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Abstract: This paper proposes an energy-efficient networked
control system (NCS) using burst data transmission and time-
delay compensation techniques. The proposed techniques en-
able energy-efficient operation of the NCS by making its net-
work interfaces enter a low-power sleep mode when no data
are exchanged between the controller and plant. Simulations
using a networked motion control system show that the pro-
posed techniques can effectively generate idle periods of the
network interfaces for energy-efficient operation and achieve
stable position control of an electric motor.
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1. Introduction

A networked control system (NCS) is distributed control
system over networks [1]. In networked motion control, con-
trollers, actuators, and sensors are connected over a network
to frequently exchange control and response signals, as shown
in Fig. 1. The advantages of networked motion control sys-
tems are, for example, enabling remote and integrated control,
the ease of implementation, and scalability. Networked mo-
tion control is used in various fields, such as sensor network
and unmanned automated systems [2]. However, according
to the growth of information and communication technology
(ICT), the power consumption in the networks has increased
[3]. The NCSs are no exception in that they use high-speed
networks and consume large amount of electric power.

There are many researches about energy-efficient network-
ing and NCSs. Singhet al. [4] proposed forward error cor-
rection (FEC) techniques based on fuzzy inference system to
improve reliability of low-power wireless NCSs for energy
efficiency. Ozgeret al. [5] proposed the method to convey
the measurement packets by the energy limited sensor nodes
to the Kalman filter to estimate wireless NCSs efficiently.
The frequent exchange of data packets causes the increase
in power consumption of communication interfaces. Event-
based data-sampling and sleep-based power-saving strategy
has been studied to widen the data transmission interval [6].
We applied the strategy to an NCS with broadcast-based opti-
cal network interfaces in [7]. In addition, it is known that burst
data transmission improves the energy efficiency of Ethernet
links, which is called Energy-Efficient Ethernet (EEE) [8].
The burst data transmission widens the data transmission in-
terval, and the network interfaces can enter a low-power sleep
mode during the idle periods [9].

The conventional studies generated data loss in the sleep
mode or had no delay compensation techniques, and it causes
the performance degradation of the NCS. A communication
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Figure 1. Networked motion control system.

disturbance observer (CDOB) has been studied as a time-
delay compensator [10]. The CDOB estimates time-delay
effects as a network disturbance (ND) to compensate them
without time-delay models even if there are time-varying de-
lays. Furthermore, the CDOB can compensate data loss as
the ND [11]. The CDOB can be more robust to time-varying
delay by implementing with jitter buffer which suppresses the
fluctuation of time delays [12].

This paper proposes an energy-efficient NCS using burst
data transmission and time-delay compensation techniques.
The proposed techniques make it possible to reduce the power
consumption of the network interfaces without an excessive
performance degradation of the NCS. The effectiveness of the
proposed techniques are confirmed by the simulations using a
networked motion control system.

This paper is organized as follows. The following section
proposes an energy-efficient NCS using burst data transmis-
sion and time-delay compensation techniques. Simulation re-
sults are shown in Section 3. Finally, our conclusion is de-
scribed in Section 4.

2. Energy-Efficient NCS
This section describes the energy-efficient networked mo-

tion control system with the proposed burst data transmission
and time-delay compensation techniques.

2.1 Burst data transmission

The burst data transmission technique is applied to the net-
worked motion control system, which is comprised of the
controller, network, and electric motor, as shown in Fig. 2.
The proposed technique includes buffering, burst transmis-
sion, and regeneration processes for the feedback path, i.e.,
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Figure 2. Buffering, burst transmission, and regeneration.
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Figure 3. Proposed control system.

the path from the motor to the controller. On receiving the re-
sponse signals generated by the motor or sensor, the transmit-
ter on the motor side buffers the data and makes the network
interfaces enter the sleep mode during the idle periodTb. Af-
ter the idle periodTb, the transmitter sends all the buffered
data to the controller over the network with the time delay
T . The receiver on the controller side receives the data and
regenerates them at intervals according to the control period.
Therefore, these processes can be simply considered as a time
delay ofTb + T .

2.2 Control system

The block diagram of the proposed system is shown in
Fig. 3, wherexcmd, u, xres, ands denote the position com-
mand, control input, position response, and Laplace opera-
tor, respectively. The disturbance observer (DOB) is imple-
mented on the motor side to achieve robust motion control
against disturbances [13]. It is assumed that the one-way time
delayT is a constant value for simplicity in this research. The
buffering, burst transmission, and regeneration processes are
represented as a time delay ofTb. The proposed system has
the network interfaces in the feedback path with the sleep
mode. The time delaysT andTb may degrade the stability
and performance of the system. In this research, the commu-
nication disturbance observer (CDOB) is implemented as a
time-delay compensator [10].
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Figure 4. Networked motion control system with CDOB.

