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● Rate of coefficient of variation by difference    
between the extreme values of the responses on the     
current subdomain 
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The goal of the exhaustive optimization method is to 

modeling the objective function by subdomains, perfor-
ming on each of them a full factorial design with 3 levels 
per factor, in order to calculate a polynomial model of     
2-nd order. If k is the number of factors, result 3k 
experiments per subdomain. 

The partitioning of study domain is made with an initial 
hyper-rectangular grid chosen by experimenter, covering 
the great part of feasible domain, such that exist at least 
two neighbor subdomains along each of the k dimensions 
(base subdomains) (Fig. 3a). The candidate points must 
not be excluded by the constraints on position. 

Each analyzed hyper-rectangular subdomain (current 
subdomain) may be subject to constraints on reached   
value. Before performing all the 3k experiments, is made a 
summary analysis of its 2k corners: if none of them fulfills 
the constraints on reached value no longer performs the 
rest of 3k – 2k experiments and the next subdomain is   
analyzed. Otherwise, the rest of experiments are          
performed.  

A calculated model is considered valid if its adjustment 
coefficients exceed the threshold indicated by 
experimenter (R2 ≥ R2

lim, Ra
2 ≥ Ra

2
lim, σ̂ /Δy ≤ Δ lim, P ≥ 

P lim).        Otherwise, the current subdomain must be 
divided into 2k    subdomains where the same process is 
repeated.  

The algorithm uses a parameter called maximum zoom 
level that defines the maximum number of scissions of the 
base subdomain plus 1.  

By hypothesis, the base subdomain is realized with a 
unit level of zoom (Fig. 3a). This parameter allows setting 
the stop condition of the algorithm. The scission of a base 
subdomain generates 2k subdomains with zoom level 2 
(Fig. 3b).  

The accuracy of the modeling can be set by the 
parameter called minimum zoom level that defines the 
minimum number of scissions to apply to the base 
subdomain.  

For the boundary subdomains, a supplementary analysis 
of theirs vicinities can be useful for better covering of the 
feasible domain. So, if a boundary subdomain must be 
divided into 2k parts, then the analysis is extended to the 
neighbour subdomains in order to find some parts of them 
(supplementary subdomains) which can complete the  
initial grid (Fig. 3a).  

The algorithm is recursive. It calls itself either whether 
the minimum number of zooms is not reached or whether 
the maximum number of zooms is not reached, or whether 
none of the criteria of quality is fulfilled.  

III. OPTIMIZATION PROBLEM AND ITS SOLVING 
The optimization problem is the maximization of the 

electromagnetic force at δ = 41 mm, calling actuating 
force (Fa), which is set as objective function. This is a 2-D 
nonlinear optimization problem subject to four equality 
constraints consisting in preserving the global dimensions 
of the device (the external radius rmax, the height of 
carcass hmax, the height of plunger with support Hmax) and 
the coil cross section (Sb = gb∙hb). The complete form (P) 
of the optimization problem is 
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where a = 14.90 mm, rmax = 65.70 mm, hmax = 172.60 
mm,     Hmax = 231.19 mm, Sb =  2752.27 mm2 are initial 
values resting constant. 

The 2-D feasible domain is represented in Fig. 4, being 
a rectangular domain, in which there are only positional 
constraints, related to the parameters' limits.  

For the zoom level ζ = 1, the feasible domain was 
partitioned into a number of 4 × 4 = 16 basic subdomains 
on which the ANOVA technique was applied, obtaining 
different response surfaces, whose quality was tested by 

 
Fig. 3. Description of the exhaustive optimization algorithm [27]. 
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calculating the four adjustment coefficients of P, R2, Ra
2, 

Δ. 

 

Fig. 4. The 2-D feasible domain and basic subdomains (ζ = 1). 

 
Theirs chosen thresholds are established to be:           

P lim = 0.99, R2
lim = 0.98, Ra

2
lim = 0.95, Δ lim = 0.08. The 

maximum zoom level was chosen to be ζ lim = 3. 
The differences between the values of the adjustment 

coefficients are represented chromatically in Fig 5, noting 
isolated areas with nuances much different from the 
majority, indicating the uncertainty subdomains of the 
local or global maxima. Subdomains of unsatisfactory 
quality (column no. 4) still require partitioning. 

For the zoom level ζ = 1 the optimal value is obtained 
in the point P1 having the coordinates kβ = 1.4000 and kb 
= 6.5000, with value Fa1 = 808.767 N, meaning a gain of 
23.19%, comparatively with initial value Fa = 656.522 N. 
The point P1 is visible in Fig. 9. In the subdomains in 
which the quality criteria are fulfilled was not performed 
the full factorial design and these appear not divided. 

In Fig. 6 are represented the results obtained for ζ = 2, 
with  optimal  solution  in  the  point  P2(1.4667, 6.6250), 
Fa2 = 811.053N, gain 23.54%  and in Fig. 7, the results for 
ζ = 3, with optimal solution in P3(1.4333, 6.5625),          
Fa3 = 813.583N, gain 23.92%.  

These values are comparable with the previous ones. 
Fig. 8 collects the results shown in Figs. 5-7, 

highlighting a single "island" of color much different from 
the rest, which indicates the presence of a single 
maximum, which proves the unimodality of the objective 
function up to this zoom level. The points P2 and P3 are 
visible in Fig. 10 and Fig. 11. 

Two stopping criterions limit the number of iterations, 
when the accuracy is acceptable. Thus, the value compu-
ted is compared with initial one: 

 

 [%]100[%] max1
a_in

a_in
)(

a
1 ε≤⋅

−
=ε
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 (23) 

or the value computed per iteration (t) is compared with 
the previous different one (s) (1 ≤ s ≤ t – 1): 
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Fig. 5. The chromatic highlighting of the differences between the values of the adjustment coefficients on the basic subdomains (ζ = 1). 

 
Fig. 6. The chromatic highlighting of the differences between the values of the adjustment coefficients on the subdomains with ζ = 2. 
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Fig. 7. The chromatic highlighting of the differences between the values of the adjustment coefficients on the subdomains with ζ = 3. 

 

Fig. 8. The chromatic highlighting of the differences between the values of the adjustment coefficients on the analysed subdomains (ζ = 1, 2, 3). 

 
The applied exhaustive optimization method requires a 

total of N = 577 numerical 2-D FEM experiments. More 
than half (324 experiments) can be recovered from 
previous iterations, resulting in a real number of 253 
experiments. 

In Table II are summarized the results of application of 
the optimization algorithm to the electromagnetic device 
along the three iterations, showing the variation of the 
design parameters, objective function, errors and main 
geometrical parameters.  

Figure 12 presents on left and right sides the initial and 
the optimal geometrical shapes with the distributions of    
magnetic flux density obtained in FEMM software as         
axisymmetric solution. 

 

 

Fig. 9. The values of the objective function in the nodes of the 
partitioned basic subdomains and the optimal value for ζ = 1 (Point P1). 

 

Fig. 10. The values of the objective function in the nodes of the 
partitioned basic subdomains and the optimal value for ζ = 2 (Point P2). 

 

 

 

 

 

 

 

 

Fig. 11. The values of the objective function in the nodes of the partitioned              
basic subdomains and the optimal value for ζ = 3 (Point P3). 
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TABLE II. QUANTITIES VARIATION  DURING THE OPTIMIZATION PROCESS: DESIGN PARAMETERS, OBJECTIVE FUNCTION Fa, 
ERRORS AND MAIN GEOMETRICAL PARAMETERS 

Iterati
ons N tot Nrec kβ kb 

Fa 
(N) 

ε1 
(%) 

ε2 
(%) 

β 
(°) 

gb 
(mm) 

hb 
(mm) 

a0 
(mm) 

a2 
(mm) 

v 
(mm) 

hp 
(mm) 

Initial 1 - 1.0000 7.0000 656.522 - - 45.00 19.83 138.80 9.07 14.90 24.29 192.00 
1 144 64 1.4000 6.5000 808.767 23.19 23.19 63.00 20.58 133.75 8.32 19.95 23.41 192.89 
2 144 86 1.4667 6.6250 811.053 23.54   0.28 66.00 20.38 135.03 8.52 18.67 23.63 192.66 
3 288 174 1.4333 6.5625 813.583 23.92   0.31 64.50 20.48 134.39 8.42 19.31 23.52 192.77 

Total 577 324             

 

Fig. 12. Distribution of magnetic flux density for initial (left) and 
optimal (right) shapes (δ = 41 mm, FEMM, axisymmetric solution). 

 

IV CONCLUSIONS 
The paper presents the application of an exhaustive 

optimization method based on DOE and 2-D FEM, on a 
DC electromagnetic device. This was the subject of 
several previous works that investigated the improvement 
of its performances through methods of the same type, but 
capable of determining only a local optimum.  

The optimization problem is nonlinear and it consists in 
maximization of the actuating force taking into account 
two geometric parameters (the angle ratio of the support 
tip and the coil shape ratio) subject to equality constraints 
which describe the preservation of the global dimensions 
of the device and of the cross-section of the winding. 

The exhaustive optimization algorithm used the values 
of numerical simulation with FEMM software and it 
allowed the determination of the global optimum which 
corresponds to a gain in actuation force of 23.92%, from 
656.522 N to 813.583N. 

The result obtained in this paper is comparable to the 
previous ones, validating the old methods with a 
significant cost in the workload. 
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Abstract - At the same time as the introduction of automated 

equipment in industry, production operators and mainte-

nance workers servicing automated stations require         

professional training courses depending on the category and 

job. Depending on the particularity of the production 

process, these training courses can be done internally at the 

production unit, at external industrial partners or at 

universities. The paper presents an automatic tire sorting 

system made on a small scale. The sorting system is com-

posed of an input stock and two output stocks of sorted 

tires. Tire storage in the two output stocks is done with an 

electro-pneumatic manipulator robot. The sorting is done 

according to the tire bead width, for which the system is 

equipped with the appropriate sensors. The structure is 

controlled by an Arduino Mega2560 microcontroller 

development system. The sorting station can also be con-

trolled manually by the operator via a joystick and some 

buttons. In comparison to other sorting systems, the robot 

structure is simpler. It performs the transfer of the tires by 

only two movements, thus reducing the handling time. Also, 

the automatic sorting system realized corresponds to the 

requirements imposed on flexible production systems. The 

automatic system can be used both for training students 

from technical faculties and industrial operators in the field. 

Cuvinte cheie: sortare, sistem automat, actionare pneumatică, 

microcontroler senzori, robot manipulator, pregătire edu-

cațională. 

Keywords: sorting, automatic system, pneumatic drive, micro-

controller, sensors, manipulating robot, educational training  

I. INTRODUCTION 

Industry in general and in the machine construction, in 
particular, requires great flexibility of the manufacturing 
process, flexibility enabling the transition easy from the 
technical and cheap in terms of equipment and labor to 
another manufacturing. In this context, it is necessary to 
design and implement special equipment that will be 
comprised of flexible automations. An important role in 
this equipment you have manipulators and robots, which 
ensure the construction features and functional character-
istics and quality indicators for flexible manufacturing [1]. 

