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Wireless Transfer of Electric Power - 

a Disruptive Technology 
Andrei Marinescu 

Romanian Academy of Technical Sciences, Craiova Branch Craiova, Romania

University of Craiova, Romania
 ancor2005@gmail.com 

Abstract—Wireless (contactless) transfer of electric power 

is a disruptive technology because it abandons wired 

transmission technology, the only technology used in electrical 

and electronic engineering until recently, just like in the past 

animal traction and film photography were replaced by 

mechanical traction and digital photography. Although 

revealed at the end of the nineteenth century through Tesla’s 

inventions, it could be applied in practice only in the ‘80s of the 

twentieth century, with the development of power electronics 

and microprocessors. After an introduction and an overview of 

the operating principles, the paper presents the readiness level 

reached by this technology, the stage of standardization, 

Romanian achievements and future prospects for high power 

applications. 

Cuvinte cheie—transmiterea puterii fără contact, tehnologie 

diruptivă, nivel tehnologic,expunere umană la câmp magnetic, 

aplicații 

Keywords—wireless power transfer, disruptive technology, 

readiness level, magnetic field human exposure, applications 

I. INTRODUCTION 

A disruptive technology, as defined by CM Christensen 
[1] is a technological innovation, a product or service, 
fundamentally different from the dominant technology on the 
market. One of the characteristics of disruptive technologies 
is that they coexist with existing technologies and are 
initially considered inferior by most consumers [2,3].  

This category has included over time: the replacement of 
animal traction by mechanical traction and then by electrical 
traction, vacuum tubes replaced by transistors and then by 
integrated circuits, incandescent filament light bulbs replaced 
by the LEDs, HDDs by SSDs, 2D printers by 3D, 4D etc. 

A similar paradigm shift in which the traditional 
transmission of electricity by conduction is replaced by the 
contactless transmission is a typical disruptive technology 
[4]. It is best known as Wireless Power Transfer (WPT) and 
has many important advantages in modern technology due to 
the absence of contacts and their wear, ease of use in 
aggressive or explosive environments, in air or water, with 
applications for both electric drives and for charging storage 
batteries in the most various fields such as: medicine, 
robotics, electric mobility, etc. The transfer of energy is 
carried out in the near field (magnetic or electric) on small 
and medium distances, with efficiency comparable to the 
transmission by galvanic  contact and with the possibility of 
simultaneous transmission of power and data. Due to the 
different operating principle, both the theoretical bases and 
the simulation of circuits and fields through numerical 
methods are essential to the design and practical achievement 
of these systems in order to ensure interoperability, and 

increase the efficiency and the transferred power [5]. In [6] it 
is stated that: “Wireless Power Transfer is now recognized as 
one of the ‘Hottest’ Research Areas in Electrical 
Engineering combining the EE Foundation Studies of 
Electricity and Magnetism with Power Electronics and 
Microprocessor Control”. This statement best summarizes 
the special endeavors in the field. The research into the IEEE 
Xplore database shows that in the field of inductive WPT 
alone during the period 2010-2020 [7] more than 1800 
papers were published with an annual increase rate of 100%, 
plus over 6000 patents registered since Tesla patents until 
today, as evidenced by a search in the USPTO (U.S. Patent 
and Trademark Office) [8]. The papers on WPT listed above 
are featured not only in journals and conferences dedicated to 
power electronics applications but also in publications in 
related fields such as medicine, electromagnetic 
compatibility, etc. These figures are exceeded in number 
only by publications in the field of microelectronics. The 
IEEE Xplore database contains 32 papers in the field of 
Romanian authors, published after 2012 [7]. When the 
necessary high powers are transmitted, for example, to 
charge the batteries of an electric vehicle (EV) in static or 
dynamic charging systems, the limitation of human exposure 
to the stray magnetic field [9] requires electromagnetic 
shielding measures [10]. The autonomous driving systems of 
EVs on highways and in urban areas currently represent an 
important argument for the application of the contactless 
transfer of electric power. The paper analyzes the principles 
of designing inductive power couplers, the technological 
readiness level of these systems in contrast to plug-in 
charging, the evaluation and optimization of their 
parameters, the standards and regulations in force, the 
Romanian achievements for EVs and prospects for 
application in the near future. 

II. CONSTRUCTION OF INDUCTIVE POWER TRANSFER

SYSTEMS 

A. Realization and evaluation of power transfer through an 

inductive coupler 

The inductive coupler is an essential element of a WPT 
system. The simplest inductive coupler is shown in Fig. 1. It 
is in fact a two-port circuit with an input port and an output 
port usually consisting of two air core planar (circular or 
solenoidal) coils, loosely coupled, with self-inductances L1 
and L2 and R1 and R2 with their AC value at operating 
frequency,. The primary coil is the transmitter (Tx) and the 
secondary coil is the receiver (Rx). Their position in the xyz 
coordinate system can be random, in the most general case; 
therefore the variable mutual inductance M largely 
determines the power transfer efficiency between the two 
ports. The gap between the coils (h) on z axis is the 
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separation gap of the coupler which can be constant or 
variable depending on the application. 

 

Fig. 1. Schematic diagram of the two-port inductive coupler. 

M is calculated according to the known relation: 

 M = k(L1 L2)
1/2 

(1) 

where k is the coupling factor of the two coils. In current 
practice, the value of k is small (0.1 – 0.2), which is why the 
circuit is considered loosely coupled.  

The weak coupling is determined on the one hand by 
achieving a transfer distance as long as possible on z axis and 
on the other hand by the decrease of the power transfer 
sensitivity in the applications where the horizontal position 
of Tx against Rx (x, y axes) is variable (EV case) [6].   

The value of k(M) is usually increased by using magnetic 
flux concentrators made of ferrite material with different 
geometries [11]. 

For the calculation of the maximum power which can be 
transfered in the case of the inductive coupler in Fig.1, we 
start from the relation for the apparent power transmitted 
from port 1 to port 2: 

 S2 = |U20.Isc| (2) 

where U20  is the voltage   at the terminals of port 2 at 
no-load and  Isc is the short-circuit current generated at port 
2. 

After simple calculations using (1), we obtain: 

 S2 = ω.k
2
.L1.I1

2
  (3) 

or  

 S2 = k
2
.S1 (4) 

where S1  is the apparent power available in the primary 
Tx of the coupler. 

Under these conditions, unlike the power transformer for 
which k~1, the Tx-Rx energy transfer indicated by S2 is very 
low mainly due to the very high leakage inductances specific 
to the air core coils of the inductive coupler.   

To increase the power transfer in WPT systems, the 
leakage inductances of the Tx and Rx coils are compensated 
by series or parallel capacitors. 

Classical compensation topologies use simple LC-type 
networks, i.e. S-S, S-P, P-S and P-P (Fig. 2) in which the 
resonant frequencies of the primary and secondary are equal. 

Under these conditions, regardless of the method of 
achieving the primary compensation, the relation (4) 
becomes: 

 S2 = k
2
.S1.Q2    (5) 

where Q2  is the loaded quality factor of the circuit Rx at 
the operating frequency ω.  

 

Fig. 2. The main inductive coupler compensation topologies. a-S-S, b-P-S, 

c-S-P, d-P-P. 

Therefore the topologies in Fig.2 allow the practical 
realization of inductive WPT couplers with transfer outputs 
between 85 and 90 % when Tx and Rx are coaxial.  

In order to be used in practice and compared in terms of 
efficiency, the S-S and S-P topologies are powered by 
voltage inverters and the P-S and P-P topologies are powered 
by current inverters as shown in Figs. 2. 

There are a large number of parameters involved in the 
behavior of the inductive coupler, including: coil geometry, 
operating frequency, heat losses depending on the conductor 
used (solid or litz wire), winding step [12], magnetic field 
concentrators, loaded quality factor at operating frequency, 
etc. 

Although they are simple and economical and therefore 
theoretically treated in many papers, the practical application 
of these topologies under variable load, short circuit, coupler 
coils offset, etc. affects both the operation of the primary 
inverter and the overall efficiency of the WPT system. 

For these reasons, at high powers, when the stability and 
efficiency of the system is decisive, the application of hybrid 
compensation topologies with several energy accumulators 
has become widespread. The most common networks are the 
LCL and LCC topologies, symmetrical in the primary or 
secondary, or mixed (Fig. 3). 

 

Fig. 3. Hybrid compensation topologies. a-LCL, b-LCC. 

In the case of LCL topology [13] with a single resonant 
frequency, the series inductance Lf (usually equal to L1) 
transforms the voltage inverter into a constant current 
inverter, the operation of which is load independent with a 
unit power factor. 

In the case of LCC topology [14], the difference from 
LCL consists in inserting a capacity C1 in series with L1, 
which leads to the decrease of the inductive reactance of L1 
and, as a result, now Lf < L1. The new circuit may have also a 
single resonant frequency given by Lf.Cf = (L1 - Lf).C1. 
Interoperability with other WPT systems is improved and the 
influence of the variation of the coupling factor produced by 
the coils offset (misalignment) as well as the Tx - Rx air gap 
is smaller. 

To make a comparison of the performance of inductive 
couplers, their factor of merit (FOM) [15], a dimensionless 
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parameter  determining the transfer efficiency is defined and 
can be determined based on the relation: 

FOM = kQ = ωM/R (6) 

where Q and R represent the geometric averages of the 
quality factors, respectively of the AC resistances of the two 
coils. 

The transfer efficiency can be expressed as: 

ηmax  ≈  1 - 2/kQ  (7) 

The maximization of product kQ is a necessary measure, 
but the reduction of k (unjustifiably increased gap between 
the coupler coils) must be carefully controlled in practical 
applications because it greatly influences the operating mode 
of the inverter used. 

The process of evaluation of a prototype coupler begins 
by analyzing the constructive variants achieved by 
simulation with 2D or 3D finite element; the physical 
optimized model is achieved and finally the values of the 
characteristic parameters (L, R, M, k, Q) obtained by 
simulation are compared with those experimentally 
determined; the experimental method described in [16] using 
a vector network analyzer (VNA) with impedance meter 
function is useful (Fig.4). 

Fig. 4. Lab evaluation of the parameters of an inductive coupler with 

VNA. 

Currently, inductive couplers are designed for transferred 
powers of 3.7 - 22 kW for EVs or 100 - 300 kW for electric 
buses and even 1MW for Maglev trains and ferries [17]. 

At transfer powers of over 50 kW, the inductive coupler 
has either a structure consisting of three coils powered by 
single or three-phase inverters [18], or has a modular 
construction consisting of four or six coplanar coils powered 
by single-phase inverters with synchronized operation [19]. 

Fig. 5 shows the laboratory test of the complete prototype 
of a inductive WPT system consisting of: frequency 
converter, Tx - Rx resonant circuits, microcontrollers, 
rectifier, filter and artificial load resistor which in this case 
replaces the charging battery. 

The main qualification tests which must be performed on 
a WPT system are at least the following: efficiency test, PFC 
and power test, air gap and offset flexibility, magnetic field 
emissions according to the standards in the following 
paragraph. 

Fig. 5. Testing an EV WPT system for 3.7 kW in the laboratory. At the 

upper part (above Rx) there is the Al shield (2 mm thick) over which a steel 

plate (3 mm thick) simulates the EV chassis. 

B. Standardization of WPT systems 

The standards cited below are the result of extensive 
international collaboration. The IEC standards marked as CD 
(Committee Draft) are versions in the stage of final approval. 
The American standard, SAE J2954 [20] is the first WPT 
standard published as final version in 2020. 

Although the standards are not mandatory, they are still 
fundamental elements of conduct for designers but also for 
researchers when approaching a new concept and especially 
when this concept, although original, must be compatible 
with other existing systems. 

As proof, the success of Qi wireless mobile charging 
system developed by Witricity [21], currently produced on a 
large scale by companies worldwide is based on the 
publication of the company standards by IEC [22]. 

The main standards related to the WPT are: 

- IEC 61980-1:2020, Electric Vehicle Wireless Power 
Transfer (WPT) Systems – Part 1: General requirements; 

- IEC 61980-2, Ed. 1, (CD), Electric Vehicle Wireless 
Power Transfer (WPT) Systems – Part 2: Specific 
requirements for communication between electric road 
Vehicle (EV) and infrastructure with respect to wireless 
power transfer (WPT) systems;  

- IEC 61980-3, Ed. 1, (CD), Electric Vehicle Wireless 
Power Transfer (WPT) Systems – Part 3: Specific 
requirements for the magnetic field wireless power transfer 
systems; 

- ISO 19363:2020 Electrically propelled road vehicles – 
Magnetic field wireless power transfer - Safety and 
interoperability requirements; 

 - SAE J2954:2020 Surface Vehicle Standard – Wireless 
Power Transfer for Light-Duty Plug-in Electric Vehicles and 
Alignment Methodology. 

The SAE standard J2954 [20] has adopted the LCC 
topology [14] and considers the whole set of problems that 
ensure the industrialization of WPT transfer systems, i.e. 
interoperability, frequency band, electromagnetic 
compatibility, protection of living beings from the magnetic 
stray field and last but not least the optimization of the 
design of the inductive coupler, which is the result of tests 
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performed on actual systems in the laboratory and in 
operation for powers between 3.7 and 11 kW. 

C. Operating frequency of wireless power transfer systems 

The general rule governing any WPT system, whether it 
is intended for data or power transfer is its non-conflicting 
co-existence with radio communication systems, which is 
why the ITU (International Telecommunication Union) 
established the so-called ISM frequency band for industrial, 
scientific and medical equipment [23], which includes fixed 
frequencies from 6.78, 13.56, 27 MHz to 2.4 GHz and above. 
Some of these frequencies are used for magnetic resonance-
based power transfer systems [24].  

Furthermore in [23], by an international agreement, the 
use a non - ISM frequency band in the range 10 - 100 kHz is 
allowed for WPTs charging, namely: 

1. 42 – 48 kHz and 52 – 58 kHz for light EVs;
2. 19–21 kHz and 59 – 61 kHz for heavy electric vehicles

(buses) with charging powers of  75 - 300 kW; 
3. 85 ± 0.5% kHz proposed by SAE J2954 [20] for light

EVs with charging powers of 3.7 – 11 kW using low voltage 
AC grid. 

The main reason that led to this choice is related to the 
fact that WPT systems have interference emissions in very 
confined areas around the equipment/vehicle because in the 
near field the magnetic component decreases proportionally 
by 1/d

3
 and, as a result, they are considered localized sources 

of magnetic field or Short Range Devices (SRDs) [25].  

The frequency range 1 (42–48 kHz) was used for the 
prototype built so far in Romania [26], solely due to the 
available litz wire (elementary wire with a diameter of 0.2 
mm). Currently there are litz wires with an elementary wire 
of 0.05 - 0.071 mm which can be used to approach operating 
frequencies up to 200 kHz The transition to range 3 (85 kHz) 
is in progress for the second generation WPT of the same 
EV. 

D. Block diagram of a WPT system 

Fig. 6 shows this block diagram vs. the similar diagram 
used for plug-in charging [27]. The most important 
difference is the replacement of the isolation transformer 
with an inductive coupler and its compensation circuits that 
form a critical area with a significant share in the overall 
efficiency in the absence of a careful planning of its 
parameters.  

Both systems must contain active filters on the supply 
side so as not to generate harmonics in the supply network, 
taking into consideration the high powers flowing through 
them. It can be noted that, in the case of WPT systems, the 
onboard part includes fewer components. As a result, the 
energy transfer efficiency of the two systems can be 
comparable under a suitable design. 

When using modern semiconductor components with SiC 
[28], the current overall efficiency of the WPT exceeds 90 % 
when the offset of the coupler coils is within the limits 
allowed by the system. 

  a    b 

Fig. 6. Comparison between the block diagrams of plug-in equipment (a) 

and WPT (b). EVSE-Electric Vehicle Service Equipment, OBC-OnBoard 

Charger, PFC-Power Factor Correction. 

E. Storage batteries as a load for the inverter used for the 

WPT system 

In most cases, the WPT systems are used to charge 
storage batteries, the charging mode of which is a 
combination of constant current (CC) charging followed by a 
final constant voltage (CV) charging as shown in Fig. 7. 

Fig. 7. Typical quantities in the storage battery charging process. 

During this process, the inverter operates at variable 
power (P) in both CC and CV mode, noting that its peak 
power is generated at the end of the constant current area, 
and then it decreases 5 - 7 times in the constant voltage area. 

This operating mode must be taken into account when 
designing the system by using current and voltage sensors in 
the automatic control loop so that the efficiency of the 
inverter is not affected. In the case of EVs, the 
charging/discharging mode is governed by the specific “C” 
parameter which represents the battery charging/discharging 
rate (C-Rate). It represents the numerical value of the ratio 
(A/Ah) of the charging/discharging current in A to the 
battery capacity in Ah. A normal charge is to 0.15 C which 
means, for example, for a 60 Ah battery, a 10A charging 
current for about 6 hours. Traction Li-Ion batteries are sized 
for 1 or 2 C mode. Fast or ultra-fast charging of certain EV 
batteries can be performed to 3 C (180 A in 20 minutes in the 
above case) or even to 4 C, under continuous temperature 
monitoring and forced cooling, a process performed on this 
systems [29]. Improving the control algorithms of the state of 
charging (SOC) and state of health (SOH) of the battery is 
one of the current endeavors of the research in the field so 
that the concerned regime will neither affect the operating 
safety, nor the battery life [30]. 

In the case of WPT charging, it should be noted that this 
is a typical intermittent charging system: the battery is 
charged automatically, without operator intervention, every 
time the EV reaches a public charging station and parks there 
even for a few minutes. This operating mode results in lower 
power consumption and increased battery life. In the case of 
urban electric buses, the system is widely practiced on the 
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route or at the end of the line where it is called “opportunity 
charging”. 

III. TECHNOLOGICAL READINESS LEVEL OF WPT SYSTEMS

There are technical influencers who consider that the 
technologies based on the wireless transmission of 
information and more recently of power are inefficient and 
dangerous to health although all studies conducted so far do 
not lead to this conclusion [31].  

In the case of the WPT there is still an opinion that the 
power and transfer efficiency are low as opposed to plug-in 
transmission. The actual situation is as follows: on the one 
hand WPT equipment with powers up to 300 kW was built 
and used in practice on buses [19] and, on the other hand, for 
the plug-in charging system, losses were not considered: in 
the transformer from the charging station, in the connection 
cables, in the connectors, in the charger on board the EV 
which provides the AC/DC conversion. The overall 
efficiency of any equipment is the product of the partial 
efficiencies of the blocks in the system. If equal efficiencies 
of 97% are considered in theory in the case of four blocks, an 
overall efficiency of 89% will be reached! For a current 
WPT system, the efficiency is comparable to the plug-in 
system, i.e. 85 - 90% [32]. 

In both cases, the transition from Si semiconductors used 
in current power electronics to SiC or GaN semiconductors 
will increase the overall efficiency by at least 95%. 

 Since it is a disruptive technology, the number of WPT 
pieces of equipment in operation so far is relatively small, 
because the “technological readiness level” or TRL is lower. 
Regardless of the field of activity, TRL [33] defines 1 - 9 
stages of maturity and TRL 4-6 is considered the bridge 
between scientific research and engineering application.  

In the case of WPT, the highest level (9) has been 
reached (meaning “Technology proven through successful 
operations”) by some companies: KAIST (Korea), Conductix 
– Wampfler (Germany), Plugless Power (US) etc mentioned
in the FP 7 ”FABRIC” project [34], but there are many other 
companies with level 7 – 8 achievements.  

In Romania, the activity in the WPT field started almost 
10 years ago in several university centers and research 
institutes is mostly focused on theoretical and experimental 
research included in doctoral theses, bachelor’s theses and 
scientific publications and less on functional models or 
prototypes which have reached in some cases the TLR level 
3, i.e. “demonstrating the functionality of the concept, in 
relation to the critical functionalities of the system, through 
analytical and experimental studies”. The explanation for this 
situation consists, to a certain extent, in the almost non-
existent funding offered by the Romanian Research 
Authority for this disruptive technology. 

In Romania the highest known level is level 6 [35] in 
which the real-scale prototype, capable of fulfilling all the 
functions required by the operating system was tested in an 
environment relevant to the real operating conditions. 

IV. WPT CHARGING SYSTEM FOR

 DACIA ELECTRON EV AND OTHER  APPLICATIONS 

The DACIA Electron automobile based on the 
mechanical structure of the Dacia Sandero automobile was 

built by CCIA (R&D Center for the Automobile Industry) at 
the University of Pitesti with the support of Renault RTR 
Romania in 2016 and publicly presented in 2017 at the EV 
Show 2017 [27]. It has a “combined charging system” 
consisting of the classic plug-in system and a WPT Charging 
system built by ACER Romania [36] in collaboration with 
INDA-Eltrac SRL, Craiova [37] (Fig. 8). 

Fig. 8. WPT charging system mounted on DACIA Electron EV [27]. 

This is an industrial prototype (TRL 6) with a 
standardized load power of 3.7 kW for a ground clearance 
ranging between 80 and 110 mm (currently increased to 140 
mm). It performs the CC-CV charging cycle for a modern 
cobalt-free LPF (LiFePO4) battery [35] of 12.3 kWh, with 
the voltage of 205 V and weight of 160 kg. The range of this 
EV is at least 100 km. 

The prototype is our starting point for R&D on WPT 
power transfer systems with powers over 1 kW, such as: 

- urban rail vehicles (catenary-free trams); 
- buses, minibuses, vans and commercial vehicles; 
- unmanned aerial vehicles (UAV);  
- unmanned underwater vehicles (UUV);   
- factory transportation equipment including autonomous 

(AGV); 
-  robotics and radar rotating platforms 

ASSESSMENT OF HUMAN EXPOSURE TO THE 
MAGNETIC FIELD GENERATED BY THE WPT 

Although basically there is no person inside the EV 
during battery charging, the limits set by ICNIRP [9] for the 
protection of persons who are for various reasons in the 
vicinity or passing by must be observed and certified by 
measurements performed by accredited laboratories. Fig. 9 
presents a comparison of the evolution of the permissible 
level of exposure during 1998 – 2010 [9]. 

Fig. 9.   Evolution of the ICNIRP [9] exposure level during 1998 - 2010: 
1-occupational 1998, 2-public 2010, 3-public 1998, 4-occupational 2010. 

In the 10 - 100 kHz frequency range of interest for 
inductive WPT systems, a relaxation took place: the level of 
magnetic field allowed for the public has increased from 
6.25 µT to 27 µT and for workers from 50 µT to 100 µT. 
This increase is the result of applying the precautionary 

Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

5



principle on which international standards for exposure to 
electromagnetic radiation are generally based. 

The distance at which the measurement is taken is 
500 mm from the edge of the inductive coupler or 300 mm 
from the side edge of the EV at a height of 0.7 m from the 
ground. An example of 42 kHz operating frequency 
measurements for DACIA Electron is shown in Fig. 10 a, b, 
highlighting the asymmetrical position of the Rx receiver 
required by the design of  this vehicle chassis (Sandero) to 
maintain the ground clearance. The level of 27 µT is 
exceeded only in that area (34 µT) To decrease the B value 
below 34 µT (red) to 22 µT, additional shielding of Rx was 
required. 

 

a) 

 

b) 

Fig.10. Magnetic B field in µT around EV DACIA Electron. a) Rx location, 

b) Three-dimensional measured B values for 3.7 kW transferred power (top 

view). 

V. WPT PERSPECTIVES AND ASSOCIATED PROBLEMS 

At present it is clear that, regardless of the current 
opinion of users of automobiles with internal combustion 
engines, EVs are already winning due to the measures to 
limit the manufacture and use of Diesel engines in some EU 
countries. In the very near future EVs will become 
autonomous and connected vehicles and then it will not be 
possible to design an autonomous EV without an automatic 
battery charging based on WPT.  

Discussions that the use of EVs aggravates pollution 
caused by fossil fuels used to increase the electricity 
generation in conventional power plants are unjustified for 
two reasons: first, environmental pollution is especially 
dangerous in large urban areas and then, the renewable 
sources associated with energy storage systems will totally or 
partially compensate for the increase in electricity 
consumption [38]. In addition, as the number of EVs 
increases, they will be able to provide, if necessary, the 
electricity needed in certain critical situations by using 
bidirectional inverters (conversion of G2V to V2G system). 

It should be noted that the change of the current paradigm 
in urban electric mobility is also under discussion, by 
building small EVs (less than 2 m in length), with a range 
limited to 30-50 km, parked perpendicular to the road and 
charged right there by WPT according to the expression: 
“Smaller, lighter, greener”. Such examples already exist in 
the mass production [39], while EVs with the current 
dimensions to be intended for long-distance travel.     

 Here are some of the concerns of the near future related 
to electric mobility and wireless power transfer: 

- Accelerated generalization of electric public transport in 
urban areas (buses, commercial vehicles, etc.); 

- Increasing the public acceptability of the WPT [40]; 

- The improvement of the WPT energy transfer efficiency 
up to 95%, by using modern switching circuits with SiC or 
GaN;  

- The transition from the plug-in system to the WPT 
system with a transitory coexistence period; 

- The recycling used Li-Ion batteries taking into account 
the limited global reserves of Li, Co, etc.; 

- The achievement of virtual power plants (static storage 
from renewable energy sources) and the expansion of 
individual prosumer systems [38]; 

- Realization of fast and ultra-fast EV charging stations 
and coordination of energy consumption through Smart Grid 
technique;  

- Generation of EVs artificial noise to warn cyclists and 
pedestrians (the probability of an accident caused by EVs is 
twice as high as opposed to vehicles fitted with internal 
combustion engines) [41]; 

- Promoting Romanian WPT R & D projects within the 
national cluster network “WPT Rom Net” [42] open to all 
research institutions and production companies, local public 
administration authorities, employers’ associations or 
professional associations, legal entities and individuals 
interested in contributing to the development and practical 
application of WPT knowledge.  

- Publishing in English, to increase the visibility of 
Romanian research in the field, using also the special 
dedicated issues of the “Annals of the University of Craiova 
- Electrical Engineering Series” [43]. 

VI. CONCLUSIONS 

The paper aims to draw the attention of potential users 
and funders to the applications and benefits of wireless 
power transfer (WPT).  

  The WPT has many advantages for the most diverse 
applications of modern technology due to the absence of 
contacts and their wear, ease of use in aggressive or 
explosive environments, conductive liquids (marine 
environment), the possibility of simultaneous power transfer 
and data communication and its efficiency comparable to 
plug-in systems on short and medium distances, at power 
levels reaching tens or hundreds of  kW. 

  The paper provides a brief overview of the technical 
solutions, applications and perspectives offered by the WPT 
in light of the growing interest in reducing pollution in large 
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cities and the prospect of large-scale use of autonomous and 
connected EVs.  

 A practical example is the 3.7 kW industrial WPT 
prototype built for charging the battery fitted on EV DACIA 
Electron. 

The integration in the Smart Grid of EVs fast/ultra-fast 
charging stations, including renewable energy sources, 
energy storage systems and proper management of energy 
sources and energy demand will result in energy efficient 
solutions. 
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Abstract – In this paper, the rotor field-oriented control is 

applied for a three-phase induction motor used in electric 

traction of an autonomous locomotive powered by a battery. 

First, the operating equations in the rotor field-oriented 

system are introduced. Then, the control scheme based on 

the structural scheme and operational equations are pre-

sented. After referring to the design of the controllers, the 

performances of the control system during the start-up pro-

cess by prescribing a ramp speed and step rotor flux are 

addressed and analyzed. Four values of the prescribed speed 

are taken into consideration.  Through the presented results, 

the synthesis of the control system and control algorithm are 

validated. 

Cuvinte cheie: control cu orientare după fluxul rotoric, tracți-

une electrică, locomotivă autonomă, motor trifazat de inducție, 

regulator cu histerezis, regulator PI. 

Keywords: rotor field-oriented control, electric traction, au-

tonomous locomotive, three-phase induction motor, hysteresis 

controller, PI controller. 

I. INTRODUCTION 

In the 1970s, Haase [1] and Blaschke [2] introduced the 
so-called field-orientation technique applied to the induc-
tion motor, which involves decoupling the torque and 
magnetic flux as with the direct current motor. In a refer-
ence frame that rotates simultaneously with the rotor flux, 
the torque can be controlled by the q-axis component of 
the stator current vector.  

The best known implementation of the rotor field-
oriented control is the indirect control. According to this, 
the rotor flux is estimated and not measured, based on the 
associated equations [3]. 

When the voltage control is taken into consideration, 
two control paths exist in the structure of the rotor field-
oriented control [4]-[6]. Within the first path, the external 
loop is of the speed and the subordinate loop is of the ac-
tive current. In the second path, the external loop is of the 
rotor flux and the subordinate loop is of the reactive cur-
rent.  

The difficulty in the implementation of the voltage con-
trol consists of the need to design four controllers. But, if 
a control structure with current control is adopted, only 
two controllers remain in the system to be designed and 
the inverter control is performed by a hysteresis controller 
[6]. 

Among the challenges of implementing the rotor field-
oriented control, the accurate estimation of the motor pa-
rameters and ensuring the most precise control of the cur-
rent’s components are highlighted [7]-[14]. In [11], the 
proposed strategy involves the use of the rotor field-

oriented model equations to estimate the electromagnetic 
torque and rotor resistance.  

To estimate the rotor resistance, the authors of [10] de-
signed a scheme based on the rotor flux model and fuzzy 
controller. In [14], a sensorless fuzzy logic based indirect 
vector control with an adaptation scheme for the rotor 
resistance using neural learning algorithm was taken into 
consideration. 

An adaptive sliding-mode observer was proposed in [8], 
and the online adaptation of the rotor resistance was 
achieved. A sliding mode observer based on rotor-flux 
was presented in [12] and a predictive field-oriented con-
troller was used. 

To keep the speed and torque of the induction motor 
oriented on the rotor field during the supply voltage drop, 
a new control technique was analyzed in [13], in which 
the d-axis and q-axis current control is based on solving 
the voltage, current, and torque constraints in the current 
plane. 

The results presented in this paper were obtained by 
carrying out the PACETSINEFEN project in the frame of 
POC program, European Regional Development Fund. 
The implementation of the proposed control system will 
be done on an electric traction physical model of a loco-
motive powered by a battery. 

The next part of this paper is organized as follows. In 
section II, the operating equations and control scheme are 
presented. Next, the attention is directed to the synthesis 
of speed and rotor flux controllers. Then, section IV pre-
sents the performance of the system, in which, the start-up 
process by prescribing a ramp speed and a step rotor flux, 
for four prescribed speeds, are taken into consideration. 
The paper ends with some conclusions and future research 
directions. 

II. OPERATING EQUATIONS AND CONTROL SCHEME

The equation of operation are expressed in the (d, q) 
reference frame with the d-axis oriented in the direction of 
the rotor flux (Fig. 1). As shown, the q-axis component of 
the rotor flux is zero. λ is the angle between the rotating 
(d, q) reference frame and the fixed reference frame (α, β). 

Fig. 1. Orientation of the rotating (d, q) reference frame. 
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The following expression of the electromagnetic torque 
shows that, if the rotor flux is constant, the electromagnet-
ic torque can be controlled only through the q-axis com-
ponent of the rotor current.  

 . (1) 

The equations of the rotor circuit are [15]: 

 ; (2) 

 , (3) 

where the expressions of the rotor flux on the two axes 
are: 

 ; (4) 

  (5) 

The equation of motion is added to the system of equa-
tions. 

 . (6) 

The following quantities are used in equations (1) - (6): 

ir, Ψr - the spatial phasors of the rotor currents and rotor 
flux referred to the system (d, q); 
m, ms – the electromagnetic and static torque respectively; 
Rs, Rr – the stator and rotor resistances referred to the sta-
tor; 
Lr – the inductance on a rotor phase referred to the stator; 
Lm – the magnetization inductance; 
p – the number of pole pairs; 
ω – the angular velocity of the rotor; 
ω1 – the electrical speed of the rotating coordinate system. 

The adopted control structure shown in Fig. 2 involves 
the current control, which is easier to implement com-
pared to the voltage control. As shown, to synthesize the 
control signals for transistors, a three-phase hysteresis 
controller (Hys) is used. The existence of two controllers 
(R for speed and R for the rotor flux), the transfor-
mation blocks for the reference frame ((d,q) →(α,β) and 

(α,β)→(a,b,c)) and the speed transducer (T) is highlight-
ed. The rotor flux is calculated based on the stator current 
and the motor speed and the position angle  of the rotat-
ing reference frame is calculated based on the sine and 
cosine functions, as follows [6], [15]:  

  (7) 

As illustrated in Fig. 2, there are two independent con-
trol paths, for speed and active current control and for 
rotor flux and reactive current respectively.  

 
Fig. 2. Structure of the control system with current control. 

