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Abstract 
  

The paper presents a detailed analysis of the energy 
consumptions recorded in the distribution substations 
from a public transportation system. One presents the 
evolution of the energy consumptions at the level of the 
public transportation system and individually, at the level 
of transformation substations. One performs an analysis 
of the power factor at global level and respectively 
separately, for each transformation substation. There are 
presented aspects concerning the penalties applied to 
consumer due to the decreasing of the power factor from 
its own distribution network. The measuring process used 
the analogue apparatus and a quality analyzer from the 
distribution stations. 

  
1. Introduction 

  
The monitoring of energy consumptions represents one of the 

major objectives in order to improve the energy efficiency. On 
the other hand, the development of “clean” urban transportation 
systems, simultaneously with the obeying of the “environment 
friendly” character, assumes the permanent monitoring of 
energetic consumptions. Owing to the implementation of new 
solutions, based on Power Electronics, many connected 
technical problems appeared in urban transportation systems, 
whose solving is seen as a priority for the next coming years [1]. 
In order to be able to improve the energy efficiency in 
distribution stations for urban electric transportation systems one 
must firstly perform a detailed analysis of the present situation 
with respect to the energy consumptions from the rectifying 
substations that supply the contact line [2],[4]. In the same time, 
the continuous monitoring of energy consumptions allows the 
making of “real-time” decisions and allows the improvement of 
energy efficiency in the urban transportation lines and in the 
medium voltage networks from the distribution lines [5],[6],[8]. 

  
2. The Analysis of Active and Reactive Energies/Powers 

Consumptions at the Substation Level 
  

To improve the energy efficiency from the rectifying 
substations of the analyzed consumer (RAT Craiova), for the 
beginning we made a one-year (September 2006 - August 2007) 
detailed monitoring of the energy consumptions at the level of 
electric energy distributions substations’ level. This analysis 
also tries to identify the worst case as seen from the electric 
power distribution substations perspective. Today the supplying 
with electric energy from the rectifying substations for medium 
and low voltage assumes the use of 3 substations for the 
supplying with electric energy, namely: 

Fig. 1. Energies (active, reactive and total) consumed by all the 
rectifying substations. 

 
- Substation 1 (Craiova-sud) 
- Substation 2 (Craiova-Est) 
- Substation 3 (Craiovita- Prefabricate). 
Each of these substations supplies with electric energy a 

significant part from the line used for tram transportation. The 
recorded data correspond to the medium voltage level. The 
weight of the consumed reactive energy relative to the total 
consumed energy increased constantly during the analyzed 
interval. The total energy consumptions remained at a relative 
constant value during one year, with small season variations 
(slightly higher in winter time, owing to the light and heating 
equipment). Another explanation of the energy consumptions 
increase might be the increase of the number of operational 
trams (RAT purchased new trams) (Fig. 1). 

The costs of the monthly energy consumptions as claimed by 
CEZ Oltenia along one year are depicted by Fig. 2. 

 
Fig. 2. The costs of the monthly energy consumptions along 1 year 
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Fig. 3. Power Factor Variation 

An analysis of costs evolution revealed their slight decay 
during the summer time, correlated with the previously discussed 
reduced energy consumptions. Yet in the last 2 months (July-
August 2007) the costs presented a more visible raising slope, 
especially due to the reactive power consumption increase, 
simultaneously with the consumed active power decrease.  

 The power factor variation for the fundamental harmonic is 
depicted by Fig.3. 

As one can see in Fig. 3, the fundamental power factor has 
constantly decreased, recording in the last 2 months values under 
the threshold of 0.65. Therefore the electric energy supplier 
imposed penalties to the consumer RAT Craiova, raising the per 
unit cost at the reactive energy from (0.043 RON+TVA) /kVArh 
to (0.13 RON+TVA) / kVArh. This might be a partial explanation 
for the significant costs rising revealed above. 

