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Abstract - Helmholtz coils (HC) are used in order to generate 
and control uniform magnetic fields for a variety of re-
search applications. They can be easily constructed and 
their fields can be easily calculated. This makes them espe-
cially useful in calibrating magnetic field sensors. Such a 
calibration system with large Helmholtz coils (1x1m) can be 
found in ICMET Institute, designed to operate only at a 
frequency of 50 Hz. There has recently been a request for 
the calibration of several measuring sensors operating at 
frequencies up to 10 kHz used in industrial applications 
such as induction hardening of metal parts. The paper aims 
to determine the conditions under which this low frequency 
HC system can be used at frequencies at least 100 times 
higher. The first part of the paper describes a theoretical 
analysis on the volume confining the space where the mag-
netic field components have a predetermined deviation (a 
2% threshold) from the center of the HC system followed by 
a comparison with a 3D FEM simulation and measurement 
of HC field. The second part describes the identification of 
the HC parameters at higher frequencies and the resonant 
methods used to achieve the excitation power required at 
these frequencies. 

Cuvinte cheie: bobine Helmholtz, parametri, sursă rezonantă, 
model FEM, volum de câmp uniform. 

Keywords: Helmholtz coils, parameters, resonant supply, FEM 
model, uniform field volume. 

I. INTRODUCTION 
The precise measurement of the magnetic fields gener-

ated by electrical and electronic equipment is a require-
ment imposed by international standards. In some cases, it 
includes functional measurements; in other cases, there 
are safety measures imposed for the general public or op-
erators. Periodic calibration of the equipment and sensors 
for the magnetic field measurement is imposed by the 
laboratory quality assurance system. However, the cost of 
such calibration is substantial due to the small number of 
laboratories accredited for this type of measurements.  

Such a calibration system with Helmholtz coils can be 
found in ICMET Institute, operating at a frequency of 
50 Hz and the respective measurement was accredited in 
2007 by DKD (Deutscher Kalibrierdienst) [1]. 

ICMET Institute has recently received several requests 
for the calibration of certain sensors operating at frequen-
cies up to 10 kHz, needed for example, for magnetic 
measurements in industrial applications such as induction 
hardening of metal parts. 

The paper aims to answer the question of whether the 
existing HC system can operate at frequencies at least 100 
times higher than 50 Hz and under what conditions. 

First the paper presents a theoretical analysis of the HC 
system which determines the region confined by a prede-
termined deviation of the magnetic field components re-
lated to the magnetic field value in the centre of the 
Helmholtz system. Also related to the theoretical ele-
ments, the paper determines the dependence of the “field 
uniformity volume” (with predetermined deviation of field 
values) to the distance between the two coils of the Helm-
holtz system.  

The Helmholtz system analysis [2 - 4] is extended to 
the use of simulation software based on the finite element 
method. By implementing the three-dimensional geomet-
ric model of the Helmholtz system in the Ansys Maxwell 
virtual environment, there are obtained the magnetic field 
values, computed in the space area confined by the rec-
tangular HC system. The dimensions of the field uniformi-
ty volume characterising the Helmholtz coils system lo-
cated at ICMET [5] are determined based on the results of 
the numerical simulation.  

Then the paper describes the HC parameters identifica-
tion at higher frequencies (self resonance, AC resistance, 
parasitic capacitance of the coils etc), necessary to obtain 
an equivalent diagram of HC system. The circuit simula-
tion with LT Spice software confirms the possibility of 
using the existing HC system at high frequencies below 
the resonant frequency of the system. The power supply of 
the system is presented in a series resonance circuit and 
the simulation of this circuit is compared with the experi-
mental results. 

II. THEORETICAL ASPECTS OF HELMHOLTZ SYSTEMS 
In order to determine the magnetic field generated by 

the Helmholtz system, the contributions of the eight cur-
rent segments constituting the sides of the two coils com-
posing the HC model were considered. The well-known 
conditions for gradient annulment in the system’s geomet-
ric centre were imposed, to achieve the uniformity condi-
tion. The following parameters were taken into account: 
the coils sides are considered segments of length a, carry-
ing an electric current of intensity I, and the coils located 
at distance d/2. Thus, the following relationship is ob-
tained for determining the magnetic field induction gener-
ated by one coil [6 - 8]: 
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For the considered Helmholtz system, the length of the 
coil side is a = 1 m. In order to calculate the deviation of 
the magnetic flux density from the geometric centre on the 
-z...0...+z axis of the coordinate system, an electric current 
I  = 1 A was considered and the magnetic induction results 
in a dependence on just two parameters z and d:  
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     Fig. 1 shows the plotting the above mentioned func-
tion, which determines the relative deviation of the mag-
netic flux density values B(z,d), considering as standard 
value the magnetic induction BH in the geometric centre 
of a system fulfilling the Helmholtz condition for square 
coils: 
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Fig. 2 illustrates the deviation of the F(z,d) function 
compared to its value in the geometric centre z = 0, con-
sidering the distance d/2 as function parameter: 

 ),0(F),(F dzdz =−  (5) 

These representations are useful when a particular 
workspace is concerned, considering a pre-set deviation 
value in the magnetic field relative to its central value. 

Fig. 3 illustrates a detailed view of the previous repre-
sentation. It is obvious that for smaller distances between 
the two HC, the magnetic field representation displays a 
bulge, whereas for larger distances between coils – there 
are two bulges, indicating larger field gradients. Also, it is 
noted that the highest precision is achieved while fulfilling 
the Helmholtz condition – the distance between coils be-
ing 0.5445 times the coil side 1 m which corresponds to 
the HC system analyzed in the paper. 

 

Fig. 1. The magnetic field deviation relative to its value in the geometric 
center for the Helmholtz coils system.  

 

Fig. 2. Deviation of the F(z,d) function  relative to its value 
in the geometric center. 

 

Fig. 3. Detailed view of the deviation of the F(z,d) function  relative to 
its value in the geometric center. 

Therefore, as illustrated in the detailed view in Fig. 3, 
the longitudinal distance for which the field uniformity is 
achieved is approximately 200 mm, for the Helmholtz 
condition. 

III. NUMERICAL SIMULATION RESULTS 
The Helmholtz system analysis is extended to the use of 

simulation software based on the finite element method 
[9 - 12]. The geometric model of the HC system was im-
plemented in the virtual environment, each coil being 
comprised of a single turn. The system geometry is illus-
trated in Fig. 4 where the coil side is a = 1 m, and the dis-
tance between coils is 0.5445 m. The coils are marked in 
purple, and the current excitation – entering and exiting 
the coils, is marked with red arrows.  

 

Fig. 4. Geometry of the Helmholtz rectangular coil system. 
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Fig. 5. The magnetic induction generated by the Helmholtz system in 
the analyzed region. 

In order to minimize the impact on the field uniformity 
of the wire connecting the two rectangular coils, two par-
allel wires are drawn – one wire connecting the coils and 
the other returning wire, at a distance of 5 mm. 

This small distance between the wires causes a varia-
tion between the tangential components of the magnetic 
field generated by the electric current passing through the 
wires in opposite directions, which further determines a 
lower vertical dimension of the volume of the field uni-
formity [13]. 

The analysed region is delimited by a rectangular box 
surrounding the coils. Fig. 5 shows the magnetic field 
generated by the pair of rectangular coils in Helmholtz 
configuration carrying an electric current I = 1 A. The 
electric current excitation is applied at the edges of the 
coil pair, located on the left side of the system, as detailed 
in Fig. 4. 

 

Fig. 6. The longitudinal plane section of the HC field domain. 

 

Fig. 7. The transversal plane section of the HC field domain. 

 

Fig. 8. The horizontal plane section of the HC field domain. 

In order to obtain a better view of the magnetic field 
distribution in the analysed region, and to determine the 
uniformity region, Figs. 6 - 8, show sections of the region 
in the longitudinal plane (on the axis of the coils), the 
transversal plane and the horizontal plane, respectively.  

Since the area of interest is located on the axis of the 
coils – passing through the center of the two coils, the 
magnetic induction is computed on the above mentioned 
axis. Fig. 9 illustrates such a representation. Thus, a zone 
of field uniformity around 200 mm is achieved on the lon-
gitudinal axis, corresponding to the theoretical calcula-
tions.  

By extending the view and achieving better accuracy in 
expressing the field uniformity, the region of interest is the 
one determined by the uniform magnetic field relative to 
the field value in the geometric centre of the HC system.  

The normalized difference of the magnetic induction 
values relative to the standard value of the magnetic in-
duction in the geometric centre is computed, in order to 
determine the respective region [14, 15]. 

     The deviation of the magnetic field relative to the 
value in the centre of the HC system (also considered as 
the centre of the coordinate system) is determined  based 
on the magnetic field values obtained in Figs. 6 - 8. The 
magnetic field in the centre of the HC system is 
B0 = 0.888 μT. 

The relative deviation is computed with relationship: 

 
( ) ( ) ( )

( ) [ ]%100
0,0,0B

0,0,0B,,B
,,B

0

0 ∗
−

=
zyx

zyxrel  (6) 

 

Fig. 9. The magnetic induction computed along the centerline of the 
Helmholtz system. 

The purpose is to determine the region where the mag-
netic field deviation relative to the centre value is less than 
2 %. In order to obtain a better view of the field distribu-
tion in the analysed region, and to determine the uniform 
field region,  Figs. 10 - 12 show sections of the region in 
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the longitudinal plane (on the coil pair axis), in the trans-
versal plane and in the horizontal plane, respectively.  

Therefore, the illustrations describe the space defined 
by field uniformity – a deviation less than 2 % relative to 
the centre field value. As noticed in Fig. 10, on the longi-
tudinal axis (OY), field uniformity is obtained on a dis-
tance of 180 mm, slightly shorter than the distance of uni-
formity of 200 mm obtained based on the analytical calcu-
lations and illustrated in Fig. 3. 

 

Fig. 10. Field uniformity in the longitudinal plane HC section. 

 

Fig. 11. Field uniformity in the transversal plane HC section. 

 

Fig. 12. Field uniformity in the horizontal plane HC section. 

 
TABLE I. 

FIELD UNIFORMITY VOLUMES 
Field deviation 

percentage 
Uniform field volume dimensions  

OX , OY, OZ 
1 % 260 mm x 150 mm x 80 mm 

2 % 300 mm x 180 mm x 100 mm 

5 % 600 mm x 340 mm x 280 mm 

Table 1 comprises the dimensions of the uniform field 
volume for several threshold levels for field deviation to 
the centre: 1 %, 2 %, and 5 %, respectively.  

It is worth mentioning that the simulation model com-
prised of 1 turn per each coil of the HC system has an 
inductance of 7.9941 µH, as computed by the Maxwell 
software. 

IV. ANALYSIS OF HC SYSTEM 
The construction and installation of the HC system with 

rectangular geometry (Fig. 13), designed initially for the 
calibration of industrial magnetic probes at frequencies of 
only 50 Hz, was very convenient. A rectangular HC sys-
tem generates a volume of nearly uniform magnetic field 
greater than a circular HC of comparable dimensions 
[2]. The performance is maintained up to a certain fre-
quency limit. The frequency limitation is a function of the 
coil’s parameters (wire size and type-solid or litz wire-, 
number of turns and layers), type of connection (series or 
parallel) of the two coils and finally the supply configura-
tion (balanced or unbalanced with respect to ground). 

A Vector Network Analyzer (VNA) device was used 
for the identification of all circuit parameters (Fig. 14) by 
impedance and frequency characteristics measurements 
[16]. The parasitic capacitance Cp is determined from the 
first resonance frequency of the coils system. Table 2 con-
tains L, Cp, fr values, and Table 3 contains the AC re-
sistance of the coils for different frequencies. The signifi-
cant increase of AC resistance is the result of skin and 
proximity effects in the original solid wire multilayer 
coils.  

The frequency characteristic of the HC is illustrated in 
Fig. 15. The resonant frequency is fr = 15.6 kHz, which 
shows that the maximum working frequency of the HC 
calibration system must be less than the 10 kHz until the 
system remains inductive. 

 

Fig. 13. Design of the Helmholtz coil system. 

 

Fig. 14. HC equivalent circuit. 
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TABLE II. 
MEASURED PARAMETERS OF THE HC SYSTEM. 
Parameter Value 

f r 15.6 kHz 
L 2 x 77 mH/coil 

Cp 0.675  
 

TABLE III. 
AC RESISTANCE AND QUALITY FACTOR 

DEPENDING ON THE FREQUENCY. 
Frequency (Hz) Rac (Ω) Q 

50.44 4.15 5.85 
502.95 4.85 50.01 
994.13 7.37 65.15 
5014 55  44.08 

 

 

Fig. 15. Frequency characteristic of HC system. 

In order to compare the FEM data with the experi-
mental data, it is necessary to perform a review of the HC 
model in Maxwell software. As specified above, the total 
inductance of the HC system determined by Maxwell 
software is 7.9941 µH; dividing it by 2, we get the induct-
ance per turn of approximately 4 µH. The total number of 
turns of the actual HC system is 276, meaning there are 
approximately 138 turns per each coil. By multiplying the 
inductance of one coil in the Maxwell model by squared 
number of turns (N = 138), we get a total inductance per 
coil of approximately L = 76 mH, which is close to the 
experimentally determined value of 77 mH. 

V. THE DRIVE OF THE HIGH FREQUENCY HELMHOLTZ 
COILS USING THE RESONANCE TECHNIQUE 

The direct drive is used only for 50 Hz. In order to ob-
tain the extension of the frequency range in which this 
large HC system is operating, the resonance method is 
used, which is advantageous at higher frequencies in order 
to obtain the lowest driving power [5].  

Basically, series, parallel or series-parallel resonance 
can be used, with both series and parallel connection of 
HC coils. Fig. 16 describes all possible configurations that 
can be used to achieve resonance at higher frequencies. 
The choice of one or the other depends on the parameters 
of the HC system.   

Next, some of these configurations are simulated in the 
LT Spice software to determine the resonance frequency 
and the current passing through the HC which corresponds 
to that frequency. 

The electrical parameters of the HC electrical circuit are 
the ones determined experimentally, and the HC equiva-
lent circuit at high frequency (Fig. 14) was used.  

Figs. 17 and 18 represent two examples of the HC sys-
tem modeling by the resonance technique. The electrical 
circuits are illustrated in the top left side, and the other 
sides illustrate the current passing through the source (and 
through the series connected capacitor) ICs, the current 
passing through the inductance IL1, and the one through 
the equivalent parasitic capacitance ICp, respectively. The 
maximum coil current at 500 Hz and 5 kHz, respectively 
is noted for both circuits.   

The advantage of series connection for HC coils is that 
they are crossed by the same current. 

A different Cs capacitor connected in series with the 
HC equivalent circuit was used in order to achieve the 
desired resonance frequency. 

Another result of the simulations is the calculation of 
the rated power of the used amplifier at different resonant 
frequencies: e.g. 15 W at 500 Hz and only 5 W at 5 kHz 
(depending on the magnetic induction required in the cali-
bration process). Thus a 25 W power amplifier fully co-
vers the needs for the usual calibrations made with this 
HC system. 

 

 
Fig. 16. Resonant configuration to supply HC Coils. 
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a. Electrical diagram used in simulation 

Power supply voltage V1 = 22 V 
b. Source current 

ICs max = 1.413 A at 500 Hz 

  
c. Coil current 

IL1 max = 1.414 A at 500 Hz 
d. Parasitic capacitance Cp current  

ICp max = 1.452 mA at 500 Hz 
 

Fig. 17. Simulation of 500 Hz series resonance applied to the HC: 
a) electrical circuit; b) the source current; c) the coil current; d) the parasitic capacitance current. 

 

  
a. Electrical diagram used in simulation 

Power supply voltage V1 = 28 V 
b. Source current 

ICs max = 204.78mA at 5 kHz 

  
c. Coil current 

IL1 max = 228.20 mA at 5 kHz 
d. Parasitic capacitance Cp current  

ICp max = 23.42 mA at 5 kHz 
Fig. 18. Simulation of 5 kHz series resonance applied to the HC: 

a) electrical circuit; b) the source current; c) the coil current; d) the parasitic capacitance current. 
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VI. EXPERIMENTS AND CALIBRATIONS 
The measuring instrument used for calibration is the 

EFA-1 transfer standard [17] - a magnetic field analyser 
with internal three-axis B sensor that was previously cali-
brated at PTB Germany. This device performs measure-
ments in the range from 5 Hz to 32 kHz (3 dB).  

EFA-1 was arranged so that the field sensor was placed 
at the origin of the HC coordinate system. In order to de-
termine the precise positioning of the field sensor, the 
anti-HC mounting is used. An anti-HC is the same HC, 
except the current in the two coils flows in opposite direc-
tions, similar to a gradiometer configuration (differential 
connection). At the centre point (x = 0, y = 0, z = 0), the 
magnetic field must be equal to zero. In our experiment 
for IL = 0.4 A, the correction is 5 µT.  

Self-developed software [18] is used to check the uni-
formity of the magnetic field generated by the HC using 
the transfer standard. The magnetic induction is measured 
with the EFA-1 transfer standard and the electric current 
passing through the Helmholtz coils is determined by 
measuring the voltage drop across a shunt, with a Keyth-
ley 2000 multimeter. In order to increase the measurement 
accuracy, ten readings were performed on both devices, 
and the average value and the standard deviation are com-
puted. The graphical interface of the employed software is 
illustrated in Fig. 19, while the result of the calibration of 
a magnetic field probe (EFA 300) is shown in Fig. 20. 

 

 
Fig. 19. Graphical user interface of the software for used checking the 

magnetic field uniformity.  

 

Fig. 20. Calibration result: ratio EFA-1/EFA-300. 

The measurements included in Table 4, corresponding 
to the series resonant circuit were performed in order to 
verify the simulation results. As it can be noticed, the 
voltage drop across the coils UL, at higher frequencies 
represent an important limiting factor (e.g. 4 V/turn at 
5 kHz for a total applied voltage of 1100 V). 

TABLE IV. 
THE MEASURED VALUES IN THE SERIES RESONANCE CIRCUIT. 

f 
[Hz] 50 673 1213 2460 5230 

IL  
[A] 0.4 0.4 0.4 0.4 0.2 

B 
[µT] 103 103 103 103 52 

UL  
[V] 21 281 515 1004 1100 

VII. CONCLUSIONS  
A request from industry customers to calibrate magnet-

ic field sensors for operating frequencies up to 10 kHz led 
the authors to verify the extent to which the existing 
Helmholtz coil system at ICMET Institute could be used 
for this purpose. This system with 1 x 1m rectangular coils 
and multilayer solid copper wire winding was built and 
certified only for the working frequency of 50 Hz. 

The paper demonstrates that the original HC system can 
operate without any modification at frequencies at least 
100 times higher than the frequency for which it was built. 

  It determines the magnetic field generated by a HC 
system fulfilling the Helmholtz condition and its uniformi-
ty. The analytical calculation of the field uniformity re-
sults in a longitudinal zone of approximately 200 mm on 
the coils axis. By using numerical calculations based on 
FEM Maxwell software determines a field uniformity 
volume for a relative deviation of 1, 2 and 3 %. For a rela-
tive deviation of 2 % taken as a reference, the working 
volume is: 180 mm on the coils axis (longitudinal axis 
OY) x 300 mm on the transversal axis (OX), x 100 mm on 
the vertical axis (OZ), an acceptable volume for the cali-
bration of many magnetic field sensors. 

It can be noted that the vertical dimension of the field 
uniformity volume is smaller than the other dimensions – 
this is due the wires connecting the two HC coils, which 
were carrying currents of opposite directions.  

By knowing the spatial distribution of the field devia-
tion relative to the centre value, a field correction can be 
applied for sensors exceeding the uniformity volume. The 
experimenter can apply the correction by performing the 
field integration from the system centre to the longitudinal 
extremity. 

The performed experiments aimed on the one hand to 
confirm the analytical and numerical results for the struc-
ture of the magnetic field and on the other hand to identify 
the parameters of the HC system in the extended frequen-
cy range initially proposed. 

Some of the important results presented in the paper 
are: 

- the comparison of the HC coils self inductance: FEM 
method vs measurement (76 vs 77 mH); 

- the measurement in the frequency domain of all sys-
tem parametersc with an unique device of the Vector 
Network Analyzer type; 
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- the determination of the resonant frequency 
(15.6 kHz) of the HC system which makes possible meas-
urements up to about 10 kHz; 

 - the application of the series resonance method that 
ensures equal currents through the two coils and reduces 
the necessary excitation power; 

- the exact determination of the true magnetic midpoint 
of the HC system taking into account its inherent con-
structive imperfections. 
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Abstract – This paper describes a wireless remote control 
designed for the positioning system of the launching pad of 
anti-hail missiles used by the Romanian   Anti-Hail System. 
The remote control operates in the ISM band of 2,4 GHz 
and was successfully tested on a simplified, small size,     
experimental model of the actual launch ramp. The remote 
control allows the operator to position the launch ramp on 
two axes, azimuth, and elevation, and fire the missiles, using 
momentary push buttons. A 16x2 characters LCD display 
indicates the current position of the ramp, and the presence 
and the type of the anti-hail missiles loaded on the ramp. 
The remote control was built using Arduino microcontrol-
lers and radio frequency transceivers and uses two separate 
one-way transmitter-receiver radio channels. The simplified 
experimental model of the launch ramp features the main 
functional characteristics of the actual ramp and was de-
signed and built for the purpose of testing the remote con-
trol, due to no access to the actual ramp, along with the in-
tention of using it to train the Local Unit operating person-
nel during the off-season time. When designing and building 
the remote control and the experimental model of the ramp 
it was taken into consideration an easy implementation on 
the actual ramp, with minimal modifications. 
 
Cuvinte cheie: telecomandă, antigrindină, microcontroler, 
modul de emisie-recepție, lansator de rachete, sistem de 
poziționare 

Keywords:  remote control, anti-hail, microcontroller,     
transceiver,  missiles launch ramp, positioning system. 

I. INTRODUCTION 
As a result of a research documentation and a visit to an 

anti-hail Zonal Command Center and an anti-hail Local 
Unit, it has been found that from an operational point of 
view, the anti-hail system in Romania uses launching 
ramps which can be positioned manually or by using tem-
porary cables [1], [2], [3].   

The wireless remote control described in this paper 
speeds up the process of ramp positioning, eliminates the 
inconvenience of placing and removing the temporary 
cables every season, and reduces the cost of the equipment 
by avoiding the cables. 

II. THE REAL MISSILES LAUNCH RAMP AND THE 
EXPERIMENTAL MODEL  

A. Description and parameters of the real ramp 
The missiles launch ramps used by the Romanian     

Anti-Hail System are manufactured by SC                  

Electromecanica Ploiesti and are intended to ensure the 
launching of eight RAG-96 or RAG-96S type missiles 
(Fig. 1) [1].  Azimuth and elevation positioning with a 
precision of 1.5° is      possible between 0 and 360° for the 
azimuth, and between 20° and 85° for the elevation re-
spectively. The ramp uses synchronous motors with per-
manent magnets for azimuth and elevation positioning 
directions, driven by intelligent drives. The connection 
between the motors and the mechanical structure of the 
ramp is accomplished with worm gears and worm-wheel 
transmission which ensures one-way movement and 
mechanical locking [4].   

 

 
 

Fig. 1.The missiles launch ramp used by the Romanian  
Anti-Hail System 

B. Description of the experimental model of the ramp 
A simplified, small size, experimental model of the real 

ramp was built to test the remote control (Fig. 2) [5].  
 

 
Fig. 2.The experimental model of the missiles launch ramp. 
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The experimental model features the two axes            
positioning of the actual ramp using two DC geared mo-
tors with encoders, controlled by a dual H-Bridge motor 
driver. The connection between the motors and the 
mechanical structure of the experimental model is 
achieved by gears and timing belts transmission. Feedback 
regarding azimuth and elevation coordinates is obtained 
from the pulses generated by the motor encoders. Optical 
sensors are used to set the home position on the two axes, 
and limit switches to indicate the presence and type of two 
missiles. A 20° to 85° interval for the elevation is set by 
two limit switches. The missiles firing is not possible  
outside this interval, and are simulated by two LEDs. The 
experimental model is electrically connected to the remote 
control receiver by six cables provided with DB9        
connectors (Fig. 3). 

 
 

 
 

Fig. 3.The experimental model connected to the remote control receiver. 
 
A 5V voltage from the remote control receiver box  

provides the power supply for the driver, motors, sensors, 
and LEDs on the experimental model. 

When making the experimental model, it was taken into 
account that it retains the functional characteristics of the 
real ramp, so that after testing the remote control on the 
model, it can be implemented on the real ramp with    
minimal changes and the experimental model can be used 
for staff training in the active off-season. 

The electrical schematic of the experimental model is 
shown in Fig. 4. 

 

 
 

Fig. 4.Electrical schematic of the experimental model  

 

III. THE REMOTE CONTROL 

A. Description and electrical diagram 
The remote control uses two unilateral radio   commu-

nication channels (transmitter-receiver) between Arduino 
type microcontrollers [6], [7], by using the NRF24L01 
transmit-receive modules [8]. 

The first communication channel is sending commands 
from the operator to the ramp (move the ramp up, down, 
left or right, and fire the missiles), the second channel 
transmits data on the ramp to the operator (position, pres-
ence and type of missiles). 

The block diagram of the first communication channel 
is that of Fig. 5. 

This radio communication channel uses an Arduino 
Nano microcontroller at the transmitter and an Arduino 
Mega microcontroller at the receiver. 

 
 

                                                Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

10



 
 

Fig. 5.Electrical schematic of the first radio channel  
 
When the operator presses or releases any of the     

momentary pushbuttons on the remote control, a short 
message containing one character is send from the remote 
control to the receiver box. The Arduino Mega             
microcontroller on the receiver side interprets the message 
and modifies the corresponding output pins accordingly. 
For example, when the PBL button is pressed, the Arduino 
Nano microcontroller from the transmitter sends the "L" 
character, at the reception of which the Arduino Mega 
microcontroller from the receiver switches the ENA and 
IN1 outputs (pins 47 and 48) to logic one, and the IN2 
output (pin 9) to logic level zero. The three mentioned 
outputs of the microcontroller from the receiver are     
connected to the driver module which will control the 
clockwise rotation of the motor used to move the model in 
the azimuth direction. When releasing the PBL button, the 
character “l” is transmitted. This has as an effect at the 
reception the passage of pins 47, 48, and 9 at zero logic 
level and implicitly the azimuth motor stops. 