In the first path, the prescribed active current is ob-
tained at the output of the speed controller, whereas, in the 
second path, the prescribed reactive current is obtained at 
the output of the flux controller. 

III. SYNTHESIS OF SPEED AND ROTOR FLUX CONTROLLERS 

To express the involved transfer functions of the two 
controllers, the operational equations in the Laplace do-
main were used [6]. 

The parameters of the PI speed controller (1 and ) 
which intervene in its transfer function,  

 , (8) 

were determined using the symmetry criterion [6]. 

 , (9) 

where TΣ is the dead time of the active current control 
loop (the sum of the speed transducer time constant and 
the sampling time Ts), the amplification factor Kf is: 

  (10) 

and the mechanical time constant (Tm) is: 

  (11) 

The parameters of the PI flux controller (1 and ) in 
the transfer function,  

 , (12) 

were provided by using the Modulus criterion in Kesller 
variant [6]. 

IV. CONTROL SYSTEM PERFORMANCE 

The performance of the control system was assessed by 
using a specific Matlab-Simulink model developed for the 
experimental test platform. Table I summarizes the main 
parameters of the voltage source inverter and traction mo-
tor and Table II contains the parameters of the two con-
trollers. 

TABLE I.  
MAIN PARAMETERS OF THE VOLTAGE SOURCE  INVERTER AND 

TRACTION MOTOR 

Inverter parameters 

Uin 

(V) 

UNout 

(V) 

PN 

(kVA) 

fN 

(Hz) 

f 

(Hz) 

Cd 

(µF) 

UCdN 

(V) 
IGBTs 

750 500 190 50 0-135 1400 1800 CM2400HC-34H 

Traction motor rated parameters 

UN 

(V) 

P2N 

(kW) 

f1N 

[(Hz) 

IN 

(A) 
cosφN ηN sN 

nN 

(rpm) 

MN 

(Nm) 

500 155 45 218 0.888 0.924 0.02518 1316 1125 

R1 

(Ω) 

X1N 

(Ω) 

Lσ1 

(mH) 

R2 

(Ω) 

X2N 

(Ω) 

Lσ2 

(mH) 

Rm 

(Ω) 

Xm 

(Ω) 

Lm 

(mH) 

0.035 0.0621 0.2197 0.0358 0.067 0.2387 89.38 3.2507 11.497 

TABLE II.  
PARAMETERS OF THE SPEED AND FLUX CONTROLLERS  

KpΩ TiΩ KpΩ TiΩ Kpψ Tiψ 

Ωp≥ΩN/2 Ωp<ΩN/2 
36 0.32 

100 0.003 200 0.004 

- 

+ 

- 

+ 

Ω *
 

(d,q) 
 

    

      
(α,β) 

 

VSI 

RΨ 

Rω 

M 

3 ~ 

Calculation 

Ψr and  

angle λ 
 

isa,b 

Ti 

Tω 

 
Hys 

i*
sq 

i*
sd 

i*
sα 

i*
sβ 

(α,β) 
 

  

    
    

(a,b,c) 

i*
c 

i*
a 

i*
b s2 

s3 

   

 
  

    (a,b,c) 

isβ 

λ 

ω 

isα 

s1 

(α,β) 

 

(a,b,c) 

 
(α,β) 

 

(a,b,c) 

 

                                                Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

10



The ramp prescription of four speed values (ΩN/10, 
ΩN/2, ΩN and 2ΩN) and step rotor flux, at nominal resis-
tive torque is considered.  

The time evolution of speed, rotor flux, rotor flux 
components, electromagnetic torque, phase current and 
current components on the two axes  are determined and 
analyzed. The main quantities during the steady-state op-
eration are summarized for each case. To illustrate the 
performance of the control system, the following quanti-
ties were determined: rise time, settling time, maximum 
current and torque, overshoot, stator current distortion 
factor, efficiency and power factor.  

A. Performance in the case of prescribed speed of 

0.1ΩN 

The time evolutions of the main quantities for the pre-
scribed speed of 0.1ΩN are shown in Fig. 3 - Fig. 9. 

Also, the main quantities during the steady-state opera-
tion are illustrated in Table III and the quantities that char-
acterize control system performance are summarized in 
Table IV. 

Fig. 3. Time evolution of the speed: prescribed speed (ΩN/10) –in red; 

actual speed – in blue. 

Fig. 4. Time evolution of the rotor flux for prescribed speed ΩN/10: 

prescribed value– in red; actual value – in blue. 

Fig. 5. Time evolution of the rotor flux components for prescribed speed 

ΩN/10: on the d axis – in blue; on the q axis – in black. 

Fig. 6. Time evolution of the electromagnetic torque for prescribed 

speed ΩN/10: average torque – in red; actual torque – in blue. 

Fig. 7. Time evolution of the stator currents for prescribed speed ΩN/10. 

Fig. 8. Time evolution of the stator current component on the d axis for 

prescribed speed ΩN/10: prescribed value– in red; actual value– in blue. 

Fig. 9. Time evolution of the stator current component on the q axis for 

prescribed speed ΩN/10: prescribed value – in red; actual value – in 

blue. 

TABLE III.  
MAIN QUANTITIES IN STEADY STATE FOR PRESCRIBED SPEED ΩN/10 

U (V) U1 (V) I (A) I1 (A) P (kW) S (kVA) Pm (kW) 

377 40 235 234 17 266 15.4 

TABLE IV.  
CONTROL PERFORMANCE FOR PRESCRIBED SPEED ΩN/10 

tc 

(s) 

tr 

(s) 
IM/IN TM/TN 

THDI 

(%) 
η PF 

1 4 1.8 1.6 12.33 0.9 0.064 
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B. Performance in the case of prescribed speed of 

0.5ΩN  

In the case of prescribed speed of 0.5ΩN, the time evo-
lutions of the main quantities are presented in Fig. 10 - 
Fig. 17. Table V shows the quantities specific to the 
steady-state operation and Table VI contains the indicators 
of the control system performance. 

 
Fig. 10. Time evolution of the speed: prescribed speed (ΩN/2) –in red; 

actual speed – in blue. 

 

Fig. 11. Time evolution of the rotor flux for prescribed speed ΩN/2: 

prescribed value– in red; actual value – in blue. 

 

Fig. 12. Time evolution of the rotor flux components for prescribed 

speed ΩN/2: on the d axis – in blue; on the q axis – in black. 

 

Fig. 13. Time evolution of the average electromagnetic torque (in black) 

and actual speed (in blue) for prescribed speed ΩN/2. 

 

 

Fig. 14. Time evolution of the electromagnetic torque for prescribed 

speed ΩN/2: average torque – in red; actual torque – in blue. 

 

Fig. 15. Time evolution of the stator currents for prescribed speed ΩN/2. 

 

Fig. 16. Time evolution of the stator current component on the d axis for 

prescribed speed ΩN/2: prescribed value– in red; actual value– in blue. 

 
Fig. 17. Time evolution of the stator current component on the q axis for 

prescribed speed ΩN/2: prescribed value – in red; actual value – in blue. 

TABLE V.  
MAIN QUANTITIES IN STEADY STATE FOR PRESCRIBED SPEED ΩN/2 

U (V) U1 (V) I (A) I1 (A) P (kW) S (kVA) Pm (kW) 

376 138 233 231 80 263 71 

TABLE VI.  
CONTROL PERFORMANCE FOR PRESCRIBED SPEED ΩN/2 

tc 

(s) 

tr 

(s) 
IM/IN TM/TN 

THDI 

(%) 
η PF 

5.6 5.6 1.8 1.8 12.42 0.94 0.31 
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C. Performance in the case of prescribed speed of ΩN  

For the case of prescribing the nominal speed, Table 
VII illustrates the main quantities which characterize the 
steady state regime and the time evolution of the quanti-
ties of interest is shown in Fig. 18 – Fig. 25. The control 
performance for the prescribed nominal speed is contained 
in Table VIII. 

 
Fig. 18. Time evolution of the speed: prescribed speed (ΩN) –in red; 

actual speed – in blue. 

 

Fig. 19. Time evolution of the rotor flux for prescribed speed ΩN: pre-

scribed value– in red; actual value – in blue. 

 

Fig. 20. Time evolution of the rotor flux components for prescribed 
speed ΩN: on the d axis – in blue; on the q axis – in black. 

 

Fig. 21. Time evolution of the average electromagnetic torque (in black) 

and actual speed (in blue) for prescribed speed ΩN. 

 

 

Fig. 22. Time evolution of the electromagnetic torque for prescribed 

speed ΩN: average torque – in red; actual torque – in blue. 

 

Fig. 23. Time evolution of the stator currents for prescribed speed ΩN. 

 

Fig. 24. Time evolution of the stator current component on the d axis for 

prescribed speed ΩN: prescribed value– in red; actual value– in blue. 

 
Fig. 25. Time evolution of the stator current component on the q axis for 

prescribed speed ΩN: prescribed value – in red; actual value – in blue. 

TABLE VII.  
MAIN QUANTITIES IN STEADY STATE FOR PRESCRIBED SPEED ΩN 

U (V) U1 (V) I (A) I1 (A) P (kW) S (kVA) Pm (kW) 

378 264 225 223 160 254 155 

TABLE VIII.  
CONTROL PERFORMANCE FOR PRESCRIBED SPEED ΩN 

tc 

(s) 

tr 

(s) 
IM/IN TM/TN 

THDI 

(%) 
η PF 

10 10 1.8 1.6 11.4 0.94 0.63 
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D. Performance in the case of prescribed speed of 2ΩN  

When 2ΩN is prescribed, the steady-state regime is 
characterized by the quantities illustrated in Table IX. 
How the quantities of interest evolve over time is present-
ed in Fig. 26 – Fig. 32. 

The system performance for the prescribed speed of 
2ΩN is summarized in Table X. 

 
Fig. 26. Time evolution of the speed: prescribed speed (2ΩN) –in red; 

actual speed – in blue. 

 

Fig. 27. Time evolution of the rotor flux for prescribed speed 2ΩN: 

prescribed value– in red; actual value – in blue. 

 

Fig. 28. Time evolution of the rotor flux components for prescribed 
speed 2ΩN: on the d axis – in blue; on the q axis – in black. 

 

Fig. 29. Time evolution of the electromagnetic torque for prescribed 
speed 2ΩN: average torque – in red; actual torque – in blue. 

 

Fig. 30. Time evolution of the stator currents for prescribed speed 2ΩN. 

 

Fig. 31. Time evolution of the stator current component on the d axis for 

prescribed speed 2ΩN: prescribed value– in red; actual value– in blue. 

 
Fig. 32. Time evolution of the stator current component on the q axis for 

prescribed speed 2ΩN: prescribed value – in red; actual value – in blue. 

TABLE IX.  
MAIN QUANTITIES IN STEADY STATE FOR PRESCRIBED SPEED 2ΩN 

U (V) U1 (V) I (A) I1 (A) P (kW) S (kVA) Pm (kW) 

371 269 225 224 168 250 155 

TABLE X.  
CONTROL PERFORMANCE FOR PRESCRIBED SPEED 2ΩN 

tc 

(s) 

tr 

(s) 
IM/IN TM/TN 

THDI 

(%) 
η PF 

20 20 2.98 1.42 11.14 0.94 0.667 

E. Results analysis  

The time evolution of the speed shown in Fig. 2, Fig. 
10, Fig. 18 and Fig. 26 illustrates that the actual speed 
accurately follows the prescribed speed and there is only a 
very small overshoot. This overshoot is higher at high 
speed, but it does not exceed 0.04 %. 

It can be seen that the rotor flux has a fast increase (Fig. 
3, Fig. 11, Fig. 19 and Fig. 27) and a higher short-term 
overshoot occurs at high speed (for speed over the nomi-
nal value). Then, the prescribed value is very well fol-
lowed. 

The component of the rotor flux on the q axis is always 
zero (Fig. 4, Fig. 12, Fig. 20 and Fig. 28), which confirms 
the good orientation of the system according to the rotor 
flux. 
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As shown in Fig. 6, Fig. 14, Fig. 22 and Fig. 29, the 
electromagnetic torque has a fast increase too. Its maxi-
mum value is of 1.8TN for 0.5ΩN and of 1.42TN for 2ΩN 
(Table XI). Also, high ripple of the electromagnetic torque 
is highlighted even during the steady-state operation. 

The stator current increases rapidly to a maximum val-
ue of about 1.8IN for prescribed speeds below the nominal 
value and of about 3IN for high prescribed speed (Fig. 7, 
Fig. 15, Fig. 23, Fig. 31 and Table XI). There are ripples 
in the current waveform due to the variable switching fre-
quency (2.5 - 4 kHz). 

In terms of performance indicators during the steady-
state operation, the power factor has a very low value 
(about 0.064) at the lowest speed and increasing values 
with increasing prescribed speed (about 0.667 for the 
highest speed), as shown in Table XI. The efficiency value 
is 0.9 for the lowest prescribed speed and 0.94 for higher 
speeds (Table XI). The total harmonic distortion factor of 
the stator current is quite high (about 12 % at low speeds 
and 11 % at high speeds) - Table XI. 

TABLE XI.  
SYNTHESIS OF CONTROL PERFORMANCE INDICATORS FOR ALL 

PRESCRIBED SPEEDS 

tc 

(s) 

tr 

(s) 
IM/IN TM/TN 

THDI 

(%) 
η PF 

0.1ΩN 1 4 1.8 1.6 12.33 0.9 0.064 

0.5ΩN 5.6 5.6 1.8 1.8 12.42 0.94 0.31 

ΩN 10 10 1.8 1.6 11.4 0.94 0.63 

2ΩN 20 20 2.98 1.42 11.14 0.94 0.667 

V. CONCLUSIONS 

The good results presented in this paper validate both 
the proposed control algorithm and the synthesis of the 
control system. 

Starting from the observation that the switching fre-
quency is not constant during the system operation (it var-
ies from about 2.5 kHz in steady-state regime to about 4 
kHz in transient regime), the adoption of a variable hyste-
resis band for the current controller would be necessary. 

In order for the prescribed speed ramp to be tracked, it 
is necessary to adapt the speed controller parameters ac-
cording to the prescribed speed range. By using the de-
signed parameters of the speed controller for prescribed 
speed over N/2, good performance in speed tracking is 
obtained. At lower prescribed speeds, however, keeping 
the same speed controller parameters leads to the inability 
for the prescribed speed ramp to be accurately followed, 
but the performance in steady state regime remains good. 

The next stage of the research will be directed towards 
the use of an adaptive speed controller and the implemen-
tation the proposed control system on an experimental 
setup, which is being worked on. 
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Abstract - In the process of validation of crimped connec-

tions, the determination of the connector resistance factor 

and of the initial scatter coefficient has a decisive role. In 

this paper is studied the impact of the experimental meas-

urements accuracy on the calculation of initial scatter, cu-

mulating data from various types of crimped connections. 

This coefficient provides information on the behavior of the 

crimped connection immediately after installation before 

any aging effect begins. The standards establish that 6 sam-

ples are sufficient to be tested to estimate the identification 

of a “family” of connectors. The measurements were per-

formed on crimped connections of barrel of terminal lug 

type for three cross sections of cables and on crimped con-

nections of bimetallic through connector type for two pairs 

of cross sections. The initial scatter is influenced by 6 repre-

sentative measured quantities as voltage drops, currents and 

conductor lengths. First, it was imposed a variation by one 

unit of hundredths digit of initial scatter and was recorded 

the variation of each quantity, the others 5 quantities being 

kept constant. Then simultaneous variations of the 6 quanti-

ties caused by device reading errors were imposed, deter-

mining the quantities with the greatest influence on initial 

scatter. Useful recommendations for experimenter are 

made. 

Cuvinte cheie: conexiuni sertizate, resistenţă electrică, re-

zultate experimentale, valori statistice, maşini electrice. 

Keywords: crimped connectors, electrical resistance, experi-

mental results, statistical values, electrical machines. 

I. INTRODUCTION 

The crimped connections are permanent electrical con-
tacts widely used in the construction of electrical ma-
chines, having a great influence on their reliability [1]. 
The crimping process is a mechanical one and the crimp-
ing quality depends on several factors, from the prepara-
tion of the cables and choosing of connectors, to the 
crimping itself, often made by hydraulic presses.  

Much research has been done over time to improve the 
performances of crimped connections, developing verifi-
cation methods using ultrasonic inspection [2], [3] and 
thermography [4], analyzing the behavior at thermal 
shocks [5] or other factors that affect the contact re-
sistance [6], modeling electric conduction [7] or tempera-
ture investigation for different types of crimping [8] with 
thermal modeling of heat transfer [9], [10]. For a quality 
pre-control of crimp contact, two solutions were proposed 
in [11] consisting in experimental determination of specif-
ic losses by calculating the initial rate of temperature or 
checking reaching a critical temperature using on-level 
thermal indicator. To reduce of contact resistance and in-

crease the reliability of crimped connections, useful solu-
tion were proposed in [12] by using two adjacent crimp 
indents in opposite sides instead of one crimp indents. In a 
recent work [13] is studied the influence of an improper 
crimped connection execution on crimping validation, 
analyzing the limits of variation of parameters so that it 
will not be compromised. 

Checking the quality of a crimped connection is regu-
lated by standards such as [14] and [15], imposing electri-
cal, thermal and mechanical tests.  

The electrical test involves measuring the contact re-
sistances of a set of 6 samples, followed by the calculation 
of connector resistance factors and of a summative coeffi-
cient δ called “initial scatter” which must not exceed 0.3. 
The measurement process is simple but involves high pre-
cision measuring devices, necessary for determining re-
sistances of μOhm level. 

In [16], a study of the influence of experimental meas-
urements accuracy on this coefficient was performed, cu-
mulating data from 3 sets of crimped connections of barrel 
of terminal lug type, with different cross sections of ca-
bles. From the whole measurement process, 6 independent 
representative quantities were chosen, with direct influ-
ence on the value of δ. First, it was imposed a variation by 
one unit of hundredths digit of initial scatter and was rec-
orded the variation of each quantity, the others 5 quantities 
being kept constant. Then simultaneous variations of the 6 
quantities caused by device reading errors were imposed, 
determining the quantities with the greatest influence. 

This paper extends the researches on crimped connec-
tions of bimetallic through connector type by analyzing 
two pairs of cross sections.The obtained results are added 
to those in paper [16] and can help the experimenter to 
pay more attention to measuring more influential quanti-
ties. 

II. CONNECTOR RESISTANCE FACTOR AND INITIAL 

SCATTER 

The standard [14] establishes formulas for determining 
the connector resistance factor for different types of 
crimping: through connector, bimetallic through connect-
or, branch connector, barrel of terminal lug, palm of ter-
minal lug etc. For the experimental determinations are 
used sets of 6 samples and reference conductors of each 
type involved in crimping. The measurements are made in 
direct current. 

For barrel of terminal lug type (Fig. 1) the connector re-
sistance factor (k) is obtained by dividing the connector 
resistance Rcon adjusted to its length lcon (noted rcon), by 
reference conductor resistance Rr adjusted to its length lr 
(noted rr) [14], [16]: 
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Fig.1. Barrel of terminal lug (a) and reference conductor (b) [16]. 

Fig.2. Bimetallic through connector (a) and reference conductors (b). 
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where R1 and Rr are referred to 20°C from the ambient 
temperature θa with temperature coefficient of resistance 
α = 0.004 K

-1
, U1 and Ur are the voltage drops on the

lengths la + lcon, respectively, lr , carrying the direct cur-
rents I1 and Ir. 

The length la is chosen according to the specifications 
of the standard.  

For bimetallic through connector type (Fig. 2) the con-
nector resistance factor (k) is obtained by dividing the 
connector resistance Rcon by sum of both conductor re-
sistances (Racon and Rbcon) on the lengths lacon and lbcon that 
make up the connector [14]: 
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where Rt , Rar and Rbr are referred to 20°C , Ut , Uar and Ubr 
are the voltage drops on the lengths la + lcon+ lb, respec-
tively, lar and lbr carrying the direct currents It, Iar and Ibr. 
The lengths la and lb are chosen according to the specifica-
tions of the standard.  

The initial scatter coefficient (δ) provides information 
on the behavior of the crimped connection immediately 
after installation before any aging effect begins. It is con-
sidered that 6 samples are sufficient to be tested to esti-
mate the identification of a “family” of connectors. If the 
resistance factors for the type of connector tested are al-
most equal, it can be assumed that the same design and 
assembly technology will lead to the same result on a 
conductor of the same type. The resistance factors calcu-
lated above are considered to follow a normal distribution 
with unknown mean and unknown variance. 

The empirical mean of the resistance factors before the 
standardized heat cycle 1 is an estimator for the unknown 
statistical mean: 


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0
6

1

i
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The empirical standard deviation of the resistance fac-
tors of the six connectors before heat cycle 1 is an estima-
tor for the unknown statistical standard deviation: 
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The relative initial scatter of the mean of the connector 
resistance factors of the six connectors before heat cycle 1 
standardized by the mean is: 

s

0

0

6

1
t

k

s
 (12) 

where ts is 99.5% quantile of Student distribution with 5 
degree of freedom (ts = 4.032). 

This dimensionless parameter represents the percentage 
deviation from the estimated mean resistance factor and 
indicates that, for a given probability, a resistance factor is 
not expected to exceed. It is based on a 99% confidence 
interval for the unknown true mean. The quantile ts indi-
cates here that the confidence interval will cover the un-
known true mean of the resistance factors with a 99% 
probability before the heat cycle 1. 
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III. EXPERIMENTAL MEASUREMENTS 

The measurements were performed on two types of 
crimped connections: 

1) barrel of terminal lug type for three cables with cross 
sections: S1 = 95 mm

2
, S2 = 185 mm

2
, S3 = 300 mm

2
 [16]; 

2) bimetallic through connector type for two pairs of ca-
bles with cross sections Sa4 = 70 mm

2
, Sb4 = 56.11 mm

2
 

and Sa5 = 60.21 mm
2
, Sb5 = 120 mm

2
. 

For testing the first type, the samples were made in 
pairs, two at the ends of the same cable, so that for each 
cross section we have 3 cables with two crimps, counting 
6 samples. In Fig. 3 are shown a pair of crimp connec-
tions. In these conditions the reference conductor re-
sistance adjusted to length was deduced by (4) for each 
cable, identifying lai = lri and averaging the results (Fig. 3): 
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The connector resistances results by (2) and (3) (Fig. 3): 

 iii lrRR ar1con1   (14) 

For the second type, the samples were independent and 
the measured quantities are indicated in Fig. 4. The refer-
ence conductor resistances were deduced for each cable, 
identifying lai = lari and lbi = lbri and averaging the results 
(Fig. 4): 
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The connector resistances results by (6)-(9) (Fig. 4): 

 iiii lrlrRR bconbraconartcon   (17) 

 

Fig. 3. Pair i with 2 samples and quantities taken into account for deter-
mining the reference conductor resistance and connector resistance for 

barrel of terminal lug [16]. 

 

Fig. 4. Sample i and quantities taken into account for determining the 

reference conductor resistances and connector resistance for bimetallic 
through connector. 

 

Measurement results on connector resistance factor (k), 

empirical mean of the resistance factors ( 0k ), empirical 

standard deviation of the resistance factors (s0) and initial 
scatter of the mean of the resistance factors (δ) are pre-
sented in Tables I-V for the two types of crimped connec-
tions. Graphical representations are shown in Figs. 5-9. 

TABLE I.  
MEASUREMENT RESULTS FOR CRIMPED CONNECTIONS OF BARREL OF 

TERMINAL LUG TYPE WITH CROSS SECTION S1 = 95 mm2
 [16] 

 Sample 1 2 3 4 5 6 

k 1,080 1,181 1,171 1,080 1,181 1,193 

0k  1,147 

s0 0,053 

δ 0,076 

TABLE II.  
MEASUREMENT RESULTS FOR CRIMPED CONNECTIONS OF BARREL OF 

TERMINAL LUG TYPE WITH CROSS SECTION S2 = 185 mm2
 [16] 

 Sample 1 2 3 4 5 6 

k 0,923 0,686 0,812 0,797 0,652 0,822 

0k  0,782 

s0 0,099 

δ 0,208 
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TABLE III.  
MEASUREMENT RESULTS FOR CRIMPED CONNECTIONS OF BARREL OF 

TERMINAL LUG TYPE WITH CROSS SECTION S2 = 300 mm2
 [16] 

 Sample 1 2 3 4 5 6 

k 1,007 0,987 1,048 1,007 0,904 0,982 

0k  0,989 

s0 0,048 

δ 0,080 

TABLE IV.  
MEASUREMENT RESULTS FOR CRIMPED CONNECTIONS OF BARREL OF 

TERMINAL LUG TYPE WITH CROSS SECTIONS                                                  

Sa4 = 70 mm2, Sb4 = 56.11 mm2 

 Sample 1 2 3 4 5 6 

k 1,122 1,288 1,473 1,439 1,272 1,151 

0k  1,291 

s0 0,144 

δ 0,183 

TABLE V.  
MEASUREMENT RESULTS FOR CRIMPED CONNECTIONS OF BARREL OF 

TERMINAL LUG TYPE WITH CROSS SECTIONS                                                  

Sa4 = 60.21 mm2, Sb4 = 120 mm2 

 Sample 1 2 3 4 5 6 

k 0,800 0,594 0,551 0,492 0,596 0,639 

0k  0,612 

s0 0,105 

δ 0,282 

IV. ANALYSIS OF THE RESULT VARIATIONS 

The used measuring instruments are analog: a voltmeter 
with a 30 scale-divisions, marked every 0.1 div, used in 
the 25mV/div range and an ammeter with a 150 scale-
divisions, marked every 0.1 div, used in the 100A/150div 
range. The lengths of the conductors were measured with 
the measuring tape, marked every 1 mm (1 div).  

The measurement process involves reading many quan-
tities (Q) such as voltage drops, currents or conductor 
lengths, on which the final result depends 

For crimped connections of barrel of terminal lug type 
[16] there are 6 sets of quantities of the same type: Uai, Iai, 

lai, U1i and U2i, I1i and I2i, l1i and l2i, 31i . From each 
set, only one quantity was chosen to study its influence on 
the final result. Therefore it can be written: 

 ),,,,,( aaa kjkjkjjjj lIUlIU  (18) 

where the chosen indexes k and j correspond to the value 
farthest from the average of connector resistance factor k: 

 

Fig. 5. Connector resistance factors and empirical mean for crimped 

connection of barrel of terminal lug type, S1 = 95 mm2 [16]. 

 

Fig. 6. Connector resistance factors and empirical mean for crimped 
connection of barrel of terminal lug type, S2 = 185 mm2 [16]. 

 

Fig. 7. Connector resistance factors and empirical mean for crimped 

connection of barrel of terminal lug type, S3 = 300 mm2 [16]. 

 

Fig. 8. Connector resistance factors and empirical mean for crimped 

connection of bimetallic through connector type,                                  

Sa4 = 70 mm2, Sb4 = 56.11 mm2. 
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Fig. 9. Connector resistance factors and empirical mean for crimped 
connection of bimetallic through connector type,                                  

Sa5 = 60.21 mm2, Sb5 = 120 mm2. 

 ),,,,,( 1111111a1a1a1S1S lIUlIU  (19) 

 ),,,,,( 1111111a1a1aS1S2 lIUlIU  (20) 

 ),,,,,( 222222a2a2a2S3S3 lIUlIU  (21) 

For crimped connection of bimetallic through connector 
type the read quantities form also 6 sets of quantities of 
the same type: Uai and Ubi, Iai and Ibi, lai and lbi, Uti, Iti, lti, 

61i . As the same, from each set, only one quantity 
was chosen to study its influence on the final result. 
Therefore it can be written: 

 ),,,,,( tttaaa jjjjjj lIUlIU  (22) 

where the chosen index j correspond to the value farthest 
from the average of the connector resistance factor k: 

 ),,,,,( 3t3t3ta3a3a3S44S lIUlIU  (23) 

 ),,,,,( t11tt1a1a1a1S5S5 lIUlIU  (24) 

Based on this information, a study of the impact of the 
variations of these quantities on the initial scatter coeffi-
cient was performed. 

In the first stage, it was imposed a variation Δδlim of ini-
tial scatter coefficient δ corresponding to the change by 
one unit of its hundredths digit: 
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and the range of variation of each of the 6 quantities was 
exclusively determined (ΔQlim) and compared with the 
measuring instruments reading errors: 

]div[

div5.0
,

]div[

div05.0
,

]div[

div05.0

readreadread l
l

I
I

U
U








  (26) 

This means that the variation limits of initial scatter for 
the five cases are Δδ1 = 12.790%, Δδ2 = 4.809%, Δδ3 =       
= 12.488% [16], Δδ4 = 5.457%, Δδ5 = 3.543%. The results 
are presented in Table VI.  

It is observed that for crimped connections of barrel of 
terminal lug type the variations allowed for each voltage 
drops Ukj for the modification by one unit of the  

TABLE VI. EXCLUSIVE VARIATION OF EACH QUANTITY THAT LEADS 

TO CHANGE BY ONE UNIT OF THE HUNDREDTHS DIGIT OF INITIAL 

SCATTER 

Cross sections, S  

 / Initial scatter, δ 

/ Δδlim 

ΔUaj_lim 

/ ΔUaj 

[%] 

ΔIaj_lim 

/ ΔIaj 

[%] 

ΔLaj_lim 

/ ΔLaj 

[%] 

ΔUkj_lim 

/ ΔUkj 

[%] 

ΔIkj_lim 

/ ΔIkj 

[%] 

ΔLkj_lim 

/ ΔLkj 

[%] 

S1 = 95 mm2 

δ1 = 0.078 

Δδlim1 = 12.79% 

ΔUa1_lim 

0.289 

ΔUa1 

0.230 

ΔIa1_lim 

0.289 

ΔIa1 

0.062 

ΔLa1_lim 

0.263 

ΔLa1 

0.103 

ΔU11_lim 

0.185 

ΔU11 

0.213 

ΔI11_lim 

0.185 

ΔI11 

0.062 

ΔL11_lim 

0.178 

ΔL11 

0.095 

S2 = 185 mm2 

δ2 = 0.208 

Δδlim2 = 4.809% 

ΔUa1_lim 

0.675 

ΔUa1 

0.450 

ΔIa1_lim 

0.675 

ΔIa1 

0.060 

ΔLa1_lim 

0.896 

ΔLa1 

0.119 

ΔU11_lim 

0.208 

ΔU11 

0.403 

ΔI11_lim 

0.208 

ΔI11 

0.060 

ΔL11_lim 

0.223 

ΔL11 

0.105 

S3 = 300 mm2 

δ3 = 0.080 

Δδlim3 = 12.488% 

ΔUa2_lim 

0.561 

ΔUa2 

0.317 

ΔIa2_lim 

0.562 

ΔIa2 

0.033 

ΔLa2_lim 

0.790 

ΔLa2 

0.091 

ΔU22_lim 

0.175 

ΔU22 

0.287 

ΔI22_lim 

0.175 

ΔI22 

0.033 

ΔL22_lim 

0.192 

ΔL22 

0.082 

Sa4 = 70 mm2 

Sb4 = 56.11 mm2 

δ4 = 0.183 

Δδlim4 = 5.457% 

ΔUa3_lim 

9.765 

ΔUa3 

0.455 

ΔIa3_lim 

9.958 

ΔIa3 

0.082 

ΔLa3_lim 

1.929 

ΔLa3 

0.325 

ΔUt3_lim 

0.334 

ΔUt3 

0.180 

ΔIt3_lim 

0.334 

ΔIt3 

0.083 

ΔLt3_lim 

0.239 

ΔLt3 

0.140 

Sa5 = 60.21 mm2 

Sb5 = 120 mm2 

δ5 = 0.080 

Δδlim5 = 3.543% 

ΔUa1_lim 

5.13 

ΔUa1 

0.440 

ΔIa1_lim 

5.163 

ΔIa1 

0.038 

ΔLa1_lim 

0.943 

ΔLa1 

0.347 

ΔUt1_lim 

0.229 

ΔUt1 

0.207 

ΔIt1_lim 

0.229 

ΔIt1 

0.034 

ΔLt1_lim 

0.273 

ΔLt1 

0.137 

 

hundredths digit of initial scatter are lower than reading 
error of the voltmeter. Therefore an increased attention is 
indicated to these measurements, which are more sensi-
tive. There is a general increase in the sensitivity of meas-
urements (ΔQ/ΔQlim) to smaller sections of conductors. 

For crimped connection of bimetallic through connector 
type a greater sensitivity of measurements can be associ-
ated to the greater rate of cross sections (Smax/Smin). 

In the second stage, a variation identical to the reading 
errors of the measuring instruments was imposed exclu-
sively for each quantity and the effect on the initial scatter 
variation was recorded. The results are presented in Table 
VII. 