Robots and manipulators are the most complex and 
flexible machines that have been created and used by man 
so far that incorporate pneumatic drives. Taking into ac-
count these considerations the paper presents an automatic 
sorting system using a manipulator robot and a pneumatic 
actuation system. Industry needs knowledgeable, skilled 
robotics engineers, technicians, and operators. The 
application enables trainers to successfully integrate robot-
ics into programs and lab facilities [1], [2].  

The automatic sorting system presented in the work 

represents a small scale model of an automatic tire sorting 
system. It can be used for the educational training of stu-
dents, but also of staff in the field.  

II. DESCRPTION OF SORTING STATION

A. Structure of a sorting station 

The various products resulting from the manufacturing 
process require sorting and palletizing operations. The 
sorting facility is composed of an electric drive system 
(SAE) and an electro pneumatic one (SAEP), under the 
coordination of a control system (CS) which, based on the 
operating protocol, ensures the control laws (Fig.1) [3], 
[4]. The control system receives the information from the 
sensory system (SS) regarding the state of the system and 
provides the commands to the actuators in the drive struc-
ture to realize the functional diagram. 

Fig. 1. Structure of sorting station. 

The tire sorting station is based on a manipulator robot 
that sorts tires according to the program selected by the 
user. 

The tires are brought by conveyor belts to the point of 
collection where they are caught with the help of a grip-
per, here the selection process also takes place (depending 
on the bar code placed on each bead, depending on the 
width of inches) and the tire is placed on another conveyor 
that transports it to the storage points [5]. 

Robots used in sorting operations must be equipped 
with guiding devices with 5-6 degrees of mobility, univer-
sal or flexible gripping devices (pincers). Most of the 
time, such robots are equipped with autonomous travel 
systems, and sometimes with remote control systems. The 
drive system of robots of this type can be electric, hydrau-
lic or combined. 

The control system must contain surface and/or volume 
evaluation programs. He must ensure the command of the 
peripheral devices, process the information collected by 
the sensors about the nature of the manipulated objects 
and their arrangement, and modify the behavior of the 
robot according to this information.  
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B. Design of sorting system for educational 

training  

The educational application refers to a system for han-
dling and sorting pieces according to their width. 

Figure 2 shows the layout of the component blocks on 
the training board. 

The manipulator has two axes, the first actuated by an 
electric motor and the second by a pneumatic cylinder. 

The position information is taken from the sensors of 
each axis. 

To carry out the sorting operation, the analysis of two 
signals generated by a distance sensor located at the end of 
the gripper will be considered. 

At the base of the control process is the command and 
control unit, which manages the entire process, as well as 
the man-machine interface [6], [7], [8]. 

Based on the operating principle of a closed-loop con-
trol system, the command and control block takes the in-
formation about the positions of the system elements from 
the position sensors, and the information about the width 
of the piece gripped in the gripper from the distance sen-
sor. 

Following the processing of this information, according 
to a pre-established program, command signals are gener-
ated to the pneumatic actuators [9], [10] (Fig. 2). 

Sorting process parameters can be viewed and modified 
through the user interface. 

 

Fig. 2. Training board of sorting system - the layout of the components. 

 

 

Fig. 3. Block diagram of a sorting system. 

The block diagram of the system (Fig. 3) contains 6 
blocks: 

  Block number 1: it is made up of the 9 sensors of the 
sorting robot: 

Sensor 1 - arm up position; 

Sensor 2 - lower arm position; 

Sensor 3 - center robot position (piece A); 

Sensor 4 - left robot position (piece B); 

Sensor 5 – detection of type A piece; 

Sensor 6 - detection of type B piece; 

Sensor 7 - gripper status; 

Sensor 8 - piece presence sensor; 

Sensor 9 - right robot position (initial position). 

 Block number 2 – the command and control block, is 
the part of the application that deals with the management 
of input and output signals and decides the operation of 
the application after an established automatic cycle or the 
execution of commands manually. It operates in two 
modes: in closed-loop (control) and also with a human 
operator in the loop. 

 Block number 3 represents the part of pneumatic sole-
noid valves [11] and the four motor control relays: 

Relays RQ3, RQ4- left motor rotation; 

Relays RQ5, RQ6- right motor rotation. 

Individual solenoid valves are used for each movement 
of the manipulator: 

   Solenoid valve 1 – Up arm control; 

   Solenoid valve 2 - Down arm control; 

   Solenoid valve 3 - Gripper control. 

Solenoid valves receive the command signal from the 
microcontroller and distribute the air pressure to each 
pneumatic actuator. 

Block number 4 contains pneumatic and electric actua-
tors: 
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Cylinder 1- Actuates the arm on the vertical axis; 

Cylinder 2 - Closes/opens the gripper; 

The motor – Moves the manipulator horizontally. 

Block number 5 represents the user interface. It is com-
posed of: 

- an LCD that displays the current status of the system 
and the status of commands in manual mode; 

- a joystick with 5 positions used for the manual con-
trols of the robot; 

- a safety power supply button, which interrupts the 
supply; 

- a button with 3 positions used to activate the states: 
Automatic/Off/Manual of the system. 

All 5 blocks work according to a set schedule. 

The electronic handling system consists of three main 
subsystems: 

The subsystem for determining the position, present in 
the form of a group of sensors related to each axis. For the 
y-axis, the sensors are mounted along the electric axis 
used to actuate the manipulator horizontally, for the z-
axis, the sensors are mounted at the stroke ends of the 
cylinder. 

The adaptation subsystem. The position signals gener-
ated by the sensors are 24V signals which are converted to 
5V signals by a block of 9 relays. 

The movement of the mobile elements of the system is 
carried out with of an electromechanical linear actuator 
and a pneumatic actuator, the tool is a pneumatic gripper. 

Solenoid valve control subsystem 

The adaptation between the signals generated by the 
command and control block, the 5V signal generated by 

the output pins of the microcontroller and the supply volt-
ages of the cylinder control solenoid valves is carried out 
by means of a block of relays which, when activated, gen-
erate a 24V signal. 

The command and control block receives the signal 
from the position sensors and from the differentiation sen-
sor and presents the part by means of an input signal re-
ceiving module, consisting of a block of nine relays that, 
when activated, generate a signal of 5V. 

The processing unit takes the results from the input 
port, equivalent to the values of the positions and the tire 
type, which it processes based on a program written in a 
memory block. 

After processing, through the control signal generation 
module, the activation signals of the electro valve coils 
that control the pneumatic actuators and the electrome-
chanical actuator are provided at the output [12]. 

The user interface system has a 20x4 character LCD 
display necessary for displaying internal and external pa-
rameters and for accessing the menu. 

The data entry system consists of a 5-position joystick 
used for manual robot controls and a three-position button 
used to select the three system states: Manual, Off, Auto-
matic. 

In order to reduce the number of components as well as 
to benefit from the flexibility of programmable systems 
[13], the system is designed around an Arduino Mega 
2560 microcontroller produced by the Arduino Company 
[14], which coordinates its entire operation. 

  The block diagram of the system based on a microcon-
troller is presented in figure 4. 

 

Fig. 4. Detailed block diagram of a educational sorting system. 

The following functions will be implemented on the de-
signed system: 

- carrying out the cycle entered in the program automat-
ically; 

- interruption of the automatic cycle, with the possibil-
ity of its continuation; 

- movement of robot by manual controls; 

- displaying the position of the moving elements; 

- determination of the width of the part gripped by the 
gripper; 

- storage of objects in different areas (one for each im-
plemented width); 

- training the system regarding the association between 
the width of the piece and the area where it will be posi-
tioned; 
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III. IMPLEMENTATION OF AUTOMATIC SORTING 

SYSTEM 

A. Implementation of hardware part 

 One method of verifying the proposed solution is to 
achieve an experimental model. Based on the structure 
presented above, an experimental model of the automatic 
handling and sorting system was developed. System com-
ponents are represented in figure 5. 

The components shown in the figure have the following 
meanings: 

1- DC voltage sources; 2- group of compressed air 
preparation elements; 3- pieces input stock; 4- sorted piec-
es of type A; 5- sorted pieces of type B; 6- development 
system with microcontroller; 7- relay module; 8- handling 
robot; 9- DC motor for the translation of the robot; 10- 
sensor of position; 11 - sensor of detecting the presence 
piece; 12- operator console. 

 
a) Top view 

 
b) Front view 

Fig. 5. Experimental model of the automatic sorting system 

Within the designed system, the drive is performed by 
three actuators: 

- a C3 linear electromechanical actuator for the      
translation of the arm; 

- a C1 double-acting linear pneumatic actuator for      
actuating the up-down arm; 

- a C2 single-effect pneumatic actuator to actuate the 
gripper. 

The air preparation group is FR type produced by SMC 
[15] with the coding: AW20-F02-C-X64. This combina-
tion minimizes space and pipelines by integrating the two 
units into one. 

Standard features include a regulator that can be quick-
ly locked by pushing the adjustment knob down. 

A pressure gauge is mounted on the control group. The 
filter cartridge provides a filtration rate of up to 5 mi-
crons/m. 

For the distribution of compressed air to actuators, two 
types of solenoid valves were used: 

• To actuate of the cylinders for robot, lifting and ro 
arm it used three bistable solenoid valve Festo [16] type: 
CPE14-M1BH-5J-Q-8; 

• For the control of the cylinder that closes / opens the 
gripper, a Festo type XCPE14-M1BH-3GLS-1/8 mono-
stable solenoid valve is used. 

The actuators used to operate the robot and the collect-
ing table is manufactured by Festo [16].  

The feed rate is achieved by the pneumatic energy 
transmitted by the actuating valve; the return is done by 
eliminating pressure from the circuit and with the help of 
the spring return. 

Waircon URG 5/8 type regulators have been used to 
control actuator speed. The "URG" series flow regulators 
are produced in in-line, unidirectional versions. 

The "URG" model has a built-in control valve to con-
trol the flow in one direction, while the reverse flow is 
free. They are high precision regulators and can provide a 
high flow rate ratio and are very compact. 

B. Implementation of the command and control system 

In the implementation of the command and control sys-
tem, the following aspects were taken into account: 

- simplifying the hardware part and using as few com-
ponents as possible; 

- the possibility of easy system programming; 
- providing internal and external parameters to the user 

interface. 
To meet the above-mentioned requirements, a micro-

controller development system was developed (Fig. 6). 

 

Fig. 6. Command and control system: 1- output relay module; 2- input 

relay module; 3- microcontroller development system. 

For this purpose, the Arduino Mega 2560 microcontrol-
ler has been chosen [14]. 

The Mega 2560 is a development system built around 
the Atmega2560 microcontroller, which is equipped with 
numerous communication pins, analogs and PWM, useful 
for connecting with various elements: monitoring, control, 
control, etc. (sensors, relays). 

 It offers a number of facilities including: 
- requires a small number of external components; 
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- has analogue inputs needed to connect the sensors; 
- allows direct connection of an LCD display. 
- can perform arithmetic and logical operations required 

in the sorting pieces process. 
Arduino Mega 2560 is a ATmega2560 based microcon-

troller board. It has 54 digital inputs / outputs (of which 14 
can be used as PWM outputs), 16 analog inputs, 4 UARTs 
(hardware serial ports), 16MHz oscillator crystal, a USB 
connection, a power jack, a ICSP header and a reset but-
ton. It contains everything it takes to operate the micro-
controller. Simply connects to a computer with a USB 
cable or AC / DC adapter or battery. 