It should be noted that, as a courtesy to other radio 
channel users, although to move the ramp in one direction, 
the corresponding push-button must be kept pressed until 
the desired position is reached, the command is         
transmitted on the radio channel only when the button is 
pressed, then the radio channel is not used. A second sig-
nal, the stop command, is sent when the button is released. 

The second radio communication channel of the remote 
control uses two Arduino Mega 2560 and two RF trans-
ceiver modules NRF24L01 like those of the first channel. 
The second radio communication channel operates on a 
different frequency than the first channel; the frequencies 
are software selectable by the user. 

The block diagram of the second radio communication 
channel of the remote control is shown in Fig. 6. 

 
 
 

 
Fig. 6.Electrical schematic of the second radio channel  

 
The microcontroller from the second radio channel 

transmitter receives on inputs 2 and 3 the quadrature  
pulses generated by the azimuth motor encoder; the eleva-
tion motor encoder is connected to inputs 18 and 19. All 
these inputs allow interrupts in the program execution, 
which eliminates the possibility of losing pulses from the 
encoders. 

The pulses coming from the two encoders are counted 
by the microcontroller in two reversible counters. Because 
when moving the ramp model by one degree in either  
direction (azimuth or elevation) the encoder in that direc-
tion generates 21 pulses, the two counters are reset when 
the limits of 21 or -21 are reached, simultaneously with 
the signaling of the produced event. Thus, when moving 
the model one degree to the right in the azimuth direction, 
the second radio channel transmitter microcontroller sends 
the character "Z" to the receiver, and when moving one 
degree to the left, the character "z" is transmitted. For 
moving the model by one degree on elevation, the      
characters "E" and "e" are transmitted. The receiver mi-
crocontroller interprets messages received from the   
transmitter and displays the position of the ramp on a 
16x2 characters LCD display, with one-degree accuracy. 

Fig. 7 shows the remote control, which contains the 
transmitter of the first radio communication channel and 
the receiver of the second channel. 

The remote control can be powered up from a 12V / 
500 mA DC power supply or from a 6V / 1.3 Ah internal 
battery. 
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Fig. 7.The operator remote control 

B. RF measurements 
The operating distance has been determined in an urban 

environment, with the remote control powered by the  
internal battery. The transmitters power was set to 12 dBm 
(15.85 mW). The distance between the remote control and 
the receiver connected to the model has been                
progressively increased, while operating the remote con-
trol and monitoring the LCD. The remote control worked 
correctly up to a distance of about 70m, when the radio 
connection was lost. The radio connection was resumed at 
a distance of 55 m (Fig. 8). 

 
Fig. 8. Operating distance measurement for the remote control 

 
The transmitter power, the received power at different 

distances, and the frequency spectrum measurements for 
the first radio communication channel of the remote    
control (2499-2500 MHz) were performed on Rohde & 

Schwarz CMU200 and CMW500 radio communications 
testers [9]. 

When connecting the remote control via 1.5 m RF cable 
to the CMU200 radio frequency tester used as a spectrum 
analyzer, a maximum emission power inside the 2499-
2500 MHz frequency channel of approximately 10 dBm 
was measured. This confirms the set power of 12 dBm if 
we consider the power losses on the cable and connectors. 
It can be seen from Fig. 9 that the radiated power outside 
of the 1 MHz channel is at least 20 dB lower than the 
maximum power, which means that the radiated power 
outside the allocated frequency channel is less than 1% of 
the total radiated power (Fig. 9). 

 

 
 

Fig. 9.The frequency spectrum measurement for a 1.5m cable 
connection to the test equipment 

 
 The received power at different distances was meas-

ured inside a building, with interior walls. The measured 
received power at 30 m was -80 dBm (10 pW). At this 
distance, the remote control worked properly in the    
presence of a disturbing signal from a mobile phone that 
has been placed besides the receiver antenna and connect-
ed to the Wi-Fi network. The disturbing signal had a -50 
dBm power (10 nW) at a 2 MHz higher frequency than the 
central channel frequency of the remote control (Fig. 10). 

 

  
 

Fig. 10.The emission spectrum measured at 30 m from the remote control 
in the presence of a Wi-Fi signal from a mobile phone located near the 

receiver antenna. 

V. CONCLUSION 
The remote control operating in the 2.4 GHz frequency 

band, built with Arduino family microcontrollers and NRF 
24L01 transceiver modules is a functional and inexpensive 
technical solution for operating the anti-hail rocket launch 
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pad. The testing of the remote control, both outdoors and 
with laboratory equipment, confirmed its functionality, the 
accuracy of the ramp positioning was one degree. The 
implementation of this technical solution on the real ramp 
requires minimal modifications of the equipment used, to 
adapt the voltage levels from the output of the remote   
control receiver to the voltage levels necessary for the       
intelligent drivers who control the motors of the real ramp. 
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Abstract - The parameters of transmission lines, as a rule, 
are determined by reference data, but during the operation, 
it might vary essentially from the actual data. There are 
noted the reasons for the parameters’ modification. This 
paper explains the opportunity of parameter identification 
based on the synchronized measurements during the      
operation of the transmission line. The methods of          
parameter identification can be classified by various 
criteria. The diagram of classification was elaborated for the 
first time. Transmission lines can be represented in the form 
of quadripole and the Т- and П-forms equivalent schemes, 
so, applying only the current and voltage synchronized 
measurement on both ends it is possible to obtain passive 
parameters of the line. There are presented final formula of 
six most effective methods for parameter identification of 
the transmission lines. All analyzed methods were verified 
with the models of real transmission line. There were 
compared the results of all proposed methods: the relative 
errors of calculation for all mentioned methods are less than 
1%. The obtained results show the high accuracy of 
parameter identification for the proposed methods. The 
influence of measurement errors upon the values of 
parameters’ results was analyzed in this work. The main 
contribution of this paper lies in the classification of the 
methods of transmission line parameters identification and 
in the research  of influence of measurement errors on the 
results of the parameter identification for transmission lines. 

Cuvinte cheie: linie electrică, măsurări sincronizate, 
parametrii schemelor echivalente în forma de П, coeficienții 
cuadripolului, bilanțul curenților, bilanțul puterilor. 

Keywords: transmission line, synchronized measurements, 
parameters of equivalent circuit in П-form, quadripole 
coefficients, currents balance, powers balance. 

I. INTRODUCTION 
Transformers and transmission lines (TL) being the 

most used elements of transmission and distribution power 
systems have their own specific mathematical models, that 
take the form of equivalent schemes.  

Solving the problems of the management of the 
different regimes of the electric power systems is 
performed with using mathematical models. 
Mathematical models are used for calculation permanent 
regime of the electric power systems, optimization 
regimes, static state estimation, reliability evaluation to 
small disturbances and short current calculation.  

Basis of mathematical models is equivalent scheme of 
power system which is composed from equivalent circuits 
of basic elements connected between them according to 
real circuit of power system. Basic elements are electric 
line, two or three winding transformer, branch 
transformer (transformer with split winding), 
autotransformer, power sources, consumers, inductor, 
capacitor batteries. Parameters of equivalent schemes are 
determined from catalogue and are named catalogue data. 
This methodology is enough exact, but it doesn’t consider 
all real circumstances as weather conditions, loading of 
basic elements and other factors.  The difference between 
real values and those calculated with catalogue data 
might be considerable [1, 2].  

Errors can take following values [3]:  
- for active resistance ΔR= ±18-20% 
- for reactance ΔX =±10% 
- for conductance ΔG and capacitive susceptance 

ΔB= ±25%.  
Numerous applications in electrical power systems 

require the exact knowledge of the parameters of the 
equivalent schemes of transmission lines. These 
parameters are active resistance R, reactance X, 
conductance G and capacitive susceptance B, length of 
electric line. It is generally known, that some parameters 
for example active resistance varies due to both line’s 
length and temperature; reactance varies only from 
function of line’s length, but susceptance varies from 
function of line’s length and ice accretions. In turn length 
of electric line is influenced not  
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Methods of identification the parameters 
of transmission lines

Based on one regime of operation

Based on two regimes of operation

Line representation in T-
form equivalent scheme

Line equivalent scheme  
representation As an 

quadripole

Line representation in П-
form equivalent scheme

Using  equations of the 
balance  of the active and 
reactive components of 

the currents 

Using  power balance 
equation 

Using  of quadripole 
coefficients

Using  equations derived 
from the 1st Kirchhoffs 

Law and Ohm’s law

Identification of the total 
parameters for the 

equivalent schemes 

Determining the 
parameters for unit of 

length 

 
Fig. 1 Classification of the methods of parameter identification for transmission lines based on synchronized measurements. 

only by weather conditions (temperature of environment, 
speed and direction of wind, presence of ice accretion), 
but also by power losses caused by effect Joule-Lenz. 

Thus it is current to identify parameters of electric 
line using information about parameters of some regimes 
obtained from measurement systems’ information. This 
information is provided by: 

- data recorder of disturbances;  
- phase measuring unit synchronized in time - PMU. 

The resulting errors of the measured parameters are 
estimated at least [5]: 
±0,1 for phase angle; 
± 0,2 for voltages; 
± 0,3 for currents; 
± 0,4 for power. 

 

II. CLASSIFICATION OF METHODS FOR IDENTIFYING 
PARAMETERS OF EQUIVALENT CIRCUITS 

Till now, there have been proposed in the literature 
various methods to identify the parameters of equivalent 
circuits of transmission line. Some methods are based on 
the set of  measured phasors (the voltages 1U  and 2U  

and currents 1I and 2I  in nodes 1 and 2), obtained from 
PMU and other methods are based on the arrays of 
instantaneous values ( 1 1 2 2( ), ( ), ( ), ( )j j j jU t I t U t I t ) 
obtained from fault (disturbances) recorder, that are 
located on the both sides of the power line. The 
publication of the results of these works ensured the large 
volume of information, which is contained in magazines, 

                                                Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

15



articles, reports presented at scientific conferences and 
monographs. The study of the various suggestion, 
included in these publications, as well as their critical 
analysis can be made easier if a classification of these 
methods was established. Fig.1 shows a diagram, which 
illustrates a possible classification of methods for 
identification of the parameters of equivalent schemes of 
power lines. Classification is based on the following 
technical criteria: 

- number of used regimes; 
- type of the used informational measurement 

system; 
- transmission line presentation models; 
- the systems of equations used to describe the 

power line regime. 
The methods of identification by the number of used 

regimes are divided into: 
- methods with one set of measured values; 
- methods with two sets of measured values. 
Depending on the used measurement system 

information are divided into: 
- methods based on the arrays of instantaneous 
values ( 1 1 2 2( ), ( ), ( ), ( )j j j jU t I t U t I t ), obtained 
from fault recorder, that are located on the both sides 
of the power line; 

- methods based on the sets of synchronized 
measured phasors ( 1 2,U U  and 1 2,I I ), obtained 
from PMU, placed on the both sides of the power line. 

There are used various mathematical models of 
transmission lines: 

- bipole line representation; 
- quadripole line representation; 
- line representation in T-form equivalent scheme; 
- line representation in П-form equivalent scheme. 
Also it might be mentioned that there are used various 

modes of regimes’ description: 
- equations derived from the 1st Kirchhoff’s law; 
- equations derived from the Ohm’s law; 
- different forms of equations derived from nodal 

analysis (balance of power in nodes, balance of 
active and reactive components of currents in 
nodes).  

III. SHORT METHOD DESCRIPTION  
There are described below the final formulas of the 

methods that in previous studies [6] gave the best results. 
The below mentioned methods are performed with the 
use of equivalent scheme of transmission line in П-form 
or quadripole form (Fig.2). 

 

A. Method 1: based on the equations derived from the 
1st Kirchhoff’s law with one set of measured values  

The final formula of the method will be presented on 
the example of the П-form equivalent circuit (Fig. 2 a). 
The measured values for this circuit are the voltages 

1U and 2U  and currents 1I and 2I  in nodes 1 and 2. 

1 2

01I

R X1I
/

12I
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//
12I

1U 2U

02I

2
B
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2
B

2
G

a) 

2I1I

2U1U DСВА ,,,

 
b) 

Fig. 2 Equivalent scheme of the transmission line а) in П-form and b) in 
quadripole form. 

For node 1 it is obtained:      
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B. Method 2: powers balance method with one set of 
measured values  

According to this method it is necessary to use 
measurements of currents and voltages in the single 
regime at the both ends of transmission line - 1U , 1I  and 

2U , 2I (otherwise set 1U , 1S  and 2U , 2S ). 
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    (3). 
 

By solving linear system of equations (3) the values of 
longitudinal ( 12 12,G B ) and transversal ( ,t tG B ) 
admittances are obtained. Thus, the transmission line 
parameters are calculated by following formula:  

12 12
12 12 12 2 2 2 2

12 12 12 12

G BZ R jX j
G B G B

= + = +
+ + . 

(4) 

and 

t tY G jB= +  (5) 
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C. Method 3: powers balance method with two sets of 
measured values 

There are used measurements of currents and voltages 
in two operating regimes at the both ends of transmission 
line. Values  (1)

1U , (1)
1I  and (1)

2U , (1)
2I (otherwise set 

(1)
1U , (1)

1S  and (1)
2U , (1)

2S ) are obtained from the 1st 

set of measurement parameters, and (2)
1U , (2)

1I  and 
(2)

2U , (2)
2I (otherwise set (2)

1U , (2)
1S  and (2)

2U , 
(2)

2S ) – from the 2nd one. 
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 (6) 

Passive parameters of the transmission line are found 
with the help of expressions (4) and (5). 

 

D. Method 4: currents balance method with one set of 
measured values  

There is derived the balance of active and reactive 
currents for the nodes 1 and 2 of transmission line 
equivalent scheme: 
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(7) 

By solving linear system of equations (7) the values of 
longitudinal ( 12 12,G B ) and transversal ( ,t tG B ) 
admittances are obtained. Then, the transmission line 
parameters are determined by expressions (4) and (5). 

E. Method 5: currents balance method with two sets of 
measured values  

 
This method applies values from two sets of measured 

parameters. 
Passive parameters of the transmission line are found 

with the help of expressions (4) and (5). 
 

(1) (1) (1) (1)
2 2 2 2 2 12

(1) (1)
2 2 12

(1) (1) (1) (1)
2 2 2 12 2

(1) (1) (1)
2 2 2 12

(2) (2) (2) (2) (2)
2 2 1 2 2 12

(2) (2)
1 2 12

(2) (2) (2) (
2 1 2 12 2

( cos )
sin

sin
( cos )

( cos )
sin

sin

a t

r t

a t

r

I U G U U G
U B

I U G U B
U U B

I U G U U G
U B

I U G U

δ

δ

δ

δ

δ

δ

δ

= − + − ⋅ −

−

= + +

+ − ⋅

= − + − ⋅ −

−

= + 2)

(2) (2) (2)
1 2 2 12( cos )

tB
U U Bδ











 +

+ − ⋅

(8) 

F. Method 6: quadripole coefficients  
Due to the fact that transmission line is represented as 

passive quadripole ( A D= ), there are obtained 
coefficients from one set of measured values. 
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So, the transmission line parameters are determined 

from the expressions: 

12Z B= . (12) 

2( 1)AY
B
−

=
. 

(13) 

  
In order to compare the results of the proposed methods 

with the passive parameters obtained from catalogue data 
it is necessary to evaluate the measurement errors which 
appear during parameter identification. There are known 
random and systemic measurement errors. The random 
errors as a rule are not considerable, and the nature of their 
appearance cannot be predicted. Instead, the systemic 
errors are caused by instrumental current and voltage 
transformers, has permanent nature.  Development of 
Smart Grid networks and digital substations leads to the 
replacement of analogue measuring systems (CT and VT) 
with digital ones, combined in a WAMS type system. In 
such a system, PMUs are connected to optical current and 
voltage transformers (OCT, OVT) [7].  The main 
advantages of optical transformers are high accuracy class 
(0.2, 0.2s) and high resistance to weather conditions. Thus 
in this paper there was analyzed the influence of 
measurement errors upon the results of parameter 
identification methods for the range of errors 0.04-0.2%. 
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IV. CASE STUDIES  
In this section there are represented some case studies 

to demonstrate accuracy of the obtained results and the 
effectiveness of proposed methods. The calculations were 
performed with the help of software complex RastrWin, 
which ensured the measured values of currents and 
voltages at both ends of transmission line. For verifying 
the accuracy of results obtained by the above proposed 
methods it was used the equivalent scheme of real power 
line Chishinau-Strasheni 330 kV with the following 
parameters: conductor 2xACO-300/39, pylon’s type – П-
330-2б length 41 km.   

The parameters calculated from catalogue data of 
studied line are:  

2.214 , 13.079 ,
1.242 , 141.04 .

R Ohms Х Ohms
G Sm В Smµ µ

= =

= =  
There are obtained the results of high accuracy, when 

transmission line parameters are calculated in accordance 

with the formula shown in the section “Short methods 
description”. The percent relative errors are shown in the 
TABLE I. 

TABLE I.  

RELATIVE ERROR OF THE RESULTS OBTAINED BY THE METHODS M1-M6 

Method Realtive error of  

Rε , % Xε , % Gε , % Bε , % 

M1 0.017 0.002 0.201 0.106 
M2 0.017 0.002 0.193 0.099 
M3 0.001 0.003 0.193 0.071 
M4 0.017 0.002 0.193 0.099 
M5 0.001 0.003 0.193 0.071 
M6 0.017 0.002 0.201 0.106 

 
TABLE II shows the percentage change in relative error 

versus measurement uncertainty. 
 

 
TABLE II.  

RELATIVE ERRORS OF THE RESULTS UPON THE INFLUENCE OF THE MEASUREMENT ERRORS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: relative errors are calculated in relation to the initial value of the result for each method 
 
 

In order to compensate errors from current and voltage 
transformers it is necessary to introduce into the methods 
of parameter identification the error compensation factor. 

 

V. CONCLUSIONS 
 

This paper demonstrates the classification of the 
methods of parameter identification for transmission lines 
based on synchronized measurements obtained in the 
operation mode. There were represented the most reliable 

methods with high accuracy results. Although all methods 
ensure the percent relative errors less than 1%, methods 
based on the powers and currents balances are more 
accurate both in impedance and admittance results of 
transmission line. Analysis of the change in the 
calculation results under the influence of the measuring 
error shows that current and voltage transformers errors 
can affect considerably the results of calculation. For all 
methods the active resistance is the most sensitive 
parameter to measurement errors. The most accurate 
results are obtained for line admittance when the method 
of quadripole is used. For the future development and 

Method Δε% 
+0,04 +0,1 +0,16 +0,2 -0,04 -0,1 -0,16 -0,2 

M1 

R 2,98 7,44 11,89 14,87 2,98 7,44 11,91 14,89 
X 1,01 2,52 4,04 5,06 1,01 2,52 4,03 5,03 
G 0,07 0,18 0,29 0,36 0,07 0,18 0,29 0,36 
B 0,01 0,04 0,06 0,07 0,01 0,04 0,06 0,07 

M2 

R 3,11 7,79 12,48 15,61 3,11 7,76 12,4 15,48 
X 1,05 2,64 4,23 5,29 1,05 2,63 4,2 5,25 
G 0,82 2,06 3,29 4,11 0,83 2,07 3,31 4,14 
B 1,36 3,39 5,42 6,77 1,37 3,41 5,46 6,83 

M3 

R 3,2 7,99 12,76 15,94 3,2 8,02 12,85 16,07 
X 1,05 2,63 4,21 5,27 1,05 2,61 4,18 5,22 
G 0,84 2,11 3,36 4,19 0,84 2,12 3,41 4,28 
B 1,33 3,34 5,34 6,68 1,33 3,34 5,34 6,68 

M4 

R 3,15 7,88 12,62 15,78 3,15 7,87 12,58 15,71 
X 1,01 2,54 4,06 5,08 1,01 2,53 4,05 5,06 
G 0,86 2,15 3,45 4,31 0,87 2,16 3,46 4,33 
B 1,40 3,49 5,59 6,98 1,40 3,51 5,61 7,02 

M5 

R 3,24 8,08 12,90 16,11 3,24 8,13 13,03 16,31 
X 1,01 2,52 4,04 5,06 1,01 2,52 4,02 5,03 
G 0,88 2,21 3,52 4,40 0,88 2,22 3,57 4,46 
B 1,38 3,44 5,51 6,89 1,38 3,43 5,49 6,87 

M6 

R 2,98 7,44 11,89 14,87 2,98 7,44 11,91 14,89 
X 1,01 2,52 4,04 5,06 1,01 2,52 4,03 5,03 
G 0,07 0,18 0,29 0,36 0,07 0,18 0,29 0,36 
B 0,01 0,04 0,06 0,07 0,01 0,04 0,06 0,07 
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application of the proposed methods it is necessary to 
introduce in the calculations the compensation factor of 
measurement error. 
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Abstract - Recently, metamaterials have attracted            
considerable attention due to their feasibility and multiple 
applications. As man-made artificial structures, metamate-
rials possess properties that are not yet highlighted in the 
natural world, such as perfect lensing, negative refraction, 
and backward propagation. These properties are obtained 
by the proper design of the structure of metamaterials, with 
the periodic arrangement of unit cells, ''meta-atoms", which 
have dimensions below the order of magnitude of the inci-
dent wavelength, at which resonance processes can be estab-
lished. Thus, the electric and magnetic response of the met-
amaterial can be flexibly tailored to meet the desired macro-
scopic properties, in terms of effective electric permittivity 
and magnetic permeability. In this paper, a review of the 
state of research and development of metamaterials is made, 
highlighting the new challenges and ways to improve and to 
apply these new synthetic structures in electromagnetics and 
optics. There are analyzed the processes and structures of 
metamaterials used in various applications. Based on the 
actual researches, new classification of metamaterials with 
the criterion of the capabilities and flexibilities in controlling 
electromagnetic waves is described and analyzed.  

Cuvinte cheie: metamateriale, structuri, proprietăți electro-
magnetice, clasificări, tendințe. 

Keywords: metamaterials, structures, electromagnetic proper-
ties, classifications, trends. 

I. INTRODUCTION 
In the last twenty years, as a result of technological de-

velopment and the knowledge advancement, new catego-
ry of synthetic materials has been developed, designed to 
obtain new, unconventional properties that are not nor-
mally found in nature. 

Metamaterials provide unusual characteristics, such as 
negative refraction, perfect absorption or perfect trans-
mission of electromagnetic waves, sub-wavelength reso-
lution imaging, inverse Doppler effect, and backwards 
propagation [1]-[4]. 

These characteristics are obtained through the periodic 
arrangement of unit cells, called "meta-atoms", which 
have the size smaller than the incident electromagnetic 
wavelength. Thus, through the flexible and intentional 
engineering of the structures, dimensions, and arrange-
ment of constituent meta-atoms, electromagnetic met-
amaterials are able to function as efficient electromagnet-
ic devices to control the amplitude and phase of the elec-
tromagnetic (EM) waves so that the response regarding 
scattering, absorption and dispersion of EM waves can be 
easily manipulated [2], [5], [6]. 

Consequently, they have been studied and applied in 
many areas, as: optics, electromagnetism, electronics, 
machinery, wireless power transfer systems, acoustics, 
and communications [7]-[11].  

Due to these particular characteristics, metamaterials 
can be applied in different fields such as: perfect lenses, 
optical coating, and microwave antenna. Perfect absorber 
metamaterials that absorb electromagnetic waves can be 
applied to plasmon sensors, solar cells, photo-detectors, 
thermal emitters or thermal imagers. By blocking the 
electromagnetic wave generated in Wi-Fi, mobile phones 
and home appliances, the absorber metamaterials can 
protect the body against harmful electromagnetic waves 
[12]-[16].  

Researches in the field of metamaterials have mobi-
lized a wide range of scientific communities, including 
physics, electrical engineering, materials science, chemis-
try and mathematics, and have now expanded into the 
communications society to advance the Internet of 
Things. 

In this paper, a review of the state of research and de-
velopment of metamaterials is made, highlighting the 
new challenges and ways to improve and to apply these 
new synthetic structures in electromagnetics and optics.  

The paper provides a more comprehensive understand-
ing of how to design and make metamaterials, highlight-
ing new trends in applications with this category of syn-
thetic materials. 

II. METAMATERIAL HISTORY AND TRADITIONAL 
CLASSIFICATION  

The beginning of artificial electromagnetic media can 
be considered the year 1898, when Sir J. C. Bose pub-
lished his work on the rotation of the polarization plane 
through twisted structures created by man.  

Then, in the first half of the twentieth century, there 
were some investigations on obtaining new properties 
with electromagnetic artificial environments. 

In the years 1950s and 1960s, artificial dielectrics were 
explored for light-weight microwave antenna applica-
tions.  

Metamaterial structures were first predicted by     
Veselago in 1968 [17], and the interest in metamaterials 
was resurrected in the years 1980s and 1990s, with new 
investigations of microwave radar absorbers for stealth 
applications.  

Since Sir John Pendry proposed to realize negative 
permittivity using periodic structure of thin wires in 1996 
[18], modern metamaterials have received great progress 
in the past 20 years and are still in the frontiers of phys-
ics, chemistry, material, and information societies.  

But investigations intensified in the early 2000s when 
there have been highlighted the opportunities offered by 
metamaterials for manipulating electromagnetic waves 
using controlled wave-matter interactions, which sparked 
a new revolution in materials science and engineering 
[6]-[8]. 
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Landy in 2008, introduced a new function for met-
amaterials. He proposed a perfect absorber by utilizing 
the loss characteristic of the metamaterial substrate. Light 
weight, low profile and easy fabrication compared to tra-
ditional absorbers caused the rapid development of met-
amaterial perfect absorber, and different applications 
have been exploited for metamaterial absorbers in various 
frequency ranges from microwave to terahertz [19]-[21]. 

Metamaterials consist of ordered repetitive structures 
called “periodic unit cell” or “cell”. The cell structure, 
differing in the shape, arrangement, and geometry, ma-
nipulates the electromagnetic wave propagation inside the 
metamaterials. Just like atoms or molecules of natural 
materials, the structure of the repetitive unit cells deter-
mines the properties of the metamaterials [13], [21]. 

In most cases, the metamaterial consists of a periodic 
network of identical meta-atoms, analogous to the crys-
talline structure. Random or irregular arrangements are 
less often considered and are analogous to the structure of 
amorphous substances. Consequently, metamaterials rep-
resent the second level of structural organization and 
hence the name of meta (beyond) - materials. 

The behaviour of the metamaterial to the action of the 
incident electromagnetic wave can be described by the 
material parameters: electric permittivity, respectively 
magnetic permeability. 

