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Abstract—Recent technological advances have enabled
distributed control systems to be implemented via networks.
This allows feedback control loops to be closed over
communication channels. This paper develops a control system
with high-speed and real-time communication links. Two-
degrees-of-freedom control is utilized in this servo control
system and delta-sigma modulation is employed to compress
data and to transmit the signal over the transmission channels
between the controller and the controlled plant. Simulation
results show that the controller can compensate for noise in
signal transmission channels. In addition, the developed system
is implemented in field-programmable gate arrays (FPGA). We
developed a real-time closed-loop control system with a
communication channel whose control-sampling period is 600 ns,
and can reduce the sampling period of the controller module to
hundreds of nanoseconds.

Index Terms—Networked control, Real-time control, Delta-
sigma modulation, FPGA.

I. INTRODUCTION

Continuous improvement in automation and the growth of
production scales in manufacturing have caused
communication technology to be used increasingly in control
systems. Real-time control networks are an emerging
technology that is attracting increasing attention. From a
control systems perspective, in a distributed system, the
control loop formed by the plant’s sensors, controllers, and
actuators is closed via communication channels in real time.
Control-networking technologies provide several benefits in
linking data points. Networks enable remote data transfers
and data exchanges among users, reduce the complexity of
wiring connections and the cost of media, and provide ease in
maintenance [1], [2]. Applications using such networks
include robotic systems [3], bilateral teleoperation system [4],
networks in automobiles [5], aircraft, and manufacturing
plants.

For instance, in a robot system, there are dozens or even
hundreds of controlled nodes. Obviously, there is large
amount of control information transmitted between the
controllers and actuators to control the robot motion
accurately in real time. Therefore, we are interested in how
the information is accurately and instantly transmitted,
compressed, and exchanged to reduce the cost of cables and
interfaces and to make system monitoring and maintenance
easier. Compensating for the noise over the communication

channels accurately must also be considered. Previously,
numerical controllers (NC) and drive technology achieved a
high standard of performance with controlled analog drives.
Although position control, along with the drive, forms a
functional closed control loop, position control is
conventionally carried out in the NC, because analog drives
do not have the necessary digital processing capability. This
standard analog drive has ensured problem-free interaction
between controllers and drives from different manufacturers.
However, it slows system response and limits system
performance. Today, the entire signal processing of a digital
drive can be done with a microcontroller. The
microcontroller enables not only conventional torque and
speed control, but also fine-position control with extremely
short cycle times. For instance, the recent SERCOS interface
(SERCOS-III can provide a 31.25 ps cycle time [6]) is
clearly ahead of other standardized interfaces like
PROFIBUS or CAN. The system requires a high-speed
control sampling period and a suitable digital interface.
Current research on networked control systems is
proceeding rapidly and in many directions. Several
researchers aim at reducing the amount of information
transmitted over the communication channels with data-
compression methods [7]. Several recent papers have focused
on the quantization problem caused by the limited channel
rate [8]-[13]. Other researchers have focused on developing a
new control theory under communications constraints [12],
[13], and yet other researchers have focused their efforts on
implementing low data-rate systems for control purposes [10].
The problem of linear-system stabilization under sampled
encoded measurements has been studied [8], [9]. This is
based on a dynamically adjustable “zoom-in/zoom-out”
quantizer. More recently, time-invariant memoryless
logarithmic-quantizers have also been proposed [10]. Their
networked control systems employ micro- or millisecond
control sampling periods. The fastest existing system features
a 31.25us cycle time for eight nodes with 8-byte cyclic data,
under a 100Mb/s communication data rate [6]. It is difficult
to shorten the sampling period because of the limited data
rate. However, for robotic systems or high-speed and high-
precision multi-axis drive systems, more drives and higher
sampling periods are required to assure reliability and to
provide the desired performance. Therefore, we have studied
a low-cost and high-bit resolution quantizer to satisfy the
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Fig. 1. Configuration of the control system with communication
links.

needs of nanosecond sampling systems, with high
information-exchange rates under the limited data rate. This
can help us obtain better control performance in multi-node
systems. This paper proposes modified delta-sigma
modulation to coding source, within the context of networked
control systems. Although delta-sigma modulation is well
known for reducing the data rate for voice communication, it
is not widely used in the context of networked control
systems. The fundamental difference between the proposed
delta-sigma modulation and the classic version is a three-
level (1, 0, —1) dynamic quantizer, rather than the
conventional two levels (1, —1), which provides high
compression rates, and reduced code length. Based on delta-
sigma modulation we propose a novel method to compensate
for bit error over noisy communication channels.

