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ABSTRACT

In this paper, we present a new contribution of AB@ield-Programmable Gate Array) for control tedotrical
machines. A detailed description of the structdrdi@ct torque control for PMSM drive, a bencht gas realized
by a prototyping platform, the experimental resutstained show the effectiveness and the benefibuf
contribution and the different steps of implemeotafor the control FPGA.

Keywords. FPGA, Direct Torque Control (DTC), Permanent Magi&tnchronous Machine (PMSM),
reusability, DSP, ADC.

1. INTRODUCTION The principal advantages of the digital solutiores a
as follows:
The speed performance of new components and the «  High flexibility of changing structures of
flexibility inherent of all programmable solutiomgve control;
today many opportunities in the field of digital ~ ® Immunity against disturbances;
implementation for control systems. This is true fo ~ *  No problems of variations of control
software solutions as microprocessorD8P (Digital parameters.

Signal Processor). However, specific programmable i ] .
hardware technology such as Field Programmable Gate W'th teCh”°|°9'C§| gdvgncemgnt, increased
Array (FPGA) can also be considered as an especial tegration of FPGA devices is increasing. Nowadays,
appropriate solution in order to boost performangies the .densny ofFPGA.compo.nents can achleye .the
controllers [1-3]. Indeed, these generic componengduivalent of 10 million logic gates with switching
combine low cost development, thanks to their re.f_requenues-of around 500 MHz. This alloyvg the
configurability, use of convenient software toolsda implementation of complex algorithms control inithe
more and more significant integration density 4, 5 entirety V‘_"th a small Pef'OQ of time to load.

The FPGA technology is now used by an increasing  1he mherent. .p.arallellsm oFPGA components.
number of designers in various fields of applicatio ©fférs the possibility to run several algorithms in
such as signal processing [6], telecommunicatidn [7parallel control and configure them according te th
video [8], embedded control systems [9], and eiteadtr defined criteria. Dynamic configuration between the
control systems [10]. This last domain, i.e. thediss algorithms control has as objective to select the
of control of electrical machines, will be presenta  @PPropriate algorithms depending on your point of
this paper. Indeed, these components have alrezey p operation. It may be useful also to ensure contisuo
used with success in many different applicatiorth a1 operaﬂop in case of faults (sens.ors,. switches ...)

Pulse Width Modulation RWM) [11], control of N this paper, a new contribution for tPGA
induction machine drives [12-14] and muItimachineBased |mpllementat|on of controls eIectnca.I. This
system control. This is because tPGA-based a@pproach is based on concept modularity and
implementation of controllers can efficiently answe reusapility.

current and future challenges of this field. This paper presents the realization of a platfam f
DTC control of PMSM using FPGA based controller.

This realization is especially aimed for future hig

63



PUBLICATION OF Zittle Lion Scientific B/ XD, |slamabad PAKISTAN
Journal of Theoretical and Applied I nfor mation Technology

30" June 2011. Vol. 28 No.2 B
© 2005 - 2011 JATIT & LLS. All rights reserved SATIT
ISSN: 1992-8645 www.jatit.org E-1SS1817-3195

performance applications. In this approach, noy tmt  the current control technique implementation of the

architecture corresponding to the control algoritsm electric machines "Direct Torque Control (DTC)".

studied, but also architecture and &ieC interface and

RS232JARTarchitecture. 2. DIRECT TORQUE CONTROL
Considering the complexity of the diversity of theSTRUCTURE

electric control devices of the machines, it idiclifit to

define with universal manner a general structure fo In this paper, we apply the command on a machine

such systems.  However, by having a reflexiogyne PMSM (Permanent Magnet Synchronous Motor),

compared to the elements most commonly encountered . . T
) o ) ' Which consists of three stator windings and a rotor
in these systems, it is possible to define a génera

structure of an electric control device of machine§n@gnet. This motor is described by the following

which is show in Fig.1: equation (Voltage, Flux, Torque...) [2],
Power Converter . dq)
Uy =l g+ J 4 -wd,, @
] { t
do,
Ugg =Telgq+ e -—w®d, )
Pulges ) t
Dy =Lyl + Py ®)
C:::::l | Iuterface CDSq = Lq'lsq (4)
3
1 CeZEp[qof.lq+(Ld—Lq).ld.lq] ©)
Serial
Interface dQ
FPGA Ce- Cr = J.E +f.Q (6)
5232 UART Where( is the rotation's speed, p the Number
_— of pairs of poles, J the moment of inertia, f the

