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Abstract: There are many applications that have more than one motor to be controlled dependently to execute
the same task or independently to execute different tasks at the same time with high performance low cost
control system. This paper presents a Two-Synchronized Motors Control System Using External FPGA Design
with high performance and low cost for a variety of applications. The proposed technique is DSP and FPGA

based system. An external FPGA structural design is interfaced with the PWM Generation Unit of the D SP
board for the use of Two-Motor Control using one DSP Processor. The system is implemented using the
Analog Devices Blackfin™ ADSP-BF561 dual core Digita Signa Processor (DSP). Core 1 is dedicated to
implement the motor one control agorithm while core 2 mainly implements the motor two control agorithm
with one PWM Generation Unit to reduce the overall cost and complexity of the motors control system. The
FPGA design is implemented using VHDL language and downloaded successfully to the XILINX VERTEX-E
FPGA. The FPGA board is then interfaced successfully with the ADSP PWM Unit. Simulation and
experimental results are achieved successfully and introduced in this paper.

Key-Words:. - Blackfin ADSP-BF561, FPGA, Two Motors Control.

1 Introduction VERTEX-E. The FPGA board is then interfaced
In so many applications there is a need to control successfully with the DSP PWM Unit.

more than one motor at the same time either ) ,

dependently or independently, such as two-wheel This _paper mtroduce_s Two Motors Control
mobile robot that has two-independently motors [1], System in section 11, section I11 presents the FPGA
[2]. It is difficult and costly to use DSP board for Design Implementation, section IV presents Two
each motor to be controlled. It is better and easier to Motor Control Implementation, section V gives
use only one DSP board with one PWM Generation ~ Simulation Results and experimental results are
Unit, to control more than one motor concurrently. {?;clroduced in section VI and Conclusions in section

The DSP EZ-kit Lite board contains one three
phasel6-bit PWM Generation Unit, [3], [4]. The
DSP board especially designed for motion control [5] 2 Two MotorsControl System

but, only one three phase motor can be connect ed to In motion control, there are many applications that
the board to be controlled because it has only one have two motors to be controlled at the same time
PWM Unit with six output signals that is required either dependently to implement the same task or
for high-low switching of three-phase motor, like independently to implement different tasks. For
three-phase brushless DC motor. example, mobile robots that have two wheels can be
considered as Two Motors Control System (TMCS).

Therefore, there is a need for a design to be In case of two-wheel mobile robot, which has two
interfaced with the DSP PWM Unit for two motors independently controlled motors, each motor needs
control that reach for (N) number of motors. Thus, a its own controller to implement its own task, [1], [2],

dedicated FPGA Buffering design is introduced in (6], [7].

this paper. The FPGA design is simulated and

downloaded successfully to the XILINX boards Recently, most of motion control units have the
ability to control only one motor. Thus, in case of
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two motors control there is a need to use a control
unit for each motor to be controlled. After that, all
control units can be connected together to control
two motors in synchronization, [8], [9]. But, this
technique complicates the control system and makes
it costly.

Therefore, there is a need for a design to control
two motors using only one control unit with one
PWM Generation Unit. Thus, an FPGA Structura
Design isintroduced to do so. The FPGA designisa
sort of two buffers design that can be interfaced with
the DSP board PWM Unit. The design has the same
input (6-bit) and two outputs (6-bit each) equal to
the number of motors to be controlled. A sort of
control logic (CS) is used to switch between buffers
to choose which buffer needs to be updated. This
concept is described in the block diagram shown in
Fig.1 below.
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Fig.1. (DSP-FPGA) Two Motors Control System.

The (DSP-FPGA) based two motors control
system shown in Fig.1 above is composed of
e The DSP Processor executes motors control
algorithms (Blackfin™ ADSP-BF561).
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e TheFPGA block contains the two buffers design
interfaced with the PWM Unit of the DSP board.

e |Inverters supply the power to each motor.

e Sensors (such as: current, speed, position, etc.).

e Motors (such as: three-phase BLDC Motors).

