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H inf. Loop Shaping Robust Control vs. Classical PI(D) Control:
A case study on the Longitudinal Dynamics of Hezarfen UAV
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Abstract: - In this paper, the longitudinal dynamics and automatic control system design processes of Hezarfen
UAV for longitudinal flight have been discussed. Hezarfen UAV is a prototype UAV aircraft which is being
designed and going to be build-up for the first time in co-operation with Istanbul Technical University, Faculty
of Aeronautics and Astronautics. In the first part of the paper, longitudinal dynamic properties of Hezarfen
UAYV have been presented. Following to that, automatic control system for the longitudinal flight (autopilot)
has been designed using classical PID control algorithm, in the second part of the paper. In the third part, as an
alternative, one-degree of freedom H inf. Loop Shaping Robust Control system has been suggested and
implemented to the system. Obtained results are given in comparison and presented in the conclusions part of
the paper.
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1 Introduction

In the recent years, UAV’s have widely been used in
several areas such as reconnaissance, intelligence,
border security, combat missions ... etc. In all of the
specified missions, UAV’s are demanded to work
with high accuracy and precision. In that sense, the
dynamic modeling and especially the automatic
control system design are playing crucial roles in
UAV’s. As an approach to these, in literature there
are quite a lot of control system design applications
on UAV’s like receding horizon control [1], variable
horizon model predictive control [2], control system
design using evolutionary algorithms [3], feedback
linearization and linear observer design [4],
cooperative receding horizon control [5], adaptive
control system design [6], control system design
using MIMO QFT [7], decentralized non-linear
control [8], robust control system design using
coupled stabilities [9], H infinity control and inverse
dynamic system approach [10] and non-linear
autopilot design using dynamic inversion [11] are
some of the studies.

In the light of the given references, in this paper
first of all, the longitudinal dynamics of UAV has
been studied and afterwards automatic control
system designs using H inf. Loop Shaping and
classical PID control have been implemented
separately on the nominal plant and observed results
are discussed in detail in the conclusions section.

2 Longitudinal Flight Model of UAV
In longitudinal dynamics of the Hezarfen UAV,
linearized and Laplace transformed Equations of
Motion (EOM), taken from [12], has been used so
that the EOMs for the longitudinal flight are
presented as
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where
'u = Change of velocity in longitudinal flight

'a = Change of angle of attack in longitudinal flight
0 = Change of pitching angle from the equilibrium

condition
and
‘U = u ) ' = W
Uy Uy
where

u = Velocity in X direction
w = Velocity in Z direction
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The characteristic properties of Hezarfen UAV and
stability derivatives are presented and calculated in
Table 1 and Table 2, respectively [13].

m= 5 [kg]
Up= 12 [m/sec]
g= 9.807 [m/sec’]
Swing = 0.4205 [m’]
Svertical tail — 0.1323 [mz]
p= 1226 [kg/m’]
Iy= 0.1204 [m*]
c= 0.235[m]

Table 1 Characteristic properties of UAV.
C, =-0.0264 C; =-0.0347
C, =12821 C, =-0.1381
Cp=00132  Cz =-3.30

C_=13210  Cy =-0.0347

a

Cy =-1.3210 Cy =-0.0312

a

L, =1 Cy =-3.30

q

Cy, =-2.6421 Cy =0
C, =-071 C, =-0.71

e Mg,

Table 2 Stability derivatives and inputs of UAV.

Using the characteristic properties given in Table 1
and calculated stability derivatives given in Table 2
and profiting from (1), it is possible to obtain the
matrix representation of longitudinal flight as

Using (2), it is relatively easy to obtain the
corresponding transfer functions (TFs) ('u/d,,

'a/S,, 0/5, ). Due to the reason that the properties

of longitudinal flight is taken into consideration in
the paper, only 6/5, TF will be discussed in the

following parts. The corresponding TF is gained as

0(s) 1.8555% +0.1535 + 2.407

(1.6165
-1.2821  1.3210
+0.02645)
'u(s) 0
1.6168s a(s) | =] -0.71] (2
26401 ~1.4460s || *® )
+0.1381) os) | |-0.71
0 (0.0003s  (0.01385>
I +0.0312) +0.03235) |

5.(3)  0.0365* +0.08895> +0.13545% +0.11215+0.109
3)
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From (2), it is possible to obtain the location of the
poles with the purpose of having a better idea about
the open loop time domain response of the nominal
UAYV system [14]. If the poles of the system are
investigated, they should be found as

s1,=-12171£0.9737
S34=-0.0164+1.1151i )

where s, and s, are representing the short period
mode, and s; and s, are representing the phugoid
(long period) mode in the longitudinal flight. If the
corresponding natural frequency values and
damping ratios are calculated, they could be
determined as

phugoid mode | short period mode

&om =0.0147 Eep =0.7809
@y pm =1.1152 rad/s oy o =1.5587 rad/s (5)
Tom =61.0687 s T, =0.8216 s

Also, it is likely to see from the very close poles
(83,4 ) to the origin and from (5) that the damping in

phugoid mode is relatively very low (&, <<1

under-damped), which is leading to long lasting
(Tom = 61.06 sec) and  frequent  oscillations

(&pm =0.0147) in the system. Moreover, with the

intention of having a better idea of the longitudinal
flight, Bode plot has been attained for frequency
domain analysis and is given in Fig.1.