Once again, there is a greater sensitivity in measuring 
Ukj voltage drops (Δδ /Δδlim) compared to other quantities 
in the case of barrel of terminal lug. The same trend can 
be found in measuring Uti voltage drops for bimetallic 
through connector, especially for greater rate of cross sec-
tions (Smax/Smin). 

In the last stage, the impact of the simultaneous varia-
tions of the 6 quantities on the initial scatter coefficient 
was evaluated, using the theory of experimental design 
[17], [18], [19]. For this, the matrix of experiments X in 
normalized form having 2

6
 × 2

6
 elements was used, in 

which the variation limits of quantities were replaced by –
1 and +1 and the vector of the response function Y carries 
the corresponding initial scatter values. 
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TABLE VII. EFFECT OF EXCLUSIVE VARIATION IDENTICAL TO 

READING ERROR OF EACH QUANTITY ON INITIAL SCATTER 

Cross section, S  

 / Initial scatter, δ 

/ Δδlim 

ΔUaj 

/ Δδ 

[%] 

ΔIaj 

/ Δδ 

[%] 

ΔLaj 

/ Δδ 

[%] 

ΔUkj 

/ Δδ 

[%] 

ΔIkj 

/ Δδ 

[%] 

ΔLkj 

/ Δδ 

[%] 

S1 = 95 mm2 

δ1 = 0.078 

Δδlim1 = 12.79% 

ΔUa1 

0.230 

10.190 

ΔIa1 

0.062 

2.743 

ΔLa1 

0.103 

5.002 

ΔU11 

0.213 

15.008 

ΔI11 

0.062 

4.418 

ΔL11 

0.095 

7.015 

S2 = 185 mm2 

δ2 = 0.208 

Δδlim2 = 4.809% 

ΔUa1 

0.450 

3.231 

ΔIa1 

0.060 

0.432 

ΔLa1 

0.119 

0.646 

ΔU11 

0.403 

9.307 

ΔI11 

0.060 

1.396 

ΔL11 

0.105 

0.280 

S3 = 300 mm2 

δ3 = 0.080 

Δδlim3 = 12.488% 

ΔUa2 

0.317 

7.167 

ΔIa2 

0.033 

0.752 

ΔLa2 

0.091 

1.494 

ΔU22 

0.287 

20.357 

ΔI22 

0.033 

2.375 

ΔL22 

0.082 

5.337 

Sa4 = 70 mm2 

Sb4 = 56.11 mm2 

δ4 = 0.183 

Δδlim4 = 5.457% 

ΔUa3 

0.455 

0.255 

ΔIa3 

0.082 

0.046 

ΔLa3 

0.325 

0.977 

ΔUt3 

0.180 

2.958 

ΔIt3 

0.083 

1.366 

ΔLt3 

0.140 

3.243 

Sa5 = 60.21 mm2 

Sb5 = 120 mm2 

δ5 = 0.080 

Δδlim5 = 3.543% 

ΔUa1 

0.440 

0.304 

ΔIa1 

0.038 

0.026 

ΔLa1 

0.347 

1.305 

ΔUt1 

0.207 

3.214 

ΔIt1 

0.034 

0.520 

ΔLt1 

0.137 

1.777 
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The effect of the variation of the quantity Qm on the ini-
tial scatter is obtained with the formula: 

  61,
64
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 mXYQE
s

mssm  (28) 

Based on this study were drawn the histograms of ef-
fects shown in Figs. 10-14. 

As expected, for barrel of terminal lug the most influen-
tial quantities are Ukj voltage drops on connector + con-
ductor, all the more so as the quality of the crimps is 
worse (case of S2). 

The least influence has Iaj currents measured in order to 
calculate the resistance of the reference conductor. 

For bimetallic through connector the most influential 
quantities are the total lengths lti of assembly conductor a 
+ connector + conductor b, but quite influential is also the 
total voltage drops Uti.  

However, the sensitivities for bimetallic through con-
nector type are lower than for barrel of terminal lug type. 

Fig. 10. Histogram of effects for S1 = 95 mm2 [16]. 

Fig. 11. Histogram of effects for S2 = 185 mm2 [16]. 

Fig. 12. Histogram of effects for S3 = 300 mm2 [16]. 

Fig. 13. Histogram of effects for Sa4 = 70 mm2, Sb4 = 56.11 mm2. 
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Fig. 14. Histogram of effects for Sa5 = 60.21 mm2, Sb5 = 120 mm2. 

V. CONCLUSIONS 

The impact of the experimental measurements accuracy 
on validation process of crimped connections was studied, 
cumulating data for two constructive types: barrel of ter-
minal lug and bimetallic through connector. For this 
study, three sets of samples of the first type and two sets 
of the second type were used, for which the connector 
resistance factor and the summative coefficient initial 
scatter were determined. 

Choosing 6 independent representative quantities with 
direct influence on the initial scatter it was found that for 
crimped connections of the first type, the measurement of 
voltage drops on both conductor + connector is very sensi-
tive, being able to induce errors that affect the hundredths 
digit of this coefficient by more than one unit. As a result, 
the entire validation process can be compromised if initial 
scatter exceed to 0.3. It was also observed a general in-
crease in the sensitivity of measurements to smaller sec-
tions of cables. 

For the second type, a greater sensitivity can be associ-
ated to the greater rate of cross sections of cables involved 
in crimping. 

Cumulating the variations of the quantities caused by 
the reading errors of the measuring instruments, the same 
conclusions are reached, which recommends an increased 
attention of the experimenter to measuring of voltage 
drops on both conductor + connector, for barrel of termi-
nal lug type and to measuring the total lengths of assem-
bly conductor a + connector + conductor b and also the 
total voltage drops, for bimetallic through connector type. 
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Abstract - This paper presents an application for real-time 

implementation of the Permanent Magnet Synchronous 

Motor (PMSM) sensorless control system and its integration 

into Supervisory Control And Data Acquisition (SCADA). 

Starting from the operating equations of the PMSM and by 

implementing the global Field Oriented Control (FOC) con-

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

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

windup technique, the numerical simulations performed in 

Matlab/Simulink lead to good performance, which recom-

mends the real-time implementation. For the optimal tuning 

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

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

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

used for the real-time implementation, considering that a 

global criterion of successful implementation is the perfor-

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

vides flexibility of the control system but also the possibility 

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

specific requirements. Among them we mention the energy 

quality analysis, whose first exponent calculated also in real-

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

mentations are performed in Matlab/Simulink and Lab-

VIEW programming environments. According to the trend 

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

form for viewing the variables of the control process on the 

Internet plays an important role. 

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

regim alunecător, sisteme încorporate, SCADA. 

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

server, embedded systems, SCADA. 

I. INTRODUCTION 

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

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

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

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

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

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

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

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

II. MATHEMATICAL MODEL DESCRIPTION OF THE PMSM

SENSORLESS CONTROL SYSTEM 

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

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

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

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

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

The magnetic flux of PMSM engine is expressed by the 
following relations: 

0







ddd

qqq

iL

iL
(2) 

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

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

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

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

 
ind

ind
ind

N

P
PSPSPAdequate

1
122)(


 (5) 

where: Pind  is the position of the individual, Nind  is the 
size of the population, and PS is the selection pressure, 1 ≤ 
PS ≤ 2. 

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

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

 

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

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

 )()( kke ref    (6) 

 )1()()(  kekekse   (7) 

where: ωref  is the reference speed.  

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

 The PMSM speed signal is stored in the Matlab 
workspace; 

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

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

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

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

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

trol laws ( TkseKkeKki ipqref )()()(   ); 

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

 )(1 kep   (8) 

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

 )()()1( *** kikiki qrefqrefqref   (11) 

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

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

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

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

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

the PMSM sensorless control system. 

TABLE I. NOMINAL PARAMETERS OF THE PMSM 

Parameter Value Unit 

Rated voltage 24 V 

Rated power 55 W 

Rated speed 4000 rpm 

Stator winding resistance - Rs 0.405 Ω 

Stator winding inductance - Ls  0.63e-3 H 

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

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

Permanent magnet flux linkage - λ0 0.175 Wb 

Pole pairs number - P 4 - 

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

sensorless control system. 

IV. THE ARCHITECTURE FOR THE REAL-TIME SENSORLESS 

CONTROL OF PMSM AND SCADA INTEGRATION 

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

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

PMSM sensorless control system. 

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

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

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

implementation in the embedded system. 

The discrete time equation of the PI-type controller 
with anti-windup is the following: 

  )(
1

)()( ke
z

zT
KkdiKKki s

awqrefipqref 









  (19) 

Fig. 8.  The block diagram for implementation in Matlab/Simulink of 

the speed controller. 

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

the current controllers and PWM generation signals. 

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

ing the control process of the PMSM. 

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

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

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

Fig. 11.  Simulink OPC Server configuration. 

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

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

computer server. 

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

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

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

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

VIEW. 

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

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

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

THD analysis. 

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

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

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

 

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

channel. 

V. EXPERIMENTAL RESULTS 

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

 

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

 

Fig. 21.  Time evolution of current Iq. 

 

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

 

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

 

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

 

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

UA client read. 

 

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

cloud platform. 
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VI. CONCLUSIONS

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

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

traction converters for autonomous vehicles is a very 

important aspect in their design. The attention in this paper 

is first focused on the choice of the DC link capacitor, 

followed by choice of the IGBT modules, their testing and 

cooling. Then, the choice of power cables is approached. A 

dedicated test bench for electric traction converters for 

autonomous vehicles was designed and achieved. In defining 

the parameters of the test bench, various possible 

applications on battery-powered vehicles were taken into 

account, but also their performances, technical 

characteristics and functional characteristics. An important 

share belongs to the integrated propulsion/charging system 

of the Li-Ion battery developed by the company SC INDA 

SRL. It is already used in automotive on full-electric trucks 

and in the battery-powered electric locomotives. 

Cuvinte cheie: vehicul autonomy, IGBT, condensator de current 

continuu, invertor, radiator, răcire, MELCOSIM. 

Keywords: autonomous vehicle, IGBT, DC link capacitor, 

inverter, heat sink, cooling, MELCOSIM. 

 I. INTRODUCTION 

Currently, high voltage and current IGBTs are  state-of-
the-art power electronics modules for the electric traction 
converters for autonomous vehicles [1-5]. The IGBT itself 
is part of a complex power kit which includes besides the 
transistor, input capacitors, laminated bus bars, the cooling 
system, gate drives etc. For reliable operation the choice of 
these components is not an easy task considering the 
technical characteristics of the traction systems. 

The best features of a high power IGBT module are 
closely related to a reliable and high quality protection for 
IGBT drivers [1]. The attention in [2] is directed towards 
the connection between a reliable operation of IGBT 
modules and three important requirements that they have 
to fulfill: high junction temperature limit, large safe 
operating area, high current capacity. Methods for 
obtaining IGBT switching frequency limits are discussed 
in [3]. A comparison between switching characteristics and 
losses of IGBT modules for traction applications is studied 
experimentally in [4]. Reference [5] describes the 
equations for the power losses evaluation and passive 
elements design. 

The test bench described below includes the designed 
inverters  in the final purpose of a subsidiary contract to 
the PACETSINEFEN project within the Competitiveness 
Operational Program, European Regional Development 
Fund [6]. A block diagram is presented in Fig. 1, where: 

TR – three-phase transformer with control sockets; 

R – three-phase rectifier; 

INV1, INV2 – three-phase inverters; 

Ct  – DC link capacitor; 

CF – braking chopper; 
RF – braking resistor; 
MAS1 – asynchronous machine (motor mode); 

MAS2 – asynchronous machine (generator mode); 

TUi – voltage transducers; 

TCi – current transducers; 

TG1, TG2 – speed transducers; 

TCP – torque transducers; 

UCR – electronic control unit. 

The testbench consists of two asynchronous machines 
(MAS1, MAS2) mechanically coupled, the first one 
operating in motor mode and the second in generator 
mode. The rated power of each machine is 155 kW and in 
short-term overload mode they allow 390 kW. This 
ensures a wide range of tests with power up to 400 
kW.The two asynchronous machines are supplied by two 
inverters INV1 and INV2 with PWM (pulse width 
modulation) control and variable frequency according to 
the operating modes. The two inverters have a classic 
structure and have a common DC link. The energy 
consumed by MAS1 in the motor mode is taken from 
MAS2 which operates in generator mode and motor – 
generator system losses are taken from the power supply  

Fig. 1 The block diagram of the test bench. 

(3x400 V, 50 Hz) through the transformer TR and rectifier 
R. For the situation of dynamic regime in the intermediate 
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circuit, an RF braking resistor is provided, the current 
through this resistor being controlled by the CF Braking 
Chopper. 

The rest of the paper is organized as follows: Section II 
describe the choice of  DC link capacitor. In section III, the 
main parameters of leading inverter are defined and his 
section deals with the choice of IGBT modules. It is 
followed by the IGBT modules verification in Section IV. 
Section V and VI are related to the choice of the cooling 
system and the power cables. Finally, some concluding 
remarks are drawn. 

II. THE CHOICE OF THE DC LINK CAPACITOR

The following relationships are used to calculate the 
characteristic data for the inverter that supplies MAS1 [7]: 

- Rated power, 

   


where PMAS1, cosφMAS1, ηMAS1 are the active power, the 
power factor and respectively the efficiency of machine 
MAS1. 

As can be seen in the block diagram (Fig.1), the direct 
current intermediate circuit of the inverter INV1 is 
common with  those of the inverter INV2, braking chopper 
CF and the filter of rectifier R and therefore the total 
capacitance value in the diagram was taken into account 
for the calculation of the capacitor bank. 

To determine the required capacitance value  we will 
consider the following conditions: 

- ripple voltage alowed, 

  

For rated voltage UCC = 750V, it results URR = 112.5V. 

- the inverter efficiency, 

 ηINV1 

- The input power of the inverter INV1, 

PINV1 = SINV1+ pINV1 = 202 kW,   (3) 

where SINV1, pINV1 are the rated power and power losses of 
the inverter. 

To calculate the nedeed capacitance, it can be used the 
following approached equation [8]: 

,   (4) 

where: fR  - the  rectifier frequency, fR=300Hz. 

The RMS current through capacitor will be        
(approached equation) [8]:  

.            (5) 

The nedeed capacitance for the inverter INV1: 

   CINV1 = Ctcalc - (CINV2 + CCF + CR), (6) 

where: 
CINV2 = 4380 µF - capacitance value of the inverter 

INV2; 

CCF = 1460 µF - capacitance value of the braking 
chopper CF; 

CR = 1460 µF - capacitance value of the rectifier R. 
We obtain CINV1 = 1300 µF. 

Two ZEZ SILKO PVAJP 0 1,8/700 capacitors conected 
in parallel were selected with the main characteristics: 

- rated capacitance CN = 700 μF ± 10 %; 

- rated DC voltage UN= 1800V; 

- insulation voltage Ui= 4800 V; 

- maximum rms current Imax= 150 A; 

- operating temperatures  Θa = -25/+70 ˚C. 
The selection criteria are met as follows: 

Ct ≥ Ctcalc; (7) 

UN> UCCmax; (8) 

ICRMS ≥ ICRMScalc. (9)

The inequality (9) results from the fact that all the 
capacitors in the common DC intermediate circuit are 
connected in parallel (8 capacitors that have the value 
Imax ≥ 150 A), the value of the total current they can 
supply will add up, exceeding the value resulting from the 
calculations. 

I. THE CHOISE OF THE IGBT MODULE 

The inverter output voltage is equal with the rated 
voltage of the electric machine [6].  

UNINV1 = UNMAS1 = 500 VAC. 

- The rated current phase of the inverter 

Since the windings of the MAS1 electric machine are 
connected in star, the following results: 

,  


where: UNMAS1 – rated voltage of MAS1. 

- Inverter overload power: 

kVA; 

- Inverter overload phase current: 

  


- Inverter supply voltage range: 

 UCC= 600 ÷ 900VCC. 

The power transistor shall be chosen with respect to the 
following relationships: 

  

  

Ub = Ucc ; (17) 

  

where: 

ITAVN - the average rated current through the transistor; 
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Ic cat -  the maximum permissible average current 
through the transistor;

ksi -  the current safety factor; 
Ub - the voltage that stresses the transistor in off state; 
UCES cat - the maximum permissible voltage that stresses 

the transistor in off state; 
ksu -  the voltage safety coefficient; 
UCC - the intermediate circuit voltage. 

Because the inverter is part of a research test bench 
where control errors may occur or higher power motors 
can be tested, the coefficients ksu= 1.8, respectively ksi = 10 
were chosen resulting: 

UCES cat > 1500 V; 

IC cat  > 

The Mitsubishi CM2400HC - 34H IGBT module was 
preliminarily selected, with the main characteristics: 

- capsule with a single IGBT - diode switching 
device; 

- collector emitter voltage - VCES = 1700 V; 
- direct collector current IC = 2400A; 
- module dimensions : 190 x 140 mm. 

An extract from the technical specification of this 
module is shown in Fig. 2. (a) and (b) [9]. 

III. TESTING OF THE IGBT MODULE

Testing was done based on the MELCOSIM Ver 5.4.0 
application, developed by Mitsubishi for the selection of 
its own IGBT modules, arranged in the most common 
topologies. 

MELCOSIM is designed for the calculation of the 
stationary and dynamic power losses that occur in modules 
as well as the temperature variation in the junctions of 
IGBT transistors and diodes in modules, due to both the 
direct conduction and switching of these semiconductor 
devices. 

The corresponding data obtained for the specific 
dynamic thermal resistance of the power modules are used 
for the design, calculation and dimensioning of the heat 
sink. 

A. MELCOSIM  Program Description 

The converter type (two or three levels) can be selected 
from the main screen and then, switching in the screens for 
input and output data is done. The input-output screens 
consist of four sections: the module code and type, the 
specified module property, the input field ''Common 
Conditions” for the converter characteristic data and the 
output field for the calculation results. 

MELCOSIM expects nine entries called "Common 
Conditions" to be able to calculate power losses and 
temperature in the junction: modulation strategy, output 
current Io, DC link Vcc voltage, switching frequency Fc, 
output frequency Fo, modulation factor M, load power 
factor PFs and the heat sink temperature measured directly 
below the Ts capsule. 

The results field provides the following information: 
average power losses for IGBT and freewheel diode, 
divided into static and dynamic parts, total power loss of 
the module, heat sink temperature, average and maximum 
temperature in the transistor junction and in the freewheel 
diode. The graphics output provides the possibility to 

analyze power losses and temperature in junction by 
changing one of the application conditions parameters 
within the specification. 

(a) 

(b) 

Fig. 2  Extract from the technical specification of the IGBT module 
CM2400HC-34H. 

All calculation results can be exported to a text file [10]. 
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B. IGBT Module Testing in Overload Conditions 

Testing the IGBT module in overload conditions was 
performed using the MELCOSIM application with the 
following input data (Fig 3):  

Fig. 3 „Common Condition” and „Result” fields for overload testing. 

Vcc - the maximum value for the DC circuit voltage, 
equal to the voltage that stresses the transistor in off state, 
respectively equal to the voltage limited by the braking 
chopper (CF) that is set to the value of 900 Vdc; 

Io - The maximum output current of the asynchronous 
machine adjusted until the program no longer returns 
invalid messages. 

The valid returned parameters correspond to the most 
unfavorable situation in which the device can operate for 
the chosen conditions, resulting: 

. 

C. IGBT Module Testing for Operation in Rated 

Conditions (Fig 4): 

Fig. 4 The „Device & Components” screen for IGBT module testing at 
the rated condition operation. 

Fig. 5 "Result" screen with the characteristic values for the 
semiconductor components corresponding to a phase of  the 
inverter. 

The following parameters for the operation at rated load 
values have been introduced (Fig. 4 and Fig. 5): 

- Input voltage Vcc (UININV1) = 750 V ; 
- Output rated current Io (INMAS1) = 218 ARMS; 
- Machine power factor PF (cosφNMAS1) = 0.883; 
- Modulation factor M = 1; 
- Switching frequency Fc = 1 kHz; 
- Converter output frequency Fc = 50 Hz; 

- Heat sink temperature Ts = 70 C. 

The following considerations were considered in order 
to choose the gate control resistances which are relevant 
for the turn on and for the turn off process of the IGBT 
transistors, respectively: 

- achieving minimal switching losses in both turn on 
and turn off by choosing the lowest possible 
resistance values; 

- the peak current of the gate control devices. 

The following values have been chosen using the data 
sheets: 

- conduction input resistance Rg(ON) = 0.47 Ω/1W; 
- blocking resistance Rg(Off) = 0.68 Ω/1W. 

IV. CHOOSING THE COOLING SYSTEM

The heat transfer diagram (Fig. 6) can be drawn up with 
the values obtained in the "Result" screen [11]. 

The "Graph" screen can generate the dissipated power 
versus time characteristic for two modules belonging to the 
same phase, giving additional information when multiple 
capsules are mounted on the same heat sink (Fig. 7). 
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Fig. 6 The heat transfer diagram for the chosen IGBT module. 

Fig. 7  Power dissipation versus time dependence for modules 1 and 2 of 
the inverters. 

The heat transfer resistance between ambient and heat 
sink is: 

  

where: 

Tc  - case temperature; 
Ta  - ambient temperature; 
P_Sum - total power dissipated by the module due to the 
conduction and commutation losses. 

A heat sink is chosen from the catalog in order to meet 
the condition:  

 Rths-acat < Rths-acalc, 

where: 

Rths-acalc - calculated thermal resistance heat sink –
ambient; 

Rths-acat - thermal resistance heat sink  – ambient catalog 
value. 

A heat sink with the profile shown in Fig. 8 having a 
length of 250 mm, manufactured by MECCAL type P200 
83 was chosen [12]. 

From the thermal transfer curves shown in Fig. 9,it can 
be seen that, provided an air speed of Vair = 7.2 m/s 
through the heatsink with a length of 250 mm, the 
following resistance is obtained: 

 Rths-acat = 0.051 K/W, 

which is less than the value  in (22), so the cooling system 
is chosen properly. 

Fig. 8 Transversal section through the heat sink. 

Fig. 9 The thermal transfer curves for the P200 83 heat sink. 

V. THE CHOISE OF THE  POWER CABLES 

The following characteristics of the inverters must be 
taken into account when dimensioning the cables: 

- application: railway inverters; 
- input voltage: 900 Vdc; 
- rated current: 218 A; 
- overload current: 327 A. 

The cables used for railway rolling stock comply with 
the standard SR EN 50355:2014 “Railway applications - 
Railway rolling stock cables having special fire 
performance - Guide to use” [13]. 

The size of the cable section must be chosen from the 
standardized cable sections. When choosing the conductor 
section, the following factors will be taken into account: 

- Electrical stresses in insulation, which are due to 
the operating voltage; 

P_Tr1 

Ti(Tr1) = 75.51° 
Rth(Tr1) = 

0,007 K/W 
402,41 W 

P_Di1 

Tj(Di1) = 73,25° 

46,92 W 

Rth(Tr1) = 

0,012 K/W 

ΔTj-c(Tr1) = 

2,81 K 

ΔTj-c(Tr1) = 

0,56 K 

449.33 W 

Rth(c-s) = 

 0,009 K/W 

Rth(s-a) = 

0.063 K/W 

449.33 W 

Tc = 72,69 °C Ts = 70 °C Ta = 40 °C 

IGBT chip 

Diode chip Base plate Heat sink Ambient 
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- Electrical stresses due to the intensity of the 
current flowing through the circuit and which must 
be lower than those allowed; 

- Thermal stresses of the cables due to long-term, 
overload or short-circuit currents, taking into 
account the values indicated by the manufacturer 
and the application of the correction coefficients 
due to the positioning of the cables during 
installation as well as the maximum ambient 
operating temperatures.  

The range of HELUTHERM 145 cables produced by 
HELUKABEL meets the required conditions [14]. 

Fig. 10 shows the catalog sheet for this type of cables 
and in Fig. 11 is figured the table of allowed currents and 
correction coefficients. 

According to the catalog sheet, the selection criteria are 
met as follows: 

 Electrical stresses in insulation, which are due to the

operating voltage:

- for cables up to 1 mm
2 
U0/U 300/500 V;

- for cables from 1.5 mm
2 
U0/U 450/750 V;

- at fixed and protected installation 

from 1.5 mm
2 
U0/U 600/1000 V.

 Electrical stresses due to current intensity in the case

of outdoor positioning:

- for outdoor wiring situation 70 mm
2
 cable 

supports a current of 391 A, bigger than overload 

current – 327A. 
Cables with the following codes were chosen: 

- 51476 - 70 mm
2
 black cable; 

- 51340 -  2.5 mm
2  

red cable;  
- 51338 -  2.5 mm

2 
blue cable;  

- 51298 - 0.75 mm
2 

red cable izolated in SCSI 
tube; 

- 51296 - 0.75 mm
2 

blue cable izolated in SCSI 
tube. 

Fig. 10 HELUTHERM 145 cable catalog sheet.
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Fig. 11 Current ratings for  HELETHERM 145. 

VI. CONCLUSIONS

The research conducted in this paper highlights the fact 
that when choosing the force components for a test – 
experimentation bench designed to test various control 
strategies for traction converters, it is necessary to consider 
the addition of bigger safety coefficients than usual at their 
technical characteristics covering some control errors 
which may occur. It has also been shown that a forced 
ventilation cooling system is suitable, cheaper and less 
complex than a liquid cooling one. 
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Abstract – The present paper proposes and studies the effi-

ciency of using a RSM enhanced ACOR algorithm for the 

optimization of electromagnetic devices. Different RSM 

methods, such as Box-Behnken, CCD and Doelhert, are 

applied to find most suitable parameters (optimal set) for 

the ACOR in order to solve the corresponding electromag-

netic optimization problems. The parameters optimal set is 

found by building a metaheuristic function. In the same 

time, the optimal parameter set is searched and determined 

for each electromagnetic problems for different objective 

functions, the best and the average global best solution for a 

tests set. The electromagnetic devices to be optimized are the 

Loney’s solenoid and an energy storage device, as defined 

by the TEAM22 problem. Both electromagnetic problems 

are proposed benchmarks from electromagnetic community. 

Cuvinte cheie: calcul evoluţionist optimizare, ACOR, RSM, 

Box-Behnken, CCD, Doelhert, electromagnetic, TEAM22, sole-

noidul lui Loney. 

Keywords: Evolutionary Computation, Optimization, ACOR, 

RSM, Box-Behnken, CCD, Doelhert, Electromagnetic, 

TEAM22, Loney’s solenoid. 

I. INTRODUCTION 

Proposed in [1] by Dorigo and collaborators, AS (Ant 
System), like any ant algorithm, is an evolutionary algo-
rithm initially designed for hard non-determinist polyno-
mial problems such as QAP [2] [3], TSP [2] [3] [4] or 
MKP [5] [6]. The algorithm simulates the search for food 
behavior by the ant colonies. The process uses the phero-
mone concept, a substance which is secreted by ants on 
theirs search paths for food. 

To improve the performances of the AS algorithm sev-
eral solutions have been proposed in the literature, the 
most effective and known are the ACO (Ant Colony Op-
timization) [3] and the MMAS (Min-Max Ant System) 
[2]. Along with algorithms created for combinatorial prob-
lems, solutions designed for continuous problems were 
proposed, like the ACOR (ACO for real / continuous do-
mains) [7]. 

Just as any other evolutionary computation algorithm, 
the ACOR performance strongly depends by the parame-
ters of the algorithms and, of course, by the optimization 
problem [8]. To find the ACOR set of optimal parameters 
for solving electromagnetic benchmark problems, the pre-
sent paper studies and proposes the possibility of using the 
RSM (Response Surface Methodology) [9]. 

Originally proposed during 1950s in [10] by Box et al. 
the RSM was targeting statistics and design of experi-
ments. The RSM is a set of mathematical and statistical 
techniques sequentially applied to map empirical models 

and / to data, data obtained and provided by experimental 
designs. 

Since proposed, the RSM has been successfully applied 
independently or embedded in other algorithms to solve 
various problems from different domains as computer 
science [4], chemistry [11] or electrical engineering [12] 
[13] [14]. 

In the current study, several RSM models, such as Box-
Behnken [15], CCD (Central Composite Design) [10] and 
Doelhert [16] are applied to improve the ACOR’s perfor-
mances when optimizing electromagnetic devices. The 
performance tuning is done by searching the optimal set of 
parameters for the ACOR. The problems to be solved are 
TEAM22 (Testing Electromagnetic Analysis Method) 
[17] and Loney’s solenoid [18], two benchmarks proposed 
by the electromagnetic community. 

II. THE ACOR ALGORITHM

The ACOR is an ant based algorithm for continuous 
domains proposed by Socha and Dorigo in [7].  

Like any other ACO algorithm, ACOR is population 
based but unlike the other algorithms it stores the phero-
mones table as an archive of solutions (Fig. 1). 

Fig. 1. ACOR archive (size k): solutions sl, fitness values f(sl), weights 

ωl, search space size n, Gaussian kernels Gi i = (1, n). 

The archive is sorted using the fitness values of the so-
lutions (f(sl) < f(sl+1)), where f: Ω ⸦ R

n
 → R represents the

OF (objective function). For each solution there is a 
weight ω related to its fitness measure . 

The weight for a solution sl is calculated as: 

(1) 

where q is a parameter of the ACOR algorithm called the 
locality of the search process and k is the size of the ar-
chive of solutions. When q is small the weights for better 
ranked solutions are bigger, whereas when q is large the 
weights are more uniform. 
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If in the case of PSO and GA, where a particle or an in-
dividual encapsulates a solution, for ACO algorithms an 
ant is a solution builder. To construct a new solution an 
ant starts from a solution l from the archive. The l-th solu-
tion is chosen with a wheel probability mechanism: 

(2) 

The construction of the new solution is performed in n 
steps. At step i the value for the corresponding variable is 
calculated using information which only regards the di-
mension i. The value of the variable is generated random-
ly by a Gaussian distribution: 

(3) 

where μ and σ are the mean and the standard deviation of 
the Gaussian kernel. 

For the evaluation of the parameters the archive of solu-
tions is used as follows:  

(4) 

(5) 

where , the convergence rate, is the fourth ACOR param-
eter, equivalent with the pheromone evaporation from the 
ACO algorithm. If  is smaller the exploitation is domi-
nant comparing to exploration, so the convergence speed 
is faster. 

After a solution set (size equals the number of ants) is 
constructed, the solutions are evaluated, added to the ar-
chive, and sorted according to their fitness values. After-
wards, the worst solutions are removed in order to keep an 
imposed value for the archive of solutions. In the end the 
weights are updated accordingly with the new archive. 

The pseudocode of the ACOR algorithm is [8]: 

;initialize the archive of solutions 

;evaluate the solutions 

;calculate the weights 

do 

foreach ant of the colony 

    ;select a solution l 

    ;construct new solution from (l) 

    ;evaluate the new solution 

end for 

;add the new solutions to archive 

;sort archive according to fitness 

;remove worst solutions keeping  

a previously imposed archive size 

;calculate new weights 

noIterations ++ 

while 

(noIterations < maxNoIterations) 

and 

(optimal solution not found) 

More explanations and details about ACOR are availa-
ble in [7]. 

III. THE RSM ENHANCEMENT

The main idea behind using RSM to enhance the ACOR 
performance is the building of a metaheuristic function g 
with the purpose of finding the optimal set of ACOR pa-

rameters when solving benchmark electromagnetic prob-
lems. The metaheuristic function is quadratic, 
, a choice which proven to offer good results [12] [20] 
when approximating functions with unknown landscapes, 
like in our case:  

(6) 

where np is the number of ACOR parameters, p = [p1, p2, 
… pnp] are the parameters (variables) of the g function,
and c the coefficients. The parameters of g are the scaled 
versions of the ACO parameters (the number of ants, the 
locality of the search process, the size of the archive and 
the convergence speed), whereas the return value corre-
sponding to a point (set of parameters) in the definition 
domain is a measurement of fitness related to the objective 
function of the problem to be solved. 

The optimal set of parameters is found in four steps: 

 A number of points in the parameters space are 
generated using a RSM model, CCD, Box-
Behnken or Doelhert. 

 The evaluation of the metaheuristic g function is 
done for each point performing a set of tests, 
experiments in RSM terms, on the electromag-
netic optimization problem (details in the re-
sults section). 

 The coefficients of the quadratic function are 
calculated by LMS (Least Mean Square) 
method thus obtaining the analytical expres-
sion of g. 

 The optimal set of parameters (considered the 
point at which g is minimum) is determined by 
quadratic optimization applied on the analyti-
cal expression of g. 