Recent advances in microprocessor technology make it
possible to realize an almost ideal real-time feedback-control
system with a small compensation time for calculation of the
control law. The emergence of FPGA has given rise to high-
performance controllers. An FPGA-based control system can
dramatically reduce execution time through parallel
architectures, which increase the availability of I/O channels,
and decrease the cost [14], [15], [16]. These benefits have
caused FPGAs to be applied in various fields, such as
telecommunication [17], signal processing [18], [19], [20],
embedded-control systems [21], robotics [22], [23], [24],
electrical machine control system [25]-[30] and motion
control [4], [31], [32]. In this paper, we focus on networked
control systems implemented with FPGAs—the entire control
and communication system are implemented in FPGAs.

This paper shows the development of a high-speed and
real-time control/communication system, with
communication channels connecting the controller and the
controlled plant. The communication system uses delta-sigma
modulation to compress the transmitted data. The system
gains communication efficiency through this modulation
method, and can successfully compensate for noise over the
communication channels by setting the compensation channel
and the designed servo controller. The system we implement
in FPGAs can reduce the sampling period of controller
scheme to the order of nanoseconds, and meet the real-time
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Fig. 2. Configuration of the two-degrees-of-freedom control system.
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Fig. 3. Configurations of control system with delta-sigma
modulation in Z- transform.

control system requirements.

II. SYSTEM CONFIGURATION

The structure of the control system with a communication
link is shown in Fig. 1. The controlled plant is represented by
a servomotor. Compensation for noise over the channels is
designed into this system.

A. Controller Model

In the control system, we utilize a type 1 servo controller
that can compensate for step disturbances on the input. We
employ two-degrees-of—freedom controller [33], [34] to
realize the developed control system. The control system
configuration is shown in Fig. 2. The transfer function can be
simply given as

u=[c, Cz{r} (D
y

where U is the controller output, the controller functions are
expressed by C,,C,, where r is the command input, and
y is the plant output.

B. Communication System Design

To perform remote closed-loop control, we utilize delta-
sigma modulation to compress data in the communication
system. Delta-sigma modulation has been used in numerous
signal-processing applications, including A/D and D/A
converters, FIR and IIR filters, AM/FM modulators,
correlators, multipliers, frequency synthesizers, and
synchronizers [18], [35], [36]. Using delta-sigma modulation,
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Fig. 4. Function of modulation method. (a) Function of delta
modulation. (b) Function of sigma modulation.

various signal-processing application circuits can be designed
to achieve high-bit resolution with low hardware cost. It can
convert the large bit-width data format to a 1-bit format,
reducing the traffic in the communication channels. The
delta-sigma modulated data stream is low-pass filtered to
reduce the quantization noise, thus, it can meets the control
and communication system’s requirements for high-speed
sampling and real-time operation. Fig. 3 shows the
configuration of a communication system using delta-sigma
modulation in Z-transform domain. The proposed delta-sigma
modulation is a three level (1, 0, —1) quantizer.
1) Delta modulation

Delta modulation is based on quantizing the signal change
from sample to sample, rather than the absolute value of the
signal at each sample. The function is shown in Fig. 4(a)
where the equation is:

1 if uk)-uk-1)=Au
ug(k)=45 0 if Juk)-uk-D|<Au, )
-1 if uk)—-uk-1)<-Au

where AU is a quantum unit of the discrete system model.
The rounding off module is realized by a quantizer, which is
shown in Fig. 3.

TABLE 1
MOTOR SPECIFICATIONS AND THE CONTROLLER PARAMETERS

Rated Voltage 100 [V]
Rated Current 0.66 [A]
Ra Rotor Resistance 2.8[Q]
L, Rotor Inductance 0.0011[H]
J Motor Inertia 4966 [N -m-s?]
D, Friction Coefficient 3.543¢ 73 [N-m-s]
Kt Torque Const. 0.157 [N -m/A]
Ke CEMF Const. 0.157 [V /rad /s]
T Time Const. 50 [ms]
o8 Damped Frequency 80 [rad/s]
& Damping Coefficient 0.9
Aui, Quantization (input) 10/256 [V]
Augyt Quantization (output) 0.57/4096 [rad]
Gear radio 0.02
lnoise
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Fig. 5. Disturbance observer type equivalent block diagram

2) Sigma modulation
Sigma modulation is the integrator that adds and subtracts
the value from the output of delta modulation. The function is
shown in Fig. 4(b), where the equation is
a(k) =a(k = 1)+ Au-uq (k). 3)