But the material parameters depend on the scale on 
which they are considered [13]: 
• If the incident wavelength is much larger than the 

atomic dimensions and inter-atomic distances, then 
the atomic behaviour is collective and average materi-
al parameters can be introduced, replacing a huge 
number of separate contributions of the components. 
In this case, the metamaterials are quite analogous to 
the conventional ones and the same methods of analy-
sis can be applied; 

• When the incident wavelength is comparable to the 
scale of the dimensions of the structure, complex dif-
fraction and scattering phenomena occur and there is 
no way to establish the average material parameters. 
Consequently, in this case, metamaterials can hardly 
be treated as continuous media; 

• For waves with a much smaller length than the size of 
the constituent elements, the material characteristics 
are determined by the nature and density of the con-
stituent atoms, with which the electromagnetic quan-
tums interact in a completely independent way. Thus, 
the concept of metamaterials loses its meaning and 
can no longer be applied. 

Thus, a traditional definition of metamaterials is related 
to the existence of meta-atoms with dimensions and ar-
rangements of the structure smaller than the incident elec-
tromagnetic wavelengths. In this case, the behaviour of 
the metamaterial can be described mathematically by the 
effective characteristics of the proposed structure: 

 avreffav HB µµ0=  (1) 

 avreffav ED εε0=
 (2) 

where Bav is the average magnetic flux density, μreff is the 
effective magnetic permeability of the medium, μ0 is the 
free space permeability, Hav is the average magnetic field 

  
Fig. 1. Traditional classification of electromagnetic  

materials (after [21]) 

intensity, Dav is the average electric flux density, εreff is 
the effective permittivity of the medium, ε0 is the free 
space permittivity, and Eav is the average electric field 
intensity. 

In general, because H and B, respectively, E and D, are 
asymmetric and inhomogeneous quantities along the 
propagation of the resulting electromagnetic wave, the 
parameters permittivity and permeability will be altered 
[16]. 

The concept of simultaneous negative permittivity and 
permeability was postulated by Veselago in 1968 [7] but 
it came into existence in 2000 when there was proposed a 
composite medium based on a periodic array of inter-
spaced conducting nonmagnetic split ring resonators and 
continuous wires that exhibits a frequency region in the 
microwave regime with simultaneously negative values 
of effective permittivity and permeability [9], [22], [23]. 

Thus, in function of different structure and excitation 
frequencies, the metamaterials can be with one negative 
parameter (Fig. 1) or with double negative parameters 
[21]. In Fig. 1, a conventional classification of the met-
amaterials is shown, where permittivity and permeability 
are both positive, this area represents conventional mate-
rials area; the other areas, where either one of parameter - 
permittivity or permeability are negative, or where per-
mittivity and permeability are both negative, represent 
metamaterial area [21], [24]. 

The earlier study of metamaterials has focused on ho-
mogeneous situations with extreme effective medium 
parameters (e.g. negative permittivity, negative permea-
bility, and zero index of refraction).  

Metamaterials with negative permittivity and negative 
permeability can be made by properly artificial structures 
designing, typical being two structures:  
- the negative permittivity was achieved by using a peri-

odic thin rod structure; 
- the negative permeability was achieved using a period-

ic split ring resonator structure.  
Metamaterials are generally comprised of nano-

resonators, scatterers and meta-molecules of different 
size, shape, geometry, orientation, and arrangement.  

In the next section the typical investigations on the 
structure of metamaterials are reviewed.  
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III. SPECIFIC CONFIGURATIONS OF METAMATERIALS 

Through flexible and intentional engineering of the 
structures, dimensions, and arrangement of constituent 
meta-atoms, electromagnetic metamaterials, obtained by 
structuring natural materials (metals, semiconductors and 
insulators), are able to function as efficient electromag-
netic devices to control the amplitude and phase of the 
EM wave.   

Different configurations of metamaterials have been 
proposed to meet lots of applications, for wavefront con-
trol, and/or for obtaining perfect absorption.  

A. Split Ring Resonator Structures  
Current research, inspired by Pendry's proposal in the 

2000s to make a material with a negative index, has led to 
the creation of metamaterials with split-ring resonant 
(SRR) structures [23]. 

An image of the split ring resonator (SRR) type struc-
ture is shown in Fig. 2(a). This is a planar array with a 
periodic configuration of the unit cells.  

The unit cell of the structure consists of a SRR core, 
made of gold, considered as a perfect electrical conductor 
in the THz range, provided with a gap-size S. This SRR 
core is repeatedly arranged on a film fabricated on poly-
ethylene naphthalate with thickness of 100 μm. 

The split-ring resonator SRR subwavelength structure 
acts as an LC resonator circuit with resonance frequency: 

 
LC
1

=ω  (3) 

where inductance L is mainly related to the effective en-
closed area of the SRR, and capacitance C is largely de-
termined by the gap size and the surrounding medium. 

It can predict that the increase in the gap size g will de-
crease the capacitance C of the resonator, thus leading to 
the resonance frequency blue shift. This is observed in 
Fig. 2(b), in which are simulated the wave transmission in 
metamaterial samples, with a core size of 40 µm and gap 
size changing from 4, 6, 8 to 10 µm (SRR 1, 2, 3, and 4). 

The authors also propose a SRR hybrid structure con-
sisting of four SRR cells with uniform core length and 
width, but with different dimensions for the gap antenna. 
The simulation of wave transmission is shown in Fig. 
2(c) and Table I. 

TABLE I.  
RESONANCE FREQUENCY AND TRANSMISSION 

Characteristics Uniform SRR 
structure 

Hybrid SRR  
structure 

Resonance frequency [THz] 0.83 0.79 

Transmission [dB] -11.1 -39.8 

 
It is observed that the hybrid SRRs structure has a 

broader and stronger resonance peak as compared with 
that of the uniform SRR structure. The simulation shows 
that the increase of the resonator density in each unit cell 
will determine a broader bandwidth with resonance en-
hancement. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. Microscopic image of the planar array structure (a), simulation of 
transmission spectra for uniform SRR structures (b), simulation of 
transmission spectra for the hybrid SRRs sample as compared with 

uniform SRR structures (after [23]) 

B. Single and Multi-Layer Structures 
Many metamaterial structures have been proposed with 

strongly multilayer coupled unit cells.  
By drastically increasing the effective permittivity by 

means of intense capacitive coupling and reducing the 
diamagnetic effect using a thin metamaterial structure, a 
peak refractive index of 70-80 at the resonance was ob-
tained for a single-layer thin ring terahertz metamaterial. 

Thus, in [25] different brick shape metallic patch sym-
metrically embedded in a dielectric material have been 
proposed.  
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(a) 

 
(b) 

Fig. 3. Unit cell configuration for uniform single layer metamaterial (a), 
permittivity, permeability and refraction index obtained in THz domain 

(b) (after [25]) 

 
In Fig. 3(a) is shown a top view of the cells of uniform 

single layer metamaterial, with different cell configura-
tions: thin brick shape metallic patch; thin ring shaped 
patch; thin window-type; and crossed I-shaped patch, 
which are symmetrically embedded in a dielectric materi-
al. By experimental and theoretical investigations, the 
authors demonstrated a polarization-dependent and aniso-
tropic extremely high index of refraction in the terahertz 
region.  

The case analyzed by the authors is that of a simple cu-
bic array structure of metal cubes with the period of array 
abut p = 60 μm, which is much smaller than the wave-
length of electromagnetic waves in THz (which is about λ 
= 300 µm). Thus, the repetition period of the array is sub-
wave length relative to the incident electromagnetic 
wave. Because these cubic arrays have bulk properties 
when the distance between the elements is much less than 
the incident wavelength, it is possible to extract their ef-
fective constitutive parameters. Different methods are 
applied to retrieve the constitutive parameters of met-
amaterial: by numerically calculating the ratios of the 
electromagnetic fields, by some approximate analytical 
models or by using the reflection and transmission coeffi-
cients (S parameters).  

In Fig. 3(b) for this simple cubic array, the dependence 
of the real and imaginary parts of permittivity εr, permea-
bility μr and index of refraction n on the frequency in the 
THz domain, extract with method of transmission coeffi-
cients, is shown.  

Having in view that the electromagnetic properties of 
this structure is isotropic permittivity and permeability 
are scalar quantity and have been extracted with relation-
ships:  

 
)(

0

ω
ε

z
znr ⋅=  (4) 

 
0

)(
z

znr
ω

µ ⋅=  (5) 

 )()()( ωµωεω rrn ⋅=  (6) 

 

 
(a) 

 

 
 

(b) 
 

 
(c) 

 
(d) 

Fig. 4. The structure of unit cell for multilayer hybrid metamaterial 
structure (a), sample view of multilayer hybrid metamaterial structure 
(b), numerically simulation of the reflection coefficient (c) and absorp-

tion (d) of the metamaterial in Te and TM excitations (after [24]). 

where z  (ω) is structure impedance and z0 is the imped-
ance of free space. The specific values obtained and 
shown in Fig. 3(b) are: εmax = 250; μ < 0.16 and n< 2.5 
for resonance frequency frez = 0.6 THz. 

To increase the performances of EM wave control, 
many multilayer hybrid structures have been proposed 
[24].  In Fig. 4(a), spatial detailed cell geometry in a ver-
tical expanded view of a multilayer hybrid structure is 
shown. Unit cell is comprised of a back metal layer of 
full copper foil, an insulator layer of Rogers 5880, a five-
metal resonant square-loop, a flexible adhesive layer of 
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PDMS, a sputtered aluminium layer, another PDMS lay-
er, and a flame-retardant FR4 layer.  

The overall prototype consists of 15 x 15 cells of ele-
ments, with a 12 x 12 cm2 area, as shown in Fig. 4(b). 

For this multi-layer metamaterials, the authors [24] 
considered the correlations between layer thicknesses, 
bandwidths, absorptions, and the composite-substrate 
thickness in determination of the device flexibility.  

The absorption level of the metamaterial can be repre-
sented as:  

 )()(1)( ωωω TRA −−=  (7) 

where R(ω) and T(ω) are the reflectivity and transmit-
tance of the EM wave, respectively. T(ω) is close to zero 
when the back of the metamaterial is metallic foil, so the 
absorption is related only to the reflection coefficients. 

The proposed structure presents many bandwidth and 
absorptivity advantages. 

As observed in the reflection-coefficient characteristics 
at a working band range of 5.5-12.5 GHz, shown in Fig. 
4(c), the trends are in connection with the absorbing en-
ergy transformation. The anisotropy of different materials 
at high frequencies leads to tight deviations, and reflec-
tion-coefficient in the cross-polarization direction con-
verge nearly to zero, which indicates that the EM wave 
was absorbed by the proposed structure, rather than the 
wave transformation. 

The absorptivity of the proposed metamaterial is shown 
in Fig. 4(d), when TE (transversal electric mode of exci-
tation) and TM (transversal magnetic mode of excitation) 
waves normally propagate to the proposed structure. The 
absorption in the TE and TM incident waves is almost 
uniform, and only a slight discrepancy is observed at 8.8 
GHz because the electric-dipole absorption is stronger 
than the magnetic absorption of the multi-layer structure. 

C. Multi-Layer Metamaterials with Graphene 
Recent, different configurations of absorbers are pro-

posed using the advantages of graphene, to have the band 
gap of greater than 0.5 eV, which facilitate the applica-
tions with tunable sub-wavelength devices [26]-[29].   

Thus, in [26] there are proposed dual band absorbent 
structures, insensitive to polarization, in the THz domain, 
which are based on the unit cell of the graphene / SiO2 / 
Au.  

The structures shown in Figs. 5(a) are composed of a 
graphene layer, of different shapes (cross-shaped, disk or 
combined shape), which is placed on top of a gold layer, 
separated by a thick layer of SiO2. The bottom Si sub-
strate is used to protect the entire structure against me-
chanical damage. 

For Structure I, in Fig. 5(b) it can be seen that for 
wavelength range from 30 to 100 μm, at normal incidence 
of EM wave, there are two higher absorption peaks in the 
considered wavelength range, but they cannot reach near-
ly unity at the same time. With the increasing of the wing 
length S, the long wavelength absorption peak is firstly 
blue-shifted and then red-shifted, and the change trend of 
the short wavelength absorption peak is just opposite.  

For the case of Structure II shown in Fig. 5(c), one can 
see that there is only one absorption peak, and the spec-
tral line has an obvious red-shift with the increasing of 
radius r.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Proposed multi-layer structures with cross-shaped graphene 
(Structure I), disk-shaped graphene (Structure II), and both cross- and 
disks shaped graphene (Structure III) (a), Absorption spectra of Struc-
ture I for the different wing length S (b), Absorption spectra of Struc-
ture II for different radius r (c), Absorption spectra in the wavelength 
range from 30 to 100 μm at normal incidence, for the Structures I, II 

and III (after [26]) 
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The authors proved that by combination of these struc-
tures, one can obtained two absorption peaks occurring at 
λ = 69.94 and 43.747μm in the absorption spectrum, with 
the absorbance of the two peaks close to 100%. The op-
timal geometry parameters are L = 2.35 µm, S = 0.575 
µm, and r = 0.65 µm, and other parameters are the same 
as those in the figures above. 

D. Multi-Layer Multi-Functional Metamaterials 
A lot of investigations proposed the composite multi-

layer structures of metamaterials which have two opera-
tion functions, for instance, to assure the transparency to 
visible light and absorbance [20], [30] or application as 
absorber and polarization converter [5], [21]. 

Many papers proposed multi-layer structures which in-
clude vanadium dioxide (VO2) which undergoes a struc-
tural transformation from a monoclinic phase to a tetrag-
onal phase around 340 K. Through the phase transition, 
the conductivity and permittivity of VO2 vary significant-
ly, which can be applied to control the electromagnetic 
properties of metamaterial structures.  

Phase transition in VO2 can be caused by external elec-
trical, optical, or thermal excitation. 

In [5], the proposed structure of the layers includes: 
VO2 disks, silica (SiO2) layer, VO2 film, metallic strip, 
SiO2 layer, and a metallic film (Fig. 6(a)). The dimen-
sions are of order of micrometers, and repetition period is 
P= 40 μm. 

In this case, the thermal excitation is used.  
- When VO2 is in the metallic state (at the room tem-

perature of 20oC), the designed configuration behaves 
as a perfect single-band absorber based on two-
dimensional arrays of VO2 disk on a VO2 film. The 
performance of absorption is polarization-insensitive 
and angle-independent (Fig. 6(b)); 

- When VO2 is in the insulating state (over the phase 
transition point of 68oC), the designed configuration 
behaves as an efficient cross polarization converter 
working in the reflective mode at terahertz frequen-
cies. It can convert a linear-polarized wave to its or-
thogonal direction. Because of the subwavelength size 
of the unit cell, the efficiency of cross polarization is 
higher than 90% from 2.0 THz to 3.0 THz under nor-
mal incidence (Fig. 6(c)). 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Geometric parameters of the structure with VO2 (a); Simulated 
reflectance and absorptance under normal incidence at normal tempera-

ture (b); Reflectance of cross-polarized wave and phases for x and y-
polarized waves. The incident electric field is decomposed into two 

orthogonal components along the x- and y-axes and reflected electric 
field is rotated by 90o (c) (after [5]). 

Another two-functional structure of metamaterial based 
on VO2 is proposed in [21], which allow obtaining a 
broadband switchable absorber. 

The composite resonant structure consists of a criss-
cross structure and four square patches of tantalum nitride 
(TN), with thickness of 21 μm, a multi-layer dielectric 
plate (foam layer, VO2 layer, SiO2 layer), and a gold 
ground plane. 
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Fig. 7. Schematic of unit cell of the switchable broadband absorber 

(after [21]) 

The switch function is realized by controlling the oper-
ation temperature, and the absorber can be switched in a 
broadband ranging from 0.32 THz to 0.56 THz to another 
broadband ranging from 0.356 THz to 0.682 THz with an 
absorptivity of over 90%.  

IV. NEW STEPS IN METAMATERIAL DEVELOPMENT 
Research to date has shown that metamaterials have 

great capability and flexibility in controlling electromag-
netic waves, because theirs subwavelength meta-atoms 
can be designed and customized in the desired ways.  

But, for the metamaterials presented so far, it is charac-
teristic that once manufactured, these metamaterials will 
have fixed functions, i.e. they are passive metamaterials 
[31]. 

In order to dynamically control the EM waves, several 
ways have been proposed, among which, the integration 
in meta-atoms of different active devices, so that active 
metamaterials have been obtained. 

Recently, a special kind of active metamaterials - digi-
tal coding and programmable metamaterials - has been 
proposed, which can realize a large number of distinct 
functionalities and switch them in real time with the aid 
of field programmable gate array (FPGA). 

In Fig. 8 the steps of metamaterial development are 
pointed, having in view the capabilities and flexibilities in 
controlling electromagnetic waves.  

From the perspective of achievable functions, the first 
step was the development of passive metamaterials, com-
posed of structures specially designed in periodic or non-
periodic arrays of sub-wavelength unit cells, to obtain 
homogeneous or inhomogeneous material parameters that 
do not exist in nature or are difficult to achieve in prac-
tice. Numerous structures of passive metamaterials have 
been proposed, in the 3D version and in the 2D version, 
with applications in microwave and optical frequency 
bands. But, the disadvantage of passive metamaterials is 
that, once these structures are manufactured, their func-
tionality will be fixed, without being able to react dynam-
ically to the action of incident waves. 

The second step in the development of metamaterials to 
achieve dynamic control of electromagnetic waves was 
the fabrication of the active metamaterials, by integrating 
active devices.  

In the active metamaterials, the unit cells consist of me-
ta-atoms and active devices (e.g. PIN diodes, varactors, 
amplifiers, semiconductors, micro-fluids, and VO2) to 
their EM responses under the external excitations. 

 

 
Fig. 8. Steps of metamaterial development (processed after [31]) 

Traditionally, the active metamaterials include tunable 
metamaterials and reconfigurable metamaterials (Fig. 8). 
The tunable metamaterials usually realize similar func-
tions (such as shifting the resonance peaks and perfect 
absorptions) by tuning the active devices. For reconfigu-
rable metamaterials, which can have significantly differ-
ent functions (such as changing polarization states and 
working bandwidth control) by switching active devices, 
the number of functions is very limited. 

The third stage of metamaterial developments is that of 
digital metamaterials, obtained by representing the digital 
coding of meta-atoms [24], [31]. By integrating the digi-
tal coding metamaterial with the field programmable gate 
array (FPGA) a programmable metamaterial is obtained. 

The development of metamaterials which are pro-
grammable in the field is a major breakthrough in the 
development of metamaterials, as a single programmable 
metamaterial can perform many distinct functions (eg, 
single-beam radiation, different multi-beam radiation, 
beam scanning, wave diffusion, vortex beam generation 
etc.). All these functions are switched in real time by 
changing the digital states and sending the instructions by 
the FPGA. 

Thus, the introduction of digital code representation of 
metamaterials makes it possible to connect the digital 
world with the physical world, so that metamaterials pro-
cess digital information directly, resulting in information-
al metamaterials. 

New steps are predicted by applying artificial intelli-
gent (AI) and including specific sensors to obtain intelli-
gent metamaterials, self-adaptive metamaterials and the 
highest level of cognitive metamaterials. 
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There are already a multitude of applications, from 
which three areas are well developed: in optics (for bire-
fringence modification), in wireless power transfer (to 
increase the efficiency of power transfer), and in the reali-
zation of electromagnetic absorbers in the THz domain (to 
increase the absorption coefficient close to 100%).  

V. CONCLUSIONS 
The field of metamaterials has been progressing rapidly 

in the past years, showing that the conventional limita-
tions of modern technologies can be overcome using the 
advanced knowledge in electromagnetism and in 
nanofabrication techniques. 

The traditional metamaterial classification, with the cri-
terion of the values of permittivity and permeability, is no 
longer sufficient. Current advances in the field have im-
posed the new classification of metamaterials in which 
the criterion of capability and flexibility of dynamic con-
trol of electromagnetic waves is considered.  

Thus, depending on the types of functionalities that can 
be achieved, metamaterials are classified into passive and 
active metamaterials. Active metamaterials can be tuna-
ble and reconfigurable. Some active metamaterials are 
programmable and, by adding the appropriate software, 
could become information metamaterials. 

Advances in understanding the processes that take 
place in metamaterials, and progress in their realization 
with modern micro- and nano-technologies show that 
nowadays the characteristics of these synthetic materials 
for realization of new generation of communication sys-
tems are possible to be explored.  
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Abstract - In this paper, using LabVIEW graphical pro-
gramming environment and the portable reconfigurable 
input/output (RIO) device from National Instruments 
(myRIO-1900), the concept of virtual instrumentation is 
implemented. Thus, it is created a hardware and software 
system that is used to study the nickel and titanium shape 
memory alloy (NiTi SMA) strip during bending under the 
influence of electric current. The SMA strip is caught in 
cantilever mode (fixed at one end only). For this study, the 
following quantities are measured: the deformation of the 
strip (using a created electronic transducer around an oper-
ational amplifier and a piezoelectric effect sensor), the volt-
age applied to its ends and the current flowing through it 
(with LEM transducers). The evolution of the electrical re-
sistance as well as the bending of the SMA band at different 
values of the electric current, during and due to the heating 
process is reported using this system. The values of the 
measured quantities are presented in graphical and numeri-
cal form. Thus, the evolution on time intervals of the order 
of seconds can be followed with precision with the help of 
horizontal and vertical cursors, respectively. Amplitude 
values can also be accurately determined. The results ob-
tained with the proposed system are useful in practical ap-
plications of cantilever SMA strip for development of sim-
ple, more compact and reliable actuators or sensors. 

Cuvinte cheie: aliaje cu memoria formei, bandă fixată la un 
singur cap, instrumentație virtuală, senzor piezoelectric, tra-
ductor de deformare cu înaltă sensibilitate. 

Keywords: shape memory alloy, cantilever strip, virtual in-
strumentation, piezoelectric sensor, highly-sensitive deflection 
transducer. 

I. INTRODUCTION 
Shape Memory Alloys (SMA) or NiTi SMA (Nickel 

and Titanium or named Nitinol after the name of the com-
ponents) are materials capable of remembering a previous-
ly memorized shape and exert a useful force or support 
very high deformations, thanks to their super elasticity 
properties [1-2]. 

Today, the use of shape memory alloys for the actuator 
is a technological opportunity for the development of the-
se electromechanical components: the typical feature of 
the shape memory alloy strip to provide mechanical ac-
tion, if stimulated by electricity (and heat) allows the de-
velopment of more compact devices with light weight and 
small size [3-5], [8]. 

These devices will replace alternative technologies 
based on electric motors, solenoids and relays in automo-
tive industry, healthcare, security and defense, consumer 
electronics, home appliance, damping systems, robotics. 

A full range of SMA actuators advantages are: reduced 
cost, direct linear or angular movement, noiseless opera-
tion, compatibility with harsh environments, no electro-
magnetic emission. 

In the last three decades, the community of researchers 
and engineers in the field of materials study has shown a 
significant interest in discovering, understanding and ap-
plying the characteristics of SMA. 

The result of this intense interest and effort has materi-
alized in numerous publications in the form of books, 
journal articles and volumes of international scientific 
events [7], [10-11]. 

To study the characteristics of the SMA (for example, 
to investigate by differential scanning calorimetry method 
during the heating-cooling process) and to extract its most 
important thermal parameters to correlate them with the 
evolution over time of other mechanical or electrical pa-
rameters, high-performance equipment is used [12-14]. 

Virtual Instrumentation (VI) can be a good solution in 
this field too due to its flexibility, performance and costs. 
In VI, with the help of a suitable hardware platform (built 
around a data acquisition module) we can easily create our 
own workspace with all the necessary tools for study of 
SMA characteristics. We can use VI to bring the facility 
of flexible software (LabVIEW) and personal computer 
technology to design applications making accurate meas-
urements. The measurement system is controlled from a 
computer and data collected and analyzed are presented 
on a display screen [6], [21]. 

In the recent paper [9], it is shown how to evaluate the 
thermal characteristics of the SMA strip by using the dif-
ferential scanning calorimetry (DSC) experiments. The 
results of this thermal analysis were the basis for deter-
mining the force developed by the SMA strip during the 
phase transformation. Evolution of the electrical SMA 
resistance at various values of the activation current is also 
studied. 

In that work there are hints about hardware component 
of experimental platform but no explicit diagram details 
are presented. Our goal is to describe them in detail in the 
present paper. 

II. HARDWARE PLATFORM 
An experimental platform which uses a flexible piezoe-

lectric effect film sensor for estimate of SMA strip de-
forming and a portable reconfigurable input/output (RIO) 
device for the measurement and rapid analyzing of param-
eters has been developed. 

Fig. 1 shows block diagram of the experimental plat-
form designed for study of SMA strip characteristics. 
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The main components of proposed experimental plat-
form are: SMA cantilever strip (1) under test, with piezoe-
lectric sensor (2); voltage (3) and current (4) LEM trans-
ducers; power current source (5); piezoelectric sensor in-
terface circuit (6); conditioner circuit for the volt-
age/current LEM transducers (7); data acquisition (DAQ) 
module (8) and computer (9). All these elements will be 
presented in detail. 

A nickel-titanium shape memory strip with rectangular 
cross section (2.5 × 0.5 mm) was used in this study. The 
SMA strip was purchased under the name FLEXINOL® 
from DYNALLOY, Inc. [15]; Flexinol is a trade mark of 
Dynalloy, Inc., Irvine, California, USA, brand of NiTi 
shape memory alloy wire or strip [16]. 

The power supply (5) is a variable direct current source 
with stable output, available for testing requirements. Cur-
rent and voltage wires are securely fastened to the SMA 
strip with small screws.  

A flexible piezoelectric sensor (2) was used to control 
the deformation and movement of the SMA cantilever 
strip. The sensor is glued to the entire surface of the SMA 
strip. 

Fig. 2 shows a close-up (in top and side view) of the 
tested SMA cantilever. The connection mode between 
SMA strip and current source, respectively the LEM cur-
rent / voltage transducers is shown in the figure. It is also 
observed how to fix the piezo sensor foil on the SMA strip 
surface. 

 

The acquisition of the data necessary for the proposed 
study is done with the help of NI myRIO - 1900 (8). 

This device takes from the experimental platform sig-
nals in the form of voltage proportional to: SMA strip 
deformation (measured with the piezo transducer); the 
current flowing through the SMA strip and the voltage 
drop at its ends, respectively (measured with LEM trans-
ducers); the maximum length for signal wires is 30 cm. 