Bode Disgram

Magnitude (dB)

Fregquency (radfsec)

Fig.1 Bode plot of 6/, .

It is predictable from Fig.1 that the longitudinal
flight is noticeably affected in phugoid mode
(@n pm=1.1152 rad/sec) due to a given elevator
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deflection, as it is also expected from (4) and (5), as
well. Furthermore, if the open loop time domain
responses of change of pitch angle () with respect
to a given elevator deflection (5,) is plotted, it is
probable to detect the responses as given in Fig.2,
where Fig.2 represents the open loop (OL) time
domain step response and the OL time domain
impulse response of /5, , respectively.

Open loop time domain step response of DAY in Long. flight
T T T T T

Amplitude [Ceg]

i} I I I I I I I
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Open loop time domain impulze response of LAY in Long. flight

Amplitude [Deg]
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Fig.2 OL time domain responses of 8/, .

From Fig.2, it is straightforward to see the low
damping and the long lasting oscillations in the
longitudinal flight of Hezarfen UAV system.

Due to all specified reasons, a nicely augmented
control system design is significantly required in
Hezarfen UAV longitudinal flight system. For that
reason, in the following sections two different kind
of (firstly PI(D) and secondly Huery Loop Shaping)
control system design’s have been given with
comparison to each other.

3 PI(D) Control System Design

In this segment of the paper, PID control system
design for the longitudinal flight of Hezarfen UAV
has been discussed in detail.

The most important motivation in using the PID
control system design for the Hezarfen UAV plant is
that it is easy to apply and here the aim is to
suppress the oscillatory effects and to minimize the
considerably big settling time values. In that sense,
the core seek is to shape the very close poles (s;,)

to the origin.

First of all, the Simulink block diagram for PID
control system has been constructed as given in
Fig.3.
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Fig.3 PID flight control system block diagram.

Using specified Ziegler-Nichols tuning charts in
[15], after an iterative process, critical gain (K )
and corresponding critical period (P, ) values have
been obtained as K. =0.1737
Using the obtained critical gain and corresponding
critical period values the Proportional (P), Integral
() and the Derivative (D) parts are obtained after an
iterative process as P=0.087, |1 =0.065 and D=0
where widely used PID controller is defined as
P=K,, I = KpTl—_andD =K Ty [15]. The derivative

and P, =1.8 sec.

(D) part of PID control system has been neglected
(D=0), because of under-damped poles (s;,) of

the system. When derivative part (D) is introduced
into the system dynamics, the actuator signal is
reaching to values such as10? [N], which is an
impossible force value for a dynamic system. This is
occurring due to lightly damped poles (s;,) of the

system and when a derivative action is imposed to
the system, the lightly damped poles are saturating
the system. In the light of these, the PI control
system’s time domain response is found as given in
Fig.4.

Augrmented plant - PIDY contraller with P =0.087, 1= 0065 and D=0
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Fig.4 Time domain response of PID control system.

From Fig.4, it is likely to see that the settling time is
~5sec (regarding the 5% error criterion) and the
maximum over-shoot ~18%, which is within the



Proceedings of the 2nd WSEAS International Conference on Dynamical Systems and Control, Bucharest, Romania, October 16-17, 2006 108

acceptable limits. If we check the control signal, the control algorithm, H,, Loop Shaping Robust Control

force imposed on the nominal plant by the actuator system application will be presented and obtained

is shown in Fig.5. results will be compared to PI(D) control system’s
results, at the end of the paper.

Caontral farce of the PID) controller with P = 0.087, 1= 0085 and D=0 H LOOp shaping iS mainly based on Weighting
T T T T T T T T T 0

ool the corresponding inputs and outputs of the nominal
' plant, where it has several advantages regarding the
o8r classical methods [16]. First of all, in H, Loop
07t Shaping there is no vy iteration process. Secondly, it
TR combines the performance benefits of the classical
= o5l loop-shaping with robust characteristics of H.,
5 optimization. Moreover, it is a straightforward
il method which has several application areas such as
03t helicopters, VSTOL aircrafts, automotive industry,
sl etc. It is also applicable to lightly damped modes
ol | (like it is in Hezarfen UAV system). For Hezarfen
' UAV system, H,, Loop Shaping Simulink block
diagram has been constructed using recommended

Time [sec] methods in [16] and is shown in Fig.7.
Fig.5 Control signal imposed by the actuator.
From Fig.5, it is able to observe that the maximum
force acting on the elevators is ~0.95 [N]
(~96grams), which is a considerable value regarding el i
the weight (5kg) of the UAV. If the tracking and }_+{
disturbance rejection of the PID controller is tested,

h 4

y= CxtDu |
Fitch Angle

1l Uaw AT

the results are obtained as shown in Fig.6. ke .2
= fectBu = AxtBu
y = CwtDu y= CxtDu }‘7