3. The Analysis of (Re)active Energies/Powers 
Consumptions at the 2nd and 3rd Substation Level 

For an accurate analysis of the causes that lead to the reactive 
energy consumptions increase, one performed a comparative 
study for two of the rectifying substations: Substation 2 (Craiova-
Est) and respectively Substation 3 (Craiovita - Prefabricate). 
 

 
(a) Substation 3 Craiovi�a-Prefabricate 

 

 
(b) Substation 2 Centru-Est 

 
       Fig. 4. Energies consumed by the 2nd and 3rd substations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(b) Substation 2 Centru-Est 

Fig. 4. Energies ((re)active and total) consumed by the 2nd and 3rd 

Significant energy consumptions were noticed at the 
substation no. 2 and 3 (Fig. 4). 

The analysis accomplished separately for the substations 2 
and 3 revealed that the power factor falling for the substations 
level was greater for the 2nd substation, which is also more 
important from the energy consumptions point of view (the 
energy consumptions at the 2nd substation level are almost twice 
those from the 3rd substation level). 

The graphical representation of the power factor evolution for 
both substations (Fig. 5) revealed its falling for both substations , 
being more significant for the 2nd substation, where its value falls 
under 0.6 and causing the increase of the coasts for reactive (and 
total) energy of this substation. A comparative analysis of the 
costs for the consumed active and reactive energy for every 
substation revealed that in the 3rd substation the costs for the 
reactive energy is almost constant. On the contrary, for the 2nd 
substation, the costs for the reactive energy increased constantly 
in the last two months of the analyzed period. It exceeded the 
value of the consumed active energy up to a weight of 57% of the 
total consumed energy.   

One can notice after a detailed analysis a problematic 
operation at both substations where one can see a relatively 
significant consumption of reactive energy. Because this energy 
is absorbed from the system, the energy consumptions are 
higher and consequently the costs are increased.  Therefore it is 
compulsory to take measures in order to reduce the 
consumptions through the reactive power compensation. Firstly 
one must take measures with the rectifying substation 2, that  

  (a) Substation 3 Craiovi�a-Prefabricate 
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(a) Substation 3 Craiovi�a-Prefabricate 

 

 
(b) Substation 2 Centru-Est 

Fig. 5. Power factor variation in the 2rd and 3nd substations 

records the highest consumptions of total and respectively of 
reactive energy. 

A similar analysis performed on this occasion revealed that 
for the 1st substation the reactive energy consumptions are lower 
as compared with that from the 2nd substation. 

4. The Analysis of Active and Reactive Powers 
Consumptions Using a Quality Analyzer 

The analysis presented in the previous section emphasized 
that a condition to take measures for the energy efficiency 
consists in the use of quality analyzers for the determination of 
electric energy quality, able to offer a detailed analysis with 
respect to the distorting and non-symmetrical regimes. In this 
way one can determine the voltage and current harmonics 
superposed over the fundamental harmonic. The waveforms 
distortions can result into the apparition of supplementary 
powers, with drawbacks over the substations from the analyzed 
consumer [7]. They can also cause the propagation of these 
effects at other consumers from system [9],[10],[11],[13]. 

As an example we present the case when in the supplying 
line, on the a.c. side, a current with an approximate RMS value 
of 165 A a.c. was revealed.  

The analyzed substation is depicted by Fig. 6. It is submitted 
to the haviest electric stress owing to its placement (between the 
other 2 substations that supply the d.c. line) and respectively to 
the length of the line conductors.  

The waveforms of the three-phase voltages and currents 
absorbed from the network (before the rectifier with diodes) as 
they were recorded with the quality analyzer are depicted by 
Fig. 7. 