The FPGA Two Buffers design is implemented
using VHDL language and XILINX (ISE) project
navigator software, [10]. Then, the design is
downloaded to the FPGA VERTIX-E XILINX
board [11], which is interfaced with the DSP board
PWM Unit. Each motor’s inverter i s connected to its
own output buffer. The (CS), is connected to a DSP
toggled I/O Pin and the design Clock is connected to
the DSP Clock.

Fig.1 above shows that; (N) number of motors can
be controlled using this structural design. Besides
the complexity of control agorithms, there are some
factors that limit the maximum number, (N), of
controlled motors. These factors are:

e DSP Processor Core Clock (CLK).

e Number of Cycles that each motor needs, or
how many cycles does each motor task need to
be implemented?

e Updating time for each Motor.

e Number of FPGA board I/O Pins.

With commercialy available high performance
DSPs like Blackfin™ ADSP-BF561, that has one on
board PWM Generation Unit and the power to
control only one motor, the system can be devel oped
to control more than one motor in synchronization
using single DSP processor and one PWM Unit by
interfacing the FPGA buffering design with the DSP
on board PWM Unit as shown in Fig.1 above.

The DSP processor with 160 MHZ Core
Clock for example, (160 MIPS) [3], [4], can
theoretically control up to 10 motors if each requires
16 MIPS using the above FPGA design. For more
illustration:

The DSP Processor that has a Core Clock
(CLK=160 MHZ and Cycle period = 6.25 ns). If
each task, each motor control loop, needs (8000
Cycles) to be implemented, then, each Task will take
(50 us= 50000 ns).

From the aforementioned, if each motor needs

(0.5ms = 500000 ns) to be updated, then the number
(N) can be calculated for this case as the following:
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0.5ms = 500000 ns, which has 500000/6.25 = 80 000
CLK Cycle. Each motor task needs 8000 cycles then:
N = 80 000/8000 = 10 Motors.

By using VERTEX-E XILINX FPGA board with
(100 ping), it is possible to control up to N=10
motors. But, in this paper the discussion will be
based on N=2 independently BLDC motors with two
different tasks to enhance two-wheel mobile robot.

3 FPGA Design | mplementation

The FPGA design is implemented using VHDL
Language. It is implemented to control two BLDC
Motors to enhance two-wheel mobile robot using
XILINX (ISE) Software as shown in Fig.2.

[e9——— s del50) = dato50)
o) ————ck
datan0)-— catan(50)  dtor(50) = dator(5:0))

Fig.2. FBGA Two Buffers design Implementation

Then, the design is simulated and downloaded
successfully to VERTIX-E XILINX FPGA
board. The XILINX FPGA board is interfaced
with the DSP PWM Generation Unit and motor
inverters are connected to the FPGA buffer’s
outputs as shown in Fig.3 below.
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Fig.3. Implementation of Two Motors Control
System for N=2 motors.
(a) Genera system block diagram,
(b)Implemented system diagram.

Task-1: is Motor-1 control loop (MCL-1) and the
output of this task goes into FPGA BUFFER-1 to
control Motor-1

Task-2: is Motor-2 control loop (MCL-2) and the
output of this task goes into FPGA BUFFER-2 to
control Motor-2

A type of control logic is used to switch between
both motor buffers to choose which one needs to be
updated. It isa (CS) logic that has two cases, 0 and 1.
The buffer rel ated to Motor 1 is active LOW (0), and
buffer related to Motor 2 isactive HIGH (1).

When CSis (0), the PWM signals will appear on
the buffer output 1 that related to motor 1. Wheniitis
(1), the PWM sdignals will appear on the buffer

output 2 that related to motor 2.This way guarantees
that both buffers are active at any given time.
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4 Two Motors Control I mplementation
To verify the robustness and the activeness of the
proposed system it is implemented for two motors
torque control of 2-BLDC motors to enhance two-
whedl maobile robot. Following sub sectionsillustrate
the implementation of two mators torque control.

