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ABSTRACT

High Performance Motion Systems is essential for precise position of equipment used in the medical,
automotive industries. Accomplishing the precise position with minimal time and vibration is a real
challenge which makes design complex. Motion control system, typically requires three components-
motor drive, electrical control hardware and control algorithm. Diligently determining each component of
motion control is a crucial for high performance system and low development time. This paper
demonstrates use of BLDC motor drive. The design and implementation of BLDC commutation and
peripheral interfaces in programmable hardware logic in Zynq SoC processor as electrical control
hardware. Fourth order trajectory Planning which improves the position accuracy and reduces vibration as a
control algorithm can be used for high performance motion systems. The simulation result of FPGA control
logic of BLDC commutation and peripheral interface demonstrate that processor can offload its task to
FPGA. Test result for the hardware implementation affirms the accuracy and minimal vibration. Thus,
Implementing BLDC motor as a Drive, Zynq SoC as control Hardware and fourth order algorithm as a
control algorithm give high performance motion with ease of development time.

Keywords: SoC, FPGA, Trajectory Planning, BLDC, Encoder, CAN

Stepper motor. The choice of appropriate motor
1. INTRODUCTION selection depends on the application needs [3,7].
o - ) ) 2. For control Hardware, there are different options.
. Pr.ecmon position contr.ol is frequently requlyed Use ARM controller [26] or DSP processor [4,8] or
in high performance motion control systems like  microcontroller [1] or use the SoC [33] [27] or use
medical equipment, robots, industrial automation, (he FPGA [34],[2],[29].
instrumentation, computer hard disk, . automotive 3 Similarly there are different alternative for
and  space technology [6,17]. Motion control  control algorithm and control hardware like
system, typically requires three components- motor trapezoidal velocity profile, 3rd order s-curve
drive, control hardware and control algorithm. It is | 0del and 4th order s-curve model [171,[12],[20].
important to diligently select all the three  This paper presents the implementation of the
components. There is different alternative for each precision position control using
component. ) ) . the unique combination of Brushless DC Motor
1. For actuator motor drive, there are different drive (BLDC) as an actuator device, FPGA based SoC as
options like Brushed DC, Brushless DC (BLDC),  phas a hardware control mechanism and fourth order
Permanent Magnet Synchronous Machines and  {rgjectory planning model as control algorithm. The
BLDC has many advantages over the other motor
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types. High dynamic performance, precise
controllability, low audible noise, low RFI and high
efficiency at optimal cost [1],[3],[13],[23],[27]. In
order to accomplish precision motor positioning
with minimum vibration and overshoot there are
different control planning strategy [14],[20] but the
fourth order trajectory planning is ideal to achieve a
jerk free profile motion [17],[18]. The Fourth order
trajectories need to solve tedious differential
equation [17] or trigonometric equation [20],[22] in
time bound manner to achieve optimal reliability
and accuracy. This requires a hardware control
which have superior timing performance. Therefore
Zyng-7000 SoC is used as an control Hardware
platform. Zyng-7000 SoC product integrates a
feature-rich dual or single-core ARM Cortex- A9
MP-Core based processing system (PS) and Xilinx
programmable logic (PL) in a single device. The
ARM Cortex-A9 MP-Core is the heart of the PS
which also includes on-chip memory, external
memory interfaces, and a rich set of I/O
peripherals. As Zynq-7000 SoC device contains the
PS, the PL and I/O resources on the same device, it
can easily use for the high-performance motor
application The PS consisting of Cortex-A9 MP-
Core can used as the computing systems that can
implement communication channel, perform loops,
timings, decisions and complex mathematic
calculations. On other side, the PL can be
programmed using a hardware description language
(HDL) for accessing and controlling the timings of
the peripheral devices. The inherent parallel
architecture of PL help to precise control of the
peripheral device timings.