In this figure the substation supplying is made from a three-
phase system of medium voltage (3x20 kV). The substation 
consists of an a.c. equipment for medium voltage (that includes 
the primary three-phase line, the three-phase bars for medium 
voltage, the breakers and separators for the protection of the 

 
 

Fig. 6. Single phase electric schema of the analyzed 
transformation substation 

 
transformer-rectifier group), the voltage lowering transformers 
T1 and T2, the rectifying groups R1 and R2 as well as a d.c. 
installation with the rated voltage of 600V (formed from the d.c. 
separators and the ultra-fast d.c. breakers). To provide the 
continuity of the voltage supplying to the traction d.c. line, the 
substation benefits of a double supplying system from the 
medium voltage network through the lowering transformers T1 
and T2.  

The lowering transformers are meant to reduce the RMS 
voltage of the three-phase voltage from the level of medium 
voltage of 20 kV a.c. to a three-phase voltage of 480 V a.c. The 
transformer has a Δ �/Y connection. The three-phase line voltage 
of 3x480 V a.c. (or phase voltages 3x278 V a.c.) is rectified by 
means of the three-phase rectifiers with diodes (R1 and R2) into 
d.c. voltage of 600V.  

The harmonic decomposition of the voltages and currents 
waveforms was performed using the Fast Fourier transform (FFT). 
The harmonic decomposition allows the determination of the 
total harmonic distortions using the relations: 
 

[%]100
1

⋅=
X
X

THDX d                     (1) 

 

 
Fig. 7.  Voltages and currents waveforms recorded 
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Fig. 8.  Voltages and currents decomposition 
 

where X represents a voltage or a current, 1X is the RMS value 

of the fundamental harmonic, and dX represents the distorting 
residue of the quantity with a non-sinusoidal periodic variation: 
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2

2                      (2) 

( kX  represents the RMS value of the k-th harmonic). For the 
accomplished analysis we considered 40 harmonics (according 
to the EU standard). 

For the analysed case, with the waveforms depicted by Fig. 
7, we obtained the results presented below for the total harmonic 
distortions of the phase voltages and respectively of the currents 
absorbed from the network that supplies the distribution station 
(see also Fig. 8): 

 
THDU1 = 3.38 %                      THDI1 = 28.11 % 
THDU2 = 3.32 %                      THDI2 = 28.22 % 
THDU3 = 3.21 %                      THDI3 = 27.89 % 

The RMS values of the phase voltages and currents were: 
U1RMS = 275.12 V                      I1RMS = 163.35 A        
U2RMS = 275.85 V                      I2RMS = 163.87 A 
U3RMS = 275.56 V                      I3RMS = 163.45 A 

The distorting residuum of the phase voltages and currents, 
using eq. (2), were: 
            U1d = 9.29 V                            I1d = 45.79 A 
            U2d = 9.16 V                            I2d = 45.98 A 
            U3d = 8.83 V                            I3d = 45.60 A     

The harmonic decomposition of phase voltages and currents 
make the determination of the powers that flow through the 
substation supplying network possible. In order to determine 
these powers we used the equations: 

- for the phase powers: 
- for a phase active power: 
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- for a phase reactive power: 
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where kϕ represents the phase-difference between homologous 
harmonics of voltage and current for the same order. 

- for the total powers: 
    - total active power: 

                            �
=

=
3

1α
αPP                      (5) 

 

   - total reactive power: 

                �
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=
3
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Using the equations (3)…(6) we determined the powers 
corresponding to harmonics and on each phase, as well as the total 
active and reactive powers. Fig. 9 and Fig. 10 depict these powers. 
From Fig. 9 and Fig. 10 one can see that for certain harmonic 
orders the power flow is from the distribution station toward 

 
Fig. 9. Active powers for the dominant harmonics, for the 

single phase case and the total active power 
 

 
Fig. 10. Reactive powers for the dominant harmonics, for single 

phase case and the total reactive power 
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the electric energy supplying system. The total active power is 
slightly higher than the active power of the fundamental 
harmonic (0.2276%). Still the active power of the fundamental 
harmonic is close to the total active power specially because 
there is a flow of active powers along the superior harmonics, 
whose sense is variable.  

From Fig. 9 one can notice that the active power along the 5-
th harmonic is negative, revealing a reversed power flow, from 
the network toward source. