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ABSTRACT In order to resolve the external disturbances and model parameters uncertainty during the
unmanned aerial vehicles flight process, in this paper, we designed the H∞/S-plane controller for longitu-
dinal control of unmanned aerial vehicles (UAVs). The S-plane control model with strong nonlinearity was
used as the outer loop controller and the robustH∞ control algorithm with strong robustness was used as the
inner loop controller. The effectiveness of the H∞/S-plane controller in the longitudinal control of unmanned
aerial vehicles without external interference, with external interference and parameter perturbation, was
simulated by a certain UAVs nominal model. The results showed that compared with H∞/PD controller
and PID controller, H∞/S-plane controller has faster response speed and stronger anti-interference ability.
So H∞/S-plane controller is more suitable for the longitudinal control of unmanned aerial vehicles than
H∞/PD controller and PID controller.

INDEX TERMS Unmanned aerial vehicle, robust H∞ control, S-plane control, longitudinal control.

I. INTRODUCTION
With the need of application and the development of avia-
tion technology, unmanned aerial vehicles (UAVs) as a new
type of intelligent equipment has been widely concerned and
applied in military and civil fields. Compared with manned
aircraft, UAVs have the advantages of low loss, low cost,
a lower casualty rate, easy maintenance and maneuverability,
etc. They can be used in harsh and dangerous environments to
accomplish tasks that are difficult for manned aircraft. On the
military side [1], [2], UAVs can serve as aerial reconnais-
sance and weapon platforms, carrying different equipment
and equipment to complete various military tasks. In the civil
field [3], UAVs can be used for heavy or dangerous tasks
such as map mapping, resource exploration, communication
relay, artificial rainfall, meteorological detection, environ-
mental monitoring [4], atmospheric [5] and oceanic sampling
research, etc [6].

UAVs are required to have good control performance and
stability when they are disturbed by the outside world. Good
control performance refers to the capability of UAV to rapidly
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and accurately change and maintain flight speed, direction,
altitude and other states, that is, it cannot only quickly adjust
flight speed, direction, altitude and others to reach the set
value, but also can quickly stabilize at the set value, the over
harmonic fluctuation as small as possible. Stability refers to
the ability of the UAV to recover to the set value in the face
of external disturbances and systematic errors.

The longitudinal control system of UAV is established with
the pitch Angle control system as the inner loop control and
the flight speed control and altitude control as the outer loop
control. At present, the commonly used UAV longitudinal
control methods include PID control, incremental dynamic
inverse control, fuzzy control [7], neural network control [8],
adaptive control approaches and so on. For UAV, a nonlin-
ear and easily interfered controlled object, the traditional
PID control is simple and easy to implement, but its anti-
interference ability is poor. Sieberling [9] et al. adopted
incremental nonlinear dynamic inversion (INDI), and demon-
strated that INDI has good control effect. However the drones
in the process of flight, as the changes of speed, height,
load, and the increasing consumption of fuel, the controlled
object is a time-varying nonlinear system, and is difficult to
accurately describe, which lead to the practical application
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very difficulties of INDI. Fuzzy control needn’t accurate
mathematical model and has strong robustness, but the con-
trol system lacks systematicness and cannot define the control
target. Neural network control has strong robustness and
nonlinear fitting ability, but the control algorithm is complex,
and it is easy to lose information in the control process.
Adaptive control approaches is usually mixed with other
control methods, and the control algorithm is complex, which
is not conducive to engineering implementation. Generally
speaking, the simpler the control model is, the higher the
control precision and anti-interference ability is, and the more
it can meet the needs of UAV as a special carrier.

Compared with other control algorithms, s-plane control
algorithm is simpler and has higher control accuracy and
anti-interference ability. So we apply the simple model and
high precision S-plane control model [10] to the longitudinal
control of UAV, and its control model has been widely used
in the field of underwater robot [11]. At the same time,
the robust model is used to improve it [12], [13], and amethod
based on H∞/S surface model control is designed to control
the longitudinal control system of UAV. The H∞/PD model
control and PID control effects are compared to verify the
rapidity, accuracy, robustness and dynamic performance of
H∞/S-plane model control.

