where Pre f is the position reference and xp is the integral of tracking error.
As with Section 2.1, suppose that symmetric weight matrices of the LQI trajectory

controller is Qp = diag(0, . . . , 0, n5, n6, n7), Rp = diag(n8, n8, n8) and the optimal
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state-feedback control law solved from the relevant Riccati equation can be given by:

uout = −Fxp … (18)

3.3 Conversion unit design

As can be seen from Fig. 10, the control input uout is the reference acceleration described on
the NED frame, which should be converted to the command ũ = [δcolφrθr]T . The command
ũ is the dominator of body-axis acceleration. The collective control input δcol is transferred
from uout since it dominates heave acceleration. And the heading direction ψr is relatively
independent of linear motion for helicopters, which is pre-established. Thus, the design
processes of the conversion unit consist of two steps:

Step 1. Convert from NED acceleration command uout to body-axis acceleration command
ub,r and simply conduct by the dynamic inverse of the rotation matrix:

ub,r = −R−1uout … (19)

Step 2. Convert the acceleration command ub,r to the body-axis acceleration command ũ =
[δcolφrθr]T . After the control law in Equation (6) is calculated, the dynamics of the closed
attitude-loop can be characterised by:

ẋ = Akx + Bkruout = −F p … (20)

Ak =
[

Ain − BinKx −BinK i

−C in 0

]
, Bk =

[
0
I

]
, … (21)

and here, treated the body-axis acceleration ab as the system output, which represents the
correlation of the outer loop with the inner loop:

{
ẋ = Akx + B̃kũ
ab = Cgx + Dgũ

, … (22)

where B̃k consists of the first two columns of Bk. Cg and Dg are extracted from helicopter
model Equation (1).

Note that the system is stable, the steady-state gain matrix Ga from ũ to ab is calculated by
the following equation:

Ga = −CgA−1
k B̃k + Dg … (23)

The feasibility of this design idea is illustrated in(26), and later the flight tests show that it is
available for our helicopter. In summary, the conversion unit from uout to ũ is computed by:

ũ = −G−1
a R−1uout … (24)

3.4 ABC optimisation of LQG/LTR flight controller

As mentioned in Section 3, it is necessary that the undetermined parameters ni(i =
1,…, 8) for four weighting matrices (Q, R, Qp, Rp) should be selected to solve the Riccati
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equations and get the feedback gain K and F . Based on the result, the conversion unit and
optimal Kalman filter using LTR are also obtained. For this purpose, a methodology based
on ABC is implemented to automatically search for the optimal weighting matrices. ABC is
a simulation of honey bees swarm behaviour that consists of three essential components, i.e.
unemployed bees, employed bees and food sources. To implement ABC to search the best
values of the weighting matrices, the food source is defined as a possible solution vector of
the undetermined parameters and its property is quantified by the fitness values. Employed
bees are associated with a particular food source. Unemployed bees constantly search around
the food source which contains two types of unemployed bees: scouts and onlookers. The
implementation procedure of the proposed methodology can be described as follows:

Step 1. Population initialisation: Randomly initialise a set of possible solution vectors
xi(i = 1, . . . , SN ) which is computed by Equation (25). Here, SN is the total number of food
source; the number of employed bees and unemployed bees is both equal to SN/2.{

xi = (xi1, xi2, . . . , xi8)
xi j = xmin + rand (0, 1) × (xmax − xmin)

, … (25)

where xij is the elements of food source. xmin and xmax mean the lower and upper bounds,
respectively.

Step 2. Fitness values: The compute of fitness value is based on the step response of the
closed-loop system. It is a crucial step in applying ABC that selects the objective function used
to evaluate the fitness of each possible solution xi. Here, the performance indices Integral of
Time multiplied by Absolute Error (ITAE) is used for that purpose. The linearised system
of Equation (1) is used to get the step response and calculate the fitness value. According to
the following equations, fitness values for each xi are calculated and select the top SN/2 best
solutions as the initial population of the employed bees.⎧⎨

⎩
f iti = 1

1+Fi

Fi = ∫ ∞
0 [l1te(t) + l2uT u] dt

, … (26)

where fiti is the fitness value, Fi is the objective function, e(t) is the trajectory tracking error
in the time domain, and u is the input vectors of the helicopter. li is the normalisation factor.

Step 3. Employed bee search: In the iter iteration, each employed bee searches new
solutions in the neighborhood of the current solutions vector by Equation (27) and chooses
the better solution between new solution vi and original solution xi of employed bees into the
next generation.