The NI myRIO-1900 provides analog input (AI), analog 
output (AO), digital input and output (DIO), audio, and 
power output in a compact embedded device. The NI 
myRIO-1900 connects to a host computer over USB ca-
bles. 

NI myRIO-1900 expansion port (MXP) connectors A 
and B carry identical sets of signals. The signals are dis-
tinguished in software by the connector name (i.e., as in 
Connector A/DIO1 and Connector B/AIO1). 

The analog inputs are multiplexed to a single analog-to-
digital converter (ADC) that samples all channels. The 
resolution of the ADC converter is 12 bits and the value in 
volts of the increment between data values is 1.221 mV if 
we use device to measure 0-5 V signals. Some other tech-
nical specifications: processor type Xilinx Z-7010 with 2 
cores; speed 667 MHz; memory nonvolatile 512 MB and 
DDR3 256 MB; analog input sample rate 500 kS/s [22]. 

The image of all connections to NI myRIO MXP con-
nector B, is shown in figure bellow. 

 

Fig. 3. Image of connections to NImyRIO MXP connector B, 
power input cable and USB cable Fig. 2. Image of cantilever SMA strip (detail) 

Fig. 1. Block diagram of the experimental platform for control and data acquisition during a displacement of the SMA strip. 
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Fig. 4 shows how to connect and power of LEM 
transducers and their interface circuit with NI myRIO 
device connectors (see also Fig. 1 and Fig. 3). 

The VSV and VSi voltage signals (with values dependent 
on the SMA strip voltage Vin and the current through it 
Iin) connect to two analog inputs of the MXP Connector B 
(B5/AI1, B7/AI2). 

Primary resistor R1 of the voltage LEM transducer (po-
sition 1) should be calculated so that the nominal voltage 
had to be measured corresponds to a primary current of 10 
mA. Measuring resistances R2 of transducer is dependent 
on the values of primary nominal current. 

Current LEM transducer dynamic performance is the 
best with a single bar completely filling the primary hole; 
to increase the sensitivity of the sensor to low values of 
the measured current, several winding turns are given, n = 
5 (position 2 in Fig. 4, b). 

LEM transducers are powered by a dual source voltage 
± 15 V relative to GND (position 3 in Fig. 4, b). 

The voltage transducer used is LV-25P and the current 
transducer type is LA-55P; both are LEM [17]. 

Piezoelectric effect is the ability of certain materials to 
generate an electric charge in response to applied mechan-
ical stress. When piezoelectric material is placed under 
mechanical stress, a shifting of the positive and negative 
charge centers in the material takes place, which then re-
sults in an external electrical field. 

A piezoelectric sensor in combination with an electric 
charge to voltage converter make up the transducer that is 
used to estimate the deformation and displacement of the 
SMA strip under the influence of the current flowing 
through it. 

The DT series of piezo film sensor elements are rectan-
gular elements of piezo film with silver ink screen printed 
electrodes from TE Connectivity (TE); sensor capacitance 
is CS = 1.38 nF [18]. 

Schematic diagram and breadboard layout of piezo 
transducer is shown on Figure 5. 

Fig. 5. Piezo transducer: a) schematic diagram and b) breadboard layout 

a) b) 

OpAmp: 
OP37 

OpAmp:  
AD8541 

Fig. 4. Voltage/current LEM interface: a) schematic diagram and b) top view image 

a) b) 

1 

2 
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The DT film element produces more than 10 millivolts 
per micro strain, about 60 dB higher than the voltage out-
put of a foil strain gauge. The sensor can be readily ad-
hered to SMA strip surface with double-sided tape or 
epoxy. Lead attachment can be achieved by low tempera-
ture solder. The piezo sensor can be seen as a capacitor 
with a piezoelectric crystal between two plates; it is an 
active sensor because any small deformation causes a var-
iation of the charge which appears as a measurable voltage 
between the plates. 

Piezoelectric sensor is followed by a charge-to-voltage 
converter that produces a voltage output proportional to 
the integrated value of the input current, or the charge 
injected. The converter uses an operational amplifier (U1) 
which produces an output voltage inversely proportional 
to the value of the feedback reference capacitor (C1) but 
proportional to the total input charge flowing during the 
specified time period. The gain of the circuit depends on 
the values of the feedback capacitor that plays the role of 
low pass filtering to the charge amplifier for noise mitiga-
tion. 

Decreasing the capacity C1 has the effect of obtaining a 
piezoelectric transducer more sensitive to small changes. 

Resistors R1, R2 form a divider that sets the voltage on 
the sensor to VDD/2 (i.e., 2.5 V) and R3 is a feed back re-
sistor to provide DC gain path. 

Two types of operational amplifiers were tested to con-
verter design. High-quality operational amplifier with low 
noise, precision and high speed produced by Analog De-
vices – OP37 are used first [19]. 

Better sensitivity results were obtained with AD8541 
operational amplifier. It is characterized by very low input 
bias current (4 pA), low levels of private noise, wide fre-
quency band and rail to rail capability of input/output [20]. 

Fig. 6 pictures the experimental platform in a top view 
photo image a) and front view b). Items are noted accord-

ing to the Fig. 1 (Block diagram of the experimental plat-
form). 

The real-time measurements and display acquired 
waveforms are displayed on a PC screen and the data as-
sociated with these waveforms are stored for a later use. 

III. SOFTWARE INTERFACE 
The demanding of the current research application re-

quires a hardware and software integration. The Lab-
VIEW graphical programming environment is best suited 
for this integration. 

LabVIEW 2018 - myRIO Toolkit [21] was used to 
communicate with the hardware platform for data acquisi-
tion, processing and display of results with designed virtu-
al instrument (VI). 

It is known that software minimizes development costs 
of any complex systems. Graphic programming is highly 
interactive because it is based on wires and icons, and the 
data flow is visible in block diagram; the design of the 
user interface or frontal panel is part of the programming. 

Front Panel (FP) is the virtual instrument interface 
with the user, containing setting and control elements, or 
elements for displaying the values of different quantities 
to be studied (buttons, displays etc.). 

The Block Diagram (BD) contains the graphical source 
code (known as G code) for how the VI runs. Every 
Frontal Panel object appear as terminals on the Block Di-
agram.  

A. The Front Panels of virtual instrument 
The front panel window is our graphical user interface 

(GUI) of a virtual instrument. The front panel has two 
controls, push-buttons (Write and Stop) and indicators 
(Waveform Chart and Data Table). The indicators simu-
late the instrument's output devices and display the data 
that the block diagram acquires and processes. 

Fig. 7 shows front panel of virtual instrument. The user 
can see the values acquired by the hardware component of 
the measurement system (transducers and my RIO device) 
and processed using the virtual instrument. The visualiza-
tion of the data is done with the help of four Waveform 
Chart type indicators.  

For ease of future development, a tab control consisting 
of Page 1 (position 1 in the figure) is used. 

The voltage generated by the piezoelectric transducer is 
illustrated in the diagram on the top left of the front panel 
(Piezo Sensor Voltage\V, in volts). The significance of the 
times on the X axis (Time index\s, in seconds) is the fol-
lowing: t0 is the time at which the electric current is ap-
plied; t1 is the time at which the deformation begins, t2 is 
the time at which the deformation is maximum and t3 is 
the time at which the electric current is interrupted. 

Below this diagram, the user can observe the evolution 
of the activation electric current (LEM SMA Strip Cur-
rent\A, in amperes; position 4 in Fig. 7). 

It is also possible to observe the evolution of the volt-
age at the terminals of the SMA strip (LEM SMA Strip 
Voltage\V, in volts; position 3). 

Knowing the current through and the voltage at strip 
terminals, our virtual instrument calculates the SMA strip 
resistance. The evolution of resistance over time is shown 
in SMA Strip Resistance\ Ohm diagram (position 5). 

Fig. 6. Photo image of the experimental platform: 
 a) top view and b) front view. 

a) 

b) 

1,2 

3 

4 

5 6 7 7 8 
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We can customize the appearance of a chart with the 
shortcut menu options. This allows a cursor to be dis-
played at a defined point coordinate. The Graph Palette 
(position 6) allows to move the cursor, zoom and pan the 
chart while VI runs. 

The table with four visible columns (position 7 in Fig. 
7) contains all the numerical values for the acquired and 
processed data. The number of rows might change with 
the vertical scroll bar. All data can be saved for further 
processing (Write control, position 8). 

B. The Block Diagram of virtual instrument 
Block Diagram is the source code of the virtual instru-

ment. Presentation of the Block Diagram is useful for un-
derstanding the operation of the virtual instrument because 
LabVIEW uses data flow programming and the data flow 
determines the order of execution.  

As shown in Fig. 8, this is a Flat Sequence Structure 
with three sub diagrams that execute sequentially: initial-
ize; acquire and process data; close. The last sub diagram 
reset all the I/O channels of NI myRIO device. 

All the objects include terminals of indicator and con-
trol, subVIs, functions, constants, structures and wires are 
included in a Timed Structures (type Timed Loop); it exe-
cutes a sub diagram sequentially, each iteration (i) of the 
loop at the specified period. 

Using the 1 MHz clock, timed structure can execute an 
iteration once every 1 microsecond. Period (dt) is 100 
microseconds and specifies the amount of time that elaps-
es between two subsequent iterations of the Timed Loop. 

Analog Input Express VI are used for reads values from 
one or more analog input channels. These Express VIs 
allow the configuration of analog input ports and read a 
sample each time with the default FPGA personality. 

Fig. 8. Block Diagram of virtual instrument (VI) 

Fig. 7. Front Panel of virtual instrument (VI) 

2 3 1 

4 

5 6 6 7 8 
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IV. EXPERIMENTAL RESULTS AND PERSPECTIVES 
 

Fig. 9 shows the tested cantilever SMA strip during the 
experiments; on the left - undeformed position (δ=0, when 
the activation current is zero) and on the right – maximal 
deformation position δmax.  

 
 
The following table show the experimental values for 

tested SMA strip, at different values of activation electri-
cal current (3.6 A to 4.8 A). 

TABLE I.  
THE EXPERIMENTAL VALUES FOR STUDY OF SMA STRIP 

Cur-
rent 
[A] 

t0 [s] t1 [s] t2 [s] t3 [s] V1[V] V2[V] R1[Ω] R2[Ω] 

4.8 6.16 8.35 40 53.11 2.58 2.6 0.0194 0.026 

4.4 5.12 7.61 39.43 43.64 2.6 2.62 0.0246 0.0316 

4.0 3.87 6.98 40.45 57.73 2.61 2.62 0.0255 0.0311 

3.6 5.50 8.98 44.21 62.36 2.6 2.62 0.0289 0.0315 

 
Data obtained and the connection with the phenomena 

that occur during the heating of the SMA band to the max-
imum deformation were analyzed in detail in [9]; the pre-
sent paper focusing on the practical realization and use of 
the virtual measurement system. 

The tested NiTi SMA strip can be used as an actuator to 
develop protection applications where very short activa-
tion times are required (i.e., vibration control, shape con-
trol, position control in automotive industries and fire pro-
tection). 

In the future, using the advantages of virtual instrumen-
tation (flexibility and minimizing set-up time costs) we 
will increase the analysis capability and the functionality 
of present system for testing and controlling of a cantile-
ver SMA strip. Thus, sensors can be added to measure the 
temperature or elements to trigger an action when a cer-
tain threshold is reached. 

V. CONCLUSIONS 
The evolution of the electrical resistance and bending 

performance corresponding to the cantilever SMA strip 
was determined using virtual instrumentation. 

The results of real-time measurements and acquired 
waveforms are displayed on a PC screen, and the data 
associated with these waveforms are stored on memory 
for later use.  

Thus, the advantages offered by the virtual instrumenta-
tion were highlighted. 
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Abstract - A major problem with the increased penetration 
of electric vehicles is the preparation of the power supply 
system to accommodate the increasing number of charging 
stations. Possible problems include exceeding the rated 
power of distribution equipment and electrical systems 
components, changing the voltage profile and altering the 
quality parameters of electricity. In these scenarios it is 
important for the grid operators to have an accurate 
information on present grid status, as well as the effects of 
EVs charging facilities interaction with the hosting grid. 
This knowledge will help the operators to more efficiently 
manage their grids while the e-mobility is expanding. This 
paper addresses issues related to the challenges of large-
scale implementation of electric vehicles in Romania and 
especially their estimated impact on the power quality in 
current distribution networks. The authors present some of 
the results of a monitoring and analysis study of the power 
quality parameters in the coupling buses of some electric 
vehicle models during their charging cycle. The results of 
the study are included in a database used as a reference for 
a larger project aimed at developing intelligent solutions for 
PQ-based control of load units. 

Cuvinte cheie: calitatea energiei, monitorizare, reţea electrică 
de distribuţie, vehicul electric, staţie de încărcare. 

Keywords: power quality, monitorization, power distribution 
grids, electrical vehicle, charging stations. 

I. INTRODUCTION 
According to Directive 2010/31/EU last amendments, 

the EU Member States must establish the requirements 
for the installation of a minimum number of recharging 
points for electric vehicles for all non-residential 
buildings with more than twenty parking spaces up to 1. 
January 2025.  

In Romania, the electric car transportation is currently 
in a pioneering phase, the lack of infrastructure of large 
capacity recharging stations being the main obstacle in its 
deploying. Nevertheless, the official figures show that e-
mobility is in increasingly local demanding and the 
national policies are yet to appear. Still, there are some 
initiatives worth mentioning, as “Green Charging 
infrastructure program” launched in 2017 by the Ministry 
of Environment, Waters and Forests to support the 
acquisition of electrical vehicles (EVs) charging stations 
(CSs). In this respect, the authorities have created a 
scheme to finance 6000 EV charging stations by 2020. 
According to the Direction of Driving Licenses and 
Vehicles Registration (drpciv.ro) less than 2000 electric 
vehicles are currently on the roads in Romania. They can 
access about a 434 public charging points [1]. In order to 
accommodate the EVs charging loads in the actual 

Romanian distribution system, it would be necessary for 
utilities to invest in and reinforce the grid infrastructures 
in heavily loaded areas. As the local power grid operator 
wanted to be prepared for the growing needs of EVs 
charging industry, it only made sense to choose a smart 
service that has the capability to be flexible and manage 
the growing load from EV charging and its impact on the 
grids. An intelligently integration of EVs can also 
partially solve the power quality (PQ) problems. For the 
expected increasing number of private or home charging 
stations (CSs), a comprehensive assessment of these 
loads’ behaviors and impacts, as well as smart approaches 
that actively operate the grids can help to reduce the grid 
connection costs. 

II. STATISTICS REGARDING THE EV’S IN ROMANIA 

A. Hybrid electric vehicles 
The three main types of electrical vehicles are 

generally known as hybrid electric vehicles (HEV), plug-
in hybrids (PHEV) and battery electric vehicles (BEVs).  

Although hybrids are not loaded from the distribution 
network, they are important as a reference for 
determining the degree of market penetration of BEVs 
and PHEVs. 

There are several hybrid configurations. Modern 
hybrid electric vehicles use new technologies, such as 
regenerative braking, which, instead of dissipating the 
kinetic energy of the vehicle into the environment in the 
form of heat, as conventional braking systems do, 
recovers it in the form of electric energy, which is stored 
in batteries.  

Some hybrid electric vehicles use their internal 
combustion engine to drive an electric generator, the 
current produced being stored in batteries or powering the 
electric propulsion motors directly.  

Other hybrid electric vehicle technologies reduce 
emissions when idling by shutting down the internal 
combustion engine instead of letting it idle and restart it 
at start-up, a method known as the start-stop system. No 
mechanical gearbox is required in all configurations, as 
the speed and torque of an electric motor can be adjusted 
without problems by varying the frequency and actual 
current. The main advantage of the electric drive system 
is the bidirectional flow of energy. While the vehicle is in 
braking mode, the electric car operates in generator 
mode, and much of the vehicle's kinetic energy is 
converted into electrical energy stored in the battery. 

Table I presents the technical specifications of the 
hybrid car models that dominated the market in Romania 
at the end of 2018. 
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B. Hybrids plug-in 
Plug-in hybrid electric vehicles (PHEVs) have a 

propulsion system with a gasoline engine and an electric 
motor similar to HEVs, but with a larger battery that can 
be charged by both the own systems and power grid by 
plugging in. Lithium-Ion batteries are usually used for 
this purpose. Most PHEV devices are designed so that the 
owner can travel the longest distances in the city, using 
only battery power, the combustion engine being used 
only over long distances. 

TABLE I.  
TECHNICAL SPECIFICATIONS OF THE HEVS IN ROMANIA 

Car model Capacity 
of gas 

engine (l) 

HP 
gas 

engine 

HP 
electric 
engine 

Fuel 
consumption 
(l/100 km) 

Sold 
units 

Toyota C-HR 1.8  98 72  3.8 355 
Toyota Auris 
Hybrid 

1.8   99   82  3.5 242 

Toyota Yaris 
Hybrid 

1.5  75  61  3.5  239 

ToyotaRAV4 
Hybrid 

2,5  155  140  5.0  159 

Toyota Prius 1,8  98  72  3.3  140 

Table II presents the technical specifications of the 
dominant plug-in hybrids on the Romanian market in 
2018. The Mercedes model falls into the exclusive 
category, less accessible. Nevertheless, it was introduced 
in this statistic as one of the models that has been 
available for testing in INCESA laboratory. 

TABLE II.  
TECHNICAL SPECIFICATIONS OF THE PHEVS IN ROMANIA  

Car model Capacity 
of gas 

engine (l) 

HP gas 
engine 

HP 
electric 
engine 

Battery 
storage 
capacity 
(kWh) 

Fuel 
consumption 
(l/100 km) 

VW Golf 
GTE 

1.4 150  102  8.7  1.7  

Volvo v60 
hybrid 

2.4 215 68 11.2  1.8  

BMW 225xe 
iPerformance 

1.5 136  88  7.6 2.0  

Mitsubishi 
Outlander 

2.0 117 80 12.6  8.1 – 12.0  

Porsche 
Cayenne E 
Hybrid 

3.0 320 95 14.1 3.3 – 3.4  

Mercedes-
Benz GLE 
500 e 
4MATIC 

3.0 333 116 8.8 3.7 

C. Battery electrical vehicles  
Battery electric vehicles (BEVs) do not have 

combustion engines, being driven only by energy stored 
in large capacity batteries (Lithium-Ion) that are charged 
from the electricity distribution system. The 
specifications of the best-selling electric cars in Romania 
are presented in Table III.  

At the time of the study, the Solaris Urbino 18 electric 
model bus was put into circulation by the City Hall, for 
the performance tests prior to a future acquisition. It was 
also introduced in this statistic being another model that 
has been available for testing with INCESA laboratory’s 
equipments. 

D. User experience regarding electric vehicles 
The EVs have certain advantages compared to classic 

fuel vehicles. They are designed to develop the power to 
cover the average daily distance up to 50 km. In addition 
to the fact that they do not need to access the services of a 
petrol station, EVs owners will never change their oil, 
thus meeting the criteria of a low-maintenance car. 

TABLE III.  
TECHNICAL SPECIFICATIONS OF THE BEVS IN ROMANIA 

Volkswagen e-Golf 
Engine 100 kW (134 HP) 
Battery capacity 35.8 kWh 
Loading power 7.2 kW AC 
Supply voltage 120V 240V 
Autonomy 300 km (NEDC) 
Speed 150 km/h 
Loading time 5h15m 
Average energy consumption 12.7 kWh/100 km 

BMW i3 
Engine 127 kW (170 CP) 
Battery capacity 33.2 kWh 
Loading power 3.7 kW AC 
Supply voltage 120V 240V 
Autonomy 200km (NEDC*) 
Speed 150km/h 
Loading time 7h30m 
Average energy consumption 13.1 kWh/100 km 

Renault Zoe 
Engine 68 kW (92 HP) 
Battery capacity 41 kWh 
Loading power 22 kW AC 
Supply voltage 120V 240V 
Autonomy 403 km (NEDC*) 
Speed 135 km/h 
Loading time 2h15m 
Average energy consumption 13.7 kWh/100km 

Smart 
Engine 52 kW (71 HP) 
Battery capacity 17.6 kWh 
Loading power 4.6 kW AC 
Supply voltage 120V 240V 
Autonomy 155 km (NEDC*) 
Speed 130km/h 
Loading time 4h30m 
Average energy consumption 11.5 kWh/100 km 

Kia e-Niro  
Engine 64 kW (85 HP) 
Battery capacity 67.1 kWh 
Loading power 7.2 kW AC 
Supply voltage 120V 240V 
Autonomy 375 km (NEDC*) 
Speed 167 km/h 
Loading time 10h30m 
Average energy consumption 17.1 kWh/100km 

Solaris Urbino 18 electric 
Engine 160 kW (214 HP) 
Battery capacity 125 kWh 
Loading power 30 …200 kW 
Supply voltage 120V 240V 
Autonomy 200 km 
Loading time < 6h 

*New European Driving Cycle (NDEC) 

However, the disadvantages of EVs are significant. 
While the technical features of the latest EVs allow 
owners to use them in the city, their use for travel outside 
the city is not advantageous due to the lack of a 
distributed and easily accessible charging infrastructure. 
Being forced to access certain charging points, the drivers 
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may be limited to a driving distance of half the total 
driving mileage of a fully loaded EV. 

Many infrastructure changes have been proposed to 
allow EV owners to drive longer distances, but 
unfortunately all of these are accompanied by significant 
problems. In Romania, more than 400 charging stations 
are installed, of which 161 station (almost 37%) are fast 
charging points. Unfortunately, there are areas in 
Romania discovered. In addition, even for a high 
availability of fast charging stations, they remain less 
attractive compared to filling a gas tank because they 
need even 30 minutes to charge the battery to a capacity 
of 80% 

Although the high cost of the batteries remains the 
main barrier when it comes to the price competitiveness 
of electric cars, it has decreased significantly in recent 
years. An analysis by Forbes shows that Lithium-Ion 
battery cell cost $1,100/kWh in 2010, and by 2019 the 
cost dropped to $156/kWh (with almost 86%) and things 
do not stop there. Considering that most EVs on the 
market have a battery capacity of 16… 28 kWh, the 
battery pack cost between $3000 and $7000, relatively 
easing the financial efforts to replace them. 

Experts forecast that the price will reach $100/kWh by 
2023, level at which the electrical vehicles will reach a 
price parity with those with conventional engines [2].  

In addition, new technologies are expected to appear, 
such as solid-state batteries, which will bring cheaper, 
faster-charging batteries to the market and have a longer 
service life, with a higher density.  

Until then, however, the all-electric cars are used in 
Romania only as secondary cars. For people who can't 
afford a second car, a plug-in hybrid might be a better 
option. A potential new buyer who wants a "green" car 
without range restrictions can choose between a hybrid 
and a plug-in hybrid. 

III. EVS CHARGING UNITS DEPLOYMENT AND GRIDS 
IMPACT 

Since EVs require the use of batteries with high 
storage capacity, a large deployment of this concept is 
expecting to impact considerably the power grid design 
and operation [3]. Chargers are in general connected to 
the low-voltage (LV) grids, and their operation is 
characterized by electromagnetic perturbations affecting 
the PQ level. The uncoordinated charging can result in 
for instance in slow voltage deviations, rapid voltage 
variations (flicker), harmonics, phase voltage 
imbalance, grid losses and overloading, fluctuation of 
grid frequencies, which disturb end-users including more 
and more sensitive loads [4-8]. An intelligent integration 
of EVs and their CSs units can partially solve the existing 
and future power quality (PQ) problems. For the expected 
increasing number of private or home charging stations 
(CSs), smart approaches that make use of currently 
available excess capacities and actively operate the grids 
can help to reduce the grid connection costs.  

A wide spectrum of charging management algorithms 
is proposed in literature. While PQ issues are solved by 
designing a new charging connector or charging station 
with PQ compensation [9, 10], some algorithms have 
been proposed to move EV charging load to off-peak 
hours or to react in real-time on changes of the different 
local or global parameters of the grid [11]. Other EV 

charging policies [12] consider voltage support for the 
distribution network to increased penetrations of 
distributed PV systems. There are also solutions 
proposing local smart charging algorithms based on 
droop controller [12, 13] to reduce line voltage drops and 
voltage unbalances. These solutions estimate the voltage 
locally, but ignore the overall state of the LV grid. 
Decentralized approaches considering wider grid areas 
are developed based on traffic light estimation model of 
the voltage variation parameter and assets loading [14].  

A better understanding of these PQ issues specific to 
EVs will aid power operators in the design of their 
distribution systems and provide guidance for asset 
planning. Consequently, more online monitoring and 
active interventions during grid operation are necessary to 
maintain critical boundary conditions such as bus 
voltages and asset loading within permissible limits. As 
the local power grid operator wanted to be prepared, it 
only made sense to choose a smart service that has the 
capability to be flexible and manage the growing load 
from EV charging and its impact on the network.  

IV. RESEARCH PROJECT FOR ASSESMENT OF EV’S IMPACT  
REGARDING POWER QUALITY  

By regarding the present national politics and the state 
of hosting power grids, any action and project which aims 
to integrate and develop an optimal management of the 
publicly accessible EVs charging infrastructure in the 
region should take into account the following challenges: 
(1) Existing local distribution grids are made of long-life 
assets and equipment which cannot be removed or easily 
upgraded; (2) The development strategy of the local 
power distribution grid operator (DGO) envisages 
improving the level of safety and quality in the 
distribution of electricity and reducing energy losses; (3) 
When it comes to e-mobility infrastructure at least three 
players emerge: the electricity supplier, the charge point 
operator (CPO - responsible for the installation, service 
and maintenance of the CSs), and even an e-mobility 
provider (EMP - enables access to the complex charging 
infrastructure), which should see “CS operation” as a 
business model, but as an additional service for customers 
considering a minimal negative impact on the local 
hosting grid; (4) The technical, economical, societal and 
regulatory context for distribution grids and their 
customer significantly varies has particular specificity in 
Romania in comparison with other European countries 
with more advanced e-mobility initiatives; (5) The 
operational policy of the local DGO and the specific 
nature of the networks that it operates require the 
identification of potential risk hotspots associated in the 
immediate perspective with the expansion of large 
commercial areas and the acquisition of the EVs fleet of 
local public transport. 

One of the projects (METROPOLITANER) developed 
within Smart Grids Laboratory of INCESA (Research 
Hub for Applied Sciences of University of Craiova) aims 
to develop and validate in a laboratory environment a 
smart control system architecture for different EVs 
charging typologies connected to the local power 
distribution grid in order to reduce the impact on the asset 
loading and quality of voltage.  

