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Motion control of gun barrels is an ongoing topic for the development of gun control equipment (GCE)with excellent performances.
In this paper, a novel disturbance observer (DOB) based fractional order PD (FOPD) control strategy is proposed for the GCE.
By adopting the DOB, the control system behaves as if it were the nominal closed-loop system in the absence of disturbances
and uncertainties. The optimal control parameters of the FOPD are determined from the loop-shaping perspective, and the 𝑄-
filter of the DOB is deliberately designed with consideration of system robustness. The linear frame of the proposed control
systemwill enable the analysis process more convenient.The disturbance rejection properties and the tracking performances of the
control system are investigated by both numerical and experimental tests, the results demonstrate that the proposed DOB based
FOPD control system is of more robustness, and it is much more suitable for the gun control system with strong nonlinearity and
disturbance.

1. Introduction

Gun control equipment (GCE) has been extensively regarded
to be one of the key components of fire control systems
(FCSs). Generally, the motion robustness and the motion
accuracy of the gun barrel are definitely the two main
challenges associated with the developments of the GCEwith
excellent performances [1, 2]. The motion control of gun
barrels is an ongoing topic due to certain extremely compli-
cated segments with strong nonlinearities and uncertainties,
such as the time-varying parameters induced by the varying
working conditions, the externally applied random loads,
and the complex friction forces between the cannon and the
trunnion [3–5]. To eliminate these nonlinearities induced
negative effects, a dominant method is the application of
the well-known proportional-integral-derivative (PID) based
feedback control strategy [3, 4, 6]. However, due to the
inherent nonlinearities as mentioned above, it is hard for
the linear PID control strategy to achieve excellent control
performances, and the unsuitable PID controller will signifi-
cantly limit the dynamic performances of the GCE. Devoted
to compensating for the nonlinearities and achieving high

robustness, considerable work has been done by means of
employing certain adaptive control strategies, such as fuzzy
control, adaptive sliding mode robust control (SMC), ada-
ptive equivalent disturbance compensation control, and
active disturbance rejection control (ADRC) [2, 7–10]. All
these complex nonlinear strategies based methods can well
improve the tolerance of the system to various uncertainties
and disturbances, but only at expense of the positioning
accuracy and the response rate.

Fractional order PID (FOPID) type controllers, which
were proposed by Podlubny, are extended versions of con-
ventional integer order PID controllers [11].When comparing
with conventional PID controllers, this sort of controllers
possess unique characteristics including abundant dynamics,
high robustness, and fine tracking accuracy [12–14]. Practical
comparisons suggested that the FOPID control system had
much better control performances than the ADRC, the opti-
mal PID, and the SMC controllers [15]. Although the FOPID
controllers are much less sensitive to external disturbances,
the tracking accuracy will also be deteriorated when facing
much larger disturbances and much stronger nonlinearities.
Besides, the model uncertainties of the plant will lead to
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Figure 1: Schematic of the AC servo system of GCEs.

deviations of the optimal control parameters which may be
determined by certain state-of-the-art tuning methods [16–
19], resulting in suboptimal control performances.

Motivated by this, a novel disturbance observer (DOB)
based fractional order PD (FOPD) controller is proposed
to further achieve high precision control in the presence
of various disturbances and plant uncertainties. The DOB
is employed here due to its simple structure as well as a
powerful ability to reject disturbances and compensate for
plant uncertainties [20–22]. In addition, the linearity of the
FOPD and the DOB will provide much more convenience to
analyze and tune the control systems. The remainder of this
paper is summarized as follows: in Section 2, the nominal
physics model of the gun control system is developed; the
basic principle of the DOB based FOPD control system is
introduced, and the optimal parameter determination proce-
dure is then introduced in Section 3; numerical simulations
and experiment tests of the control system are detailed in
Sections 4 and 5, respectively; finally, the main conclusions
of this paper are drawn in Section 6.

2. Modeling of the AC Servo
System of the GCE

The schematic of the AC servo system utilized in the GCE is
illustrated in Figure 1, where 𝛽𝑑 and 𝛽 represent the desired
angle position and the real angle position of the cannon,
respectively. 𝑈 is the control voltage; 𝐾𝑎 is the amplify
gain; 𝐾𝑑 is the motor torque factor. 𝑇𝑑, 𝑇𝐿, and 𝑇𝑓 are the
motor torque, load torque disturbance, and friction torque
disturbance, respectively. 𝑅 and 𝐿 represent the resistance
and inductance of the motor armature circuit, respectively.
𝐸𝑒 is the counter-electromotive force (CEMF) of the motor
armature and 𝐶𝑒 denotes the CEMF coefficient. 𝐽 is the total
moment of inertia to the rotor; 𝐵 is the viscous friction
coefficient; 𝜔𝑑 is the angular velocity of the motor; 𝑖 is the
moderating ratio; 𝑠 denotes the Laplace operator.

