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ABSTRACT
Flight control systems for unmanned aerial vehicles (UAVs) are responsible for
maintaining safe flight — they are required to be reliable and robust. Flight regulation is
achieved by controlling servomotors linked to flight control surfaces — ailerons, rudder,
elevators and flaps. The most important parameters in servomotor control are position and
speed. Hence, this work performed an assessment of proportional integral and derivative
based controllers for servo motors used in attitude control of UAVSs. In the experiment, the
performance of proportional-velocity (PV) position and proportional-integral (PI) speed
controllers were investigated by studying the impact of the individual gains on the
dynamics of the systems. Both PV position and Pl speed controllers demonstrated
satisfactory performance with few challenges including presence of measurement noise
and steady state error. The PV position controller addressed these challenges with its
superior noise suppression ability. This makes it more ideal for controlling servo actuators

of flight control surfaces.

1. INTRODUCTION

Unmanned Aerial Vehicles (UAVS) are increasingly
adopted for use in diverse applications including
precision agriculture [1], [2] search and rescue
missions, security and surveillance [3], [4], remote
sensing [5] and many more. The flight control system
(FCS), a vital systems in UAVSs is responsible for
controlling its direction and attitude. In the case of
fixed-wing UAVs, control is achieved using some
actuators linked to the control surfaces. In rotary-wing
UAVs, attitude control is achieved by regulating the
speed and direction of rotation of individual motors.
Considering the importance of actuators in UAV
control, ensuring their efficient operation is necessary.
Some of the most significant problems that affect servo
control include noise disturbances from signal
measurement, higher order controller equations, and
decoupling problems [6]. Various control approaches
have been proposed to addressed these problems. One
of the most common control structure used for FCS is

the classic proportional, integral, and derivative PID
control. PID control have been used for many decades
in industries and formed more than 90% of industrial
control loops due to their simplicity, robustness and
performance [7], [8]. PID control has been adopted in
many commercial flight control systems for UAV
attitude control [9], [10]. PID controller or variants
have been used in [6], [8], [11], [12] for attitude
control of rotary-wing UAV with great performance.
However, one common challenge to these approaches
is the dynamic nature of disturbance to the system
introduced from measurement signals.

Another approach is to design FCS based on Non-
linear Inverse Dynamics. This method offers improved
performance and safety in comparison with
linearization, by addressing the non-linearity in the
UAV model. However, it can only be used when the
exact plant and external disturbances models are
known. But in reality, these models are dynamic in
nature and are only approximations of the real systems
they represent. Therefore in such cases adaptive
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control algorithms are the preferred solutions as used
in [13], [14][15].

Fig. 1: General Cascade Control Structure.

Cascade PID control has been proposed to addressed
attitude control problems of the FCS [6], [8], [11],
[12]. This control structure is an advance form of PID
control which find many applications in motor control,
process control and automation. Cascade control
structure contains two control loops as shown in Fig.
1: the inner (secondary) and outer (primary) control
loops. The control approach is ideal when the
dynamics of the secondary loop are faster than that of
the primary loop. Cascade control is easy to
understand and implement, resilient to load
disturbance from measurement signals, and improve
response time.

Consequently, this work will evaluate different PID
algorithms for optimal control of speed and position of
servo motor using cascade control structure. Cascade
control structure is proposed due to its capability of
rejecting external disturbances and improvement of
performance [6]. The focus of the work will be on
ensuring faster dynamics, handling of non-linearities
and noise disturbance suppression in the secondary
control loop of the cascade control structure, which is
common in the control of flight control surface. The
rest of the paper is organized as follows: Section Il
presents more detail on the servo testbench and PID
variants. The result obtained from the experiment are
presented in Section Ill, while Section IV provide
further discussion. Concluding remarks are provided in
Section IV.

1. SERVO TESTBENCH AND PID VARIANTS

Servo-systems are high accuracy devices that utilize
negative feedback system to control mechanical
position, speed or  acceleration[16].  Some

characteristics of servo system are high torque (at stand
still), long range of speed control, great accuracy, low
torque ripple and speed control [16], [5], [17].

The inherent non-linearities associated with servo
motors coupled with external noise disturbances
complicate their speed and position control. A humber
of solutions have been proposed in the literature
including fractional order controllers and its variants
[18], [19]; and fuzzy logic controllers [20]-[23]. These
controllers all presented improved performance but
often  require sophisticated tuning algorithms
[24][25][26]. This makes it less attractive to adopt
these algorithms. Hence, it is necessary to devise new
solutions that are simple and easy to implement like the
PID and its variants, which are explored in this work.