The complete algorithm can be summarized as follows: 

;generate the set of points SP 

;    according to the RSM method 

foreach point p in SP 

    ;perform a set of N tests by solving 

    ;    the electromagnetic optimization 

    ;    problem N times using ACOR(p) 

    ;evaluate the performance – g(p) – 

    ;    using statistics 

;calculate the coefficients c by LMS using 

;    the set of points SP and  

;    the corresponding g(p) values 

;find the optimal set of parameters p
*
,

;    which for g(p
*
) = gmin,

;    by quadratic optimization 

;perform a set of N tests for p
*
 by solving

;    the electromagnetic optimization 

;    problem N times using ACOR(p
*
)

;evaluate the performance of p
*

;    using statistics 

A. The FFD model 

In the Full Factorial Design (FFD) for each variable / 
parameter of g there are three possible values: minimum, 
average and maximum. Each parameter value is combined 
with each value of every other parameter, thus the number 
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of points in this model is . Fig. 2 shows the 
placement of the points in the FFD model for np = 3. 

The main drawback of the FFD model appears when 
the number of parameters is high. For such cases, the 
number of experiments needed is prohibitive, and this 
design is therefore not suitable when the evaluation of the 
OF is expensive.  

Fig. 2. The points in the FFD model for np=3.

B. The Box-Behnken model 

The Box-Behnken design [15] resides in the FFD mod-
el. The points are located inside a hypersphere with the 
center at the central point of the design space (Fig. 3).  

In this design each parameter has three possible values 
(-1, 0, 1) scaled respectively to the minimum, average and 
maximum value of the corresponding ACOR parameter. 
The number of points for this design in the case of our 
problems, where np = 4, is 25 (Appendix – Table V). 

Fig. 3. The points in the Box-Behnken model for np=3.

Fig. 4. The points in the CCD model for np=3.

C. The CCD model 

The CCD model [10] consists of a fractional FFD and a 
star design both centered in the central point of the design 
space (Fig. 4). 

In the star design the points are set a distance α from 
the center. Each parameter can have five possible levels (-
α, -1, 0, 1, α). The number of points for this design in the 
case of our problems is 25 (Appendix – Table VI). 

D. The DOELHERT model 

The Doelhert model [16] is the most complex of the 
RSM models used. Each parameter of the design has a 
different number of levels, the distance between levels 
following a uniform distribution. For two parameters the 
design contains six points and is a hexagon whereas for 
three parameters contains twelve points and is a cubocta-
hedron (Fig. 5). 

In our case, with four parameters, the design contains 
21 points with the coordinates shown in the Appendix – 
Table VII. 

Fig. 5. The points in the Doelhert model for np=3.

IV. ELECTROMAGNETIC BENCHMARK PROBLEMS

E. The TEAM22 problem 

Two coaxial coils carry current with opposite directions 
(Fig. 6), operate under superconducting conditions and 
offer the opportunity to store a significant amount of ener-
gy in their magnetic fields, while keeping within certain 
limits the stray field [17]. 

An optimal design of the device should therefore couple 
the value of the energy E to be stored by the system with a 
minimum stray field Bstray. The two objectives are com-
bined into one objective function: 

ref

ref

norm

stray

E

EE

B

B
OF




2

2

, 

22

222

1 ,2   i istray

stray

B
B , 

(7) 

where Eref = 180 MJ, and Bnorm = 3 μT. 

The objective function has as parameters, the radii (R1, 
R2), the heights (h1, h2) , the thicknesses (d1, d2) and the 
current densities (J1, J2). Besides domain restrictions, the 
problem must take into account the following conditions: 
the solenoids do not overlap each other 
( ), and the superconducting ma-
terial should not violate the quench condition that links 
together the value of the current density and the maximum 
value of magnetic flux density 
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( ). It is a constrain 
imposed to the current densities. 

The evaluation method of the objective function is 
based on the Biot-Savart-Laplace formula in which the 
elliptic integrals are computed by using the King algo-
rithm and numerical integration. Moreover, the optimiza-
tion problem is reformulated as a one with six parameters, 
since for a given geometry and a stored energy, the values 
of the current densities can be computed by deterministic 
quadratic optimization as in [8] [19]. 

 
Fig. 6. TEAM22 problem configuration. 

F. The Loney’s solenoid 

Defined in [18], the Loney's solenoid electromagnetic 
problem has one main and two correction coils with the 
following dimensions (Fig. 7): r1 = 11 mm, r2 = 29 mm, h 
= 120 mm, r3 = 30 mm, r4 = 36 mm. The current density 
through the coils is the same with the goal of having a 
density of the magnetic flux constant in the center of the 
main coil. 

 
Fig. 7. Loney’s solenoid problem configuration. 

 

The objective function to be minimized is (Bmax - 
Bmin)/B0, the difference between the magnetic flux densi-
ties along a segment in the middle of the main solenoid 
divided to the density of the magnetic field in the middle 
of the main coil (r = 0, z = 0). The maximum / minimum 
values of the magnetic flux densities are sought along the 
straight segment [-z0,z0], z0 = 2.5 mm. The optimization 
problem has two parameters the length s and the distance l 
between the correction coils. 

The implementation details of the Loney’s solenoid 
benchmarks is the same as in the previous papers [8] [19]. 

V. RESULTS 

To test the proposed approach two electromagnetic op-
timization problems were chosen, namely TEAM 22 [17] 
and Loney’s solenoid [18]. The implementation details of 
the TEAM 22 and Loney’s solenoid benchmarks are the 
same as in the previous papers [8] [19]. 

For the construction of the metaheuristic function g the 
variation intervals for the ACOR parameters were: the 
number of ants a, integer values between [2; 8], the ar-
chive size k integers between [20; 60], the convergence 
rate  real values between [0.5; 0.99], and the locality of 
the search process q real values between [1E-4; 1E-2]. 

To evaluate the performance for a set of parameters 
(evaluation of the g function) two cases were studied, the 
min-best OF value and the mean-best OF value over a set 
of 30 tests, to make a relevant statistical study. The min-
best is the minimum of the minimum (best) values, and 
the mean-best is the average of the minimum values for 
the mentioned 30 runs. For each test the stopping criteria 
was a maximum number of 2560 OF evaluations, a num-
ber appearing to be sufficient to reach convergence for the 
chosen benchmark problems [8] [19]. 

Tables I-IV present results, the obtained optimal set of 
parameters and the statistical flags for solving the Loney’s 
solenoid and the TEAM22 problems. The statistical flags 
are calculated once again on a set of 30 independent runs. 
The best results previously obtained in [8], where the 
ACOR performance tuning was roughly performed only on 
the number of ants, are presented as comparison. 

For the Loney’s solenoid problem when the objective of 
g is the min-best OF (Table I) the best solution is obtained 
with the Box-Behnken design. The optimal parameters 
provided by the design lean towards exploitation, small 
convergence rate, small archive size, small locality of 
search process all in favor of the better ranked solutions. 
Regarding the value of the OF this is one of the best ever 
reported in the literature. 

When the objective of the metaheuristic function is the 
mean-best OF (Table II) the best RSM design is Doelhert. 
The optimal set of parameters are very high number of 
ants, small archive size and small convergence rate (high 
converge speed) in favor of exploitation and very high 
search process locality parameter in favor of exploration. 
In this case, the set of parameters mentioned in [8] lead to 
a better mean-best. 

For the TEAM 22 problem when the goal of g is min-
best OF once again the best approach is Box-Benhken 
(Table III). The results are once again some of the best in 
the literature in terms of min-best OF. The optimal set of 
parameters are quite different from the parameters provid-
ed by the same design for the Loney’s solenoid. However, 
the parameter values are rather contradictory, very high 
number of ants and small archive size clearly in favor of 
exploitation, very high convergence rate (small conver-
gence speed) and very high locality of the search process 
in favor of exploration. 

Finally, when the objective of the metaheuristic func-
tion is the mean-best OF (Table IV) just like in the case of 
Loney’s solenoid the optimal set of parameters for 
TEAM22 is given by the Doelhert design. The results are 
almost identical with the ones mentioned in [8], in terms 
of mean-best OF and also in terms of parameter values, 
small number of ants, large archive size, high convergence 

main coil correcting coils 

-z0 z0 

r1 r2 r3 r4 

s l s 

h 
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rate and small locality of the search process, clearly ori-
ented towards exploration. 

TABLE I.  
RESULTS FOR LONEY’S SOLENOID PROBLEM, WHEN THE METAHEURISTIC 

OBJECTIVE IS THE MIN-BEST OF 

Method 

CCD 

+ ACOR 

Box-

Behnken 
+ ACOR 

Doelhert 

+ ACOR 
ACOR [8] 

a 2 4 3 4 

k 34 26 60 40 

0.52 0.50 0.99 0.85 

q 10E-3 3.4E-3 9.8E-3 1E-4 

Min - best 

OF value 
3.02E-10 1.24E-10 5.68E-10 2.22E-9 

Max - best 

OF value 
2.8E-6 2.2E-6 2.2E-6 6.10E-8 

Mean - best 

OF value 
6.81E-8 9.53E-8 1.17E-7 1.32E-8 

Standard 
deviation 

3.09E-7 3.29E-7 3.78E-7 9.78E-9 

TABLE II.  
RESULTS FOR LONEY’S SOLENOID PROBLEM, WHEN THE METAHEURISTIC 

OBJECTIVE IS THE MEAN-BEST OF 

Method 

CCD 

+ ACOR 

Box-

Behnken 
+ ACOR 

Doelhert 

+ ACOR 
ACOR [8] 

a 2 2 8 4 

k 20 20 20 40 

0.99 0.99 0.53 0.85 

q 1E-2 1.3E-3 1E-2 1E-4 

Min - best 

OF value 
1.67E-9 1.21E-9 6.92E-9 2.22E-9 

Max - best 
OF value 

5.01E-7 4.00E-7 8.46E-8 6.10E-8 

Mean - best 

OF value 
2.17E-8 2.93E-8 1.61E-8 1.32E-8 

Standard 
deviation 

6.19E-8 7.22E-8 8.36E-9 9.78E-9 

TABLE III. 
RESULTS FOR TEAM22 PROBLEM, WHEN THE METAHEURISTIC 

OBJECTIVE IS THE MIN-BEST OF 

Method 

CCD 

+ ACOR 

Box-
Behnken 

+ ACOR 

Doelhert 

+ ACOR 
ACOR [8] 

a 2 8 2 8 

k 50 20 50 40 

0.75 0.99 0.85 0.85 

q 1E-4 1E-2 3.2E-4 1E-4 

Min - best 

OF value 
2.09E-3 1.93E-3 2.01E-3 2.03E-03 

Max - best 

OF value 
7.20E-3 1.36E-2 6.05E-3 3.52E+00 

Mean - best 

OF value 
2.95E-3 3.33E-3 3.04E-3 1.21E-01 

Standard 

deviation 
1.10E-3 2.09E-3 9.56E-4 6.41E-01 

TABLE IV. 
RESULTS FOR TEAM22 PROBLEM, WHEN THE METAHEURISTIC 

OBJECTIVE IS THE MEAN-BEST OF 

Method 

CCD 
+ ACOR 

Box-

Behnken 

+ ACOR 

Doelhert 
+ ACOR 

ACOR [8] 

a 2 2 2 4 

k 49 60 60 40 

0.5 0.52 0.99 0.85 

q 1E-2 1E-2 1E-4 1E-4 

Min - best 
OF value 

2.31E-3 2.02E-3 2.31E-3 2.15E-03 

Max - best 

OF value 
3.78E-2 1.14E-2 4.96E-3 5.99E-03 

Mean - best 
OF value 

6.37E-3 3.73E-3 3.03E-3 2.97E-03 

Standard 

deviation 
6.63E-3 1.97E-3 5.82E-4 8.03E-04 

TABLE V. 

PARAMETER VALUES FOR THE BOX-BEHNKEN METHOD 

p1 p2 p3 p4 

1 -1 -1 0 0 

2 -1 1 0 0 

3 -1 0 0 -1 

4 -1 0 0 1 

5 -1 0 -1 0 

6 -1 0 1 0 

7 0 0 -1 -1 

8 0 0 -1 1 

9 0 0 1 -1 

10 0 0 1 1 

11 0 -1 -1 0 

12 0 -1 1 0 

13 0 1 -1 0 

14 0 1 1 0 

15 0 -1 0 -1 

16 0 -1 0 1 

17 0 1 0 -1 

18 0 1 0 1 

19 0 0 0 0 

20 1 -1 0 0 

21 1 1 0 0 

22 1 0 0 -1 

23 1 0 0 1 

24 1 0 -1 0 

25 1 0 1 0 

TABLE VI. 

PARAMETER VALUES FOR THE CCD METHOD 

p1 p2 p3 p4 

1 -2 0 0 0 

2 -1 -1 -1 -1 

3 -1 -1 -1 1 
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4 -1 -1 1 -1 

5 -1 -1 1 1 

6 -1 1 -1 -1 

7 -1 1 -1 1 

8 -1 1 1 -1 

9 -1 1 1 1 

10 0 -2 0 0 

11 0 2 0 0 

12 0 0 -2 0 

13 0 0 2 0 

14 0 0 0 -2 

15 0 0 0 2 

16 0 0 0 0 

17 1 -1 -1 -1 

18 1 -1 -1 1 

19 1 -1 1 -1 

20 1 -1 1 1 

21 1 1 -1 -1 

22 1 1 -1 1 

23 1 1 1 -1 

24 1 1 1 1 

25 2 0 0 0 

TABLE VII. 

PARAMETER VALUES FOR THE DOELHERT METHOD 

 p1 p2 p3 p4 

1 -1 0 0 0 

2 -0.5 -0.86603 0 0 

3 -0.5 -0.28868 -0.8165 0 

4 -0.5 -0.28868 -0.20412 -0.79057 

5 -0.5 0.866025 0 0 

6 -0.5 0.288675 0.816497 0 

7 -0.5 0.288675 0.204124 0.790569 

8 0 0 0 0 

9 0 0.57735 -0.8165 0 

10 0 0.57735 -0.20412 -0.79057 

11 0 -0.57735 0.816497 0 

12 0 0 0.612372 -0.79057 

13 0 -0.57735 0.204124 0.790569 

14 0 0 -0.61237 0.790569 

15 0.5 0.866025 0 0 

16 0.5 0.288675 0.816497 0 

17 0.5 0.288675 0.204124 0.790569 

18 0.5 -0.86603 0 0 

19 0.5 -0.28868 -0.8165 0 

20 0.5 -0.28868 -0.20412 -0.79057 

21 1 0 0 0 

 

VI. CONCLUSIONS 

Following the proposal from [21], the present paper 
studied the effectiveness of improving the performance of 
the ACOR evolutionary algorithm by using RSM strategies 
for solving electromagnetic benchmark problems. To test 

and verify the proposed enhancement two electromagnetic 
benchmarks were chosen, namely TEAM22 and Loney’s 
solenoid. 

The enhancement is performed by searching the opti-
mal set of ACOR parameters. To achieve this goal a me-
taheuristic quadratic function in the parameters space is 
constructed using RSM methods, namely CCD, Box-
Behnken and Doelhert. For the evaluation of the metaheu-
ristic function two different objectives were studied: the 
minimum best (min-best) value and the average best 
(mean-best) value of the original OF over a statistical set 
of tests. 

The results obtained with the proposed approach were 
compared to previously obtained results from [8], where 
the ACOR ‘s performance was tunned roughly, only on 
one parameter namely the ants number.  

When the objective of the metaheuristic function is the 
min-best value of the original OF the Box-Behnken design 
generates the best set of optimal parameters from all the 
design strategies for both electromagnetic benchmarks. 
The values obtained for the OF are from author’s 
knowledge some of the best found in the literature for 
TEAM22 and also Loney’s solenoid. 

When the objective of the metaheuristic function is the 
mean-best value of the original OF the Doelhert design is 
the most suitable for both electromagnetic problems. 
However, the obtained results are comparable with results 
obtained in [8] in the case of TEAM22 and a little poorer 
than the results in [8] in the case of Loney’s solenoid.  
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Abstract - In this paper, the performance of a three-phase 

shunt active power filter (APF) using the instantaneous 

power theory (p-q theory) has been compared with that 

corresponding to the use of the synchronous reference 

frame (SRF) based method. It is clear that, under 

balanced and sinusoidal voltage conditions, these two 

methods gives similar results. The entire system has been 

modeled using MATLAB-SIMULINK software. The 

simulation results demonstrate the applicability of both 

methods for the APF control. 

Cuvinte cheie: filtru activ de putere, teoria p-q, semnal de 

referinţă sincron. 

Keywords: Shunt Active Power Filter, p-q Theory, 

Synchronous Reference Frame . 

I. INTRODUCTION 

Shunt active power filters (SAPFs) are voltage source 
inverter based static converters, bidirectional in current 
and voltage, which are connected in parallel with the 
nonlinear load and controlled so as to meet different 
compensation objectives (harmonics, reactive power 
and load unbalance).  

Active power filters have many advantages over 
passive filters, which have established them as a 
competitive, modern and efficient filtering solution: 

- they can reduce the total distortion factor (THD) to 
very low values, which fall within the limits imposed by 
regulations (the reduction is greater than 10:1); 

- they cannot be overloaded due to the harmonic 
currents transmitted in the network by other distorting 
loads; 

- the currents to be compensated can be selected; 

- harmonic distortion and/or power factor can be 
compensated, simultaneously or independently (they 
can also suppress the reactive current, not only 
harmonic currents); 

- the compensation accuracy is higher; 

- they do not produce resonances with the power 
distribution systems; 

- they have a great flexibility regarding the location 
and the connection schemes [1]. 

The first step in the SAPF control is the generation of 
the prescribed compensating current based on the 
sensed supply voltage and load current. There are many 

methods in the literature used for the calculation of the 
reference prescribed current, such as those based on the 
following theories: the instantaneous power (p-q) 
theory, the synchronous reference frame (SRF), the 
Conservative Power Theory (CPT), the Currents’ 
Physical Components (CPC), the Fryze-Buchholz-
Depenbrock (FBD) theory [1]-[13]. 

Then, the closed-loop control system must be able to 
handle the accurate tracking of this prescribed current. 

In this paper, two methods of generation the 
prescribed current are analyzed, namely the p-q theory 
based method and synchronous reference frame (SRF) 
method. 

II. COMPENSATING CURRENT COMPUTATION

METHODS 

In this part of study, the control scheme of APF 
system using p-q theory is discussed and compared with 
that using synchronous reference frame (SRF) method. 

A. The p-q Theory Based Method 

The specificity of the p-q theory lies in the use of so-
called instantaneous active and reactive powers (p and 
q) in expressing the prescribed compensating current
(iF). 
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where the SAPF apparent power (sF) is: 

~~F jqps  for only the harmonic 
compensation (p~ = p - P;  q~ = q - Q); 

jqps ~F    for the total compensation. 

P and p~ are the the average value and the AC 
component of the instantaneous active power p. 

Q and q~ are the the average value and the AC 
component of the instantaneous reactive power q. 

The components of voltage and current space vectors 
(u and i) in the (α, β) stationary reference frame (uα, uβ, 
iα, iβ) are used in the expressions of p and q [1]. 

The Simulink model in Figure 1 corresponds to the 
objective of total compensation of both current 
harmonics and reactive power. 
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Fig. 1. Simulink model for the prescribed current generation by using 

the p-q theory in the case of total compensation. 

The proper prescribed compensating current ensures 
a sinusoidal supply current after compensation in phase 
with the supply voltage. 

B. The SRF Based Method 

According to SRF method, the three-phase system of 
real currents is transformed into a two-phase rotating 
system d-q-0, whose speed is the fundamental pulsation 
when the identification of the fundamental component 
of load current is desired (Figure 2) [1]-[4], [14]. 
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 is the angular position of the rotating reference
system, which is determined by PLL circuits. 

The currents obtained in the (d, q) coordinate system 
are formed by a direct current component (id-, iq-) and 
an alternating current component (id ~, iq~), which can 
be separated by a low-pass or high-pass filter. 

If the rotating system is synchronous with the 
fundamental component of the current, to separate the 
compensating current, which corresponds to the 
alternative components of the current in the (d, q) 
coordinate system and constitutes the reference current 
for the active power filter, a high-pass filter is used. 
Then, the transition to the three-phase system is made 
by the inverse Park transformation, respectively: 
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The separation of the fundamental component of the 
current can also be considered, through the DC 
components of the current in the rotating system (d,q) 
through low-pass filters, followed by the passage in the 
three-phase system. 

The performance of the SRF method are similar, but 
the p-q control method was more effective under 
transient conditions. 

Fig. 2. Simulink model for the prescribed current generation by using 

the SRF method [2]-[4]. 

Like all time-frame reference current calculation 
methods, the SRF method is advantageous in terms of 
calculation volume, implementation speed, and control 
complexity compared to the methods in the frequency 
domain. 

In practice, it is not only desired to eliminate a 
harmonic by active filtering and, therefore, the 
synchronous rotating system method is applied 
simultaneously for several harmonics, the reference 
current for the active filter being the sum of the 
reference currents on the harmonics. 

Problems with the implementation of the 
synchronous rotating system method are mainly related 
to the correct detection of the angular position, 
especially when the three-phase power system is not 
balanced. 

III. CURRENT CONTROL METHOD

The role of the active power filter control system is to 
generate signals for the control of semiconductor 
devices in the structure of the voltage inverter, so that 
the current injected into the power supply to follow its 
reference value. This function is conditioned by the 
need to control the voltage across the compensation 
capacitor. 

The basic technique of current control by hysteresis, 
frequently adopted in the control of active filters, 
involves the generation of control signals for the 
semiconductor devices in the static converter by 
comparing the current error with a fixed hysteresis band 
(Figure 3). In this way, the hysteresis comparator also 
has the role of current regulator. 

Fig. 3. Block diagram of the hysteresis control technique applied to 

the direct current control at the filter output. 

As long as the error falls within the limits of the 
hysteresis band, no switching takes place. Switching 
occurs only when the error exceeds the hysteresis band. 
Thus, the hysteresis band (H) determines the maximum 
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and minimum limits of the current deviation from the 
reference value (Figure 4). 

 
 

Fig. 4. Generation of the control signal in the case of control with 
hysteresis. 

 

Therefore, in order to obtain the current 
compensation with small switching ripples, the value of 
H must be reduced, which determines the increase of 
the switching frequency. In the case of the active power 
filter, through this instant control, of the “bang-bang” 
type, the current to be controlled is forced to follow its 
reference value, without exceeding the tolerance 
imposed by the hysteresis band. 

Although it is simple, robust and allows to obtain 
good dynamic performances, reasons for which it is 
frequently adopted in current control structures, the 
hysteresis control technique has a number of 
disadvantages, mainly due to the fact that the switching 
frequency of the converter is variable and is superiorly 
limited only by the width of the hysteresis band and the 
dynamics of the system. Thus, the losses in the power 
semiconductor devices increase, difficulties appear in 
the design of the interface filter of the active filter and 
the appearance of unwanted resonances in the network 
is favored. A negative influence of the filtering 
performances determined by the interaction of the phase 
currents was also noticed if the three-phase power 
system is with isolated zero [1], [5], [6]. 

The Simulink model of the hysteresis band based 
control is illustrated in Figure 5 and the generation of 
the control signals for the IGBTs is shown in Figure 6. 

 Fig. 5. Simulink model for the basic method of current control by 

hysteresis. 

 
 

Fig. 6. Generation of the control signal in the case of hysteresis based 

control – Simulink. 

 

IV. SIMULATION RESULTS 

The study was done by simulation based on specific 
Simulink models, for both methods of calculating the 
reference current. It is specified that for the two 
calculation methods, the load is the same: a three-phase 
uncontrolled rectifier that feeds a passive load of RC 
type, which simulates a direct current motor. The 
current drawn from the power supply by the nonlinear 
load is shown in Figure 7. 

 

 
 

Figure 7. The waveform of the currents absorbed by the nonlinear 

load. 

 

The rated values are: 

Nominal voltage: 380 V; 

Nominal current: 20 A; 

Active power: 9.48 kW; 

Apparent power: 12.55 kW. 

For the current control, the hysteresis based method 
was used in both simulation systems. 

 

A. The p-q Theory Based Method – Simulink 

results 

The Simulink model conceived for the whole active 
filtering system based on the p-q theory based method 
is shown in Figure 8. All the components are illustrated 
(power supply, nonlinear load, active power filter with 
the compensation capacitor on the DC-side and the 
interface filter of L- type on the AC side, control blocks 
and calculation blocks). 
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The current waveforms in Figure 9 shows the 
performance of the active filtering system to perform 
the total compensation. The supply currents after 
compensation are very close to the sinusoidal shape, 
illustrating the switching influence of the inverter, 
whose effect is not completely eliminated by the 
inductive interface filter. The remaining distortion 
factor of the supply current is 5.42 %, leading to an 
active filtering efficiency of about 15.02 (Table I). The 
currents provided by the voltage source inverter to 
achieve the compensation are shown in Figure 10. 

Fig. 9. Current waveforms at the supply side after compensation in 

case of using the p-q theory. 

Fig.10. Waveforms of the currents at the inverter output in case of 
using the p-q theory 

B. The SRF Based Method – Simulink results 

In the Simulink model of the active filtering system 
in the case of the SRF based method (Figure 11), the 
specificity is given by the block “SRF” which provides 
the reference currents to the current controller. 

As with the use of the p-q theory, the supply currents 
waveforms after compensation (Figure 12) are very 
close to sinusoids (THD  5.22 %). The resulting active 
filtering efficiency is of about 15.6 (Table I). Figure 13 
illustrates the waveforms of the currents at the inverter 
output in case of using the SRF based method. 

Fig. 12. Current waveforms at the supply side after compensation in 

case of using the SRF based method. 

Fig.13. Waveforms of the currents at the inverter output in case of 

using the SRF based method. 

TABLE I.  
SUMMARY OF THE NUMERICAL RESULTS 

p-q Method 

I (rms) 
[A] 

THD_source 
[%] 

THD_load 
[%] 

Active 

filtering 

efficiency 

19.02 5.42 81.41 15.0202 

Fig. 8. Simulink model of the active filtering system in case of using the p-q theory based method. 
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A summary of the numerical results obtained by 
simulation is presented in Table I and Table II. As 
shown, the THD values of the currents after 
compensation are very close to the value of 5% 
recommended by Std. IEEE 519 [15]. 

 
TABLE II.  

SUMMARY OF THE NUMERICAL RESULTS 

SRF Method 

I (rms) 
 [A] 

THD_source 
[%] 

THD_load 
[%] 

Active 

filtering 

efficiency 

19.02 5.22 81.41 15.5957 

 

V. CONCLUSION  

Two methods for the reference current generation 
used in the control of a three-phase shunt active power 
filter, namely the p-q theory based method and the SRF 
based method, were investigated in this paper.  

Under balanced and sinusoidal supply voltages these 
two methods gives similar results for total 
compensation.  

Under nonideal voltage conditions, the synchronous 
reference frame method leads to better results. 
However, the p-q method allows the compensation of 
only the current harmonics, or of the reactive power, or 
the total compensation, being more flexible. 

The SRF method is advantageous in terms of the 
volume of calculations, the execution speed associated 
with the implementation and the complexity of the 
control. 

Both methods are frequently adopted in the control of 
active power filters. 
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Abstract - The air quality from closed spaces is very im-

portant for people or for technological processes. The heat-

ing, ventilation and air conditioning installations ensure the 

maintenance of the air parameters in the rooms served with-

in pre-established limits, throughout the year, regardless of 

the variation of meteorological factors, the degree of occu-

pancy of the rooms or the development of production pro-

cesses. The paper presents an automatic ventilation, heating 

and air conditioning system made on a small scale. Climatic 

parameters can be monitored and controlled in two ways: in 

local mode and also in remote mode. In local mode, the con-

trol of the installation is done with a Mega 2560 develop-

ment system made around the Atmega 2560 microcontrol-

ler, which processes the information received from the 

DHT22 temperature and humidity sensor. Information 

about parameters and system status is displayed on the local 

screen. The WeMos D1 R2 WiFi development system based 

on an ESP8266 wireless microcontroller with Wi-Fi 802.11 

compatible with the IDE-Arduino development environment 

was used for the remote control. All information is transmit-

ted wirelessly to an online platform, called Cayene that al-

lows their storage and control. The platform referred to 

offers a number of graphical features that do not involve 

costs for users. The system can be used both for educational 

purposes for engineering students, but can be adapted for 

real practical applications. 

Cuvinte cheie: sistem de incalzire ventilare si climatizare, mo-

nitorizate,  microcontroler, senzori, temperatura, umiditate. 

Keywords: heating, ventilation and air conditioning system 

(HVAC), monitoring, microcontroller, sensor, temperature, 

humidity. 

I. INTRODUCTION 

The room air may occur a number of pollutants from 
the occupants (carbon dioxide resulting from respiration, 
cigarette smoke, etc.), building materials (gases, vapors) 
or the process of manufacture (e.g. : solvents). 

Air conditioning is the technique that consists in 
modifying, controlling and regulating the climatic 
conditions (temperature, humidity, etc.) of the room for 
various reasons: comfort (individual homes, small spaces), 
requirements imposed by various factors or for technical 
reasons (eg: electronic component production facilities, 
spaces for the production of automobiles, engines, medical 
laboratories, theaters of operations, rooms where 
computer servers are located, etc.) [1], [2]. Modern 
techniques and equipment are currently being used to 
increase the efficiency of HVAC systems [3].  

II. STRUCTURE  OF HEATING VENTILATION AND AIR

CONDITIONING SYSTEM 

The role of the ventilation system is to eliminate or 
dilute the harmful substances below the danger limit for 
the human body, by introducing fresh air and evacuating 
the contaminated air.  

Fig.1. Block diagram of a heating, ventilation and air conditioning system 
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If, in addition to the requirements on air purity, it is 
necessary to ensure certain temperature and humidity 
parameters for the room air, the ventilation installation is 
transformed into an air conditioning installation (fig 1.) 
[4].  

A heating, humidification and ventilation installation 
forms a central air conditioning installation and is made 

up of a set of equipment having the following functions 
[5] (fig.2): 

- air preparation and distribution with well-defined 
thermal, aeraulic and acoustic characteristics; 

- distribution of treated air in places with air 
conditioners through intermediate pipes and terminal 
devices 

Fig. 2.  Structure of a heating, ventilation and air conditioning system: 1- heat recuperated; 2- air recirculation module; 3- refrigeration module; 4, 6- 
heating module; 5- humidifier; 7- air filter; 8- suction fan; 9,10 - noise attenuators; 11- exhaust fan. 

 Primary fluids (such as air or water) are prepared in 
centralized equipment that is usually located in the engine 
room (in the case of large installations and large powers). 
The terminal equipment is always installed in the places / 
areas of occupation of the hall, receives the fluids (already 
prepared in centralized equipment) and uses them to 
discharge the treated air in the necessary areas [6], [7], 
(fig.1). 

Between the centralized equipment and the terminal 
equipment, the primary fluids and the treated air are 
distributed through pipes that provide many accessories 
necessary for a good operation (dampers, filters, valves, 
etc.). In addition, the installations are equipped with 
control and safety devices (thermostat, pressure switches, 
fire detectors) that are controlled by centralized computing 
units (for example: high-performance control systems, 
which is in fact the object of this work) [8]. 

The central control unit –CCU takes the information 
from the sensor on the temperature and humidity in the 
air-conditioned enclosure and processes it (fig. 3). After 
processing this information, the control module receives a 
electrical signals and transmits the control of the execution 
elements of the air conditioning unit (compressor, heating 
element, humidifier pump, fan) [9]. 

The sensor reads the temperature and humidity in the 
air-conditioned enclosure in real time and transmits this 
information to the CCU. 

Fig. 3.  Block diagram of a command and control system 

The air conditioning unit has 3 operating modes: 
cooling, heating, humidification or dehumidification 
depending on the settings received from the command and 
control unit but also from the information transmitted by 
the sensor  [10]. 

All collected data will be viewed in real time using a 
mobile device or a computer that constantly 
communicates with the control unit.      

III. IMPLEMENTATION OF SMALL SCALE MODEL OF 

HEATING VENTILATION AND AIR CONDITIONING SYSTEM 

Based on the real model system, a small-scale model 
was developed for the heating, ventilation and air 
conditioning system (HVAC) [4]. 
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The whole air conditioning system is structured and 
composed of three subassemblies: 

1) Air conditioning system (The power part of the
system). 

2) Electrical installation;

3) Control system.

Figure 4 shows the model of the HVAC system made. 

According to figure 4, the realized physical model 
consists of: 

- air conditioning unit - it contains: compressor, fan-
condenser assembly, evaporator (cooling battery), fan for 
introducing air into the enclosure, heating elements; 

- the enclosure where the air conditioning is performed: 
it was made of hobby glass (transparent material); 

- the housing in which the cooling / heating battery is 
inserted: it was also made of a transparent material, in 

order to be able to observe the construction of the 
component elements; 

- evaporator (cooling battery); 

-  electrical resistors used for the heating process; 

-  humidifier; 

- piping for introducing air conditioning into the 
enclosure; 

- piping for air recirculation; 

- piping for introducing the air subjected to the 
humidification process; 

-  recirculation valve; 

-  temperature and humidity sensor; 

-  control panel; 

- the electrical part of the installation (contactor, 
automatic fuses, connectors). 

Fig. 4. HVAC system achieved:1-  air-conditioned enclosure; 2- heating/refrigeration  module ;     3-  heat exchanger (condenser); 4-control module;  5- 
compressor; 6- supply air duct; 7- humidifier; 8- flap of air mixed  ;  9- exhaust air  duct

A. Achieved of local control system 

In order to be brought to the parameters with which it 
can be introduced in the space where air conditioning is 
required, the air undergoes a succession of elementary 
transformations. These parameters are controlled by 
means of a Mega2560 development board, which 
processes the information received from the DHT22 
temperature and humidity sensor. Then, the physical 
components of the command and control circuit of the 
installation are presented together with the electrical 
connection diagram [11]. 

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

Technical specifications of the development system 
are presented in the product catalog sheet [12].  

For the control of the actuating elements, a compact 
board with 4 relays was used, having the following 
characteristics: 

Voltage: 250VAC or 30VDC 

Current: 10A (Max) 

Each relay is controlled by an optocoupler 

Optocoupler supply voltage: 5V 

Current required for control: 5mA 

The DHT22 sensor was used to measure temperature 
and humidity, having the following characteristics: 

Supply voltage: 3.3 - 6V DC 

Operating plate: temperatures -40 and 80 ° C 

Reading time: 2s 

Humidity range: 0-100% RH 

Accuracy: ± 0.5 ° C 

Wiring diagram for connecting of control elements are 
shown in figure 5. 
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Fig. 5. Wiring diagram of local control system

Fig. 6. Flowchart of control system 
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The software part of the platform is integrated in an 
IDE graphical interface, based on the Processing pro-
gramming language. Programming the controller on the 
physical platform is done using the Arduino programming 
language. 

The Arduino integrated development environment is 
designed to write programs that can be loaded onto physi-
cal Arduino platforms. The interface is written in Java and 
the programming environment uses open source pro-
gramming languages such as Processing, AVR-GCC [13]. 

The mode of operation of the development board is 
presented in the form of a flowchart (Fig. 6) and the pro-
gram code. 

 

B. Achieved of remote control system 

The WeMos D1 R2 WiFi development system based 
on an ESP8266 wireless microcontroller with Wi-Fi 
802.11 compatible with the IDE-Arduino development 
environment is used for the remote control [14]. The 
structure of this board is based on a standard Arduino 
hardware design with similar proportions to Arduino Uno 
and Leonardo. 

The CH340 USB interface allows it to be connected 
and programmed directly from the computer and requires 
only a micro USB communication and power cable. 

The system can be accessed remotely via the Cayenne 
online platform based on a name, a user password and a 
customer ID [15]. The connection data on the platform 
together with the user data and password of the wireless 
router are added in the source program written in Arduino 
Ide. 

Wiring diagram for connecting of control elements are 
shown in figure 7. 

 

Fig. 7. Wiring diagram of remote control system 

The main advantage of this system is given by the 
multitude of analog and digital outputs that are arranged 
on the same board but also by the technical characteristics. 

IV. TESTING OF HVAC SYSTEM  

A. Testing  of local control system 

In order to highlight the functionality of the 
experimental model, a series of tests were performed, in 
which all three modes of operation of the installation were 
captured in the form of images: cooling, heating, 
humidification. 

Testing of HVAC system in cooling mode 

In this case, when the system is started, the initial pa-
rameters are displayed on the screen: temperature and 
humidity (fig. 8. a). It can be seen from the figure that the 
temperature inside the enclosure at that moment is 25.2 
°C. 

 

 

Fig. 8. Testing  in cooling mode 

For operation in cooling mode, the desired temperature 
is selected from the development system menu, for 
example: 23 °C. Then it is observed (fig. 8.b) the 
activation of the “In2” input of the relay that shows the 
operation of the compressor (red LED is OFF). The 

compressor will operate without interruption, until the 
desired temperature is reached, at which point the "In2" 
input of the relay will receive the compressor switch-off 
command (red LED is ON). 
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Testing of HVAC system in heating mode 

Proceed identically to the case described above, 
namely: 

- at the start of the system, the real parameters of the 
enclosure are displayed on the screen; 

- it is observed from figure 9. a) that the temperature 
inside the enclosure at that moment is 24.6 ° C; 

- for the selected operating mode, the indoor air 
heating mode, the temperature of 25.2 ° C is chosen from 
the system menu (fig. 9. b); 

- the heating elements are controlled at this moment by 
activating the "In1" input of the relay (red LED is OFF); 

- they operate without interruption until the desired 
temperature is reached (fig. 9 c), at which point the “In1” 
input of the relay will receive the command to disconnect 
the resistors (red LED is ON). 

Fig. 9.  Testing in heating mode 

Testing of HVAC system in humidity mode 

The same procedure is followed for this mode of 
operation of the installation: 

- at the start of the system, the real parameters of the 
enclosure are displayed on the screen; 

- it is observed from figure 10.a) that the humidity 
inside the enclosure at that moment is 95%; 

- for the chosen operating mode, the humidification of 
the indoor air, the value for humidity of 99% is chosen 
from the system menu; 

- the humidifier is currently controlled by activating 
the “In4” input of the relay (red LED is OFF), (fig 10 a); 

- it works without interruption until the desired value 
is reached, at which point the “In4” input of the relay will 
receive the humidifier switch-off command (red LED is 
ON), (fig. 10 b). 

Fig. 10. Testing in humidity mode 

B. Testing  of remote control system 

The verification of the operation of the system was 
performed through a series of tests, in which all the modes 
of operation of the installation were captured. 

All information taken from the air-conditioned room is 
transmitted wirelessly to an online platform that allows 
their storage and control (figure 11). The platform referred 
to is called Cayenne and offers a number of graphical 
features that do not involve costs for users. 
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Fig. 11. Panel of remote control system 

The simulation of the implemented system operation 
can be easily followed on the Cayenne platform, and the 
evolution of the parameters can be observed graphically 
over different periods of time or in real time, analyzing the 
operation graphs at the desired intervals. 

According to those specified, simulations were 
performed for the 3 operating modes of the plant: cooling, 
heating, humidification. 

Testing of remote control system in cooling mode 

Figure 12 shows the operation of the HVAC system in 
cooling mode, when the compressor is controlled by the 
In1 input of the relay (red LED off), the temperature tends 
to gradually decrease to the prescribed value in the control 
panel of 22.0 °C. 

 

Fig.12 Evolution of the room temperature: mode of operation - cooling 

Testing of remote control system in heating mode 

After setting the desired temperature, the In2 input of the 
relay will be activated, which will control the heating 
elements and the system will start in heating mode. The 
graph in figure 13, shows the operation of the system and 
the ascending slope that tends to reach the value of the 
room temperature. 

 

Fig.13. Evolution of the room temperature: mode of operation – heating 

 

Testing of remote control system in humidity mode 

The control principle of the installation in this mode of 
operation is similar to those presented above, except that 
the measured humidity will be compared with the set one. 
The set humidity value is 99%. With the entry into 
operation of the humidifier, the increase of humidity 
towards the maximum set value of 99% is observed 
(figure 14). 

 

Fig.14. Evolution of the room humity: mode of operation – humidity 

Having the same principle of operation, the installation 
also operates in this case without interruption until it 
reaches the prescribed value, at which point the 
microcontroller sends a pulse to the relay which is set to 
control the deactivation of the humidifier (In3 - red LED 
off). 

V. CONCLUSION 

The correct operation of the system in the three modes 
of operation (heating, cooling, and humidification) is 
highlighted in the experimental results. 

Both the control part and the execution elements are 
different from those of a real HVAC system. The experi-
mental model performs the same functions as a real sys-
tem. 

Considering these aspects and the low price of the 
system components, the possibility of use in civil or in-
dustrial applications can be analyzed. 

The system designed, developed and tested can be 
used both in educational applications in electrical engi-
neering and in industrial applications. 
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Abstract – In this paper are analyzed the analytical models 

of theoretical calculation and analysis of the main conse-

quences of neutral treatment by suppression coil on the ope-

ration of medium voltage electrical networks, both in nor-

mal regime and especially in single-phase fault regime. The 

size of stationary and transient overvoltages and fault cu-

rrents is evaluated for a concrete case study. Also the au-

thors present in this paper the results they obtained after 

the extension of their research and in the field of harmonic 

regime produced by the grounding of a power line. This 

type of fault occurs frequently in the case of medium voltage 

networks, with neutral treated with suppression coil. Thus, 

they managed to reconstruct the waveforms of currents and 

voltages during the fault period (grounding). Then, having 

these calculation elements available, a comparative analysis 

of similar incidents (earthing) from a 20 kV network with 

the neutral treated with classic suppression coil and mo-

dern Trench suppression coil, respectively, was made. 

Cuvinte cheie: rețele electrice de medie tensiune, neutru tratat 

prin bobină de stingere, supratensiuni staționare și tranzitorii, 

curent de defect, regim armonic. 

Keywords: medium voltage electrical networks, neutral treated 

by suppression coil, stationary and transient overvoltages, fault 

current, harmonic regime. 

I. INTRODUCTION 

In the medium voltage networks in Romania it is most 
frequently used as “neutral treatment modes”: neutral 
grounded by suppression (compensation) coil and respec-
tively by low resistance or inductance.  

The neutral treatment mode determines numerous con-
sequences on the operation of the electrical networks both 
in normal regime and especially in single-phase fault re-
gime. These consequences relate to: the size of transient 
and stationary overvoltages, the size of the fault current, 
the harmonic current emissions, the possibilities (methods 
and means) of separating single-phase faults, grounding 
potentials, transmitted disturbances in network, radiated 
disturbances in certain domains of standardized frequency, 
electromagnetic influences on low current lines (e.g. tele-
communication lines) etc. [1], [2].  

The objectives of this article consist in determining the 
value of transient and stationary overvoltages, fault cu-

rrent for different scenarios and the harmonic analysis of 
waveforms of these parameters in a 20 kV medium vol-
tage electric network with the neutral treated through cla-
ssical/modern suppression coil. 

II. ANALYSIS OF THE MAIN CONSEQUENCES OF NEUTRAL 

TREATMENT BY SUPPRESSION COIL ON THE OPERATION OF 

MEDIUM VOLTAGE ELECTRICAL NETWORKS. CASE 

STUDY. 

A. The size of stationary and transient overvoltages 

It is considered as a case study, a medium voltage elec-
trical network UN = 20 kV with compensated neutral for 
which a series of initial data are known: maximum total 
network length lmax = 90 km; network capacities: CA = 
0,00485 F/km; CB = 0,0043 F/km; CC = 0,00485 
F/km; network (specific) conductance G = 1/r = 0.5 ∙ 10

-

6
 S/km; depreciation coefficient of the uncompensated 

network d
’ 

= 34,105 %. The compensation coil used is 
dimensioned to the entire capacitive current of the net-
work, with an overcompensation of k = 15 % and to the 
phase voltage Uf0, having active losses p = 1.5 %. 

In the normal regime of operation of the networks 
treated by the extinguishing coil, between the neutral point 
and the ground there is a voltage whose size depends on 
the degree of adjustment of the coil, the asymmetry of the 
network phase admittances to earth and the asymmetry of 
the phase voltages of power supply. 

Because the authors systematized and customized, in 
their previous research [3], algorithms for the complete 
calculation of the parameters necessary for the choice and 
installation of suppression coils in medium voltage net-
works, they were able to select those system detailed 
mathematical models that give maximum values for calcu-
lated stresses. 

Thus considering that the supply voltages form a direct 
succession system, that the insulation conductances on 
the three phases are equal (G) and that on phase A where 
the single-phase defect takes place, the capacity to earth 
differs by the coefficient m in relation to the other two 
phases (m = CA/CB), is obtained for the modulus of the 
degree of neutral displacement (the ratio between the 
neutral displacement voltage and the phase voltage), ex-
pression (1). 
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where: 
d = Ia/IC is the depreciation coefficient of the network 
which operates by compensated neutral. 
k = IL/IC is the degree of adjustment of the compensation 
coil. 

Thus in Fig. 1 is presented the variation of the modulus 
of the neutral displacement degree related to the adjust-
ment degree of the compensation coil.   

Its size depends on the state of adjustment of the su-
ppression coil, reaching the maximum value (u = 0.119) 
for k = (2 + m)/3 = 1.043, which corresponds to the per-
fect compensation of the capacitive current in a network 
with natural asymmetry of capacities to the ground ex-
pressed by the factor m (m = 1.128). In this case the max-
imum voltage of neutral displacement results VN = 1374 
V. 

Fig. 1. Degree of displacement of the neutral depending on the degree of 

adjustment of the compensation coil. 

The displacement voltage of the neutral VN for the net-
work with an overcompensation of k = 15 %, considering 
the net grounding results according to the graph in Fig. 1, 
VN = 1316 V at a degree of neutral displacement of 0.114. 

In the case of an artificial earthing, the voltage on the 
healthy phases with respect to the earth becomes equal to 
√3Uf0 = Ul, which constitutes the long-term overvoltage
in fault stationary mode. 

In transient mode, the transient grounding overvoltage 
may be higher, depending on the mode of production of 
the defect: metallic or by intermittent electric arc. The 
duration of temporary overvoltages can be limited by the 
adjustment at resonating of the suppression coil, due to 
the self-elimination of defects that occur through electric 
arc [4], [5]. 

The overvoltage caused by the possible pulsation of the 
arc is calculated with the approximate relation (2):  

kV12.380sup  kUU f (2) 

It is found that Usup
 
=

 
1.072∙Uf0 < 2.5∙Uf0 so it is not 

necessary to mount variable resistance dischargers in pa-
rallel with the compensation coil.  

Consider the variation of the resetting voltage u in the 
production range of the electric arc (the total working 
time of the protection and the protection circuit breakers), 
according to the expression (3):  
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where: 
UN = Uf0 - is the rated voltage of the arc production inter-
val, before the defect occurs.  
φ = 0

0
 - is the initial phase of the voltage at the time of 

connection, for which the overvoltage is maximum. 

In the hypothesis of a perfect adjustment (1 - k = 0) an 
exponential dependence of the voltage is obtained that 
tends towards the value given by the expression (4):  




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
21)(
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N eUtu


(4) 

It can be seen from Fig. 2 that the reset transient vol-
tage (TTR) reaches the maximum value of UTTR max = 
11.588 kV at t = 0.08398 s, i.e. there is an overvoltage 
UTTR max = 1.003∙Uf0. The speed of increase of TTR after 
the current passes through zero is (ΔU/Δt)TTR max = 
138.579 kV/s which is higher than in the hypothesis of a 
perfect adjustment when it has the value (ΔU/Δt)TTR max

perfect adjustment = 63.312 kV/s (ΔU / Δt).  

 

Fig. 2. Variation of the reset voltage in the interval of the electric arc 

production: for a perfect adjustment (red); TTR (blue). 

 

Fig. 3. Variation of the reset voltage in the interval of the electric arc 
production for different values of the adjustment degree: k1 = 1.15 (red); 

k2 = 1.1 (blue); k3 = 1.05 (magenta).   

Regarding the variation of the reset voltage in the hy-
pothesis of a perfect adjustment (1 - k = 0), it is found 
that it reaches the maximum amplitude equal to the phase 
voltage after t = 0.182 s.  
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From Fig. 3 it is found that the speed of increase of 
TTR after the current passes through zero, decreases with 
the decrease of the degree of disagreement and verifies 
the following inequalities:  
(ΔU/Δt)TTR max k1 = 135.405 kV/s > (ΔU/Δt)TTR max k2 = 
99.991 kV/s > (ΔU/Δt)TTR max k3 = 99.260 kV/s.  

So the compensation coil used ensures the extinction of 
the electric arc on the one hand by reducing the groun-
ding current Ipp, and on the other hand by reducing the 
speed of increase of the reset voltage, after the current 
passes through zero. In this respect, it is indicated that the 
degree of adjustment does not exceed (5-10)  (k = 
1.05...1.1). 

B. The size of fault current 

The grounding current is calculated by the relation (5). 

22)1( dkII Cpp  (5) 

where: 
IC - is the capacitive current of the network which is cal-
culated by the relation (6). 

03 fpC UCjI   (6) 

where:  
Cp = l(CA + CB + CC)/3. 
1 – k = - 0.15 is the degree of non-adjustment of the com-
pensation coil. 

Consider that the studied network has a variable length 
l = (10 ... 90) km. 

Fig. 4. Variation of the modulus of the grounding capacitive current 

(red) and of the grounding current (blue) depending on the line length.  

From Fig. 4 it is found that, in absolute value, both the 
capacitive grounding current and the grounding current 
(at the grounding place), increase proportionally with the 
length of the line, but with different slopes:  

-  the capacitive grounding current: 
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- the grounding current (at the grounding place) (the 

right with a lower growth slope): A/km0.02
ppIm . 

It is also found that the current at the grounding place 
represents 0.388 of the capacitive grounding current, i.e. 
a little more than 1/3 of it and is of course inductive. 

When the grounding takes place through a re-
sistance arc, Rarc, an additional depreciation coefficient 
denoted dp appears, so that the expression of the current 
passing in this case through the fault location Ipp will be:  
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It is found that the residual grounding current is re-
duced if the grounding takes place through a resistance 
arc Rarc = 5 Ω, by 0.071 % compared to the case if the 
grounding is net. 

III. HARMONIC ANALYSIS OF WAVEFORMS OF 

GROUNDING FAULT CURRENTS AND VOLTAGES. CASE 

STUDIES. 

A.  Fault in a 20 kV medium voltage electric network 

with the neutral treated through classical suppression 

coil without ancillary resistence and digital 

protections on the 20 kV cell. Case study 1. 

The oscillogram of an incident (a ground fault on the 
phase “A”) that was downloaded from a numerical pro-
tection relay SIPROTEC 4 - 7SA6 and viewed with the 
SIGRA 4 software [6], [7], shows the evolution of the 
main analogue and binary quantities supervised by the 
digital protection relay, in a medium voltage electrical 
network, on a mixed 20 kV line (Overhead Power Line 
(LEA) + Underground Power Line (LES)) with neutral 
treated with + classic Suppression Coil (BS) without au-
xiliary resistance and digital protections on 20 kV cell. 
The yellow cursor is positioned on the oscillogram por-
tion at the moment characterized by 360.5 ms (I circuit 
breaker connected) and the blue one at the moment cha-
racterized by 1384.8 ms (I circuit breaker disconnected).  

All sizes that appear in tables or charts are reported at 
that time. The electrical quantities are displayed in sec-
ondary values (U, I, P, and so on). For a better analysis of 
the amplitude of the defect, it is useful to transform the 
targeted quantities into primary values.  

Within the SIGRA 4 software, a series of visualization 
windows are available, such as: Time signals (visualiza-
tion of analogue signals on the time scale); Digital sig-
nals (binary inputs); Phasor diagrams; Viewing the 
harmonic content of the circuit breaker disconnection 
period; Size tables. The harmonic content of the mea-
sured quantities can be displayed graphically as bars. In 
the case of the presented defect, the content of harmonics 
from the switching period of the circuit-breaker can be 
observed and also, the exact values of these harmonics 
that can be found in the size table presented in the view-
ing window from [3]. 

Regarding the harmonics content of the currents in 
the circuit-breaker switching period in the case of the 
presented fault, the following observations can be made 
according to [3], where Ia, Ib, Ic represent the phase cur-
rents in [A] secondary values (transformation ratio 200 A 
/ 5 A = 40): 

- These have a DC (continuous) component (≈ 52.8 
A in primary value, which represents 28.2 % of the fun-
damental on the „A” phase on which the respective fault 
appeared (grounding), a value that is also found on the 
neutral conductor - the null of the network “G” namely ≈ 
21.6 A which represents 45.4 % of the fundamental). 

- Significant higher harmonics are the 2nd and 3rd 
order. 
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In Fig. 5 were graphically represented the fault cu-
rrents (periodic component), in the same system of coor-
dinate axes, using a calculation program of their own 
design, developed by the authors in the Mathcad pro-
gramming environment.  

The frequency spectra of the fault currents on the 
three phases and on the neutral conductor - “G” zero of 
the network, were synthesized during the switching peri-
od of the circuit breaker, knowing the effective values of 
the components from the size table provided by SIGRA 4. 

Regarding the harmonics content of the voltages in 
the circuit-breaker switching period in the case of the 
presented fault, the following observations can be made 
according to Fig. 6, where Va,Vb,Vc represent the phase 
voltages in secondary values (transformation ratio 20000 
V / 100 V = 200): 

- The voltage on the fault phase (A) has a continu-
ous component (≈ 14 V which represents 21.7 % of the 
fundamental on the phase „A” on which the respective 
fault appeared (grounding)), while on the healthy phases 
(B, C) and on the neutral “G” zero of the network, the 
proportions of the continuous components even if they 
are small, in absolute values are significant because the 
values of their fundamentals increase significantly). 

- Significant higher harmonics are the 2nd and 3rd 
order. 

Fig. 5. The time variation of the fault currents on the three phases and 

on the neutral conductor - the null of the network “G”, in secondary 

values, in the circuit-breaker switching period.   

As in the case of fault currents, in Fig. 6 the fault 
voltages (the periodic component) were graphically re-
presented in the same system of coordinate axes, using a 
similar calculation program of their own design, devel-
oped by the authors in the Mathcad programming envi-
ronment.    

The frequency spectra of the fault voltages on the 
three phases and on the neutral conductor - “G” zero of 
the network, were synthesized during the switching peri-
od of the circuit-breaker, knowing the effective values of 
the components from the size table provided by SIGRA 4. 

It is noted that the variation of fault currents / voltages 
has been reconstituted over a time interval of 250 ms 
which represents the sum of the times required to the 
triggering circuit breaker of 20 kV (simultaneous opening 
time of the circuit breaker contacts, indicated in the cata-

logue, plus the breaking of the electric arc which is ap-
proximately 0.15 s for UN ≤ 35 kV), as well as of the in-
termediate relays or of the internal relays of the digital 
protection equipment.  

Fig. 6. The time variation of the fault voltages on the three phases and 

the neutral - the null of the network “G”, in secondary values, in the 
circuit-breaker switching period.   

According to [3], the first component represents the 
continuous component (average value of the function), 
then for each complex component the amplitude - the 
effective (rms) value and the argument (which represents 
the phase angle (phase shift)) of the “k” order harmonics 
were identified.  

The corresponding Fourier series was written as: 

 




3

1
0 )sin()(

k

k
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Thus, by making a harmonic analysis of the wave-
forms of the fault currents and voltages on the three phas-
es and the neutral conductor - the “G” zero of the net-
work, the total harmonic distortion coefficient δI [%] 
of the injected current in the power system and the total 

harmonic distortion coefficient of the voltage δV [%] 
were calculated, during the switching period of the cir-
cuit-breaker, using relation (9), [8], the results being cen-
tralized in TABLE I and TABLE II.  
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where: 
Y1 - the rms value of the fault current / voltage fun-

damental harmonic;  
Yd - the rms value of the distortion residue of the cu-

rrent / voltage, obtained by suppressing the fundamental 
harmonic. 

γyn = Yn/Y1[%] - the proportions of the n-order har-
monics of the fault currents / voltages (the currents / vol-
tages harmonic components on the phases and on the “G” 
zero of the network) and they are presented in [3]. 

γy0 = Y0/Y1[%] it represents the proportions of the 
fault currents / voltages continuous components which 
are also presented in [3]. 

Regarding the fault currents, it is found that the 

proportions for the fundamental of the continuous com-
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ponents are great, comparable in order of magnitude, with 

the proportions from the fundamental of the n-order har-

monics of the fault currents.  

TABLE I.  
THE TOTAL HARMONIC DISTORTION COEFFICIENT OF THE CURRENT, 

COMPUTED ACCORDING OF THE RELATION (9). 

 δI [%] 

Phase A  40.936 

Phase B  26.698 

Phase C  36.387 

The average value on the three 

phases, δI av [%] 
34.673 

The neutral conductor (the “G” 

zero of the network) 
46.378 

 
TABLE II.  

THE TOTAL HARMONIC DISTORTION COEFFICIENT OF THE VOLTAGE, 
COMPUTED ACCORDING OF THE RELATION (9).  

 δV [%] 

Phase A   73.529 

Phase B   3.164 

Phase C   4.211 

The average value on the three 
phases, δV av [%] 

26.968 

The neutral conductor (the “G” 

zero of the network)  
3.943 

 
Because of this, the harmonic distortion coefficients 

calculated with relation (9) have large values that also 

exceed the maximum allowable values imposed today by 

international standards. 

 

Regarding the fault voltages, it is found that only in 

the case of the fault phase (A) the proportion relative to 

the fundamental of the continuous component is high, 

comparable in order of magnitude, with the proportions 

relative to the fundamental of the n-order harmonics of 

the fault voltages.  

Because of this, the harmonic distortion coefficient of 

voltage on the fault phase A, calculated with relation (9) 

has a very large value that also exceeds the maximum 

allowable values imposed today by international stand-

ards. 

 
It can be seen that this fault (grounding of phase A 

of the 20 kV power line) can be assimilated with a 
strongly deforming (non-linear) consumer.  

B. Fault in a 20 kV medium voltage electric network 

with the neutral treated through Trench modern 

suppression coil and digital protections on the 20 kV 

cell. Case study 2. 

This oscillogram shows the evolution of the main ana-
logue and binary quantities monitored by the digital pro-
tection relay, in a medium voltage electrical network, on 
a 20 kV line (Overhead Power Line) with neutral treated 
with modern Trench Suppression Coil and digital protec-
tions on 20 kV cells, which had a grounding fault on 
phase “B”. This fault produced a grounding current 
whose maximum instantaneous primary value is a-

pproximate 75 A, taking into account that the transfor-
mation ratio of the measure current transformers is in this 
case 300 A / 5 A = 60.  

In order to have a clearer view of the exact time when 
the power line was effectively disconnected, the cursors 
(sliders) can be moved on the graph at the end and begi-
nning of the period when the current (I) is present, and 
the difference between the sliders is this time or the pause 
of RAR (Fast Automatic Reconnect).  

Thus the yellow cursor is positioned on the osci-
llogram portion in the moment characterized by 1327.7 
ms (Q0 circuit-breaker disconnected) and the blue one in 
the moment characterized by 2969.3 ms (Q0 circuit-
breaker connected).  

In this case, the actual time in which the power line 
was disconnected would result, resulting from the differ-
ence of the C2-C1 sliders calculated by the software, 
which means that the RAR pause set in the protection 
relay on this line is 2 seconds, a possible difference co-
ming from of the time required for the switching of the 20 
kV circuit-breaker, as well as for the tripping of the in-
termediate relays or of the internal relays of the digital 
protection equipment. 

The triggering of the 20 kV cell took place through 
the cell

’
s own protection, but through an external signal 

from the earthing modules related to the Trench Su-
ppression Coil cabinet. The 20 kV Overhead Power Line 
(OHL) is reconnected by RAR (Fast Automatic Reco-
nnect) automation after the RAR break expires.  

All data in the oscillogram are similar to those in the 
previous oscillogram (Section III A). 

 
Regarding the harmonics content of the currents in 

the circuit-breaker switching period in the case of the 
presented fault, the following observations can be made 
according to harmonics content viewing window for: 
currents on the three phases - A, B, C; the current on the 
neutral conductor - the “G” zero of the network, provided 
by SIGRA 4: 

- These have a DC (continuous) component (≈ 7.2 A 
which represents 6.6 % of the fundamental on the „B” 
phase on which the respective fault appeared (grounding), 
values that are also found on the neutral conductor - the 
null of the network “G” namely ≈ 10.2 A which repre-
sents 20.6 % of the fundamental). 

- Significant higher harmonics are the 2nd and 3rd 
order. 

In Fig. 7 were graphically represented the fault cur-
rents (periodic component), in the same system of coor-
dinate axes, using a calculation program of their own 
design, developed by the authors in the Mathcad pro-
gramming environment, similar to those mentioned 
above.  

The frequency spectra of the fault currents on the 
three phases and on the neutral conductor - “G” zero of 
the network, were synthesized during the switching peri-
od of the circuit-breaker, knowing the effective values of 
the components from the size table presented in a viewing 
window similar to that presented in [3].  

 
Regarding the harmonics content of the voltages in 

the circuit-breaker switching period in the case of the 
presented fault, the following observations can be made 
according to the harmonic content viewing window for: 
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voltages on the three phases - A, B, C; the voltage (poten-
tial) of the neutral conductor - the „Vx” zero of the net-
work, similar to that presented in [3]: 

- The voltage on the fault phase (B) has a continu-
ous component in primary value (≈ 2918 V which repre-
sents 52.2 % of the fundamental on the phase „B” on 
which the respective fault appeared (grounding)), compa-
rable in absolute value with the continuous components 
on the healthy phases (A, C). The continuous component 
of the neutral potential - the “G” zero of the network in 
absolute value has the highest value (≈ 5116 V). 

- Significant higher harmonics are the 2nd and 3rd 
order. 

In Fig. 8 the fault voltages (the periodic component) 
were graphically represented in the same system of coor-
dinate axes, using a mentioned similar calculation pro-
gram of their own design, developed by the authors in the 
Mathcad programming environment.    

The frequency spectra of the fault voltages on the 
three phases and on the neutral conductor - “G” zero of 
the network, were synthesized during the switching peri-
od of the circuit-breaker, knowing the effective values of 
the components from the size table presented in a viewing 
window similar to that presented in [3]. 

 

Fig. 7. The time variation of the fault currents on the three phases and 

on the neutral conductor - the null of the network “G”, in secondary 

values, in the circuit-breaker switching period.   

Thus, by making a harmonic analysis of the wave-
forms of the fault currents and voltages on the three phas-
es and the neutral conductor - the “G” zero of the net-
work, the total harmonic distortion coefficient of the 
injected current δI [%] in the power system and the 

total harmonic distortion coefficient of the voltage δV 
[%] were calculated, during the switching period of the 
circuit-breaker, using relation (9), [8], the results being 
centralized in TABLE III and TABLE IV.  

Fig. 8. The time variation of the fault voltages on the three phases and 

the neutral - the null of the network “G”, in secondary values, in the 

circuit-breaker switching period.   

TABLE III. 
THE TOTAL HARMONIC DISTORTION COEFFICIENT OF THE CURRENT, 

COMPUTED ACCORDING OF THE RELATION (9).  

δI [%] 

Phase A  5.213 

Phase B  68.067 

Phase C  6.22 

The average value on the three 

phases, δI av [%]  
26.5 

The neutral conductor (the “G” 
zero of the network)  

139.766 

TABLE IV. 
THE TOTAL HARMONIC DISTORTION COEFFICIENT OF THE VOLTAGE, 

COMPUTED ACCORDING OF THE RELATION (9).  

δV [%] 

Phase A  38.236 

Phase B  115.666 

Phase C  42.508 

The average value on the three 

phases, δV av [%]  
65.47 

The neutral conductor (the “G” 
zero of the network)  

101.323 

Regarding the fault currents on the phase B (fault) 

and on the neutral conductor (the “G” zero of the net-

work), it is found that the proportions from the funda-

mental of the continuous component and these of the fault 

currents n-order harmonics are greater then these on the 

healthy phases (A, C).   

Because of this, the harmonic distortion coefficients 

calculated with relation (9) on the phase B (fault) and on 

the neutral conductor (the “G” zero of the network) have 

very large values that exceed the maximum allowable 

values imposed today by international standards. 

0 0.05 0.1 0.15 0.2 0.25
4

3

2

1

0

1

2

3

4
ia_A / ib_B / ic_C / iG = f(t)

t [s]

I 
[A

]

3.345

3.333

ia_A t( )

ib_B t( )

ic_C t( )

ig_G t( )

0.250 t

0 0.05 0.1 0.15 0.2 0.25

200

150

100

50

50

100

150

200
va_A=f(t)/vb_B=f(t)/vc_C=f(t)/vx_X=f(t)

t [s]

v
a_

A
 [

V
]/

v
b

_
B

 [
V

]/
v

c_
C

 [
V

]/
v

x
_

X
 [

V
]

151.383

148.801

va_A t( )

vb_B t( )

vc_C t( )

vx_X t( )

0.250 t

Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

65



Regarding the fault voltages, it is found that in the 

case of the fault phase (B) and of the neutral conductor 

potential (the “G” zero of the network), the proportion 

relative to the fundamental of the continuous component 

is high, comparable in order of magnitude, with the pro-

portions relative to the fundamental of the n-order har-

monics of the fault voltages.  

