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Abstract - This paper presents an application for real-time 

implementation of the Permanent Magnet Synchronous 

Motor (PMSM) sensorless control system and its integration 

into Supervisory Control And Data Acquisition (SCADA). 

Starting from the operating equations of the PMSM and by 

implementing the global Field Oriented Control (FOC) con-

trol strategy, in which the saturation of the integral compo-

nent of the PI controller is prevented by using an anti-

windup technique, the numerical simulations performed in 

Matlab/Simulink lead to good performance, which recom-

mends the real-time implementation. For the optimal tuning 

of the PI speed controller of the PMSM the genetic algo-

rithm (GA) is used. Numerical simulations are performed in 

order to choose the type of Digital Signal Processing (DSP) 

used for the real-time implementation, considering that a 

global criterion of successful implementation is the perfor-

mance/cost ratio. Besides, the integration into SCADA pro-

vides flexibility of the control system but also the possibility 

of online/offline processing from the point of view of other 

specific requirements. Among them we mention the energy 

quality analysis, whose first exponent calculated also in real-

time is Total Harmonic Distortion (THD). Real-time imple-

mentations are performed in Matlab/Simulink and Lab-

VIEW programming environments. According to the trend 

of the last years, the use of an Internet of Things (IoT) plat-

form for viewing the variables of the control process on the 

Internet plays an important role. 

Cuvinte cheie: PMSM, FOC, algoritm genetic, observer în 

regim alunecător, sisteme încorporate, SCADA. 

Keywords: PMSM, FOC, genetic algorithm, sliding mode ob-

server, embedded systems, SCADA. 

I. INTRODUCTION 

The extent of research on PMSM control with or with-
out speed/position encoder is well-known, considering 
that PMSMs have a number of constructive advantages 
that meet the requirements of precision electrical actua-
tors, robotics, and computer peripherals [1-5].  

Among the many types of control we can mention from 
the PI controllers, to the adaptive, predictive and intelli-
gent control type of controllers [6-9]. 

The computational intelligence has lately been provid-
ing a series of optimization algorithms which are charac-
terized by the fact that they can be applied to the control 
problems under the conditions where the uncertainties are 

not known, and there are also unmodeled parts of the sys-
tem, but the results provided by these algorithms are very 
good [10, 11]. Starting from the classic FOC-type control 
structure of a PMSM, the article presents the problem of 
optimally tuning the PI-type speed controller. In this re-
spect, we start from the performance of a controller tuned 
in the classic manner using the Ziegler-Nichols method 
together with the trial and error method, and preceded by 
the optimization of the adjustment parameters of the PI 
speed controller. 

Further, one of the most widely used speed observers is 
the SMO-type observer. The Matlab/Simulink environ-
ment is commonly used to compare the performance of 
these control systems. The advantages and disadvantages 
of various types of controllers can be thus revealed 
through high-precision numerical simulations. This analy-
sis is inherently followed by the real-time implementation 
of the control system in embedded systems. The designer 
of these systems must weigh in the balance both the per-
formance of the control systems studied by numerical 
simulations, and the cost of their real-time implementa-
tions in embedded systems. The real-time implementa-
tions of the PMSM sensorless control system are per-
formed in Matlab/Simulink and LabVIEW programming 
environments [12-14].  

Moreover, there is an inherent problem of creating a 
local control interface, as well as the problem of 
integration in the local SCADA. Thus, the control can be 
performed via secure communications from the 
Intranet/Internet. The integration into SCADA provides 
the transmission of signals of interest to other client 
systems. Thus, on the one hand, the computer server is no 
longer forced to perform a series of processing tasks, and 
on the other hand, there is the possibility of running such 
tasks online or offline, followed by the efficient 
management of global computing resources. In this sense, 
a separate task can run online on a client computer to 
monitor the quality electrical parameters of the controlled 
PMSM. The main parameter analyzed, but not the only 
one is the THD. For increased flexibility, according to the 
trend of the last years, the use of an IoT platform for view-
ing the variables of the PMSM control process on the In-
ternet plays an important role [15-17].  