4.1 BLDC Motor Torque Model

BLDC motors have awidely use in control systems.
They can directly provide rotary and transitiona
motion. Also, they can easily couple with wheels or
drums. BLDC motor consists of two parts, electrical
part and mechanica part like any DC motor. The 3-
phase dectric circuit and free body diagram of the
BLDC motor are shown in Fig.4 below [12], [13],
[14], [15].

va Ia

n ih L R eh f

i ot P \
]

Fig.4. BLDC Motor 3-phase el ectric circuit & Free-
Body diagram

From Fig.4 above, the voltage equations of 3-
phase with six switches and Y connected motor can
be expressed as.

ROO|ij |LOO| |
O RO|l OLO.(—i'
OORI]|OOL

Wherev, ,V, & V, are 3-phase voltages, R the phase

resistance, L the phase inductance, i,,i, &i, are

phase currents, €,,6 & €, are phase back emf.

However, in this kind of motor, only two of three
phases are conducting ssimultaneoudly at any time.
The equivalent electrical circuit, which is considered
for BLDC motor modelling in this paper, is as
shown in Fig.5 below.
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Pha Phb Phe

Equivaleat
circuit
Fig.5. BLDC Motor equivaent circuit when only 2-
pheses conducting

From the circuit shown in Fig.5, the 3-phase
motor terminal voltage based on Kirchoff’s low is
performed as.

V=2R.|+2L((jj—|t+E,

4] )
V. - B, =2R.I+ 2L —

dt

Where V is the supply voltage of the inverter, R& L
are the winding resistance and inductance
respectively, | is the phase armature current being
controlled by PWM, and E; is the back emf between
conducting phases. Back emf can be expressed as a
function of rotor speed:

Where: K, motor constant and 0 rotor angular
velocity.

By substituting E; in the differential equation (1)
it becomes:

- dl
V-K_.0=2RI+2L—

From the free body diagram the mechanical part
equation can be performed based on Newton’s
second law for rotation:

YT =Ja

Where T motor torque, J rotor inertia and o = 0
rotor acceleration. The motor torque is related to the
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armature current | by torque constant K, . It looks
like as:

T = K .|

Referring to the motor free body diagram and
Newton’s second law for rotation then:

T = 1.6+ b.0
. , (3)
1.0 + 0.9

K, .l =

.
Where b is the damping ratio of the mechanica

system, 9 is the rotor acceleration, y is the rotor
angular velocity and 0 is the rotor angular position.
Considering K, = K, =K' isthe motor constant.

From equations (2) and (3) the motor Speed
transfer function can be obtained. Using Laplace
transforms, equations (2) and (3) can be expressed in
termsof S

V —KSB(s) = 2(R+LS)I(s) 4
(JS +b)S8 (s)=KI(s) 5)

By solving the above equations, (4) and (5), the
following motor transfer function is obtained, where

the rotating speed (6 = o ) is the output and the
voltage (v ) istheinpuit.

6 _SH(s) _ K

- _®
V V.  2(R+LS)(b+JS)+K

The above Transfer Function can be broken into
two parts:
e FElectrical part for current/torque control.
o Mechanica part

The following block diagram, Fig.6, illustrates the
BLDC motor model and its electrica and
mechanical parts.

+ I T
v {7 2(LE+R) H Et }—>| 1/ (I3+4) }——bW
5 Motor Electrical Part Motor Mechanical Part
Vemf ]
Ke
[l

Fig.6. BLDC Motor model in Sdomain
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To design a digita system, the continuous
transfer function must be converted to a discrete
transfer function (from the S-domain to the Z-
domain). Using MATLAB and the ‘Zoh’ method,
the transfer function in equation (6), can be
converted to a discrete transfer function after
substituting the motor constant values. In generd,
after conversion; it takes the pole-zero forminthe Z-
domain shown in equation (7).

o (z) g(Z +a) 7
V (z) (Z -b)(Z -¢)

Where g isthe model gain, a isthe model zero and b
& ¢ are modd poles. The BLDC Motor electrical
and mechanical parts model in the Z-domain is
shown in Fig.7 below.