2. METHOD
2.1 Principle of Operation of BLDC Motor Drive

In conventional brushed DC motors, the
rotor coil current is delivered through carbon
brushes. These brushes wear out over the lifetime
thereby reducing the robustness [3], [28]. However,
in Brushless DC motor (BLDC) as the name
suggests, the motor current does not pass though
brushes into the coils instead electronics
commutation is used. In BLDC motor, the rotor is
made up of permanent magnets poles and the coils
are fixed which are placed in the stator. Hence no
brushes are needed for passing the current in BLDC
motors. The permanent magnet on the rotor varies
from two to eight pole pairs [31]. The torque ripple
requirement determines the number of poles and
numbers of slots [11],[33]. Generally permanent
magnet is made up of ferrite magnet but now days
even rare earth alloy magnet is gaining popularly.

The Stator is made-up of stacked steel laminated
plate with winding. Typically, there are six winding
connected together in the star fashion [26].
Commutation sequence is needed to rotate the
BLDC rotor. In each commutation sequence, one
winding end of stator coil is connect to positive
potential, another winding end of stator coil is
connected to negative potential and last winding
end of stator coil is disconnected [34]. Due to
which a magnetic field is form by the stator current.
Since the BLDC rotor is made up of permanent
magnets poles, there is an interaction between
magnetic field of stator and rotor. This interaction
generates the torque [24]. The maximum torque is
generated when orientation of magnetic fields is
perpendicular to each other since the torque
generated is function of angular difference in
between magnetic field and current direction. In
order to keep the rotor moving, magnetic field of
stator winding should shift its position. The rotor
moves to catch-up with stator field. BLDC requires
six commutation steps to finish one electrical cycle.
Please note that one electrical cycle may or may not
be equal to one mechanical revolution. Therefore,
winding coil current needs to updated for every 60
degrees of electrical cycle [26]. Reversing the
applied

phase voltage causes the motor to rotate in the
reverse direction [34]

2.2 Fourth Order Trajectory Planning

The Motion control System aims to
achieve desired velocity or position using
respective feedback loops. But the main concerned
of any precise motion control is to attain desired
velocity or position in minimum amount of time
without overshoot in actual velocity or position and
at the same time keeping minimum system
vibration [20]. The path planning algorithm always
tries to attain desired velocity or position in
minimal time, at acceptable overshoot and with
minimum system vibration. To accomplish desired
position, generally a simple trapezoidal velocity
profile is preferred in which the motor drive starts
with constant acceleration up-to maximum velocity. Then
it continues with maximum velocity and the end it retard
with constant de-acceleration. From the
figure 2 we observe that step change in the acceleration
causes infinite jerk [20]. Therefore, in trapezoidal
velocity profile, the system motion exhibits overshoot
and excessive vibration. Also, it requires longer time to
reach final desired position. This results in potential
threat to accomplish precise position. To overcome this
problem, fourth Order trajectory planning is used. The
fourth Order trajectory is based on constant derivative of
jerk profile. The fourth order profile is constrained with
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maximum allowable derivative of jerk. The time
constants of the constant derivative jerk profile can be

obtained from solving the equations of kinematics [11].
249N

2

The derivative of jerk profile is the input to the controller.
To obtain the necessary precise position, the derivative of
jerk needs to be integrated four times.
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Figure 1. BLDC H-Bridge Configuration

Numerical methods of integration is used for
performing integration [15]. Sampling rate of 1
millisecond was considered for all the numerical
calculation. The sampling frequency is important
and determines the stability and performance of the
digital feedback controller [17]. For T to be the
sampling time, the derivative of jerk profile is
delayed with 2T, jerk with 1.5T, acceleration with
T and finally velocity by T milliseconds. The
derivative of jerk profile followed by integration
blocks define the set point for the position control
loop. In actual controller design, the derivative of
jerk profile is set using lookup table, which is then
followed by numerical integration with above-
mentioned sampling rates.