The ATmega2560 has 256 KB flash memory for stor-
ing the code (of which 8 KB is used for Bootloader), 8 KB 
of SRAM and 4 KB of EEPROM (readable and written 
with the EEPROM Library). Arduino boards have a 1024 
byte EEPROM space. 

The Arduino Mega2560 has a host of facilities for 
communicating with a computer, with another Arduino or 
other microcontrollers. The ATmega2560 offers four 
hardware UARTs for TTL 5V serial communication. 

A Software Serial library allows serial communication 
on any of the Mega2560's digital systems. 

The ATmega2560 also supports I2C (TWI) and SPI 
communication. The Arduino software includes a Wire 
library to simplify the use of the I2C bus. 

To obtain the 5V input signal in the microcontroller, the 
24V sensor signal is passed through a relay block powered 
at 5V, and which is activated by the sensor signal sends a 
5V signal to the input port of the microcontroller. 

The sensors system of sorting station enables the acqui-
sition of two distinct types of information: 

- information on the internal parameters of the system 
(the position of each element); 

- information about external parameters, in particular 
the dimension of objects grabbed by the gripper, which is 
the sorting criterion. 

Two MK5100 IFM sensors were used to determine the 
two positions of the robot arm. 

Closed open positions of the gripper are given by a 
pressure switch type: Festo SDE5-D10-O-Q6-P-M8 in-
serted into the pneumatic actuator of the gripper. 

WF50-60B416 type sensor was used to detect the pres-
ence of the piece, and a contrast sensor produced by SICK 
K3L-P3216  was used to identify the color. 

C. Implementation of Software Part 

Arduino Mega can be programmed with Arduino AT-
mega2560 software. Arduino Mega has a preinstalled 
bootloader that allows you to load a new code without 
using an external programmer. It has an automatic reset 
button. It also performs overcurrent protection of the 
USB. Arduino Mega 2560 has a self-resetting fuse mount-
ed to protect of the computer USB from short-circuit and 
overcurrent. 

The Arduino program can be divided into three main 
parts: structure, values (variables and constants) and func-
tions [17], [18]. 

The general structure of software for microcontroller is 
shown in figure 7. 

The program starts with microcontroller initialization 
and variables used [6]. Implementation of various timings 

is possible by using a sequence of decrement of all coun-
ters used. Then follows acquisition of analog-digital sig-
nals, execution of algorithm, then transmitting the synthe-
sized commands. 

 

Fig. 7. Flow diagram of microcontroller program. 

The main program algorithm for the automatic sorting 
station cycle is shown in figure 8. 

 

Fig. 8. Flow diagram of proper algorithm – automatic operation mode. 
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During the automatic sequence, the user cannot execute 
manual commands.  

IV. TESTING OF  AUTOMATIC SORTING SYSTEM 

Testing actually consists of correct working verification 
according to the protocol and conditions imposed by de-
sign. 

In figure 9 there are captured the operating states in a 
work cycle of handling-sorting station. These states were 
predefined in the design stage of automatic handling-
sorting system (Fig. 8) for the purpose of verification and 
easier debugging. 

The 6 states of operation are highlighted in the figure 
by the positions occupied by the manipulating robot (RM). 

 

 

Fig. 9. Testing of experimental sorting system. 

The states captured in the figure have the following 
meaning: 

 State 1- the RM is in the initial position (Fig. 9 a); 

 State 2 - the detection of B-type piece presence in the 
input stock, RM displacement for piece pickup (Fig. 9 b); 

  State 3 - the RM displacement for storing the piece 
in the B type output stock (Fig. 9 c); 

 State 4- depositing the piece in the B-type stock (Fig. 
9. d). 

 State 5- picking up the A-type piece from the input 
stock (Fig. 9 e). 

 State 6- depositing the piece in the A-type stock (Fig. 
9 f). 

Experimental tests have demonstrated the precision of 
gripping and maintaining parts in the gripper due to the 
use of a high-performance sensor. Sensors that detect po-
sition also have good accuracy and a high response speed. 

In the experimental tests, the correct functionality of the 
system for "manual operation" was checked. This mode of 
operation has been designed to avoid blockages in case of 
defects. Also in the "manual mode" the operator can exe-
cute the operations in the desired order. 

The experimental tests have demonstrated the correct 
functioning of the system designed and realized in both 
automatic and manual operating mode. 
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V.  CONCLUSIONS 

The main benefits of using an automatic sorting station 
are: 

• Presentation of specific and useful reports at user and 
management level; 

• Exactly, real-time control of the operations carried out 
on the production line and in the storage area; 

• Locating a product within the production flow and in 
the storage area; 

• Real-time knowledge of the situation in the production 
process and in the storage area; 

• Increasing the processing capacity of information and 
products; 

• Optimizing human resources; 

• Quality control. 

  All this benefits offered by the automatic sorting sys-
tems are intended to increase the capacity and efficiency 
of actions and also offer a higher level of process quality, 
ergonomics and optimization of customer services. 

In the paper was designed and developed an automated 
sorting of pieces system that respond to the requirements 
of a flexible manufacturing system. 

Infrastructure hardware and software used allows moni-
toring and control of a sorting station. 

Sensors, electrical equipment and electronic compo-
nents used for automatic system design have a high degree 
of accessibility and performance. 

The system designed, developed and tested can be used 
both in educational applications in electrical engineering 
and in industrial applications. 
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IV. EXPERIMENTAL RESULTS OBTAINED USING THE 
DISMAP SYNCHRONIZATION EQUIPMENT 

Nominal data of the drive motor 2 MW type ATM 
2500-2 

- Nominal power  - 2 MW; 
- Nominal voltage  - 6 kV; 
- Stator current   - 210 A; 
- Speed   - 2980 rpm; 
- Engine performance  -  95.1%; 
- Power factory   - cos φ 0.86; 
- Rotor voltage   - 1330 V; 
- Rotor current   - 920 A; 
- Rotor weight   - 3650 kg; 
- Total engine weight  - 15865 kg; 
- Air consumption  - 3 m3/second; 
- Oil flow through the bearing - 25 liters/minute. 
 

 

Fig. 5. Asynchronous motor with wound rotor, type ATM 2500 -2 

To obtain the experimental data, the high-performance, 
8-channel, 16-bit, fiber optic acquisition system Transient 
Recorder Tras Mobile was used, with a sampling rate of 
100kS/s (10μs between 2 points), (see Fig. 5).  

 

Fig. 6. TRAS Mobile acquisition system. 

HVT 50 RCR 50kV/50V voltage dividers were used for 
voltage measurement, and CWT15R (500A/V) 3000 A 
peak Rogowski belts were used for current measurement           
(see Fig. 6). 

 

Fig. 6. Current and voltage measurement acquisition system. 

By closing switch I2, which is conditioned by the con-
ditioning module shown in Fig. 2 to close when the cur-
rent crosses zero, the rotor winding of the induction motor 
is supplied by direct current, obtained from the rectifier of 
the DISMAP synchronization equipment, and, after sever-
al current steps, considered harmless to the motor, the 
transition from asynchronous mode to synchronous mode 
is performed. 

Fig. 7 shows the currents in the stator of the 2000-kW 
power induction motor, corresponding to the phases IR, 
IS, IT when switching from asynchronous to synchronous 
mode.  

 

Fig.7. Transition from asynchronous to synchronous mode. 

The values of the currents measured in the stator of the 
motor in asynchronous and respectively synchronous 
mode are presented in Table I: 

TABLE I.  
VALUES OF PHASE CURRENTS 

 
Phase currents in 

asynchronous 
mode  

Phase currents 
in synchronous 

mode 
IR_RMS 136.589 A 76.6227 A 
IS_RMS 142.537 A 80.1198 A 
IT_RMS 135.720 A 75.0794 A 
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The 142.537A peak current in the stator of the motor 
in asynchronous mode is recorded on phase S. After 
achieving the synchronism conditions, the peak current 
value in the stator of the motor is of 80.1198A. This de-
crease in currents occurs on the three phases, as evidenced 
by the data in     Table I. There is a substantial decrease in 
the currents measured in the stator of the induction motor 
when using the DISMAP synchronization equipment.[16] 

The values of the average power factor recorded for the 
asynchronous and synchronous modes are presented  in  
table II.  

TABLE II.  
POWER FACTOR VALUES 

 
PF in asynchronous 

mode 
PF in synchronous 

mode 
Phase R 0.65 0.99 
Phase S 0.65 0.99 
Phase T 0.65 0.99 

 
Fig. 8 and Fig. 9 shows the oscillograms which reveal 

the phase shift between voltage and current in asynchro-
nous/synchronous mode on the three phases. 

Once the synchronization is achieved by using the syn-
chronization equipment, there is an increase in the power 
factor, from 0.65 (asynchronous mode) to 0.99 (synchro-
nous mode), thus reaching the value imposed by the Ro-
manian energy regulatory authority (0.9). 

The use of synchronization equipment for low-load 
wound-rotor induction motors leads to a substantial reduc-
tion of monthly costs. The performance of this DISMAP 
synchronization equipment led to a reduction of almost 
50% in the active energy consumption and also a reduc-
tion of almost 60% in the reactive energy consumption, 
which was determined by comparing monthly invoices 
before and after the implementation of the equipment. 

 

Fig. 8 Voltage – current phase shift in the stator in asynchronous mode. 

 

Fig. 9. Voltage – current phase shift in the stator in synchronous mode. 

V. CONCLUSIONS 
This paper presents the synchronization equipment and 

its performance, which led to a reduction of almost 50% in 
the active energy consumption and also a reduction of 
almost 60% in the reactive energy consumption, and this 
was determined by comparing monthly invoices before 
and after the implementation of the equipment.  

The implementation of this synchronization equipment 
for the low-load wound-rotor induction motors allows the 
increase of the average power factor from 0.65 in asyn-
chronous mode to 0.99 in synchronous mode, substantially 
reducing both the active energy consumption and the reac-
tive energy consumption. 

The equipment has shown high performance in reduc-
ing the reactive energy consumption and increasing the 
power factor, and it was incorporated into the laboratory 
test circuit for high-power equipment [16]. 
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Abstract - In this paper, the performance of a three-phase 
four wire shunt active power filter (APF) using indirect 
current control with active load current calculation was 
compared with that corresponding to using indirect current 
control with prescribed current calculation from the voltage 
controller. It is clear that, under balanced and sinusoidal 
voltage conditions, these two methods give similar results. 
The variant of the indirect current control with prescribed 
current calculation from the voltage controller has the 
advantage of simplicity, but exhibits increased sensitivity to 
voltage ripples on the compensation capacitor, as they are 
reflected in the output of the voltage controller. The whole 
system was modeled using MATLAB-SIMULINK software. 
The simulation results demonstrate the applicability of both 
methods for APF control. 

Cuvinte cheie: Filtru activ de putere, control indirect al 
curentului, calculul curentului activ al sarcinii. 

Keywords: Shunt Active Power Filter, Indirect current control, 
Active Load Current Calculation   

I. INTRODUCTION 
After identifying the existence of current and/or voltage 

harmonics in an electrical system, the problem arises of 
finding and implementing solutions to solve the problems 
they generate. In adopting them, the possibility of com-
pensating the reactive power and imbalances generated by 
the load is also taken into account.  

