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ABSTRACT

The EtherCAT network was developed by Beckhoff Automation and it is considered the fastest
technology among industrial Ethernet networks. Thanks to high data transmission rates, flexible
connectivity and nanosecond synchronization, EtherCAT networks are becoming more and more
popularin industrial applications. AC Servo motors are becoming more and more popular in indus-
trial applications due to their high efficiency, fast dynamic response, low noise and high precision.
Servo motor control technology is constantly being developed, one of the trends is integrating
real-time network into the motor controller to improve efficiency and reduce hardware costs. This
paper presents the design of an AC Servo motor controller with integrated EtherCAT network. The
system architecture of the EtherCAT Slave as well as the communication method between the ap-
plication microcontroller and the EtherCAT Slave device are presented. Peripheral components,
processing tasks of EtherCAT network-integrated motor controllers for industrial applications are
analyzed in detail. Then, we propose the optimal EtherCAT controller hardware architecture both
in terms of motor control and EtherCAT. The controller architecture is a combination of EtherCAT
chip, high performance microcontroller and FPGA, optimized for motor control application. In ad-
dition, a prototype controller has been designed based on the proposed structure with compact
size, integrated Sigma Delta ADC, USB interface, Digital I/0 and support for a variety of position
feedback sensors. Some important points of the CIA-402 Driver profile standard such as operat-
ing structure, state machine management, Cyclic synchronous position control mode are analyzed
and applied to closed-loop control of AC servo motor. The controller is connected to the Ether-
CAT master and operates in a real-time environment. Test results and measurements have been
checked to demonstrate the controller's operability in the EtherCAT network as well as AC Servo

motor controller responsiveness.

Key words: FtherCAT, AC Servo motor, CiA402 Drive profile

INTRODUCTION

EtherCAT is an Ethernet-based fieldbus system, in-
vented by Beckhoftf Automation and has been heav-
ily deployed in real world practice®. It uses stan-
dard frames and the physical layer as defined in the
Ethernet Standard IEEE 802.3. EtherCAT'’s key func-
tional principle lies in how its nodes processes Eth-
ernet frames: each node reads the data addressed to
them and inserts its data back to the telegram while
the telegram passes through the device, the data rate
speed up to 100 Mbps. EtherCAT data frames are pro-
cessed “on the fly” and entirely in hardware through
the EtherCAT Slave Controller (ESC). As a result, the
frame is delayed only by hardware propagation de-
lay times, helping the network reach maximum band-
width utilization. This unique frame processing turns
it into the fastest Industrial Ethernet technology.

EtherCAT provide Distributed Clocks solution High-
Precision Synchronization. Since the time sent from
the reference, the clock arrived at the slave devices is
going to be slightly delayed. Total delays are mea-
sured and compensated for each slave device in the

network continuously during operation. As a result,
the system generates the “Distributed Clocks” for all
slave with the jitters within much less than 1us of
each other. This solution is ideal for applications
which require synchronization such as motion con-
trol, robotics, measurements, etc.

Servo motor control is a vital part of motion control
application as well as robotics due to the fact that it is
easily found in industrial manufacture nowadays and
is available as a standard commercial product from
many vendors. The motor control technology is be-
ing continuously developed, one of the trends in servo
drive technology is integrating field bus communica-
tion into servo driver for higher efficiency and cost
savings.

Some research on the application of EtherCAT tech-
nology have been presented previously. A slave mod-
ule based on EtherCAT technology is designed from
the view of the theoretical®. Yong-Jin Kim* applied
the EtherCAT technology in vector control system of
PMSM. Z.Liu® and V. Setka® design the motor con-
troller with Integrated EtherCAT created for robotics.
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In this paper, we proposed to develop an EtherCAT
Slave Controller for AC Servo Motor with more flex-
ible structure. Our EtherCAT Slave controller con-
sists of high performance microcontroller ARM cor-
tex M4, FPGA and EthetCAT Slave Controller. The
controller focuses on compact size, supporting mul-
tiple protocols of position feedback, integrating USB
interface, Digital I/O, real-time communications and
so on. Figure 1 shows the function block diagram of
motor controller. With those advancements, we had
developed the EtherCAT motor controller and con-
trol algorithm for AC servo motor based on CIA402
drive profile.

