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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 Digital Signal Processor (DSP).  Core 1 is dedicated to
implement the motor one control algorithm while core 2 mainly implements the motor two control algorithm
with one PWM Generation Uni t 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
In so many applications there is a need to control
more than one motor at the same  time either
dependently or independently, such as two -wheel
mobile robot that has two-independently motors [1],
[2]. It is difficult and costly to use DSP board for
each motor to be controlled. It is better and easier to
use only one DSP board with one PWM Generation
Unit, to control more than one motor concurrently.

The DSP EZ-kit Lite board contains one three
phase16-bit PWM Generation Unit, [3], [4]. The
DSP board especially designed for motion control [5]
but, only one three phase motor can be connect ed to
the board to be controlled because it has only one
PWM Unit with six output signals that is required
for high-low switching of three-phase motor, like
three-phase brushless DC motor.

Therefore, there is a need for a design to be
interfaced with the DSP PWM Unit for two motors
control that reach for (N) number of motors. Thus, a
dedicated FPGA Buffering design is introduced in
this paper. The FPGA design is simulated and
downloaded successfully to the XILINX boards

VERTEX-E. The FPGA board is then int erfaced
successfully with the DSP PWM Unit.

This paper introduces Two Motors Control
System in section II, section III presents the FPGA
Design Implementation, section IV presents Two
Motor Control Implementation, section V  gives
Simulation Results and experimental results are
introduced in section VI and Conclusions in section
VII.

2 Two Motors Control System
In motion control, there are many applications that
have two motors to be controlled at the same time
either dependently to implement  the same task or
independently to implement different tasks. For
example, mobile robots that have two wheels can be
considered as Two Motors Control System (TMCS).
In case of two-wheel mobile robot, which has two
independently controlled motors, each motor need s
its own controller to implement its own task, [1], [2],
[6], [7].

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 Structural
Design is introduced to do so. The FPGA design is a
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.

Fig.1. (DSP-FPGA) Two Motors Control System .

The (DSP-FPGA) based two motors control
system shown in Fig.1 above is composed of:
 The DSP Processor executes motors control

algorithms (Blackfin™ ADSP-BF561).

 The FPGA block contains the two buffers design
interfaced with the PWM Unit of the DSP board.

 Inverters supply the power to each motor.
 Sensors (such as: current, speed, position, etc.).
 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 algorithms, there are some
factors that limit the maximum number, (N), of
controlled motors. These factors are:

 DSP Processor Core Clock (CLK).
 Number of Cycles that each motor needs, or

how many cycles does each motor task need to
be implemented?

 Updating time for each Motor.
 Number of FPGA board I/O Pins.

With commercially 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 developed
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 = 50 000 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:

DSP
Board
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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 pins), 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 Implementation
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.

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.

(a)

(b)

Fig.3. Implementation of Two Motors Control
System for N=2 motors.

(a) General 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 is a (CS) logic that has two cases, 0 and 1.
The buffer related to Motor 1 is active LOW (0), and
buffer related to Motor 2 is active HIGH (1).

When CS is (0), the PWM signals will appear on
the buffer output 1 that related to motor 1. When it is
(1), the PWM signals will appear on the buffer

output 2 that related to motor 2.This way guarantees
that both buffers are active at any given time.

DSP
Board

DSP
Board

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Omar Al-Ayasrah and Ayman Al-Lawama

ISSN: 1991-8763
281

Issue 4, Volume 3, April 2008



4 Two Motors Control Implementation
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-
wheel mobile robot. Following sub sections illustrate
the implementation of two motors torque control.

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

Fig.4. BLDC Motor 3-phase electric 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:

0 0 0 0

0 0 . 0 0 .

0 0 0 0

a a aa

b b b b

c c c c

i i ev R L
d

v R i L i e
dt

v R Li i e

  

 Where av , bv & cv  are 3-phase voltages, R the phase

resistance, L the phase inductance, , &a b ci i i  are

phase currents, , &a b ce e e  are phase back emf.