Active Power Filters (APF) are inverter-type static con-
verters, bidirectional in current and voltage, controlled in 
such a way as to absorb the harmonics that must be elimi-
nated from the network and equipped with a circuit com-
ponent for energy storage on the DC side [1], [2]. 

Because of their particular objective of improving the 
current waveform rather than controlling the transferred 
power, active power filters have also been called "Active 
Harmonics Conditioners" (AHC) or "Active Power Line 
Conditioners" (APLC). 

There are many control methods of the current in the 
shunt APF, so that the current injected into the power sup-
ply follows its reference value [3]–[5].  

The need to control also the voltage across the compen-
sation capacitor in the DC side must be mentioned [1]–[8]. 

Clearly, the control system of an APF contains an outer 
loop for regulating the voltage on the compensation ca-
pacitor and an inner loop for regulating the current. The 

output of the current controller determines the sequences 
of gate drive signals for APF’s semiconductor devices.  

On the other hand, the structure of the current control 
loop is determined by the adopted control algorithm. 

The performance of the active filtering is significantly 
affected, both by the technique adopted for the reference 
currents generation and by the current control technique 
[1], [4], [6], [9]. 

Depending on the controlled current in the regulation 
scheme, there are two control methods, the direct control 
and the indirect control, respectively.  

The direct current control involves the direct regulation 
of the current at the output of the inverter.  

In this case, the main component of the current pre-
scribed to the current controller is the compensating refer-
ence current, to which the active component necessary to 
cover the losses in the system is added. The latter causes 
the voltage on the compensation capacitor to be main-
tained at the prescribed value [1], [10]–[14]. 

The indirect control consists of controlling the supply 
current and involves prescribing its waveform that corre-
sponds to the desired supply current.  

The advantage consists in the simpler way of calcula-
tion and in the fact that the current controller operates with 
sinusoidal signals having the pulsation of the power sup-
ply network [1], [15]–[18].  

Referring to the objectives of active filtering, the indi-
rect current control is preferable when zero current distor-
tion or unity power factor is desired after compensation.  

In this case, it can lead to a simpler control structure by 
significantly reducing the computational requirements and 
time.  

There are two ways to obtain the active load current, ei-
ther based on the output of the voltage controller, or by 
extracting it from the total load current [1]. 

Following the numerical simulation study of the two 
compensating current calculation methods, for a typical 
nonlinear load topology, some comparative conclusions 
could be drawn.  

The remaining of the paper is organized as follows. 
Section II presents the algorithm for the indirect current 
control for the two ways of obtaining the active current of 
the load. Section III is dedicated to the presentation of the 
virtual implementation of the whole active filtering sys-
tem. The simulation results are illustrated in Section IV. 

56

Annals of the University of Craiova, Electrical Engineering series, No. 46, Issue 1, 2022; ISSN 1842-4805 eISSN 2971-9852

DOI: 10.52846/AUCEE.2022.09

mailto:mconstantinescu@em.ucv.ro
mailto:mpopescu@em.ucv.ro


Some final conclusions are formulated at the end of the 
paper. 

 

II. THE ALGORITHM FOR THE INDIRECT CURRENT 
CONTROL 

A. The Indirect Current Control Based on the Voltage 
Controller Output  

The first variant of the active power filter control algo-
rithm is the indirect current control based on the voltage 
controller output [1], [17], [19]. It contains two cascaded 
control loops, the desired grid current being obtained from 
the voltage controller (the amplitude) and its waveform 
and phase is provided by a phase locked loop (PLL) cir-
cuit from the supply voltages (Fig. 1). Fig. 1 illustrates:  
• The control loop for the DC-voltage across the     

compensating capacitor, which gives the desired am-
plitude of the power supply current; 

• The power supply current control loop, whose      
operation determines the necessary gating signals for 
the APF’s semiconductor devices, so as to obtain the 
desired current absorbed from the network. Therefore, 
the filter current is obtained intrinsically, not being   
directly controlled by the current control loop. The  
following notations are used in Fig. 1: 

VC - compensating capacitor voltage (the voltage 
transducer measured the voltage across both capacitors, 
connected in series; the central socket is connected to the 
power grid neutral point; 

APF - active power filter power section; 
VT - voltage transducer; 
CT - current transducer; 
i* - prescribed power supply instantaneous current; 
i - power supply instantaneous current. 

B. The Indirect Current Control with Load Active Cur-
rent Computation 

The control scheme associated to the indirect current 
control with load active current computation is shown in 
Fig. 2. In this case, only the component of the prescribed 
current associated of the power losses (IFa) is provided by 
the voltage controller.  

 
Fig. 1.  Diagram of the indirect current control based on the voltage 

controller output. 

Thus, to reduce the negative effect of the voltage     
controller output ripple on the compensated current shape 
(given the high value of this signal), the power supply 
desired current amplitude is computed as the sum of the 
voltage controller output (IFa) and the load active current 
amplitude (ILa). 

 
Fig. 2.  Diagram of the indirect current control with load                

active current computation. 

The load active current is obtained based on the load 
active power:  
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where: 
- ILaRMS - load current active component, RMS value; 
- Usk - power supply voltage RMS value of phase k; 
- usk - power supply instantaneous voltage on phase k; 
- iLk - load instantaneous current on phase k. 

For the both current control methods, the voltage 
controller of PI (proportional-integrative) type is tuned 
based on the modulus criterion [20], [21].  

Considering the adaptive capacitor voltage control, the 
voltage controller parameters are real-time adapted to the 
non-active power to be compensated [22]. 

The power supply current control loop uses hysteresis 
type controllers which gives the gating signals for the 
active filter power transistors. The switching frequency is 
limited by the hysteresis band on one hand and by the time 
sample (simulation step) on the other hand. 

III. VIRTUAL IMPLEMENTATION 
For the simulation of the entire active filtering system 

operation, both variants of the control algorithm were  
implemented in the Matlab-Simulink environment. The 
load was the same in all studied cases, namely an         
uncontrolled three-phase bridge rectifier, with an RLC 
load. The specific sections of the scheme have been 
grouped into masked subsystems. The control section was 
also grouped in a Simulink subsystem, for easy migration 
from one        algorithm variant to the other. The complete 
active      filtering virtual system is illustrated in Fig. 3. 

The initialization of the active power filter is done     
according to the typical steps [1]: 
- the power section is connected to the grid by means of 

current limiting resistors (the capacitor is charged via 
the power inverter anti-parallel diodes); 

- the resistors are short circuited when the compensating 
capacitor voltage reaches about 80% of the maximum 
voltage; 

- the compensating capacitor is actively charged to the 
working voltage (the control loops are active), by     
absorbing from the power grid the necessary active 
current; 

57

                    Annals of the University of Craiova, Electrical Engineering series, No. 46, Issue 1, 2022; ISSN 1842-4805 eISSN 2971-9852



- the initial capacitor voltage is the voltage on the capac-
itor at the closed loop control system startup time. 

The desired power grid current is obtained by          
multiplying the voltage controller output signal with the 
voltage template, received from the PLL circuit: 

- for the control method based on the voltage controller, 
the power supply desired current amplitude is given 
only by the voltage controller (Fig. 4); 

 
Fig. 3.  Virtual model for the active power filtering system. 

 

 

Fig. 4.  Indirect current control method based on                                
the voltage controller output. 

- for the control method based on the load current active 
component, the desired power supply current is given 
by the sum between the load current active component 
(which is also the desired compensating current) and 
the voltage controller output (which gives the active 
current drawn from the power supply to charge the 
compensating capacitor and to cover the active power 
filter losses (Fig. 5); 

 
Fig. 5.  Indirect current control method based on the load               

current active component. 
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The algorithm was modified to allow compensation  
validation from an external signal for both indirect current 
control approaches, even though this cannot be done na-
tively. 

Fig. 6 (a and b) illustrates the voltage control loop and 
the current control loop in detail. 

 

 
a) 

 
b) 

Fig. 6.  Virtual model for: a) the compensating capacitor voltage con-
trol loop; b) the desired supply current control loop. 

 

IV. SIMULATION RESULTS 

A. The Indirect Current Control Based on the Voltage 
Controller Output  

Fig. 7 shows the waveforms of the supply voltage (in 
black) and the power supply current (in red). It can be 
seen that the simulation is done for total compensation, the 
fundamental component of the current being in phase with 
the voltage. 

Fig. 8 shows the waveforms of the real supply current 
(in blue) and the prescribed supply current (in red). 

The evolutions of the voltage on the compensation ca-
pacitor (in blue) and its prescribed value (in red) are 
shown in Fig. 9 for the entire charging process of the ca-
pacitor. The same voltages in steady state regime are illus-
trated in Fig. 10. 

Table I shows the energy indicators specific to the sim-
ulation in the case of indirect current control with the cal-
culation of the prescribed current from the voltage control-
ler.  

The total harmonic distortion factor (THD) is calculated 
taking into account all harmonics of the current and the 
partial harmonic distortion factor (PHD) is calculated tak-
ing into account the harmonics up to order 51. 

 
 
Fig. 7. The waveforms of the supply voltage (in black) and the power 

supply current (in red) for the indirect current control method based on 
the voltage controller output. 

 

 
Fig. 8. The waveforms of the obtain supply current (in blue) and the 

prescribed current (in red) for the indirect current control method based 
on the voltage controller output. 

 
Fig. 9. Waveforms of the compensation capacitor voltage (in blue) and 
the prescribed capacitor voltage (in red) for the indirect current control 

method based on the voltage controller output. 
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Fig. 10. Waveforms of the compensation capacitor voltage (in blue) 

and the prescribed DC voltage (in red) for the indirect current control 
method based on the voltage controller output. 

TABLE I.  
ENERGY INDICATORS WHEN THE CALCULATION OF THE PRESCRIBED 

CURRENT IS FROM THE VOLTAGE CONTROLLER 

 
Load current (RMS)  20 A 

Power supply current (RMS)   17.49 A 

Active power 12.08 kW 

Apparent power 12.09 kVA 
Load current THD  75.4 % 

Power supply current THD  2.04 % 

Load current PHD  1.17 % 

Power supply current PHD  75.4 % 

Efficiency 89.74 % 

B. The Indirect Current Control with Load Active    
Current Computation 

In this case, the waveforms of the supply voltage and 
the power supply current are shown in Fig. 11. It can be 
seen that the current is almost sinusoidal and in phase with 
the supply voltage. 

Fig. 12 illustrates the real current together with the 
compensating current. 

The time evolution of the voltage on the compensation 
capacitor compared with the prescribed DC voltage is 
shown in Fig. 13. Their waveforms in steady state regime 
are illustrated in Fig. 14. 

 
Fig. 11. The waveforms of the supply voltage (in black) and the power 
supply current (in red) for the indirect current control method based on 

the load current active component. 

 
Fig. 12. The waveforms of the obtain supply current (in blue) and the 

prescribed current (in red) for the indirect current control method based 
on the load current active component. 

 
Table II synthesizes the energy indicators specific to the 

simulation in the case of the indirect current control with 
load active current computation. 