II. LONGITUDINAL FLIGHT OF MATHEMATICAL MODEL
Based on the premise of steady-state flight, this paper de-
couples the UAV flight motion and linearizes the decoupled
nonlinear longitudinal motion by using coefficient freezing
method and small disturbance linearization principle. The
longitudinal motion equation of small disturbance lineariza-
tion of aircraft is as follows:
1V̇
1α̇

1q̇
1θ̇

 =

XV Xα 0 −g
ZV Zα 1 0
MV Mα Mq 0
0 0 1 0



1V
1α

1q
1θ



+


Xδe XδT
Zδe ZδT
Mδe MδT

0 0

[ 1δe1δT

]
(1)

where V , α, θ and q respectively represent velocity, angle of
attack, pitch angle and pitch angle velocity; 1δe and 1δT
represent the elevator and throttle lever perturbations.

The nominal model adopts the model of aircraft longitudi-
nal motion in the state space:{

ẋ = Ax + Bu
y = Cx + Du

(2)

The research object of this paper is a certain type of UAV.
The aircraft model with longitudinal short period mode is
adopted, short period motion refers to the motion described
by the moment dynamic equation, and the rudder loop trans-
fer function is:

Gδ(S) =
−20
s+ 20

(3)

FIGURE 1. Sigmoid surface 3D view.

When the horizontal velocity of the uav is 53.5m/s, the lon-
gitudinal motion equation is reflected in equation (2)

A =


−0.045 1.929 0 −9.81
−0.0071 −2.02 1 0
0.0062 −6.969 −2.948 0

0 0 1 0

,

B =


0
−0.16
−11.87

0

, C =
[
0 0 0 1

]
, D = 0

III. H∞/S-PLANE MODEL CONTROL CONCEPT
A. S-PLANE CONTROL METHOD [14], [15]
The control model of S-plane control method is:

u = 2.0/(1.0+ e(−k1e−k2ė))− 1.0+1u (4)

where, k1 and k2 are the control parameters; ė and e are
the deviation and deviation change rate respectively, and this
paper is the depth deviation and depth deviation change rate;
u is the control output, and 1u is the deviation adjustment
item to adapt to environmental disturbance.
The S-plane control is evolved from PD control, and the

two have many similarities and differences. The differences
between the S-plane control method and PD control can be
summarized as the following two points: first, the output
of S-plane control has saturation value, which is different
from PD control without range limitation. The output range
of S-plane control is limited to the range from −1 to +1,
respectively representing the maximum output in reverse
and forward direction. According to this property of S-plane
method, when applying this control method, it is necessary
to add gain to the output value, namely, multiply u by the
maximum output force or torque that can be provided on this
degree of freedom, and obtain the output value formula:

Fi = Kui (5)

Second, the S-plane controller is more nonlinear. The right
figure shows the side of S-plane. It can be seen that when the
input range is in the middle of the curve, the output value is
small, but the output value has a large rate of change. On the
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FIGURE 2. Sigmoid surface side view.

FIGURE 3. H∞ standard design problem.

contrary, if it is at both ends of the curve, the output changes
slowly, and the value is relatively large and close to the satu-
ration state. In short, the output value of the S-plane control
method is in a non-linear state, contrary to the change rate of
the output value. Therefore, the S-plane control method and
the improved control algorithm based on it are suitable for the
control of such nonlinear controlled objects as UAV.

1) ROBUST H∞ CONTROL METHOD
H∞ control problem: in the actual control system,H∞ control
problems can be expressed by standard control problems,
as shown in Fig.3.

In the figure, w is the external input signal, including
external interference, noise, reference input, etc. u is the
controller output; z is the controlled output; y is the measured
signal;G(s) is the generalized controlled object, including the
actual control object and weighting function, and K (s) is the
controller to be designed.

The generalized equation of controlled plant is:

G(s) :


ẋ = Ax + B1w+ B2u
z = C1x + D11w+ D12u
y = C2x + D21w+ D22u

(6)

where, x ∈ Rn is the n-dimensional state vector of the
generalized controlled object, represents the motion variable;
w ∈ Rm1 is the m1 dimension number vector, and u ∈ Rm2 ,

z ∈ Rp1 , y ∈ Rp2 arem2, p1 and p2 dimension number vectors
respectively; A, B, C and D represents the model matrix
element. The above-mentioned formula can also be expressed
as:

G(s) =

 A B1 B2
C1 D11 D12
C2 D21 D22

 = [G11(s) G12(s)
G21(s) G22(s)

]
(7)

FIGURE 4. Control structure diagram of mixed sensitivity problem.