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

Fig.5. BLDC Motor equivalent 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:

2 . 2

2 . 2

f

f

d I
V R I L E

d t
d I

V E R I L
d t

  

  
                   (1)

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

.

.f eE K 

Where: eK motor constant and
.

  rotor angular

velocity.

By substituting fE  in the differential equation (1)

it becomes:

.

. 2 . 2e

dI
V K R I L

dt
   (2)

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

.T J 
Where T motor torque, J rotor inertia and

. .

 
rotor acceleration. The motor torque is related to the
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armature current I by torque constant tK . It looks

like as:

.tT K I
Referring to the motor free body diagram and

Newton’s second law for rotation then:

. . .

. . .

. .

. . .t

T J b

K I J b

 

 

 

 
(3)

Where b is the damping ratio of the mechanical

system,
. .

  is the rotor acceleration, .

  is the rotor
angular velocity and   is the rotor angular position.
Considering t eK K K   is the 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
terms of S.

( ) 2( ) ( )V KS s R LS I s   (4)

( ) ( ) ( )J S b S s K I s  (5)

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

the rotating speed (
.

  ) is the output and the
voltage ( V ) is the input.

.

2

( )

2( )( )

S s K

V V R LS b JS K

 
 

  
        (6)

The above Transfer Function can be broken into
two parts:

 Electrical part for current/torque control.
 Mechanical part

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

Fig.6. BLDC Motor model in S domain

To design a digital 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 general,
after conversion; it takes the pole-zero form in the Z-
domain shown in equation (7).

( ) ( )

( ) ( ) ( )

z g Z a

V z Z b Z c

 


 
(7)

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

Fig.7. BLDC Motor model in Z-domain

4.2 Torque Control Structure of BLDC
Motor
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 t. In general the motor torque can
be expressed as the following:

.tT K I

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
PI controller. For DSP control, the current PI
controller can be expressed as:
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 0 1( ) ( 1) ( ) [ ( 1)]u n u n K e n K e n    

Where:

0 2
i

p

K T
K K


  ,

1 2
i

p

K T
K K


   .

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,

PK  is the proportional gain and

IK  is the integral 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 algorithms:

 Six-step commutation driving technique
algorithm.

 Current/torque controller algorithm.
The hardware part contains the following devices:

 DSP board (Blackfin™ ADSP-BF561).
 BLD motor Inverter and power stage.
 BLDC motor itself with three position hall

sensors.
 Current Sensor on the DC bus to measure

the feedback current.


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

The above structure shown in fig.9 was
implemented successfully using Blackfin™ ADSP-

BF561 processor. Fig.10 below shows the overall
control system implementation for one BLDC
motor.

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

Fig.11. DSP/FPGA Implementation for Two Motors
Torque Control

DSPBoard

DSP
Board

DSP
Board
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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.

Fig.12. Simulation results for FPGA design shown
in fig.2.

Simulation results show that when th e CS is 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 as it is. The above
simulation results indicate and prove that the FPGA
design operates as expected.

5.2 Motor Torque Control Simulation
Results

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

(a)

(b)

(c)

(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 cl osed 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 results in Fig.14.

Fig.14. Disturbance rejectionTime (S)

Time (S)

Time (S)

Time (S)

Time (S)
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6 Experimental Results

6.1 Two Motors Control Experimental
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
was interfaced successfully with the DSP PWM Unit.
An I/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 inverter as shown in Fig.3- (b).
The control algorithms (Task1 & 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 all 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.

Fig.15. PWM signals on the output of each FPGA
buffer.

Fig.16 below shows the experimental
feedback current for both BLDC Motors that were
controlled using the Two Motor control system
shown in fig.3 above.

(a)

 (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.

Fig.17. The experimental phase voltage 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 anticipated. 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 Torque Control
Experimental Results
For more evidence the system shown in Fig.3 was
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 algorithms, 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, Fig.10 and Fig.11, was implemented
successfully. Following experimental results shown
in Fig.18 below were obtained, which are similar for
each motor:

Fig.18. Two motors torque control experimental
results

The above results show the step response of the
current PI-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 PI 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 dual
core processor. Note that these curves are the

outputs from the DSP evaluation board DAC Unite,
which initialised for monitoring purpose.