TABLE II.  
ENERGY INDICATORS WHEN THE CALCULATION OF THE PRESCRIBED 

CURRENT IS WITH LOAD ACTIVE CURRENT COMPUTATION 

 
Load current (RMS)  20 A 

Power supply current (RMS)   17.48 A 

Active power 12.051 kW 

Apparent power 12.054 kVA 

Load current THD  75.4 % 

Power supply current THD  2.1 % 

Load current PHD  1.29 % 

Power supply current PHD  75.4 % 

Efficiency 89.98 % 
 
 

 
Fig. 13. Waveforms of the compensation capacitor voltage (in blue) 
and the prescribed voltage (in red) for the indirect current control   

method based on the load current active component. 
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Fig. 14. Waveforms of the compensation capacitor voltage (in blue) 

and the prescribed DC voltage (in red) for the indirect current control 
method based on the load current active component. 

 
It can be seen that, the indirect control with the calcula-

tion of the prescribed current from the voltage controller 
leads to a slight increase in active filtering efficiency 
(36.9, compared to 35.9 in the case of the indirect control 
with the calculation of the active current of the load). It 
must be specified that the active filtering efficiency has 
been calculated as the ratio of the distorted load current 
THD and supply current THD after compensation. 

V. CONCLUSIONS 
The control algorithm for the three phase four wire ac-

tive power filter was implemented in the Matlab-Simulink 
environment for the two indirect current control methods. 

Following the numerical simulation study of the two 
methods of indirect current control, some comparative 
conclusions could be drawn. From a qualitative point of 
view, the waveform of the compensated current was al-
most sinusoidal in both cases. It remains a harmonic cur-
rent distortion due to the switching operation of the active 
power filter, specific to the current control with hysteresis 
controller. 

Differences between the performances obtained by the 
two current control methods could be observed quantita-
tively based on power quality indicators. 

The indirect control without extracting the active load 
current naturally allows the operation of the active power 
filter in regeneration mode, sending an active current into 
the power supply.  
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Abstract – In order to solve the problem of analyzing 
network performance of SCADA (Supervisory Control And 
Data Acquisition) system communication of power grid in 
effective and practical way, this paper proposes to change 
the star topology with ring topology, specifically method 
rapid spanning tree protocol (RSTP), in an electrical substa-
tion. The paper discusses about SCADA architecture, main 
equipment like remote terminal unit, intelligent electronic 
device, server, server network time protocol, HMI (human 
machine interface), router and their role in the electrical 
substation. Also, the levels of the command hierarchy in the 
SCADA system are discussed. Each level has certain tasks 
set for the optimization and reliability of the electrical sub-
station. The data flow describes the types of information 
that are transmitted between hierarchical levels. In the last 
part the paper the topologies of the system are described. 

Cuvinte cheie: topologie SCADA, arhitectura SCADA, Rapid 
spanning tree protocol, topologie stea, flux de informații, stație 
electrică.topologie inel. 

Keywords: SCADA topology, SCADA architecture, Rapid 
spanning tree protocol, star topology, data flow information, 
electrical substation, ring topology. 

I. INTRODUCTION 
SCADA is a technology which provides the ability to 

collect data from one or more remote equipment and 
transmit a limited set of control instructions to this equip-
ment. With SCADA it is no longer necessary for an opera-
tor to stay or frequently inspect those remote controlled 
locations if they are working normally. 

SCADA includes the operator interface and the han-
dling of concrete application data, but it is not limited to 
that. Some manufacturers offer software packages that 
they call SCADA and although these are suitable to oper-
ate as parts of a SCADA system, as they provide commu-
nication links with other necessary equipment, they are 
not a complete SCADA system [1]. 

In [2], the authors presented architecture topologies for 
substation automation system applications with protection, 
control, monitoring data flows and their performance re-
quirement. 

A modern SCADA system (hardware and software) 
with specific characteristics for electrical substations is 
presented in [3]. 

Communication network is a fundamental element in 
all electrical substation and network performances can 
have important role on the control process. The automa-
tion using IEC 61850 communication protocol is de-
scribed in [4], [5], [6]. 

This paper is organized as follows. Section II presents 
the SCADA architecture, including the main components. 
The next section is dedicated to the command hierarchy of 
in the SCADA system. In section IV, the data flow is in-
troduced. The presentation of the star topology is the sub-
ject of section V. It is followed by the presentation of the 
ring topology. A case study with the implementation of 
the rapid spanning tree protocol in an electrical substation 
from Romania is described. Finally, some conclusions are 
formulated. 

II. SCADA ARHITECTURE

Although the equipment components of the entire 
SCADA system is located in various locations, they are 
connected as a unified whole, a single system.  

As such, the SCADA system concept approach is uni-
tary, not limited to a specific piece of the system. 

The SCADA system are presented in Fig. 1 with next 
components [12]: 

Fig. 1 A typical SCADA system architecture. 

• Server
• Router
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• Server NTP 
• HMI 
• Remote Terminal Unit (RTU) 
• Intelligent electronic device (IED) 
• Control Center 
• Communication infrastructure 
• PLC 

Servers are used in SCADA systems for multi-tasking 
and real-time database functions. It is responsible for 
gathering and handing data, providing trends and diagnos-
tic information regarding the operation. Depending on the 
features, there may also be options to set up predictive 
maintenance schemes, logistic information and other op-
tion [7]. 

A router which meets the cybersecurity requirements 
for this type of connection is used for the remote connec-
tion to Control Center. The router has a firewall imple-
mented and makes an encrypted VPN tunnel connection to 
the remote correspondent equipment. 

A human-machine interface (HMI) is a user interface 
that allows the human operator to interact with a system. 
HMIs are used all over the world in various technologies, 
ranging from smartphones to power plants. 

The HMI running on the SCADA server connects to the 
SQL database managed by that server. 

PLC (Programmable Logic Controller) is still one of the 
most widely used control system in industry. As the needs 
to control more devices in the electrical substation, PLCs 
became distributed and systems became smarter and 
smaller [8]. 

To apply the time stamp to all telegrams in the system, 
a time server is installed which will transmit time signals 
to the entire system via the network time protocol (NTP). 
Time stamp resolution applied to all events is 1ms. 

The GPS signal will be received by an external antenna, 
connected with a coaxial cable to the respective time serv-
er. This equipment is installed in the SCADA cabinet and 
is connected to the central system through Ethernet 
switches. It will provide the necessary NTP telegrams for 
the synchronization of all SCADA equipment. 

Communication infrastructure represents the nodes of a 
SCADA system which are interconnected through com-
munication buses, constituted in data transmission net-
works, depending on the surface they cover. The proce-
dures and standard interfaces used are called local net-
works (LAN- Local Area Network) or networks extended 
(WAN- Wide Area Network).This equipment related to a 
certain technological process or a management center that 
occupies a relatively small area (for example a building or 
a group of buildings) are interconnected through LANs 
that use shielded cables with twisted wires as a data 
transmission medium, coaxial cables or fiber. 

The transfer is made through the telecommunications 
networks based on the generally accepted rules that form 
the so-called telecommunications protocol. This protocol 
specifies receiver selection modes, command codes, 
transmission rates, structure and timing of transmitted 
messages, etc. 

Intelligent electronic device use numerical measure-
ment techniques. Fully digital signal processing provides 
high measurement accuracy and long-term consistency.  

Digital filtering techniques and dynamic stabilization of 
the measured values ensure the highest degree of security 
in the determination of protection responses. Device errors 
are quickly recognized and indicated by integrated self-
monitoring [9]. 

Remote terminal unit is a stand-alone data acquisition 
and control unit, generally microprocessor based, that 
monitors and controls equipment at a remote location. Its 
primary task is to control and acquire data from process 
equipment at the remote location and to transfer this data 
back to a central station. It generally also has the facility 
for having its configuration and control programs dynami-
cally downloaded from some central station. 

The Control Centre is the dispatcher's work point for 
operating SCADA system. 

III. COMMAND HIERARCHY OF IN THE SCADA SYSTEM 
The command to the primary equipment can be initiated 

from multiple locations such as local panel, BCU/BCPU, 
HMI station, control center, depending on the position 
chosen for the LOCAL/REMOTE switch. The command 
hierarchy of primary switching equipment can be illustrat-
ed by means of Fig. 2 [12]. 

 
Fig. 2 Hierarchy of command in the SCADA system. 

The interconnection between the components of the 
SCADA system is subject to a philosophy based on four 
hierarchical levels of the SCADA architecture. 
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Monitoring of states, measures, alarms will be able to 
be found and accessed at any of the four levels mentioned. 

Also, the commands of the switching equipment is done 
independently, but not simultaneously from the four lev-
els:  
•  Level 0 – PROCESS; 
• Level 1 – FEEDER – through the BCUs or BCPUs in-
stalled in each high voltage or medium voltage; 
• Level 2 – STATION – from the operator interface 
(HMI) installed in the station; 
•  Level 3 – CONTROL CENTER – from the SCADA 
dispatcher system – via a remote connection. 

The selection between hierarchical levels is made by 
using the Local/Remote switches (physical or software) 
provided for this purpose. Besides the three command 
levels, in order to illustrate the system philosophy, we 
consider level 0 as the technological process level, i.e. the 
primary equipment [3]. 

• Level 0 – PROCESS 
At this level, there is the equipment that directly partic-

ipates in the production, transport and distribution of elec-
tricity, forming the group of primary equipment (separa-
tors, switches, current transformers, voltage transformers, 
etc.). 

• Level 1 – FEEDER 
This level includes all the digital devices intended to 

ensure the signaling of alarms and measures from the pro-
cess equipment, the implementations of the protection 
functions as well as the control of these equipment where 
appropriate. In this level, there are different types of digi-
tal relays (IEDs) that have specific inputs/outputs/analog 
for voltage, current, signaling, alarms, protection functions 
and controls, as needed.  

• Level 2 – STATION 
At this level, the station RTU collects all the signals 

from station via the communication network (LAN Pro-
cess). 

Also, through the same LAN, the process can be re-
ceived for the primary equipment from hierarchical levels 
higher than the feeder equipment BCU or BCPU respec-
tively HMI station or Control Center. 

• Level 3 – Control Center 
At the level of the dispatcher, there is the Control Cen-

ter SCADA system interconnected with the Station 
SCADA system. 

IV. THE DATA FLOW 
In the SCADA system, the information is transmitted 

on several flows, in a predetermined way, making possible 
analysis or diagnosis easy. There are three information 
flows: 

• monitoring information – the signals from the pro-
cess (signals, alarms, etc.). This information is the most 
numerous and is transmitted from the process to the Con-
trol Center – respectively from level 0 to level 3. 

• control information – command signals. This infor-
mation is less and is transmitted from the operating inter-
face (HMI, Control Center, Station or IED) to the process 
– that is, from level 3 (or 2, or even 1) to level 0. 

• GOOSE type information – the signals are transmit-
ted directly (within the Process LAN) from one IED to 

another. As a rule, certain information necessary for the 
interlocking logic is transmitted through this information. 

V. STAR TOPOLOGY 
Star networks, presented in Fig. 3, are well known for 

their nodes being located in a shape of a star. There are 
one of the most commonly network topologies. The way 
such networks look reminds of a star as there is a central 
node which is illustrated in the very middle of the network 
schematics and from this central hub there are other nodes 
all around this hub connected to it. The central hub is there 
to transmit the messages to the other nodes and it is the 
server itself when the peripheral nodes are the clients [8]. 

The main function of the hub is to control and message 
all of the functions of the network. It can also be in charge 
for repeating the data flow. Such configuration can be 
made with use of the twisted pair cable as well as the opti-
cal fiber cable. A coaxial cable can also be used. 

