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Nomenclature

CPI = proportional–integral controller
Ki = I-control gain
Kp = P-control gain
Nrpm = engine speed in the frequency domain, rpm
nrpm = engine speed, rpm
T = thrust
U = velocity along the XB axis of the aircraft in the

frequency domain
u = velocity along the XB axis of the aircraft
V = freestream velocity
�e = elevator deflection in the frequency domain
�th = throttle area in the frequency domain
�e = elevator deflection angle
�th = throttle area

I. Introduction

V ELOCITY control is an essential element of an autopilot in
different phases of flight. To achieve better flight quality, the

Remotely Piloted Vehicle and Micro-Satellite Research Laboratory
(RMRL) decided to design a velocity controller for the SWAN
(surveillance, watch, autonomous, navigation) unmanned aerial
vehicle (UAV) (Fig. 1) [1–3]. Nonlinear and linear models of the
engine were derived to accomplish the task and, based on the linear
model, the velocity controller was designed. Simulation using the
nonlinear model was performed before the controller was
implemented on the SWAN UAV.

II. Identification and Characteristics of Engine Models

A. Identification of the Nonlinear Engine Model

The SWAN UAV uses the O.S. Engines FS-120 Surpass III four-
stroke nitro engine with an APC 17 � 6 propeller. Several tests were
conducted in awind tunnel tomodel the relation between throttle area
and engine speed in steady state at sea-level temperature and air
density, which results in

nrpm � 2:474 � 10�6V3�3th � 1:034 � 10�4V2�3th � 6:200

� 10�4V�3th � 0:01228�3th � 4:346 � 10�4V3�2th

� 0:01782V2�2th � 0:09154V�2th � 3:002�2th � 0:02041V3�th

� 0:8054V2�th � 2:607V�th � 242:5�th � 0:2478V3

� 12:92V2 � 63:34V � 1215 (1)

The engine is a first-order system with a transportation delay of
0.5 s. Because the sampling rate was 10Hz, the discrete-time transfer
function of the transient response was derived as Eq. (2). It indicates
that the transient response takes 1.75 s to reach 95% of the steady-
state response.

�th;delayed�z�
�th�z�

� 0:1573

z � 0:8427
(2)

Wind-tunnel tests were also conducted to model the relationship
between engine speed and thrust under different freestream
velocities, which takes the form

T ��2:361 � 10�9V2n2rpm � 5:086 � 10�8Vn2rpm � 5:454

� 10�7n2rpm � 3:102 � 10�5V2nrpm � 6:855 � 10�4Vnrpm

� 0:002452nrpm � 0:1380V2 � 1:743V � 7:392 (3)

B. Identification of the Linear Engine Model

Using Eq. (1), the linear model can be obtained by performing
partial differentiation of the equation against throttle area and then
substituting the partial derivatives into Eq. (4).

�nrpm�t� �
@nrpm�t�
@�th�t�

��th�t� (4)

From flight data under cruise conditions in which the average
freestream velocity V � 22:22 m=s and the throttle area �th � 57%,
the partial derivatives were calculated as

@nrpm�t�
@�th�t�

� 32:77 rpm=% (5)

Using Eq. (2) and introducing a transport delay of 0.5 s, the
discrete-time linear model of throttle area to engine speed was
obtained. They are as presented in Eq. (6), with a sampling rate of
0.1 s.

Nrpm�z�
�th�z�

� 5:155

z5�z� 0:8187� (6)
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Comparing the simulation of Eq. (6) with the real flight data, as
shown in Fig. 2a, the derived linear model simulation fits
considerably well. The disparities aremainly caused by noise and the
effects of elevator deflection.

Similarly, the linear model of engine speed to thrust is presented in
Eq. (7). Also, under cruise conditions in which the average
freestream velocity V � 22:22 m=s and the throttle area �th � 57%,
from Eq. (1), nrpm � 7812:3 rpm. Using Eq. (5), the partial
derivatives were calculated and are presented as Eq. (8).