According to equation (7):

Gij(s) = Ci(sI − A)Bj + Dij (8)

The closed-loop transfer function from w to z is:

Gzw = Fl(G,K ) = G11 + G12K (I − G22K )−1G21 (9)

The standard H∞ design problem is to determine whether
there is a feedback controller to make the closed-loop trans-
fer function internally stable and make ‖Gzw‖ < 1 true
for a given generalized controlled object G(s). If it exists,
the robust H∞ controller can be obtained.
Robust H∞ control for weighted mixed sensitivity

problems
Fig.4 shows the control structure of the mixed sensitivity

problem. If the control object is a fixed-wing UAV, there are.
In the figure, r(t), e(t), u(t), d(t) and y(t) are the reference
input, pitching angle error, control input, external interference
and system output. G(s) is the controlled object aircraft; K of
s isH∞ infinity controller;W1(s) is the weight function added
at the end of e(t), W2(s) is the weight function added at the
end of u(t), and W3(s) is the weight function added after the
controlled object. Where, the weight function W1(s) repre-
sents the constraint on system performance requirements, and
the influence of interference can be effectively suppressed
through adjustment to obtain the desired output signal. The
weighted function W2(s) reflects the limit of additive uncer-
tainty. The weighted function W3(s) reflects the limit of the
multiplicative uncertainty.
W1(s) is the performance weighting function of the system

and the weighting of the sensitivity function S, representing
the spectral characteristics of the interference and reflect-
ing the shape requirements of the sensitivity function s of
the system. In order to effectively suppress the influence
of interference, the direct current gain of W1(s) should be
greater than the proportional coefficient of instruction error
and the proportional coefficient of interference suppression,
so it generally has integral characteristics or high-gain low-
pass characteristics. W2(s) indicates that the norm bound of
additive perturbation is determined by the control signal.
In order not to increase the order of the controller, it is
generally selected as a constant.W3(s) is a weighted function
of the complementary sensitivity function T, representing the
norm bound of the multiplicative perturbation, reflecting the

VOLUME 7, 2019 91369



X. Zhao et al.: Robust H∞/S-plane controller of longitudinal control for UAVs

requirement of robust stability. Generally, there should be
high-pass filtering characteristics.

According to the transfer function structure diagram. The
closed-loop transfer functions from r(t) to e(t), u(t) and y(t)
are: 

S = (I + GK )−1

R = K (I + GK )−1

T = GK (I + GK )−1
(10)

The standard framework considering the weighted mixed
sensitivity problem obtains the input/output relation after
introducing the weight function:

W1e
W2u
W3y
e

 =

W1 −W1G
0 W2
0 W3G
I −G

[ ru
]

(11)

where, the model expression of generalized controlled object
aircraft after weight function is introduced is:

P0 =


W1 −W1G
0 W2
0 W3G
I −G

 (12)

The closed-loop transfer function matrix of the system from
the external input signal (external interference, noise, refer-
ence input, etc.) to the output of the controller is:

P =

W1S
W2R
W3T

 (13)

The mixed sensitivity problem is to find a real rational
function controller K(s), so that the closed-loop system is
stable and satisfies ‖P‖∞ < 1.

2) LONGITUDINAL MIXING CONTROLLER DESIGN
In the longitudinal control system of UAVs, robust H∞ con-
trol pitch Angle loop is adopted, that is, the internal and
external loop of the longitudinal control system, and the
external loop is mainly controlled by the S-plane control
method. In the longitudinal control system, the control of the
outer loop is mainly to control the height and speed of the
UAVs.

Highly loop and speed loop simulation test according to
adjust the parameters in the S plane control display curve,
parameter setting method here without explanation, which is
the parameters k1 and PD control k2 works in a similar way,
increase the two parameters can accelerate the convergence
speed, works in a similar way, the other two parameters are
used to reduce the overshoot. After many simulation tests,
the final determined control parameters are set as follows:
the parameters k1 = 0.625 and k2 = 0.6 controlled by the
S-plane of the height control loop are the control parameters
that reach the set height most rapidly after parameter setting,
and the curve is smooth and there is no overshoot. The param-
eters k1 = 2.775 and k2 = 3.485 controlled by the S-plane of

FIGURE 5. Semi-physical simulation system.

the speed control loop are the control parameters that reach
the optimal control effect of the set speed with smooth curve
and no overshoot after parameter setting.