The reason of using the star topology is to reduce the 
impact of a failure for a line in a way of connecting all 
existing systems to one central node or hub. All of the 
peripheral, but central nodes can be connected with each 
other only through the very central node which is the hub 
in the middle of the star topology drawing.  

They all transmit and receive data only in a way of us-
ing the central node, there is no other way of their com-
munication. 

If there is a fault in a transmission line connecting any 
of the peripheral nodes to the very central node, it will 
lead to a result of the isolation of that peripheral node 
from all other nodes. In this case, all of the rest of the sys-
tems will not be affected. 

 

 

Fig. 3 Star topology. 

Extended star is a type of network topology, where a 
network, based upon the physical star topology, has one or 
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more repeaters between the central nodes, which also can 
be called the “hub” of the “star”.  

In this network topology, the peripheral or so called 
“spoke” nodes, the repeaters, are being used for extending 
the maximum transmission distance of the point-to-point 
links between the central node and the peripheral nodes.  

If these repeaters are replaced with hubs or switches, 
then so called hybrid network topology is created. 

Distributed star is a commonly used type of network 
topology that has individual networks based on the physi-
cal star topology and connected in a linear fashion with no 
central or top level connection point [10]. 

VI. RING TOPOLOGY 
The protection and control system in modern substa-

tions is becoming more and more digital: therefore the 
performance of the protection and control system depends 
on successful communication of data between devices. 

This requires that the communications network is high-
ly reliable and highly available.  

Just as with the protection and control system, the 
communications network needs to eliminate single points 
of failure.  

Bypassing or accounting for the failure of a network el-
ement should introduce as short a time delay in message 
transmission and reception as possible, with zero delay 
ideal. 

 The traditional network method for availability, pre-
sented in Fig. 4, is to use a ring topology, so any network 
node has two paths to communicate around the network 
[13]. 

 Network switches are connected to create a physical 
ring. Networks are composed of Ethernet switches that use 
a store and forward method to pass data, forming a virtual 
connection between switch ports.  

Ethernet switching does not permit a virtual connection 
that forms a complete ring, so there are always specific 
ports on switches configured to be virtually open.  

These specific “open” ports therefore won’t forward 
any data. This means for any data transmission there is a 
normal point-to-point path through the network.  

On the failure of a network link in this point-to-point 
path, the network will reconfigure to a new point-to-point 
path through the network by closing virtually open ports 
as appropriate [11]. 

Rapid Spanning Tree Protocol is a ring topology com-
munication method. 

The basic protocol behind this is Spanning Tree Proto-
col (STP) as defined by IEEE 802.1D.  

Network reconfiguration time using STP may take 
minutes. IEE 802.1w (2) defines Rapid Spanning Tree 
Protocol (RSTP), which speeds up reconfiguration time to 
seconds.  

Continuous supervision of power equipment/machinery 
is provided by SCADA systems implemented in the power 
systems and which are computer-based tools, using power 
dispatchers to assist them in controlling the operation of 
complex power systems [11]. 

Fig. 4: Ring topology. 

Fig. 5 is associated to a case study in an electrical sub-
station from Romania. It presents a screen capture in real-
time with ring topology.  

It is shown how it works when there is one single fault 
in the communication system. 

In the electrical substation, if any device is fault, the 
ring topology operates normal, without problems, but with 
star topology, the electrical substation can’t be operated (if 
the central workstation is unavailable). This is one of the 
main advantages of the ring topology. 

In Fig. 5, the blue line means the link is good and the 
telegrams go to each device (switch, bay control unit, bay 
control protection unit). 

The white line indicates that the link is broken between 
devices and one of these is faulty.  

Such a situation is illustrated in the Fig. 5, where the 
unavailable device is red and the communication is failed. 
In this case, the telegrams change the direction communi-
cation with the rest of available devices. 

Another situation is where the bay control unit is red in 
the 20 kV station, but the line is blue (communication is 
ok). In this case, the device was removed physically and 
the optical fiber was extended to the next device.  

The reason for the red device is that this one was not 
deleted by software from the graphical interface. 
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Fig. 5 RSTP implemented in an electrical substation. 

VII. CONCLUSIONS 
This paper shows that, by replacing the star topology 

with ring topology using the rapid spanning tree protocol 
in a SCADA system, there are many advantages. 

By means of a case study in an electrical substation 
from Romania, the proper real-time operation of the sys-
tem is illustrated when there is a fault in the communica-
tion system.  
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The availability of the system is higher using the ring 
topology than the star topology, and the fundamental  
function of a SCADA system to guarantee and remotely 
control the installations and power networks in order to 
ensure its maintenance and reliability is achieved. 
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Abstract - The paper deals with the evaluation of root mean 
square deviations and maximum absolute relative errors 
associated to the decomposition followed by recomposition 
based on Wavelet Packet Transform (WPT) of signals pol-
luted with harmonics. Subtrees associated to sets of harmon-
ics presenting practical interest for industrial applications 
are addressed. The study uses artificial signals generated 
through the superposition of perfect sinusoids with pairs of 
harmonics which proved to be related in an almost exclusive 
manner to pairs of nodes from the bottom level of a WPT 
tree. 4 parameters had to be considered when determining 
the maximum and minimum values of errors for each set: 
the clustered harmonics’ magnitudes and their phase-shifts 
relative to the component of fundamental frequency. The 
decomposition/recomposition are time-efficient due to an 
original system of flags labeling each node from the WPT 
tree. For each analyzed set of harmonics, 3d graphical rep-
resentation of minimum and maximum errors along with 
the associated 3d graphical representation of the phase-
shifts are provided. At the same time, per set limits of errors 
ranges were established and discussed while specific pat-
terns were deduced for the context in which extreme errors 
appear (phase-shifts and harmonic magnitudes). The results 
were commented, and conclusions were drawn. 

Cuvinte cheie: calitatea puterii, analiză Wavelet cu arbori 
binari, estimarea erorilor. analiza asistata de calculator. 

Keywords: power quality, wavelet analysis with binary trees, 
errors estimation, computer aided analysis.   

I. INTRODUCTION 

Defining the best signal analysis method is a never-
ending battle. Each of the methods has its own virtues and 
flaws which make their applicability limited to certain 
cases. Fast Fourier Transform (FFT) is a very popular 
method because it gives full harmonic spectrum, has a 
short runtime, and has low computational effort. But this 
method is more precise when analyzing signals that have 
stationary nature. Because FFT assumes the asymmetry 
between half-periods of a signal, it shows poor results 
when computing signals of non-stationary nature. 

Short-Time Fourier Transform (STFT) is another popu-
lar and fast method that uses a window for diving a signal 
into smaller parts, thus making the analysis more precise. 
On the other hand, the window length is fixed so the reso-

lution will be constant for all frequencies. Therefore the 
analysis with STFT will provide good results for either 
low-frequency (LF) or high-frequency (HF) spectrum, but 
not for both. 

Wigner-Ville Distribution (WVD) and Pseudo-WVD 
are methods that are both bilinear in nature and artificial 
cross terms appear in the decomposition results rendering 
the feature interpretation problematic. 

For all the above-mentioned methods the common flaw 
is that they are non-reversible [1]. Many of these problems 
can be solved using Wavelet transform (WT). Wavelet 
transform is considered to be a significant breakthrough in 
mathematical analysis. It can be applied to various fields. 
For example, signal processing, image processing, pattern 
recognition, speech analysis and many applications could 
introduce wavelet analysis [2]. It is a timescale transform 
that uses a variable-length window so it provides good 
resolution for both LF and HF spectrum, while preserving 
both time and frequency information. The authors have 
previously studied a specific type of WT called Wavelet 
Packet Transform (WPT) that was proposed in 1992 [3]. 
WPT provides full harmonic spectrum but suffers from 
decimation phenomenon [4]-[7]. Detailed analysis of 
wavelet binary tree shown the best parameters (number of 
levels, wavelet mother, filter length) when applying WT. 

The authors extensively studied a specific case of a 
wavelet tree with seven levels (T7) that uses a wavelet 
mother from Daubechies family and filter length of 28 
(“db14”) [6]. One of the important conclusions was that 
nodes from the bottom level of the wavelet tree exhibits 
cluster patterns [7]-[10]. This means that nodes can be 
grouped in clusters of 2, 4 or 8 nodes where each group is 
affected by 2, 4 and 8 harmonics respectively. 

II. NODES-HARMONICS PAIRING PATTERNS AND RUN-TIME 
SAVING DECOMPOSITIONS AND RECOMPOSITIONS RELYING ON 

WPT TRESS 

The Wavelet binary tree (T7) used in this paper was 
tested in many different operational contexts [6…9]. It has 
the following characteristics: 7 levels of decomposition, 
Daubechies wavelet mother with filters of 28 components 
(called “db14” in Matlab) and 512 components in the sig-
nal hosted by the root node. 

The artificial test signals used for the decomposi-
tion/recomposition relying on T7 were generated by  
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TABLE I. 
CHARACTERISTICS OF HARMONIC MAGNITUDES USED FOR ANALYSIS 

 
Parameters for harmonic 

magnitudes variation 
Harmonic order 

3 5 7 ≥9 
Step [%] 2 1 1 0.5 
Max [%] 20 10 10 5 

 
superposing a perfect sinusoid with the maxim magnitude 
of 800 and frequency of 50 Hz with 2 harmonic signals, 
characterized by their harmonic orders (H1 and H2), mag-
nitudes (M1 and M2) and phase-shifts (phi1 and phi2).  

phi1 and phi2 were cycled within the range [-π,π] with 
the step π/6 whilst M1 and M2 were cycled considering 
11 equidistant values such as to cover ranges from 0 to the 
maximum value (weight from the perfect sinusoid magni-
tude) as mentioned in Table I. 

Clustering properties of T7 trees [8] allowed the authors 
to reconstruct certain harmonic components associated to 
clustered harmonics polluting the decomposed signal. The 
goal is to isolate only certain clusters of harmonics that 
affect the associated clustered of nodes in an almost ex-
clusive manner [10] and to analyze how those clusters 
affect the accuracy of wavelet decomposition (WD) and 
recomposition by varying their phase shifts and magni-
tudes. Table II shows the 4 sets of harmonic orders (HO) 
that were used for this analysis as well as the nodes that 
were affected by those sets of harmonics. The dominant 
harmonics and nodes [7] are represented with bold fonts.  

The WPT recomposition was made in the following 
way [7]: 

- Only the first 32 “terminal nodes” (nodes from the 7-
th level) were considered because only the nodes from that 
range are affected by HOs from the studied sets; 

- Those nodes were associated with flags whose values 
are 0 or 1 whether the nodes were affected by the specific 
HO or not, respectively; 

- In case the terminal node has a value of 1 for a certain 
set of HOs it is considered in the decomposition, and op-
posite in case it has 0; 

- Flags were given to the nodes from the other levels in 
upwards direction of the wavelet tree depending on the 
flags of the nodes in the adjacent lower level. For exam-
ple, if in level j: 
o Both nodes 2 X (k-1) and 2 X k have a value 1, 

then the node k from level j-1 that decomposes 
into nodes 2 X (k-1) and 2 X k in level 7 will have 
a flag value of 3 - full decomposition; 

o Node 2 X (k-1) has a value of 1 and node 2 X k 
has a value of 0, then the flag value is 2 - left 
decomposition; 

 
TABLE II. 

