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Abstract

The lateral autopilot of an UAV is designed using
Coefficient Diagram Method (CDM). The CDM

very effective design approach for SISO systems.
Recently the CDM is also applied to MIMO sys-
tems. Manabe proposed the MIMO controller
for longitudinal control of a high performance

Is an algebraic control system design approach fighter using decoupling approach, the result is

and the design is performed by the coefficient di-
agram drawing the coefficient of system charac-
teristic polynomial. The lateral control system is

formulated as MIMO system and is divided into

beta and bank control problems by control in-

put decoupling. The controllers are successfully
designed by CDM and the performance is con-
firmed by six-degrees-of-freedom (6DOF) simu-

lation.

1 Introduction
By the recent advance of MEMS sensors and
GPS technologies, the low-cost miniature UAV
have become realisable. The flight controller of
such UAV is required to be simple and robust be-
cause of the CPU resource restriction of the on-
board micro-controller. In this paper, the lateral
autopilot of an UAV having simple structure and
robustness is designed using Coefficient Diagram
Method (CDM). The CDM is an argebraic design
approach for control system proposed by Shuniji
Manabe and the design is performed by the co-
efficient diagram drawn the coefficient of system
characteristic polynomial [8]. The stability crite-
ria of CDM is based on Lipatov’s paper [4], it is
represented in the coefficient diagram.

The CDM is successfully applied to the vari-
ous applications such as attitude control of satel-
lite [6] and robotic manipulator [1]. The CDM is

compared with théd,, method [7]. The authors
proposed an blended autopilot for a missile with
reaction-jet and aerodynamic fin [2]. Kim pro-
posed the MIMO controller of hot rolling mill
with decoupling compensator, the performance
compared with the old conventional design is
confirmed by the numerical simulations [3].

In this paper, the basic formulation of CDM is
summarised in section 2. The lateral dynamics of
an UAV is formulated in section 3, and the con-
troller is designed in section 4. The performance
of the system is evaluated by the numerical sim-
ulations in section 5.

2 Formulation based on CDM

The plant and controller are defined as follows in
CDM.

Plant: Ap(8)x = By(s)(u+d)
y = Bp(s)x
Controller: Ac(s)u= Ba(s)yr — Bc(S)(y+n)

(1)

Where, the states vectar the outputs vectoy,
the reference input vectgs, the control inputs
vectoru, the disturbance vectak, the noise input
vectorn are used.

Standard block diagram of the CDM design
is shown in Fig. 1.
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Fig. 1 Block diagram of control system
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The closed loop system polynomial matrix is
defined as,
A(S) = Ac(s)Ap(s) +Bc(s)Bp(s)  (2) o

The characteristic polynomi&l(s) is defined as,

n
P(s) = ||A(9)|| =anS'+... +aus+a0 = Y as
1=0 10 L . :
(3) 4 3 2 1 0 O
The stability indexy; and the time constantare i
utilised as design parameters in CDM and defined

as, Fig. 2 A sample of coefficient diagram
2
Y= (i=Ll..n-1) (4
H+18i-1 3 Lateral dynamics of UAV
T=a1/ap (5)

a is plotted in the coefficient diagram as shown The lateral dynamics of UAV is represented as
in Fig. 2. The stability index is represented as linéar system by side-slip angje, roll rate p,
convexity and the time constant is represented as YaW rater, bank anglep. The control input vari-

slope in the diagram. The lower bound of stabil- aPles are aileros, and ruddew,. The require-
ity indexy; is defined as, ments are to follow the bank command and to

suppress excessive side-slip angle in the turning.
Y =1/¥+1+1/Yi-1 (o=Ya=) (6)

= =] 04 O 10
The sufficient condition for the stability [4] is x=[Bprou=[d 5] @10

givenas’ y:[B pr CPLYr:[BC (pC] (11)
v >112¢ (i=1,...,n—2) (7) The system is represented as,
By the use of Egs.(4,5), the coefficiemtis ex- [ s—Ys —sindp COSUo %05“0
pressed by , ag andy;. L s—L L 0
A, = B P '
T P —Ng  -Np  s—N. O
& = ag — 1 (8) 0 -1 —tanap S
In the CDM, following stability indices are TV Y
5 13
recommended [8]. L L
% L3
BU - N @ N ' (13)
yi=25y=...=y-1=2 (9) ga gr
In this case, the step response has no overshoot, B
and the settling time is abo@t5...3t [8]. The dynamics of fin actuators are defined as
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the first order lag as follows, The denominator and numerator of transfer func-
5a 1 5 1 tipn are shpwp in Fig. 3. The negative coeffi-

5w /3011 o /3041 (14) cients are indicated by the sigs) . A nega-
ac e tive coefficient of denominator indicates unsta-

4 Controller design ble spiral mode. The order of controller should
be minimised to realize the simple on-board con-
4.1 Characteristics of the plant troller. The structure design of feedback con-

_ troller is performed using this diagram.
The aerodynamics parameters of an UAV [5] are

used in this design. The design is performed in .
velocity 25m/s, altitude 500m. The steady state
flight condition is assumed, and the angle of at-
tack in steady statag is 2.95deg. The aerody-

namic coefficients in this condition are defined
asin Tab. 1.