EtherCAT Slave
USB Interface Controller Power supply
Brake Chopper State display
circuit Main Controller circuit
ARM Core M4 +
ADC Sigma FPGA Safe Torque Off
Delta circuit Digital I/0
Quadrature and 9
T et Serlal_ enf:oder Thr(_ee phlasel
Sl circuit amplifier circuit

Figure 1: Function module of motor controller

This research is divided into six sections, including the
introduction. Section II briefly explains the architec-
ture of EtherCAT Slave while section III deals with
overall architecture of the motor controller, the Pro-
cess Data Interface between ESC and local host micro-
controller (MCU) and the combination of MCU and
FPGA in the motor control system. Section IV de-
scribes CiA402 drive profile in details. The results of
this experiment are examined to verify the operation
of the controller in section V while section VI has set
the goal to point out the conclusion.

ARCHITECTURE OF ETHERCAT
SLAVE SYSTEM

There are three main components in an EtherCAT
slave system: Physical layer, Data Link layer and Ap-
plication layer”. Figure 2 explains the EtherCAT slave
architecture. The Physical layer contains the physical
components (RJ45 connectors, magnetics, standard
PHYs) to process fieldbus signals. It forwards the net-
work data to the ESC and applies signal from the ESC
to the network based on the Ethernet standard IEEE
802.3.

The Data Link Layer consists of an EtherCAT Slave
Controller and EEPROM. The ESC is the EtherCAT
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Figure 2: EtherCAT slave architecture

The ESC handles the
EtherCAT protocol in real-time by processing the data

communication processor.

frames “on the fly” and providing the interface be-
tween EtherCAT master and the slave’s local applica-
tion controller exchange data via the Process Data In-
terface (PDI). The Dual Port memory (DPRAM) in
ESC is used to exchange process data and parameters
between EtherCAT master and slaves local applica-
tion controller. To protect data in the DPRAM from
being accessed simultaneously, the ESC use Sync-
Manager mechanism to manager access rights. The
ESC uses an external EEPROM to store configura-
tion data. The data in EEPROM includes hardware
setup information will be loaded into the ESC’s dur-
ing power-up.

The Application layer is implemented on a MCU. This
controller then handles the following parts: Ether-
CAT State Machine (ESM), PDI, Mailbox, EtherCAT
application... Additional device hardware or software
may also be used to implement the device functional-
ity.

LAN9252% is the ESC from Microchip Company.
LAN9252 is dual integrated Ethernet PHYs to pro-
cess the physical layer and data link layer of EtherCAT
system. It takes care of the communications infras-
tructure, including link control, mapping logical ad-
dresses to physical addresses, exchange data between
master and local application... Figure 4 demonstrates
the general functionality of LAN9252.

The LAN9252 supports 4 PDI modes: SPI, SQI, Host
Bus Interface (HBI) and 16 bit Digital I/O. SPI and
SQI interface provide synchronous communication
between device and host system with low pin count.
Whereas, the HBI facilitates the same process via a
high-speed asynchronous slave interface. Digital I/O
mode can be used for simple applications without mi-
crocontroller.
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METHODOLOGY

In this section, we will present the hardware design ar-
chitecture of motor controller with intergrated Ether-
CAT. The application controller is the high perfor-
mance MCU STM32F407 from STMicroelectronics®,
which integrates a powerful ARM Cortex-M4 run-
ning at 168 MHz. It support both SPI for serial inter-
face and Flexible Static Memory Controller (FSMC)
for parallel memory bus interface with the LAN9252.
To minimize the communication duration, the FSMC
interface is utilized. Figure 3 shows the connection
diagram between MCU and the ESC. In this mode,
the master is MCU and slave is ESC, MCU exchange
data with ESC based on 4 bits address and 16 bits data.
The read/write operation is controlled via Chip select
(CS), Read (RD) and Write (WR) pin. There are also 3
pins (IRQ, SYNCO, SYNC]1) interrupted from the ESC
to connect to the MCU to operate the EtherCAT Slave
in various modes.

ADDR[4:1]
DATA[15:0]
cs
Microcontroller RD
ARM Cortex - M4 WR LAN9252
STM32F407 (HBI Indexed Mode)
168 MHz IRQ
g SYNCO
£ SYNC1

Figure 3: Connection diagram between MCU and
LAN9252

The PDI operation is related to the synchronization
mode of EtherCAT system. There are three modes
of EtherCAT synchronization, which are Free-Run,
Sync-Manager (SM) Synchronous and Distributed
Clocks (DC) Synchronous respectively'?. In Free
Run mode, the EtherCAT slave is not synchronized
with EtherCAT, ESC does not generate interrupt sig-
nal and MCU uses timer interrupts to access ESC pe-
riodically. In SM Synchronous mode, ESC is synchro-
nized with EtherCAT Frame with low temporal jit-
ter. The ESC will generate the IRQ interrupt to trig-
ger MCU executes the PDI and application program
when successfully exchanges process data with Ether-
CAT frame. In DC Synchronous mode, the controller
event is synchronized by the SYNC event managed by
EtherCAT Distributed Clock system which clock jit-
ter less than 1us. As a results, all ESCs in network
will generate the SYNC event simultaneously. Process
Data must be fully processed in IRQ interrupt before
the next SYNC event is received.

