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In order to improve the tracking accuracy of flight simulator and expend its frequency response, a multirate-sampling-method-
based discrete-time chattering free sliding mode control is developed and imported into the systems. By constructing the multirate
sampling sliding mode controller, the flight simulator can perfectly track a given reference signal with an arbitrarily small dynamic
tracking error, and the problems caused by a contradiction of reference signal period and control period in traditional design
method can be eliminated. It is proved by theoretical analysis that the extremely high dynamic tracking precision can be obtained.
Meanwhile, the robustness is guaranteed by sliding mode control even though there are modeling mismatch, external disturbances
and measure noise. The validity of the proposed method is confirmed by experiments on flight simulator.

1. Introduction

Flight simulator simulates the attitude of aircraft and helps
the ground experiments. High precision motion control is
the key of a flight simulator, which influences the accuracy of
simulation experiments. Therefore, improving the tracking
accuracy of flight simulator and expending its frequency
response have always been a hot issue of the research in this
field [1]. Traditional control methods construct the inverse
model of the closed-loop system and add it into feedforward
to achieve the dynamic tracking performance in a certain
frequency range. However, the discrete model of a flight
simulator system is often nonminimum phase, which can
cause unstable pole zero cancelling, due to zero order hold.
A zero phase error tracking controller (ZPETC) is proposed
by Tomizuka to achieve high precision tracking by importing
an approximate inverse model of the object in frequency
domain [2]. The ZPETC has been widely used in servo
control systems, especially in the fields of high accuracy
motion control, such asmachining and flight simulator [3, 4].
The ZPETC needs the preview information of the desired

output, which is not available in the flight simulator systems.
Therefore, the current values of the command are used
instead of preview ones. As a result, a certain amount of time
delay is introduced into the system and the bandwidth of the
system is limited.

To overcome the disadvantages of ZPETC, a multi-
rate sampling method (MSM) is developed [5]. The MSM,
in which a SISO object is described as a state equation
of MIMO to construct the nonsingular transfer function
matrixs between the state of the object and the input control
value, can implement perfect tracking to discrete command
points. The arithmetic has been tested in a hard disk drive
system and a large-scale stage [6, 7]. It needs to be emphasized
that the perfect tracking is not available for a single sampling
system theoretically because of the zero order hold. For a
flight simulator system, the step that the simulation computer
solves the mathematical model of the aircraft is often longer
than the sampling period of the digital servo control system.
Moreover, there exist a plurality of independent sampling
periods in the system; that is, the system is a complex mul-
tirate sampling system. The conventional methods employ
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interpolation ways to obtain desired control command for
each sample point after receiving the instruction of the
simulation computer, and then the control algorithm is
calculated [8]. Apparently, the interpolation solution does
not use the difference between the sampling periods. On
the contrary, the inconsistent sampling periods are seen as a
negative factor. With the help of the MSM, the difference can
be exploited sufficiently to improve the accuracy of the flight
simulator in every sample point.

As a typical kind of servo motor system, the robustness
against external nonlinear disturbances, time-varied char-
acters, and modeling uncertainties is urgently required in
the flight simulator system [1]. To satisfy the requirement of
MSM, a robust controller is needed [5]. Sliding mode control
(SMC), the popular nonlinear robust control strategy, which
is theoretically invariant to model uncertainties and external
disturbances under matching conditions, is very attractive
for servo control systems [9–11]. A flight simulator system
in a high-performance application must have fast response,
preferably without overshoot, high static and dynamic accu-
racy, and robustness to parameter perturbations. SMC can
in great deal meet those requirements. Various SMC algo-
rithms have been devised for flight simulator control such
as a terminal sliding mode method [12], an adaptive slid-
ing mode method [13], and a fuzzy sliding mode method
[14].

Unfortunately, the SMC also causes chattering phenom-
enon while inhibiting disturbance by switching control value.
Chattering is a serious impediment for SMC application.The
MSM helps to improve the dynamic performance of the slid-
ing mode controller; on the other hand, it makes the system
more sensitive for chattering. Therefore, a chattering free
sliding mode controller is needed to combine with the MSM.
The SMC is designed using the algorithm in [15]. The control
law obtained from the reaching law has twomodes: a nonlin-
ear and a linear mode. The nonlinear mode steers the system
to a vicinity of the sliding manifold, and the linear mode
ensures the sliding manifold is reached in one step andmain-
tains the motion on it after that.The algorithm has been used
in induction motor systems [16, 17]. However, the unsatisfac-
tory tracking accuracy limits the application of the theory.