Because of this, the harmonic distortion coefficient of 

the voltage on the fault phase B and of the neutral con-

ductor potential (the “G” zero of the network), calculated 

with relation (9) have a very large value that also exceed 

the maximum allowable values imposed today by interna-

tional standards. 

IV. CONCLUSIONS 

We started from the importance of the way of treating 
the neutral that determines in certain conditions the a-
ppearance of overcurrents or overvoltages.  

In this sense, the authors used programs specially de-
signed by them, developed in the Mathcad programming 
environment, which allow the quantitative solution of the 
problem of neutral displacement, the calculation of 
grounding currents in the fault place for different scena-
rios such as net grounding or through an electric arc ha-
ving a certain resistance. 

From the comparative harmonic analysis of the wave-
forms of the fault currents and voltages from the two case 
studies presented above, namely faults in 20 kV medium 
voltage electrical networks with neutral treated with con-
ventional suppression coil without auxiliary resistance or 
Trench modern suppression coil and digital protections 
on the 20 kV cell, the following conclusions can be 
drawn: 

- For the Case study 1: 
a) The total harmonic distortion coefficient of the 

fault current, according to TABLE I, records the highest 
value on the neutral conductor (”G” zero of the network) 
comparable to the value calculated for the fault phase A 
(by ≈ 11.7 % higher). The value of this coefficient for the 
fault phase A is higher than the values calculated for the 
healthy phases (than in phase B ≈ 1.5 times higher, than 
in phase C ≈ 1,125 times higher) so comparable to them, 
but all these values exceed the limits imposed by the spe-
cialized standards.  

b) The total harmonic distortion coefficient of the 
fault voltage according to TABLE II, records the highest 
value on the fault phase A, while the values of this coe-
fficient are at least an order of magnitude smaller for the 
healthy phases (on phase B - of ≈ 23.24 times lower, on 
phase C - ≈ 17.46 times lower) and for the neutral con-
ductor (“G” zero of the network) ≈ 18.65 times lower, 
being just below the limits imposed by the specialized 
standards. 

- For the Case study 2: 
c) The total harmonic distortion coefficient of the 

fault current according to TABLE III, records the highest 
value on the neutral conductor (“G” zero of the network), 
higher than ≈ 2.05 times than the value calculated for the 
fault phase B. In the fault phase B the value of this coef-
ficient is one order of magnitude higher than the values 
calculated for the healthy phases (≈ 13 times higher than 
in phase A, ≈ 10.9 times higher than in phase C), so that 

the values calculated for the healthy phases are just below 
the limits imposed by the specialized standards. 

d) The total harmonic distortion coefficient of the 
fault voltage according to TABLE IV, records the highest 
value on the fault phase B, comparable to the value calcu-
lated for the neutral conductor (“G” zero of the network) 
- higher by 12.4 %, while the values of this coefficient are 
by an order of magnitude smaller for the healthy phases 
(on phase A - ≈ 3 times lower, on phase C - ≈ 2.7 times 
lower) but being above the limits imposed by the specia-
lized standards. 
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Abstract - The article presents an experimental study of high 

breaking capacity fuses with aluminum fusible element with 

and without a eutectic point, at minimum rated breaking 

current, preceded by experiments at maximum rated break-

ing current. The paper shows that in the construction with 

aluminum fusible element, the fuse has no problem breaking 

the maximum rated breaking current, but real difficulties 

appears when it comes to the minimum rated breaking cur-

rent. The experiments were made on a homogeneous series 

6-20 A, with a focus on the 36 kV, 25 kA, 16 A fuse. The 

fuses suffered multiple construction changes and tests with 

and without a eutectic point. After several tests was found 

an acceptable constructive solution was, but the obtained 

value for the minimum rated breaking current is not a 

commercially attractive value. It was also tested the capacity 

of the fuse to transfer the breaking duty to a load break 

switch. 

Cuvinte cheie: siguranțe cu mare putere de rupere, current de 

rupere, fuzibil, arc intern, serie omogenă. 

Keywords: high breaking capacity, breaking current, fuse, 

internal arc, homogeneous series. 

I. INTRODUCTION 

Generally considered to be an elementary protection 
device, fuses are used to prevent disturbances caused by 
power currents in electrical circuits. Generally, an electri-
cal fuse is an electrical conductor that melts under the 
action of power currents, cutting-out the electric current of 
the protected circuit. This article presents experiments 
performed on fuses belonging to the current-limiting fuses 
category. The fusible element of these high-breaking ca-
pacity fuses (HBC fuses) doesn’t use silver, but 99% 
nickel-plated aluminum. The last set of experiments were 
conducted on fuses with fusible elements made of 99% 
nickel-plated aluminum, with a silver eutectic point. The 
paper shows that the HBC fuse is able to break the maxi-
mum rated breaking current, but difficulties appear at the 
minimum rated breaking current. Without the application 
of a eutectic point, an acceptable current cannot be bro-
ken. For the initial study of the phenomenon, a large num-
ber of reference fuses were made, considering previous 
research [1-3], each consisting simply in a length of silver 

fusible element housed in a ceramic tube that was filled 
with silica quartz and sealed at the ends. Silica quartz is 
the most frequently used filler material and its role has 
been comprehensively investigated. Granules of approxi-
mately equal size were used to fill the fuse cartridges. The 
inner and outer caps were made from aluminum and plat-
ed with tin. The end cap assembly sealed the fuse car-
tridge efficiently in order to prevent ingress of moisture 
and aid satisfactory operation of the fuse during short cir-
cuit and low over current fault conditions. The shape of 
the cartridge was tubular, this choice has an effect on the 
minimum fusing current and the mechanical strength of 
the fuse.  The cartridges were checked to be sure they 
have good electrical insulating properties in addition to 
good thermal conducting properties. They were also non-
porous and capable of withstanding significant thermal 
and mechanical shocks. Each component of the fuse as-
sembly influences the overall performance of the high 
breaking capacity fuse. The properties of each component 
are carefully chosen to collectively control fuse operation 
for a particular application and can be subdivided and 
analyzed under the classifications of material, physical, 
objective and transient properties. Due to the numerous 
applications of fuses, their physical attributes such as size, 
shape and methods of constructions vary widely and are 
referred to as physical properties. The overall fuse-
operating characteristic is derived from the individual 
component characteristics. Consequently, the operating 
response with respect to the time of a component may be 
referred to as its objective or transient properties [9]. All 
the samples were identical, only that a group contained a 
plain simple fusible and the other group had a globule of 
solder on the center of the fusible element.  

Over time research has displayed in obtained cur-
rent/operating time curves [4-5], that the minimum fusing 
current for the fuses with the solder globules was only 
about 60 per cent of that of the plain fuses. It turned out 
that the temperature rise necessary to melt the fusible with 
silver globule was only about 345°C, that is (0.6)

2
 times 

the melting point of silver, being assumed that the heating 
effect was proportional to the square of the current. Fur-
ther experiments in which the current was raised in small 
increments and steady temperatures being allowed to de-
velop after each increment, shown a change when the 
globules melted. 
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The globules soon became red hot in spite of the fact 
that the wires adjacent to them remained unchanged in 
appearance. For a very short time, the globules glowed red 
and clearance was affected by the silver wires rupturing 
besides the globules. Subsequent examinations proved the 
brittleness of the silver wire in contact with solder, the 
wire broke immediately when touched. 

Experiments resumed, but this time the currents were 
interrupted before the fusible melted. It was found that the 
resistances of the fusible passing through the globules 
increased by 100% per whereas the fusible without glob-
ule showed no measurable increase in resistance on cool-
ing. The above researches were made by Metcalf; there-
fore, our research has focused on the rated minimum 
breaking current I3, a limit value that cannot be exceeded 
in order to ensure that a high breaking capacity fuse will 
trip an electrical circuit. 

In the event of an MV (medium voltage) short-circuit, 
the simple action of a high breaking capacity fuse blowing 
will not cut-out the current. For values of current less than 
the minimum rated breaking current, the fuse blows, but 
cannot break the current: the arc remains present until the 
current is cut by external intervention. Therefore, under no 
circumstances should a fuse assembly be used in the zone 
of IN and I3 [6-8]. The values of I3 are generally between 2 
and 8 IN [9-15].  

The presented article is based on [16]. The rest of the 
paper is organized as follows: Section II presents the con-
struction of the experimental device (fuse) with versions 
for the homogeneous series 6-20 A, Section III presents 
the experiments made at the maximum breaking current, 
while Section IV presents the experiments made at the 
minimum breaking current. Conclusions are the final sec-
tion. 

II. EXPERIMENTAL DEVICE AND TEST CONDITIONS 

A. Experimental fuse 

The experimental fuse presented in Fig. 1 was designed 
to reproduce the phenomena occurring in high breaking 
capacity (HBC) industrial fuses. The fusible element is 
made of 99% nickel-plated aluminum, 1700 mm long and 
0.08 mm thick, with various widths and design variants, 
presented in Fig. 2.  

 

Fig. 1.  Section drawing of experimental HBC fuse 

High breaking capacity fuses may contain a single ele-
ment or multiple elements connected in parallel. The ele-
ments most often have several areas of varying width re-
ferred to as “constrictions or notches”. A single element 
may have parallel notches or “bridges”. The objectives of 
the notches are to create areas of maximum current densi-

ty and thus induce melting and subsequently arcing initial-
ly within the center location of the notch [9]. 

The ceramic envelope was filled with silica quartz 
(98% SiO2 and 2% impurities Na2O, K2O, CaO) with a 
grit size of less than 300 µm. Particular attention was paid 
to sand granulation, drying and filling process, because the 
physical processes occurring during fuse operation are 
closely related to the morphometric properties of sand 
which influence temperature and electron density [9-13]. 

 

Fig. 2.  Draft of the fuse element 

Fig. 2 shows the variants of the design of the fusible el-
ement made for the experiments. Generally, the geometry 
of the fusible element is variable and may consist of wires 
or ribbons. HBC fuses may have a single or multiple fusi-
ble elements connected in parallel. In our experiments, we 
used a 2- parallel wire construction with constrictions or 
notches. Notches create areas of maximum current density 
and thus induce melting and subsequently arcing, initially 
within the central location of the notch. 

For their execution were used precision molds to meet 
the imposed tolerances and to ensure the execution of any 
necessary quantity of identical elements. Table I presents 
four design variants for the homogeneous series 6-20 A. 
The monotonic equation imposed by IEC 60282-1; chap-
ter 6.6.4.1 can be noted. The tested fuses have the same 
rated voltage Ur = 36 kV, breaking current I1 = 25 kA, and 
the minimum breaking currents vary between 6 and 20 A. 
For experiments, fuse V03 was chosen with 2 fuse ele-
ments connected in parallel, 36 kV, 20 A, 25 kA. 

TABLE I. FUSE ELEMENT DESIGN VARIANTS 

Vers. 
Thin g 

[mm] 
n 

p 

[mm] 

R 

[mΩ] 

In  

[A] 

No. of 

elements 

V01 0.04 317 5.25 884.42 6 2 

V02 0.06 317 5.25 589.6 10 2 

V03 0.1 317 5.25 353.76 16 2 

V04 0.14 317 5.25 252.68 20 2 

Fuse designs are closely related to applications. For 
new designs some parameters can be derived from math-
ematical models but, in general, prototype fuses have to be 
manufactured to enable precise characteristics to be de-
termined by practical testing. Rapid fuse operation and 
current interruption are expected with this design. 

The time period from the instant of fault current to the 
instant of element vaporization is minimized by using 
materials with low specific heat capacities, low melting 
and low vaporization temperatures. A key feature is that 
the energy let through to the protected circuit during this 
time period is minimized.  
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B. Experimental circuit and operations 

Fig. 3 presents the circuit used for experiments. The 
circuit reproduces as closely as possible the most severe 
conditions encountered during operation. The represented 
G source is a 2500 MVA synchronous generator capable 
of supplying the current passing through the fuse under 
test, 2 step-up 80 MVA transformers (TF), with a  
magnetic circuit specially designed to reduce the capaci-
tances, both on the primary and on the secondary.  
Z1 reactor whose proportion in the circuit calculation is of 
15% and it is not susceptible to saturation, is inserted on 
the supply side. The reactance of the circuit, which may 
be the reactance of the transformer or the reactance of the 
transformer-reactance assembly must be shunted with a 
resistance Rp of a value sensibly equal to 40 times the re-
actance value. However, if this reactance value does not 
lead to at least critical damping, it must be reduced until 
critical damping is obtained. Critical damping is obtained 
when: 

 X
f

f

2

1
R

N

0  (1) 

where: f0 - is the inherent frequency of the circuit with no 
additional damping; fN - is the power frequency; X - is the 
reactance of the circuit under power frequency. 

MB1, MB2 and MM1 are high-precision switching 
pieces of equipment ensuring the desired connection, au-
tomatically programmed connection or, in case of failure, 
disconnection. 

 

Fig. 3.  The circuit used for experiments 

The load side consists of resistive elements (Rs) and in-
ductive elements (Z2) for the adjustment of the power fac-
tor. The circuit allows a resistive load with values up to 
189 Ω, and the inductive load consists of reactors with 
values between 5 and 2800 mH which cannot be saturated. 
A power factor between 0.1 and 0.9 can be obtained by 
adjusting the values of the resistors and reactors. The 
over-voltage protection has been chosen so that no igni-
tion should occur during normal fuse operation. Each op-
eration was performed with a phase angle of the electrical 
fault φ controlled and set by the operator and was 
achieved by using a high-precision sequential programmer 
that controls each switching device in the circuit; it is nec-
essary to operate MM1 - Fig. 3, in order to ensure the 
phase angle of the current. 

C. Calibration of the circuit 

To check the feasibility of the testing parameters, the 

fuse was replaced by a dummy (copper rod) that was in-

serted in the fuse holder. The prospective value of the 

phase angle of the electrical fault φ was obtained by 

measuring the phase angle between the test voltage and 

the prospective current, corresponding to the fault cur-

rent. The prospective value of the power factor is ob-

tained from the equation: 

 
222 LR

R
cos






  (2) 

Where R and L are the resistive and inductive compo-
nents of the circuit load, and ω is the angular frequency at 
50 Hz. 

III. VALIDATION OF THE EXPERIMENTAL FUSES AT THE 

MAXIMUM RATED BREAKING CURRENT 

I1, or the maximum breaking capacity is the maximum 
prospective fault current that the fuse is capable to break. 
Therefore, it’s essential to ensure that the line short-circuit 
current is at least equal to the current I1 of the fuse. In real-
life situations, in the event of a short-circuit current, the 
link blows within several milliseconds. A peak arc voltage 
immediately occurs and because it is higher and opposes 
the generator voltage, it reduces the current value. The 
fuse acts as a variable resistance is almost equal to zero 
when the fusible blow and then increases until it reaches 
the current zero point while modifying the value of the 
current and the lag between this value and the generator 
voltage [14].  

The experiments were carried out for the following  
parameters: 0.87 x rated voltage (36 kV) with + 5%  
tolerance, power factor between 0.07 and 0.15 at the  
prospective current (r.m.s. value of the periodic  
component) of 25 kA. Making angle of short-circuit cur-
rent is from 0° to 20° after the voltage crosses zero. The 
initiation of the arc after voltage crosses zero was per-
formed for a test with an angle between 40° and 65°, and 
for two tests the angle was between 65° and 90°.  
The voltage was maintained after breaking for at least 15 
seconds. 

During the operation, a wide variety of fuse stresses can 
occur and these experiments were aimed at reproducing 
the strictest requirements, especially in terms of the ener-
gy of the arc.     

The circuit in Fig. 3 was used, with no load, zero value 
of Rp, Zz and Rs. The value of the reactance Z1 was < 100 
mΩ. To adjust the transient recovery voltage, connected 
capacitors were inserted into the circuit to obtain 0.8 µF 
and a resistance of 40 Ω. 

After modelling the circuit to obtain the parameters of 
the transient recovery voltage, the graphic record in Fig. 4 
was obtained. 

It has been taken into account the fact that the current 
limiting fuses are not sensitive to the characteristics of the 
TRV (transient recovery voltage) unless a very high arc 
voltage is reached immediately after arc initiation, the 
circuit characteristics and the time of arc initiation be-
tween 65° and 90° being intended to simulate the most 
severe situation encountered in operation. During the tests, 
within a time interval less than or equal to 2 x t3 after arc 
initiation, the arc voltage did not reach the highest peak 
value, so the tests were considered adequate. 

Fig. 5 shows the waveform of the current during  
calibration, with the overlapped waveform of the maxi-
mum rated breaking current. 
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Fig. 4.  Prospective transient recovery voltage with two parameters 

envelope, which corresponds to the imposed parameters (rate of rise 

Uc/t3=0.59 kV/µs) 

 

Fig. 5.  Graphic record of the prospective current during calibration 

In Fig. 5 the UG voltage represents the source voltage 
before the step-up transformers with a value of 4.41 kV. 
The U voltage with zero value during calibration meas-
ured with O2 voltage divider as presented in Fig. 3. 

Three fuses were tested at various phase angles of the 
current, and Fig. 6 presents the waveforms obtained for a 
16 A fuse with a resistance of 269 mΩ. The values ob-
tained for this high breaking capacity fuse are: applied 
voltage 32.7 kV; phase angles of the current: 77.9° el; 
phase angles of the arc: 80.9° el; limited current: 2.1 kA; 
recovery voltage: 32.5 kV; total energy - Joule integral: 
1.6 kA

2
s. 

For I
2
t high-precision calculation under the curve in 

Fig. 6, the following formula was used: 
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 (3) 

In equation (3), n1=first sample, n2=last sample, and 
Δx=difference between two samples, y(n) represents the 
value of y function in each n sample. The numerical inte-
gration is performed by assuming the linear interpolation 
of the squared curve between the samples. 

 

Fig. 6.  Graphic record of the maximum rated breaking current 

 

Fig. 7.  Graphic record of the transient recovery voltage 

Fig. 7 shows the detail of the TRV in Fig. 6. The value 
of the peak of voltage Uc= 81.4 kV, compared to the pro-
spective value of 62 kV and t3 (rate of rise) of 150 µs. The 
hot particles resulting under the action of the arc in the 
first milliseconds after the current zero passing are still in 
a conductive state and this conductivity results in addi-
tional damping of the transient phenomena of the recovery  
voltage. 

The values obtained in this experiment are higher than 
expected, but the fuse behaved accordingly. The  
value of the damping is proportional to the impedance of 
the circuit:  

                                                Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

70



Lf2
C

L
0 (4) 

The limited current is 2.1 kA as stated in Figure 5. The 
obtained peak recovery voltage UC is 81.4 kV compared 
with a minimum of 63 kV imposed by IEC 60282-1 
standard. The circuit was calculated for a value of 62 kV. 

The transient phenomena at high inherent frequency f0 
are much more damped than those at a lower inherent fre-
quency. These transient low-frequency phenomena are 
maintained for a longer time and, because they overlap the 
recovery voltage at power frequency, subject the melted 
element to additional voltage stress. 

According to the results obtained above, it is concluded 
that the fuse is capable of breaking the current under the 
most severe operating conditions. 

IV. EXPERIMENTS AT THE MINIMUM RATED BREAKING

CURRENT 

The experimental tests at rated breaking current were 
performed at the rated fuse voltage with a margin of +5% 
and a power factor between 0.4 and 0.6 [15]. The breaking 
current shall be the r.m.s. value of the periodic component 
of the current, measured at the time of arc initiation during 
the breaking test. The experiments were performed on 
high breaking capacity fuses with the highest rated current 
because this test is not required in the standards if the I3/s 
ratio of any fuse in the homogeneous series is smaller than 
that of the tested fuse. 

For the tests presented below was used the circuit in 
Figure 3. Its parameters were calculated to obtain a pro-
spective current between 100 and 200 A. The reactance 
used for the supply side is Z1= 1200 mΩ and Z2= 330 mH 
series connected with Rs= 60 Ω are used on the load side. 
For the presented graphic record, in the parameters of the 
circuit calculation cos φ = 0.5 was used, while the values 
at the source are 9 kV and 50 A, and the transformation 
ratio used is k = 4.28. 

The fuse has to be capable of breaking any current be-
tween the minimum value of the breaking current and the 
maximum short-circuit current. One of the qualities of 
fuses, commercial appealing, is that the value of the  
minimum breaking current is close to the value of the 
rated current. 

Usually, the minimum breaking current is between 4 
and 8 rated current, and this value must be validated by 
tests. There is no maximum value of the maximum break-
ing current imposed in the standards however, a small 
value is appealing and can be a criterion in the 
specification. At the beginning of the experiments, we 
started from a current value resulting from the calculation: 
6 x IN, while the calibration current is 100 A. The ob-
tained graphic record is presented in Fig. 8. 

In any switching device after the arc occurrence, for the 
arc extinguishing operation to be successful, is necessary 
that the curve of the dielectric strength does not intersect 
with the curve of the supply voltage. Any intersection of 
the two curves involves the re-ignition of the arc and often 
the increasing of its duration beyond the limits withstood 
by the fuse leads to fuse breaking and blowing out.  

In Fig. 8 it can be noted that the arc occurs after 
3100 ms from the initiation of the current, the arc voltage 
increases with the tendency to become the power 

frequency recovery voltage, but the dielectric strength of 
the fuse does not increase fast enough, so the arc re-ignites 
countless times, causing high arc energy and thus the 
blow-out of the fuse. 

Fig. 8.  Graphic record of the test 36 kV, 100 A 

An important part is also played by the pre-arcing time 
(elongation), for its entire duration the fuse is heated and 
the conditions for arc extinguishing change, the longer it 
lasts, the more difficult the breaking becomes. By analyz-
ing the scraps of the fuse, it was concluded that one of the 
fusible wires of the fuse broke (according to the graphic 
record at 3200 ms), but this was not enough for the fuse to 
break the current. 

The next step consisted in modifying the test circuit to 
ensure a prospective current of 130 A, and the resulting 
graphic record is shown in Fig. 9. The pre-arcing duration 
decreased to 1900 ms, but the internal processes in the 
fuse body were repeated, and the fuse blew out. 

Fig. 9.  Graphic record of the test 36 kV, 130 A 
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A conclusion for the exact cause could not be taken, 
many phenomena are associated with the disintegration of 
electrical conductors. Consequently, the disintegration of 
electrical conductors and significantly the disintegration of 
fuse elements need to be categorized relative to criteria of 
specific phenomena to clarify the arcing behavior. 

There are three categories associated with fuse element 
explosions: slow, fast and super-fast [9]. 

After analyzing the fuse element disintegration, based 
on the magnitude of current density, in the range 
10

1
~10

4
A/mm

2
, we can categorize it as fast. Super-fast 

explosions of electrical conductors in practice are not fea-
sible due to the inherent inductance of practical circuits 
[3]. Further, the test current was not increased, because its 
value had already exceeded 8 x IN = 128 A. The fusible  
element was modified, by adding a eutectic point M in the 
middle (Fig. 2). 

This solution was not initially used, because the fuse 
becomes sensitive to temperature rise tests and to the  
maximum breaking current. This technique, named after 
AW Metcalf [5] adds a point from another alloy on the 
fuse element, in a sensitive spot. The eutectic temperature 
is lower than the melting temperature of the fuse element, 
which leads to a cut-off at lower currents. 

Tests were performed starting with 2 x IN = 32 A, and, 
although the times obtained were shorter than those pre-
ceding the addition of the eutectic point M, the tested  
fuses failed to break the applied current. 

The first successful test was obtained at a prospective 
current of 150 A, and is shown in Fig. 10. 

 

Fig. 10.  Graphic record of the test 36 kV, 150 A 

As seen in Fig. 10, after 1000 ms of pre-arcing, the  
current is successfully broken and the power frequency 
voltage is restored. When the arc current passes zero a 
surge occurs, however, due to the dielectric strength creat-
ed inside, the fuse withstands this surge successfully. 

The values obtained are the following: I=150.7 A; Joule 
integral on pre-arcing I

2
tpa=23.11 kA

2
s, Joule integral on 

arc period I
2
t = 23.99 kA

2
s, operating time t=1.04 s; arcing 

time tto=0.027 s. 

V. EXPERIMENT  ON AN ASSEMBLY OF SWITCHES AND 

HIGH BREAKING CAPACITY FUSES 

 
Fig. 11 presents a simplified circuit of an  

assembly of switches and HBC fuses capable of breaking 
at rated voltage (36kV) any current up to and including 
the rated short-circuit current. It is also capable of making 
but this was not verified during this experiment. 

 

Fig. 11.  Arrangement of the test circuit 

The fuses are incorporated in this assembly in order to 
extend short-circuit breaking rating beyond that of the 
switch alone. The HBC fuses are fitted with strikers in 
order both to open automatically all three poles of the 
switch on the operation of a fuse and to achieve a correct 
operation at values of fault current above the minimum 
melting current, but below the minimum breaking current 
of the fuses. The purpose of the experiment is to check if 
the values obtained in previous experiments are enough 
for a safe operation of the load break switch in case of 
fault. For this, the specific mechanism of the load break 
switch was disabled. The load break switch could only be 
operated by the action of the fuse’s strikers. 

The earthing switches were in the open position and a  
Ø 1 mm copper wire was tied across all three phases 
downstream the fuses to simulate a fault and to produce an 
internal arc. The link between the HBC fuse strikers and 
the switch release must be such that the switch operates 
satisfactorily under both three-phase and single-phase 
conditions at the minimum and maximum requirements of 
the striker, no matter of the method of striker operation. 

The assembly in Fig. 12 was designed so that the com-
bination of fuse-switch will perform satisfactorily at all 
values of breaking current from the rated maximum break-
ing current of the switch down to the minimum melting 
current under low over-current conditions. To prove the 
time coordination between the switch and fuse, the fuse 
initiated opening time must be shorter than the maximum 
arcing time the fuse can withstand, values obtained in pre-
vious experiments [16]. 

The experiment should have been connected in a circuit 
having the neutral point of the supply isolated and the 
neutral point of the three-phase short-circuit earthed.  
Given the capacity of the test site, this condition could not 
be done so, the supply was earthed and the three-phase 
short circuit was isolated, as shown in Fig. 11. 
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Fig. 12.  Assembly of HBC fuses and in the upper part LBS 

For the first test, with the circuit from Fig. 11, the high 
breaking capacity fuses from two poles were replaced by 
solid links of negligible impedance, having the same 
shape, dimension and mass of the high breaking capacity 
fuses they replace. The circuit consisted of a three-phase 
supply and load circuit (L-R series). The supply circuit 
had a power factor lower than 0,2, the impedance of ⁓15% 
of the total impedance of the circuit. The prospective TRV 
of the supply circuit under shorts-circuit condition was in 
concordance with the one used in Chapter III. 

The fuse worked properly, as can be observed in Fig. 
13, the fuse managed to open the LBS. Values obtained 
I1,2,3=620A, where I2 is the current limited by the fuse, the 
fuse cut the current after 16,2 ms and after 77,7 ms the 
LBS also break the current, which is near the no-load 
opening time of the LBS. The recovery  
voltage was the rated voltage divided by 2. The TRV peak 
voltage UC=60kV with a rate of UC/t3=0,3kV/μs. Next, 
three new fuses were inserted and short-circuit made with 
Ø 1mm copper wire downstream the fuses. The prospec-
tive applied voltage is 36 kV with 20 kA, for 1 s. To ob-
tain a peak current the closing of the master maker was 
delayed for 2.7 ms (Fig. 14). 

 

Fig. 13.  Graphic record of the test with prospective values 36 kV, 

630 A 

 

Fig. 14.  Graphic record of the test with marker on the 2.7 ms delay 

 

Fig. 15.  Graphic record of the test 36 kV, 20 kA 

After 50 ms on L3 phase, the fuse worked but it wasn’t 
able to break the current or to transmit the breaking opera-
tion to the LBS (Fig. 15). The result can be seen in Fig. 
16. The result was not adequate. Because the assembly 
was destroyed during the test, it is required to be made 
further experiments, in order to make any conclusion for 
this. 

Values obtained: 

Ipk=29.1/-36.5/31.9 kA;  

Irms=18.6/ 18.5/18.5 kA;  

Connection: 2.7ms after zero of the supply; 

U12,_23,_31_rms_drop_arcing_voltage=4.25/5.01/5.02kV;   

U_23,_31=33.6/31.2 kV - line voltage measured  
between the phase that opened L3 and one of the remain-
ing closed phases. 
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Fig. 16.  Aspect of the assembly after the experiment 

In summary, after analyzing the remaining of the HBC 
fuses, the phenomena of unduloid formation on the fusible 
element have been observed, which propose that the 
mechanism of disintegration is dependent on the instabil-
ity of the liquefied cylinder [17-24] and the evolution of 
the cylinder into stable spheres. Cylinder instability due to 
electromagnetic forces is questionable since in separate 
cases unduloids have been observed to form due to stored 
thermal energy. Alternatively, it assumed uneven tempera-
ture distribution would induce disintegration, which would 
occur at the hottest point, usually at the center of the con-
ductor. 

VI. CONCLUSIONS 

The experiments were performed in a high-power la-
boratory that allowed the adjustment of the values needed 
to obtain the required parameters. The measurements were 
acquired using TRAS (Genesis optically isolated digitiz-
er): 100 Ms/s, 16-bit, 1 GB Memory Channel, 24 chan-
nels. The first experimental results were obtained for the 
most severe operating conditions 0.87X36 kV and 25 kA, 
at different phase angles of the current. They checked the 
experimental solution for the maximum rated breaking 
current; the experiments were performed without applying 
a eutectic point M on the fuse element. The next set of 
experiments was performed in order to demonstrate the 
capacity of the fuse to break the nominal minimum break-
ing current, without applying a eutectic point M. Although 
one or more fusible elements in the structure of the fuse 
broke, the fuse as a whole was not capable to break these 
currents. In the final experiments, fuses of the same design 
were used, but a eutectic point was applied to their fusible 
element. When a current of 9xIN was applied, the fuse 
broke the current after 1000 ms in satisfactory conditions. 
However, this value of the current does not make this type 
of fuse an actual competitor for fuses with silver fusible 
elements. The project includes the execution of other de-
sign types of fuse elements, to verify whether the results 
obtained can be improved. 
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Abstract - For a vehicle, the knowledge of components, 

characteristics, performances, and behaviors are some base 

elements for a successful simulation. Today's tools are 

offering instruments able to cover a such request and new 

possibilities appear. Choosing the right ones, representing 

the entire vehicle as a system of subsystems, integrating as 

much as possible the parameters of different components, 

are also few additional elements. For internal combustion 

engine vehicles, the generation and the transmission of the 

mechanical power to the wheels imply the usage of specific 

mechanic parts. From a single engine, the mechanical power 

is controlled to offer the requested torque and speed 

simultaneously to the vehicle wheels, passing by clutches 

and gearboxes. An electric propulsion, generating high 

torque at zero speed, and covering large speed area, implies 

less components for the mechanical transmissions. One 

single gear, a reducer, could cover the entire speed area 

request of the vehicle. On the other hand, it is possible to 

approach the generation of the mechanical power to the 

wheels, by using not only one electric motor, but one for 

each axle, or, even more, one electric motor for each wheel 

of the vehicle. This paper presents the usage of numerical 

simulation in such situations, emphasizing opportunities for 

onboard energy efficiency improvement, and opening new 

possibilities for optimization in multiple motor solutions. 

Cuvinte cheie: vehicule electrice, motoare electrice, grup 

motopropulsor electric, soluţii multimotor, modelare şi 

simulare.. 

Keywords: electric vehicles, electric motors, electric 

powertrain, multi-motor solutions, modelling and simulation. 

I. INTRODUCTION 

Modeling and simulation of Electric Vehicles (EV) 
requires good knowledge of the vehicle on technical and 
regulatory aspects, appropriate mathematical models for 
different components and especially a valuable 
contribution of researchers who have been working and 
works in the field [1]. The advantages of electric motors 
as high instant power, fast torque response, fast power 
density, low cost and high acceleration [2] are good 
premises for mobility usage. But even if electric vehicles 
present high energetic performance, the optimization 
remains an important feature [3] for providing higher 
operational range and continuing costs reduction. From 
the vehicle characteristics, the resistant forces can be 
calculated as presented in [4] and represent input data for 
the powertrain calculation, based on the e-drive 
knowledge [5]. Different architectures have been already 
studied, as mentioned in [6] and the improvements 
continue for different components of the EV. 