The EtherCAT motor controller includes motor con-
trol, EtherCAT communication and the application to
manage control and communication functions.

o EtherCAT communications interface: Mapping
input/ output data, Mailbox, Emergency mes-
sage, EtherCAT application, etc. Although the
PDI between MCU and the ESC is parallel inter-
face, this tasks still take a considerable amount
of time.

« The application task provide the high-level con-
trol of managing the overall drive communica-
tions and control functions. This can include
conﬁguration, status, operation, motion control
and other management functions.

« The control portion includes the Field Oriented
Control (FOC) algorithm, the current and po-
sition feedback system components which pro-
vide quiet operation and long life.

The FOC algorithm includes three control loops for
current, speed, position and they are arranged in cas-
cade structure. The innermost loop is the current
(torque) control loop. The outer loop the speed con-
trol loop and the outermost loop is the position con-
trol loop, result of the outer loop is the input of the
inner loop. The current loop control the torque in a
servo motor by manipulating the pulse-with modula-
tor (PWM) output, it is the most critical loop. The cy-
cle of current loop is process synchronous with PWM
frequency typically greater than 10 KHz to achieve a
higher bandwidth. The complex of control algorithm
requires MCU to have enough processing power at
these frequencies.

The industrial driver uses isolated Sigma Delta (XA)
ADC to measure the current phases and input voltage
to reduce noise and increase the resolution. The XA
ADC convert the analog signal into a 1-bit data stream
and it requires the digital filter to reconstruct the sig-
nal. There are different types of position feedback de-
pending on the servo motor manufacturer. The sim-
plest type is to use a hall-effect sensor embedded in
the motor (usually used for electronic commutation)
combined with an encoder quadrature signal. High
resolution motors usually use digital data transmis-
sion protocol to encode the position feedback data,
such as T-Format, SSi, EnDat, BiSS, etc. It is clear
that decoding encoder protocols is a time-consuming
task and very difficult for an MCU to be able to sup-
port multiple protocols without the need for addi-
tional processing modules.

In order to reduce the MCU processing time our Con-
troller uses additional Spartan 3 FPGA from Xilinx '
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Figure 5: Overall Hardware structure of motor controller

The hardware structure of motor controller is show
in Figure 5, the MCU communicates with the FPGA
through parallel memory bus interfaces. In this struc-
ture, all signals from the current sensor, positional
feedback and Digital I/O are connected to the FPGA.
The XA filters can be easily implemented to process
data from XA ADC for current phases, input voltage
and temperature. For different types of position sen-
sors, each individual module can also be built to han-
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dle each respective protocol, the FPGA design allows
these modules to work independently from each other
and not to rely on MCU. Then the MCU gets the cur-
rent phases and positions by reading data from the
FPGA, thus significantly saving computation time on
the MCU. Now the MCU focuses on carrying out the
remaining two tasks: the servo motor control algo-

rithm and the EtherCAT communication.
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CIA402 DRIVE PROFILE

CANopen has been development for many years and
has become a standardized embedded network for
many applications. The CANopen over EtherCAT
(CoE) protocol allows the complete CANopen pro-
file to be utilized in EtherCAT. The CiA402 drive pro-
file is specified by IEC for controlling drive and mo-
tion industry 2. It is mapped to EtherCAT to provide
defines setting parameters corresponding to operat-
ing modes as object dictionaries. Furthermore, it in-
cludes the state machine that defines that defines in-
ternal and external operations in each state. In this pa-
per, EtherCAT application layer is designed according
to CiA402 drive profile. Figure 6 shows the CiA402
servo controller based on EtherCAT.