2.3 Hardware Design

The figure 4 shows top-level architecture
and implementation of precision control position.
The input command to the motion control system is
given by the CAN commands. For this a personal
computer with USB to CAN adaptor is used. Using
CAN command a desired velocity or position is set
to motion control hardware. The hardware Board
consist of SoC Board, BLDC driver, voltage to
frequency converter, hall sensor inter- face,
Quadrature increment encoder interface and SSI
based absolute position encoder interface circuit.
The output of motion control hardware board is
connected to BLDC motor. For proper BLDC
commutation hall sensor feedback is connected to

the Hardware. The BLDC motor is also assembled
with the quadrature incremental encoder to measure
the motor shafts speed and detect the motor
direction. The BLDC motor’s output shaft is
connected to gearbox. The gearbox helps to reduces
the drive speed and at the same time increases the
output torque to drive the system load. The output
of the Gearbox is also connected to absolute
position encoder to measure the system load
position. The absolute position encoder is multi-
turn and can measure up to 8 turns. The current
sense circuit is needed to implement the MOSFET
driver protection logic. A resistive current sensing
scheme is used to measuring electrical current on
Hardware board. Low value series resistor is
connected in series with the return ground path as
shown in figure 1. The output current sense voltage
is converted into frequency domain. A voltage to
frequency converter(V/F) Integrated circuit. (IC)is
used for this purpose.

2.4 SSI Position Encoder

Synchronous Serial Interface (SSI) is most
commonly used serial interface standard for
industrial rotary encoders application (SS/
Synchronous Serial Interface Master - Application
Note, n.d.).
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Figure 2. Trapezoidal Path Planning

Master which is SoC has point to point

communication with a slave which is rotary
position encoder (SSI Encoders-Encoder Interface
Protocols). The sensor in the slave device
continuously updates position data and writes to the
output register. The slave device shifts out the
output register data when master SoC sends a train
of pulses. Thereby SOC can read the actual position
of the system load and use it in the planning
algorithm. The interface hardware is simple RS-422
transceiver which generate the differential clock
from the master to slave and sense differential data
received from slave to master. IC like MAX1486
transceiver from MAXIM can be used for RS- 422
transceiver [14]. If galvanic isolation is needed,
then an isolation can be provided that effectively
breaks ground loops thus preventing unwanted
current travelling between master and slave (SS/
Synchronous Serial Interface Master - Application
Note, n.d.).

derivalive of Jerk

Velocily
T

Pasition
T

Figure 3. Fourth order Path Planning

is needed, then an isolation can be provided that
effectively breaks ground loops thus preventing
unwanted current travelling between master and
slave (SSI Synchronous Serial Interface Master -
Application Note, n.d.).

2.5 Quadrature Incremental Encoders

Incremental encoder is needed for the
application where in the instantaneous velocity is
required like medical industry, automobile,
robotics. For measuring instantaneous velocity,
encoder need to have high resolution, high
accuracy, high noise immunity. The optical
incremental encoders consist of circular slotted disc
with large number of slots, that are distributed
equally. The LED is used to pass
the Light through the slots which activates two
sensors. The two sensors help to produce two
pulses train with phase shift of 90
degrees(quadrature) with each other. The direction
of the rotation determines whether a given train
pulses will lag or lead with the other. The
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frequency of pulses train is proportional the angular
velocity. The SOC detects phase angle between
pulses to determine the direction of BLDC motor

and measure the frequency of the train pulse to
calculate the instantaneous angular velocity.

Boc ||
Ori BLDC Gear 551
rer Box Positon
Encoder
v
V/F
BC s UsBto ™ sol comverter
CAN Board J
——Current Feedback
< Hall Sensor Feedback
< Positiom Feedback:
Hardware Board
Figure 4. System Block Diagram
voltage, high surge current, Gate charge, Reverse
Transfer Capacitance and fast reverse recovery
2.6 Gear Box time. The BLDC Motor Driver contains three phase

Gearbox is required to change the speed
and torque so that converted mechanical energy can
be used to drive the load. In precision position
control application, the gearbox is used to reduce
output rotational speed and to increase output
torque. There is different type of gearbox - Helical
gearbox, Coaxial helical inline, Bevel helical
gearbox, Planetary gearbox, Worm reduction
gearboxes. Harmonic drives are widely used
wherein the applications requires high torque. It is
superior to planetary gear on account of high
reduction ratios, size, small weight, zero backlash
and compactness [9].