�T�t� � @T�t�
@nrpm�t�

�nrpm�t� (7)

@T�t�
@nrpm�t�

� 0:0105 N=rpm (8)

It was assumed that the transient state of engine speed to thrust
relation is negligible. Aided by the method mentioned in [4], the
discrete-time transfer function of thrust to velocity was derived as
Eq. (9). Using Eq. (8), the discrete-time transfer function of engine
speed to velocity is presented in Eq. (10), with a sampling rate of
0.1 s.

U�z�
T�z� �

0:008984z3 � 0:01299z2 � 0:005222z � 0:001222

z4 � 2:435z3 � 2:013z2 � 0:7116z� 0:1347
(9)

U�z�
Nrpm�z�

�9:434� 10�5z3� 0:0001363z2� 5:484� 10�5z� 1:283�10�5
z4� 2:435z3� 2:013z2� 0:7116z� 0:1347

(10)

It was assumed that u�t� � V�t�. Only the throttle command was
given during the validation process. Figure 2b shows the comparison
of responses of freestream velocity due to engine speed variation.
The simulation result fits the trend of variation, but the magnitude is
somewhat different. Because many factors contribute to the change
of velocity, the assumption of u�t� � V�t� is only true if the angle of
attack and angle of sideslip were both very small. Thus, the linear
model was considered to be acceptable.

III. Velocity Controller of SWAN

A. Concepts of Velocity Control

The velocity controller block diagram is shown in Fig. 3. The outer
loop calculates differences between the desired airspeed and the
current airspeed and determines the desired engine speed. The inner
loop calculates the difference between the desired engine speed and

the current engine speed. Then the controller calculates the desired
throttle.

B. Inner Loop

The inner loop is a feedback control that uses throttle to control
engine speed. Step-response analysis by using P-control found that a
steady-state error is unavoidable. Thus, proportional–integral (PI)
control was used. D-control was not used, due to the noisy
tachometer feedback. The resultant controller is presented as
Eq. (11). Kp and Ki are assigned to be 0:01676%=rpm and
0:0284%=�rpm � s�, respectively.

CPI�z� �
0:01676z � 0:01392

z � 1
(11)

C. Outer Loop

The outer loop is a feedback control that uses engine speed to
control velocity. Similar to the inner loop, steady-state error is
unavoidable with P-control; thus, PI control was used. D-control was
not used, due to the noisy airspeed sensor feedback. The resultant
controller is presented as Eq. (12). Kp and Ki are assigned to be
787:5 rpm=�m=s� and 315 rpm=m, respectively.

CPI�z� �
787:5z� 756

z � 1
(12)

Fig. 1 SWAN UAV.

Fig. 2 Comparison of flight data and single-input/single-output linear

model simulation.
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IV. Flight Test Validation

The velocity controller was validated through flight tests. Velocity
control, altitude control, and heading control were engaged. The
desired values of altitude, heading, and velocity were 250 m, 180	

(south), and 70 km=h, respectively. The results are shown in Figs. 4

and 5. Theflight data show that the aircraft was lower than the desired
altitude initially; thus, the aircraft was climbing right after the control
systems were engaged, which resulted in the decrease of velocity.
Therefore, the velocity controller increased the desired engine speed
to gain more thrust. During the steady state, the velocity controller
was capable of maintaining the velocity within a 3-km=h error.

V. Conclusions

A nonlinear engine model was obtained through a series of engine
tests in a wind tunnel. The nonlinear model was used in simulation
before flight test validation. The simulation result is not presented. A
linear engine model was obtained by performing linearization on the
nonlinear model. The linear model was validated by comparing the
linear model simulation result with flight data. The linear model was
used in the controller design. A two-loop feedback velocity
controller using a proportional–integral–differential control method
was designed and implemented on the SWAN UAV. It was
successfully validated in flight tests with a steady-state error of
3 km=h.
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Fig. 3 Velocity controller.

Fig. 4 Result of inner-loop control.

Fig. 5 Result of outer-loop control.
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