For reaching the overall purpose, the project is 
planning to achieve the following objectives: (1) To 
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assess the present PQ perturbation background and the 
individual emissions of the EVs charging units in the 
power distribution grids by data measurements; (2) To 
assess the impact of EVs on PQ and assets operation of 
power distribution grids by measurements and numerical 
simulation; (3) To perform studies to evaluate the e-cars 
impact on the distribution network; (4) To identify the 
needs/requests of different stakeholders regarding 
concerning an optimal management of the EVs charging 
infrastructure; (5) To evaluate the efficiency of the 
adopted charging control system architecture; (6) To 
develop and test the laboratory-scale prototype for a 
smart PQ-based control system architecture. 

The objectives are feasible and can be done in the 
framework of this project by taking into consideration that:  

- The local municipality has a viable perspective for 
becoming one the biggest “green city” of Romania by 
implementation of Green City Action Plan. The local 
authorities launched the procurement procedure for 46 
electrical buses, 46 normal charging stations and 11 fast 
charging stations. This city accommodates the largest 
commercial complex in the area, with a parking spaces 
for around 2700 cars, with the prospect of installing 27 
CSs.  

- The local power distribution grid operator (DGO) is a 
supporter of the e-mobility initiatives and mainly 
stakeholder regarding the effects of EVs integration into 
the actual power grids.  

- There is a traditional project-based collaboration 
between university and the local power distribution 
company and urban transport authority in the area of energy 
efficiency and process control and optimisation. 

The first phase of the METROPOLITANER project 
aims the PQ data acquisition and analysis of the EVs 
charging stations impact on power distribution grids. 
Some results of these monitorisation sessions are 
presented in this paper, outlining mainly the features of 
the acquisition procedures: type and parametrisation of 
measuring equipments, EV’s types, charging type, 
monitorisation period and time, charger location. 

V. PQ MEASUREMENTS AND DATA ANALYSIS  
This study includes the results of PQ monitoring for 

the charging process of two types of EVs:  Mercedes-
Benz GLE 500 e 4MATIC (HPEV) and Solaris Urbino 18 
(BEV). A specific attention was paid to the PQ 
parameters: voltage deviations, harmonics and flicker. 
There were also noted the loading variation. The 
objective is to define and test a measurement and analysis 
procedure to be extended at whole grid level and develop 
a database useful for further understanding and 
forecasting of the CSs behavior regarding PQ issues. 

In order to analyze the impacts that the two EVs types 
have on the local distribution system, the data sets were 
collected directly at the LV buses of the supplying 
transformer substations, as well as on the individual 
charging circuits of EVs batteries.  

In order to monitor the electrical parameters that 
describe the charging process of the batteries of the two 
vehicles considered, a power quality analyzer FLUKE 
435 was used. FLUKE 435 is a PQ meter class A, in 
accordance with EN 50160. The measurements were 
performed during whole charging period, with a RMS 

sampling of 5000 samples on 10/12 cycles according to 
IEC61000-4-30 (50 Hz). The recordings include voltage 
and current waveforms, as well as recording of MIN, 
MAX and AVG readings of PQ parameters user-
configurable at 1 min. The data was stored by the 
equipment in a .odn file type database that can be opened 
with the proprietary Fluke Power Analyze software and 
exported as .xls file type. The characteristics of the 
monitorization sessions are given in Table IV. 

TABLE IV.  
CHARACTERISTICS OF THE MONITORIZATION SESSIONS 

Characteristics Values 

Mercedes-Benz 
GLE 500 e 
4MATIC 

Solaris Urbino 
18 

Charging time duration 4h 15 min  
(10:00 – 14:15) 

2h  
(15:45-17:45) 

Battery charging power (kW) 1.25 83 

Battery charging current (A) 5.9 108 

Supplying voltage (V) 230 a.c. (1 ph) 400 a.c. (3 ph) 

Supplying voltage variations (V) 236.9…241.0 
 

410.5…420.3 

Range of voltage harmonic 
content (VTHD %) 

1.73…2.30 
 

5.13…57.36 
 

Range of long-term flicker (Plt) 0…0.562 0…0.448 

The results of the monitorization sessions are given in 
Fig. 1-12 (according to Table V). 

TABLE V.  
LIST OF RESULTS OF THE MONITORIZATION SESSIONS 

Recording  Correspondent figures 

Mercedes-Benz GLE 
500 e 4MATIC 

Solaris 
Urbino 18 

Active & reactive power time 
variation  

Fig. 1 Fig.7 

RMS voltage time variation Fig. 2 Fig. 8 

RMS current time variation Fig. 3 Fig. 9 

Statistics of voltage variation  Fig. 4 Fig. 10 

Statistics of THD variation Fig. 5 Fig. 11 

Statistics of flicker variation Fig. 6 Fig. 12 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1. Power time variation on Mercedes battery charging 
circuit: active power (blue), reactive power (red). 
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Fig. 2. RMS Voltage time variation on Mercedes battery 
charging circuit (MIN, MAX, AVG evolution). 

Fig. 3. RMS Current time variation on Mercedes battery 
charging circuit (MIN, MAX, AVG evolution). 

Upper extreme values

Lower extreme values

Summary

From 6/11/2019 10:01:16 AM
To 6/11/2019 2:59:56 PM
Maximum value 241  V
At 6/11/2019 2:40:01 PM
Minimum value 236.9  V
At 6/11/2019 11:11:51 AM
µ 238.513 V
s 0.805683 V
5% percentile 237.6 V
95% percentile 240.4 V
% [85% - 110%] 100%
% [90% - 110%] 100 %

Date / Time Value
6/11/2019 2:40:01 PM 241
6/11/2019 2:39:56 PM 240.9
6/11/2019 2:59:51 PM 240.8
6/11/2019 2:40:11 PM 240.8
6/11/2019 2:40:06 PM 240.8

Date / Time Value
6/11/2019 11:12:01 AM 236.9
6/11/2019 11:11:56 AM 236.9
6/11/2019 11:11:51 AM 236.9
6/11/2019 12:48:06 PM 237
6/11/2019 11:20:41 AM 237

 
Maximum value 241 V 
Minimum value 236.9 V 
5% percentile 237.6 V 
95% percentile 240.4 V 

Fig. 4. Statistics of voltage time variation (fundamental voltage 
L1 average) on Mercedes battery charging circuit. 

Upper extreme values

Lower extreme values

Summary

From 6/11/2019 10:01:16 AM
To 6/11/2019 2:59:56 PM
Maximum value 2.31  
At 6/11/2019 2:39:56 PM
Minimum value 1.73  
At 6/11/2019 10:46:16 AM
µ 1.95129 
s 0.101806 
5% percentile 1.81 
95% percentile 2.13 
% [85% - 110%] 0%
% [90% - 110%] 0 %

Date / Time Value
6/11/2019 2:55:31 PM 2.31
6/11/2019 2:39:56 PM 2.31
6/11/2019 2:56:01 PM 2.29
6/11/2019 2:56:06 PM 2.28
6/11/2019 2:40:16 PM 2.28

Date / Time Value
6/11/2019 10:46:16 AM 1.73
6/11/2019 11:04:46 AM 1.74
6/11/2019 10:44:36 AM 1.74
6/11/2019 11:29:01 AM 1.75
6/11/2019 11:04:56 AM 1.75

 
Maximum value 2.31 % 
Minimum value 1.73 % 
5% percentile 1.81 % 
95% percentile 2.13 % 

Fig. 5. Statistics of voltage THD (THD L1N average) time 
variation on Mercedes battery charging circuit. 

Upper extreme values

Lower extreme values

Summary

From 6/11/2019 10:01:16 AM
To 6/11/2019 2:59:56 PM
Maximum value 0.562  
At 6/11/2019 2:01:11 PM
Minimum value 0  
At 6/11/2019 10:01:16 AM
µ 0.290951 
s 0.241853 
5% percentile 0 
95% percentile 0.562 
% [85% - 110%] 0%
% [90% - 110%] 0 %

Date / Time Value
6/11/2019 2:59:56 PM 0.562
6/11/2019 2:59:51 PM 0.562
6/11/2019 2:59:46 PM 0.562
6/11/2019 2:59:41 PM 0.562
6/11/2019 2:59:36 PM 0.562

Date / Time Value
6/11/2019 12:01:06 PM 0
6/11/2019 12:01:01 PM 0
6/11/2019 12:00:56 PM 0
6/11/2019 12:00:51 PM 0
6/11/2019 12:00:46 PM 0

 
Maximum value 0.562 
Minimum value 0 
5% percentile 0 
95% percentile 0.562 

Fig. 6. Statistics of long-term flicker (Plt L1N average) time 
variation on Mercedes battery charging circuit. 

Fig. 7. Power time variation on Solaris battery charging circuit: 
active power (blue), reactive power (red). 
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Fig. 8. RMS Voltage time variation on Solaris battery charging 
circuit (MIN, MAX, AVG evolution). 

Fig. 9. RMS Current time variation on Solaris battery 
charging circuit (MIN, MAX, AVG evolution). 

Upper extreme values

Lower extreme values

Summary

From 4/11/2019 3:44:36 PM
To 4/11/2019 6:44:46 PM
Maximum value 420.3  V
At 4/11/2019 6:42:16 PM
Minimum value 410.5  V
At 4/11/2019 5:02:36 PM
µ 415.03 V
s 2.56696 V
5% percentile 411.6 V
95% percentile 419 V
% [85% - 110%] 0%
% [90% - 110%] 0 %

Date / Time Value
4/11/2019 6:42:26 PM 420.3
4/11/2019 6:42:16 PM 420.3
4/11/2019 6:41:56 PM 420.1
4/11/2019 6:42:06 PM 420
4/11/2019 6:37:46 PM 420

Date / Time Value
4/11/2019 5:11:26 PM 410.5
4/11/2019 5:02:36 PM 410.5
4/11/2019 5:16:46 PM 410.6
4/11/2019 5:15:16 PM 410.6
4/11/2019 5:16:26 PM 410.7

 
Maximum value 420.3 V 
Minimum value 410.5 V 
5% percentile 411.6 V 
95% percentile 419 V 

Fig. 10. Statistics of voltage (fundamental voltage L12) 
time variation on Solaris battery charging circuit. 

Upper extreme values

Lower extreme values

Summary

From 4/11/2019 3:44:36 PM
To 4/11/2019 6:44:46 PM
Maximum value 57.36  
At 4/11/2019 3:48:06 PM
Minimum value 5.13  
At 4/11/2019 4:37:16 PM
µ 14.1538 
s 9.17698 
5% percentile 5.37 
95% percentile 23.09 
% [85% - 110%] 0%
% [90% - 110%] 0 %

Date / Time Value
4/11/2019 3:48:06 PM 57.36
4/11/2019 3:47:56 PM 56.33
4/11/2019 3:48:26 PM 56.24
4/11/2019 3:48:16 PM 56.23
4/11/2019 5:21:26 PM 49.09

Date / Time Value
4/11/2019 4:38:06 PM 5.13
4/11/2019 4:37:56 PM 5.13
4/11/2019 4:37:16 PM 5.13
4/11/2019 4:37:06 PM 5.14
4/11/2019 4:37:36 PM 5.16

 
Maximum value 57.36 % 
Minimum value 5.13 % 
5% percentile 5.37 % 
95% percentile 23.09 % 

Fig. 11. Statistics of voltage THD (THD L2 average) time variation on 
Solaris battery charging circuit. 

Upper extreme values

Lower extreme values

Summary

From 4/11/2019 3:44:36 PM
To 4/11/2019 6:44:46 PM
Maximum value 0.448  
At 4/11/2019 5:44:26 PM
Minimum value 0  
At 4/11/2019 3:44:36 PM
µ 0.150024 
s 0.21153 
5% percentile 0 
95% percentile 0.448 
% [85% - 110%] 0%
% [90% - 110%] 0 %

Date / Time Value
4/11/2019 6:44:46 PM 0.448
4/11/2019 6:44:36 PM 0.448
4/11/2019 6:44:26 PM 0.448
4/11/2019 6:44:16 PM 0.448
4/11/2019 6:44:06 PM 0.448

Date / Time Value
4/11/2019 5:44:16 PM 0
4/11/2019 5:44:06 PM 0
4/11/2019 5:43:56 PM 0
4/11/2019 5:43:46 PM 0
4/11/2019 5:43:36 PM 0

 
Maximum value 0.448 
Minimum value 0 
5% percentile 0 
95% percentile 0.448 

Fig. 12. Statistics of long-term flicker (Plt L2) time variation on Solaris 
battery charging circuit. 

 

The further observations allow to extend the 
characterization of PQ parameters’ evolution during the 
entire charging cycle as a set of singleton values. 
 
Mercedes-Benz GLE 500 e 4MATIC 

• Variation of voltages on the supply bars in the 
permissible range (Unom ±10%): 236.9… 241 V (Fig. 4); 

• Harmonic distortion on the feed bars in the 
permissible range (THD <8%): 1.73…2.31 (Fig.5); 

• Plt flicker index on feed bars is in the allowable range 
(Plt <1): 0…0.562 (Fig.5); 

• There are registered 2 periods of approx. 1 min in 
which the active power decreases to close to 0, with 
corresponding increases in the reactive power value; the 
charging cycle shows no other oscillations. 

• The variation of the power on the charging cycles of 
the EV battery, powered on phase B causes variations of 
reactive power on phase C. 
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Solaris Urbino 18 
• Variation of voltages on the supply bars in the 

permissible range (Unom ±10%): 410.5... 420.3 V, with 
cumulative probability 95% of 10 min samples CP95% of 
419 V; 

• Harmonic distortion on the supply bars very high, 
exceeding the allowed limit (THD < 8%): 5.37…57.36%, 
with CP95% of 23.09%; 

• Plt flicker index on feed bars in the allowable range 
(Plt <1): 0…0.448, with CP95% of 0.448; 

• Symmetrical system of voltages and currents (zero 
asymmetry factor); 

• The power absorbed from the grid during charging 
process does not show major variations, except for the 
end of the period, characterized by multiple oscillations 
that precede the ending of the charging process. 

VI. CONCLUSIONS 
The widespread use of electric cars, both cars and 

trucks and buses, is likely to significantly reduce the 
pollutant emissions prevented by transport. 

The ambitious plan of European countries to 
drastically reduce emissions from transport by using 
millions of electric cars could be blocked by the lack of 
supply capacity of new charging stations in large cities. 

In order to achieve government goals of becoming 
carbon neutral by 2045, EU countries should have several 
million plug-in hybrids and electric vehicles by the end of 
the next decade. While many of these will be powered at 
home for shorter journeys, a network of stations for 
longer journeys is needed, as are cabs and commercial 
trucks. The predicted "explosion" of electric cars could 
lead to a major problem: excessive growth in electricity 
demand, with proportional impact on the performances, 
losses and power quality of supplying grid. In order to 
accommodate the EV charging loads in the actual 
Romanian distribution system, it would be necessary for 
utilities to reinforce the grid infrastructures in heavily 
loaded areas. In order for electric vehicles to be 
manageable despite the lack of supply capacity or PQ 
emissions there should be developed extensive 
assessments of EVs impact on the power grids preceding 
their intelligent integration.  

These solutions can partially solve the existing grid 
operational and infrastructure problems, and even future 
power quality (PQ) problems.  

In this paper there were presented certain aspects 
related to the impact on the power quality of the EV 
charging stations in the supplying distribution grids, as 
part of an extended research project. The study presented 
in the paper is based on information obtained through 
direct measurements for two types of electrical vehicles 
during their normal charging process. 
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Abstract – The aim of the paper is to propose a scenario and a test 
bench to study, in a trans-disciplinary way, how the operation of 
a traction unit with asynchronous motor is influenced by the 
railway channel. The main issue of the experiment is to find how 
the weight of the motor unit can influence the axle torque. The 
topics involved are: 1. ‘How to calculate the train resistance to 
forward movement’ (expected results: calculation and plot in 
Matlab) and 2. ‘How to calculate the force needed to move the 
train and the traction characteristic at the startup of the train’ 
(expected results: data acquisition and plotting in LabView). The 
design of the scenario follows the guideline of an ‘Open Ended’ 
laboratory. The advantages of this approach are: the study can 
have an inter- and trans- disciplinary approach, the lab could be 
developed in a hybrid way: in presence in lab, individual for the-
oretical research and in team to solve and disseminate the results. 
Regarding IT communication, the research needs to use different 
software packages as Matlab, LabView.  

Cuvinte cheie: laborator cu caracter deschis, rezistenta la inaintare 
a trenului, caracteristica de tractiune la demarare a unitatii motoare 
cu motoare asincrone. 

Keywords: open ended laboratory, the forward resistance to train 
movement, traction characteristic at start of the motor unit with 
asynchronous motors. 

I. INTRODUCTION 
According to the literature [5], [7], [8], [10] the analysis of 

some functional aspects specific to the “asynchronous traction 
motor – railway traction chain” system shows that, during the 
start-up period, it is observed that: 
- the speed changes in the interval [0,va], where va is the 

speed corresponding to the calculation regime and 
represents the speed up to which the adhesion can be 
used. 

- the frequency changes in the interval [fp, fa], where fa is 
the frequency corresponding to the speed of the 
calculation regime, va, and fp the frequency at which the 
train is detached (starting frequency). 

- the vehicle must operate on families of traction 
characteristics which depend on the total mass of the 
train, mt, grip and track slope, i.  

- starting can be studied for the following types of 
characteristics (fig. 1), [13]: starting at the adhesion limit 
(curve 1), starting at constant traction force (curve 2) and 
starting at constant acceleration (curve 3). 

In order to capture as many functional aspects of the 
asynchronous motor as possible operating under conditions 
specific to electric traction, an ‘open ended laboratory’ type 

experiment [11], [12] is proposed which will be carried out in 
several stages, each responding to a well-established objective. 
Data obtained by data acquisition will be synthesized and 
processed during the period (2 weeks) of the experiment. As 
input data for the determination and graphical representation of 
the electromagnetic torque (a main parameter of the study) it is 
necessary to determine the parameters of the working machine 
and to make a specific calculation diagram in Lab View.  

 

Fig. 1. Possible shapes of the traction characteristic at start-up: starting at the 
grip limit (curve 1), starting at constant traction force (curve 2) and starting at 

constant acceleration (curve 3)  

II. RESEARCH APROACH 

A. Starting the railway traction vehicle. Mechanical 
simulation of the maximum traction effort  

In order to capture, in conditions as close as possible to 
reality, the phenomenon of detachment of the drive unit at 
start-up, it is proposed to mechanically achieve a torque 
resistant to the asynchronous motor shaft to simulate the initial 
frictions 'wheel-track', respectively to highlighting the constant 
term 'a' in the formula for resistance to advance. 

1) Finding the forward resistance to train movement: for a 
moving train, the determination of the forward resistance has 
been the subject of numerous measurements which have led to 
the most general empirical formulas (1). 

2
p cvbvaR ++=   (1). 

In a first approximation, the constant term a, sometimes 
called pure slip, depends only on the axle load. It expresses the 
sliding of the wheel on the rail and bearing. The coefficient b 
only takes into account the quality of the track and the stability 
of the convoy. The coefficient c, which naturally represents 
the aerodynamic part, differs only if the train travels in the 
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open air or in the tunnel, increasing significantly when passing 
from one sequence to another, this passage being a function of 
the piston effect. It is particularly influenced by the 
aerodynamic quality of the convoy: the front shape, the inter-
val between vehicles, the side roughness, the roughness above 
and below the body. Except for the fixed form convoy (TGV; 
Rae; TEEII), where it was possible to measure accurately, this 
formula remains very approximate. 

Table 1 presents some useful formulas for calculating the 
main forward resistance Rp [N / t] where v [m / s] is the travel 
speed, SF [m2] - area of the front surface of the vehicle, m[t] - 
mass vehicle, and in figures 2,3 their representation in Matlab.  

The general formulas, applied to variable shape trains, high-
light its mass. This can be exemplified in the case of a locomo-
tive with n axles. 

mg)
m
v39.0v10036.0

m
n131065.0(R

2
33

p ⋅+⋅++⋅= −−     (2) 

TABLE 1: 
CALCULATION FORMULAS FOR THE MAIN FORWARD RESISTANCES  Rp . 

No Type of rolling stock Rp[N/t] 
Formulas used by C.F.R., v [m/s] 

1. Locomotive C’0C’0 12.3+0.353v+0.0318v2 
2. Locomotive B’0B’0 12.3+0.353v+0.0477v2 
3. Passenger wagons 19,6+0.0397v2 

4. Specialized freight wagons 15,7+0.0471v2 

5. Different freight wagons, 
loaded 

19,6+0.0652v2 

Formulas used by S.N.C.F. , v [km/h] 
6. Locomotive CFF de 120t: Ae 

6/6 
35 + 0,06v + 0,59(v/10)2 

7. Locomotive de80t: BB 9001 13+0,1v+0,375(v/10)2 
8. Locomotive de 120t: CC 6001 12,5 + 0,1v + 0,25(v/10)2 
9. Locomotive CFF de 93 t: Am 

4/6 
35 +0,4(v/10+ 1,2)2 

10. TGV 2540+33.44v+0.572v2 

11. Freight wagons, specialized 
material 

15+v2/400 

12. Different freight wagons 15+v2/160 
Formulas used by metro builders in Moscow, Sao Paolo / 

Bucharest 
13. Subways 28,5+0,424v+0,089v2 

14. Subways 24,5+9,234v2/m 

 

Fig.2. Resistances versus speed for Romanian locomotives (plots in Matlab) 

 

Fig.3. Resistances versus speed for SNCF locomotives (plots in Matlab) 

For towed trains, without traction motors included, we can 
cite the CFF formula for freight trains (3) or the general Strahl 
formula (4) (table 2) [3], [4]. 

]N[,mg10)v107v011.05.1(R 323
p

−−⋅++=  (3) 

]N[,mg10)10)vv(k5.2(R 332
vtp

−−⋅++=  (4) 

where vv is the average wind speed (10-15km / h) and kt co-
efficient that takes into account the type of train (table 2). 

TABLE 2: 
COEFFICIENTS THAT TAKE INTO ACCOUNT THE TYPE OF TRAIN ACCORDING TO 

STRAHL'S FORMULA. 
Coefficient kt  

The type of train [h2/km2] [s2/m2] 
0.25 3.2 a. express, direct, heavy freight train 
0.33 4.2 b. classic passenger train 
0.4 5.1 c. specialized freight train 
0.5 6.5 d. compose freight train 
1 13 e. empty freight train 

 
Graphs and formulas are usually given for the current     

running regime. At start-up, after a longer parking of the vehi-
cle (over 20 minutes) the main forward resistance is higher in 
the first moments (until the wheels make 1.5-2 rotations) than 
the one resulting from these graphs or formulas for v = 0. It is 
zero for all other speeds. The starting force is present only at 
very low speeds; therefore it can be calculated with relation 4. 

gm105.7F 3
a ⋅⋅⋅= −   (4) 

In the literature, [7], [8], [13], the starting torque is deter-
mined, depending on the characteristics of the vehicle, by the 
relation (5): 

]kNm[,
i2
DF

M
a

medmaxm
maxm ⋅

⋅
=   (5) 

where Fmmax is the maximum traction force developed by the 
engine, Dmed, is the average wheel diameter, [m], ia, the gear 
ratio of the gear.  
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On another scale, given the direct proportionality between 
the traction force and the electromechanical torque, we can say 
that it is confirmed that the traction force required at starting 
(6) is proportional to the mass of the drive unit. 









⋅+±⋅=

dt
dv1irGF ptp ϕ

,   (6) 

where: Gt, is the total weight of the train in kN; ( ) ( )dtdv1 ⋅ϕ  
is the specific inertia force that can be set for an acceleration of 
0.2 - 0.6 m / s2; ϕ  represents the acceleration imprinted on the 
train by a force of 1N / kN. 

2) Conception of the experimental situation 
In the experiment, the technical solution to achieve this 

enounced dependence is to place a grooved pulley (FR - figure 
4) at the free end of the asynchronous machine shaft. The pul-
ley channel will allow the suspension through a steel cable of a 
variable weight (figure 4) which represents, on another scale, 
the weight of the motor unit considered. 

 
a 

 

b 

Fig.4. Experimental test bench with the application of the mechanical brake: a. 
schematic diagram; b. general view 

In this way, the process of detaching the drive unit at start-up 
will be simulated as close as possible to real conditions. To 

vary the starting load, toroidal steel weights with a mass of: 
0.5, 1, 2 and 3 kg were made, with the help of which the     
desired load parameter can be set. Several experimental      
situations were imagined. 

3). Realization of the experimental situation: Asynchronous 
motor operation powered by a frequency inverter with rated 
voltage Un = 400V and frequency fn = 50Hz, for different 
braking weights, m = ct. 

In order to determine the influence of the weight of the 'drive 
unit' on the shaft torque in the case of asynchronous motor 
powered with rated voltage Un = 400V and frequency             
fn = 50Hz, the aim is to trace the families of natural mechani-
cal characteristics M (n) for different weights placed on the 
shaft on pulley. 

The practical realization of this experiment involves: 
- torque control of the brake machine to ensure a variable 

torque variable Mr = 0 - 7 Nm, 
- put one by one, on pulley the different weights (m = 0.5; 1; 

2; 3 kg); 
- supply of the asynchronous motor with nominal voltage, at 

the nominal frequency. 
4). Processing of experimental data 
The quantities of interest (speed and mechanical torque at 

the shaft, supply voltage and current) are purchased using the 
acquisition board. To visualize the variation of the shaft torque 
according to the shaft speed, the diagram in figure 5 will be 
used. 

 

Fig.5. Diagram for visualizing the torque variation at the shaft as a function of 
speed 

III. SIMULATIONS AND RESULTS 
The proposed experiment is the starting point to elaborate a 

learning scenario for an ‘open ended’ laboratory around the 
topic: How the weight of the motor unit can influence the axle 
torque? The aim of this scenario is to connect the students 
around this subject, to immerse the students in a learning    
experience that allow them to discuss the problem and to gain 
high order thinking skills from following the solution. This 
scenario could be a modern method to use e – techniques in 
electrical engineering learning. As in [11], a flow chart could 
be proposed to debate the scenario of the problem.  

The experiment was repeated for different weights placed at 
the free end of the cable and by further processing in Lab View 
the families of characteristics in figure 6 were obtained.  
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Fig.6. Family of characteristics M (n) for m = ct, Mr = 0 - 7 Nm, U = 400 V, f 
= 50Hz. 