2.7 BLDC Driver

The BLDC Driver IC used is TLE7184F.
It controls six MOSFET connected in the bridge
configuration. It helps to reduce the discrete
components in typical BLDC ap- plications and
give sufficient flexibility for customization. This IC
receives reset signal and 6 MOSFET control signal
from the SoC. It also has Current sense Op-Amp
which helps for current measurement. It also has
protection mechanism for Short Cir- cuit, Over
Voltage, Under Voltage and over-temperature. Six
N-channel MOSFETs are used to make three-phase
bridge structure for BLDC motor. These MOSFETs
are selected taking into consideration of low ON
resistance, high drain to source breaks down

inverter circuits as discussed in figure 1 to turn on
the supply voltage on each motor phase according
to the SoC signals. The SOC determines
commutation pattern based on the direction and
Hall Sensor Feedback signal. Also a SSI interface is
implemented to read the position encoder on the
Hardware board.

2.8 Voltage to Frequency Converter

The Voltage to Frequency (V/F) IC used
in the design is AD7740.1t used a charge- balance
for the conversion. It requires minimal external
Components
for implementation. The nominal applied input
Range is from 0V to VREF. The SoC feeds feed the
reference frequency to AD7740 and measures the
output frequency of AD7740. The nominal input
range from 0 V to VREF corresponds to an output
frequency of 10% of CLKIN to 90% of CLKIN.

2.9 SoC Design

The FPGA based SoC is a heart of the
position design which accepts the control command
from the PC over CAN and execute the Fourth
order planning algorithm. The processing logic(PL)
or processor fabric does all the communication over
CAN and RS232 terminal whereas the
programmable logic(PL) also known as FPGA
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fabric performs all the interface with the
peripherals. Since peripheral logic is implemented
in FPGA fabric, all interface logics executes
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Figure 5. System Block Diagram

2.10 CAN Interface

CAN Controller inside the SOC is
compatible to ISO 11898-1, CAN 2.0A, and CAN
2.0B standards. In our precision control application,
the Standard (11-bit identifier) frames with Bit rates
of 250Kb/s is implemented. The CAN specification
is high immunity to electrical noise and has ability
to self-diagnose and repair data errors. These
features have made CAN very popular in medical,
manufacturing and automation (/ntroduction to the
Con- troller Area Network (CAN). In normal mode,
if there is any error or arbitration loss then the CAN
protocol automatic performs re-transmission. This
makes CAN protocol usage easy at the application

layer. The computer program on the PC sends the

Signal ‘U“S ‘2500ns‘ ‘suumsl

set position, set velocity or set PWM command
over the CAN and receive the instantaneous
position, velocity and applied PWM.

2.11 PWM Generation Logic

In power electronics, the pulse width
modulation (PWM) is widely used to control power
by controlling the power switch [16] . In this
paper power switch is MOSFET as shown in the
figure 1. The desired PWM output is generated by
comparing the up-counter and reference count. The
PWM signal is set high when up-counter’s value is
less than reference count indicated as Set PWM in
figure 6 else the PWM signal is reset to low [10].

‘TSUUHS ‘muums
| |

Counter | L4y | X | £y

Set PWM e

PWM out _/ \

/ \ [

Figure 6. PWM Generation Logic
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For changing the PWM duty cycle, we need to
change reference count or Set PWM as shown in
figure 6 and for changing the PWM frequency we
need to change the terminal count of up-counter
[25].