Generally, the current time constant is much smaller
than the mechanical time constant; the delay of the current
response can be neglected and it yields

1

𝐿𝑠 + 𝑅
=

1

𝑅

1

𝐿𝑠/𝑅 + 1
≈

1

𝑅
. (1)

The motor torque 𝑇𝑑 is given as follows:

𝑇𝑑 = −
𝐾𝑑𝐶𝑒

𝑅
𝜔𝑑 +

𝐾𝑑𝐾𝑎

𝑅
𝑈. (2)

According to the equilibrium equation of the torques, we
can obtain

𝑇𝑑 − 𝑇𝐿 − 𝑇𝑓 = 𝐽𝑖 ̈𝛽 + 𝐵𝑖 ̇𝛽. (3)

Substituting (2) into (3) yields

𝐽𝑖 ̈𝛽 + 𝐵𝑖 ̇𝛽 = −
𝐾𝑑𝐶𝑒

𝑅
𝜔𝑑 +

𝐾𝑑𝐾𝑎

𝑅
𝑈 − 𝑇𝐿 − 𝑇𝑓. (4)

When the motor torque and load torque disturbance are
ignored, the govern principle of the AC servo system can be
obtained:

̈𝛽 + (
𝐵

𝐽
+
𝐾𝑑𝐶𝑒

𝐽𝑅
) ̇𝛽 =

𝐾𝑑𝐾 𝑎

𝑖𝐽𝑅
𝑈. (5)

The transfer function of the AC servo system could be
obtained by taking Laplace transformation of (4), which
could be obtained by

𝑃 (𝑠) =
𝛽 (𝑠)

𝑈 (𝑠)
=
𝐾𝑑𝐾𝑎

𝑖

1

𝑠 (𝐽𝑅𝑠 + 𝐵𝑅 + 𝐾𝑑𝐶𝑒)
. (6)

Thus, the phase and the gain of the plant can be given by

𝑃 (𝑗𝜔) =
𝐾𝑑𝐾𝑎

𝑖𝐽𝑅

𝐽𝑅

(𝑗𝜔)
2
𝐽𝑅 + (𝐵𝑅 + 𝐾𝑑𝐶𝑒) (𝑗𝜔)

,

𝑃 (𝑗𝜔)
 =

𝐾𝑑𝐾𝑎

𝑖𝜔

1

√𝜔2(𝐽𝑅)
2
− (𝐵𝑅 + 𝐾𝑑𝐶𝑒)

,

Arg [𝑃 (𝑗𝜔)] = −
𝜋

2
+ arctan

(𝐵𝑅 + 𝐾𝑑𝐶𝑒)

𝐽𝑅𝜔
.

(7)

3. Development of the Novel Control Strategy

3.1. A Preliminary to the FOPD Controller. According to the
works of Podlubny, the FOPD controller is introduced. The
control law of such a controller can be written as [11]

𝑢 (𝑡) = 𝑘𝑝𝑒 (𝑡) + 𝑘𝑑𝐷
𝜆

𝑡
𝑒 (𝑡) , (8)

where 𝑘𝑝 and 𝑘𝑑 are proportion and differentiator gain, res-
pectively. 𝐷𝜆

𝑡
𝑓(𝑡) =

𝑡0
𝐷
𝜆

𝑡
𝑓(𝑡) is the noninteger order funda-

mental operator; 𝜆 denotes the order of the differentiator.
By taking Laplace transformation of (8), the transfer

function of the FOPD can be obtained by

𝐶 (𝑠) = 𝑘𝑝 + 𝑘𝑑𝑠
𝜆
,

𝐶 (𝑗𝜔) = 𝑘𝑝 + 𝑘𝑑(𝑗𝜔)
𝜆
.

(9)
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Figure 2: Schematic of the DOB based FOPD control system.