In this paper, a discrete-time chattering free sliding mode
control (DSMC) with MSM is proposed. The multirate sam-
pling part helps to improve the dynamic tracking accuracy
and expend the frequency response, while the sliding mode
part helps to enhance the robustness when there exists large
nonlinear factors andmodelingmismatch.Moreover, the res-
onance caused by sensitive MSM in controlling systems with
chattering, which is restrained by algorithm, can be inhibited.
The proposed method comprehended the advantages of both
MSM and DSMC.

The brief outline of the paper is as follows. In Section 2,
the multirate sampling method is introduced. In Section 3,
the discrete-time chattering free sliding mode control
method is proposed. In Section 4, experiments results are
included to support the theoretical work. Finally, the paper
is concluded in Section 5.

2. Multirate Sampling Method

For a flight simulator system, the command transmission
period of the simulation computer 𝑇

𝑟
is ordinarily longer

than the sampling period 𝑇
𝑠
of the control system. The inter-

polation algorithm calculates the desired control command
value at every point between 𝑖𝑇

𝑟
and (𝑖 + 1)𝑇

𝑟
. In the analysis

of MSM, a single sampling SISO system is described as an
MIMO system. Therefore, the interpolation is not required
to calculate the commands. Figure 1 shows the structure of a
multirate sampling control system.

In the structure, 𝐶
𝑀
(𝑧) guarantees the tracking perfor-

mance and 𝐶
𝑅
(𝑧
𝑠
) improves the robustness. 𝐶

𝑀
(𝑧) is a

feedforward MIMO controller. As is shown in (1), 𝐿(𝑇
𝑠
), an

MISO component, outputs each element 𝑢
𝑘
[𝑖] of the input

vector u⃗[𝑖] in accordance with the sampling period𝑇
𝑠
.𝐶
𝑅
(𝑧
𝑠
)

is a robust controller, which is used to restrain external
nonlinear disturbances, time-varied characters, and mod-
eling uncertainties. 𝑃

𝑐
(𝑠) is the continuous-time object. 𝑆

𝑀

denotes sampling.𝐻
𝑀
denotes zero order hold. For a general

multirate sampling system, there exist three periods: the
reference input period 𝑇

𝑟
, the control value input period 𝑇

𝑢
,

and the feedback sampling period 𝑇
𝑦
. In flight simulator

systems, the previous periods satisfy (2). Consequently, the
system can be divided into two parts: the shorter period part
with 𝑇

𝑠
and the longer period part with 𝑇

𝑟
.

Suppose that the state space model with controllable
standard of the flight simulator system in work frequency
band is shown as (3).Then the discrete-time plant discretized
by sampling period 𝑇

𝑠
can be gotten as (4) (∙(𝑘) stands for

∙(𝑘𝑇))

u⃗ [𝑖] = [𝑢
1
[𝑖] , 𝑢
2
[𝑖] , . . . , 𝑢

𝑘
[𝑖] , . . . , 𝑢

𝑛
[𝑖]]
𝑇

,

𝐿 (𝑇
𝑠
) u⃗ [𝑖] =

{{{{{{{{{{{

{{{{{{{{{{{

{

𝑢
1
[𝑖] , 𝑡 = 𝑇

𝑠
,

𝑢
2
[𝑖] , 𝑡 = 2𝑇

𝑠
,

...
𝑢
𝑘
[𝑖] , 𝑡 = 𝑘𝑇

𝑠
,

...
𝑢
𝑛
[𝑖] , 𝑡 = 𝑛𝑇

𝑠
,

(1)

𝑇
𝑟
> 𝑇
𝑢
= 𝑇
𝑦
= 𝑇
𝑠
, (2)

ẋ (𝑡) = 𝐴
𝑐
x (𝑡) + 𝑏

𝑐
𝑢 (𝑡) ,

𝑦 (𝑡) = 𝑐
𝑐
x (𝑡) ,

(3)

x [𝑘 + 1] = 𝐴
𝑠
x [𝑘] + 𝑏

𝑠
𝑢 [𝑘] ,

𝑦 [𝑘] = 𝑐
𝑠
x [𝑘] .