Augmented plant - PI{D) controller with P =0.087, 1=0065 and D=0

B
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1"

2r i Fig.7 H,, Loop Shaping control system block diagram.
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After the construction of the block diagram of the
0 0 e [eer] 0 1e0 feedback control system, the next step is to
Augrmented plant - PI(D) controller with P = 0.087, | = 0.065 and D = 0 determine the weighting functions W, and W,. Asa

"o ' " [— Ref signal result of an iterative process, the least but not last,
) — weighting transfer functions, W, and W, , have been

obtained as

Arnplitude [Deg)

4(8.95+8.9) 46
n] 1 Wl = 8 > W2 = (6)
v = s+0.1 S+46

1
Time [sec] 100 150

Fig.6 Tracking and disturbance rejection of PI(D)

. By using the chosen transfer functions and with the
controller, respectively.

help of Matlab ncfsyn command the maximum
stability margin, e could be found. Maximum

max >

From Fig.6, the tracking of the PI(D) controller
could be observed as acceptable and the disturbance
rejection to a given 20% of disturbance regarding
the reference signal is relatively good. has been described as H, optimal cost. Here the

option of having an optimal controller has been

4 H, Loop Shaping Robust Control selgcted by choosipg n(?fsyn faptor equa.l to 1 [.17].
System Design Using all of the given information e, is obtained

In this section, as an alternative to classical PID

stability margin is estimated as a performance
criterion and is defined as e, =1/y,,, , where y,..

max

as e, =02609, where the optimal value is
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suggested as 0.25<e,,, <03. After having a

considerable stability margin it is time to check out
the time domain responses of the augmented system.
Using the preferred weighting functions W, and W, ,

the closed loop time domain response of H,, Loop
Shaping robust control system is presented in Fig.8.
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Fig.8 Closed loop time domain response of H,, Loop
Shaping robust control system.

As it is promising to see from Fig.8, the time
domain response of H,, Loop Shaping robust control
system is nearly perfect. The settling time is ~0.6sec
and the maximum-overshoot is ~6%, which are
remarkably good and high-quality responses.
Moreover, if the actuator force is plotted, it is
obtained as presented in Fig.9.

Control force of the H_ | Loop shaping robust controller
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(~122grams), which also a significant value
regarding the weight (5kg) of the UAV.
Furthermore, if the tracking and the disturbance
rejection of the H, Loop Shaping controller are
investigated, the corresponding plots are attained as
given away in Fig.10.
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Fig.10 Tracking and disturbance rejection of H,,
Loop Shaping controller, respectively.

As it is likely to see from Fig.10, the tracking of
loop shaping controller against different kind of step
inputs is truly ideal and the disturbance rejection to
given 20% of disturbance regarding the reference
signal is actually superb. In order to have a better
idea of time domain responses of both PID and H.,
Loop Shaping control systems, they have been given
in comparison to each other, in Fig.11.

Augmented plant - H_ Loop shaping robust controller vs. PID) controller
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Fig.9 Control force imposed by the actuator on the
nominal plant.

From Fig.9, it could be observed that the maximum
control force acting on the elevators is ~1.2 [N]

1
0.5 1 14 2 25 5 345 4 4.5 a

12¢ 1
- 1r
=
@
S 08F 1
o
E 06 1
EL 0.4+ — Ref signal |
‘( — h oo

el —— 8-

0 1 1 1 1 "
0 5 10 15 20 25 30
Time [sec]
Augmented plant actuator signal - H_ Loop shaping robust contraller vs. PIDY controller

Farce [N]

Fig.11 Comparison of H,, Loop Shaping vs. PI(D).
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From Fig.11, it easy to see the influence of loop
shaping and weight augmentation via H, Loop
Shaping control system on Hezarfen UAV system.
The performance, robustness and disturbance
rejection of H, loop shaping controller is
significantly more authoritative than classical PI(D)
control system design. From all of the listed results,
it is possible to see that there are several advantages
of using loop shaping and H., optimization in SISO
systems. The power of H,, Loop Shaping is also well
known in MIMO systems and has been proved on
several applications such as helicopters, VSTOL
aircrafts, etc.

5 Conclusion

In this paper, as a first step, the longitudinal
dynamics of Hezarfen UAV has been discussed and
afterwards two different control system designs have
been implemented on longitudinal flight of UAV:
PI(D) and H., Loop Shaping Robust control
systems. PI(D) control has been introduced in the
third section of the paper and following to that in the
fourth section of the paper H,, Loop Shaping control
algorithm has been implemented to the UAV
system. It has been seen that the H,, Loop Shaping is
a very powerful technique in SISO systems so that
nearly all the performance criteria’s resulted far
away better than the results of the PI(D) control
system’s one’s, as it has been shown in Table 3.

Settling  Max. Control
Method Time Overshoot Signal
PI(D) Ssec 18 % 1 [N]
H, 0.6 sec 6 % 1.2 [N]
Table 3 Performance values of PI and H,, controller

Also, regarding the disturbance rejection and
robustness performances, it could also be understood
that the authority of H,, Loop Shaping on the system
was more convincing and trustworthy than the
specified outcomes of PI(D) control system.
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