Since 𝑗𝛼 = (𝑒
𝑗(𝜋/2)

)
𝛼
= cos (𝛼𝜋/2) + 𝑗 sin (𝛼𝜋/2), the transfer

function of FOPID could be rewritten as

𝐶 (𝑗𝜔) = [𝑘𝑝 + 𝑘𝑑𝜔
𝜆 cos(𝜋

2
𝜆)] + 𝑗𝑘𝑑𝜔

𝜆 sin(𝜋
2
𝜆) . (10)

The phase and the gain of the FOPD could be further
given as

𝐶 (𝑗𝜔)
 =

√[𝑘𝑝 + 𝑘𝑑𝜔
𝜆 cos(𝜋

2
𝜆)]
2

+ [𝑘𝑑𝜔
𝜆 sin(𝜋

2
𝜆)]
2

,

Arg [𝐶 (𝑗𝜔)] = arctan
𝑘𝑑𝜔
𝜆 sin ((𝜋/2) 𝜆)

𝑘𝑝 + 𝑘𝑑𝜔
𝜆 cos ((𝜋/2) 𝜆)

.

(11)

3.2.The DOB Based FOPD Control Strategy. Schematic of the
DOB based FOPD control system is illustrated in Figure 2,
where 𝑃𝐶 and 𝑃(𝑠) represent the single-input single-output
real plant and its nominal model is shown in (6), respectively.
The dashed block represents the actual plant 𝑃𝐶 augmented
with the DOB. Generally, the DOB and the FOPD can be
referred to as an inner-loop controller and an outer-loop
controller, respectively. 𝑄(𝑠), also known as the 𝑄-filter, is a
stable low-pass filter with the unity dc gain.The signals 𝑑 and
𝑛 represent the input disturbance and the system noise with
high frequency, respectively. From the control block diagram
shown in Figure 2, the output of the system can be obtained
by [20]

𝑦 (𝑠) = 𝑇𝑦𝑟 (𝑠) 𝑟 (𝑠) + 𝑇𝑦𝑑 (𝑠) 𝑑 (𝑠) − 𝑇𝑦𝑛 (𝑠) 𝑛 (𝑠) , (12)

where

𝑇𝑦𝑟 =
𝑃𝐶𝑃𝐶

𝑃 (1 + 𝑃𝐶𝐶) + 𝑄 (𝑃𝐶 − 𝑃)
,

𝑇𝑦𝑑 =
𝑃𝐶𝑃 (1 − 𝑄)

𝑃 (1 + 𝑃𝐶𝐶) + 𝑄 (𝑃𝐶 − 𝑃)
,

𝑇𝑦𝑛 =
𝑃𝐶 (𝑃𝐶 + 𝑄)

𝑃 (1 + 𝑃𝐶𝐶) + 𝑄 (𝑃𝐶 − 𝑃)
.

(13)

In the low frequency range for which𝑄(𝑗𝜔) ≈ 1, it follows
that

𝑇𝑦𝑟 ≈
𝑃𝐶

1 + 𝑃𝐶
, 𝑇𝑦𝑑 ≈ 0, 𝑛 (𝑗𝜔) ≈ 0. (14)

Thus, the output of the plant can be reduced to [20]

𝑦 (𝑠) =
𝑃 (𝑠) 𝐶 (𝑠)

1 + 𝑃 (𝑠) 𝐶 (𝑠)
𝑟 (𝑠) . (15)

From the structure of the equivalent transfer function
of the closed-loop system, it implies that the real uncertain
closed-loop system with the DOB behaves as if it were the
nominal closed-loop system in the absence of disturbance.
On the other hand, the DOB is used as a part of controller
compensating for disturbances. Also, the DOB has the prop-
erty of model shaping such that it forces the input-output
behavior of real plant to follow that of nominal plant [20, 22].

3.3. The Optimal Control Parameter Determination. As is
aforementioned, the control system consists of the outer-
loop and the inner-loop controllers. As for the outer-loop
controller, namely, the FOPD, 𝑘𝑝, 𝑘𝑑, and 𝜆 are the threemain
parameters that determine the performances of the control
system. Here, three specifications to be met are applied [10,
16–19] from the loop-shaping perspective: namely, the phase
margin specification, the robustness to gain variations, and
the gain crossover frequency specification, which will be
detailed below.