The presented article is based on [20] and can be con-
sidered as a follow-up on a series of articles presented by 
the same authors regarding the numerical simulations of 
the PMSM control using various types of controllers. The 
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tuning of the parameters of the PI controller of the outer 
speed loop is optimized using an optimization method 
based on genetic algorithm. Thus, the article presents the 
real-time implementation of the PMSM control and its 
integration into SCADA. 

The rest of the paper is structured as follows: the math-
ematical model and the numerical simulation for the sen-
sorless control of the PMSM is described in Section II. 
Section III presents the real-time implementation of the 
sensorless control of the PMSM and its integration into 
SCADA. The experimental results of the control system 
are presented in Section IV. Some conclusions and some 
ideas for the next papers are presented in the final section 
presents. 

II. MATHEMATICAL MODEL DESCRIPTION OF THE PMSM

SENSORLESS CONTROL SYSTEM 

Fig. 1 presents the proposed general diagram for the 
PMSM sensorless control. The control system is based on 
the global FOC-type strategy. It can be noted that the anti-
windup PI controller is fed at the input with the error be-
tween the reference speed and the speed estimated by the 
SMO-type observer and generates iqref at the output. For 
the optimal tuning of the PI speed controller of the 
PMSM, namely parameters Kp and Ki, the genetic algo-
rithm is used. The stator currents are acquired from the 
PMSM windings, and currents id and iq are obtained by 
applying the transformation in the d-q reference frame. 
The errors between these currents and their reference val-
ues iqref and idref, and idref is set to zero according to the 
FOC strategy, are inputs for two PI controllers which in 
turn generate the voltages ud and uq. Fig. 2 show the block 
diagram of the PI anti-windup speed controller.  

Fig. 1.  The block diagram of the PMSM sensorless control system. 

Fig. 2.  The block diagram of the PI anti-windup speed controller. 

The mathematical model of the PMSM in the d-q refer-
ence frame is the following [1], [6-8]:   
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where: ud, uq - stator voltages; Rd, Rq - d-axis and q-axis 
stator resistances; Ld, Lq - d-axis and q-axis stator induct-

ances; id, iq - d-axis and q-axis currents; ωe - electrical 
angular velocity of the PMSM rotor; λ0 - flux linkage; ρ - 
differential operator.   

The magnetic flux of PMSM engine is expressed by the 
following relations: 
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The following relations are obtained by using the nota-
tion Te for the electromagnetic torque developed by the 
PMSM:  
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where: ))(2/3( 0pt nK   is the torque constant, B is 

the viscous friction coefficient, J is the moment of rotor 
inertia, np is the number of pole pairs, and TL is the load 
torque.  

For Ld = Lq = L, Rd = Rq = Rs, and ωe = np·ω, where ω is 
the rotor speed, the following PMSM model can be ob-
tained: 
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A. Genetic Algorithm 

It starts from a population of individuals (chromo-
somes) and creates a hierarchy of them. The number of 
chromosomes is usually 50, and the ranking is done ac-
cording to the value of the objective function, which must 
be minimized. Depending on this value, but also on the 
values of the objective functions of the other individuals, 
each chromosome receives a probability of selection for 
reproduction. The following relation is thereby defined 
[10, 11]: 
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where: Pind  is the position of the individual, Nind  is the 
size of the population, and PS is the selection pressure, 1 ≤ 
PS ≤ 2. 

For the fittest individual, Pind  = Nind and it has the high-
est value of the fitness function, and, for the unfittest indi-
vidual, Pind = 1 and it has the lowest value of the fitness 
function. 

For the tournament selection, where each individual in 
the current population is represented by a space propor-
tional to the value of its evaluation function, the succes-
sive random sampling of this space of chromosome repre-
sentation ensures that the best chromosomes have greater 
chances to be selected in a certain step than the weaker 
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ones. Within the algorithm for the mutation function, 
which has the role of generating new individuals based on 
the random modification of the individuals in the current 
population, the adaptive type is selected. For replacement, 
which is a way of generating the new population, the 
fitness function will be used: number of offspring > 
number of parents, only the best offspring will replace 
parents. The structure of the GA type algorithm is shown 
as a graph in Fig. 3. 