III. APPLICATION TO SERVO MOTOR CONTROL

In this paper we treat the controlled plant as a servo motor
to verify the developed system by numerical simulation. The
nominal model of the controlled plant is expressed as

K
p -0 4
" (3s+B,)s @
where B, and K, are
K.K R.D
B, =~ )
a
Ky ==L, (©)
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Fig. 6.  Simulation results. (a) System response with noise over
channell. (b) System response with noise over two transmission
channels. (c) System response using noise compensation over three
channels.

where Ra is the rotor resistance, Ke is the CEMF constant,
KT is the torque constant, DI is the friction coefficient, and

J, is the motor inertia. We designed the command-input

response of the closed-loop system to be

1
C=55——". (7
r?s? 4285 +1

and the complementary sensitivity function to be
Qaes + Doy’

Q= ’ (8)

(sz +wcs+w62Xs+wc)

where 7 is the response-time constant, and . is the damped
frequency. This provides the following controllers [5]:
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Fig. 7. Noise-compensation model of channel2.
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Fig. 8. Noise-compensation method in feedback channel.
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The motor’s specifications and the controller’s parameters
are shown in Table 1. The input-channel quantization value
Au;, , and the output channel quantization value Au,, , are

set to 10.0/256 V and 0.5n/4096 rad, respectively. The
simulation is written in C. To verify the resistance to noise,
we set the noise to be about 3% bit error over the
communication channels. For example, the switching period
of the pulse-width modulator (PWM) inverter is 20 ps (50
khz carrier frequency) and that of the position-control system
is 0.6 pus. With this condition, the bit error will occur at about
3% level, because of PWM switching noise. This is a realistic
noise level for real conditions. The two-degrees-of-freedom
control system (shown in Fig. 2) can be transformed to Fig. 5
[33]. Hence, we can observe the equivalent-input disturbance
caused by the noise. Thus, it is possible to estimate and
compensate for the noise by the disturbance observer. The
type 1 servo controller C, has this function.
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Fig. 9. The basic configuration in FPGAs.

The simulation results for the noise over channell are
shown in Fig. 6(a). The simulation results for noise over
channell and channel2 are shown in Fig. 6(b). Fig. 6(a)
shows that the controller can compensate for noise over
channell, because controller C, has an integrator. However,

as shown in Fig. 6(b), the system does not compensate for
noise over channel2. Theoretically, the noise over channel?2 is
not observable. Thus, we have added channel3 to compensate
for noise over channel2. The system configuration is shown
in Fig. 7. Because multi-bit format digital signals can be
shaped into a 1-bit format with delta-sigma modulation, the
wiring costs are much lower than in some parallel
communication schemes. Here, an n-bit parallel output signal
from a servomotor side is transformed to a 1-bit serial signal
every n sampling periods, and the controller side receives a
1-bit signal from channel3 to be transformed into an n-bit
parallel signal in the same n sampling periods. Thus, the
controller side restores the signal transmitted from
servomotor. However, if channel3 is affected by noise, the
restored signal will be compared with the output of the sigma
modulation on the controller side in the same sampling period,
and we will choose the best signal as the feedback signal
from servomotor. Fig. 8 and equation (11) show the
compensation process for noise over channel3. Here, the
maximum variation every nth sampling period is assigned as
the threshold. So, we choose a threshold, n, that is the same
as the bit-width in channel3. Figure 6(c) shows the results
when noise affects all channels—clearly, that the system can
compensate for noise over all channels.

t=nT and
t=nT and
t=nT

Uchannel2 (t) if
u(t) = uchannel}(t) if
Uchannel2 (t) if

‘uchannel3 (1) = Uchannel2 (t)‘ >N
‘uchanneB (t) = Uchannel2 (t)‘ <n-

(11)

IV. FPGA IMPLEMENTATION

FPGAs are one type of the programmable IC. We can
implement the digital circuit in FPGAs using a hardware
description language (HDL) [37]. In this paper the
communication and two-degrees-of-freedom control system
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Fig. 10. Communication-system circuits in FPGA. (a) Motor-
counter unit. (b) Delta modulation unit. (c¢) Sigma modulation unit

are implemented in FPGAs [38], [39]. The control system is
described in VHSIC hardware description language (VHDL).
The basic structure of the designed circuits in FPGAs is
shown in Fig. 9. On left side, FPGA1 is the main controller
module, one part of the delta-sigma modulation module, and
the communication-interface circuits. On the right side,
FPGA2 is the motor-counter module, the other part of the
delta-sigma modulation, and communication-interface
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To implement this system in the experiment we added
channel4 to transform the output of the controller in the same
way as channel3.