2.1 Servo testbench

A Quanser QUBE-Servo Mechanism is the servo
system used in this experiment. The schematic of its
armature is presented in Fig. 2 and its parameters are
given in Table 1. The shaft of the motor is linked to
load in form of a metal disk which is used to mount
the rotary pendulum. The moment of inertia of the
load is denoted by Jq. The back emf ey(t) depends on
the speed of the motor shaft, wm. It also opposes
current flow and Ky. As demonstrated below,

€p (t) = mem(t) (1)
The objectives of the experiments are to:

e Investigate two PID controller schemes (PV
Position Control and P1 Speed Control).

e Control the transient and steady-state dynamics
of the servo motor using the controllers.
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Fig. 2.QUBE-Servo Load and DC Motor.
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2.2 PID control

2.3 Table 1: Electrical and Mechanical Parameters of
Quanser QUBE-Servo Mechanism.

Symbol | Quantity | Description
DC Motor Parameters
Rm 6.5Q Terminal Resistance
Km 0.036 V/(rad/s) Motor back emf Constant
Kt 0.036 N-m/A Torque Constant
JIm 4.0 x 106 g-km? Rotor Inertia
Lm 0.85 mH Rotor Inductance
mh 0.0087 kg Load Hub Mass
Jn 1.07 x 10 kg-m? Load Hub Inertia
Ih 0.0111m Radius of Disk Load
Load Parameters

rd 0.0248 m Radius of Disk Load
md 0.054 kg Mass of Disk Load

The mathematical expression for classic PID controller
is given in (2) as follows,
t

)

G(O) = Kpe(t) + K; fo e(t) dt + Kd%e(t)

The proportional term (P) is the statement of the
present current error, the integral term is dependent on
past error and the differential term gives the forecast of
upcoming errors. It should be noted that the PID
controller expressed above may not give satisfactory
response when used for real world systems due to
presence of measurement noise in measured signal.

2.4 PD position control

The proportional-derivative (PD) servo position
control is a substitute of the proportional velocity
(PV) controller, which is a variant of the classic PD
controller. Instead of feeding back the velocity error,
only the negative velocity is fed back in PV control.
Furthermore, to supress measurement noise, a first
order low pass filter is used adjacent to the derivative
term forming a combination resulting in high pass
filter. This high pass filter will be used instead of a
direct derivative. The mathematical expression for
PV control is given in (3),

U(t) = K,(r@®) —y(@®) — K.Y () ©)
Where,Kpis the proportional gain,Kdrepresents the
derivative (velocity) gain. Fig. 3 shows a typical block

diagram of a PD position control. In Fig. 3,y = On(t)

Ba(s)

Bm(s)
»

s ‘ —| ka ‘:.

Fig. 3.Block Diagram of PV Controller.

- o

represents load shaft angle,r = 64(t) means reference
point, and finally u = Vp(t) denotes motor input
voltage. Assuming zero initial conditions i.e. 6,(0) =0
and 6,(0") = 0. Then, the closed loop transfer function
of the servo is expressed in (4).

Y(s) _ KKp (4)
R(s) ts?+ (1+KKy)s + KK,
2.5 PI speed control

This Pl uses proportional term (Kp) to track and
minimize error, integral term (Ki) to compensate
forsteady state error. With this control structure, an
acceptable performance can be achieved for simple
systems. Conversely, some problems (like offset
error, overshoot and long settling time) can manifest
in non-linear systems. The linear characteristic of the
Pl controller is modelled as the mathematical
expression in (5):

U = K, (r(0) — y(0) (5)
t
+K, f r(®) — () dt
0

Where, r (t) denotes the reference input, u(t) represents
the control signal, and y(t) denotes the output
quantified.

2. RESULTS

3.1 QUBE servo
control

proportional-velocity  (PV)

In LabVIEW, the PV controller was modelled such the
derivative term of the controller is in series with a low
pass filter forming a high pass filter [150s/(s+150)].
The reference angle was set to 0.5 rad at 0.4 Hz. The
virtual instrument was run by settings Kq = 0 and K, =
2.5v/rad. Fig.4 indicates the performance response of
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Fig. 4.Performance Response of QUBE-Servo Load and
DC Motor.

the system. Thepeak time, percentage overshoot of the
system wereobtained as follows: Y., = 1.015,
SSV = 0.503, t,qx = 1.394, INpoint =

—0.485, and t, = 1.252. Then using the relationship
given in (6), the percentage overshoot and peak time
were calculated as M, = 51.9%, and t, = 0.142 s
respectively.