From the study of the family of characteristics it is observed, 
as expected, that at the same speed (for example n = 1400 
rpm), the torque required at the shaft is higher for a higher 
braking mass (m = 0kg, M = 0.51 Nm; m = 0.5kg, M = 0.82 
Nm; m = 1kg, M = 0.99 Nm; m = 2kg, M = 1.93 Nm; m = 3kg, 
M = 2.94 Nm;). Therefore, the higher the mass of the vehicle, 
the higher the torque at the required shaft and therefore the 
starting torque.  

Following the evolution of the speed in the two cases (m = 0 
kg, m = 3kg) it is observed that this is also influenced by the 
presence of the weight at the end of the pulley.  

 
a 

 
b 

Fig.7. Variation of asynchronous motor speed over time, n (t), in cases where 
the braking mass is: a. M = 0kg, b. M = 3kg 

 
a 

 
b 

Fig.8. Time variation of the mechanical torque at the asynchronous motor shaft, 
in cases where the braking mass is: m = 0kg; b. m = 3kg. 

Figures 7 and 8 show the time variation of the speed and the 
mechanical torque at the shaft, under the conditions of        
operation on the natural mechanical characteristic without a 
braking mass, m = 0kg (fig. 7a, fig. 8a), respectively on the 
natural mechanical characteristic (fig. 7b, fig. 8b) if the braking 
mass is m = 3 kg.  

There are different time intervals to reach the stationary  
value of the torque (lower in case of a higher braking weight), 
as well as the oscillations of the speed and torque in the first 
moments of starting, after which both the speed and the torque 
reach the values stationary. 

In order to observe the variation of the torque at the shaft in 
case of variable frequency starting (f = 0 - 50 Hz), as well as 
the effect of the braking weight on this variation, we aim to 
trace the families of characteristics M (n) for different weights 
placed at the end of the brake cable. mechanical. 

The practical realization of this experiment involves: 
- constant torque control of the brake machine; 
- suspending in turn, at the end of the pulley cable, the dif-

ferent weights; 
- starting the asynchronous motor with variable frequency, 

on frequency characteristics (f = 0 - 50 Hz). 
In order to observe the influence of the starting frequency on 

the value of the shaft torque, repeated starts of the              
asynchronous motor with different starting frequencies for the 
same weight of the motor unit will be performed. The tracing 
of the families of characteristics M (n) will be followed. 

The practical realization of this experiment involves: 
- torque control of the brake machine to ensure a variable 

torque variable Mr = 0 - 7 Nm, 
- suspension in turn, on pulley, of different weights; 
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- starting the asynchronous motor with variable starting   
frequencies (increasing from 10 to 10 Hz); 

- The purchase of the quantities of interest (speed and      
mechanical torque at the shaft, voltage and supply current) is 
made with the help of the acquisition board. 

Subsequent processing in Lab View yields the feature      
families in figure 9 for a starting frequency fp = 50Hz. 

 

Fig.9. Family of starting characteristics M (n) for starting frequency f = 50Hz 
and braking masses m = 1; 2 and 3 kg. 

Figure 9 shows that, for the same starting frequency, the     
initial value of the torque is higher for a higher braking mass. 

Figures 10 and 11 show the same variations for the frequen-
cies of 30 Hz and 20 Hz, respectively. 

Comparing figures 9, 10 and 11, which represent the family 
of starting characteristics with constant frequency and different 
braking masses, it is observed once again that, for the same 
starting frequency, the initial torque value is higher for a higher 
braking mass is big. 

 

Fig.10. Family of starting characteristics M (n) for starting frequency f = 
30Hz and braking masses m = 1; 2 and 3 kg. 

 

Fig.11. Family of starting characteristics M (n) for starting frequency f = 
20Hz and braking masses m = 1; 2 and 3 kg. 

During the experiments, in addition to the mechanical    
quantities, the torque and speed of the machine shaft and the 
values of stator currents and voltages were acquired. With the 
help of these data direct observations can be made on the be-
havior of the asynchronous traction motor. The variation in 
time of these quantities, in the situations presented in the     
experiment, can be visualized with the help of a block diagram 
made by LabView, similar to the one in figure 5.  

IV. CONCLUSIONS 
The paper proposes a learning tool to study different practi-

cal situation which are involving a traction motor unit with 
asynchronous motor.  

Proposing and realizing experimental situations, the paper 
show how the acquired data could be implement using numer-
ical method to calculate different characteristics of an      
asynchronous motor. These results could be easier applied in 
different practical situation or learning scenarios.   

An important advantage of this proposal is that the study 
could be made in a hybrid mode both in presence as in online 
(an important feature of our days).  

It also responds to an actual context of industrial              
environment and educational background characterized by 
translating into computer mode all data, aimed to increase the 
efficiency and the quality of process.  

This paper is a response to the need of organized the 
knowledge in an authentic and resourceful form to be effortless 
applies to improve the understanding of operating the electro-
mechanical systems. 
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Abstract - The high operating cost, owed to the large 

consumption of active and reactive power, led to the 

optimization of the design and construction of asynchronous 

motors used in driving the coal mills. The reduction of the 

operating cost is a difficult problem, because the motor 

usually lies in a closed enclosure, with provided gauge 

dimensions, and with specific requirements imposed by the 

type of drive in use. Using this information, while keeping 

the existing electromagnetic stresses (for heating reasons), 

the optimal construction dimensions can be established by 

design, so as to reduce the operating cost. The optimization 

is substantiated by the decrease of the operating cost of such 

a motor with 26100 euros, as compared to the existing 

version. 

Cuvinte cheie: motoare asincrone pentru mori de carbune, 

proiectare optimala, simulare. 

Keywords: asynchronous motors for coal mills, design 

optimization, simulations. 

I. INTRODUCTION 

The preparation of the coal dust is performed with the 
aid of six combined mills, with hammers and fans, each 
mill being driven by a high-power asynchronous motor of 
500 kW. 

The coal grinding mill from Fig.1 performs the crush, 
grind and transformation of the coal into dust, which is 
then sprayed into the furnace boiler. The better the quality 
of the grinding, the higher the efficiency and productivity 
of the power plant, the costs of electricity production 
being also reduced. 

The coal mill has a high moment of inertia, resulting in 
a substantial increase of the start-up time. To avoid the 
overheating of the rotor cage, the current limitation was 
required over this interval, and an accessible starting 
torque needed to obtain accelerations mechanically 
supported by the whole system. 

The asynchronous motor is coupled to the rotor of the 
mill by a regulable hydraulic coupling, to which the oil is 
introduced in half-couplings, centrifuged toward the 
outside, thus becoming a toroidal ring that performs the 
drive. 

The concern for the optimization of electric motors has 
gained a lot of attention lately, considering the huge 
manufacturing and operating expenses borne by the 
manufacturer and the beneficiary. 

Currently, the optimal design methods of electric 
motors are reanalyzed and continuously enriched with 
new elements, in order to increase the accuracy of the 
experimental measurements (eg use of appropriate 
software, high-performance computers, introduction of 

saturation and skin effect in classic models of electric 
motors). For this reason, the amount of calculations 
increased a lot, and efforts are being made to reduce the 
working time [1-6]. 

The resemblance with an optimal motor can be 
achieved only by means of a large number of independent 
variables, which determine a very large number of 
possible combinations, of around 1020 – 1024. Therefore it 
is not recommended to try all of the possible 
combinations. 

 

Fig. 1. Fan coal mill. 

In general, the mathematical models that take into 
account the magnetic saturation and its dynamic variation, 
as well as the effect of the repression current, accurately 
provide valuable results in a range of admissible and 
practical errors.  

These models [7-9], are mandatory in the design stage, 
as well as in anticipating the behavior of a manufactured 
motor, subjected to a given stationary or dynamic process. 

II. THE MATHEMATICAL MODEL USED USED IN THE OPTIMAL 

DESIGN OF ASYNCHRONOUS MOTORS 

A.These mathematical models  

The models [5] be expressed as: 

         
m1,2,....,=j    0 )x,....,x,x(g

1,2,...,l=i    0,= )x,.....,x,x(h

n21j

n21i


                 (1) 

where i = 1, 2, 3, .. n are the optimization variables. 

The restrictions imposed for the motor driving the coal 
mill are checked after their calculation, and in case the 
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mathematical model is not solved, new values are used for 
the optimization variables. 

The literature shows that the electromagnetic stresses are 
important factors in the design process of asynchronous 
motors, with major impact over the optimization criteria. 

B. The objective function, variables and constraints 

In order to establish the optimum constructive 
dimensions of asynchronous motors used in driving the coal 
mills, we use of minimum operating cost criterion, 

f( x )=Ce=min.  
It correctly reflects the operating expenses (which are 

high), necessary during the amortization of the investment:   

qcTNpcTNCCC r.elrioa.elrioereae          (2) 

No  - the number of operation hours, during a year, of the 
motor, cel.a - the cost of one kWh of active power, cel.r – the 
cost of a kVARh of reactive power, Tri - investment 
payback time; p, q  - the total motor losses / reactive 
power consumption at rated load operation. 

The investment made to buy this type of motor is 
expressed by the manufacturing cost: 

maff CkC                                   (3) 

The cost of the active materials Cma, is simply 
determined by knowing mFe1, mFe2–the consumption of 
silicon sheet for the stator and rotor magnetic circuit, 
respectively; mCu1, mCu2 –the quantities of copper conductor 
for windings, and the prices of these materials. 

The factor kf –determined for asynchronous similar 
motors, takes into account the efficiency of the 
technological process in the power plant. 

The variables of the objective function are established 
depending on their weight over the established 
optimization criterion.  

This optimization uses eight variables, these being the 
main constructive dimensions: D,  -diameter and air gap 
of the machine, c1=bc1/t1, b01, h01, - dimensions related to 
the stator slot and c2,=hc2/bc2, b02, h02 - dimensions related 
to the rotor slot.  

The lower and superior limits are established to limit the 
search domain, thus reducing the working time. 

},,,,,,, 0202201011

maxmin

hbhb{D=x

 x  x  x

cci

i ii




               (4) 

There are also restrictions imposed by the specific of 
the coal mills drive system: 

 mm;ii ;mm i.mmi.ppi.pp               (5) 

mp, mm, ip - starting and maximum torque; starting current. 

C. Computing the minimum of the objective function 

The direct search methods [10-14], of the optimum for 
multi-variable problems, with restrictions, are the most 
appropriate, because they do not use the derivatives of the 
objective function and are based on the idea of advancing to 
the optimal through improvements made along the way. 

Determination of the optimum using Rosenbrock method 

with constraints 

It is proposed the minimization the objective function 
depending on the following variables: 

),,,,,,,( 0202201011 hbhbDfC cce                 (6) 

The Rosenbrock optimization methods involve a 
search after each variable, until convergence is reached or 
an area limited by the vicinity of the constraints is 
reached. The limit areas are determined as follows: 

       -the lower area 

4

minmaxminmin 10)( 
iiii

xxxxx i          (7) 

- the superior area 

iiii
xxxxx i max

4
minmaxmax 10)(  

         (8) 

The search begins with an arbitrary point x (0)=(D(0), 

(0), c1
(0)

, bc1
(0), hc1

(0), c2
(0), bc2

(0), hc2
(0)) placed in the 

admissible domain of restrictions, without being part of 
the limit areas. The main stages are: 

- the function f( x (0))=C(0)=C* is evaluated 

- from the chosen point, the initial search directions 
parallel to the coordinate system are established and the 
next steps are determined; 

- for each point where the constraints are met, the 

function f( x ) is evaluated; 

- the obtained value is compared with the previous one, 
the lowest value is kept and it is denoted by C *. 

- Rosenbrock sequential movements are carried out for 

each direction and the value of the function f( x ) is 
evaluated. 

If the value at the current point is weaker than C *, or 
the restrictions are violated, the search procedure is 
continued without restrictions, by using new movement 
reference frames, obtained with the Gramm - Schmidt 
procedure. 

The search continues until the chosen convergence 
criterion is met. 

III. SIMULATIONS AND RESULTS 

The results of the construction optimization of the 
asynchronous motor used to drive a coal mill can be 
noted in the presented analysis. The considered 
parameters are PN=500 kW – rated power; UN=6 kV – 
rated voltage; I1N=62.6 A – rated current; n1=500 rpm - 
synchronism speed. 

The operation of the mill requires the following 
starting and operating characteristics: Mp  1.05*MN – 
starting torque; Ip  5.5*IN – starting current; Mm  
2.1*MN – maximum torque. 

The manufacturing, operation costs and the costs with the 
active / reactive power were calculated starting from known 
data: Nore=330*24=7920 hours / year - the number of 
operaton hours per year; Tri= 6 years - time to recover the 
investment; cCu =12 €/kg  - the cost of one kilogram of 
copper; cFe=0.95 €/kg -the cost of one kilogram of iron 
(silicon sheet); cel.a=0.131 €/kWh - the cost of one kWh of 
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active power, cel.r =0.013 €/kVARh - the cost of one 
kVARh of reactive power.  

The following costs resulted for the analyzed motor: 
Cf.m=68590 €; Cem=403400 €; Ce.a=217000 €, 
Ce.r=186400 €. 

These results will be further considered as reference 
(reported) quantities. 

In order to easily track the weight of each optimization 
variable, the plots are provided in per unit values. The costs 
are reported with equations of type (9): 

mer

mer
er

mea

mea
ea

me

me
e

C

C
c

C

C
c

C

C
c

varvarvar
,  ,         (9) 

Ce.var.m, Cea.var.m,  Cer.var.m,–costs with the operation / active 
energy/ reactive energy for the analyzed motor version;  

Ce.m, Cea.m, Cer.m – the same costs, but for the motor 
version considered as reference. 

A.The optimization with respect to the variables D,  

(motor and air gap diameter) 
The research conducted with respect to these variables 

(constructive dimensions) led to much better results: a 
decrease of ct by approximately 4.54%, Fig.2.a.  

There is a great limitation of the search field due to the 
restrictive conditions imposed. The areas of ce.a ,cer - the 
total active / reactive power costs, as  components of the 
operating cost, can be noticed in Fig.2.b and Fig.2.c. 

The results of the optimization with respect to the 
analyzed pair of variables (D,  ) can be observed in table 
no.1, where the most important characteristics are 
presented. 

a) 

 

 

b) 

 
 

c) 

Fig. 2. The response areas for the pair of variables  D, : a) ce - the 

operating cost; b)  cea - the active power cost; c) cer -the reactive power cost. 

The optimum point resulted for: D=826.1 mm,             
 =1.502 mm, and the optimization resulted in a decrease 
of the total cost ct=4.536%.=18300 €. 

TABLE  1 

Criterion  

Variant  

Ce 

(€) 

Ce.a 

(€) 

Ce.r 

(€) 

Ce.a/Cer 

(r.u.) 

mp 

(r.u.) 

ip 

(r.u.) 
mm 

(r.u.) 

Values imposed - -   1.05 5.5  2.1 

Vm –Real var. 403400 217000 186400 1.164 1.184 5.455 2.627 

Vo.– Opt. var. 385100 218200 166900 1.307 1.050 5.346 2.504 

 

B.Study on the optimization of the main dimensions 

For the pair of variables D and  (diameter and air gap), 
possessing the largest weights in the optimization process, a 
supplementary analysis was performed considering a single 
variable. Due to the restrictions imposed by the design 
theme, taking into account the proposed variation domain 
for the studied variable, only one area of the domain is 
allowed. This may be also noticed while performing the 
simulations for the optimization and previously presented. 

In Fig. 3 are presented the per unit plots for the analyzed 
criterion and the associated costs ce -operation cost and cea, 
cer -active and reactive power costs. The two variables 
greatly change the reactive power consumption, which has 
an important weight in the optimization, cer 0.46*ce.  It 
results that, in order to reduce the operating cost, the most 
important aspect is to reduce the air gap and to increase the 
diameter of the machine as much as the imposed restrictions 
allow. 

In Fig. 4 are analyzed the variation curves for mm, mp, ip 
– the maximum / strating torque and the start current, and 
important variations may be noticed for these quantities.  

The lower limit of the variable  - the air gap is 
determined by the increase of the start current over the 
imposed limit. All of the starting current limits the variable 
D – the diameter on a certain area, D =(650750) mm, and 
the superior limit is imposed by the decrease of the starting 
torque. 
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Fig. 3. Variation curves for ce, cea, cer - operating costs of active / 
reactive power for: a) variable D - machine diameter; b) the variable  – the 

size of the air gap 

 

 

 

 

 

 

 

 
a) 

 

 

 

 

 

 

b) 

Fig. 4. Variation curves for mm, mp, ip – the maximum / starting torques and 

the starting current for: a) variable D - machine diameter; b) variable  - the 

size of the air gap. 

 

C.Optimization of the stator slot geometry 

A study was performed for optimizing the geometry of 
the stator slot, with respect to the established criterion, 
Ce=minimum.  

The variables considered are: c1 =bc1/t1 - the slot shape 
factor (bc1, t1 - the width of the slot and the tooth pitch), b01, 
h01 - the dimensions of the isthmus. With respect to the 
most important variables c1 and h01, a simulation was 
performed, the results being presented in Fig.5. 

 

Fig. 5. Response areas for ct - the operating cost when the pair of variables 

c1 and h01 is considered. 

The optimum solution resulted for the following variable 
values: c1 =0.451, b01 =10.23 mm, h01=1.53 mm. 

The number of analyzed versions was Nt=747900 
motors, and in this case resulted a decrease of the operating 
cost by ce=0.967%.=3900 €. 

TABLE  2 

Criterion  

Version  

Ce 

(€) 

Ce.a 

(€) 

Ce.r 

(€) 

Ce.a/Ce

r 

(r.u.) 

mp 

(r.u.) 

ip 

(r.u.) 
mm 

(r.u.) 

Values imposed - -   1.05 5.5 2.1 

Vm –Real ver. 403400 217000 186400 1.164 1.184 5.455 2.627 

Vo.– Opt. ver. 399500 218500 183600 1.175 1.067 5.207 2.507 

D.Optimization of rotor slot geometry 

A study was performed for optimizing the geometry of 
the rotor slot, considering the established criterion 
Ce=minim. The variables are: c2 =hc2/bc2 - the shape factor 
of the slot (bc2, hc2 the width and height of the slot), b02, h02 - 
the dimensions of the isthmus.  

 

Fig. 6. The response areas for ct - the operating cost when the pair of 

variables c2 and h02 is cosidered. 
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The simulation was carried out with respect to the most 
important variables c2 and h02, the result of which being 
presented in Fig. 6. 

The optimal solution resulted for the following values of 
the variables: c2 =5.436, b02 =1.648  mm, h02=1.102  mm. 

The number of analyzed versions was Nt=375800 
motors, and in this case a small decrease of the operating 
cost resulted, by ce=0.396%.=1600 €. 

TABLE  3 

Criterion  

Version  

Ce 

(€) 

Ce.a 

(€) 

Ce.r 

(€) 

Ce.a/Ce

r 

(r.u.) 

mp 

(r.u.) 

ip 

(r.u.) 
mm 

(r.u.) 

Values imposed - -   1.05 5.5 2.1 

Vm –Real ver. 403400 217000 186400 1.164 1.184 5.455 2.627 

Vo.– Opt. ver. 401800 216900 184900 1.173 1.217 5.500 2.693 

E.Total optimization 

The optimization study is further performed with respect 
to all of the analyzed variables (D, , c1, b01, h01, c2, b02, 
h02). No graphical representations can be provided for this 
case, but the results are listed in table no. 4.  

The optimal solution resulted for the following values of 
the variables: D=867.1 mm, =1.484 mm, c1=0.483, 
b01=10.9 mm, h01=1.053 mm, c2=4.494, b02=1.60 mm, 
h02=1.02 mm. 

In order to solve the problem, a number of 
Nt=22450000 motor versions was considered, and the 
optimal solution resulted was obtained with a decrease of 
the operating cost by ce=9.075%.=26100 €. 

TABLE  4 

Criterion  

Version  

Ce 

(€) 

Ce.a 

(€) 

Ce.r 

(€) 

Ce.a/Cer 

(r.u.) 

mp 

(r.u.) 

ip 

(r.u.) 
mm 

(r.u.) 

Values imposed - -   1.05 5.5 2.1 

Vm –Real ver. 403400 217000 186400 1.164 1.184 5.455 2.627 

Vo.– Opt. ver. 377300 218000 159200 1.369 1.060 5.489 2.604 

Variation in %  
9.075% 

 

0.461% 

 

14.59% 

 

17.61% 

 

10.50% 

 

0.623%

 

0.875% 

 

 
Table no. 5 collects the results of the analyzed 

optimizations (by groups of variables and the end result), in 
order to establish which variables are most relevant. In this 
way, the variables with low weights are droped, the volume 
of computations decreases and, consequently, the 
computation time is reduced. 

Table no. 5 

Criterion  

Optimization  

Ce 

(€) 

Ce.a 

(€) 

Ce.r 

(€) 

Ce.a/Ce

r 

(r.u.) 

mp 

(r.u.) 

ip 

(r.u.) 
mm 

(r.u.) 

Values imposed - -   1.05 5.5 2.1 

The real version 403400 217000 186400 1.164 1.184 5.455 2.627 

Main dimensions 385100 218200 166900 1.307 1.050 5.346 2.504 

Stator slot 

dimensions 
399500 218500 183600 1.175 1.067 5.207 2.507 

Rotor slot 

dimensions 
401800 216900 184900 1.173 1.217 5.500 2.693 

Optimization for 

all variables 
377300 218000 159200 1.369 1.060 5.489 2.604 

 

IV.CHARACTERISTICS OF THE OPTIMIZED MOTOR 

In order to meet the imposed requirements, the resulted 
solution is a motor with a cage made of high crossing bars, 
with slightly variable parameters (affected by the current 
repression and the magnetic saturation). 

For the optimal asynchronous motor solution, which 
fulfills all the conditions required by the operation of the 
coal mill, the operating characteristics were depicted in 
Fig.7, while the current diagram was plotted in Fig.8. 

In Fig.7.c is depicted the evolution of the partial and total 
losses with respect to the motor load. Considering the 
operating characteristics presented in Fig.7, an increase of 
cos=0.878 and =0.923 may be noticed, leading to a low 
operating cost. 

 
a) 

 
b) 

 
c) 

Fig. 7. Operating characteristics of the optimized motor: a) efficiency 

curve; b) power factor curve; e) variation curves for the motor losses: pCu1, 

pCu2  - losses in stator / rotor windings, p Fe - iron losses, pm+v - mechanical 

losses, p - total losses. 
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Fig. 8. Current locus for the optimized asynchronous motor. 

 

Fig. 9. Longitudinal section and view through the optimized motor. 

 

CONCLUSIONS 

The study and the simulations performed had as main 
objective the identification of the important variables 
involved in the optimization for obtaining Ce= 

f( x )=minimum, in order to substantially reduce the number 
of variables, and finally the computation effort necessary 
for the optimization. 

For constant electromagnetic stresses, by modifying the 
main constructive dimensions and the stator and rotor slots, 
a significant decrease of the operating cost with 
ce=9.075%.=26100 € resulted, as compared to the 
existing motor version, while keeping the restrictions 
imposed by the specifics of the drive system. 

The presented simulations and results prove that the 
geometries of the stator and rotor slots affect the operating 
cost. 
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Abstract – In this paper there are presented details about a 
program for monitoring steady states and dynamic regimes 
of low-power electrical machines. The program allows 
viewing the variation waves of the main electrical quantities, 
their harmonic content and the relative position of the 
characteristic phasors. The program advantages are 
mentioned and there have exemplified some data 
acquisitions, carried out for a few concrete situations. The 
main work windows from the Instrument menu are detailed.    
There have also been presented the results obtained by 
monitoring the operation of two motors, a three-phase 
asynchronous motor with single-phase supply and a single-
phase asynchronous motor. A part of the conclusions 
obtained could be mentioned as follows: a) for the case of 
three-phase asynchronous motor with single-phase supply, 
we noticed that a voltage increase leads to an increase of the 
inductive phase shift of the current I1, the phase shift of the 
current I2 (measured on the phase in series with the 
capacitor) remains practically unchanged, the capacitive 
phase shift of the current I3 increases and the distortion 
degree of the current I1 decreases; b) for the case of the 
single-phase asynchronous motor we noticed that in load 
operation (at rated voltage) a decrease of the phase shift 
between the current and voltage corresponding to the main 
winding occurs and the current distortion degree increases 
when the load increases. The paper ends with conclusions 
and references. 

 
Cuvinte cheie: masini electrice de mica putere, regimuri 
dinamice, program de monitorizare, analiza armonica, fazori . 

Keywords: low-power electrical machines, dynamic regimes, 
monitoring program, harmonic analysis, phasors. 

I. INTRODUCTION 
For monitoring operation regimes of electrical 

machines, especially when it comes to distorting dynamic 
or steady states, it is necessary to use high sampling 
frequency data acquisition systems [1], [2], [3]. 

Their interface, having a facile use, is ensured by 
monitoring programs.  

These programs ensure both data acquisition, their 
processing and results displaying [4], [5], [6]. 

The program presented below belongs to this category.  
It ensures an adequate use of the test stand detailed in 

[7], stand used for monitoring the operation of electrical 
machines rated under 1kW. 

II. PROGRAM DESCRIPTION 
The program is built around a menu displayed in the 

upper part of the screen. 
The main sub-menu of it is “Instruments” (Fig. 1.a).  
 
 

This sub-menu contains five working tools, 
materialized in five windows: Oscilloscope (Fig. 1.b), 
Metering (Fig. 1.c), Phasor Analyser (Fig.1.d), Harmonic 
Analyser (Fig. 1.e) and Spectrum Analyser (Fig. 1.f). 

 

 
a) 
 

 
b) 
 

 
c) 
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d) 
 

 
e) 
 

 
f) 

Fig. 1. Windows from the menu “Instruments”. 
 
Some examples of using these tools will be presented 

below. 

III. MONITORING EXAMPLES 
Two monitoring cases are presented in the following: 
A. case of a three-phase asynchronous motor with 

single-phase supply; 
B. case of a single-phase asynchronous motor. 
 

A. For the case of a three-phase asynchronous motor with 
single-phase supply, from the multitude of tests carried 
out, there are presented a few of them: 

-test at E1=150 V, C1=5 µF, Mr=0 Nm; 
-test at E1=20 V, C1=5 µF, Mr=0 Nm. 

 
The notations meaning are presented in [8]. 

The root-mean-square value of the voltage, E1, and the 
resistant torque value can be modified with the test stand 
[9], [10]. 