(4)

In the following discussions, 𝑇
𝑟
= 𝑛𝑇

𝑠
is regarded as the

condition, which is very common in the flight simulator
systems. In this equation, 𝑛 is the quantity of state variables of
the plant, that is, the plant order.Therefore, the state equation
of the system (5) and (6), discretized by sampling period
𝑇
𝑠
, can be described as (7) according to 𝑇

𝑟
. It should be



Mathematical Problems in Engineering 3
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Figure 1: Structure of a multirate sampling control system.

emphasized that the system is described, not discretized by
𝑇
𝑟
, as

x
2
[𝑖] = 𝐴

𝑠
x
1
[𝑖] + 𝑏

𝑠
𝑢
1
[𝑖] ,

x
3
[𝑖] = 𝐴

𝑠
x
2
[𝑖] + 𝑏

𝑠
𝑢
2
[𝑖]

= 𝐴
2

𝑠
x
1
[𝑖] + 𝐴

𝑠
𝑏
𝑠
𝑢
1
[𝑖] + 𝑏

𝑠
𝑢
2
[𝑖] ,

...

x
𝑛
= [𝑖] 𝐴

𝑛−1

𝑠
x
1
[𝑖] + 𝐴

𝑛−2

𝑠
𝑏
𝑠
𝑢
1
[𝑖]

+ ⋅ ⋅ ⋅ + 𝑏
𝑠
𝑢
𝑛−1
[𝑖]

(5)

𝑦
1
[𝑖] = 𝑐

𝑠
x
1
[𝑖]

𝑦
2
[𝑖] = 𝑐

𝑠
x
2
[𝑖] = 𝑐

𝑠
𝐴
𝑠
x
1
[𝑖] + 𝑐

𝑠
𝑏
𝑠
𝑢
1
[𝑖] ,

...

𝑦
𝑛
[𝑖] = 𝑐

𝑠
𝐴
𝑛−1

𝑠
x
1
[𝑖] + 𝑐

𝑠
𝐴
𝑛−2

𝑠
𝑏
𝑠
𝑢
1
[𝑖]

+ ⋅ ⋅ ⋅ + 𝑐
𝑠
𝑏
𝑠
𝑢
𝑛−1
[𝑖] ,

(6)

x [𝑖 + 1] = 𝐴x [𝑖] + 𝐵u⃗ [𝑖] ,

y⃗ [𝑖] = 𝐶x [𝑖] + 𝐷u⃗ [𝑖] ,
(7)

where u⃗[𝑖] is as shown in (1), y⃗[𝑖] is shown as (8), and𝐴, 𝐵,𝐶,
𝐷 are shown as (9), where

y⃗ [𝑖] = [𝑦
1
[𝑖] , 𝑦
2
[𝑖] , . . . , 𝑦

𝑘
[𝑖] , . . . , 𝑦

𝑛
[𝑖]]
𝑇

, (8)

[
𝐴 𝐵

𝐶 𝐷
] =

[
[
[
[
[
[

[

𝐴
𝑛

𝑠
𝐴
𝑛−1

𝑠
𝑏
𝑠

𝐴
𝑛−2

𝑠
𝑏
𝑠
⋅ ⋅ ⋅ 𝐴

𝑠
𝑏
𝑠
𝑏
𝑠

𝑐
𝑠

0 0 ⋅ ⋅ ⋅ 0 0

𝑐
𝑠
𝐴
𝑠

𝑐
𝑠
𝑏
𝑠

0 ⋅ ⋅ ⋅ 0 0

...
...

...
...

...
𝑐
𝑠
𝐴
𝑛−1

𝑠
𝑐
𝑠
𝐴
𝑛−2

𝑠
𝑏
𝑠
𝑐
𝑠
𝐴
𝑛−3

𝑠
𝑏
𝑠
⋅ ⋅ ⋅ 𝑐
𝑠
𝑏
𝑠
0

]
]
]
]
]
]

]

.