(a) Phase margin specification:

Arg [𝑃 (𝑗𝜔𝑐) 𝐶 (𝑗𝜔𝑐)] = −𝜋 + 𝜙𝑚. (16)

That is,

arctan
𝑘𝑑𝜔
𝜆

𝑐
sin ((𝜋/2) 𝜆)

𝑘𝑝 + 𝑘𝑑𝜔
𝜆
𝑐
cos ((𝜋/2) 𝜆)

+ arctan
(𝐵𝑅 + 𝐾𝑑𝐶𝑒)

𝐽𝑅𝜔𝑐
= −

𝜋

2
+ 𝜙𝑚,

(17)

where 𝜔𝑐 is the gain crossover frequency interested and 𝜙𝑚 is
the phase margin required.

(b) Robustness to gain variations:

𝑑Arg [𝑃 (𝑗𝜔)𝐶 (𝑗𝜔)]

𝑑𝜔

𝜔=𝜔𝑐

= 0. (18)

With this condition, the phase Bode plot is flat at the gain
crossover frequency. It means that the system is more robust
to gain changes and the overshoots of the response are almost
the same.

(c) Gain crossover frequency specification: at the gain
crossover frequency point, the amplitude of the open-
loop transfer function should be zero:

𝐺(𝑗𝜔𝑐)

dB =

𝑃(𝑗𝜔𝑐)𝐶(𝑗𝜔𝑐)

dB = 0. (19)

That is,

𝐾𝑑𝐾𝑎

𝑖𝜔𝑐

×

√[𝑘𝑝 + 𝑘𝑑𝜔
𝜆
𝑐
cos ((𝜋/2)𝜆)]

2

+ [𝑘𝑑𝜔
𝜆
𝑐
sin ((𝜋/2)𝜆)]2

√𝜔2
𝑐
(𝐽𝑅)
2
− (𝐵𝑅 + 𝐾𝑑𝐶𝑒)

= 1.

(20)
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Figure 3: Step responses of the control system.

As for the inner control system, the 𝑄-filter may play an
important role in the robustness and the disturbance rejec-
tion performance. Generally, there are three important fac-
tors in designing a 𝑄-filter, namely, the filter time constant,
the numerator order, and the denominator order. Hereby, the
filter of the following form is employed [22]:

𝑄𝑚,𝑛 (𝑠) =
∑
𝑛

𝑖=1
𝑎𝑚,𝑖(𝜏𝑠)

𝑖

(𝜏𝑠 + 1)
𝑚

, (21)

where 𝜏 is the filter time constant, 𝑎𝑚,𝑖 is the binomial coeffi-
cient, and 𝑚 and 𝑛 are the numerator and the denominator
orders, respectively. Choi et al. [22] suggested that (1) the
smaller the relative degree, the better the robustness; (2) the
larger the denominator order, the better the robustness.Thus,
with additional consideration of computation efficiency, 𝑚

and 𝑛 are chosen to be 3 and 1, respectively. Since the filter
time has no obvious relationship with the robustness, it is
chosen to be 0.02.

4. Numerical Simulation

As for the description of the AC servo system, the system
parameters are chosen as follows: 𝐽 = 0.0352 kg⋅m2, 𝐾𝑑 =

0.195N⋅m/A, 𝐶𝑒 = 0.195V/(rad⋅s−1), 𝑅 = 0.07Ω, and 𝐵 =

0.000143V/(rad⋅s−1). As for the design specifications of the
controller, the interested crossover frequency is set as 5Hz
with respect to practical motions of the gun control servo
system, and the required phase margin is set as 𝜙𝑚 = 𝜋/4.
The parameters of the FOPD are solved according to (17)–
(20) bymeans of the nonlinear solvingmodule of the software
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MATLAB. The determined controller parameters are set as
𝑘𝑝 = 1.2, 𝑘𝑑 = 0.16, and 𝜆 = 0.26.

To investigate the disturbance rejection capacity of the
proposed DOB based FOPD control strategy, step response
with sinusoid disturbance is investigatedwhere the frequency
and amplitude of the predefined disturbance are 1Hz and
0.05, respectively. The obtained response results are illus-
trated in Figure 3(a), and the obtained positioning errors
are presented in Figure 3(b). To examine the efficiency of
the DOB, the estimated and the employed disturbances are
shown in Figure 3(c).