A. Communication System

The communication-system circuits in the FPGA are
divided into three main parts:
1. Motor-counter unit.

2. Delta-sigma modulation unit.
3. Communication-interface unit.

1) Motor-counter unit

We designed the 4x multiplication counter circuit to
receive and count the motor-position signals. The motor-
counter unit consists of an up/down counter, a comparator,
and a counter up/down determine unit as shown in Fig. 10(a),
where cp is the clock pulse. In the counter circuit, the
comparator tests the changes of the pulse of a phase and b
phase form the servomotor encoder in each clock pulse. The
output of comparator is 0 or 1, to trigger the up/down counter.
In addition, the motor-rotation direction can be determined
by the relation of @ and b phase, by the up/down determine
unit [38].

2) Delta-sigma modulation unit

Fig. 10(b) shows the configuration of delta modulator in
FPGA, where cp is the clock pulse. Here, the comparator can
test changes in value of the input signal, which is latched by a
flip-flop at each sample. The output of comparator has three
states, expressed as 2 bits—11, 00, and 01. The configuration
of sigma modulation in the FPGA is shown in Fig. 10(c),
where cp is the clock pulse. The counter will be up or down,
according to the output of the delta modulator, and the value
is expressed in a 12-bit signal as the output of sigma
modulation.

3) Communication-interface unit

We designed the unidirectional serial-communication
interface circuit with FPGAs to reduce the wiring cost. The
parallel-to-serial converter is the main part in the unit. There
are two links between the receiver and the driver—one
carries the transmitted data stream and the other carries the
RTS (Request To Send) signal. When the data is ready to be
transmitted from the driver, the RTS signal is set to activation.
When the RTS signal is detected as activated, the receiver is
ready to receive data immediately. To read the transmitted
data accurately, a 6x over-sampling method is utilized to
provide more detailed sampling periods than that of a single
bit. The configuration of the transmitted data is shown in Fig.
11. With this communication method, we can synchronize
both FPGAs to the same clock level, providing a high
communication data rate over short distances.

B. Control System

FPGA is a generic computational platform, with parallel
processing and run-time reconfiguration capabilities. Linear-
control system algorithms are generally multiply-accumulate-
intensive functions. They contain feedback loops and parallel
structures. These parallel structures or repetitive loops can be
divided into multiple data paths, and processed as parallel
routines in FPGA to increase the system processing speed.
FPGAs are candidates for high sample-rate linear-controller
implementations. Hence, we implemented a two-degrees-of-
freedom controller in FPGA. The controller is designed for
angle-position control of a servomotor [39]. The controller
consists of three main parts, which are shown in Fig. 12.

1. Integer and floating-point number transform unit.
2.  State-variable computing unit.
3. Output computing unit.

The data format for storing floating-point numbers in the
controller is the IEEE 754 [40] standard. Single precision
floating-point uses the 32-bit IEEE 754 format shown in Fig.
13.

In the controller module, the state-variable computing unit
and the output-computing unit consist of the arithmetic logic
unit (ALU), which includes addition/subtraction and floating-
point multiplication. [41]

Floating-point multiplication is much like integer
multiplication. Because floating-point numbers are stored in
sign-magnitude form, the multiplier needs only to deal with
unsigned integer numbers and normalization. Like the
architecture of the floating-point adder, the floating-point
multiplier unit is a three-stage pipeline that produces a result
on every clock cycle.

Because we used an 8-bit DA converter and 12-bit counter,
it is necessary to design a way to transform from single-
precision floating-point numbers to 8-bit integers and from
12-bit integers to single-precision floating-point numbers
[39]. As the first conversion step floating point to 8-bit
integer, the value of right shift is computed. The second step
shifts the mantissa to right. The mantissa is adjusted, and
rounded off to output. For converting from 12-bit integers,
the mantissa of the 12-bit input data is separated, and an
exponent is built, the exponent adjusted and the mantissa is
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Fig. 14. Block diagram of the experimental setup.