(9)

If the external nonlinear disturbances, time-varied charac-
ters, and modeling uncertainties are ignored, (10) and (11)
can be gotten from (7). x

𝑑
[𝑖 + 1] in (11) is the desired state

of the system at the next time point. Consequently, with the

control value (11), the system can achieve perfect tracking to
the reference as is shown in (12), where

(𝐼 − 𝑧
−1

𝐴) x [𝑖 + 1] = 𝐵u⃗ [𝑖] , (10)

u⃗ [𝑖] = 𝐵−1 (𝐼 − 𝑧−1𝐴) x
𝑑
[𝑖 + 1] , (11)

x [𝑖] = x
𝑑
[𝑖] . (12)

However, there exist disturbance factors in real systems,
which influence the control effect. Therefore, a robust con-
troller 𝐶

𝑅
(𝑧
𝑠
) is necessary in practical application to guar-

antee that the sensitivity of the system to the disturbance
factors is sufficiently small. Considering the robust controller,
the feed forward in MSM can be described as (13). 𝐶

𝑀
(𝑧) is

a pulse transfer function matrix with n-input and n-output.
In this paper, a discrete-time chattering free sliding mode
controller is employed as the robust controller as

𝐶
𝑀
(𝑧) = 𝐵

−1

(𝐼 − 𝑧
−1

𝐴) + 𝐶
𝑅
(𝑧
𝑠
)

× (𝑧
−1

𝐶 + 𝐷𝐵
−1

(𝐼 − 𝑧
−1

𝐴)) .

(13)

Considering the previous disturbance factors, Figure 1 can
be transformed to Figure 2 from (13). In Figure 2, 𝐶

𝑀0
(𝑧) =

𝐵
−1

(𝐼−𝑧
−1

𝐴), 𝑃(𝑧
𝑠
) = 𝑃
𝑛
(𝑧
𝑠
)[1+Δ(𝑧

𝑠
)] is the nominal model

considering multiplicative perturbation, 𝑑ex is the external
disturbance torque, and 𝑑 is the equivalent disturbance,
which is treated by the DSMC in this paper.

3. Discrete-Time Sliding Mode Control Design

Consider the continuous-time equation described by (3).The
flight simulator system is a two-order servo motor control
system, and the state parameters are usually defined as 𝑥

1
=

𝜃, 𝑥
2
= ̇𝜃 = 𝜔 (angular position and angular velocity).

Therefore, (14) can be gotten, where 𝐽 is the equivalent
inertia, and 𝐵 is the equivalent damping. It is convenient and
intuitionistic to transform the system model into canonical
tracking error space as the control objective is to make the
response track the reference. Equation (15) is gotten with this
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thinking, where 𝑒
1
= 𝑟 − 𝜃 = 𝑟 − 𝑥

1
, 𝑒
2
= ̇𝑒
1
= ̇𝑟 − ̇𝜃 = ̇𝑟 − 𝑥

2

and 𝜉
𝑟
= − ̈𝑟 + 𝑎 ̇𝑟; as

ẋ (𝑡) = 𝐴
𝑐
x (𝑡) + 𝑏

𝑐
𝑢 (𝑡) ,

𝑦 (𝑡) = 𝑥
1
,

𝐴
𝑐
= [
0 1

0 𝑎
] , 𝑏

𝑐
= [
0

𝑏
] , 𝑎 = −

𝐵

𝐽
, 𝑏 =

1

𝐽
,

(14)

̇𝑒 = 𝐴
𝑐
𝑒 − 𝑏
𝑐
(𝑢 + 𝑏

−1

𝜉
𝑟
) . (15)

The additional disturbance 𝑏
𝑐
𝑏
−1

𝜉
𝑟
appears due to the trans-

formation, while the reference signal varies in time. In the
flight simulator system, 𝜉

𝑟
can be ignored in the static condi-

tion as the reference almost has no change.Meanwhile, 𝜉
𝑟
can

also be compensatedwith the help of theMSM in the dynamic
condition. Consequently, the influence of 𝜉

𝑟
can be ignored

in the proposed method. Equation (15) can be transferred
to (16). The equivalent discrete-time representation of (15) is
described by (17), and the state matrices of the system have a
relationship as shown in (18), where

