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Abstract
Modern aeroplanes are generally equipped with autopilots for 
greater reliability and flexibility and trouble-free operation. Closed 
loop systems are incorporated to control the attitude of the plane. 
Manual control by the pilot is kept in addition for man-machine 
interfacing. The control has to be exercised on the Euler angles of 
flight- the roll, pitch and yaw. The design is made by separating 
the roll from pitch and yaw as an approximation. The desired 
attitude is obtained by controlling three  surfaces  of  the  air-
plane-  the  ailerons,  elevators,  and rudder. It is difficult to design 
the control system as the specifications are very stringent and in 
many cases they are controversial. The forward path gain must 
be high to reduce the steady state error which tends to make the 
system oscillatory and unstable in many cases. Integral feedback 
eliminates the steady state error but it makes the system oscillatory. 
Rate feedback is added to increase the damping but it tends to make 
the response slow. Even if a stable system can be designed with 
PD-feedback, the specified stability margins cannot be realized. 
Therefore a compensator has to be cascaded in the forward path. 
The paper shows the methodology and the steps in design of such 
a stringent control system.
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I. Introduction
Modern aeroplanes are designed with autopilots to control their 
roll [2, 5]. Automatic control loop using appropriate feedback 
proves itself to be very accurate and reliable and reduces the 
chances of accidents [1]. A manual control is also added for man-
machine interfacing. The mechanism acts in conjunction with 
manual control, which may be placed in the outer loop. 
It is desired to design the autopilot against given specifications. 
The specifications are provided by the aviation people [11-12]. 
The following three surfaces are controlled in order to achieve the 
desired attitude of the air-craft: ailerons, elevators, and rudder. The 
autopilot for controlling the roll of an aeroplane can be controlled 
by adjusting the angle of the aileron’s surface. It causes a torque 
to be developed due to air-pressure acting on it. This, in turn, 
causes the air-craft to roll [7]. The autopilot compares the actual 
angle with the desired angle. The error signal thus generated is 
amplified and applied to the actuator which tends to reduce the 
error to zero [4]. The simplified block diagram of the system is 
given in fig. 1. A continuous control system has been shown. 
However, it may be replaced by discrete or digital control to get 
more accurate and reliable performance.

Fig. 1: Autopilot to Control the Roll of an Aeroplane

II. Mathematical Modeling 
The roll is assumed to be independent of the pitch and heading. 
Rate and attitude gyros are used to feedback information on rate 
and position. Excluding the compensator, the transfer functions of 
the forward and the feedback path and the loop transfer function 
[2][3] are given below:
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We choose the value of proportional feedback coefficient as one 
i.e. pK =1. It is a 3rd. order system. The value of the rate feedback 
coefficient dK  has to be tailored to fulfill the design specifications, 
if possible. Otherwise a compensator of appropriate type and 
parameters is to be cascaded in the forward path.

III. Specifications
The autopilot has to fulfill the following specifications [5][6]:

Steady state:  Steady state error to velocity input must be • 
within 1%.
Transient: The system is to be slightly underdamped with • 
peak overshoot within 2% , the rise time within 1.5 sec. and 
settling time within 4.0  sec. 
The phase margin must be at least 40• o.

IV. System Without Compensator and Rate Feedback
At first, we consider a system without compensator and rate 
feedback. To limit the steady state error to velocity input to 1%, 
the value of error coefficient vK is to be 100.
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Thus the value of the forward path gain is fixed up at 400 to 
keep the steady state error within 1%. The characteristic equation 
without compensator and rate feedback is given as:

 
3 24 4 400 0s s s+ + + =   

Routh’s tabulation of the system is given below [1]; it shows that 
the system is unstable. There are two changes of sign in the first 
column. So there are two poles in the right half of the s-plane.
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s3  1  4
s2  4  400
s1  -96  x
s0  400  x

V. System Without Compensator But With Weighted Rate 
Feedback
Now we add rate feedback of coefficient dK . The resulting Routh’s 
tabulation is given below:
s3  1             4+400 dK  
s2  4  400
s1  400 dK -96  x
s0  400  x
from which, we find that the system is stable for 0.24dK ≥ .  
We choose a value of 0.438dK = to keep the peak overshoot 
within 2%. The t-domain and f-domain responses for the system 
have been found out using MATLAB-tools [8-9]. The t-domain 
response to step input is given in fig. 2.

Fig. 2: t-domain Response of the System With Rate Feedback

The rise time is 0.654 sec and the settling time is 2.53 sec. The 
peak overshoot is 1.98% and it occurs at 1.77 sec. So the t-domain 
response conforms to the specifications. But from the Bode plot 
of the system given in fig. 3, we find that the system is not robust. 
The phase margin is only 7.43o which is unacceptable.  

Fig. 3: Bode Plot of the System With Rate Feedback
 

Therefore, we shall have to insert a compensator [1] in the forward 
path to compensate for the phase margin. We make a trade off 
between lag and lead compensator and choose the lag type as it 
is less expensive (no increase in amplifier gain is required), it has 
a smaller bandwidth and the resulting system has less noise and 
the output has less jitter.

VI. System With Compensator and Rate Feedback
By cut and try method, we choose the following transfer function 
for the lag compensator [6,10]:
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The inclusion of lag compensator deteriorates the t-domain 
response. To get desirable t-domain response, we increase 
the rate feedback coefficient to 0.7dK = . With these changes 
incorporated in the system, we again make use of MATLAB-tools. 
We get a better t-domain response (fig. 4) having the following 
characteristics:
Rise time= 1.47 sec. ;  Settling time 2.84 sec.; Peak time 4 sec. 
; Peak overshoot=0.536%. The peak overshoot is less than 1%. 
The system conforms to the design specifications. The peak 
overshoot is still lower than the earlier case- now the system is 
almost critically damped. 

Fig. 4: t-domain Response With Cascaded Lag Compensator

Fig. 5: Bode Plot of the System With Cascaded Lag 
Compensator
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Fig. 6: Corresponsing Nyquist diagram. The Bode plot and the 
Nyquist plot are given in fig. 5 and fig. 6 respectively. It is noted 
that the phase margin is 41.9o at a frequency of 2.91 r/s. It is more 
than the specified value of 40o. The delay margin is 0.251 sec.

VII. Conclusion
The paper has dealt with the design of auto-pilot of an aeroplane. 
Autopilots are used for controlling the attitude of the plane. Three 
angles in space determine the motion of the plane- roll, pitch and 
yaw. The roll is separated out from the other two as their influence 
is not significantly high. The control is exercised by closed loop 
automatic control system having appropriate feedback and, if 
necessary, by adding a compensator. 
The feedback should be have two counterparts- proportional and 
derivative. Integral feedback eliminates steady state error but it 
tends to make the system oscillatory. So PID control has not been 
used. In some cases, feedforward (as a means of anticipatory 
control) and outer-loop-inner-loop configuration may have to be 
used. The outer loop may have provision for manual control. The 
specifications are given.
At first, an appropriate configuration for the loop has been chosen. 
The forward path gain has been found out from the requirement 
of steady state accuracy. The gain has been found to be very 
high so as to make the system with only P-feedback unstable. 
Then attempts have been taken to design a stable system with 
PD-feedback. The attempt has been successful, but the design 
has failed to meet the stability requirements. The phase margin is 
much lower than specified. So a compensator has been cascaded in 
the forward path. Its parameters have been chosen by cut-and-try 
method so as to fulfill the stringent specifications. Further work 
may be done in this area employing digital control to realize still 
better performance.
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