The test from Fig. 2 has been carried out for E1=150 V, 
the smallest voltage for which the motor enters the speed 
(its speed is close to the rated one - 1409 r.p.m ). 
From Fig. 2.a it results that the root-mean-square values of 
the phase currents are different (I1=0,198 A, I2=0,431 A, 
I3=0,541 A). Moreover, according to Fig. 2.c, where the 
voltage E1 has been chosen as a phase origin, the current 
I1 is inductive (ϕ=-50,7o) and I2 (ϕ=175,5o) and I3 
(ϕ=148,3o) are capacitive. 

According to Fig. 2. b, d, e and f, the phase currents are 
deeply distorted (mainly because of the supply source). 
The current having the highest content of harmonics is I1 
which has THD=24,5. 

 

 
a) 
 

 
b) 
 

 
c) 

                                                Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

56



 
d) 
 

 
e) 
 

 
f) 

Fig. 2. E1=150 V, no-load operation, C1=5 µF. 
 
 

The case when the supply voltage is the rated one, 
E1=220 V, is depicted in Fig.3. 

The following modifications can be observed in 
comparison with the previous situation: 

-the inductive phase shift of the current I1 increases to 
the value ϕ=-93,9o; 

-the phase shift of the current I2 (measured on the 
phase in series with the capacitor) remains practically 
unchanged (ϕ=175,1o); 

-the capacitive phase shift of the current I3 increases 
to the value ϕ=162,3o. 

-the distortion degree of the current I1 decreases to 
THD=21,7. 

 
a) 
 

 
b) 
 

 
c) 
 

 
d) 
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e) 
 

 
f) 

Fig. 3. E1=220 V, no-load operation, C1=5µF. 
 

B. For the case of a single-phase asynchronous motor 
there have been obtained the graphics depicted in Figures 
4 and 5. 
 

B1) Operation at the rated voltage (220 V), no-load 
For this case there have been obtained the results 

presented in Figure 4. 
In case of no-load operation at the rated voltage (Fig. 4) 

it is noticed that the main winding is the only one supplied 
(Fig. 4 a, b and c).  

That circuit is mostly inductive, fact confirmed by the 
phase shift presented in Figure 4.c (67,6 electrical degree). 
 

 
a) 

 
b) 
 

 
c) 
 

 
d) 

 
Fig. 4. Characteristics obtained at 220V, no-load. 

 

B2) Operation at the voltage supply 220 V and load of 
1,3 Nm 

The same testing method as in the previous situations 
has also been used in this case.  

There have been obtained the results detailed in Fig. 5. 
As expected, the speed has a slight decrease in case of 

load operation, because of the „rigid” feature of the motor 
mechanical characteristic (the speed decreases from 1469 
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r.p.m, at null resistant torque, down to 1337 r.p.m, at a 
resistant torque of 1,3 Nm).  

In case of load operation (rated voltage) a decrease of 
the phase shift between the current and the voltage 
corresponding to the main winding is observed (the phase 
shift decreases down to 40,2 electrical degrees as against 
the value of 67,6 electrical degrees, in case of no-load 
operation). The distortion degree of the current also 
increases with the load increase (for the example from the 
previous figures, the third order harmonic represents 8,5 
% as against the value of 4,9 % in case of no-load 
operation). 

 

 
a) 

 

 
b) 
 

 

 

c) 

 
d) 
 

Fig. 5. Characteristics obtained at 220 V, load operation. 
 

IV. CONCLUSIONS 
The research carried out has revealed the following 

conclusions: 
-the program presented in the paper enable viewing 

some electrical signals in dynamic regime, their harmonic 
analysis and the relative position of the characteristic 
phasors; 

-for the case of the three-phase asynchronous motor 
with single-phase supply, it is noticed that at the voltage 
increase, the inductive phase shift of the current I1 
increases, the phase shift of the current I2 (measured on 
the phase in series with the capacitor) remains practically 
unchanged, the capacitive phase shift of the current I3 
increases and the distortion degree of the current I1 
decreases; 

-for the case of the single-phase asynchronous motor it 
is noticed that in case of load operation (rated voltage) a 
decrease of the phase shift between the current and the 
voltage corresponding to the main winding occurs and the 
distortion degree of the current increases with the load 
increase. 

A few contributions of the authors could be mentioned: 
-the program, the basic structure of which exists, has 

been improved by the authors of this paper, by adding a 
module of harmonic analysis of the acquired signals;  

-the initial version, functional in an older version of 
Windows, has been adapted for working in Windows 10. 

 
Source of research funding in this article: Research 
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Abstract – This paper describes an Internet-connected radio 
remote control designed for the positioning system of the 
launching pad of anti-hail missiles used by the Romanian   
Anti-Hail System. The remote control works on the ISM 
band of 433 MHz and was successfully tested on a small size 
experimental model of the launch pad. The azimuth and 
elevation position can be locally controlled by the operator, 
with the possibility of monitoring and even controlling the 
launch pad from the Command Center, over the Internet. 
The remote control uses a touch screen display on the opera-
tor side and a PLC connected to the launch pad. The    
commands on the touch screen are grouped into three pag-
es: manual positioning, automatic positioning, and a list of 
recorded events. Sending the coordinates to the launch pad 
and firing the missiles are considered events, automatically 
recorded on an SD card or USB flash drive attached to the 
remote control. Communication between the touch screen 
and the PLC is realized by two RF transceivers using LoRa 
modulation. The touch screen display is connected to the 
Internet, making it possible to remotely monitor and control 
the launch pad using an Internet-connected computer. The 
access to the remote control is password protected and can 
be disabled by the local operator. 
 
Cuvinte cheie: telecomandă, antigrindină, PLC, ecran tactil, 
lansator de rachete, sistem de poziționare, ISM, LoRa. 

Keywords: remote control, anti-hail, PLC, touch screen,    
missiles launch launch pad, positioning system, ISM, LoRa. 

I. INTRODUCTION 
This research is intended to overcome a problem found 

when the authors visited an anti-hail Zonal Command 
Center and an anti-hail Local Unit. It has been found that 
the launching launch pads used by the anti-hail system in 
Romania are positioned manually, or using temporary 
cables, with no possibility to monitor the launch pad posi-
tion from the Command Center [1], [2], [3].   

The technical solution described in this paper speeds up 
the launch pad positioning, eliminates the need for the 
temporary cables, and makes possible monitoring and 
controlling the launching launch pad over the Internet. 

 

II. THE REMOTE CONTROL 
The remote control works on a two ways radio commu-

nication channel between the touch screen and the PLC, 
using AS32-DTU-100 RF transceivers. A 178 mm touch 
screen is used by the operator to send commands to the 
launch pad, and to display the launch pad position and the 
presence and type of the missiles on the launch pad (Fig. 
1). 

 

 
Fig. 1.The remote control  

 
The electrical block schematic of the remote control is 

shown in Fig. 2. 
 

 
Fig. 2.The remote control block schematic 
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The commands entered by the operator on the touch 
screen are grouped into three pages of the screen: 

• manual positioning, 
• automatic positioning, and 
• list of events produced. 
 
The manual controls screen is shown in Fig. 3. 
The operator holds the arrow labeled buttons until the 

desired position of the launch pad is reached. The       
presence and type of the missiles loaded are displayed on 
the touch screen, along with the azimuth and elevation 
coordinates.  

 
 

Fig. 3.The manual positioning controls screen 
 
The automatic positioning screen is shown in Fig. 4. 

 

 
 

Fig. 4.The automatic positioning screen  
 
From this screen, the operator can prescribe the        

azimuth and elevation coordinates for the launch pad   
using a virtual keyboard that pops up on the touch screen 
when the azimuth or elevation prescribing buttons are 
depressed. After sending the coordinates, the launch pad 
moves automatically to the desired position. 

The remote control is provided with SD card and 
USB memory ports. The third screen shows a list of 
events recorded on the external memory. The positioning 
of the launch pad using the “SEND COORDINATES” 
button and the missile launch are recorded as events, with 
a time stamp. 

 

III. MONITORING THE LAUNCH PAD OVER THE INTERNET 
For the launch pad monitoring in the Control Center, 

we proposed to connect the remote control to the Internet, 

and we used, for this purpose, the Ethernet port of the 
EA9-T7CL touch screen is provided. 

Monitoring the remote control involves, in addition to 
connecting to the internet, certain settings on the touch 
screen, as well as on the PLC and the router used by the 
touch screen to connect to the internet: 

- Setting the IP address and DNS server for the 
touch screen, by accessing the Setup - Panel 
Network - Ethernet Port menus in the touch 
screen software. 

- Setting the same IP address and DNS server for 
the PLC, by accessing the PLC menus - System 
Configuration - Internal Ethernet Port in the PLC 
software program. 

- Activating the Web Server application by access-
ing the Setup - Panel Network - Web Server 
menus from the touch screen software. 

- Activating the Remote Access application by   
accessing the Setup - Panel Network - Remote 
Access menus in the touch screen software pro-
gram. 

- Setting dedicated ports (80 for the Web Server 
application, respectively port 11102 for the    
Remote Access application) in the Port Forward-
ing menu of the router. These ports are suggested 
by the touch screen software program but are not 
mandatory. 

To connect to the touch screen using a computer, a   
remote user only needs the public internet address of the 
touch screen, respectively the public IP of the router to 
which the touch screen is connected, the account 
username and the password. No other software is required, 
an ordinary internet browser is used. 

After typing the touch screen public IP address in the 
browser, the main screen of the “Web Server” app shows 
up (Fig. 5). 

 

 
 

Fig. 5.The main screen of the “Web Server” app   
 
When accessing the "File List" link, a web page opens 

with the events recorded in the external memory of the 
remote control (SD card or USB flash, according to the 
settings used), grouped in text documents created daily. 

The “Screen List” link opens a web page from which 
the remote control screens can be viewed (manual       

                                                Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

62



positioning commands, automatic positioning commands, 
and recorded events). 

The launch pad control is performed using the “Remote 
Access” application, included in the program loaded in the 
remote control. Accessing this application is done with the 
"Remote Access" link from the main screen of the Web 
Server application. 

When accessing the "Remote Access" link, the main 
screen of the application opens (Fig. 6). 

 

 
 
Fig. 6. Remote launch pad control using “Remote Access” app 
 
In order to control the launch pad in the Command  

Center, the user must choose the connection option no.2, 
the one that involves the existence of a router. Option 1 
can be used in a local network only. 

Accessing the link has the effect of downloading the 
RemoteHMI_IP executable program, with the possibility 
of saving or running it on your computer. Saving this  
program, possibly with a shortcut on the desktop, makes it 
easier to use the Remote Access application later, in the 
future it is no longer necessary to go through the Web 
Server application. When running the application, after 
entering the account username and password,  the image 
of the remote control touch screen shows in the internet 
browser. Using a mouse, the launch pad can be controlled 
as if the commands were performed locally on the touch 
screen (Fig. 7). 

 

 
 

Fig. 7.RemoteHMI_IP app screen  

V. CONNECTION TO THE LAUNCH PAD 
The launch pad azimuth and elevation positioning are 

achieved by using two permanent magnet synchronous 
motors, provided with worm gears and incremental      
encoders, and driven by electrical drives (Fig. 8) [4], [5]. 

 

 
 

Fig. 8. Elevation motor and drive mounted on the ramp [4] 
 
The PLC connected to the experimental model can be 

connected to the launch pad drives with minor             
adjustments: 

• all the PLC terminals connected to 0V (GND) on the 
experimental model will be connected to the 0V control 
terminal on both drives 

• terminals X0-X3 connected to the encoder outputs on 
the experimental model will be connected to the encoder 
outputs on the drives, using the buffered encoder output 
connectors. Ground terminal on the buffered output    
connectors on both drives will be connected. 

• terminal X1C, connected to +12V on the experimental 
model, will be connected to +V terminal on the buffered 
encoder output on one drive 

• Terminals Y0, Y1 and Y2 connected to ENA, IN1 and 
IN2 on the experimental model will be connected to    
control terminals DRIVE ENABLE, RUN FORWARD 
and RUN REVERSE on the drive used for azimuth posi-
tioning 

• Terminals Y3, Y4 and Y5 connected to IN3 and IN4 
and ENB on the experimental model will be connected to 
control terminals RUN FORWARD, RUN REVERSE, 
and DRIVE ENABLE on the drive used for elevation po-
sitioning 

• an additional digital I/O module will be attached to the 
PLC, since the experimental model simulates the launch 
of two missiles, and the launch pad can carry eight      
missiles 
• the PLC program and the local controls panel will be 
modified for eight missiles 
• one constant in the PLC program will be modified, on 
each axis, to reflect the difference in the number of pulses 
the encoders provide for one degree of rotation of the 
launch pad. 
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VI. CONCLUSION 
The 433 MHz Internet connected remote control is a 

technical solution that overcomes two challenges of the 
anti-hail launch pads operation: the use of temporary ca-
bles for the launch pad positioning and the lack of      
monitoring the launch pad from the Command Center. 
The remote control and its monitoring over the Internet 
were tested on an experimental model build for this pur-
pose. The implementation of the remote control on the 
real launch pad can be done with minimal modifications 
of the equipment used. 
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Abstract – At the level of residential buildings, current 
studies and research are focused on issues that have as a 
main priority, the energy of buildings. Energy efficiency of 
buildings involves, in addition to technical regulations and 
energy rehabilitation works, an economic optimization of 
energy in buildings. This optimization must not be done at 
random, but we must ensure that the conditions of thermal 
comfort inside the building are met at all times. In this 
paper, the object of the study is a room located in the middle 
of a condominium building in Craiova. The building of 
which the studied room is part is located inside the locality 
and has constructive structure of the tire elements, 
characterized by specific thermal resistances of the 
construction materials used. The mathematical model 
involves determining the values of thermal comfort 
parameters (indoor temperature, average radiation 
temperature, etc.) and their implementation in the 
calculation of the thermal comfort index, B. The results 
obtained for the three categories of rooms, allow the feeling 
of comfort to be included in one of the seven levels. Between 
the three types of studied rooms there are differences of the 
calculated interior temperatures, due to the temperature 
differences on the faces of the construction elements.  

Cuvinte cheie: clădire, camera, confort termic, indice de 
confort, temperature interioară. 
Keywords: building, room, thermal comfort, comfort index,  
indoor temperature. 

I. INTRODUCTION 
The concept of energy is closely related to the building 

and the system of installations related to the building, the 
energy saving problems implicitly referring to the latter 
category. The building is a set of spaces delimited by a 
series of surfaces that make up the building envelope and 
through which heat loss occurs. The envelope of a 
building separates the heated volume of a building from 
the outside air, floor, adjoining rooms not heated or much 
less heated, delimited by the volume of the building 
through walls and / or floors, properly insulated, and other 
buildings with adjacent walls, delimited by the building 
considered by joints [1]. 

 For condominium buildings (residential blocks), the 
supervision and management of the endowment facilities 
is a necessary and complex problem. By using energy 
management systems, buildings become safer, consume 
less energy, ensure better operation of facilities and have a 
high level of comfort [2]. 

An efficient method of reducing the consumption of 
thermal energy for heating, and therefore of heating costs, 
is the intermittent operation of the set of heating 
installations (source - distribution network - heating 

elements). Through the intermittent (discontinuous) 
operation of the heating system, in addition to the benefits 
obtained from the source of thermal energy production 
(reduction of primary energy consumption and impact on 
the environment) there are a number of disadvantages 
regarding the degree of satisfaction of thermal comfort 
[1], [3]. 

The interruption of thermal agent supply leads to the 
decrease, in time, of the air temperature inside a room (of 
an enclosed space) which has the effect of worsening the 
thermal comfort index [3]. 

 

II.  GENERAL PRESENTATION OF THE PROBLEM 
As most people spend (80 ... 90)% of their lives in 

buildings, enclosed spaces must ensure: the possibility of 
performing both physical and intellectual work with 
maximum efficiency and the possibility of performing 
recreational, rest and sleep activities in optimal conditions 
[4], [5]. Achieving these conditions depends on many 
factors, which influence the feeling of comfort, work 
capacity and human regeneration. 

The design of enclosed spaces taking into account these 
conditions is a complex issue that must take into account 
the current trends of rationalization of energy 
consumption, which decisively influence the optimal or 
allowed values of comfort parameters [4]. In most cases 
these influences have negative effects because this 
criterion leads to inadequate values in terms of comfort. 

The notion of technical comfort includes all the 
parameters achieved and controlled with installations, 
which directly influence a person's mood and act on his 
senses. It includes thermal, acoustic, olfactory and visual 
comfort. Corresponding to the following percentages of 
dissatisfaction with the comfort provided: 10%, 20%, 
30%, enclosed spaces are classified into three categories: 
A, B and C [1], [3], [5]. 

The perception and appreciation of the basic elements 
of comfort a person is influenced by some psychological 
factors, but at the same time the evolution and 
psychological balance of man are closely related to the 
environment. So there is a mutual relationship between 
psychological and technical comfort. However, the human 
psyche also depends on independent factors such as age, 
sex, etc., which also influence the assessment of the level 
of technical comfort. Thus, the sensation of pleasure may 
appear as the optimal result of the parameters of technical 
and psychological comfort (Fig. 1). 

Comfort is the subjective sensation that occurs in the 
human body based on the complex action of physical and 
mental parameters. The subjective comfort of people in an 
enclosed space depends on many factors, which can be 
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grouped, according to G. Blanchere, as follows: 
temperature, humidity and air circulation; smell and 
breath, touch and touch, acoustic factors; sight and color 
effects; vibrations and movements of the building, special 
factors (solar inputs, ionisation); safety factors; factors 
related to the daily schedule; unforeseen dangers; 
economic factors [4]. 

 
 
 
 
 
 
 
 
 
 
 

Fig.1. Getting the feeling of comfort [4] 
 
By listing the comfort factors we can see a group 

related to the thermal environment, called thermal comfort 
factors. The appearance of the subjective sensation of 
thermal comfort is decisively determined by the following 
parameters: indoor air temperature, ti [°C], average 
radiation temperature of the delimiting surfaces, θmr [°C],  
relative humidity of the indoor air, ϕ i [%] and the partial 
pressure of water vapors in the air, ps [bar], the speed of 
the indoor air,vi, [m/s], the heat production of the human 
body (labor intensity), iM [met], the heat released, 
thermoregulation, thermal resistance of clothing and its 
influence on evaporation, Rclo [clo] [4]. 

The first four are physical parameters, and the other two 
are related to the human body’s ability to adjust in order to 
maintain thermal balance. The basic factors that influence 
the thermal balance of the human body are: the heat 
produced by the body, which depends primarily on the 
level of activity, but is also influenced by age, sex, etc. 
respectively, the heat given off by the body, which 
depends on the clothing, but also on the other parameters 
listed above [5], [6]. 

The sensation of thermal comfort is defined as that 
conscious state that expresses satisfaction with the thermal 
environment and whose evaluation is performed using the 
subjective seven-level comfort scale (relation 1): +3 (very 
warm); +2 (hot); +1 (slightly warm); 0 (neutral); -1 
(coolness); -2 (cold); -3 (cold) [4], [6], [7]: 

 
( )

( ) ivit8,371,0

x1,0mrit25,0CB

⋅−⋅−

−⋅++⋅+= θ
, (1) 

where C is a constant that has the value –9.2 in the cold 
period and –10.6 in the hot period and x is the absolute 
humidity of the air inside the room, [gapă/kgaer] [7]. 

The average radiation temperature, θmr 
represents the weighted average temperature of the 
delimiting surfaces (horizontal and vertical walls, doors, 
windows, heating elements) of the studied room. From a 
mathematical point of view, the average radiation 
temperature represents a weighted average of the products 
of the specific surfaces Sj [m2] and their specific 

temperatures, θj [°C], being in fact a result of the radiation 
effect on a body inside the room, on hot surfaces (heating 
bodies) and cold surfaces (relation 2) [8]: 
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The average temperature of the interior surfaces of the 
construction elements (their specific temperatures) is 
determined by the relation 3 [5]: 

 
'
jR
etitiRitj

−
⋅−=θ , (3) 

where Ri is the thermal resistance at the surface of the 
construction elements, [m2K/W], te  is the temperature of 
the air outside the considered space, [°C] and is the 
corrected thermal resistance of the construction elements 
delimiting the examined space, [m2K/W].  The value of 
the thermal resistance at the surface of the construction 
elements Ri, is considered 0,125 m2K/W for all categories 
of vertical construction elements and respective ceilings, 
0,172 m2K/W for floors [5], [7]. 

Highlighting the thermal comfort in an enclosed space 
(room) involves, in addition to establishing the thermal 
comfort index, the determination of groups of comfort 
indexes established in the order of their evolutions, as 
follows [4]: thermal stress evaluation indexes under 
extreme environmental conditions, which include the 
effect of several environmental parameters and the 
discomfort of ICA airflow. 

A. Thermal stress assessment indexes in extreme 
environmental conditions. 

With the help of thermal stress evaluation indexes, the 
safety limits and the tolerance time for industries where the 
activity takes place in environments with high 
temperatures can be established. This category includes: 
P4SR index (McArdl); ITS thermal stress index; 
physiological effect index (Robinson); thermal 
acceptability ratio (lonodes); the WBGT index (Yaglou 
and Missenard); the nomograms of Vogt and Metz etc. 

The thermal stress index is standardized internationally 
by ISO-7243, coded WBGT (Wet Bulb Globe 
Temperature - wet bulb temperature of a special 
construction thermometer) and defined using relation 4 
[9]: 

 ast1,0gt2,0ut7,0WBGT ⋅+⋅+⋅= . (4) 

where tu  is the temperature of the wet thermometer,  
[°C], tg is the temperature of the black globe, [°C] and tas 
is the temperature of the air under solar thermal charge, 
[°C]. 

B. Indexes that include the effect of several parameters 
of the environment. 

1. The effective temperature, established by Yaglou, 
is defined as the index that includes the effect of the 
temperature measured with the dry bulb thermometer, 
humidity and air movement in a single value and which 

Psychological 
comfort Technical 

comfort 

Feeling of 
comfort 

Age, sex, etc 
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produces the sensation of heat or cold felt by the human 
body. For low air currents (vi<0,15 m/s) the effective 
temperature is calculated with the relation (McIntyre) [6]: 

 47,6sp19,0it492,0Et +⋅+⋅= , (5) 

2. The resulting temperature, established by 
Missenard, represents the temperature of an uniform 
environment, with calm air in which the air temperature is 
equal to the average radiation temperature and which 
produces a sensation equivalent to the existing 
environment (rel. 6) [7]. The resulting dry temperature is 
less sensitive to the radiation temperature and does not 
consider the humidity: 

 
iv17.31

ivit17,3mr
Rt ⋅+

⋅⋅+
=
θ , (6) 

3. The equivalent temperature is defined as the air 
temperature in a room in which vi=0 and ti=θmr and where 
a black cylinder 558 mm high and 390 mm wide loses the 
same quantity of heat as in the surrounding 
environment. The surface of the cylinder is maintained at 
a temperature equal to the temperature of the human body 
by recording and compensating the energy consumed 
during the heat exchange with the environment [2]. This 
index of thermal comfort indoors can be determined by 
the relationship [6]: 

 
iv)it8,37(21,0

mr478,0it522,0echt

⋅−⋅−

−⋅+⋅= θ
, (7) 

C. ICA airflow discomfort 
According to Mayer  and Fanger, the discomfort of the 

air current, ICA, can be determined according to the 
degree of turbulence of the indoor  air, Tu [%], the speed 
of movement of the indoor air, vi [m/s] and the 
temperature of indoor air, ti [°C], according to relation [4]: 
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ii
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III. RESULTS 
The applicative part of this article consists in 

determining the thermal comfort indicators for a room 
located in a residential building, in the middle (a single 
exterior wall - Fig. 2), based on mathematical calculation 
models. 

 
 
 
 
 
 
 
 

Fig. 2. Constructive Dimensions and parameters measured for the 
studied room. 

The studied room is of the living room type, with a 
height of 2.5 m, and the air temperature inside the room, 
to satisfy the conditions of thermal comfort, being 
ti=+20°C. The absolute air humidity for this category of 
rooms is xi=7 kgwater/kgair, the air speed inside the room is 
0.15 m/s and the air turbulence coefficient Tu=40% [9].  
The room is heated by a radiator type heater with 10 
elements KALOR 600/160 series, with a thermal power of 
136.7 W/ element, each element having a heating surface 
of 0 de 0,306 m2, the heating agent being hot water with a 
temperature of 65/45°C. 

The room is part of a building located inside the 
Municipality of Craiova, included in the second climatic 
zone, for which the average external temperature of 
calculation is considered to be θe=-15°C. 

The corrected thermal resistances of the perimeter 
construction elements were established according to the 
constructive structure of each type of element and the 
thermal characteristics of the constructive materials, 
resulting: exterior walls (PE), RPE=0,255 m2K/W; interior 
walls (PI), RPI= 0,393 m2K/W;  ceilling  (Tv), RTv=0,433 
m2K/W; terraces over the top floor (Tr), RTr=0,269 
m2K/W; floor (Pd) RPd=0,433 m2K/W; exterior window 
FE), RFE=0,390 m2K/W; interior door (UI), RUI= 0,348 
m2K/W [10]. 

The heat supply regime is intermittent, a regime that 
implies that both during the night and during the day, the 
supply of the heating agent will turned off [11]. During 
the day, we will consider an interruption of the heat 
supply for 7 hours. During the interruption of the heat 
supply, the outside air temperature is considered to remain 
constant (θe=-15°C – Table I).   

 
TABLE I.  

INDOOR AIR TEMPERATURE VARIATION WHEN 
INTERRUPTING THERMAL ENERGY SUPPLY [9] 

hour 

Indoor air temperature, [°C] 
(Measured values) 

Ground 
floor 

Intermediate 
floor Top floor 

0 20 20 20 
1 19,796 19,798 19,781 
2 19,694 19,698 19,672 
3 19,593 19,598 19,563 
4 19,492 19,498 19,455 
5 19,391 19,398 19,347 
6 19,291 19,299 19,239 

 
Based on the mathematical models presented in the 

second part of the article (rel. 1-8), for the studied room, 
located at different levels, different values are obtained for 
the specific temperatures on the inner faces of the 
perimeter construction elements (table II for the located 
room on the ground floor, tab. III for the room located on 
the intermediate floor and tab. IV for the room located on 
the top floor), and different values of the thermal comfort 
index. 