̇𝑒 = 𝐴
𝑐
𝑒 − 𝑏
𝑐
𝑢, (16)

𝑒 [𝑘 + 1] = 𝐴
𝑠
𝑒 [𝑘] − 𝑏

𝑠
𝑢 [𝑘] , (17)

𝐴
𝑠
= 𝑒
𝐴
𝑐
𝑇
𝑠 , 𝑏

𝑠
= ∫

𝑇
𝑠

0

𝑒
𝐴
𝑐
𝜏

𝑏
𝑐
𝑑𝜏. (18)

It is necessary to establish a discrete-time sliding mode along
the sliding surface defined by (19), where 𝑐 ∈ R1 × 2. With the
appropriate selection of the vector 𝑐, the sliding dynamics can
be stable and the ideal tracking can be achieved. Consider

𝑠 [𝑘] = 𝑐e [𝑘] . (19)

The chattering free sliding mode control algorithm combines
two SMCprinciples: the reaching law and the boundary layer.
The control law has two modes: a nonlinear and a linear
mode. The nonlinear mode steers the system to a boundary
layer of the sliding surface, and the linear mode ensures
the sliding surface is reached in one step and maintains the
motion on it after that.

The reaching law is designed by (20) and (21) as follows:

𝑠 [𝑘 + 1] = 𝑠 [𝑘] − 𝜙 (𝑠 [𝑘]) , (20)

𝜙 (𝑠 [𝑘]) = min (|𝑠[𝑘]| , 𝜎𝑇
𝑠
) sgn (𝑠 [𝑘]) . (21)

If |𝑠[𝑘]| ≥ 𝜎𝑇
𝑠
(outside the boundary layer), (20) equals

to (22). Finite-time convergence to the boundary layer is
guaranteed in the case of 𝜎 > 0 as

𝑠 [𝑘 + 1] = 𝑠 [𝑘] − 𝜎𝑇
𝑠
sgn (𝑠 [𝑘]) . (22)

If |𝑠[𝑘]| < 𝜎𝑇
𝑠
(inside the boundary layer), (20) equals to 𝑠[𝑘+

1] = 0, indicating that an ideal DSM is achieved in one step.
Assume that 𝑐𝑏

𝑠
= −𝑇
𝑠
; from (17)–(21), the control law is

determined as (23). The assumption ensures that the degree

of variable 𝑠, with respect to the control signal 𝑢, is one, as the
usual practical condition

𝑢
𝑠
[𝑘] = (𝑐𝑏

𝑠
)
−1

𝑐 (𝐴
𝑠
− 𝐼) 𝑒 [𝑘] + (𝑐𝑏

𝑠
)
−1

𝜙 (𝑠 [𝑘])

= −
𝑐 (𝐴
𝑠
− 𝐼) 𝑒 [𝑘]

𝑇
𝑠

−
𝜙 (𝑠 [𝑘])

𝑇
𝑠

.

(23)

Vector 𝑐 in (19) should be designed to ensure the exponential
convergence of theDSMC, with a desired rate 𝛿

1
= 𝑒
−𝛼𝑇
𝑠 (𝛼 >

0). The system (16) with control (23) is transformed into a
regular form by the coordinate transformation 𝑒[𝑘] = 𝑃

1
𝑒[𝑘],

where

𝑃
1
= [𝑏
𝑠
𝐴
𝑠
𝑏
𝑠
] [
𝑎
1
1

1 0
] ,

det (𝑧𝐼 − 𝐴
𝑠
) = 𝑧
2

+ 𝑎
1
𝑧 + 𝑎
0
.

(24)

Since the pair (𝐴
𝑐
, 𝑏
𝑐
) is controllable and (𝐴

𝑠
, 𝑏
𝑠
) is the

analytic functions of 𝑇
𝑠
, the pair (𝐴

𝑠
, 𝑏
𝑠
) is controllable for

almost all choices of 𝑇
𝑠
. Therefore, the matrix 𝑃

1
is regular.