Coefficient of viscous friction, Cr the resistive
torque, ®f the flux produced by the permanent
Inagnet, Lsd and Lsq the d-q axis stator inductance,
Vsd and Vsq the d-q axis stator voltage, rs the
stator winding resistance and Ce the
electromagnetic torque,

Fig.1. Architecture DTC Control

The concept of implementation is defined a
being the introduction of a functionality given an
physical support. Within the framework of control
of electric machines, the functionality to be
introduced constitutes the algorithm of control, |n the middle of 1980's Depenbrock and Isao
whose objective is to control the development statBakahashi proposed Direct Torque Control for
of mechanical or electric variables of the electriglectrical machines [9, 11], more than one decade
machine (flux, power, torque, speed...). As for thgater. Idea the DTC basic for electrical motorlip s
physical support, it constitutes the target otontrol [2]. In the 1990's, DTC for PMSM was
implementation. The latter can be of analogical oleveloped [7, 12, 13]. The DTC control a magnet
numerical nature. synchronous motor Standing is based on the direct
getermination of sequence of commands applied to

According to the application, consider several'~. ! ) !
algorithms of control can be used such as thawitches a voltage inverter. This strategy is based

current control algorithms, of active or reactivedenerally on the use of comparators hysteresis
power, speed, position...etc. the structure of thwhose role is to control the amplitudes stator flux
these control algorithms generally comprises aﬁnd eleptromagnetlc torque, as in [8. 14.']' Theig.
internal loop of regulation of the current. Figall 'S & typical DTC system. It m_cludes estimatorxflu

is often the most difficult to implement because i nd torque eleli:tromagnetlc,_ I:.UX agld torque
generally constitutes the most complex part of thBYSteresis controllers and a switching table.

control algorithm.

The other control loops are relatively much simpler
to implement. This is why, within the framework
of this work, one will particularly be interested i
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There are several manufacturers of FPGA

=ty

Cy

y

] +F (> . 1, components  such: Actel, Xilinx ~ and
x Bless ((’f- ﬂ Altera...etc. These manufacturers use different
Cot b - technologies for the implementation of
e EP ] FPGAs. These technologies are attractive because
) they provide reconfigurable structure that is the
G =T i most interesting because they allow great flexipili
o * b 14 in design.
T(:'Echltl‘;ll;I:[OFllm(:‘L a-bh-c = P oo
& . ‘ Nowadays, FPGAs offer the possibility to use
Dt+t A %; dedicated blocks such as RAMs, multipliers wired
v T o | interfaces PCl and CPU cores.

5 The architecture designing was done using with
“4 -1 CAD tools. The description is made graphically or
!9”‘ O UPMSM

via a hardware description language high leveg als
called HDL (Hardware Description Language). Is
Fig.2. DTC Control Principle commonly used language VHDL and Verilog.
These two languages are standardized and provide
The Fig.2 presented the chosen control. Thghe description with different levels, and espdyial
characteristics memorized for an optimal torquéhe advantage of being portable and compatible
control strategy generates the d-q component of thith all FPGA technologies previously introduced.
vector stator current. Then, an abau- _ : _
transformation generates the flux and torque 'N€ Fig.3 summarizes the different steps of
electromagnetic.  Finally, these generate@@9ramming an FPGA. The synthesizer generated
parameters are compared to the references ali§h CAD tools first one Netlist which describes

hysteresis controllers to allow the determinatién o'® connectivity of the architecture. Then the
the switching table status C1, C2 and C3 of thBlacement-routing optimally place components and
voltage inverter performs all the routing between different

logic. These two steps are used to generate a
configuration file to be downloaded into the
memory of the FPGA.This file is called
bitstream. It can be directly loaded into FPGA from
a host computer.

3. THE DIFFERENT STEPS OF FPGA-
BASED IMPLEMENATION

3.1. FPGA devises

Subalgorithm 2
A
Subalgorithm 1
-~ & )
£ Algorithm ”‘E“j—ﬂ—*“;:w |
= ri - e TR 5+ | -
- @Y [
=T = E3
| F > Subalgorithm n i i
Digital Redesign
(Discretization, Fixed-Point
v Modular Partitioning Quantization)
A
o
=2
Q
2
e
£
<
Experimental b
Board
Fi A Target VHDL Coding of the Data Flow Graph
P& g g F G
Y (Mapping, Placement, and Hardware Architecture Optimization
Routing)

Fig.3. Programming FPGA devisees
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In this paper an FPGA XC3S500E Spartan3kssuer a 50MHz frequency clock. The map is
from Xilinx is used. This FPGA contains 400,000composed from a matrix of 5376 slices linked
logic gates and includes an internal oscillatoroluhi together by programmable connections (Fig.4).

eewo L Converter A/ID
g&'gg'o%alrd o ADCS7476MSPS 12-bit
RS232
FPGA XC3S500E
Connection with the PC &
Power 5V
Input / Output
Connectors
b
A AT
USB = - AT Reconfigurable
g | o Ay g
" Buttons
sjelie)s
Fig.4. The FPGA XC3S500E Spartan
3.2.Simulation Procedur e PMSM model. The Fig.5 gives a global view of the

functional model.