2.3 CDOB

The CDOB estimates and compensates the time delays as
a network disturbance (ND) by using a nominal model of the
motor. It needs no time-delay models, and can be applied to
the system with time-varying delays.

The block diagram of the networked motion control sys-
tem with the CDOB is shown in Fig. 4, whereGc andGp

are the transfer functions of the controller and motor, respec-
tively. The CDOB estimates the effect of time delays of the
system as the ND,fND, that is expressed as (1)

fND = (1− e−(2T+Tb)s)u, (1)

where2T +Tb is the sum of the round-trip time delay and the
idle period. When the transfer function of the nominal model
of the motor,Ĝp, is equal toGp, the output of the CDOB
xcmp is calculated as (2)

xcmp =
gcdob

s+ gcdob
GpfND, (2)

wheregcdob denotes the cut-off frequency of the CDOB. If the
cut-off frequency of the low pass filter (LPF)gcdob is large
enough, the transfer function of the total control system is
expressed as (3)

xres

xcmd
=

GcGpe
−Ts

1 +GcGp
. (3)

The denominator of the transfer function does not include
time delays. Therefore, the effect of the ND is completely
compensated byxcmp.

3. Simulation

This section shows simulation results to confirm the valid-
ity of the proposed techniques.
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Table 1. Simulation parameters.
Transfer function of the controller 6.64 + 0.664s

Transfer function of the motor 1.53
s(0.0254s+1)

Time delay of the networkT 10 ms
Burst transmission intervalTb 50, 100 ms
Cut-off frequency of the DOB 10 rad/s

Cut-off frequency of the CDOB 100 rad/s
Control period 1 ms
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Figure 5. Simulation results of conventional position control.

3.1 Setup

The simulations were performed to show the effectiveness
of the proposed techniques. In the simulations, we performed
remote position control of a direct-current (DC) motor, and
assessed the step response. The parameters used in the simu-
lations are shown in Table 1. The controller is designed so as
to obtain critical damping response.

3.2 Results

The simulation results are shown in Figs. 5–7. Figure 5
shows the results using the conventional remote position con-
trol with the CDOB. Figures 6(a) and 6(b) show the results
using the burst data transmission without the CDOB and with
the CDOB, respectively, when the burst transmission interval
were set to 50 ms. Figures 6(a) and 6(b) show the results us-
ing the burst data transmission without the CDOB and with
the CDOB, respectively, when the burst transmission interval
were set to 100 ms. In each figure, the position command,
i.e., the step input, and position response are shown. Table 2
shows the energy efficiency that can be assessed by an active
rate of the network interfaces.

In Fig. 5, the response was converged to the step command
due to the CDOB-based time-delay compensation. However,
the frequent exchange of data caused the degradation of en-
ergy efficiency. In Fig. 6(a), the burst data transmission,
which could reduce the power consumption of network inter-
faces, generated the oscillatory response because of the time
delays. In Fig. 6(b), the proposed techniques provided better
performance in both energy efficiency and control stability
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(a) Burst data transmission without CDOB
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(b) Burst data transmission with CDOB

Figure 6. Simulation results (Tb = 50 ms).

Table 2. Summary of the simulation results.
Active rate Steady-state error

Fig. 5 100 % 2.7×10−5 rad
Fig. 6(a) 2 % 7.6×10−2 rad
Fig. 6(b) 2 % 2.9×10−5 rad
Fig. 7(a) 1 % 9.2×10−1 rad
Fig. 7(b) 1 % 3.3×10−5 rad

than the cases of Fig. 6(a). In Fig. 7(a), long burst transmis-
sion interval could reduce the power consumption compared
with Fig. 6(a). However, it generated greater oscillatory re-
sponse because of the increase of time delays. In Fig. 7(b), the
proposed techniques could compensate long burst transmis-
sion interval and provided better performance than the case
of Fig. 7(a).

4. Conclusion
This paper proposed the networked motion control system

with the burst data transmission and time-delay compensa-
tion techniques. The burst data transmission reduced active
rate of the network interfaces. The processes of buffering,
burst transmission, and regeneration could be considered as a
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(a) Burst data transmission without CDOB
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Figure 7. Simulation results (Tb = 100 ms).

time delay and be compensated with the CDOB. The simu-
lation results showed that the proposed techniques effectively
generated idle periods of the network interfaces and achieved
stable position control of the motor.
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