Under the assumption that 𝑐𝑏
𝑠
= −𝑇
𝑠
, the vector 𝑐, providing

the desired convergence dynamics, can be obtained as

𝑐 = 𝑇
𝑠
[𝛿
1
−1] 𝑃
−1

1
. (25)

To improve the static accuracy, a specific integral action is
introduced, which is described in [18]. The integral action
only effects inside the boundary layer during the linear con-
trol mode, without any degradation of the system dynamics.
The control law is enhanced as (26), where the integral action
is given by (27), where

𝑢 [𝑘] = 𝑢
𝑠
[𝑘] − 𝑢

𝐼
[𝑘] , (26)

𝑢
𝐼
[𝑘] = {

0, |𝑠 [𝑘]|≥𝜎𝑇
𝑠
,

ℎ𝑠 [𝑘] + 𝑢
𝐼
[𝑘 − 1] , |𝑠 [𝑘]|<𝜎𝑇

𝑠
,
0<ℎ<

1

𝑇
𝑠

.

(27)

In the proposed method, the DSMC is employed as a robust
controller, which guarantees the capability of robustness
[15]. The tracking performance is guaranteed by the MSM.
Therefore, the static characters are considered primarily. The
DSMC is designed in the static condition and 𝜉

𝑟
in (15) can be

ignored. In Figure 2, theDSMCworks as the robust controller
𝐶
𝑅
(𝑧
𝑠
).𝐶
𝑅
(𝑧
𝑠
) can be expressed as𝐶

𝑅
(𝑧) by𝑇

𝑟
, using a similar

way as shown in (5) and (6).

4. Experiment Results

In order to test the effect of the proposed method, an
experiment is implemented by using a three-axis flight
simulator shown in Figure 3. The optical-electrical encoder
with resolution of 0.0007 degrees is employed as the position
sensor. The program of control algorithm is written with C
language based on Windows-RTX real-time system in an
industrial computer (Advantech IPC 610), which connects
with the servo drivers by a 16-bit D/A convertor of PCI bus.
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𝐶𝑀0(𝑧)

Figure 2: Transformed structure of the multirate sampling control system.

Figure 3: The three-axis flight simulator.

The pitch axis is chosen herein to verify the method
as each axis of the flight simulator can be designed inde-
pendently. The controller design is based on the parameters
which are acquired by identifying the flight simulator. The
parameters of the nominal model are identified as 𝐽

𝑛
=

0.0053, 𝐵
𝑛
= 0.0638. The fitting curves for frequency

characteristics of actual plant and nominal model shown in
Figure 4. Suppose that the instruction transmission period
(longer period) of the simulation computer is 𝑇

𝑟
= 0.002 s.

Considering 𝑇
𝑟
= 𝑛𝑇
𝑠
, the control period (shorter period)

is 𝑇
𝑠
= 0.001 s as the nominal model is a two-order system.

Noting that the perfect tracking can be achieved no matter
how to select state variables in theory, however, there exists
volatility in the controller output if improper state variables
are chosen in application. State variableswith explicit physical
significance are appropriate in general.

From (9) and (18), the multirate sampling controller in
Figure 2 can be designed as

𝐶
𝑀0
(𝑧) = 𝐵

−1

(𝐼 − 𝑧
−1

𝐴) , (28)

where

𝐴 = [
1 0.0020

0 0.9763
] , 𝐵

−1

= [
5351.1 −2.7

−5287.3 8
] . (29)

The DSMC is designed as (20), (21), (23), (26), and (27). The
parameters of the DSMC controller are given as follows: the
switching gain 𝜎 = 35, and the integral gain ℎ = 10, the
dynamics eigenvalue of sliding mode 𝛿

1
= 𝑒
−0.02

(𝛼 = 20),
and the switching function vector 𝑐 = [−0.1061 −0.0053].
A nonlinear tracking differential estimator is used to get
differential value [19], and the nonlinear tracking differential
gain 𝑔V = 350. In the experiment, three sinusoidal signals
with the same amplitude 0.5∘, which is provided by the
flight simulator testing standard, are chosen as the reference.
The frequency of the signals are 1HZ, 2HZ, and 4HZ,
respectively. An independent DSMC, with the control cycle
𝑇
𝑠
= 0.001 s, is designed aiming at the same object for

comparison. For the proposed MSM, the references are as
(30)–(32), respectively, where