The hourly variation of the thermal comfort indicators 
is presented in figures 3 - 5, highlighting the variation 
curves for the thermal comfort index (Fig. 3), of the 
effective temperature (Fig. 4) and of the air current 
discomfort (Fig. 5). 
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TABLE II  VARIATION OF THERMAL COMFORT INDICES INSIDE THE ROOMS LOCATED ON THE GROUND FLOOR, WHEN  NO HEAT 
IS SUPPLIED 

Parameter/ 
symbol/U.M. 

Heat supply shutdown time, [h] 
0 1 2 3 4 5 6 

Variation of indoor air temperature as a function of the heat supply shutdown 
time , [°C] 

20 19,796 19,694 19,593 19,492 19,391 19,291 

Temperature on the inside of the FE, θFE, [°C] (rel. 3) 8,78 8,64 8,57 8,51 8,44 8,37 8,30 

Temperature on the inside of the PE, θPE, [°C] (rel.3) 2,82 2,72 2,67 2,62 2,57 2,51 2,46 
Temperature on the inner faces of the interior construction elements, 

[°C] (rel. 3) 20 19,796 19,694 19,593 19,492 19,391 19,291 

The temperature on the inside of the floor,  θPd, [°C] (rel. 3) 17,18 17,05 16,98 16,92 16,85 16,79 16,72 

Temperature on the inside of the ceiling,θTv, [°C] (rel. 3) 20 19,855 19,782 19,710 19,638 19,567 19,495 
Temperature on the heater 

θC,î , [°C] 
55 19,796 19,694 19,593 19,492 19,391 19,291 

Average radiation temperature, θmr, [°C] (rel. 2) 19,16 16,98 16,89 16,81 16,73 16,65 16,57 
Thermal comfort index, B (rel. 1) 0,60 0,00 -0,05 -0,10 -0,15 -0,20 -0,25 

The sensation felt Neutral/slightly 
warm neutral neutral neutral neutral neutral neutral 

Equivalent temperature, tech, [°C] (rel. 7) 18,15 16,98 16,88 16,78 16,68 16,58 16,48 
The resulting temperature, tR,  [°C] (rel. 6) 29,62 27,98 27,84 27,70 27,56 27,42 27,28 

Effective temperature,, tE, [°C] (rel. 5) 16,31 16,21 16,16 16,11 16,06 16,01 15,96 
The discomfort of the air current, ICA, [%] (rel. 8) 10,62 10,77 10,85 10,93 11,01 11,08 11,16 

 
TABLE III  VARIATION OF THERMAL COMFORT INDICES INSIDE THE ROOMS LOCATED ON THE INTERMEDIATE  FLOOR, WHEN  

NO HEAT IS SUPPLIED 

Parameter/ 
symbol/U.M. 

Heat supply shutdown time, [h] 
0 1 2 3 4 5 6 

Variation of indoor air temperature as a function of the heat supply shutdown time , [°C] 
20 19,798 19,698 19,598 19,498 19,398 19,299 

Temperature on the inside of the FE, θFE, [°C] (rel. 3) 8,78 8,64 8,58 8,51 8,44 8,37 8,31 
Temperature on the inside of the PE, θPE, [°C] (rel. 3) 2,82 2,72 2,67 2,62 2,57 2,52 2,47 

Temperature on the inner faces of the interior 
construction elements, [°C] (rel. 3) 20 19,798 19,698 19,598 19,498 19,398 19,299 

The temperature on the inside of the floor,  θPd, [°C]  
(rel. 3) 

 20 19,869 19,804 19,740 19,675 19,610 19,546 

Temperature on the inside of the ceiling,θTv, [°C] (rel. 3) 20 19,850 19,775 19,701 19,627 19,552 19,478 
Temperature on the heater 

θC,î , [°C] 
55 19,798 19,698 19,598 19,498 19,398 19,299 

Average radiation temperature, θmr, [°C] (rel. 2) 19,99 19,80 19,71 19,61 19,52 19,43 19,34 
Thermal comfort index, B (rel. 1) 0,81 0,70 0,65 0,60 0,55 0,49 0,44 

The sensation felt slightly 
warm 

slightly 
warm 

Slightly 
warm 

neutral/ 
slightly warm 

neutral/ 
slightly 
warm 

neutral neutral 

Equivalent temperature, tech, [°C] (rel. 7) 18,55 18,34 18,23 18,13 18,02 17,92 17,81 
The resulting temperature, tR,  [°C] (rel. 6) 30,19 29,89 29,75 29,60 29,45 29,31 29,16 

Effective temperature,, tE, [°C] (rel. 5) 16,31 16,21 16,16 16,11 16,06 16,02 15,97 
The discomfort of the air current, ICA, [%](rel. 8) 10,62 10,77 10,85 10,92 11,00 11,08 11,15 

 
TABLE IV  VARIATION OF THERMAL COMFORT INDICES INSIDE THE ROOMS LOCATED ON THE TOP  FLOOR, WHEN  NO HEAT IS 

SUPPLIED 

Parameter/ 
symbol/U.M. 

Heat supply shutdown time, [h] 
0 1 2 3 4 5 6 

Variation of indoor air temperature as a function of the heat supply shutdown time , 
[°C] 

20 19,781 19,672 19,563 19,455 19,347 19,239 
Temperature on the inside of the FE, θFE, [°C] (rel. 3) 8,78 8,63 8,56 8,49 8,41 8,34 8,26 
Temperature on the inside of the PE, θPE, [°C] (rel. 3) 2,82 2,71 2,66 2,60 2,55 2,49 2,44 

Temperature on the inner faces of the interior construction 
elements, [°C] (rel. 3) 20 19,781 19,672 19,563 19,455 19,347 19,239 

The temperature on the inside of the floor,  θPd, [°C] (rel. 3) 20 19,86 19,79 19,72 19,65 19,58 19,51 
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Parameter/ 
symbol/U.M. 

Heat supply shutdown time, [h] 
0 1 2 3 4 5 6 

Variation of indoor air temperature as a function of the heat supply shutdown time , 
[°C] 

20 19,781 19,672 19,563 19,455 19,347 19,239 
Temperature on the inside of the ceiling,θTv, [°C] (rel. 3) 9,907 9,751 9,674 9,596 9,519 9,442 9,366 

Temperature on the heater 
θC,î , [°C] 

55 19,781 19,672 19,563 19,455 19,347 19,239 

Average radiation temperature, θmr, [°C] (rel. 2) 17,84 15,65 15,57 15,48 15,39 15,30 15,21 
Thermal comfort index, B (rel. 1) 0,27 -0,34 -0,39 -0,45 -0,50 -0,55 -0,61 

The sensation felt neutral neutral neutral neutral neutral/ 
cool 

neutral/ 
cool neutral/cool 

Equivalent temperature, tech, [°C] (rel. 7) 17,52 16,34 16,23 16,13 16,02 15,91 15,80 
The resulting temperature, tR,  [°C] (rel. 6) 28,74 27,07 26,92 26,77 26,62 26,47 26,32 

Effective temperature, tE, [°C] (rel. 5) 16,31 16,20 16,15 16,10 16,04 15,99 15,94 
The discomfort of the air current, ICA, [%](rel. 8) 10,62 10,79 10,87 10,95 11,03 11,12 11,20 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

Fig. 3. Hourly variation of the thermal comfort index, B, during the 
interval of interruption of the heat supply, depending on the type of 
room, at outside temperature of -15°C: type 1 - room located on the 

ground floor; type 2 - room located on the intermediate floor; type 3 - 
room located on the top floor. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Hourly variation of the effective temperature, tef, during the 
interval of interruption of the heat supply, depending on the type of 

room: type 1 - room located on the ground floor; type 2 - room located 
on the intermediate floor; type 3 - room located on the top floor. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 5. Hourly variation of the air current discomfort, ICA, during the 
heat supply interruption interval, depending on the type of room: type 1 

- room located on the ground floor; type 2 - room located on the 
intermediate floor; type 3 - room located on the top floor. 

IV. CONCLUSION 
The intermittent (discontinuous) operation of heat 

supply systems has the main advantage of the reduction of 
thermal energy consumption for heating. It should be 
noted that, at low outdoor temperatures and for long 
intervals of interruption of the thermal agent supply, the 
thermal comfort indicators that define the climate inside 
an enclosure, can undergo important changes. Thus, 
situations may arise in which the level of thermal comfort 
inside the heated rooms no longer satisfies the 
requirements of the occupants or of a certain number of 
people. 

An important aspect that should be emphasized is that 
the intermittent operating regime of heating installations is 
not imposed by the manufacturer / distributor of the 
heating agent, but by the final consumers, regardless of 
their nature, in order to reduce maintenance costs as much 
as possible. 

In the case study it is observed that: 
1. The thermal comfort index, B, after 6 hours of 

interruption of the thermal agent supply for heating varies 
much more emphatic, shifting from a positive value (0.81) 
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to a negative value (-0.61), which means a transition from 
an occupant- like sensation of neutral to slightly warm to a 
sensation of  neutral to cool (fig. 3). 

2. In the case of type 1 and type 3 rooms, after the first 
hour of interruption of the thermal agent supply the 
thermal comfort index, B, worsens sharply, decreasing 
from 0.60 to 0 in the case of type 1 and type 0 rooms, 
from 0,27 to -0.34 in the case of type 3 rooms (fig.3). 
3. The effective temperature, meaning the temperature felt 
by the human body and which produces the sensation of 
cold or heat, varies very little depending on the type of 
room, and during the interval of 6 hours of interruption of 
the thermal agent supply, this variation is between 
16,31°C and 15,94°C.  
4. The actual temperature varies mainly depending on the 
number of exterior construction elements. It is observed 
that in the case of the type 3 room, regardless of the value 
of the outside temperature, the actual temperature has a 
different variation from the other room types (fig.4), 
which is explained by the fact that in the case of this type 
of room the number of exterior construction elements is 
three, not two, as in the case of type 1 and 2 rooms. 
5. Regarding the discomfort of the air current, it has 
values higher than 5% (fig. 5) which means that, from the 
point of view of this indicator, the climatic conditions 
inside the studied room do not satisfy the thermal comfort 
of the occupants. By analyzing the diagram it is observed 
that in the case of rooms type 1 and type 2, characterized 
by the same number of construction elements outside (two 
elements) discomfort of the air flow is identical for every 
interruption time of the heat supply (blue curve overlaps 
the red one) with slight deviations after the 2 hour interval 
of power supply interruption. In the case of the type 3 
room, the variation of the air current discomfort is 
different in comparison with the first two types of rooms, 
due to the higher number of external construction 
elements. 
6. In the case of other categories of rooms (bathrooms, 
kitchens, etc.) the value of the absolute humidity of the air 
is higher, so that the thermal comfort indices will have 
different variations compared to the case of the living 
rooms studied in this paper. Also, major differences in the 
variation of thermal comfort indexes occur if the 
construction structure of the exterior and interior 
construction elements is greatly modified. 
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Abstract - One of the important problems of power supply 
systems consists in ensuring the quality of energy supplied 
to consumers. In this issue, the reduction of the harmonic 
spectrum of the supplied voltage and current has a key role. 
As electronic power converters are now increasingly used by 
consumers, the problem of reducing the harmonic spectrum 
of the current absorbed by the power supply by these 
consumers is becoming more and more pronounced. For 
this, there is the problem of using consumers with a power 
factor as close as possible to the unit, which also ensures the 
increase of the efficiency of these consumers. The present 
paper focuses on the study of single-phase rectifier 
configurations provided with power factor control (PFC) 
structures. Among the multiple techniques and methods of 
power factor control, the scalar power factor control 
technique was applied to a boost type power converter, in 
two variants. The first variant is that of a single-phase 
rectifier in fully controlled bridge. The second is that of a 
single-phase rectifier in uncontrolled bridge. In both cases, 
the study of the scalar PFC technique was based on the 
Matlab/Simulink modeling of the two mentioned 
configurations. Achieving these models allowed the study of 
the correction mechanism of the power factor under the 
influence of the various functional parameters of the 
approached configurations. 

Cuvinte cheie: factor de putere, redresor, convertor static 
ridicător, control scalar, model Matlab-Simulink. 

Keywords: power factor, rectifier, boost convertor, scalar 
control technique, Matlab/Simulink model. 

I. INTRODUCTION 
AC-DC, DC-DC or DC-AC power converters are 

widely used because they provide a variable level voltage 
at the output, a high efficiency and, in the case of DC - 
AC converters, a variable output voltage and frequency 
separately or simultaneously. An important drawback, 
which is characteristic of these converters connected to 
the alternating current network, is that they absorb from 
the power supply a current in the form of pulses on each 
alternation. Therefore, these converters have a high total 
harmonic distortion factor (THD) and a low power factor. 

Typically, these converters are used in various 
configurations of electronic systems, having the role of 
controlling the output voltage even under conditions of 
varying load current and input voltage. More and more 
applications require the reduction of the THD factor of 
the current consumed from the power supply and a power 
factor as high as possible. The requirements imposed by 
ensuring a good power quality, led to sustained 
researches for the development of some converter 
structures with power factor control circuits [1]-[8]. 

 
Fig. 1. Schematic of a single-phase uncontrolled bridge rectifier. 

The current absorbed by most electronic equipment is 
non-sinusoidal, discontinuous, with appreciable peaks. 
This current has a rich content of harmonics, which flows 
through the mains and the equipment that produced it. 
Fig. 1 illustrates the diagram of a single-phase 
uncontrolled bridge rectifier, with filtering capacitor on 
the DC side, which is suggestive in support of the 
previous statement. 

The configuration illustrated in Fig. 1 was modeled 
and simulated in Matlab / Simulink. The harmonics 
contained in the spectrum of the current absorbed from 
the network circulate both through the rectifier and 
through the power supply to which the rectifier is 
connected. The shape of the current absorbed from the 
power supply, together with that of the supply voltage, 
are shown in Fig. 2. 

The waveforms illustrated in Fig. 2 correspond to the 
following circuit parameters: Uac = 100 V (RMS), Rs = 
0.01 Ω, Ls = 1∙10-6 H, Co = 1000∙10-6 [F], RL = 50 Ω, LL 
= 1∙10-4 [H], Udc = 131.2 V. 

By Matlab / Simulink modeling of the Fig. 1 circuit, it 
was possible to graphically represent the harmonic 
spectrum and determine the THD factor for the current 
absorbed from the power supply.  

 

Fig. 2. The evolution in time of the power supply voltage and the current 
absorbed from the power supply by an uncontrolled bridge rectifier.  
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Fig. 3 shows the spectrum of harmonics determined by 
simulating the operation of the single-phase uncontrolled 
bridge rectifier. 

Following the simulations, the parameters were also 
determined: the fundamental amplitude of the supply 
current A1 = 9.2 A, THD = 1.614 and the power factor PF 
= 0.445. 

From the above, it can be concluded that a 
conventional single-phase full-wave rectifier 
(uncontrolled) which is provided with filtering capacitor 
at the output has the following characteristics: 

- The absorbed current is non-sinusoidal (Fig. 2), with 
a rich content of harmonics, especially in the field of 
harmonics with a rank close to fundamental: 3, 5, 7, 9, as 
illustrated in Fig. 3. 

- It has a low power factor, which reduces the rectifier 
efficiency. 

- The presence of harmonics increases the operating 
temperature of the transmission lines and other equipment 
connected to the mains (power supply). 

- Reduces the capacity of the power supply to provide 
maximum power to the load [4]. 

II. SCALAR CONTROL TECHNIQUE 
Due to the previously mentioned disadvantages, Power 

Factor Correction (PFC) techniques have been developed, 
with the role of bringing this important parameter for 
consumers and power networks to values as close as 
possible to the unit. 

PFC rectifiers have been developed in two basic 
configurations [2], [8]: 

1. Using a fully controlled rectification stage, in which 
each semiconductor device is controlled according to an 
algorithm established by a certain power factor control 
technique. 

2. Using an uncontrolled rectifier stage, followed by a 
controlled buck / boost configuration, in which case the 
control algorithm applies only to the power contactor 
belonging to the configuration following the uncontrolled 
rectifier. 

 

Fig. 3. The harmonic spectrum of the current absorbed from the power 
supply by a single-phase uncontrolled bridge rectifier. 

 

The first configuration requires the switching operation 
of a number of four semiconductor devices, while the 
second configuration requires the switching operation of 
a single semiconductor device. The choice of one of the 
two solutions is made primarily based on the converter 
efficiency at the required power and the characteristics of 
the semiconductor devices at the required switching 
frequency. 

The scalar control technique can be applied to both 
variants of PFC rectifiers. The principle diagram of a 
PFC rectifier from the first category is shown in Fig. 4 
[2]. Examining the scheme in Fig. 4 it can be stated that, 
in the situation where in the analysis of the circuit, it is 
taken into account own inductance of the power supply 
Ls, the circuit works as a direct boost converter [2]. 

In Fig. 5 shows the configuration of a PFC boost 
converter, with scalar control according to the average 
current value [8]. 

III. MODELING THE SINGLE PHASE RECTIFIER WITH PFC 
SYSTEM 

The diagram of the single-phase PFC rectifier with 
controlled rectification stage to be modeled is shown in 
Fig. 4. As it can be seen, there are two cascading 
feedback loops. The external loop (after the output 
voltage) provides the value of the reference current Iref 
for the internal feedback loop (according to the current 
absorbed from the power supply). In steady state, the 
reference current is a constant quantity.  

 

Fig. 4. Configuration of a single-phase rectifier with power factor 
correction by scalar control technique, with fully controlled bridge [2]. 

 
Fig. 5. The principle of PFC control of the boost converter. 
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In the second feedback loop, the input current is 
compared with the reference current in order to obtain the 
modulating current Imod. 

The PWM modulator contains a triangular wave 
generator. Switching moments occur by comparing the 
triangular wave with the modulating current, as it can be 
seen in Fig. 6. The principle of generating PWM control 
signals is similar to the SPWM technique used to control 
voltage-frequency static converters that drive 
asynchronous motors in variable speed drive schemes. 

The circuit configuration shown in Fig. 4, was modeled 
in the Matlab / Simulink environment, in order to study 
the possibilities of improving the power factor and 
determining the amplitude of the fundamental as well as 
the THD factor. 

The achieved model is shown in Fig. 7. 
 

 
Fig. 6. Control pulses generation (operating cycle). 

Fi
g. 7. The rectifier model of  the scheme in Fig. 4. 

 
Fig. 8. PWM modulator structure. 

The fully controlled single-phase rectifier was 
implemented with IGBT transistors. This solution was 
preferred because the switching frequency is not very 
high, in which case the use of MOSFET transistors would 
have been recommended. In Fig. 8, the structure of the 
PWM modulator block is shown. The structure contains a 
triangular wave generator and two comparators that have 
the role of detecting the moments of intersection between 
the modulating current and the triangular wave 
(according to Fig. 6), thus generating PWM control 
pulses for IGBT transistors in the rectifier bridge. 

The evolution in time of the current absorbed from the 
power supply, together with the supply voltage, is shown 
in Fig. 9. The waveforms in Fig. 9 were obtained with the 
following circuit parameters: Uac = 100 V peak value, Uref 
= 120 V, RL = 45Ω, the frequency of the triangular carrier 
wave ftr = 104 Hz. The harmonic content of the absorbed 
current is shown in Fig. 10. 

1. Harmonics close to the fundamental (low 
frequency), have aptitudes related to the fundamental, 
extremely small (less than 2%), as illustrated in Fig. 10. 
The harmonic of rank 200, corresponding to the carrier 
frequency of the triangular generator (10 kHz), has a 
relative to fundamental amplitude of about 3%, as can be 
seen from Fig. 11, in which the relative to fundamental 
amplitude of the first 210 harmonics were represented.  

  

Fig. 9. The evolution in time of the current absorbed from the power 
supply together with the supply voltage after compensation. 

 
Fig. 10. Harmonic spectrum of the current absorbed from the power 

supply after compensation. 
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Fig. 11. Spectrum of absorbed current from the power supply (first 210 harmonics relative to the fundamental). 

 

From this point of view, it would be desirable for the 
frequency of this generator to be as high as possible, but 
practically it is limited by the switching performance of 
the electronic devices in the rectifier bridge. Related to 
these performances, the efficiency of the converter that 
uses this carrier frequency in order to generate the PWM 
control pulses can be analysed. 

2. The amplitude of the fundamental increased to the 
value A1 = 6.65 A, which is higher than in the case of the 
uncontrolled rectifier even if the RMS value of the supply 
voltage is 70,992 V, and THD is of about 0.03. 

3. The value of the power factor is PF = 0.99, 
approaching considerably the unit. 

IV. MODELING THE BOOST CONVERTER WITH PFC SYSTEM 
The configuration shown in Fig. 4 can be considered a 

boost converter in a single stage (direct boost). In 
addition to the qualities highlighted by modeling and 
simulation, such a rectifier has the disadvantage of a 
number of four static controlled switches, which operate 
at a switching frequency much higher than the 
fundamental frequency. At medium and low powers, the 
switching losses of static switches do not greatly affect 
the efficiency of the converter. Instead, at high and very 
high powers, the switching losses begin to affect the 
efficiency of the converter. For this reason, two-stage 
PFC rectifiers, such as the boost converter, are preferred. 
It has a rectifier stage with uncontrolled power 
semiconductor devices (diode rectifier) followed by a 
stage with with a single controlled device that is part of 
the PFC structure (Fig. 5). Thus, instead of four high 
frequency switching controlled contactors, there is a 
single high frequency switching controlled contactor. In 
this way, the switching losses will be reduced by about a 
quarter compared to the first case. 

For the implementation of the scalar method in this 
case, two reaction loops are used as in the previous case: 
a reaction loop according to the output voltage and a 
reaction loop according to the current absorbed from the 
power supply. 

PFCs with the implementation of feedback loops are 
used to ensure stable operation and acceptable dynamic 
behavior, regardless of the load variation mode [3]. 

The scalar control method according to the average 
value of the current leads to a better waveform of the 

absorbed current. The current error amplifier used in Fig. 
12 filters the measured rectified current. The output of 
this error amplifier controls the PWM modulator. The 
current loop tends to reduce the error between the mean 
value of the rectified current Ir and its reference. [3]. 

 
Fig. 12. Block diagram of the PFC boost converter controlled by the 

average current value ([3]). 

 

 
Fig. 13. Waveforms for control by average current value. 
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Fig. 14. The Matlab / Simulink model of the circuit shown in Fig. 5.The average current control method avoids the complications of the peak current 
control method by using a high gain integrative amplifier in the current feedback loop [3]. 

 

The waveforms illustrating the application of this 
method can be seen in Fig. 13. 

The method has the following important advantages 
[3]: 

a) The switching frequency is constant; 
b) It does not require compensation ramp; 
c) There is lower sensitivity to telecommunication 

noises, due to current filtering. 
In addition to these advantages, the method also 

highlights some disadvantages, such as [3]: 
1) The need to measure the current flowing through the 

inductance L; 
2) It is necessary to use a current amplifier, whose 

compensation circuit must be designed so as to take into 
account the operating conditions of the converter. 

For the study of the configuration of the PFC boost 
converter controlled by the average current method, the 
Matlab / Simulink model of the circuit in Fig. 5 has been 
conceived. The structure of this model is presented in Fig. 
14. 

The parameters for which the study was done by 
simulation on the above model of this PFC boost 
converter are: Uac = 40 V (RMS), L = 3 mH, Co = 10,000 
μF, Uref = 100 V, RL = 100 Ω. The resistor R in the model 
is the ohmic resistance of the inductance L. The 
frequency of the triangular wave generator is ftr = 10 
kHz. With these parameters, the shape of the current 
absorbed from the power supply is shown in Fig. 15. 

Following the Fourier analysis of this current, it was 
possible to graphically represent the harmonic spectrum 
of this current, which is presented in Fig. 16. 

The amplitude of the fundamental is, in this case, A1 = 
3.714 A. Harmonics of order higher than 50 are 
insignificant, up to around 200, a value that corresponds to 
the triangular carrier frequency (10 kHz).  

 
Fig. 15. The evolution over time of the current absorbed from the power 

supply by the PFC boost converter. 

 

 
Fig. 16. Harmonic spectrum of the current in Fig.15. 

Following the simulation study on the model in Fig.14, 
the following values were determined: PF = 0.9925 and 
THD = 0.095. The higher THD factor value in this case is 
explained by the fact that the amplitude of the higher 
order harmonics is higher in the case of the boost 
converter, compared to the direct converter. 

In order to highlight the importance of tuning the 
reaction loops, Fig. 17 illustrates the voltage Udc obtained 
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at the output of the rectifier, in comparison with the 
imposed reference voltage. 

 

 

Fig. 17. Udc and Uref voltages. 

 

According to this figure, the parameters of the feedback 
loops also determine the duration of the transient regime 
of the output voltage until reaching the prescribed value 
(in this case, the duration of the transient regime is about 
0.15 s). During this transient regime, the output voltage is 
higher than the prescribed value. 

 

V. CONCLUSION 
The comparative results of the study of the scalar 

control techniques applied to the single-phase rectifiers 
provided with PFC structures, can be summarized in 
Table I. 

TABLE I 

COMPARISON BETWEEN DIFFERENT PARAMETERS 

 
By applying scalar control methods for power factor 

correction, it is possible for the value of the power factor 
to approach the unit, and in cases where the feedback 
loops are designed correctly, it can even reach the value 
of 1. Both scalar control variants are relatively simple to 
be implemented. 

The first variant does not require the measurement of 
the input voltage Uac, it requires the measurement of only 
the current flowing through the inductance of the power 
supply. The control method can also be applied to three-
phase rectifiers. Following the study on the model, it was 
found that the method has the disadvantage of a certain 
degree of instability in various operating conditions. 

The second method of scalar control, applied to a 
classic boost converter structure has the advantage of 
better stability when changing the operating parameters 
(especially the load value), of adjusting the Udc output 
voltage level according to the prescribed reference 
values, a spectrum of harmonics and a power factor 
comparable to those obtained by using the first method. 

The disadvantage of implementing the second method 
is that the input voltage and current values in the boost 
converter circuit must be measured. 

These drawbacks are offset by the fact that the 
switching losses of static switch are lower than in the first 
case, because instead of four contactors (which make up 
the rectifier bridge), only one switching device is used, 
the one that belongs to the boost structure, that is to the 
second stage of the converter. 
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 Power Factor THD Current shape 
Single Phase rectifier 
without PFC control 0.445 1.614 Pulsating 

Single Phase full 
bridge PFC controlled 0.99 0.03 Sinusoidal 

Single phase boost 
PFC controlled 
rectifier 

0.9925 0.095 Sinusoidal 
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