2.12 BLDC Commutation Logic

As discussed in earlier section 2.1, the
BLDC motor required proper energizing coil
sequence to rotate in one direction. Please check
individual motor’s datasheet to find either it is
clockwise or anticlockwise. The equation for each
MOSFET enable is derived as (toshiba.semicon-
storage.com, n.d.) QAH = A and (not B) QBH =B
and (not C) QCH = C and (not A) QAL = (not A)
and B QBL = (not B) and CQCL = (not C) and A
The commutation implementation is done using the
stats or the look-up table as given below [17]

Table 1: The Commutation implementation
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2.13 Current Decoder Logic using Frequency
Counter

As discussed in earlier section, the current
measurement is done using Voltage to Frequency
converter IC. The sense resistor converts the
current into voltage and output frequency of V2F
IC corresponds to BLDC current is connected to
current decoder block in figure 7. The frequency
signal is then measured using the frequency counter
block using the time interval method.

|30u|s |4Du|s

|50us
1

PWhA

HAIT A

HALL_B

HALL_C

QAFL_EN

QLA_EN

QBH_EN

QEL_EN

QCH_EN

QCL EN LU

ERERRIRRURRRRREREY

Figure 7. BLDC Commutation

In time interval method, the received input
frequency pulses are counted for fixed time slot.
The fixed time interval is called as the time base.
For measurement of input pulse, a gate controlled
for fixed interval. Input pulses passing through the

gate is connected to the counter. At the end of
interval, output value of counter is latched for the
measurement. The counter is reset after each
measurement but the latched value is available all
the time for SoC to read.
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Figure 8. Current Decoder

2.14 Quadrature Encoder Logic

The quadrature encoder is connected to the
BLDC motor shaft.The encoder generally has three
outputs namely “Channel A”, “Channel B” and”
Index”. The” Channel A” and” Channel B” are
signals consist of a pulses train, which is 90-degree
phase shift. The third signal is called Index which

- Sl ‘10us ‘15us ‘EUus ‘ESUS ‘30us ‘35us
Su_mal‘l N T A N O A B A

give one pulse per motor shaft revolution. To
determine the motor direction, the” Channel B”
level is sensed at the rising edge of the” Channel
A” signal. The level is high then it is Clockwise
rotation and if level sampled is low then motor
shaft is rotating in an anticlockwise direction. In
this paper fixed-time methods is implemented that
the counts pulse over a fixed time period [19].

CHA

CHB

! \ \ “ﬁ
¥\ /

S .

Decoded Direction Mator Shaft Direction - Clockwise

ss \ Motor Shaft Direction - Antidockwise

Figure 9. Quadrature Encoder Logic

The encoder used in this paper is 512 counts per
revolution (CPR) and the gearbox used is 120:1
ratio. Therefore, the with respect to the angular
position is as follows.

CPR of output Shaft = CPR of Motor Encoder x
Gear Box Ratio. CPR of output Shaft = 512 x 120
CPR of output Shaft = 61440. Pulse per degree
rotation = 61440/360 = 170 count/degree. The
motor velocity is calculated by measuring one
encoder channel to using Frequency counter block.

2.15 SSI Absolute Interface Logic

The interface of slave SSI absolute
encoder with master SoC is done by using only two
signals namely SSI CLOCK and SSI DATA. The
FPGA Logic generate 16 pulse train generated on
SSI CLOCK signal and captures 16-bit data word
from the encoder on SSI Data for reading a position
data [31]. The FPGA logic implements a state
machine to implement SSI interface. The initial
state of SSI CLOCK is HIGH. For reading the SSI
encoder, the state machine toggles the SSI CLOCK
signal 16 times per read cycle. In response the SSI
encoder drives the data signal at each rising edge of
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the SSI CLOCK signal. The received data is
captured at falling edge of the SSI CLOCK. No

particular start or stop sequence is required for
fetching the SSI encoder data. Next data transfers
have account for the transfer pause so that SSI
encoder can update the next position value. The
state machine should take care of the maximum SSI
CLOCK frequency and transfer pause period
between two read as per the encoder’s datasheet.
The data fetched from the SSI encoder is registered
which can be accessed programming logic. Angle
Calculated from the Multi-turn Value is Number of
Turns = 8. Measurement Range = 360 degrees x 8
turn = 2880-degree Number of Output Bit = 16.
Maximum encoder value = OxFFFF = 65535
Therefore Angle per Count = Measurement
Range/Maximum encoder value Therefore Angle
per Count = 2880/65535 = 0.0439 degree/count.