𝑟 [𝑖] = x
𝑑
[𝑖 + 1] = [

0.5 sin (2𝜋𝑖)
𝜋 cos (2𝜋𝑖) ] , (30)

𝑟 [𝑖] = x
𝑑
[𝑖 + 1] = [

0.5 sin (4𝜋𝑖)
2𝜋 cos (4𝜋𝑖)] , (31)

𝑟 [𝑖] = x
𝑑
[𝑖 + 1] = [

0.5 sin (8𝜋𝑖)
4𝜋 cos (8𝜋𝑖)] . (32)

Figure 5 compares the tracking error of the DSMC and
DSMC+MSMschemeswhen the reference signal is described
as 0.5 sin(2𝜋𝑡). The curves of the tracking error show that
the maximum tracking error under the DSMC scheme
approximately equals to 0.018 deg while that decreases to
0.005 deg using the proposed method. Figure 6 compares
the tracking error of the two schemes when the reference
signal is described as 0.5 sin(4𝜋𝑡). The maximum track-
ing error decreases from 0.022 deg to 0.012 deg with the
help of MSM. Figure 7 compares the tracking error of the
two schemes when the reference signal is described as
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Figure 4: The fitting curves for frequency characteristics of actual plant and nominal model.
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Figure 5: The comparison of error curves with the sinusoidal input (𝐴 = 0.5, 𝑓 = 1) and the control value of the proposed method.
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Figure 7: The comparison of error curves with the sinusoidal input (𝐴 = 0.5, 𝑓 = 4) and the control value of the proposed method.

0.5 sin(8𝜋𝑡). The maximum tracking error decreases from
0.114 deg to 0.046 deg.

The tracking error indicates that the systemwith DSMC+
MSM has better dynamic performance than the system with
independent DSMC. The flight simulator testing standard
stipulates that the maximum tracking error cannot exceed
10% of the amplitude of the test reference in working band.
Consequently, the maximum dynamic tracking error should
be less than 0.05 deg under the condition of the standard
testing reference shown in (30)–(32). From Figure 7, the
system using the proposed method has a bandwidth which
is more than 4HZ. Meanwhile, the bandwidth of the same
system using the independent DSMC is less than 4HZ.
The frequency response of the flight simulator is expended.
Meanwhile, the controller is designed in accordance with the
nominal model, without considering external disturbance,
modeling mismatching, and measure noise. The experiment
results got by a real system with previous disturbances are
similar to the theoretical ones, which intimates the robustness
of the method.

Furthermore, the control value of the proposed method
does not exhibit obvious chattering phenomenon from the
control value curves in Figures 5–7. The control value does
not exceed the limit of the D/A converter either. External
disturbance, modeling mismatch, measure noise, and other
factors are reflected in control value due to the effect of robust
controller, which is a DSMC in this paper.The results indicate
that the introduced controller can be reliably performed in
practical application.

5. Conclusion

This paper proposes a discrete-time chattering free sliding
mode control with multirate sampling method. The DSMC
is employed as a robust controller in the MSM structure. The

DSMC compensates the nonlinear disturbance and ensures
the robustness of the system. The chattering is eliminated
by algorithm. Meanwhile, the MSM helps to improve the
dynamic performance and expend the frequency response of
the system. In consequence, they help each other to enhance
the performance of the servo control system.

The method has been validated by experiments. By
using the proposed method, the maximum tracking error
decreases from 0.018 deg to 0.005 deg with the reference of
0.5 sin(2𝜋𝑡), from 0.022 deg to 0.012 deg with the reference
of 0.5 sin(4𝜋𝑡), and from 0.114 deg to 0.046 deg with the
reference of 0.5 sin(8𝜋𝑡). Most servo motion control systems
have similar characteristics to flight simulator therefore, the
theoretic results are able to be extended to other relational
fields such as mechanical arm systems, camera tracking
systems, and other servo motion control systems, especially
those with high precision and frequency response require-
ment.

However, the restriction that 𝑇
𝑟
= 𝑛𝑇
𝑠
must be satisfied,

where 𝑛 is the order of the plant. In practical application, the
change of the sampling period means additional debugging
workload frequently. In future work, better ways to achieve
multirate sampling will be studied.
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