PROPERTIES OF ANALYZED CLUSTERS OF NODES AND HARMONICS  
 

Properties Set ID 
1 2 3 4 

Harmonic orders 3,5 7,9 15,17 31,33 
Nodes 2,4 3,7 5,13 9,25 

Weight of dominant har-
monic energy in the domi-

nant node energy 
0.9824 0.8487 0.6964 0.6012 

 

o Node 2 X (k-1) has a value of 0 and node 2 X k 
has a value of 1, then the flag value is 1 - right 
decomposition; 

o  Both nodes 2 X (k-1) and 2 X k have a value of 
0, then there will be no decomposition. 

During recompositions a similar technique (flags and 
simplified recomposition functions) was successfully used 
to save runtime.  

The goal of the decomposition/recomposition is to in-
spect spectral leakages. In other words, even though the 
WD revealed clustering pattern of nodes that contain cer-
tain HOs, not all the weights of harmonics are distributed 
between those clusters. The analysis will reveal how much 
do parameters of HOs affect the spectral leakages and to 
determine for which parameters does WD perform the 
best or the worst.  

The difference D between the synthetically generated 
harmonic signal yh and the harmonic signal (yhr) obtained 
through WPT recomposition was computed for every set 
and every combination of the 4 parameters (harmonic 
weights and phase-shifts). Afterward maximum absolute 
relative percentage errors (MAR) were computed as: 
max(abs(D))/max(abs(yh))*100.  

Another index of accuracy that was used was the Root 
Mean Square Deviation (RMSd) , computed with the for-
mula: 
 

 
(1) 

 
In the following sections the phase-shifts may be ex-

pressed as IDs (e.g. 1 for - π, 2 for - π + π/6 a.s.o.). Also, 
the harmonic magnitudes may be expressed as IDs (e.g. 1 
for M1=0, 2 for M1=step, …, 11 for the maximum value 
of M1), according to Table I. 

Examples of artificial signals, results of decomposi-
tion/recomposition and curves of differences (that are ac-
tually instantaneous errors) obtained as yh-yhr, are depict-
ed by Figs. 1 and 2.  

 

 
Fig. 1. Example of polluted signal before decomposition (left), harmon-

ic signals before and after recomposition (middle) and the difference 
between the initial and recovered harmonic signals (right) for the 4-th 

set.  
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Fig. 2. Example of polluted signal before decomposition (left), harmon-

ic signals before and after recomposition (middle) and the difference 
between the initial and recovered harmonic signals (right) for the 1-st 

set.  

III. STUDY OF ROOT MEAN SQUARE DEVIATIONS  

The minimum and maximum values of RMSd were 
computed, graphically represented and interpreted for 
each of the 4 sets of 2 harmonics. Surfaces (S1 and S2) 
were built considering on the horizontal axis Ox the 11 
values of the dominant harmonic magnitudes (M1) and on 
Oy the 11 values of the paired harmonic magnitudes (M2). 
M1 was allways associated to the dominant harmonic. S1 
corresponds to minimum values whilst S2 corresponds to 
maximum values of RMSd, the difference between the 
same (x,y) values from them being provided by different 
phase-shifts phi1 and phi2.  

The phase shifts corresponding to S1 and S2 were als 
represented and interpreted. 

A. Study of extreme values of RMSd 

When none of the paired harmonics is polluting the test 
signal, constant values were obtained for RMSd , as fol-
lows: 1.7 for the 1-st set, 0.65 for the 2-nd, 0.27 for the 3-
rd and 0.13 for the 4-th set respectively. These values cor-
respond to residual errors, are specific to the non-ideal 
feature of the wavelet filter and are highly acceptable as 
related to the maximum value of the fundamental compo-
nent (they represent at most 0.2% from it). 

The values computed for RMSd when only the domi-
nant harmonic is 0 whilst its pair in the set is non-zero 
revealed the influence of phase-shifts. Table III gathers 
the extreme values on each surface of extreme values.  

Table IV gathers the counterpart of the data from Table 
III, but for the case when only the dominant harmonic 
within the analyzed sets is non-zero .  The influence of 
phase-shifts was revealed again.  

 

TABLE III. 
EXTREME VALUES OF RMSD WHEN THE DOMINANT HARMONIC IS ZERO AND THE 

SECONDARY HARMONIC IS NON-ZERO  
 

Set ID Minimum RMSd Maximum RMSd 
S1 S2 S1 S2 

1 1.708 1.71 2.33 2.43 
2 0.6567 0.6584 0.86 0.99 
3 0.28 0.3 0.9 1.33 
4 0.21 0.26 1.71 2.27 

 
 

TABLE IV. 
EXTREME VALUES OF RMSD WHEN THE DOMINANT HARMONIC IS NON-ZERO AND THE 

SECONDARY HARMONIC IS ZERO  
 

Set ID Minimum RMSd Maximum RMSd 
S1 S2 S1 S2 

1 1.7027 1.7028 1.88 1.9 
2 0.66 0.68 0.98 1.8 
3 0.27 0.33 0.79 2.02 
4 0.22 0.3 1.76 2.67 

 
For both Tables III and IV, the indices of magnitudes 

within the analyzed set of harmonics were as follows: 2 
for the minimum values and 11 for the maximum values. 
Therefore one can conclude that when a single harmonic 
from an analyzed set is non-zero, the RMSd is increasing 
with the value of that harmonic magnitude. 

The extreme values reached by RMSd when both 
harmonics within the analyzed sets were non-zero are 
gathered by Table V.  

The minimum values for the RMSd were reached for all 
sets for the combination of indices associated to harmonic 
magnitudes equal to (2,2) within each set. It means that 
the lowest values for RMSd in this case are associated to 
the lowest non-zero magnitudes of paired harmonics.  

As for the maximum  values for the RMSd, two 
possible combinations of indices associated to harmonic 
magnitudes were identified. The 1-st combination, 
corresponding to values marked with star is (11,2) and its 
meaning is „highest magnitude for the dominant harmonic 
combined with lowest magnitude for the paired harmonic 
order”. The 2-nd one is (11,11) and it means „highest 
magnitudes for both harmonic orders”.  

The maximum RMSd as compared to the highest value 
of the harmonic magnitude (11-th from the set) is equal to 
5.72% and is recorded for the 4-th set, which is known as 
having the worst filtering propertie of all sets (lowest 
weight of energy in the dominant node). Again one can 
consider that highly acceptable errors are generated by the 
analyzed original algorithm. 

B. Study of phase-shifts associated to extreme values of RMSd 

Table VI gathers the values of phi1 and phi2 associated 
to the cases when one of the harmonics in the set is zero 
(when the associated harmonic of a phase-shift was zero, 
the symbol „-" was used).  

The analysis of these results revealed that: 
- identical values but with oppposite signs were obtained 

for the sets with IDs 1 and 4;  
- at the second set, 2 identical values but with oppposite 

signs can appear for S1 for different phase-shifts; 
- at the 3-rd set, the differences (S1 vs S2) between the 

counterpart phase-shifts are always π/2. 

TABLE V. 
EXTREME VALUES FOR RMSD WHEN BOTH HARMONICS ARE NON-ZERO 

 
Set ID Minimum RMSd Maximum RMSd 

S1 S2 S1 S2 
1 1.708 1.7115 2.34 2.76 
2 0.66 0.68 0.98* 1.8 
3 0.27 0.33 0.79* 2.02 
4 0.16 0.47 1.62* 4.58 
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TABLE VI. 
VALUES OF PHASE-SHIFTS ASSOCIATED TO EXTREME VALUES OF RMSD WHEN ONLY ONE OF 

THE PAIRED HARMONICS IS ZERO 
 

Set 
ID 

Condition phi1 phi2 
S1 S2 S1 S2 

1 M1=0 - - - π/2 0 
M2=0 - π/2 0 - - 

2 M1=0 - - - π  or π - π 
M2=0 - π  or π - π/2 - - 

3 M1=0 - - −2π/3 - π/6 
M2=0 5 π/6 π/3 - - 

4 M1=0 - - π/2 0 
M2=0 π/2 0 - - 

 
A more detailed study was needed for the case when 

both harmonic orders are non-zero and its results are 
presented below. 

 

1) First set 
Fig. 3 depicts S1 (left), S2 (middle) and S1-S2 (rigth) 

for the 1-st set. 
Fig. 4 depicts the associated phase-shifts for S1 (top) 

and S2 (bottom) . Left – phi1, middle – phi2 and right , 
phi1-phi2 for the 1-st set. 

phi1 for S1 is usually equal to 2 when M1>=M2, with 
few exceptions and 3 otherwise. A sort of separation 
„above and below” the main diagonal of the matrix in 
which the magnitudes of dominant harmonic determine 
the raws and those of the paired harmonic determine the 
columns can be noticed, as in Table VII. 

Phi2 for S1 is usually equal to 8 below the main diago-
nal (M1>M2) , equal to 9 on the main diagonal of the ma-
trix similar to that from Table VII or in its strict vicinity 
and is 10 over the main diagonal , with few exceptions. 

 
 

 
Fig. 3 RMSd deviation of S1 (left), S2 (middle) and S1-S2 (rigth) for the 1-st set. 

 
Fig. 4. Associated phase-shifts for S1 (top) and S2 (bottom) . Left – phi1, middle phi2 and right , phi1-phi2. 1-st set. 
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TABLE VII. 
IDENTIFIERS OF PHI1 FOR S1, 1-ST SET 

 
Dominant 
harmonic 

 
Secondary 
harmonic 

1 2 3 4 5 6 7 8 9 10 11 

1 1 1 1 1 1 1 1 1 1 1 1 
2 4 2 3 3 3 3 3 3 3 3 3 
3 4 2 2 3 3 3 3 3 3 3 3 
4 4 2 2 2 3 3 3 3 3 3 3 
5 4 2 2 2 2 2 3 3 3 3 3 
6 4 2 2 2 2 2 2 3 3 3 3 
7 4 2 2 2 2 2 2 2 3 3 3 
8 4 2 2 2 2 2 2 2 2 3 3 
9 4 3 2 2 2 2 2 2 2 2 2 

10 4 3 2 2 2 2 2 2 2 2 2 
11 4 3 2 2 2 2 2 2 2 2 2 

 
As for the difference (phi1-phi2) associated to S1, only 

2 values were noticed: 1 below the main diagonal and -1 
(corresponding to the value - π - π /6) over it. 

Usually when M1>M2, the phase-shift between H1 and 
H2 (phi1-phi2) is - π - π /6 and otherwise is - π + π /6. 

Both phase-shifts had the value 7 over all S2 and there-
fore (ph1-phi2) is always 0. 

 
2) Second set 
Fig. 5 depicts the S1, S2 and S1-S2 surfaces whilst Fig. 

6 depicts the corresponding surfaces with phase-shifts for 
the 2-nd set. 

For S1, phi1 is usually 7 above the main diagonal 
(fewer values) and 1 or 13 nearby and below it. On the 
contrary, phi1 is usually 7 below and nearby the main 
diagonal and 1 or 13 above it (fewer values). 

It is why (phi1-phi2) is mapped either in - π or in π for 
S1. 

Both phase-shifts had the value 4 over all S2 and 
therefore the phase-shift (ph1-phi2) is allways 0. 