{
vi = (vi1, . . . , vi j, . . .), vi8

vi j = xiter
i j + rand (−1, 1) × (xiter

i j − xiter
k j ), (k �= i) , … (27)

where vi is the new solution randomly generated. i and k are randomly generated; rand( −1,
1) means a random number in the range from −1 to 1.

Step 4. Unemployed bee search: Each unemployed bee chooses an employed bee to trace
according to their probability values. The formula of the probability method can be described
as follows:

pi = f iti∑SN/2
i=1 f iti

… (28)
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Figure 7. The procedure of the proposed method.

Step 5. Scouter search: If the search time trial exceeds the predetermined threshold limit,
but the optimal value cannot be improved, then the food source should be deserted and its
employed bee changed to scouter bees. The solution vector can be re-initialised according to
Equation (27).

Step 6. Iteration: Store the best solution vectors achieved at the present time and go back
to Step 3 until termination criteria Imax is met.

Step 7. LTR Procedure: Since the best solution of weighting matrices were obtained by
the algorithm, the LTR can be conducted at the input of the plant as mentioned in Section 3.1.

The flow chart of the ABC optimisation of the LQG/LTR method can be seen in Fig. 7.

4.0 FLIGHT EXPERIMENT AND SIMULATION RESULTS
4.1 Simulation result

The optimization of LQG/LTR controller is carried out with the proposed method in Matlab
2012b environment. The simulation parameters of ABC, i.e. the total number of bees SN =
20, and the threshold limit = 5. In addition, a comparison of the GA algorithm(16) with ABC
is also conducted to validate the feasibility of ABC. The GA parameters, i.e. population size,
crossover probability and mutation probability, are chosen as 20, 0.8 and 0.2. With the same
objective function and feedback control loop, the Matlab programs are built up based onthe
ABC and GA algorithms, respectively. Figure 8 records the optimal value of objective function
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Figure 8. (Colour online) Evolution curves of ABC and GA.

Figure 9. (Colour online) Step response of closed-loop system.

Fi calculated by ABC and GA in each iteration. As can be seen in the figure, although the ABC
algorithm starts at a worse initial value due to the randomness of population initialisation,
it has a lower final value and faster converge rate than the GA algorithm. As shown in
Fig. 9, the responses of the different step signals demonstrate the decoupling performance
of the controller. The results also indicated that the proposed method achieves better control
performance in terms of overshoot percentage, rising time and settling time. The recovery
process for different values of ρ is depicted in Fig. 10. Once the feedback control loop Gg(s)
is optimised, we adjust the observer gain L until the overall closed-loop T (s) recovers internal
stability and some of the robustness properties (singular values) of the feedback loop Gg(s).
It illustrates that as the value of ρ increases, the three singular values are close to each other
finally which means a good following performance and disturbance rejection.
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Figure 10. (Colour online) The loop transfer recovery process for different values of ρ.

Figure 11. (Colour online) Actual 3D flight trajectory under the control of optimal LQG/LTR in NED frame.

4.2 Flight test result

Actual flight experiments are conducted by the optimal LQG/LTR controller described in
the previous section. The trajectory tracking results in one test are depicted in Figs 11–13.
Figure 11 presents the 3D flight trajectory. The predefined path starts at point A, turns right
while hovering at point B, D and E with yaw reference ψr, and finally ends with hovering
at point F, lasting 10 s. Figure 12 presents the yaw reference and the fuselage attitude angles
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Figure 12. (Colour online) Attitude angles in the flight test.

Figure 13. (Colour online) Fuselage velocities in the flight test.

measured by the IMU and shows that the yaw control is available and the fuselage are well
stabilised. Figure 13 gives the fuselage velocities u, v and w in the flight test. Combining that
with Fig. 12, we can distinguish the different flight sections explicitly. In brief, the form of the
designed controller is as simple as a MIMO controller and all of the determinable parameters
are selected automatically, which display promising application prospects.

5.0 CONCLUSION
This paper presents a novel LQG/LTR optimal design method based on the ABC algorithm
applied to trajectory tracking of a small-scale helicopter. To implement this method, the
linear model of the helicopter is identified from flight data and the ABC algorithm is used
to automate the search for the controller parameters. The Kalman filter gain in LQG design is
adjusted after the feedback loop is optimised. A series of flight experiments and simulations
are conducted. Simulation results suggest that compared with GA optimisation algorithm, our
proposed method achieves a better result with smaller objective function value and preferable
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step response of the controller. In flight tests, the optimal controller performs well in hovering,
yaw control and trajectory tracking, proving that our proposed method is feasible and robust.
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