As shown in Figure 3(a), the step responses of the system
with and without DOB have the same rising features, the
arise time is about 0.18 s, and no overshoots can be observed.
The results demonstrate the efficiency of the developed
FOPD controller for the nominal control system. From the
positioning errors shown in Figure 3(b), the positioning error
of the system without DOB is about ±0.034, while that of the
system with DOB is about ±0.0015, which is about twentieth

of that of the system without DOB. The results indicate
that the disturbance rejection capacity has been significantly
improved, attributing to the good estimation capacity of the
DOB, which can also be verified by the estimation results
shown in Figure 3(c). As shown in Figure 3(c), a good satis-
faction between the estimated and the practical disturbances
is achieved with certain delay. In addition, the exponential
convergence at the beginning phase can be observed, which is
a notable advantage of enhancing system stability in practice.
Overall, the simulation results well verify the efficiency of the
proposed DOB based FOPD control strategy.

5. Experiment Results and Discussion

5.1. The Experiment Setup. To investigate the efficiency of
the proposed control strategy applying for the GCE, a
semiphysical simulation platform is constructed to simulate
the practical working conditions of the gun control system.
The structure diagram and the photographic diagram of the



6 The Scientific World Journal

0 2 4 6 8 10

0

2

4

6

8

Time (s)

Tr
ac

ki
ng

 er
ro

r (
m

il 
)

With DOB
Without DOB

−2

(a) Tracking error

0 2 4 6 8 10
Time (s)

0

0.1

0.2

0.3

O
ut

pu
t o

f t
he

 D
O

B

−0.1

−0.2

(b) The estimated external disturbance signal

Figure 5: Tracking performance of the control system with external disturbance.

platform are, respectively, illustrated in Figures 4(a) and 4(b).
From the components as shown in Figure 4, the platform
mainly consists of seven parts, namely, the control computer,
the sensor system formeasurement, the power amplifier (PA),
the precision reduction gearbox (PRG), the loading fixture
(LF), the actuatingmotor (AM), and the test bed.The loading
fixture consisting of the rotational inertia plate (RIP) and
the magnetic powder brake (MPB) is employed here for the
simulation of the rotational inertia, the load torque, and
the frictional resistance moment, which would be generated
under the real working conditions. The rotational inertia
variations of the loads can be well simulated by changing the
RIP, and, similarly, the variations of the load torque and the
frictional resistance moment can also be well simulated by
controlling the output torque of the MPB.

5.2. Control Performances of the Gun Control System. To
estimate tracking performances of the gun control system,
constant speed tracking experiments are conducted on the
semiphysical simulation platform. To investigate the robust-
ness of the system to external disturbances, the equivalent
disturbance for simulating external load variations and fric-
tion forces is employed by giving control signals to the MPB
to generate the frictional resistance moment, which is about
𝑇𝑓 = 6 + 4 sin𝜋𝑡 (N⋅m).

To avoid repetition, Figure 5(a) only illustrates the track-
ing error of the control system with constant angular speed
̇𝑦𝑑 = 1

∘
/s; the estimated external disturbance signal is

illustrated in Figure 5(b). As shown in Figure 5(a), the
response time of the two control systems is about 0.26 s. The
tracking error of the DOB based FOPD control system in the
steady state is about 0.5mil which is about 26.32% of that
of the control system without the DOB. From the estimated
disturbance signal shown in Figure 5(b), it verifies that the
DOB can effectively estimate the disturbances.The enhanced
tracking accuracy demonstrates that the DOB based FOPD

control strategy can efficiently improve the robustness of the
control system, and it indeed outperforms the conventional
FOPD control strategy.

6. Conclusions

In this paper, a novel disturbance observer (DOB) based
fractional order PD control strategy is proposed for the gun
control equipment. By adopting the DOB, the control system
behaves as if it were the nominal closed-loop system in
the absence of disturbances and uncertainties. The optimal
control parameters of the FOPD for the nominal plant are
determined from the loop-shaping perspective, and the 𝑄-
filter of the DOB is deliberately designed with consideration
of system robustness. Numerical simulation of step response
of the system with external disturbance demonstrates that
the rise time of the control system with and without the
DOB can reach up to 0.18 s, and there are no undesired
overshoots. In addition, the positioning error of the system
with the DOB is about twentieth of that of the systemwithout
DOB, well demonstrating the disturbance rejection capacity
of the DOB. By experimentally conducting the constant
speed tracking, the tracking error of the system with the
DOB is about 0.5 mil which is about 26.32% of that of the
system without the DOB. All the results demonstrate that the
proposed DOB based FOPD control strategy can efficiently
reject external disturbances and system uncertainties, and it
is of much superior control performances than the FOPD
control strategy.
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