3) Third set 
Fig. 7 depicts the S1, S2 and S1-S2 surfaces whilst Fig. 

8 depicts the corresponding surfaces with phase-shifts for 
the 3-rd set. 

phi1 for S1 can take 3 values: 9 above the main diago-
nal, 11 on it and close to it and 12 below  it. 

phi2 for S1 can take 3 values: 3 above the main diago-
nal, 4 on it and close to it and 6 below  it. 

Under these circumstances, most of the values of (phi1-
phi2) for S1 are equal to π and a small number of them is 
π + π /6 . 

For S2, phi1 takes the value 6 over the main diagonal, 
more values 7 nearby it, one value 8 near the main diago-
nal and close to it and few values 9 under the main diago-
nal.  

 

 
Fig. 5. RMSd deviation of S1 (left), S2 (middle) and S1-S2 (rigth) for the 2-nd set. 

 
Fig. 6. Associated phase-shifts for S1 for RMSd. (top) and S2 (bottom) . Left – phi1, middle phi2 and right , phi1-phi2. 2-nd set. 
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diagonal, 7 on it and nearby it, 4 values 8 for high values 
of M1 and small values of M2 and few values of 9 nearby 
the main diagonal, under it for high values of M1. 

Accordingly, (phi1-phi2) for S2 has many values of 0 
far from the main diagonal and the remaining ones are 
associated to the index 8 (which is associated to π/6). 

4) Fourth Set  
Fig. 9 depicts the S1, S2 and S1-S2 surfaces whilst Fig. 

10 depicts the corresponding surfaces with phase-shifts. 
For S1, phi1 can take 3 values: 4 above the main diagonal, 
many values of 10 and only few values of 11 under the 
main diagonal. For S1, phi2 can take 3 values: 10 above  

the main diagonal, many values of 4 and only few 
values of 5 under the main diagonal. 

Therefore phi1- phi2 can take only 2 values: - π above 
the main diagonal and π under it. 

For S2, phi1 and phi2  have all values equal to 7 and 
therefore (phi1-phi2) is 0. 

IV. STUDY OF MAXIMUM ABSOLUTE RELATIVE ERRORS 

The variation of MAR with harmonic magnitudes and 
phase-shifts is approached in this section.  

 
Fig. 7. RMSd deviation of S1 (left), S2 (middle) and S1-S2 (rigth) for the 3-rd set. 

 
Fig. 8. Associated phase-shifts for RMSd. S1 (top) and S2 (bottom) . Left – phi1, middle phi2 and right , phi1-phi2. 3-rd set. 
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Figs 11...14 depict the surfaces with extreme values of 
MAR for each of the analyzed sets, following the same 
rule applied in the previous section. Left – surface S1 with 
minimum values, middle – surface S2 with maximum 
values and right – difference between S1 and S2. 

The extreme situations (when one of the harmonic from 
set is 0) were analyzed for MAR as well. In this aim, Ta-
ble VIII gathers the extreme  values for MAR when only 
the dominant harmonic is 0. In Table VIII, all minimum 
values were found to be associated to the maximum 
magnitude of the secondary harmonic, except for the value 
17.87% computed for the 4-th set, S1, which is associated 
to the harmonic with ID 4, despite an usual „descending” 
trend of the rest of values observed toward the maximum 
magnitude of the 2nd harmonic.  

On the other hand, the maximum values were found to 
be associated to the minimum magnitude. It means that a 
sort of „reversed dependence” is established in this case 
between the values of MAR and harmonic magnitudes. 

TABLE VIII. 
EXTREME VALUES FOR MAR WHEN ONLY THE DOMINANT HARMONIC IS 0 

 
Set 
ID 

Minimum MAR [%] Maximum MAR [%] 
S1 S2 S1 S2 

1 6.85  9.43 50.44  52.55 
2 7.79  11.02 48.27  55 
3 9.69  14.41 18.53  27.82 
4 17.87  22.51 19.96  27.36 

 
 

 
Fig. 9. RMSd deviation of S1 (left), S2 (middle) and S1-S2 (rigth) for the 4-th set. 

 
Fig. 10. Associated phase-shifts for RMSd. S1 (top) and S2 (bottom) . Left – phi1, middle phi2 and right , phi1-phi2. 4-th set. 

 
 

75

                    Annals of the University of Craiova, Electrical Engineering series, No. 46, Issue 1, 2022; ISSN 1842-4805 eISSN 2971-9852



  

 
Fig. 11. Surfaces with extreme values of MAR for the 1st set. S1-left, S2- middle, S1-S2 – right.  

 
Fig. 12. Surfaces with extreme values of MAR for the 2nd set. S1-left, S2- middle, S1-S2 – right.  

 

Fig. 13. Surfaces with extreme values of MAR for the 3rd set. S1-left, S2- middle, S1-S2 – right.  

 

Fig. 14. Surfaces with extreme values of MAR for the 4th set. S1-left, S2- middle, S1-S2 – right.  
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TABLE IX.  
EXTREME VALUES FOR MAR WHEN ONLY THE DOMINANT HARMONIC IS NON-ZERO 

 
Set 
ID 

Minimum MAR [%] Maximum MAR [%] 
S1 S2 S1 S2 

1 2.22 3.94 24.24 26.34 
2 4.56 6.25 24.28 28.31 
3 8.99 11.57 18.6 25.9 
4 19.27 25 20.26 32.5 

 
One can also notice smaller differences between the ex-

treme values of sets with higher IDs (e.g. the difference 
between the minimum and maximum values of the 1-st set 
is higher than 46%, whilst its counterpart for the 4-th set is 
13%). Actually the MARs associated to the smallest 
harmonic magnitudes correspond to small absolute values 
and therefore cannot be considered as significant in these 
contexts.  

Table IX gathers the extreme  values for MAR when 
only the dominant harmonic is non-zero. 

Unlike the conclusions drawn for the values of RMSd, 
in the case of MAR computed when one of the harmonics 
in the pair is 0, the indices of magnitudes within the set of 
the polluting harmonic were as follows: 11 for the mini-
mum values (except for the value 19.27% of S1, 4-th set, 
where the ID is 4) and 2 for the maximum values respec-
tively. Therefore, one can conclude that when a single 
harmonic from an analyzed set is non-zero, the MAR is 
usually decreasing with the value of the harmonic magni-
tude. 

Computations were also made for cases when both 
harmonics in a set are non-zero. The results are gathered 
by Tables X and XI. 

One can conclude based on the data from Tables X and 
XI that when both harmonics from a set act jointly, 
usually the minimum values of MAR are associated to the 
highest magnitudes of the dominant harmonic, except for 
the 4-ts set. On the other hand, the maximum values of 

 
TABLE X.  

MINIMUM VALUES FOR MAR FOR BOTH SURFACES ALONG WITH THE INDICES OF 
MAGNITUDES IN THE SET WHEN BOTH HARMONICS IN THE SET ARE NON-ZERO 

 
 Minimum of MAR – S1 Minimum of MAR – S2 

Set 
ID 

Value 
[%] 

Combination 
of IDs 

Value [%] Combination 
of IDs 

1 1.9 (11,9) 3.87 (11,3) 
2 1.75 (11,11) 5.97 (11,10) 
3 2.64 (11,7) 11.7 (11,2) 
2 5.03 (3,3) 22.58 (2,11) 

 
TABLE XI.  

MAXIMUM VALUES FOR MAR FOR BOTH SURFACES ALONG WITH THE INDICES OF 
MAGNITUDES IN THE SET WHEN BOTH HARMONICS IN THE SET ARE NON-ZERO 

 
 Maximum of MAR – 1-st 

surface 
Maximum of MAR – 2-nd 

surface 
Set 
ID 

Value 
[%] 

Combination of 
IDs 

Value [%] Combination 
of IDs 

1 16.18 (2,2) 19.39  (2,2) 
2 15.89 (2,2) 20.77 (2,2) 
3 8.57 (2,2) 18.58 (2,2) 
4 16.03 (11,2) 25.22 (2,2) 
 
MAR are ussualy associated to the smallest values for 

both harmonic magnitudes, except for the 4-th set, 1-st 
surface. Considering the high and close orders of the 
harmonics clustered in the 4-th set (33-rd harmonic is do-

minant and paired with the 31-rd harmonic), one can 
explain the „special” behavior of the error surfaces for this 
set. 

V. CONCLUSION 

The extended study presented in this paper addresses 
the errors which characterize the determination of 4 types 
of harmonic signals, generated from the following pairs of 
harmonic orders: (3,5), (7,9), (15,17) and (31,33).  

The main conclusions relative to the values of RMSd 
are: 
- when none of the paired harmonics is polluting the test 

signal, small values were obtained for RMSd , repre-
senting at most 0.2%  from the fundamental harmonic;  

- when a single harmonic H from the set is non-zero, 
simulations revealed that the RMSd is increasing with 
the magnitude of H; 

- when the harmonics acted jointly, the lowest values for 
RMSd were associated to the lowest non-zero 
magnitudes of paired harmonics. As for the maximum  
values for the RMSd, two possible combinations of 
indices associated to harmonic magnitudes were 
identified. The 1-st combination can be translated into 
„highest magnitude for the dominant harmonic 
combined with lowest magnitude for the paired 
harmonic order” whilst the 2-nd one has the meaning 
„highest magnitudes for both harmonic orders”.  
Therefore one can consider that highly acceptable 

RMSd errors were generated. 
The main conclusions relative to the phase-shifts asso-

ciated to the extreme values of RMSd when one of the 
harmonics is zero are: 
- identical values but with oppposite signs were obtained 

for the sets with IDs 1 and 4; 
- at the second set, 2 identical values but with oppposite 

signs can appear for S1 for different phase-shifts; 
- at the 3-rd set, the differences (S1 vs S2) between the 

counterpart phase-shifts are always π/2. 
When both harmonics were non-zero, many times a sort 

of separation „above and below” the main diagonal of the 
matrix in which the magnitudes of dominant harmonic 
determine the raws and those of the paired harmonic de-
termine the columns could be noticed with respect to 
phase-shifts. Behavioral patterns could were deduced for 
each set, being more obvious for sets where the weigth of 
the dominant harmonic is closer to 1, thus providing better 
filtering properties. 

The analysis of MAR when a single harmonic is non-
zero revealed that: 
- a sort of „reversed dependence” is established between 

the values of MAR and the harmonic magnitude; 
- smaller differences were noticed between the extreme 

values of sets with higher IDs (e.g. the difference 
between the minimum and maximum values of the 1-st 
set is higher than 46%, whilst its counterpart for the 4-
th set is 13%). Actually the MARs associated to the 
smallest harmonic magnitudes correspond to small ab-
solute values and therefore cannot be considered as 
significant in these contexts;  

- unlike the conclusions drawn for the values of RMSd, 
the MAR is usually decreasing with the value of the 
harmonic magnitude. 
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The analysis of MAR when both harmonics were non-
zero revealed that usually the minimum values of MAR 
are associated to the highest magnitudes of the dominant 
harmonic, except for the 4-ts set. On the other hand, the 
maximum values of MAR are usually associated to the 
smallest values for both harmonic magnitudes, except for 
the 4-th set, 1-st surface. 

Future work will be concerned with the study of errors 
accompanying the composition/recomposition focusing on 
clusters of 4 harmonics. 
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