An important attention is dedicated to the control 
aspects in order to generate the necessary torque and 
speed for the vehicle [7]-[20]. From [21] results that the 
torque balance between motors on the same vehicle 
represents a source of energy efficiency, of course 
preserving the vehicle stability. Energetic aspects are also 
studied, as presented in [22], design aspects for robot 
solutions [23] to high power systems [24]-[25]. And an 
important attention is accorded to in-wheel solutions [26]-
[32]. Physical aspects are also emphasized in several 
studies, as for example in [33]-[35]. In [36] a simulation 
with interior permanent magnet synchronous motor 
(IPMSM) shows some advantages of a multi-motor 
solution. Such solution could be adapted for low 
autonomy needs as presented in [37]. Of course, the 
capability of controlling a such system could be also 
applied to different mobility solutions, as for example 
presented in [38]. From a testing cycle as input data, for 
the simulated system, the operating points in terms of 
speed and torque of the powertrain could be calculated 
[39]. The result is confirmed by performing a testing 
cycle. In this paper the simulation of an EV with two 
IPMSM is presented, with future possible extension to 
four motors. Comparisons between the results of an 
architecture with a single motor, and respectively two 
identical and different motors are possible. The 
involvement of each motor is seen during the testing 
cycles. At the end of the tests, the influence of different 
solutions for energy efficiency is seen on the onboard 
energy state. 

The present paper is structured in multiple sections. 
Elements regarding the vehicle model as vehicle 
fundamentals are detailed first, with tractive effort 
calculation and specific considerations. A next section 
integrates a short description of the testing cycle used as 
input data and the resulted torque request for the 
propulsion system. It follows the studied vehicle 
configuration with two motors, one motor per axle with a 
complementary torque strategy between motors, and the 
possible extension to four motors, versus an initial single-
motor configuration. The dedicated modules for the 
simulation are described in the same section, with an 
example of a diagram. Before the conclusion, a dedicated 
section presents the results obtained by the simulation, for 
the studied torque allocation strategies. The respective 
energy consuption for each case is determined at the end 
of each testing cycle. The Conclusion section ilustrates the 
improvment possibilities and general directions for 
physical implementation. 
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II. VEHICLE FUNDAMENTALS FOR THE MODEL

Following the description in [36], the vehicle has more 
than 100 years of history. The forces distribution during 
different usage (starting, braking, cornering) and different 
aspects related to maintenance and usage had been studied 
in the past [40]-[43]. The general behavior of the vehicle 
did not change, but the modeling and simulation 
capabilities have given a new dimension for researchers, 
but also for development time. In vehicle performance 
modeling, establishing the physical model is fundamental. 
It relates to the forces transmitted through the wheels to 
the ground, the force received directly on the body of 
vehicle and also through the wheels [1]. 

A. Vehicle Dynamics and Modeling 

Considering M , the mass of the vehicle and g , the 

gravitational acceleration, the gravitational force acting on 
the vehicle 

MgG  , (1) 

gives a normal component on the road, 

 cosMgGn , (2) 

where  is the grade angle. 

The classic case of forces on a vehicle is illustrated in 
Fig. 1. 

Fig. 1. Forces on the vehicle moving uphill (α > 0).  

The rolling resistance force is 

 cosfMgFf , (3) 

where f  represents the rolling resistance coefficient, as a 

linear function of the vehicle speed V . 

The next formula could be used for most common 
range of tires inflation [1]: 











160
101.0

V
f . (4) 

The grading resistance force is 

 sinMgGt . (5) 

In order to simplify the calculation, sin , is replaced 

by the grade value  , when the road angel is small. 

The air pressure creates a force resisting the vehicle 
motion, depending linearly on the air density,  , the 

vehicle frontal area, S , the shape of the vehicle 

characterized by the aerodynamic drag coefficient xC

and the square of the speed: 

 2
2

1
wxra VVSCF  , (6) 

where V  is the vehicle speed and wV  the wind speed on 

the vehicle moving direction. 

B. Specific Behavior During Vehicle Movement 

On the road, possible disturbing effects appears and, of 
course, additional solicitations on the vehicle. In front of 
changes in its external environment, the vehicle reacts. Its 
response represents the characteristic behavior of the 
vehicle in such situations. 

The normal forces applied on each wheel change during 
driving. The Fig. 2 represents the air flow around the 
vehicle. 

Fig. 2. Shape drags. 

At speed, the higher frontal pressure is ―charging‖ more 
front wheels and discharging the rear ones. A similar 
situation appears when the vehicle is braking. For the 
electric motors powering the front of the vehicle is the 
moment to provide an increased traction force, or make a 
better energy recuperation on braking. 

During the vehicle start and acceleration phases, the 
inertia is ―charging‖ more the rear part of the vehicle. The 
increased traction forces have to be on this side. Such 
considerations push not only to control better the electric 
motors on the vehicle, but also to design and implement 
different motor types for rear and front side of the vehicle. 
For improved performances of the vehicle, it is also 
possible to design for example two electric motor types 
acting in parallel on the font side (or rear side) of the 
vehicle, one acting more for low speed and another for 
high speed. 

Similar situations appear between lateral sides of the 
vehicle on lateral wind conditions or, left or right road 
inclination (often met in off-road conditions). 

The vehicle’s stability has to be controlled during 
precedent situations. Differences between rotational speed 
and torque from one wheel to the other could result in 
uncontrollable vehicle, especially at high-speed values.  

The complexity of the model increases by integrating 
the cornering aspects. The angles of steering wheels are 
not identical, and the rotational speed has to increase on 
the exterior side. A mechanical differential simplifies the 
control when an electric motor is dedicated to each axle. A 
more complex situation includes a dedicated motor for 
each wheel. 

To exemplify the trajectories of the wheels when 
cornering, a schematic view is illustrated in Fig. 3. 
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Fig. 3. Schematic view of wheels trajectories in the case of cornering. 

For better cornering, the rear wheels could receive 
inclination angles (not identical to the correspondent 
frontal ones) adding supplementary constraints to the 
model.  

C. Wheel Sleep and Tractive Effort Considerations 

The tractive effort 

frat FFF  , (7) 

for acceleration and constant speed movement. 

tF  is limited by the tire-ground adhesion. The 

maximum tractive effort is calculated similarly to (3) but 
using this time a tractive effort coefficient instead of the 
rolling resistance one. When the adhesive capabilities 
between the tire and the ground are not enough to support 
the tractive effort, the respective wheel will spin on the 
ground. The tractive effort will depend on the type of 
ground. The elasticity of the tire will generate a good 
adhesive capability on dry asphalt road, but much less 
adhesive capability on ice. Following measurements in 
real conditions, the maximum tractive effort relates to the 
slipping of the wheel, s : 

1001 











r

t

V

V
s , (8) 

where, tV  is the speed of the wheel (measured in the 

center of the wheel), and 

rVr  , (9) 

where   and r  represents the angular speed and the 
radius of the wheel. 

For braking, the slip can be expressed similarly: 

1001 














t

r

V

V
s . (10) 

The maximum tractive effort will depend on the vertical 

load of the tire, N  and a function of the tire slip, )(sa : 

NsaFt  )( . (11) 

The dependence is approximatively linear, due to the 
elasticity of the tire. As specified in [1], the peak tractive 
effort is reached at a slip of 15-20%. After that the relation 
becomes non-linear and for normal driving, the precedent 
values are to be considered as a superior limit. 

III. PREPARATION OF THE STUDY

A. Input Data 

A set of data has to be generated to perform the 
simulation. Usually, it represents requests in terms of 
speed evolution during a period of time. The vehicle has 
to follow the requests, aspect confirmed by specific 
measurements. 

The test has to be the same for all situations, allowing 
at the end the possibility to compare the results obtained 
for each one. For the present simulation, a normalized 
testing cycle is used to run different configurations of the 
vehicle. 

Fig. 4 presents the speed evolution for the FTP75 test. 

Fig. 4. Speed request during the testing cycle (FTP75). 

From the speed evolution results the acceleration 
request. Using the vehicle data, a classic sedan type, and 
following the calculation model presented in section II, it 
is possible to obtain the torque request. 

B. Vehicle Configurations and Sepcific Data 

A mono-motor EV with a full traction system is 
considered as reference. The configuration is shown in 
Fig. 5, and on the Fig. 6 is presented the requested torque 
for the electric motor as a result of the vehicle 
configuration, input data and resistant forces calculation. 

Fig. 5. Reference vehicle configuration. 
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Fig. 6. Torque request in initial configuration. 

 

In order to cover the request, for the present study, two 
different IPMSM motors will be involved. The most 
powerful motor is attached to the rear axle. Fig. 7 shows 
the correspondent configuration for the vehicle. 

 

 
Fig. 7. Vehicles configuration for the study. 

 

A dedicated mechanical differential is kept on each 
axle of the vehicle, but there is no more any mechanical 
link between axles as in the configuration with a single 
motor. A same battery is used for both motors, but each 
motor controller receives dedicated torque command. The 
total torque request for the powertrain is covered by 
adding the contribution of each motor. 

A future possible extension to four motors is presented 
in Fig. 8. 

 

 
Fig. 8. Future configuration with four motors. 

 

Each wheel receives a dedicated e-drive module 
including the electric motor. The wheels on the same axle 
have to receive identical motors in order to reduce the 
complexity of the control.  A dedicated control for each 
wheel has to act under all driving wheels supervision. In 
the case of a modular extension form one single-motor to 
two motors, and, respectively, four motors a dedicated 
battery could integrate each module. For physical 

implementation reasons, also a single battery could 
deserve all modules. 

C. Main Modules for the Simulation 

For the simulation, the MATLAB environment has 
been chosen, as multiple functions and facilities are 
already available. Once the model is implemented, it 
offers several possibilities to analyze different 
configurations for different input data, compare the 
results, and improve it.  

A general view on simulation modules is represented 
in the next figure. 

 
Fig. 9. Main modules for the simulation. 

 

In the Fig. 9 the vehicle box represents the systems that 
an EV integrates. Behind it, on one side, there are the EV 
battery model, motors models and their control with their 
specific characteristics. On the other side, there are the 
mechanical systems ensuring the link from the motor 
axles to the ground, with their inertia and other 
characteristics. The model of the vehicle body has the 
characteristics mentioned in section II. 

The ―Systems Control‖ box presents the models for 
energy management and powertrain control. 

The ―Requests‖ box integrates the input data. As input 
data, the testing cycle is transformed in requests for the 
vehicle by modeling this transformation in data for the 
vehicle control. 

Usual characteristics of a classic vehicle are kept, as 
for steering system and mechanical braking. The 
capabilities are improved by the usage of the electric 
motors. For example, the brake command is resulted from 
the torque request when the reduction of the torque 
implies an additional resistant force than the resistant 
forces acting on the vehicle at the moment. A negative 
torque is created by transforming the motors in electric 
generators. Limitations related to electric motors 
capabilities and batterry charging aspects require the 
intervention of the mechanical braking system. It could 
work in parallel with the electric motors acting as 
generators. 

A more structured look into the modules is shown in 
the next figure. 
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Fig. 10. Modules main components [36]. 

Inside the electric plant, the torque allocation between 
the two motors follows a complementary strategy. An 
implementation with visible thresholds is presented in Fig. 
11.  

Fig. 11. Complementary torque allocation diagram with two motors. 

Motor One and Motor Two integrate specific 
characteristics, covering together the request in terms of 
power, torque, and speed for the propulsion system of the 
vehicle. 

In this case, the „threshold high‖ represents the torque 
capabilities of the biggest motor. 

IV. RESULTS AND DISCUSSIONS

The torque request values result from the Fig. 6. 
Maximum, minimum and mean values are integrated in 
the Table I. 

TABLE I. 
TORQUE DATA 

Minimum torque request -15.05 Nm 

Maximum torque request 120 Nm 

Mean torque during the cycle 11.72 Nm 

Applying the testing cycle with a single motor, at the 
end it results the evolution of the state of charge of the 
battery (SOC) in this vehicle configuration, as presented 
in Fig. 12. 

Fig. 12. Battery SOC with a single motor. 

At the end of the test, it can be observed that the SOC 
value is 93.58 %. 

The configuration of the vehicle with two different 
motors is considered, in two cases. For the first case, the 
charge is affected starting with the biggest motor and after 
that the smallest one. In the second case, the smallest 
motor is charged first. It means that the two motors will 
produce torque in the same time, only if the capacity of 
the first charged motor is exceeded. 

During the simulation for the first case, the resulted 
torque on Motor One, which is the biggest motor, is 
presented in Fig. 13. 

Fig. 13. Torque on the biggest motor in the first case. 
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The torque evolution for the Motor Two in the 1
st
 case 

is presented in Fig. 14. 

 

 
Fig. 14. Torque on the smallest motor in the first case. 

 

The energy of the battery is monitored during the test. 
Fig. 15 presents the SOC evolution for this case. 

 

 
Fig. 15. Battery SOC with two motors in the first case. 

 

At the end of the testing cycle the available electric 
energy in the battery reported to the energy at the 
beginning of the cycle is 94.21%. 

As mentioned before, during the second case, the 
smallest motor is charged first. On Motor One, the torque 
is presented in Fig. 16. 

 

 
Fig. 16. Torque on the biggest motor in the second case. 

 

 

The torque evolution of the Motor Two for 2
nd

 case is 
presented in Fig. 17.  

 

 
Fig. 17. Torque on the smallest motor in the second case. 

 

It is visible that the Motor Two is much more involved 
than in the first case. 

The battery SOC for the 2
nd

 case is presented in Fig. 18. 

 

 
Fig. 18. Battery SOC with two motors in the second case. 

 

For this second case, at the end of the testing cycle, the 
available electric energy in the battery reported to the 
energy at the beginning of the cycle is 94.17%. 

Each simulation started with the same electric energy 
stored in the battery. It can be observed that during the 
same testing cycle, the vehicle with one single motor 
would consume 10.88% more energy than the bi-motor 
vehicle in the first case, and 10.12% more energy than the 
bi-motor vehicle in the second case. 

In [36] the tested multi-motor vehicle had two identical 
motors and also generated improvement on energy usage 
than the same vehicle with a single motor. Passing to four 
motor solution would mean to replace each motor studied 
in the present paper with two smaller and identical motors. 
From this point of view, this will be similar to [36], and 
new possibility for improving energy efficiency appears. 

For a smaller vehicle, the two-motor solution has been 
studied in [21] using the criterion of the optimal load 
reparation between the two motors. Also, in [39] different 
percentual repartition criteria have been analyzed. The 
present paper comes with simulation based on a new 
criterion for the bi-motor solution, analyzed in two cases. 
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V. CONCLUSION 

A bi-motor solution has been simulated and analyzed in 
this paper using a new charging repartition criterion based 
on the different capabilities of each motor. The 
simultaneous functioning of the motors has been reduced 
to the situations when the capabilities of the first charged 
motor are exceeded. The results confirm improvement in 
the energy efficiency usage compared to the equivalent 
solution with a single motor. 

For real situations, the application of different torque 
allocation criteria in a multi-motor solution, is first of all 
conditioned by safety. Additional optimizations for more 
performance in terms of speed, acceleration, deceleration 
and improvements in electric energy consumption, have to 
perform under stability control of the vehicle. 

Also, the vehicle configuration represents an important 
element for generating improvement on onboard energy 
efficiency. For the same configuration, different 
optimization scenarios can be applied. There are no 
general criteria to cover all real situations. The 
optimization process can include diverse techniques to 
involve the electric motors, depending on the state of the 
vehicle as accelerating, decelerating, cornering, running at 
constant speed etc. 

In parallel with the optimization studies, new electric 
motors are analyzed. The results of such research 
activities are influenced by the capabilities of the motors. 
More performant motors will generate better results for 
multi-motor solutions in EV. 
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Abstract — This paper emphasizes the importance of 

monitoring aircraft structural fatigue and proposes as 

paramount the analysis of military aircraft structural 

constitutive materials aging process, during flight. Aircraft 

structural health monitoring is defined as an evaluation 

process for the integrity of key structural components with 

the sole purpose of enhancing flight safety and mitigating 

maintenance risks and loses. Nowadays, aircraft are 

predominantly built from composite materials with at least 

two layers with different mechanical properties, which 

combined, result in a new composite material with highly 

superior resilience and elastic properties. Even though there 

are great advantages of using composite materials, when it 

comes to operating military aircraft, a mere visual 

inspection cannot be sufficient for observing or identifying 

structural damages within the composite layers of the 

aircraft. The focus of this study is on improving the process 

of monitoring the structural condition of highly 

maneuverable military jet aircraft by using the strain gauge 

marks methods. Monitoring aircraft structural condition 

can be easily implemented, both during maintenance and 

flight missions, by using a wide array of sensors that can 

generate specific sets of instructions for all processes 

involved in enhancing flight and maintenance safety. The 

main concern of implementing a structural evaluation, 

within aircraft maintenance processes, sits on preventing 

and not ameliorating incidents and accidents during flight. 

As a result of the continuous research and testing, it has 

been proved that the operational resource of the aircraft 

structure, provided by the manufacturer, can be easily 

reached in a lot lesser flight hours than initially anticipated, 

by engaging the aircraft in specific operational missions 

and, therefore, inflicting pronounced fatigue on the aircraft 

structure. 

Cuvinte cheie: monitorizarea aeronavei, structural, metoda 

mărcilor. 

Keywords: monitoring aircraft, structural, marks method. 

I EVOLUTION OF AIRCRAFT BUILDING       

AND MAINTENANCE PROCESS 

Aircraft building, in the last decade, has known a 
significant improvement, from both navigation and flight 
control systems and the material used for structure 
building stand points. All these technological advances 
have had the main purpose of increasing the flight safety 
level and, therefore, statistically, airborne transportation 
has become, nowadays, the safest and the most reliant 
way of reaching different locations.  

Composite materials offer a series of advantages in 
comparison with the conventional materials as fatigue 
resilience, corrosion resilience, advantageous specific 
resistance and resilience (according to weight ratio). The 
most important aspect regarding composite materials is 
that its chemical and mechanical proprieties can be altered 
in order to reach maximum resilience for the known types 
and directions of strains within the aircraft structure [1]. 

Although composite materials come with lots of 
upsides, whether it is low weight, superior chemical and 
mechanical proprieties or facile structure building, it is 
important to mention that the composite layers present a 
great risk in having trouble to timely identify structural 
deteriorations.  

The most important deteriorations that can occur within 
the composite structure are: fibre detachment from its 
matrix, cracks in the matrix, gap expansions within the 
matrix, delamination and fibre breakings; these alterations 
are, actually, stages within the progressive cracking 
process of the composite structures.  The main concern is 
that, in the case of composite structures, a mere visual 
inspection does not qualify as a tool for identifying 
structural deteriorations and, consequently, using 
composite materials in the aviation industry could 
represent a safety issue [11]. 

Shifting the paradigm in what regards the 
environmental preservation is yet another reason for 
which composite materials are prone to be used in the 
aviation industry. ACARE (Advisory Council for 
Aviation Research and innovation, Europe), has set 
environmental goals as reducing carbon dioxide (CO2) 
emissions by 50%, reducing acoustic emissions by 50% 
and reducing oxide nitrate by 80% [2]. 

Even though, by using composite materials, the cost of 
developing and certifying a new type of technology for 
aircraft maintenance and aircraft structural monitoring has 
considerably risen, the benefits are deducted from the time 
reduction for the aircraft maintenance process and from 
decreasing the added risks of aviation accidents. It can be 
estimated that by implementing a method of continuously 
monitoring the aircraft structural condition, even though it 
increases the costs of aircraft maintenance processes by 
20%, the affected time for aircraft maintenance will drop 
by 40% - which is the main concern and cost generator for 
an airline company [3].      

Since the first time composite materials were used in 
the aviation industry, in 1957, the interest in these 
materials has met a great expansion, mostly in the military 
aviation industry. The use of these materials has increased 
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not only due to the obvious advantages as mass reduction, 
high resilience or increased resistance, but also because of 
the continuous maturing process of this technology and its 
applications.      

An annual report of Lufthansa has recorded a number 
of 1648 events on a fleet of 243 monitored aircraft and the 
statistics showed that the average repair costs reached 33 
million euros per year. The average repair time was 3.5 
days which led to a loss of 200.000 euros for airplane in 
the fleet. Since 1996 a special form has been implemented 
in order to record maintenance problems and between 
1999 and 2007, a number of 104 relevant ground incidents 
have been studied [12]. 

 

 
 
   Chart 1. Position of         Chart 2.Damaged  
   aircraft during incident                         structural area 

 

The survey specified that most incidents were produced 
due to ground operations and by the impact with ground 
vehicles, the wing being the area with the highest 
probability of being damaged [12]. 

Due to these reasons, aircraft structural condition 
monitoring becomes a primordial necessity and of utmost 
importance in the aircraft maintenance field, both civilian 
and military, this being the first step for increasing the 
safe use of aircraft and increasing aircraft availability, by 
reducing time and costs for aircraft maintenance and 
repair [4]. 

 

II. DIFFERENT METHODS OF MONITORING THE 

STRUCTURAL CONDITION 

 
The most important step in the full analysis of 

structural damages is their identification. There are many 
techniques of detecting structural damages and the costs 
rise in accordance with the technology used for the 
process.  

The most widespread and also the cheapest one is 
visual inspection through which damages can be 
discovered by observing different surface deformations or 
paint cracks. 

The second method is called the tap-test or coin-test 
and it consists of using special electronic hammers having 
an accelerometer at one end that can measure the response 
time between impulses. An internal structural damage will 
reduce the structural rigidity and the transmitted signal 
will have lower amplitude and bigger response time 
interval [16]. 

Other way of identifying propose the use of thermal 
images based on emitting energy waves (ultrasounds, 
microwaves, UV) towards the surface of the structure. 
The periodic waves penetrate the fabric of the structure, 
where they are absorbed, until a discontinuity is met and 
then the waves are partially reflected backwards.  The 

reflected wave interferes with the initially emitted wave, 
thus, generating a thermic pattern over the local surface. 
The internal structure can finally be analysed by 
observing the thermic patterns across the airplane surface. 

A different and more expensive direction proposed for 
monitoring the structural condition is the use of repairing 
technologies, which, in the case of composite materials, 
have not reached at full maturity in what concerns their 
development and, therefore, they were not unanimously 
accepted. Repairing technologies suggest the use of 
different materials imbedded within the structure of the 
aircraft that can be activated to repair small deformations, 
cracks or damages, even during flight [15]. 

Structural Health Monitoring is the name of most 
widespread safety programme used by the aircraft users 
and manufacturers for the maintenance process. Structural 
Health Management is defined as an evaluation of key 
structural elements` integrity with the sole purpose of 
mitigating risks and reducing losses of any kind. There are 
two approaches for monitoring structural integrity: 
degradation monitoring and operational monitoring.  

Degradation monitoring can be obtained through more 
direct methods such as evaluating the fatigue level of the 
structure, observing a relation between damages and 
implications of weather elements and identifying damages 
rendered by accidents and mechanic shocks. 

Operational monitoring consists of using indirect ways 
of measuring the structural fatigue with the help of 
sensors mounted on the soft spots of aircraft. Operational 
monitoring is a continuous process of evaluating and 
preventing serious structural damages and deformations in 
accordance with data available. The data used for 
calculating and analysing the structural fatigue can be 
time since last repair, the strain forces applied to the 
structure during flight, temperature during flight and other 
operational data.     

The costs of developing new repairing process and 
maintenance technology are very high but the benefits 
surpass them. It is estimated that, by implementing such a 
technology on aircraft, can rise the maintenance costs by 
20% but could also reduce inspection time intervals by 
40%, which is the main source of money drain for an 
airline operator. 

It can be stated that implementing a structural 
monitoring technology is a necessity if the goal is to 
reduce the stationing time of airplanes and mitigate safety 
risks during flight.  

 

III. STRAIN GAUGE MARKS METHOD 

 
Strain gauge marks represent the most widespread type 

of sensors used for monitoring structural condition as it 
presents great advantages. They both are used in the 
analysis of aircraft structure, within the aviation incidents, 
that result in structural damages of external causality and 
in monitoring the structural fatigue during flight 
maneuvers, by measuring the strain resistive voltage 
effect. The strain resistive voltage effect represents the 
resistive proprieties modification of a conductor by 
applying a strain effort that determines a certain 
elongation or suppression. The strain resistive voltage 
effect has been more widely used after roughly 75 years 

                                                Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

84



since it was discovered, in 1856, by Lord Kelvin, once the 
first strain gauge marks started being used. 

Since then, strain gauge marks have known a rapid 
development, due to both its constructive simplicity and 
the relative simplicity of converting the resistive voltage 
variation into usable signal (the circuit is usually a 
Wheatstone bridge) [5]. 

Operating principle 

The force and moment convertors are mainly useful for 
monitoring dynamic structures which are subject to 
variable strain loading regimes (e.g. tool apparatus, 
robots, conveyor gauges, etc.); in these situations, the 
strain takes the form of a force vector and determining its 
direction is the most important step for completing the 
structural deformation calculus.  

A particular case in which only the absolute value of 
the force vector is important, vector direction not being 
important, is the action of calculating the weight of a 
mass. In this case the value of the force vector can be 
determined by using the acceleration of the dynamic 
structure: 

 F = k m a  (1) 

 Where F is the force vector that presses on the mass 
m, a represents the acceleration, and k represents a 
coefficient dependent of the measuring unit. The IS for 
[m] = 1 kg and [a] = 1 m/s

2
, k = 1 and [F] = 1 N.  

The torque M is generated by the relation between the 
vector and the distance between the vector direction and 
the rotation (center) axis: 

 M = F l or M = J au 

where l is the lever arm, J – inertia moment, au   – angular 
acceleration; the torque could take the form of bending, 
torsion or sectioning; the usual measurement that takes 
place as a part of the industrial processes is measuring 
torsion moments. 

The IS measuring unit for torque is [N m]. Strongly 
connected to measuring the stretch and compression 
forces is the calculus of the relative elongation (measured 
through the unit effort), which represents the deformation 
rendered by the force acting on the surface unit within a 
solid form: 

ε = σ / E  (3) 

where: ε is the deformation; σ – unit effort; E – elasticity 
module. Usually ε measuring unit is expressed as 
[mm/m] or [µm/m]. 

Considering a fixed conductor with a section A, length l 
and resistivity ρ, its resistivity variation due to dimension 
variation produced by the ∆l elongation is going to be: 

∆R= (ρ / A) ∆l – ρ (l / A
2
) ∆A + (l / A) ∆ρ  (4) 

And by dividing the relation to R, the relative variation is 

going to be: 

      ∆R / R= (∆l / l) – (1/l)*(∆A / A) + (1/l)* (∆ρ / ρ)     (5) 

Since relative variation of its area can be expressed as: 

∆A / A = −2µ (∆l / l)  (6) 

where µ represents the Poisson coefficient (the division of 
transversal contraction by its elongation); it can be 
determined, for its resistivity, a linear variation with the 
volume V, having the form:   

∆ρ/ρ = k(∆V/V) = k(∆lA +l∆A) /V = k (1−2µ) (∆l / l)  (7) 

Results the expression: 

∆R/R = (∆l/ l) [1−2µ + k (1−2µ)] = K (∆l /l) = K ε      (8) 

In practice the strain resistive voltage elements are 
known as strain gauge marks, where the K coefficient 
from the last relation is called the mark factor. It is 
dependent on the nature of the material (k coefficient) and 
on the production technology of the mark, representing 
the sensibility of the sensor (the relation between the 
relative variation of its resistance and the relative 
elongation). 

IV. CASE STUDY: STRUCTURAL CONDITION 

ANALYSIS OF THE IAR-99 AIRCRAFT 

Structural condition monitoring of aircraft, during a life 
cycle, represents the most important step in determining 
the real structural resource consumption with the purpose 
of: 

- Increasing safety within the flying activities; 
- Reconsidering the aircraft technical resource; 
- Updating the maintenance technical 

documentation; 
- Maintenance cost reduction during the aircraft 

life span; 

This paper proposes to use the in-flight practical testing 
and evaluating in order to validate the theoretical model 
used for monitoring the structural condition of the IAR-99 
aircraft, equipped with strain gauge marks. The evaluation 
of IAR-99 aircraft structural condition will be done by 
using the data recorded by the SAIMS on-board recording 
system, counting the loading cycles according to the G-
strain levels and finally comparing results between the 
data collected from both strain gauge marks and SAIMS 
on-board recording system.   

Based on the results of the analysis and centralizing the 
real aircraft strain loading data, important decisions can be 
made in what regards the maintenance process of the 
entire fleet of aircraft. The purpose is to monitor the 
fatigue condition of the aircraft, based on the mission 
profiles and according to the loading spectre, determined 
by measuring structural linear specific deformations of the 
structure and flight parameters. Using data from the in-
flight testing, estimations can be made for the structural 
components’ life span, by determining the tensions 
resulted from the specific linear deformations, provided 
by the strain gauge marks and by calibrating the 
theoretical calculus model of the finite structural elements 
specified by the manufacturer [6]. 
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General testing conception  

Calculating the aircraft life span is being made by 
taking into consideration different subparts of the 
structure, by facilitating the initial building process of the 
aircraft. Data analysis, after in-flight testing, allows the 
comparison of recorded data with the initial fabrication 
data of the aircraft. A number of 12 specific areas of the 
aircraft have been chosen as representative for monitoring 
the structural fatigue condition. In figure 1 it is 
represented the IAR-99 aircraft and the specific areas in 
which strain gauge marks have been placed. 

The areas on which strain gauge marks have been 
mounted next to high tensions zones and are specific for 
calculating the real structural life span of the aircraft. 
According with the studies conducted by the 
manufacturer, the areas with the maximum strain pressure 
are the ones where the wings meet the main body of the 
aircraft. In-flight testing and creating a relation between 
deformation and resistive tensions lead to calculating the 
theoretical model for the aircraft structure and updating 
the real life span resource of the aircraft structure [7].  
This latter calculus should not be very different from its 
original theoretical model because there have been applied 
safety coefficients and, thus, covering the strain loading 
factors for the aircraft.  

Fig.1. Areas where strain gauge marks have been placed. 

 
Technical data representative for mounting the strain 

gauge marks: 

- the strain gauge marks have been mounted near the 
maximum tension areas and, therefore, only after the 
theoretical model had been calibrated, the real life span 
calculus could be made, according to specific 
deformation data recorded from the flight testing. 

- the strain gauge marks mounted on the aircraft have a 
correct indication area between -10

o
C ... +45

o
C, reason 

for which the flight testing had to be made under 
temperature restrictions.   

- establishing the loading/unloading strain model 
during flight testing led to an asymmetric alternant cycle 
where S max > |S min| and to an asymmetric coefficient 
(tension relation R = S min/S max) for the negative cycle. 

- the surfaces susceptible for fatigue breakings are the 
bolted structural elements, surfaces with screws and 
bolts, these being areas with high strain tension that can 
transmit the axial cutting forces to the bolting elements. 

The testing and evaluation activities have been 
conducted through the means of recording a big amount of 
flight data and creating a sufficient database to show the 
repeatability of the correct results. Altogether, different 

tension values can be set for the strain gauge marks areas 
in accordance to the acceleration levels 5 different types 
of validation sorties have been conducted, which led to 
verifying data rendered by a 2 year period of flight 
training with the same aircraft. Model testing, 
implemented on the analysis ground station for 
monitoring the structural condition of IAR-99 aircraft, has 
been made through recording parameters by SAIMS 
system for all sorties and creating a database for the 
measurement of fatigue loading cycles. 

 

V. TESTING ACTIVITIES 

 
The general testing and evaluation concept of 

producing the theoretical model used for monitoring IAR-
99 aircraft structure, equipped with strain gauge marks, is 
structured as follows.: 

 Stage 1: - Executing flight testing for 
the purpose of extracting data from strain gauge marks; 

 Stage 2: - Extracting data rendered by 
the strain gauge marks and creating a database with the 
newly available data; 

 Stage 3: - Analysing the database and 
creating a function (relation) between the specific linear 
deformations and the normal Nz accelerations; 

 Stage  4: - Executing flight testing in 
order to validate the function (relation); 

 Stage  5: - Gathering the strain loading 
cycles data in accordance to the normal Nz acceleration 
for the flight sorties that used the SAIMS system. 

In order to confirm results from previous sorties  and 
structural condition data correctness, the specific function 
validation has been obtained through specialized flight 
procedures and specific manoeuvres, predominantly used 
for 5 types of profiles specific for military missions: 

1) Stable maneouvers and Navigation; 
2) Air-to-air attacks; 
3) Air-to-ground attacks; 
4) Aerobatic manoeuvres; 
5) Demo flight. 

Flight testing sorties have been done between heights of 
200 m÷5000 m, clean profile of aircraft, with a crew of 2 
pilots, take-off weight of 4910 kg, total fuel quantity of 
1300 l and play-time between 10 min - 45 min.  
 In order not to apply any correction, the temperature 
interval, during all 5 types of sorties, has been kept within 
the strain gauge marks temperature restrictions -10

o
C ... 

+45
o
C, at any given altitude. 