 

Fig. 3.  The general structure of the genetic algorithm. 

For each member of the population, the genetic algo-
rithm calculates the speed error (eω) and the change in 
speed error (seω). The controller output variable is the 
change in the reference current (Δiqref). eω and seω are de-
fined in step k as follows [10, 11]: 

 )()( kke ref    (6) 

 )1()()(  kekekse   (7) 

where: ωref  is the reference speed.  

The steps for the PMSM speed control are summarized 
as follows:  

 The PMSM speed signal is stored in the Matlab 
workspace; 

 The speed error is calculated and its value is up-
dated step by step; 

 The numerical representation of each parameter 
Kp  and Ki of the PI-type speed controller is cho-
sen; 

 The crossover probability (pc) and the mutation 
probability (pm) is chosen. 

 An initial population of parameters Kp and Ki is 
generated (yielding a random selection result);  

 Δiqref is generated for each member of the popula-
tion Ci, i = 1,2, ...,n using the conventional PI con-

trol laws ( TkseKkeKki ipqref )()()(   ); 

 The value of the fitness function is assigned to 
each element of the population Ci, i = 1,2, ...,n.  

 )(1 kep   (8) 

 )(2 ksep   (9) 
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The maximum fit of the population Ci becomes C* and 
the change in the control action is sent (iqref*(k)) to control 
the PMSM: 

 )()()1( *** kikiki qrefqrefqref   (11) 

The criterion according to which the algorithm is per-
formed is based on the integral of timed-weighted abso-
lute error (ITAE) and has the following form: 
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B. Sliding Mode Observer 

By using the inverse Park transform, as can be noted in 
Fig. 1, the currents in the α-β reference frame are obtained 
and expressed in the following form [1], [6]: 
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The equations of the SMO-type observer for the 
estimation of the PMSM rotor speed and position are 
based on the estimation of the back-EMF eα and eβ.  
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Where the k parameter represents the observer gain, and 
function H is of sigmoid type: 
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where: a represents a positive constant, and the sigmoid 
function indicated in relation (15) will be assigned values 
between -1 and 1 for a = 4. 

Based on these, the estimates of the back-EMF are ob-
tained in the following form [6]:  
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The PMSM rotor speed and position estimates 
expressed in relations (17) and (18) are obtained from the 
relation (16). 
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where: θ0 is the initial electrical position of the rotor 
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III. NUMERICAL SIMULATION

Fig. 4 shows the block diagram for implementation in 
Matlab/Simulink of the PMSM sensorless control system. 
The sensorless character of the PMSM is given by the 
implementation of a SMO-type observer described in pre-
vious section. The PMSM nominal parameters are pre-
sented in Table I. Fig. 5 shows the comparative time evo-
lution of the estimated speed of the PMSM based on PI 
controller and PI-GA-type controller. Other quantities 
presented in Fig. are the load torque and electromagnetic 
torque, of the stator currents, and currents id and iq ob-
tained based on the numerical simulation performed in 
Matlab/Simulink. It can be observed that by using the ge-
netic algorithm to optimize the tuning parameters of the PI 
speed controller, when applying some speed reference 
step signals, the system response does not show over-
shooting and the response time is reduced.  

Fig. 4.  The block diagram for implementation in Matlab/Simulink of 

the PMSM sensorless control system. 

TABLE I. NOMINAL PARAMETERS OF THE PMSM 

Parameter Value Unit 

Rated voltage 24 V 

Rated power 55 W 

Rated speed 4000 rpm 

Stator winding resistance - Rs 0.405 Ω 

Stator winding inductance - Ls  0.63e-3 H 

Moment of rotor inertia - J 4.6e-6 kg·m2 

Rotor friction - B  1.13e-6 N·m·s/rad 

Permanent magnet flux linkage - λ0 0.175 Wb 

Pole pairs number - P 4 - 

Fig. 5.  Time evolution for the numerical simulation of the PMSM 

sensorless control system. 