Pt il e [salFosn]
Bcig | B
E a1 Ml B, L

Dervafive of Jerk
Profile

rajectory Planning and Feedforward)

2.16 Control Algorithm

The fourth order trajectory is the reference
point for the position control PID block. On other
side the position control PID receives the actual
position from SSI interface logic and accordingly it
calculates the error and provide the reference
velocity to velocity control PID. The Velocity
control PID also receives the actual motor velocity
from quadrature encoder using Quadrature encoder
logic. Accordingly, the velocity control PID
calculates the error and provide the desired PWM
and direction of rotation which is fed to BLDC
commutation logic.
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Conirol Algorithm _IE
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Unity Gain Feadback for position loop
Figure 10. 4th Order Control Logic
3. RESULT:

3.1 Simulation and Implementation

The 10 peripheral Block BLDC motor 2 is
designed which consist of Current Decoder,
Quadrature incremental speed detector, PWM
generator, BLDC commutation logic and SSI
absolute encoder logic. Following figure 11, 12, 13
shows the simulation result of PWM generation
logic, SSI Interface logic and BLDC commutation
logic  simulation results respectively. The
simulation shows that BLDC commutation and
peripheral interface can be offloaded to FPGA
fabric.

oth ok

o1 reset
¢1h enable
) W1 Period13:0)
) Wb duty150)

£ th pom out

¢1h pum n ut

Figure 11. PWM Generation Simulation
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Figure 12. SSI Interface Simulation

BLOC _mator_2

Figure 13. BLDC Commutation logic

Each individual peripheral is mapped to a unique
address. The” BLDC motor 2” RTL model
implemented in Vivado 2017.4 is shown figure 14.
SoC HDL design flow can in figure 14. ” BLDC
motor 2” is an IP block with AXI-Lite interface
implemented on programmable logic. This AXI-
Lite interface helps ARM processing system to
exchange the data with” BLDC motor 2”.
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Figure 14. BLDC IP’s RTL
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4. DISCUSSION
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Figure 15. Test Bench Setup

Figure 15 shows the workbench experimental setup
which consist of BLDC Driver Board, BLDC motor
with quadrature encoder, Gear Box, position
encoder, 24V DC main power supply, isolated
CAN power, Workstation and Logic Analyzer.
Using Xilinx’s SDK, the a C’ language program
was created, compiled and downloaded in the Zynq
SoC. The workstation was loaded with the CAN
analyser software to transmit the CAN command to
the BLDC Driver Board. All the SoC’s peripheral
device like 6 six BLDC IC driver signal lines, SSI
absolute position encoder and quadrature interface
signal are connected to the Logic analyser to
observe the waveform. The Logic analyser
waveform validated the correctness of the BLDC
driver behaviour, position encoder and Quadrature
encoder for the speed. The CAN command for the a
given PWM was given from the Workstation and
the waveform was capture to check if the BLDC
Driver’s works correctly. The figure 16 shows the
waveform capture on the Logic analyser.

Figure 16. BLDC commutation pattern captured on
Logic Analyzer
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Figure 17. Encoders wave pattern captured on Logic
Analyzer

5. CONCLUSION AND FUTURE SCOPE

After observing the control system
behaviour control system implementation with
fourth order trajectory planning, Zynq SoC and
BLDC motor it is concluded that, the control
system can accomplish the precise position without
any jerk. The result demonstrates that the steady
state error largely reduced. Thus, SoC based control
system can quite useful in high performance
application with high load applications. The model-
based approach helps to reduces the cumbersome
calculations and trial and errors in controller
parameter  tuning.  Thereby reducing the
development time.
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