The simulation procedure begins by verifying The Fig.5 shows in detail the programming of
the functionality of the control algorithm by the control shown in Fig.2 (DTC Control) in the
trailding a functional model using Simulink's SYSTEM GENERATOR environment from Xilinx;
System Generator for Xilinx blocks. For thiswe will implement it later in the memory of the
application, the functional model consists in &PGA for the simulation of PMSM.

Simulink time’s discredited model of the DTC
algorithm associated with a voltage inverter and

P ol
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Fig.5. Functional Model DTC from SYSTEM GENERATOR
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The description of the different modules is dethile and V30 at the beginning of each sampling
below: period;

« Two blocks of coordinates transformation: the ~ * The RS232 block allows signal timing and
Clark transformation (abc-teB); recovery of signals viewed, created by
another program on Matlab & Simulink to

» The block switching table is the most visualize the desired output signal.

important, because it can provide control
pulses to the IGBT voltage inverter in the  The second step of the simulation is the
power section from well-regulated voltages. determination of the suitable sampling period and
fixed point format. The Fig.6 gives the

specification model of the abc-t§ (Clark)
transformation.

» The block estimator torque and flux, corrector
hysteresis and detector sector.

» The block encoder interface IC allows the ;
adaptation between the FPGA and the For example, we present the construction of

e P .. ~Block Clark's Transformation in the system
acquisition board to iniquity the rotor position . S . .
of the PMSM: generator environment from Xilinx, which is

characterized by the following system (7):
» The ADC interface allows the connection

between the FPGA and the analog-digital 1 1

converter (ADCS7476MSPS 12-bit A / D) [\ 2 1 _E _E Va
that will be bound by the following two Hall == V, (7
Effect transducers for the acquisition of the V/; 3 \/§ \/§
stator currents machine; 0 7 _7 Ve
* Block "Timing" which controls the beginning

and the end of each block, which allows the
refresh in the voltages reference V10, V20

D pd .
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Fig.6. Clark Transformation Model

The specification model is then used for tharchitecture for each module. If an operator isduse
definition of the corresponding Data Flow Grapseveral recovery, its factorization via the A3
DFG. Fig.7 showed the DFG corresponding to tiheethodology consists in using it only one time.
Clark transformation module. Fig.8 showed the FDFG of the Clark transformation

o dule.
3.3.Optimization of the consumed resour ces moduie

The Algorithm Adequation Architecture A
ensures this application, in order to generateva ne
graph called Factorized FDFG (Data Flow Graph).
This method is used to generate optimized hardware
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3.4.Modular design of the control Fig.10. FDFG Clark transformation module architeru

architecture
4. MEASUREMENT RESULTS

To design the control architecture to implement a

data path and control unit is defined for each nted For this work, the used”PGA target is a

&C3SSOOESpartan3E the firm Xilinx, thecPGA
Bsed hardware control system includesDRE, an

the technical Pipeline which consists on decompps : :
the performance of an algorithm in diﬁerer?}ghlitlectﬂrrzsems the - corresponding - implemented
h

sequences according to the data dependency.
communication between the registers and operators
can be achieved through data buses, multiplexets an
demultiplexers. Concerning the control unit, itens

to ensure the flow of data according to very specif
sequences within the data path. The control unit is
other than a finite state machineSM Finate State
Machine). Fig.9 and Fig.10 present two different
architecturesDFG and FDFG processing module
Clark.
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Fig.11. FPGA based hardware DTC