IV. THE ARCHITECTURE FOR THE REAL-TIME SENSORLESS 

CONTROL OF PMSM AND SCADA INTEGRATION 

Fig. 6 shows the proposed architecture for the integra-
tion into SCADA of the real-time control system of a 
PMSM. The characteristics and operating equations of the 
PMSM, together with the control possibilities are present-
ed in the previous section by means of numerical simula-
tions in Matlab/Simulink. 

Fig. 6.  The proposed general diagram for SCADA integration of the 

PMSM sensorless control system. 

For the real-time implementation, we will use a devel-
opment platform consisting of LAUNCHXL-F28379D 
and three-phase drive stage BOOSTXL DRV8305EVM. 
LAUNCHXL-F28379D use USB connected isolated 
XDS100v2 JTAG debug probe for real-time debug and 
flash programming; and contain TMS320F28379D MCU 
type controller with the following hardware characteris-
tics: 200 MHz dual C28xCPUs type processor and dual 
CLAs, 1 MB Flash memory, 16-bit/12-bit ADCs type 
converter; 12-bit DACs type converter, comparators mod-
ule, filters module, HRPWMs module, eCAPs module, 
eQEPs module, and CANs communication module. The 
BOOSTXL-DRV8305EVM platform is based on the 
DRV8305 motor gate driver and CSD18540Q5B power 
MOSFET. This type of module has individual DC bus and 
phase voltage sense as individual low-side current shunt 
sense for sensorless algorithms used for the control of the 
PMSM [17]. 

The block diagram of the software application for the 
real-time control of the PMSM is implemented in Sim-
ulink and is shown in Fig. 7. By analogy to Fig. 1, we note 
the implementation of the FOC type strategy, of which we 
mention the outer control loop for the control of speed 
(see Fig. 8), the inner control loop for the control of cur-
rents id and iq (see Fig. 9), and the communication loop 
which will be required later in the software application for 
monitoring the control process (see Fig. 10). The running 
time of the two control loops is 0.05ms for the current 
loop, and for the speed loop it is 0.5ms. 

The usual software blocks for real-time implementation 
are provided by the Motor Control Blockset Toolbox 
(Park and Clarke transforms, the sensorless observers, the 
anti-windup IP, etc.). By means of the Embedded Coder 
Support Package for TI C2000 Processors, the application 
program is translated into C language or machine code to 
be downloaded to the F28379D MCU. A code optimiza-
tion is also performed, resulting in the translation from 
fixed point to adjustable point, leading to major improve-
ments in the real-time control performances [17].  
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Fig. 7.  The block diagram of the software application for real-time 

implementation in the embedded system. 

The discrete time equation of the PI-type controller 
with anti-windup is the following: 
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Fig. 8.  The block diagram for implementation in Matlab/Simulink of 

the speed controller. 

Fig. 9.  The block diagram for implementation in Matlab/Simulink of 

the current controllers and PWM generation signals. 

Fig. 10.  The block diagram of the software application for monitor-

ing the control process of the PMSM. 

The connection between the OPC servers embedded in 
these software development environments provides the 
data stream for supervising the PMSM control between 
Matlab/Simulink and LabVIEW. For this purpose, we 
define the network-published shared variable, by which 
the data in the Intranet network based on Ethernet TCP/IP 

can be written and read. The Shared Variable Engine 
(EVS) mechanism uses the NI Publish-Subscribe Protocol 
(NI-PSP) to transfer data corresponding to the variables 
distributed in the data network [15, 18]. 

Fig. 11 shows the connection achieved between the 
OPC server embedded in Simulink and the “lo-
calhost/National Instruments.Variable Engine.1” server 
embedded in LabVIEW using blocks from the OPC 
Toolbox Simulink. The OPC Write block in SVE present-
ed in Fig. 12 is used to perform the actual writing of the 
PMSM control process variables. These variables are ac-
cessible in software programs developed in LabVIEW on 
the computer server, but are also accessible to the embed-
ded OPC UA server to achieve the communication with 
client computers connected to the Intranet/Internet.  