Using strain gauge marks, different strain tensions have 
been recorded for every flight manoeuver, in 
correspondence with the specific strain loading cycles, 
suffered by the IAR-99 aircraft, used for flight tests. Thus, 
a relation between different types of flight missions and 
the equivalent strain loading cycles has been established, 
which can be very useful in determining the real structural 
fatigue level for each flight manoeuver. 

It has been concluded that, mostly, the resulted strain 
tensions are within the limitations provided by the 
manufacturer, actually being lower in the case of 
calculated limits for elastic fatigue. It can be observed that 
the recorded values, transformed into strain tensions, are 
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very close to the ones provided by the manufacturer as 
technical resource for IAR-99 aircraft structure. 

Next, a database has been created using the results 
recorded by the SAIMS system. The analysis of this 
database can lead to obtaining a theoretical model to 
correlate the strain loading cycles and normal G-strain 
acceleration levels. The purpose is to measure and analyse 
strain loading cycles for every aircraft in the fleet and 
impose safety measures when the technical resource 
provided by the manufacturer is depleted, in order to 
anticipate the right time to conduct more intricate and 
complex structural verification and maintenance [14].  
Composite materials represent a much bigger part in the 
building process of structural components and elements of 
aircraft. Although the cost is bigger than the conventional 
materials, aeronautical industry has appreciated composite 
materials’ mechanical proprieties as being the best 
solution for building airplanes and also reducing weight. 
Introducing composite materials in the aviation industry 
comes with the burden of developing new types of 
maintenance technology that can also be applied to 
isotropic materials [8]. 

Knowing the way materials behave is paramount for 
anticipating its response to different types of strains in 
order to considerably reduce the maintenance costs. A 
crack within the aircraft structure does not necessarily 
mean that the structure is damaged beyond repair. 
Continuously monitoring the structure allows further 
using of damaged components until the anticipation of the 
right time to change it, by predicting the critical length of 
the crack. Identifying the deformation of a structure is 
fundamental. Materials, mostly the composite ones, can 
present internal deteriorations that cannot be observed 
with the naked eye. Even though there is multiple 
detection technics, the visual inspection is still the most 
widespread. Only when more dangerous deformations are 
identified, more precise, but more expensive detection 
technics are applied [9]. 

New materials rely on new technics for exploiting them, 
characterized by high costs. Starting with the main idea 
for which the use of composite materials has been adopted, 
reducing costs on the long run, it is considered mandatory 
to implement new technologies of using these new 
materials in order to efficiently apply the entire industrial 
process, from both economical and operational stand 
points.  

By using the data recorded during a 2 years period and 
for an amount of, roughly, 300 flight hours, with the help 
of the SAIMS system, a database has been created and the 
available data for comparison are presented in table 1. 

Therefore, by comparing strain loading cycles, 
provided by the manufacturer as technical resource, with 
the strain loading cycles resulted from the relation 
between data recorded by SAIMS system and data taken 
from the strain gauge marks, a correct fatigue level of the 
aircraft structure can be established, for each aircraft, 
according to its flight history. 

It can be observed that within 300 real flight hours, the 
aircraft has already consumed its technical resource 
provided by the manufacturer for 1000 theoretical flight 
hour, according to the strain loading/unloading cycles: 

TABLE 1.  STRAIN LOADING CYCLE COMPARISON  

1 2 3 4 5 6 

G-

factor 
level 

(1) 

Strain 

loading 
cycles 

provided 

by 

manufactu

rer (per 

1000 

flight 

hours 
resource) 

(2) 

Number 

of 
strain 

loading 

cycles 

for 300 

flight 

hours 

(SAIM

S) 

(3) 

Number of 

real strain 
loading 

cycles 

available 

after 300 

flight hours 

(4)=(2)-(3) 

Theoretical 

number of 
real strain 

loading 

cycles for 

3000 flight 

hours  

(5)=(3)x10 

Theoretica

l number 
of real 

strain 

loading 

cycles 

available 

after 3000 

flight 

hours 

(6)=(2)x3-

(5) 

2,45 17.000 4769 12.231 47690 3310 

3,15 9.500 4021 5.479 40210 -11710 

3,85 6.500 2594 3.906 25940 -6440 

4,55 4.500 1263 3.237 12630 870 

5,25 2.500 458 2.042 4580 2920 

5,95 1.500 54 1.446 540 3960 

6,65 300 5 295 50 850 

7,35 150 1 149 10 440 

0 500 1343 -843 13430 -11930 

-0,36 200 958 -758 9580 -8980 

-0,72 100 489 -389 4890 -4590 

-1,08 60 235 -175 2350 -2170 

-1,44 35 86 -51 860 -755 

-1,8 30 34 -4 340 -250 

-2,16 25 12 13 120 -45 

-2,52 20 4 16 40 20 

-2,88 15 1 14 10 35 

- positive cycles for 2,45 N z - 28,05%; 

- positive cycles for 3,15 N z - 42,32%; 

- positive cycles for 3,85 N z - 39,90%; 

- positive cycles for 4,55 N z - 28,06%; 

- positive cycles for 5,25 N z - 18,32%; 

- positive cycles for 5,95 N z - 3,6%; 

- positive cycles for 6,65 N z - 1,66%;  

- positive cycles for 7,35 N z - 0,66%.  
(Column 3 cycles as compared to Column 2 

cycles) 

Regarding the negative cycles specter, the resource 
given for 1000 theoretical flight hours has been 
completely depleted in just 300 real flight hours, for G-
Force values between 0 and -1,8 g. Thus, the number of 
strain loading cycles is bigger than it was initially 
calculated for 3000 theoretical flight hours. As a side note, 
the low number of negative strain loading cycles provided 
initially by the manufacturer has been calculated this way 
in order to keep the aircraft weight as low as possible.  

The highlighted red-colored loading cycles, in table 1, 
represent the number of cycles that are not covered by the 
theoretical cycles/resource provided by the manufacturer.   

Data show that for the G-force intervals of (+3,15… 
+3,85) and (0 … -2,16), the real loading cycles are bigger 
than the ones provided by the manufacturer. Therefore, 
more thorough and more often investigations are required, 
in order to prevent in-flight safety issues.  

It is obvious that the theoretical resource provided by 
the producer is to be met way before it was foreseen. 
Therefore, by utilizing the proposed method of monitoring 
the structural condition, the real remaining technical 
resource can be determined for each airplane, according to 

Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

87



the way it was used, and also it would increase the safety 
level for both flight procedures and maintenance 
processes. 

At the end of this analysis a set of rules could emerge in 
what concerns the flight missions and specific use, for 
every airplane, by calculating the remaining number of 
strain loading cycles, taking into consideration data 
recorded from all previous sorties. 

A new emerging direction is represented by the use of 
intelligent materials with self-repairing capabilities. 
Although this concept is very interesting, it is not mature 
enough in order to be adopted by big aviation 
manufacturers. Another problem identified for this type of 
materials is the high production costs. There are numerous 
efforts from civilian airliners to reduce costs with 
stationed airplanes due to maintenance or incident-related 
activities. The development of a voluntary system using 
guidance from anonymous declarations regarding 
incidents, implemented by the American Agency ASRS, 
has allowed the reduction of incident on the ground, 
mainly by improving all operational and maintenance 
procedures. A system of sensors, for monitoring the 
structural condition of an aircraft, would reduce stationing 
time periods, affected by mandatory inspections and, thus, 
reduce general costs of operating any type of aircraft. 
[10]. 

The problems of the newly proposed maintenance 
technology are connected to limitations given by the 
implementation and certification of the new monitoring 
system. The next step into this area is to include the 
structural monitoring system in the initial processes of 
airplane building. Flight data have highlighted the 
possibility of directly monitoring the structural strains of 
an aircraft with implications in identifying the difference 
between the real technical resource and the theoretical 
resource specified by the manufacturer. 

Monitoring the structural condition allows the current 
fatigue state of the tested aircraft and, by interpolating 
data, it can be determined how the entire fleet is currently 
affected. This leads to the optimization of maintenance 
planning and processes for all airplanes in the fleet. Direct 
structural monitoring and the determination of the 
remaining technical resource cannot replace planned 
maintenance specified by the manufacturer but can 
represent the basis for future safety recommendations and 
measures for improving the general use of airplanes. The 
results of the recorded linear specific deformations can be 
compared with the theoretical calculus and it can offer 
important data for calibrating the theoretical model. 

With the help of this model, a precise estimation of the 
remaining technical resource can be made and, by 
knowing the total flight hours of an aircraft, the structural 
fatigue condition can be determined. 

The results obtained from the validation of the 
theoretical model of calculus, presented in this project, 
can be used in order to analyse the structural condition 
with no strain gauge marks mounted on. If the total flight 
history of the fleet is not available, an approximation can 
be made using the 5 types of flight missions, previously 
recorded, each type of mission corresponding to a certain 
number of strain loading cycles for every G-factor level 
obtained.            

In this way, possible measures can be identified when 
theoretical technical resource, given by the manufacturer, 

is depleted before its time, as rescheduling the planned 
period for capital revision specified by the producer, 
respectively 800±50 functioning hours or/and 8±0,5 years 
for IAR-99 aircraft.  

The process of monitoring the structural condition of 
aircraft is rapidly becoming a necessary method for 
determining technical resource for airplanes, thus, 
reducing safety problems, related to flight activities, and 
eliminating different technical errors. Most aircraft 
manufacturers, both military and civilian, are investing in 
different methods of anticipating technical problems in 
order to reduce maintenance cost and aeronautical safety 
incidents. 

Of course, there are more efficient methods of 
monitoring and repairing aircraft than the one using strain 
gauge marks, as making use of intelligent materials ASRC 
type (Active Sensing Repair Composite), characterized by 
implementing of self-repairing materials while the 
structural damages are being produced. Although this 
advanced system could offer better results, it implies very 
big costs due to the fact that this technology hasn’t yet 
been developed to be mature enough to offer a decent 
safety level for practical utilization of it [11]. 

There are two approaches regarding structural integrity 
monitoring: structural degradation monitoring and 
operational monitoring. In general, structural degradation 
monitoring can be made only after structural damages, as 
cracks, appear and are already visible. Operational 
monitoring implies evaluation of material fatigue level, 
extreme strains suffered by the material and effects of 
environmental factors on the structure, even before cracks 
or stress marks become visible [12]. 

In what concerns operational monitoring, the most 
efficient method, from cost and safety stand points, has 
been proved to be the one using strain gauge marks. The 
proposition of this method is applied mostly to military 
aircraft, used for flying in all types of missions. 

 

VI. CONCLUSIONS 

 

Even though aviation is a very standardized area, the 
usage of military aircraft in all types of mission and 
pushing its structure to the limit, make it very hard to 
implement a standardization of the way we determine the 
real structural technical resource.  

The main goal of this paper was to efficiently monitor 
the structural condition of a highly maneuverable aircraft 
using strain gauge marks and it has been demonstrated 
that the operational resource given by the manufacturer 
can easily be depleted within a smaller number of flight 
hours than initially anticipated, by executing a number of 
specific sorties, that can stress the aircraft structure way 
above the normal use of it. The calculated model for every 
type of mission can enhance the maintenance process by 
measuring the structural strain loading cycles and, 
consequently, the operational resource of aircraft structure, 
by producing a database containing information such as 
the types of sorties, play-time and the results recorded by 
the strain gauge marks. 

The role of this study is to equip every aircraft with 
strain gauge marks, in order to improve structural 
condition monitoring or at least to use the calculated 
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theoretical model. By utilizing the strain gauge marks 
method for monitoring the structure of highly 
maneuverable aircraft, a database can be created using 
strain loading/unloading cycles for every type of flight 
mission and, therefore, structural damages of any kind can 
be anticipated for every aircraft, according to its previous 
utilization, in different operational types of missions.    

The theoretical model, validated through flight testing 
activities, corroborated with the database for every aircraft 
and type of mission, represent an effective way to reduce 
maintenance costs and improve aeronautical safety, by 
anticipating and preventing technical incidents or even 
aviation accidents. 
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Abstract — This work presents a study concerning the 

possibilities to improve the longitudinal dynamic of a 

canard UAV using vectored thrust. It is followed to harness 

the advantages of canard configuration of UAV and to 

obtain further a better longitudinal dynamic, able to fulfil 

more complex missions than canard UAV without vectored 

thrust. There are tested two methods. The first uses the 

UAV polars obtained in XFLR 5 and extended, using 

literature experience, a little bit over the stall angle. By this 

method is determined the necessary gain between the 

elevator steering angle and thrust deflection angle in order 

to maintain the UAV in landing configuration (flaps down) 

to the optimum angle of attack for landing. Using this 

method is studied also the effect of vectored thrust in 

maneuver, in cruise configuration. Step signal on the 

elevator, thrust and both commands simultaneously are 

applied on the UAV without and with vectored thrust and 

are identified the advantages of vectored thrust in this 

situation. The second method uses the polars of the UAV 

components obtained in XFLR5, extended independently up 

to a little bit above each stall angle. By this way is studied 

the effect of the vectored thrust on the atack angle in 

horizontal flight for the UAV in cruise configuration. There 

are obtained horizontal flight parameters (speed, elevator 

steering, angle of attack and thrust), when vectored thrust is 

used. It is followed to obtain results for attack angle as high 

as possible. Both methods are limited by the results 

obtained in XFLR 5, that can’t determine polars at atttack 

angles near stall, and for the second method, by the 

aerodynamic interferences between UAV components. 

Cuvinte cheie: metode numerice, mişcare logitudinală, 

configuraţie UAV, propulsie vectorizată. 

Keywords: numerical methods, longitudinal movement, 

canard UAV, vectored thrust. 

I. EVOLUTION OF AIRCRAFT BUILDING AND 

MAINTENANCE PROCESS 

UAVs have known a very fast development in the last 
period, due to technological progress, their applications 
reaching a wide variety. UAV configurations are very 
divers and they folds each time to the mission they were 
designed. For relative short distance and relative small 
flight speed (a few dozen of km/h) are used frequently in 
present multi-rotor UAVs with net superior 
maneuverability than airplane type UAVs [4]. By the 
other hand, airplane type UAVs have the advantage of a 
superior aerodynamic efficiency than multi-rotors, so they 

are better for long range missions with higher speeds and 
larger payload [1],[7]. 

An airplane type configuration with a very high 
aerodynamic efficiency is the canard [2]. By the way, 
excepting the glider configuration, with a very large span, 
canard UAVs can reach the higher aerodynamic efficiency 
for a given mission. This fact is due to lift obtained both 
on the wing and the horizontal tail, so the aerodynamic 
efficiency is higher. Nevertheless, canard configuration 
has some disadvantages [3]. One disadvantage concerns 
this configuration can’t reach high angle of attack. This 
fact limits both maneuverability performances and take-
off and landing performances. Low angle of attack means 
low load factor, high take-off and landing speeds and 
further, longer runways. 

This load factor limitation is produced by the higher 
angle of attack for the horizontal tail than for the wing. In 
these conditions, horizontal tail reaches first the stall angle 
and can’t produce enough pitch moment to maintain the 
airplane and as result, the wing, at high angle of attack. In 
landing configurations, with flaps at maximum steering 
angle, the problem is more difficult because the horizontal 
tail, even with a maximum elevator steering, can’t 
compensate the wing dive moment. A solution to 
substantially increase the pitch moment is to use vectored 
thrust [6], [11]. By deflecting the thrust, it is possible to 
obtain larger pitching moment and further to reach higher 
angle of attack and to perform manoeuvres with higher 
load factor.  

II.CONFIGURATION OF STUDIED UAV 

 In this study is considered a configuration similar to 
other studies, but with some modifications. This 
configuration is presented in figure 1. UAV constructive 
parameters are presented in table 1. 

TABLE 1.  UAV CONSTRUCTIVE PARAMETERS 

Entire UAV 

Length [m] 2.25  

Span [m] 2 

Height [m] 0.4  

Weight [kg] 7 

Wing 

Aerodynamic profile NACA 64A-212 

Span [m] 2  

Chord in symmetry plane  [m] 0.25 

External chord [m] 0.125 
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Mean aerodynamic chord [m] 0.194 

Sweep angle [o] -20 

Dihedral angle [o] 0 

Setting angle [o] 0 

Ampenaj horizontal 

Aerodynamic profile NACA 64A-212 

Span [m] 1  

Chord in symmetry plane  [m] 0.22 

External chord [m] 0.11 

Mean aerodynamic chord [m] 5 

Sweep angle [o] 0 

Dihedral angle [o] 2 

Ampenaj vertical 

Aerodynamic profile NACA 0012 

Span [m] 0.25  

Chord in symmetry plane  [m] 0.22 

External chord [m] 0.11 

Mean aerodynamic chord [m] 0 

Wing aerodynamic profile was choose NACA 64A-
212, with a relative high thickness, good aerodynamic 
qualities and ensures a good wing rigidity. In order to 
improve aerodynamic efficiency a negative sweep angle 
was used. A negative sweep angle also avoids flutter 
danger. Wing setting angle is 0

o
. 

Fig. 1. Studied UAV configuration. 

Because the horizontal tail has to produce a big 
enough pitching moment in order to maintain the 
longitudinal equilibrium we gave up the practice to use 
symmetric aerodynamic airfoil and it is adopted also 
NACA 64A-212 with a setting angle 2

o
. In these 

conditions, horizontal tail offers enough lift to maintain 
longitudinal equilibrium. For the vertical tail it is used the 
symmetric profile NACA 0012, suited for this application. 
Using XFLR5 the following polar curves are obtained for 
this configuration. 

a.    b. 

c.                          d. 

Fig. 2. Polar curves for the studied configuration. 

XFLR5 can’t determine polar curves at high angle of 
attack, near the stall angle. For these angle of attack 
values the polar curves were extrapolated and 
approximated using profiles data and indications in 
literature. 

We can observe a high aerodynamic efficiency, above 
30, that is a very good value for airplane configuration. 
Aerodynamic studies were performed neglecting the 
fuselage, because XFLR5 has a better behavior in these 
conditions. 

From  dependence it is obtained equilibrium 
attack angle 0

o
, with elevator in neutral position. This 

attack angle offers a lift coefficient 0.278, useful at high 
speed. 

Take-off and landing conditions were studied also. 

For take-off it is considered a 20
o
 flaps steering and for 

landing 30
o
. Elevator was considered with a 20

o
 steering 

angle both for take off and landing in order to reach the 

most convenient attack angle. Take-off and landing 

polars in comparison with cruise polars are presented in 

figure 3. 

a.  b. 

c. 

Fig.  3. Take-off and landing polars. 

In  polar (figure 3.a) we observe a convenient 
angle of attack both for take-off and for landing about 5

o
. 

It is not a high attack angle, but we have to take into 
account in take-off and landing configuration flaps 
produces a high dive moment. This angle of attack can be 
maintained in take-off configuration with a maximum 
elevator steering angle about 20

o
, as it results in 

dependence (figure 3.c). For landing configuration, in 
order to maintain the 5

o
 angle of attack, it is necessary an 

extra pitching moment coefficient . This 
moment can be obtained with vectored thrust. 
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III. IMPROVING LONGITUDINAL BEHAVIOUR WITH 

VECTORED THRUST      

The aim of this study is to obtain with vectored thrust 
a pitching moment to maintain the UAV at 5

o
 angle of 

attack, considered optimum for landing. A simple 
hypothesis concerning vectored thrust is to consider the 
thrust deflection angle proportional with the elevator 
steering angle. It is produced by this way the extra pitch 
moment with UAV behavior similar with a UAV with 
higher elevator efficiency. So, we consider the thrust 
deflection proportional with the elevator steering and we 
will follow to reach a 5

o
 attack angle in landing 

configuration. 

 UAV equilibrium with vectored thrust is 

presented in figure 4 and is described by equations (1) 

[2],[5]. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Longitudinal equilibrium of UAV with vectored thrust. 

                                         (1) 

 From the second equation results  

 

that substituted in the third leads to 

                 (3) 

Supposing attack angle  small (5
o
) it is possible to 

approximate  and results 

                                (4) 

Relation (4) is very simple and allows determining the 
thrust deflection to obtain the desired angle of attack. In 
relation (4) and  are the aerodynamic coefficients for 
the optimum landing attack angle in landing 
configuration. 

Considering proportionality between thrust deflection 
and elevator steering  

                                                 (5) 

 

and elevator steering in landing , 

proportionality coefficient  can be found.  

With the polars considered before results             
Cmland= -1.24, Cxland=0.313 Czland=1.955. From UAV 
configuration it is obtained xT=1.05 m and so, 36.5

o
, 

with  . 

Equilibrium angles of attack, without vectored thrust, 
in cruise configuration can be found from  
dependences for different elevator steering angles, using 
XFLR5. These are shown in figure 5.a and dependence 
between elevator steering and equilibrium angle of attack 
is in figure 5.b. Elevator steering angles were considered 
between 0

o
 and 20

o
 with 5

o
 step. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Equilibrium angle of attack without vectored thrust, cruise 
configuration. 

 
A convenient dependence between angle of attack and 

elevator steering is obtained in cruise configuration, so the 
UAV could be well controlled in cruise configuration. 

The same study is performed for landing 
configuration. Results are in figure 6. Obtained results 
show high module and negative values for the equilibrium 
angle of attack. These values were obtained by 
extrapolation of  dependences in XFLR5. By 
consequence, these values have not to be considered 
accurate, but we can conclude the flaps pitch moment in 
landing configuration is too large and optimum angle of 
attack for landing can’t be maintained with an acceptable 
elevator steering. 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Equilibrium angle of attack without vectored thrust, landing 

configuration. 

 
We tried to obtain the optimum landing angle of attack 

using vectored thrust, with a thrust deflection described by 
relation (5), with KT values around 1.82, as it resulted 
from previous estimations. 

For this situation, aerodynamic coefficients have to 
satisfy relation 

            (6) 
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that is in fact relation (3) detailed for equilibrium angle of 
attack in landing configuration. Equation (6) is solved for 
elevator steering between 5

o
 and 20

o
 with step 5

o
 using 

dependences  and  estimated using 

XFLR 5.  

Using these dependences we represented function F in 
the left hand term in equation (6) and found the 
equilibrium angles of attack. 

 

a.       b. 

 

  c.   d. 

Fig. 7. F function variation and equilibrium angle of attack in landing 

configuration (dashed line in figure 7.d). 

In figure 7.d we observe elevator steering around 20
o
 

can maintain angle of attack around optimum value in 
landing configuration. Nevertheless, a very rapid decrease 
of equilibrium angle of attack produces when elevator 
steering decrease. Again, equilibrium angle of attack 
lower than -10

o
 can not be considered accurate, but we 

have to notice it is possible to maintain optimum landing 
angle of attack at maximum elevator steering using 
vectored thrust. 

IV. VECTORED THRUST EFFECTS UPON LONGITUDINAL 

COMMAND RESPONSE 

In the following is studied the effect of vectored thrust 
upon the elevator command response, around a flying 
regime characterized by zero elevator steering and zero 
thrust deflection, as it assumed in relation (5). In this 
purpose we used the longitudinal movement equations 
[5],[8], [9] 
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Fig.  8. Reference frame for command response study. 

Equations (7) were deduced using the flight dynamics 
reference frame, as is presented in figure 8.  

These equations linearized leads to the same system as 
the system for UAV without vectored thrust, but with 
some extra terms in the command matrix. 

 We considered as command variable the elevator 
steering and thrust, that is accompanied now by the thrust 
deflection according relation (5) and thrust variation. 

Command matrix without vectored thrust is [10], 

 (8) 

and when vectored thrust is used, it becomes 

 (9) 

Stability and command matrices can be obtained using 
XFLR5 for airplane without vectored thrust, and for data 
considered in this study are. 

(10) 

 (11) 

We considered a flying regime in cruise configuration 
with 0

o
 elevator steering, with parameters 

V=55.204m/s, , , 
, . Inertial parameters are 

m=7kg, kgm2 and gravity center position 

XCG=-0.7 m. A SIMULINK study produced results in 
figure 9. 

-6 -4 -2 0 2 4 6
-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

angle of attack

C
m

 [
n
o
n
-d

im
e
n
s
io

n
a
l]

Estimated polars in landing configuration

betae=0

betae=20

0.05 0.1 0.15 0.2 0.25
0

0.5

1

1.5

2

Cd [non-dimensional]

C
l 
[n

o
n
-d

im
e
n
s
io

n
a
l]

Estimated polars in landing configuration

betae=0
betae=20

-30 -20 -10 0 10
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
Variation of F(alpha, betae)

0 5 10 15 20
-40

-30

-20

-10

0

10

elevator steering [deg]

e
q
u
ili

b
ru

m
 a

n
g
le

 [
d
e
g
]

Deppendence betae(alphae)

x

z

L

V

G

D

M

x T

T

T

Annals of the University of Craiova, Electrical Engineering series, No. 45, Issue 1, 2021; ISSN 1842-4805

93



 

 

 

 

 

 

a.                                              b. 

 

 

 

 

 

 

 

 

c. 

Fig. 9. Command response without vectored thrust. 

In the case with vectored thrust, command matrix is 
(12) and the command response is presented in figure 
(10). 

                 (12) 

 

 

 

 

 

 

 

a.                                                b. 

 

 

 

 

 

 

 

 

c. 

Fig. 10. Command response with vectored thrust. 

 

We can observe about 25 m extra altitude after 5 
second from the step command, when vectored thrust is 

used. It correspond an extra climbing slope about 5 deg 
when the elevator steering step is 3

o
 and thrust deflection 

is about 6 deg. A more edifying evaluation of the vectored 
thrust effect can be obtained if is estimated parameter 

 [7] that is often used for airplane 
maneuverability estimation. 

V. STUDY OF THE LONGITUDINAL MOVEMENT USING 

UAV COMPONENTS POLARS  

Previous study based on the UAV polars obtained in 
XFLR 5 has an important limit using the UAV angle of 
attack. XFLR 5 can not compute the polars at high angle 
of attack. We intent to determine in the following the 
vectored thrust UAV behavior at high attack angles, near 
the take-off and landing angles of attack. In this purpose 
we studied first the polars for each UAV component – 
wing, stabilizer, fin – in XFLR 5. For each component the 
polars are determined for higher attack angles, even not 
for attack angles near stall angle. After that, based on the 
literature experience we performed an estimation of these 
polars until the stall attack angle and a little bit higher. We 
assumed the forces upon the UAV as the sum of the forces 
upon each component. This approach has also limits due 
to aerodynamic interferences between the UAV 
components, but we accept this approach in this study. 

This study is performed for the cruise configuration. 
Components polars obtained by the specified method are 
presented in figures 11, 12 and 13. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11.  Wing polars in cruise regime. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12.  Stabilizer polars. 
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Fig.  13. Fin polars. 

We studied the horizontal flight at different angles of 
attack, considering the vectored thrust effects. In this 
purpose we took into account the following forces and 
moments upon the UAV: weight; lift, drag and pitching 
moment due to the wing in translation movement, lift, 
drag and pitching moment due to the stabilizer in 
translation movement; forces and moments due to the 
engine; forces and moments due to the elevator steering. 
We considered the forces along x and z axis and the 
pitching moment. 

VI. FLIGHT PARAMETERS ESTIMATION FOR EQUILIBRIUM

CONDITIONS 

In order to determine the equilibrium flight parameters 
we considered the non-linear system 

 (12) 

with the parameters attack angle , elevator steering 

and engine thrust T. Between the thrust deflection angle 

and the elevator steering angle we considered a linear 

dependence with different proportionality factors with 

respect the gravity center position. For each flight speed 

we solved the system (12) using Newton method with a 

relaxation factor 0.4. By this way we determined for each 

horizontal speed the angle of attack, elevator steering and 

thrust. For four center of gravity positions Xcg = -0,6 , -

0,4, -0,2 and 0  m we obtained the results in figure 14.  

Fig. 14.  Flight parameters for each gravity center positing. 

As consequence of attack angle limitation once the 
gravity center moves forward, minimum speed increase 
for the considered UAV. Thrust variations are negligible. 

Further we studied the vectored thrust effect upon the 
horizontal flight regime. We considered a thrust deflection 
proportional with the elevator steering. Proportionality 
factor was considered KT =2 for Xcg =  -0.2 and 0 m and 
KT =2 for Xcg =-0.6 and -0.4 m. Engine exhaust was 
considered first placed rear the airplane as is shown in 
figure 8. Results for the considered gravity center 
positions are presented in fgure 15, 16, 17 and 18. 

 

 

 

Fig. 15. Flight parameters using vectored thrust for Xcg =  0 m. 

 

 

 

 

 Fig. 16.  Flight parameters using vectored thrust for Xcg =  -0.2  m. 
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Fig. 17. Flight parameters using vectored thrust for                   
Xcg =  -0.4  m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Flight parameters using vectored thrust for                    
Xcg =  -0.6  m. 

Results in figures 15, 16, 17, 18 show that for the rear 
placed vectored thrust, efects upos the horizontal flight are 
negligible concerning the benefits. In order to obtain a 
pitching moment to help the elevator steering in angle of 
attack increase and to decrease the minimum speed, thrust 
has to be deflected downward (see figure 8) and by this 
way a descending component appears. Even the angle of 
attack increases and aerodynamic lift increases, the gain is 
canceled by the descending component of the thrust. 
Necessary thrust for small speeds increases substantially, 
but the minimum speed does not decrease significative, 
even a slight increase in minimal speed appears for a 
gravity center position Xcg = 0 m. 

 As consequence of this aspect, we can propose a 
new solution, with two smaller engines placed in front of 
the UAV, on the stabilizer, that is big enough in this case. 
For an attack angle increase, now the engines nozzles will 
be deflected in the opposite direction, so an ascendent 

component of the thrust will appear and will improve the 
entire lift of the UAV (see figure 19).  

 

 

 

 

 

 

 

 

Fig. 19 - Front placed vectored thrust. 

We considered in this case also thrust deflections 
proportional with elevator steering, but gain factors were 
KT =1 for Xcg = 0 m, KT =2 for Xcg = -0,2 m and KT =3  
for Xcg = -0.4 and -0.6  m. Results are presented in 
comparison with rear placed vectored thrust in figures 15, 
16, 17 and 18. This solution offers an increase of attack 
angle along a semnificative decrease of the minimum 
speed. For gravity center position Xcg = 0 m, minimum 
speed decrease is small. Here the gain coefficient is small 
KT = 1), because here the UAV can reach high angles of 
attack any by elevator steering. Significative decreases of 
the minimum speed are obtained for the others gravity 
center positions, where high angles of attack are not 
accessible without vectored thrust. 

For gravity center positions Xcg = -0.4 and -0.6, we 
obtained about a half minimum speed comparing when 
vectored thrust is not used. So, we combine the 
advantages of a good static stability with a smaller 
minimum speed and a better maneuverability, even the 
gravity center is place far forward.  

VII. CONCLUSIONS 

Vectored thrust improves canard UAV 
maneuverability in all flight phases. It can be useful in 
take-off and landing configurations in order to obtain 
optimum angles of attack when flaps are down. Without 
vectored thrust it is not possible to maintain that angles of 
attack. 

In the paper is presented a simple but efficient method 
to find the gain coefficient between elevator steering and 
thrust deflection, when such command law is used. 
Nevertheless, taking into account results in figure 7, for 
landing regime this control law is not very convenient 
because parameter  has a very large value and so 
is difficult to be control the UAV. 

Taking into account initially we followed to improve 
UAV behavior in landing configuration, it is expected to 
obtain better results in the control low for thrust deflection 
angle is considered also the flaps steering angle. In these 
conditions we could obtain a smaller   slope and a more 
convenient UAV control. In future works it is intended to 
test control laws with a component proportional with flaps 
angle and a component proportional with elevator angle. 
By this way will be improved the behavior in take-off and 
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landing configurations, but the effect in the other flying 
regimes will decrease. 

 This behavior will be convenient for missions don’t 
need high maneuverability, but only improve take-off and 
landing qualities to operate on shorter runways. For high 
maneuverability missions other control laws will be 
necessary for thrust deflection control, to improve UAV 
behavior both at take off and in the mission. 

Rear positioned vectored thrust has small effects on 
the horizontal flight performances. Thrust component 
along oz axis is opposite the airplane lift and even the 
maximum angle of attack increases, lift increase is 
canceled by the vertical component of thrust. Minimum 
horizontal speed does not decrease significative. Vectored 
thrust advantages maintains in medium and high-speed 
maneuvers. Torgues produced by the vectored thrust 
increase the angle of attack and we can obtain higher load 
factor maneuvers. 

A solution to improve the vectored thrust efficiency at 
small flight speeds is to place the vectored thrust system 
in front the UAV, in this case two EDF motors placed on 
the front stabilizer that is large enough in this case. 
Engines nozzles will be deflected is that way they will 
produce an ascending component of the thrust, and the 
gain concerning the minimum speed is significative, 
mainly for advanced positions of the gravity center. 
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