Torque gain

Wy n
GME(Z) H@—» MM (Z) »
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Wemf

|
Fe

|

Fig.7. BLDC Motor model in Z-domain

4.2 Torque Control Structure of BLDC
M otor
Fig.8 below shows the closed loop torque control
scheme for one BLDC Motor where the feedback
current is measured using a current sensor on the DC
bus and it acts as a torque estimator shared with the

torque constant K. In genera the motor torque can
be expressed as the following:

T = K .|
I I
T L
H(Z) Mg(Z) My (2)
Ilﬂl! Diserate Distrate " Dlstrete
Cuiient Pl Cantrallet Motar Elact Part TF Motor Mech, Part TF
o
cutient lae
p //ﬂ‘"
\\J Vemt /K| |,
curtent sens G/ ‘XI"

emt G

Fig.8. Torque Closed Control Loop of BLDC Motor.

As shown in fig.8 above, the closed loop torque
control consists of motor electrical part and current
Pl controller. For DSP control, the current Pl
controller can be expressed as:
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u(n) =u(n-1)+K,[e(n) ]+ K [e(n-1)]

Where;

K. -T
KO:KD+ 2 1]
K, = -K  + KT

Where: e(n) is the present error sample, e(n-1) is the
previous error sample. Same applies for u(n) and u
(n-1), which are the output samples and T is the
sampling period, K , is the proportional gain and

K, istheintegra gain.

4.3 DSP Based Motor Torque Control
Structure

Fig.9 below shows the DSP implemented closed
loop torque control scheme for one BLDC motor. It
shows the Software part, which highlighted in red
and Hardware part, which highlighted in black. The
software part contains following agorithms:

e Six-step commutation driving technique
algorithm.

e Current/torque controll er algorithm.

The hardware part contains the following devices:

e DSPboard (Blackfin™ ADSP-BF561).

o BLD motor Inverter and power stage.

e BLDC motor itself with three position hall
SENsors.

e Current Sensor on the DC bus to measure
the feedback current.

Currert I Contmller

Current Loop

I
|
Duia from Hall senssrs : i >/r\
! 3 Phase
DSP f { J
| Board —'—@
I
|

e s i i

Corent feecharck

Fig.9. BLDC Motor implemented Current/Torque
closed control loop.

The above dructure shown in fig.9 was
implemented successfully using Blackfin™ ADSP-
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BF561 processor. Fig.10 below shows the overall
control system implementation for one BLDC
motor.

TVop
Switching 1

DSPBoard S
ignals

PWM

-|apc t
VDN =
vy MM PL

FlO

Inverter

FOG g
HOS 52

DA 83 |

Hall Sensors

lDC sealed

+ I Scaling I

| E—

Fig.10. Hardware/Software Overall System
Implementation for one motor.

The above system was expanded to control two
motors at the same time to enhance two-wheel
mobile robot. The system was expanded for two
motors torque control by interfacing an externa
FPGA buffering design with the DSP PWM Unit, as
shown in e following section.

4.4 Two Motors Torque Control Structure

The system shown in Fig.11 has been devel oped and
expanded for two motors torque control by
interfacing an externa FPGA buffering design with
the DSP PWM Unit. The system shown in Fig.11
developed to control 2-BLDC motors a the same
time using only one DSP Processor with one PWM
Generation Unit to enhance two-wheel mobile robot.