Fig. 11.  Simulink OPC Server configuration. 

Fig. 12.  Simulink OPC Server write variables of the control process. 
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Fig. 13 shows the LabVIEW project tree with the soft-
ware applications developed on the computer server and 
the SVE library.  

Fig. 13.  LabVIEW project tree for the software applications on the 

computer server. 

Fig. 14, Fig. 15, and Fig. 16 show the OPC UA server 
configuration tasks and the read/write tasks which ensure 
communication between the OPC UA servers on the com-
puter server and the client software applications on the 
computers connected to the Internet. 

Besides, a separate task can run online on a client com-
puter to monitor the quality electrical parameters of the 
controlled PMSM [16].  

Fig. 17 shows the implementation in a client/LabVIEW 
for THD analysis software module.  

Fig. 14.  OPC UA server configuration and implementation in Lab-

VIEW. 

Fig. 15.  Implementation in LabVIEW of the OPC UA client write. 

Fig. 16.  Implementation in LabVIEW of the OPC UA client read. 

Fig. 17.  Implementation in a client/LabVIEW of the task for the 

THD analysis. 

Data from the PMSM control process can be shared in a 
more flexible way by using an IoT platform, which allows 
the data in the cloud to be viewed, analyzed and pro-
cessed. The platform can be accessed from both 
Matlab/Simulink and LabVIEW using specific GET, 
POST, PUT, and DELETE commands. These commands 
create, write, read, or delete communication channels. 
These commands are HTTP requests and responses and fit 
into the representational state transfer (REST) architecture 
[19]. The configuration of a communication channel used 
in the presented application can be done at the address 
“https://thingspeak.com/channels/1306529” and is pre-
sented schematically as in Fig. 18.  

Fig. 18.  Configuration settings of the IoT server for read / write 

channel. 
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A separate task implemented in LabVIEW on the com-
puter server (see Fig. 19) writes data to this channel. 

 

Fig. 19.  Configuration settings of the IoT server for read / write 

channel. 

V. EXPERIMENTAL RESULTS 

The PMSM sensorless control system was tested in re-
al- time in two stages. The values of the speed and the 
parameters of interest (currents and torque) are presented 
in the first stage using the interface on the host comput-
er/computer server (see Fig.s 20-24). In the second stage, 
the integration into SCADA and the communication with 
IoT cloud platform were tested (see Fig. 25 and Fig. 26). 

 

Fig. 20.  Time evolution of the estimated PMSM rotor speed. 

 

Fig. 21.  Time evolution of current Iq. 

 

Fig. 22.  Time evolution of the electromagnetic torque Te. 

 

Fig. 23.  Time evolution of the stator current Ia. 

 

Fig. 24.  Time evolution of the PMSM rotor position. 

 

Fig. 25.  Time evolution of the estimated PMSM rotor speed on OPC 

UA client read. 

 

Fig. 26.  Time evolution of the estimated PMSM rotor speed on IoT 

cloud platform. 
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VI. CONCLUSIONS

The article presents the mathematical models of a 
PMSM, of the FOC-type sensorless control, using a PI-
type control with anti-windup and an SMO-type rotor 
speed and position observer. The tuning of the parameters 
of the PI-type with anti-windup speed controller is opti-
mized by using a genetic algorithm. The article presents 
both the numerical simulations and the real-time imple-
mentation of the control system using a LAUNCHXL-
F28379D-type development and control platform and 
three-phase drive stage DRV8305EVM from Texas In-
struments.  

OPC-type servers are used to achieve the integration in-
to SCADA. For greater flexibility, an IoT platform is 
used, in order to use computers with no Simulink or Lab-
VIEW software development modules installed. In future 
papers we will focus on the real-time implementation of a 
multi-motor application in which the control of parameters 
is performed locally or on the Intranet through proper in-
tegration into the local SCADA system. 
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