V. EXPERIMENTAL RESULT

Experiments were performed to illustrate the performance
of the proposed system. A simple peer-to-peer networked
motor-control system was set up, as shown in the block
diagram in Fig. 14. The system is implemented in two Altera
Stratix EP1S10F780C7ES FPGAs [42]. The basic FPGA
clock frequency is 33.33 MHz. The results of logic synthesis
and fitting use Altera Quartus II [43]. The controller circuits
take up approximately 50% of the total FPGA logic elements.
The two-degrees-of-freedom controller takes 20 base clock
cycles (1 clock cycle = 30 ns) to complete one control loop.
This means that the controller implemented in FPGA takes
600 ns to complete one control cycle. The FPGA-based
communication system takes 180 ns to transmit 1 bit in serial-
communication mode. Hence, the data rate is 5.6 Mbps per
channel. In combination with the communication system, a
600-ns control-sampling period is realized. The equivalent
information rate in terms of the control-sampling period is
33.33 Mbps. In the experiment, a DA converter (DA7524,
Analog Devices, Inc.) provides the input signal for the
controlled plant. A servo amp (Yaskawa Electric Co.) and an
AC servomotor (Yaskawa Electric Co.) represent the
controlled plant. The servo amp works at a 12.5 kHz
switching frequency. For measurement and data capture, a
PC configured with RTLinux captures and measures data
from the counter board (CNT24-4 (PCI), Contec Co.) based
PCI bus with a 100-ps sampling period. We set different
response time constants (t = 0.05 s and t = 0.2 s) to verify
the response performance of the proposed system with the
step-position references 1 rad and 0.1 rad respectively. The
detail system parameters are listed in Table I. Fig. 15 shows
the position-output response of the motor without noise. By
comparing this with the simulation results in Fig.15, we can
confirm reliable system response. The noise-generator circuit
is shown in Fig. 16. Fig. 17 shows the position-output
characteristics of the motor with noise over the channels. The
noise frequency is 10 khz and a bit error of 0.5478% is
realized. The position response of the motor is shown in Fig.
17(a). The position responses of the motor are shown in Fig.
17(b) and (c) with the noise frequency set at 30 (bit error
0.9234%) and 40 khz (bit error 1.5305%), respectively. Fig.
17(c) shows that the system response is instable and
unreliable with a 1.5305% bit error. While the simulation is

tolerated under 3% bit error, in the experiment, the channel
noise also affects synchronization among FPGAs, something

which cannot appear in the simulations. From the
experimental results, we can conform
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Fig. 15. Control system response with high-speed communication
links without noise. (a)t=0.2s. (b)t =0.05s.
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Fig. 16. Noise-generator circuit.

that the proposed system can provide a suitable and reliable
position-control performance and compensate for noise,
under about 0.9% bit error, correctly.

VI. CONCLUSION

We have proposed a control system with communication
links that implement delta-sigma modulation to realize high-
speed data transmission and data compression. The high-
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speed system was implemented with a 1-ps sampling period
in FPGAs. The system performance was demonstrated by
numerical simulation and experimental results.

VII. APPENDIX

In this paper, we primarily realized an angular position-
control loop and communication links with 600-ns response
with FPGAs. However, the circuit time constant of the
current control system is 47 ps. This means that there is a
constant input delay. To analyze the impact of the constant
input delay we designed the two-degrees-of-freedom
controller taking the delay into account. Here, the model of
the controlled plant is modified by

, K 1

P , 12
" (Jys+Bp)s rgs+1 (12)

where 7y is the constant input delay. We designed the

command-input response of the closed-loop system
considering the delay to be
1
G'= ; (13)
7353 437282 + 375 +1
and the complementary sensitivity function to be
. (2.61320.5 + Do, (14)

(52 +0.7654 0,5 + 0, Js* +1.61800,5 + w2 )

where 7'is the response-time constant. Then, the following
controllers are obtained:
c-_ G
R 1-Q)

(B, +3s)s* +2.61325°0, +3.414315%,” +2.613250,’ + 0" 1+ 7,5)

K,s(s* +2.613250, +3.41431,” Jr7s’ + 37757 + 3¢5 +1)

(15)
(B, +3s)261325+ 0 N1+ 7,8)0,  (16)
T K sls?+2.613250, +3.414310,°)

’ _ Q’
2 7
R1-Q)
The simulation results of step response, for considering
delay and without considering delay, are shown in Fig. 18,
where 7=70ms, 7'=50ms, and &=1. The simulation results
indicate that the same response characteristic can be obtained
by adjusting the response-time constant. In other words,
adjusting the response time constant r can compensate for

C

the 47-ps time delay.

The proposed system can be expanded to a multi-node
system using a network with the proposed core controller,
with a 1.6-Mhz control cycle, where the MOSFET switching
device realizes a PWM inverter with a 100-khz switching
frequency. The multi-node system can include more than 10
nodes, where the system cycle time is satisfied with the
characteristics of the switching device. This system can
provide much higher speed than recent systems.
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Fig. 17. Experimental result with noise over channels.
(a) 0.5478% bit error. (b) 0.9234% bit error. (c) 1.5305% bit error.
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