MATLAB-based Simulink toolbox, build UAV height con-
trol simulation platform. According to the stability of the sys-
tem and the constraint relationship between the model and the
weight function, we designed the test program between the
model and the weight function. After running the simulation
program and making several adjustments, the three weight
functions were finally determined as:

W1 (s) =
0.075 (0.001s+ 1)

s+ 0.001
; W2 (s) = 0.1;

W3 (s) = 0.002 (s+ 0.005) .

Two Riccati equations were solved with MATLAB robust
control toolbox, and the optimal H∞ controller of the inner
loop was obtained as:

K∞

=
81.939(s2+0.03392s+0.04641)(s2+4.979s+12.95)

(s+132.1)(s+0.02984)(s+0.001)(s2+6.2765s+11.93)

IV. LONGITUDINAL CONTROL OF UAV
The semi-physical simulation system is built as shown
in Fig.5. The semi-physical simulation system mainly
consists of three parts: PC/104 embedded computer, ground
station monitoring computer and environment simulation
computer. The environment simulation computer is used to
simulate the real environment disturbance, the UAV’s motion
state and the sensor on board. Both the PC/104 embedded
computer and the ground station monitoring computer are the
actual equipment used. The only difference between the semi-
physical simulation and the real field test is that the external
environment interference and sensor measurement data are
sent to the PC/104 by the environment simulation computer
via Ethernet, and the actuator information is also sent to the
environment simulation computer via Ethernet. In order to
verify the effectiveness of the controller proposed in this
paper, a certain UAV was selected as the research object
and compared with H∞/PD controller and PID controller for
comparative simulation test.
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FIGURE 6. Simulation diagram of height without interference.

A. LONGITUDINAL FLIGHT CONTROL WITHOUT
EXTERNAL DISTURBANCE
In the simulation experiment, the flight speed of the aircraft
is 53.5m/s, and the aircraft model parameters are given in
the second part. Given the height signal of the system rising
10m, the curves of the two controllers’ changes in height
value are obtained by running the simulation model, as shown
in Fig.6

As can be seen from the simulation curve, the H∞/S-plane
controller reaches stability around 8s, and the maximum
overshot is about 10.2m. The H∞/PD controller reaches the
set height around 10s, and the maximum overshoot is about
10.8m, and there is a certain fluctuation in the whole simula-
tion process.

Because the s plane controller is nonlinear compared to the
PD controller, and the output of S-plane controller has higher
gain in the initial stage, the S-plane control can reach the set
height quickly. In the stability stage, the non-linearity of the
S-plane control itself makes its control effect slightly fluctu-
ate. After the introduction of robust H∞ control, the uncer-
tainty will be judged and corrected, so that the final control
effect is relatively stable. After the introduction ofH∞ robust
control, the uncertainty of the systemwill be modified, so that
the final control effect will fluctuate. This group of simulation
experiments verify thatH∞/S-plane controller has the advan-
tages of fast and high precision in the absence of interference.

The robust H∞/S-plane controller and PID controller were
designed to control the speed control system, and the step
signal with the speed increment command of +5m/s was
given to the system, and the aircraft speed was increased by
5m/s. The curves of the speed changes of the two control
systems were obtained by running the simulation system,
as shown in Fig.7.

It can be seen from the simulation curve that the
H∞/S-plane controller reached a stable state at about 10s, and
the PID controller reached a stable state at about 80s, which
took 8 times longer than that of the H∞/S-plane controller,
fully demonstrating the rapidity of theH∞/S-plane controller.
However, compared with the PID controller, the H∞/S-plane
controller fluctuates a lot in the later stage. This is because the

FIGURE 7. Speed simulation diagram without interference.

FIGURE 8. Simulation diagram under vertical wind disturbance
(Fig.5 30-70S).

simulation test is carried out under relatively ideal conditions,
and there is no simulation of its own error or external envi-
ronment. As a result, the partial linear and very simple control
algorithm of the PID controller has greater advantages after
the system is stabilized. In order to enhance the authenticity
of the simulation experiment, the influences of interference
and parameter perturbation on the control effect are studied
in the following simulation experiment.