R — Ll 0
8 Y O = X
i g - ’
! ﬂ—’ L:' lntl:r‘;:-l H—hh BLDC
J e Mader |
I s [al" _
13 —
DSP | s |
Board | nmr-'cn |
|
| AH2 ]
| Cull] B
| TN b |
| L Mo tor o e
w, ‘l—i cs Ll; erer2 b BIDC
CLK ————{ cIK L:, s |
| Q@
| ]
S—— J
Fig.11. DSP/FPGA Implementation for Two Motors
Torque Control
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The above system was implemented successfully
using FPGA buffering design downloaded to FPGA
Vertex-E [11], interfaced with the DSP on board
PWM unit.

5 Simulation Results

5.1 FPGA Design Simulation Results

The FPGA buffering design was implemented
successfully using VHDL language for two motors
control. Simulation results for the design shown in
Fig.2 were achieved successfully as shown in Fig.12
below.

Tie() |

T O € o O O

d il PLBLALFLFLP LA

57 =

s 2p 9 0 0 A

leolst) Gl To 0 2 [ ]
et @l 1 0 8 3 fF 5 7 7

Fig.12. Simulation results for FPGA design shown
infig.2.

Simulation results show that when the CSis LOW
the input signals appear on the first buffer output
while the other remain as it is, and when the CS is
HIGH the input signals appear on the second buffer
output while the first one remains asit is. The above
simulation results indicate and prove that the FPGA
design operates as expected.

5.2 Motor
Results

Torque Control Simulation

The system shown in Fig.8 was modeled
successfully  using  MATLAB  SIMULINK.
Simulation results were obtained as shown in Fig.13
below.

Current set point

15 :
ol E :
D s b sl e S T .....................
B b e e e .......................
05 : | : ; I 1 : I L
1] 05 1 15 2 25 3 38 4 45 5
Time (S)
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Current feedback
T

-0 L i i i L 3
EQQE 1 1.005 1.0 1.5 1.02 1.025

Time ()

(b)

Current Errar

1 1008 101 1.015 1.02
Time (S)

(©

Current Command (Fl O4F)
T T

i B i e i i
0.995 1 1.005 1.m 1.015 1.02
Time (S)

(d)

Fig.13. Closed loop current/torque control
simulation results
(a): current set point, (b): current feedback, (c):
current error, (d): PI controller output

Simulation results show that the closed loop
torque control system achieves constant current and
constant torque. Also, it is found that the torque
control system rejects disturbances that affect the
motor as shown in the simulation resultsin Fig.14.
Current O/F

1005}

nagsllo - . g P S s ...... s ERRRE s

D.SS--i ............. R R VIR OO T N, o
245 246 247 248 243 25 251 252 253 254 255

Time ()

Fig.14. Disturbance rejection
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6 Experimental Results

6.1 Two Motors Control
Results

The system shown in Fig.3 was implemented
successfully to control two BLDC motors. The
FPGA design was downloaded successfully on the
Xilinx VERTEX-E FPGA. The FPGA Xilinx board

Experimental

was interfaced successfully with the DSP PWM Unit.

An 1/O pin of the DSP was toggled to act as CS, the
FPGA design Clock was connected to the DSP
Clock.

Two BLDC motor inverters were connected to the
FPGA design output pins and each BLDC motor
was connected to its i nverter as shown in Fig.3- (b).
The control algorithms (Taskl & Task2) were
downloaded successfully to the DSP Processor and
both motors were controlled as anticipated.

It has been seen that the DSP processor
implemented both tasks successfully by switchi ng
between them and the CS controls and chooses the
buffer to be updated to keep both motors run and
controlled al the time. Fig.15 below shows pair of
the experimental PWM signals on the output of each
FPGA buffer. (AH1&BL1) appear on the output of
the FPGA buffer 1 and (AH2&BL2) appear on the
output of the FPGA buffer 2.

L1
AH1
bty il il i e
1] 1) — feoma— T e
AH2
BL2 etyimssisbin L e e -

'~ Fig.15. PWM signals on the output of each FPGA

buffer.