Drive state machine is an important part of CiA402
It defines the possible states of the
drive and the transition sequence between states. It

drive profile.

also provides the ability to react to faults and to dis-
able the drive if necessary. Figure 7 shows the state
machines transition diagram. State transitions are
requested by setting the object with index 0x6040
called ControlWord, details of ControlWord show
in Table 1. The actual state is shown in object
index 0x6041 called StatusWord, details of Status-
Word register are shown in Table 2. Starting the
state machine, the controller automatically switches
to the NOT_READY_TO_SWITCH_ON state. Af-
ter completing the EtherCAT network initialization,
the state machine will automatically transition to
the SWITCH_ON_DISABLED state. The high level
voltage will be applied to the drive in the state of
READY_TO_SWITCH_ON, however the drive oper-
ation is still disabled. SWITCHED_ON is the state
that the power amplifier is ready but the drive op-
eration is disabled all the same. The drive function
shall be enabled when the state is changed to OP-
ERATION_ENABLE. If any faults has been detect,
the state will be transmitted to FAULT _REACTION-
_ACTIVE state to react the fault and automati-
cally transitions to FAULT state. If the fault re-
covery completed, the state machine will return to
SWITCH_ON_DISABLED state.

CiA402 supports various modes of operation: Posi-
tion control mode (Profile position, Interpolated po-
sition, Cyclic sync position), Velocity control mode
(Profile velocity, Cyclic sync velocity), Torque control
mode (Profile torque, Cyclic sync torque), Homing
mode, etc. In this paper, cyclic synchronous position
mode is chosen to carry out the process.

Cyclic synchronous position (CSP) mode: the block
diagram for CSP mode is illustrated in Figure 8.

Table 1: Controlword Register

Bit Meaning

0 Switch on

1 Enable voltage

2 Quick stop

3 Enable operation

4-6 Operation mode specific
7 Fault reset

8 Halt

9 Operation mode specific
10 Reserved

11-15 Manufacturer specific

Table 2: Statusword Register

Bit Meaning

0 Ready to switch on

1 Switched on

2 Operation enabled

3 Fault

4 Voltage enabled

5 Quick stop

6 Switch on disabled

7 Warning

8 Manufacturer specific

9 Remote

10 Operation mode specific
11 Internal limit active
12-13 Operation mode specific

14-15 Manufacturer specific

In this mode, the trajectory generator is located in
EtherCAT master, target position is generated accord-
ing to the value of the synchronous cycle time. The
MCU will update the target position by reading the
object 0x607A in the ESC and returning the actual po-
sition by write to object 0x6064. Due to its cascade
structure, the speed command value is the proportion
of the positional error, while the torque command is
the result of PI speed controller and the control value

of the Amplifier is the result of PI torque controller.
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Figure 6: CIA402 servo drive profile based on EtherCAT
RESULTS AND DISCUSSION state is connected. Now the system is working in SM

To verify the performance of EtherCAT network, a
prototype of motor controller integrate EtherCAT is
designed. The controller has a compact size, inte-
grated sigma delta ADC and USB interface while sup-
ports many types of position feedback: hall sensor,
quadrature encoder, serial encoder. The Tamagawa
AC servo motor with serial encoder is connected to
the Driver. The controller using FOC algorithm with
current control loop cycle is 100 us, speed control
loop cycle 200 us and position control loop cycle 400
us.

The test system contains the EtherCAT master and the
motor controller is shown in Figure 9. The master
includes a PC with integrated standard network card
and TWINCAT 3.1 software. There is a connection
from the controller to the network card via straight
Ethernet cable. The operation of the EtherCAT Slave
controller is verified in both SM mode and DC mode.
After successfully connecting to the EtherCAT master,
the EtherCAT slave is listed in the devicelist and in the
Operation state, Figure 11 gives data about how slave
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mode, the value of the StatusWord is 0x1221, which
signifies the state of READY_TO_SWITCH_ON.
Setting EtherCAT slave controller works in DC mode
with cycle time 2ms, after “Active configuration” de-
vice, now the system can be operated in DC mode and
the TwinCAT motor control program is enabled. Fig-
ure 10 shows the window of motor control program.
Activating the flag “Controller”, “Feed Fw” and “Feed
Bw” in the motor control program. Now the value of
Statusword is 0x4663, indicating that the controller is
in the OPERATION_ENABLE state

Verify the setting cycle time for EtherCAT Slave indi-
cated by the signal in IRQ pin and the SYNCO pin on
LAN9252 chip are measured by oscilloscope. The cy-
cle of each signal is illustrated in Figure 12, based on
the falling edge of each signal, the period of the IRQ
is 2ms and the period of the SYNCO signal is exactly
2ms.