From these Experimental 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 dual 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 also discussed and simulated,
implemented and tested experimentally.
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 dual 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 external FPGA Design
was found to work according to the requirements of
the two motors control system implementation.

References:
[1] L. Feng, Y. Koren J. Borenstein, “Cross-

Coupling motion controller for mobile robots”,
IEEE Control system, December 1993, pp 35-
43.

[2] Gordon McComb, “Robot Builder's Bonanza”,
Chapter 3: Mobile robot anatomy , (Tab
Electronics), McGraw-Hill, 2000.

[3] Analog Devices, “ADSP-21992 EZ-KIT Lite
Evaluation System  Manual”,   Revision 1.1,
Analog Devices, October 2003, Part  Number 82-
000700-01.

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Omar Al-Ayasrah and Ayman Al-Lawama

ISSN: 1991-8763
287

Issue 4, Volume 3, April 2008



[4] Analog Devices, “Mixed Signal DSP Controller
with CAN/ ADSP- 21992”,  Analog Devices,
2003.

[5] Dusko Jovanovic, Bojan Orlic, Jan Broenink,
Job van Amerongen,  “Inexpensive Prototyping
for Mechatronic Systems”, University of Twente,
Drebbel Institute for Mechatronics, presented at
WESIC 2003.

[6] J. Borenstein, Y. Koren, “Motion control
analysis of a mobile robot”, ASME J, Dynamic
Syst., Control, Vol. 109, pp. 73-79, June 1987.

[7] Maxim Makatchev, S. Y. T. Lang, S. K. Tso, J. J.
McPhee, “Cross- Coupling Control for Slippage
Minimization of a Four-Wheel-Steering Mobile
Robot”, Proc. of the International Symposium
on Robotics ISR 2000,
citeseer.nj.nec.com/makatchev00crosscoupling.h
tml

[8] Boidea, S. A. Nasar, “Electric Drives”, CRC
Press, 1998,  ISBN:0849325218.

[9] Analog Devices, “Three-Phase PWM
Generation Unit of the ADMC401”,  1999,
Application Note: AN401-1.

[10] Xilinx ISE 7 Software Manuals and Help ,
Xilinx, 2005.

[11] Xilinx® Virtex -E Evaluation Kit data sheet ,
Xilinx, 2000, Version 1.1.

[12] J.W. Dixon, M Rodriguez, R. Huerta,
“ Simplified sensorless control for BLDC Motor
using DSP technology”,  the 19th International
Battery, October 2002, Korea.

[13] Ali Emadi, Anthony Villagomez and his
group,”A Novel,Low-Cost,High Performance
Single-Phase Adjustable-Speed Motor Using PM
Brush-Less DC Machine”, Final Project Report,
Illinois Institute of Technology, March 2003,
Chicago.

[14] Song, K.J. Tseng, W.K. Chan. “ Design of a
bearingless BLDC Motor”, Nanyang
Technological University, Singapore 639798,
http://www.cs.uq.edu.au/~aupec/aupec01/145_S
ONG_AUPEC01paper%20revised.pdf

[15] M.M.Elmissiry,S.chari .”Dynamic
Performance of a Permanent Magnet, Axial
Flux, Toroidal Stator,Brushless
D.C.Motor.”1992.

[16] Analog Devices, Blackfin® Embedded
Symmetric Multiprocessor, ADSP-BF561,

http://www.analog.com/UploadedFiles/Data_Sheets/
170902874ADSP_BF561_0.pdf 2006

WSEAS TRANSACTIONS on SYSTEMS and CONTROL Omar Al-Ayasrah and Ayman Al-Lawama

ISSN: 1991-8763
288

Issue 4, Volume 3, April 2008

http://www.cs.uq.edu.au/~aupec/aupec01/145_S
http://www.analog.com/UploadedFiles/Data_Sheets/