B. LONGITUDINAL FLIGHT CONTROL WITH EXTERNAL
DISTURBANCE
In the process of flight, the UAV is often affected by the
vertical wind, which seriously affects the stability of the UAV.
The square wave module in the Simulink toolbox is used to
simulate the vertical wind effect in the simulation. In the 50s,
add interference, which is a square-wave interference with
a cycle of 50s, pulse width of 1 and amplitude of 5. The
simulation curves are shown in Fig.8 and Fig.9.

It can be seen from Fig.8 that the disturbance is added after
stabilization, and the height change range of H∞/S-plane
controller disturbance is (8.1,10.1) m, and it takes about 8s
to reach the original flight control height and maintain the
effect of stable flight. When the controller of H∞/PD was
disturbed, the height change range is (5,10.5) m, and it takes
about 15s to reach the original flight control height, and there
are fluctuations in the subsequent flights. It shows that the
fluctuation range controlled by the H∞/S-plane controller is
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FIGURE 9. Velocity simulation diagram under vertical wind disturbance.

obviously small, and the system quickly achieves stability
after the interference disappears through self-adjustment,
indicating that it has strong anti-interference ability and fast
self-stabilization ability.

Fig.9 shows that the H∞/S-plane controller controls the
speed within the range of (4.8-5.0m/s) with vertical wind
disturbance added after stabilization, and the original stable
speed is reached after about 5s. The PID controller con-
trols the vertical wind disturbance speed within the range
of (3.5-5.1m/s), and it takes about 15s to reach the original
stable speed. The results show that the velocity fluctuation
of the H∞/S-plane controller is small and can reach the
original stable state quickly, indicating that the control system
has strong anti-interference ability and fast self-stabilization
ability.

In addition to vertical wind disturbance, the uav may
also be disturbed by undirected air flow. Interference can be
simulated by the band-limited White Noise module in the
Simulink toolbox, which can generate gaussian White Noise
with a specified amplitude and can be Limited to a specified
time by the timing module. The control results obtained by
running the simulation program are shown in Fig. 10 and
Fig.11.

Fig.10 shows that the system fluctuation amplitude under
the control of the H∞/S-plane controller in the interference
stage is obviously small and the fluctuation is uniform.
Although both of them can reach a stable state after the
interference disappears, the H∞/PD controller has a large
fluctuation when the system is subject to external interference
and its anti-interference ability is poor.

From the local enlarged image of undirected flow
disturbance, it can be clearly seen that the H∞/S-plane con-
troller has a small fluctuation and even change through-
out the disturbance time, and the velocity variation range
is between 4.96-4.98m/s, that is, the fluctuation range is
0-0.02m/s. However, the PID controller fluctuates greatly
and changes unevenly throughout the disturbance time, and
the velocity variation range is between 4.95 and 5.10m/s,
that is, the fluctuation range is 0-0.15m/s. It can be seen
from this that the anti-directional flow disturbance ability
of H∞/S-plane controller is enhanced by 7 times. After the
disturbance disappears, theH∞/S-plane controller will return

FIGURE 10. Attitude response of aircraft disturbed by undirected airflow
in the altitude control system.

to the original stable state after about 3s, while the PID
controller will return to the stable state after about 10s after
the disturbance disappears. TheH∞/S-plane controller shows
its rapidity and strong anti-interference ability.

91372 VOLUME 7, 2019



X. Zhao et al.: Robust H∞/S-plane controller of longitudinal control for UAVs

FIGURE 11. Attitude response of an aircraft disturbed by undirected airflow in the speed control system.

V. CONCLUSION
Taking the UAV flight longitudinal control system as
the research object, we designed a controller based on
H∞/S-plane controller. The S-plane controller algorithm
adopted by the outer loop has a stronger nonlinear control
characteristic than PD controller, and the control loop based
on the pitch Angle of the inner loop adopted the robust H∞
controller based on the mixed sensitivity, which improves the
system robustness. Simulation experiments were carried out
to verify that:

(1) Giving the system instruction, the H∞/S-plane con-
troller rapidly arrives and remains stable with small
overshoot.

(2) Compared with H∞/PD and PID controllers,
the response time ofH∞/S surfacemodel controller decreases
by 20% and 87.5% respectively, and the overshoot of flight
altitude decreases by 3%. It is shown thatH∞/S planar model
controller has better rapidity and stability.

(3) Under external interference, the fluctuation of H∞/S
plane controller is smaller, and the recovery speed of sta-
ble state is faster, indicating that H∞/S-plane controller has
strong anti-interference ability and good stability.
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