The control unit for architecture ensuresontrol signalsC;, C, and C; for controlling the
implanted control module of th&DC interface, the switches of the voltage inverter.
encoder interface and the command encdalec. The followina table sh th f f
TheFig.12 shows the timing diagram for the mode of following table Shows the periormance o
operation of these four modules. At the beginnifig g)omp”““g time and resource consumption, obtained
each sampling period, th&/D interface module and unng the implementation of the contrddTC .
encoder interface are activated simultaneouslynTh rchngcture. '_I'he resources consumed are obtamed
after a delay conversion from analog to digtia, or a fixed point formaR0/Q18 The total computing

the control moduleDTC is activated. This is drivengrge gf tBDTCég:jitnhe IchLCasncgfgal tr(‘)noddiuiltilllscgr?\?:rlsitgn
by its own control unit and allows you to refreble t :° dis. By 9 9 9

reference torque and flux after a computation tirr%n € tp, total timeTe, architecture equals 3 48

equal tot,. Once activated, the control unit control TABLE |
module DTC activates the first two modules of the FPGA Performances .
transformation of Clark123-wp) that will calculate Module Latency Ca;gmaetior
the components,, andig stator current vector and interface AL T3¢ tn=2. 418
the component¥;, andVy stator voltage vector. The Interface AL 120 typ=2.4 1S
computation time of this transformation is equalto IC Interface 2 tco=0.04
When the modules of this transformation indicate th _ <
end of the calculation, the estimator module flowl a 12%-0p 18 te= 9-34
electroma_\gnefuc torque is activated. It has theesam Estmator Flux & 3 fro 028
computation time equal to test and calculatesithe f Torque
and torque estimated. Corrector & 14 te,= 0.22
. Secto

Subsequently, when the estimator moduleSyjtching Table 3 T
indicates the end of the calculation, the correctio 0.18us
module of hysteresis and the detector area isaetiv tore = to + test+ tor + tale tprc=0.99
to calculate the error of the torque and stator éind 1 ; 3“54 e

; i ; ex=—1ap ™ Iprc ex =049 IS
the area.N. Thls module is characterized by a RESOUCS Number of Sice 1850 de
computation time equal tg. Finally, when the errors Consumed 5376
of flux and torque and sectdt are calculated, the (34%
module of the switching table is activated. Théefat Wired Multipliers 1(26 goe/ 1€
has a running time equal tgy. and generates the %,
9 d Qole g Memory RAM 6%
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Fig.12. Time diagram of the control structure DTC

To test theFPGA based controller, a prototyping
platform for the control of a Permanent magnet
Synchronous Machine was assembled.

Sector2 Sectord

Sector 4 Sector ¢

Fig.14. Switching states of control signalsadd G for
the DTC Control

LOAD TheFig.14 andFig.12 show that control system
satisfy the basic requirements of the control styat
and validate therefore the good functionality & th
system. In fact, It can be noted that:

PMSM

* The switching frequency is limited to the
sampling frequency of the control algorithm
to guarantee safe operation of the
semiconductor power devices.

Fig.13. Prototyping platform control » The switching frequency increases Wgakly
when the stator current vector magnitude
decreases.

The Fig.14 shows the experimental results . .
J b plementing theDTC control in FPGA has the

obtained during the implementation of the DT

control, it presents the state of control signatstiie rawbacks:

switches of the inverter voltage in the area inchhi - The switching frequency is variable. It is
there is the reference voltage vector. These seatdt limited to half the sampling frequency of the
similar to those presented in the theories. control algorithm and maximum at very low
Furthermore, the control signals generated from the speed.

FPGA board will be filtered before being injected

X . The zero voltage vectors are not applied.
into the voltage inverter.

i At the hardware level, the execution time of the
The above figures show that the phases are bala rol architecture is of the order of several

and demonstrate the proper functioning of thgi-oseconds, which allows a better control of
Switching table. current, including IHD lower.
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In Fig.15and 16 theexperimental result®TC of
PMSM with the FPGA platform are shown. Clearly

the constant set values for stator flux linkage

magnitude and torque result, because of the hgsder

controllers in theDTC scheme, in d-axis and q-axi£5]
are bounded within

current components that
hysteresis limits. The hysteresis control is vesibi

the stator flux locus plot as well. Update frequenc

for this implementation is 20 kHz. All results were
extracted from thé-PGA by the ChipScope tool of
Xilinx.

CONCLUSIONS

In this work, we presented theFPGA
implementation of Direct Torque Control architeetur
for permanent magnet synchronous machine
(PMSM. The results obtained show the benefits of an
appropriate methodology that allows the creatioa of
library of reusable modules optimized. This work
provides a new benefit to our laboratory work and a
new route for the development and implementation of
other control architectures.

In order to demonstrate the benefits of using FRGAs
a set of very demanding industrial control systéms
terms of real-time performances has been studied in
details. This set consists of several current obntr
techniques applied to ac machine drives.
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