Table 1 aerodynamic coefficients

Y5, —00574]Ys 0.1465
s, —1260 | L5 2.267
N5, —4.968 | Ns -23.146
Y, —06711| L, -21.77
Lg —11056| L, 10.48
Ng 1794 | N, -2.82
N, —1.095

The pseudo control inpuf* is defined for de-
coupling between yaw and roll channel.

-1
Eiu*=u, E; = [ klza ll:lzr 1 (15)

Ap(s)x=Byu=ByEwu" =Bu*  (16)

0.0007 —0.006 /
. 1 0 b (s
BU(S) = 0 1 (17) 10°F 22 (3)
0 0 10 n s 2 1 0
By the use of Eq.(1), the transfer function is de-
fined as, (b) rudder channel
b11(s) bia(s
bzgs% bzgsg Fig. 3 Coefficient diagram of lateral dynamics
B, = 18
P b31(S) b32(S) ( )
bs1(s) baz(s)
y— 1 B’E,u* (19) 4.2 Yaw channel controller
ap(s) : —
In the yaw channel, the proportional plus inte
ap(s) = [|Ap(s)[|(s/30+1) (20)

gral feedback of side-slip angand yaw rate



are used as feedback signal. The control input is
the pseudo rudder angl§. The first order co-
efficient ofbi2(s) has the large value. Whereas,
the first and second order coefficientl®h has
almost the same value, and the zeroth order coef-
ficient has negative value of nearly the same mag-
nitude.

The design process on CDM is to find the best
combination of the feedback signal to compose
the reference coefficierR(s) defined in Eq.(3).
The feedback signal having the large negative
value is not preferable to maintain the robustness.
From this consideration, the proportional and in-
tegral feedback of beta and proportional feedback
of yaw rate are selected as feedback signal.

The controller and the system of the yaw
channel are defined as,

B9 = | o203 | A9 =apls  (2)
Be(s) = [ kes+ki kos |, Ac(s)=s (22)
Ba(s) = mo (23)

The reference coefficients are definedPas)
of Fig. 4 based on the recommended form of
CDM in EQ.(8), and the feedback gain to realise
these coefficients are calculated as,

ko= 17.26, ki = —6568, kp = —1152
mp = 4210

The coefficients of feedback signals are also
shown in the same figure. In the coefficient dia-
gram of Fig. 4, the characteristic polynomi)

is defined as the summation of the feedback sig-
nal as follows,

P(s) = sap(s) + kosbia(s) + kib12(s) + kobsa(s)
(24)

The effectiveness and contribution of the each
feedback signal are easily understandable by the
coefficient diagram.

Although P(s) has the negative coefficient
of the zeroth order and the slow unstable spiral
mode is still existing, it is easily compensated in

the roll channel shown in the next section.
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coeff.

Fig. 4 Coefficient diagram of yaw channel

4.3 Roll channel controller

The first order coefficient dfi1(s) which is also
the zeroth order coefficient dis1(s) has large
value. The first order coefficient of denomina-
tor ap(s) has also large value. Considering these
characteristics, the integral feedback of bank an-
gle and the integral feedback of roll rate are se-
lected. the roll rate feedback is not effective be-
cause the second order coefficient already has the
large value.

The controller and the system of the roll
channel are defined as,

B9 = | g2l | Anlo —aels)  (29)
Be(s)=[ ks k3|, Ac(s)=s (26)
Ba(s) =m (27)

The feedback gain are derived in the same
manner as yaw channel.

ks = 137.2, kg = 1350, my = 1346

The coefficients of transfer functions are shown
in Fig. 5. The time constarttis selected as 1.07.
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coeff.

Fig. 5 Coefficient diagram of roll channel

4.4 Cross-feed compensation and total sys-
tem

The inter-channel cross-feed compensatigis

and lower than 1 degree. The transient response
is improved by the cross-feed compensation. The
bank response has no overshoot and its settling
time is abouBt.

without cross-feed

1F gy 40
§ 1 / with cross-feed Q
S 05 \ g 20
SN

0 N 0

p [deg/s]

& a[deg]
@ o
dr[deg]

& L b o 0w

time [s] time [s]

Fig. 6 6DOF simulation of roll step response

introduced to compensate the kinematic coupling 6 Conclusion

term psina on the side slip dynamicss is se-
lected a2.5 for proper time response.

The controller of the total system is defined
as,

0 ke 0 Kk
BC(S) - i kos+k; ks kos 5 } (28)
A= g 9] (29)
Ba(s) = | T fb] (30)

5 Design confirmation by the numerical sim-
ulations

Some nonlinear 6DOF simulations [10] are per-
formed to confirm the performance of the con-

trol system. The step response of 45 degrees

bank command is shown in Fig. 6. To evaluate

the effectiveness of the cross-feed compensation,
the result without the cross-feed compensation

(ks = 0) is also shown in the same figure. The
maximum side slip angle in the transient is small

The MIMO lateral autopilot for an UAV is de-
signed using CDM. The control inputs are de-
coupled by introducing the pseudo-control input.
The yaw and roll channel controller is separately
designed for the decoupled system. The interfer-
ence between yaw and roll channel is compen-
sated by the cross-feed compensator. The con-
trollers are successfully designed by CDM and
the performance is confirmed by six-degrees-of-
freedom (6DOF) simulation.
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