The communication time between MCU and ESC,
MCU and FPGA is measured using the GPIO pin
at the beginning/end of the task corresponding to
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the set/reset state. Output waveforms were measured
by oscilloscope and measurement results are summa-
rized in Table 3. Comparing SPI and parallel memory
bus interface between MCU and ESC, the communi-
cation time of parallel memory bus interface is four
times smaller than SPI interface.

Finally, the results of closed loop motor control in CSP
mode are verified. The data of each closed loop is
recorded by the PC software and communicated with
the motor controller via USB. Configure the “Reverse
Sequence” on the Functions tab of the TwinCAT mo-
tor control program and then start the program. The
Target Position is generated continuously by the mas-
ter. The response of speed and torque closed loop is
shown in Figure 13 when control motor at no load and
Figure 14 when a load is applied to the motor. Due to
the PI controller, the actual values respond well to the
control value.

— Speed Command (RPM)
— Actual Speed (RPM)

Current Command(m) —— Actual Current (mA)

500.00

-500.00

50 4950 9950 14950 1995.0 24950

Time{ms]

Figure 13: Speed and Torque (Current) loop re-
sponse

CONCLUSIONS

In this paper, we have successfully developed the
EtherCAT Slave controller for AC Servo motor. The
structure and communication in the EtherCAT Slave
device were presented in details. We analyzed some is-
sues affecting the performance of the slave system and
also proposed the optimal hardware structure for the
AC servo motor control. Real-time functionality of
the EtherCAT network, CiA402 Drive configuration,
as well as controller operation are verified through
testing. The motor control algorithm will be devel-
oped in the future to work optimally with EtherCAT.
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B6 diéu khién EtherCAT Slave cho déng co AC Servo

Nguyén Hoang Giap", Vit Ngoc Diic, Lé Ba Thanh Pat
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"E| 5.@"" H Mang EtherCAT dugc phat trién bai Beckhoff Automation va né dugc coi la cong nghé nhanh nhat

trong s6 cac mang Ethernet cong nghiép. Nha vao téc do truyén thdng cao va kha nang déng bo
hoa véi d6 chinh xac dén nano gidy, mang EtherCAT ngay cang trd nén phd bién hon trong cac
Ung dung céng nghiép. Béng co AC Servo ngay cang trd nén phd bién hon trong cac ting dung
cong nghiép do hiéu sudt cao, phan tng déng nhanh, tiéng 6n thap va dé chinh xac cao. Cong
nghé diéu khién dong co AC servo khéng ngliing dugc phét trién, mot trong cac xu hudng do 1a
tich hop mang truyén théng thai gian thuc vao trong bo diéu khién déng co dé nang cao hiéu
sudt va gidm chi phi phan cing. Bai bao nay trinh bay thiét ké bd diéu khién déng co AC Servo
tich hgp mang EtherCAT. C4u tric hé théng clia EtherCAT Slave ciing nhu phuaong thiic giao tiép
gitra vi diéu khién ing dung va thiét bj EtherCAT Slave dugc trinh bay. Céc thanh phan ngoai vi, céc
tac vu can xu ly ctia bo diéu khién déng co tich hap mang EtherCAT (ing dung trong cong nghiép
dugc phan tich cu thé. Sau do6, chiing téi dé xudt cau tric phan cing bo diéu khién EtherCAT t&i uu
ca vé diéu khién dong co va EtherCAT. Kién tric bo diéu khién 1a su két hop clia chip EtherCAT, vi
diéu khién hiéu sudt cao va FPGA, dugc téi uu hda cho viéc st dung diéu khién dong co. Ngoai ra,
mot bo diéu khién thir nghiém da dugc thiét ké dua trén cdu trdc dé xudt véi kich thude nhé gon,
tich hop Sigma Delta ADC va h6 trg nhiéu loai cdm bién phan hoi vi tri. Mot s6 diém quan trong
clia chudn CIA-402 Driver profile nhu hoat déng mdy trang théi, ché do diéu khién Cyclic Position
Mode dugc phan tich va ing dung vao bé diéu khién déng co AC servo. Bo diéu khién dugc két
n6i vai EtherCAT master va hoat ddng trong mai truong thai gian thuc. K&t qua thir nghiém va cac
phép do da dugc kiém tra dé chiing minh kha nang thai gian thuc ctia mang EtherCAT cling nhu
hoat dong ctia bo diéu khién dong co AC Servo.

Tu khoa: EtherCAT, Dong ca AC Servo, Tiéu chudn CiA402 Drive profile
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