(Ymax - SSV) (6)
SSV — INpoint

To investigate the effects of K, on the control of the
servo position,Kq was kept constant at 0 while varying
Ko from 1 to 4. Table 2 shows a summary of the
measurements taken from the responses recorded.
Similarly, the effect of theKy on the response was also
studied. Table 3 shows a summary of the
measurements recorded from each response.

M, (%) = 100 x

Table 2: Summary of Measured Responses forVarying Ke while
Setting Ko = 0.

Ko = 0.000
to(s) 0.238 0.162 0.128 0.108
Mp (%)  24.660 40.786 60.729 60.622
Kp 1.000 2.000 3.000 4.000

Table 3: Summary of Measured Responses for Varying Ko and
Setting Kp = 2.5.

Kp = 2.500
to(s) 0142 0152 0168  0.204  0.236
Mp(%) 37.750 14530 1700  0.000  0.000

Ko 0.030 0.060 0.090 0.120 0.150

3.2 QUBE servo proportional-integral (PI) speed
control

A closed-loop PI speed control is implemented in
LabVIEW as shown in Fig. 5. The controller
quantifies the speed of the motor with these settings
Kp = 0.2 and Kq = 0. In aneffort to improve the closed
loop response, K, and Ky of the system, were varied
and the effects are summarized in Table 3. The
controller was tuned until a response with minimal
overshoot was obtained when K, = 1.6 and Kq = 0.45.
Similarly, controller was tuned to achieve a minimum
settling time at K, = 0.5 and Kq = 1.0. The systems
response is shown in Fig. 6.

3. DISCUSSION

Results from Table 2 indicate that as the proportional
gain (Kp) rises, there is increase in overshoot, in
contrast to the peak time which declines.Also, it can be
seen from Table 3 that as the derivative gain (Kua)
upsurges at constant (Kp), (M) declined considerably
until it reached zero (at K¢ = 0.12 and Ky = 0.15). In
contrast, the peak time increases linearly in proportion
to the derivative gain. The overall trend result
summarized in Table 4.0n one hand, the results from
Table 4 shows a direct variation between the
proportional gain (Kp) and percentage overshoot;
while on the other hand, the peak time shows an
inverse variation. When the derivativegain increased,
the opposite trend was noticed. An increase in the
integral gain of the Pl speed controller resulted in an
increase in the steady-state error, overshoot, and
settling time. Similarly, an increase in proportional
gain has the same effect, except for the steady state
error (it decreased instead). These trends are depicted
in Table 5. The equations illustrate that an increase in
the gain translate to decrease in steady state error and
eventually approaching zero. Its challenges include
overshoot, long settling time, and steady-state error
when a significant increase in the integral term is
registered.

In the experiment, the performance of PV position and
PI speed controllers were investigated by studying the
impact of the individual gains on the dynamics of a
given systems. For the PV position controller, an
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Table 4: Effect of Increasing Kp and K on the System Response.

Table 5: Effect of IncreasingKp and Kp on the Position Response.

Parameter tp Mp Speed Steady State Settling Time | Overshoot
Increasing Kq Increases Decreases Response Error i
Increasing Kp Decreases Increases Growing Drops Rises
(Kp) (Slightly)
Growing Increases Rises Rises
(K1) Significantly
Control & Srmulstion Loop
Positien (rad)
EE Bl kp
Signal Generator Error - Control e Matar Veklage (V]
3 3 . =
TrasferFuncu o Li
>
[P Tritializz] CL HIL Read L HIL Writs
EE[; courts to rad Collector P
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-

155536 —

[Flag an eror if the motor is stalled
CL Stall Monitor

Stop Button Simul-:ﬁcr]
=

Fin K Qwstem Clnced-lnnn Sneed (PN Cantraller

increase in the derivative gain resulted in a decrease in
the its peak time while percentage overshoot increases.
The main drawback (measurement noises) of this
controller was addressed by feeding back negative
velocity instead of the velocity error and using high
passfilter (incorporated in its design) to filter out the
noise signals. An increase in the integral gain of the PI
speed controller translates to an increase in steady-state
error overshoot, settling time. A similar trend was
observed with an increase in proportional gain, the
only exception is the steady-state error which showed a
decreasing trend (which can be due to lack of
derivative term). Nevertheless, for systems with non-
complex dynamics, optimal performance can still be
obtained from the controller.
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Fig. 6.Response of the Settling Time (Minimum).
4. CONCLUSION

This work performed an assessment of some PID-
variants for control of UAV compliant servos using a
Quanser QUBE testbench. The obtained resultsshowed
that these controllers together with the servos have
reasonable performance with optimal cost/benefit ratio
making them useful on UAVs and a range of high
precision applications.
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