Fig.16 below shows the experimenta
feedback current for both BLDC Motors that were
controlled using the Two Motor control system
shown in fig.3 above.
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Motor 1 Feedhack Current at 3000 RPM

Mator 2 Feedhack Current at 3000 RPM
o '~ p— — 0y - o pre—
@

Maotor 1 Feedback Current at 6000 RFM

e T e T T e g it Pt iy g

Motor 2 Feadhack Current at 6000 RFM

e T e P e e P e i P

(b)

Fig.16. The experimental feedback current for both
controlled BLDC Motors
(a) at speed = 3000 RPM, (b) At speed = 6000
RPM.

Fig.17 below shows the experimental phase
voltage for both BLDC Motors that were control led
using the Two Motor control system shown in fig.3
above.

Motor 1 Phase B Voltage

D ™ | it ™ D g™
Motor 2 Phase B Voltage

P ™ S ™ Th™ ™

" Fig.17. The experimental phasevoltage for both
controlled BLDC Motors.

The above experimental results indicate and prove
that the (DSP-FPGA) based Two Motor Control
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System operates as antici pated. Also, they show that
the system has the capability to control more than
one motor at the same time in synchronization with
high performance and low cost system.

6.2 Two Motors
Experimental Results
For more evidence the system shown in Fig.3 was

Torque  Control

used and implemented for two motors torque control.

The experimental set up of the two motors torque
control is composed of the Blackfin™ ADSP-BF561
dual core Processor [16] board from Analog devices,
which execute the control agorithms, Vertex-E
FPGA board from Xilinx, which execute the FPGA
buffering design, Inverters and power stages, BLDC
Motors and Current Sensors to measure the DC buss
feedback current for each motor.

The above motor torque control system, shown in
Fig.9, Fgl10 and Fig.ll, was implemented
successfully. Following experimenta results shown
in Fig.18 below were obtained, which are similar for
each motor:

Current Set Point

Current Feedback

M}m}w .,\.-m\-w- m{m B ] MIAN-I ml l""""‘""'.,m-

Current Error

Cutrrent PI Controller Outpuf {Current Command)

| X L " "
A L | ' ) L 5
e e et ~\'\I\-u~“\'~w g ot s Moy ity

Fi g 18. Two motors torqué control experi mental
results

The above results show the step response of the
current Pl-controller when load is absent. Results
above show the trace of the current set point, motor
current feedback, the error and the output from the
current Pl controller. From experimental results
shown in Fig.18, one can clearly see that the current
PI controller algorithm and the 6-step commutation
technique are working effectively with the 3-Phase
BLDC motor using Blackfin™ ADSP-BF561 dua
core processor. Note that these curves are the
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outputs from the DSP evduation board DAC Unite,
which initialised for monitoring purpose.

From these Experimenta results it can be seen
that the closed loop torque control system achieves
constant current and constant torque. By comparing
above results with MATLAB simulation results,
they were found so much similar.

Furthermore, above results verify that the two
motors torque control system is sufficient to control
successfully more than one motor.

7 Conclusions

This paper has presented the concept of using the
Blackfin™ ADSP-BF561 dua core Processor with
an external FPGA Buffering Design for Two Motors
Control System (TMCS). The various peripheral
interface and configuration for Two Motors Control
System were discussed and illustrated. The design of
the FPGA was adso discussed and simulated,
implemented and tested experimentaly.
Experimental results for the DSP-FPGA Two
Motors Control System were achieved and
introduced successfully.

Moreover, and for more verification a two motors
torque control scheme has presented in this paper.
The control scheme was implemented successfully
using Blackfin™ ADSP-BF561 dua core Processor
and Vertex-E FPGA with two BLDC Motors.
Simulation and Experimental results have verified
the feasibility of the proposed two motors torque
control concept.

Accordingly, the DSP-Based Two-Synchronized
Motors Control System using externa FPGA Design
was found to work according to the requirements of
the two motors control system implementation.
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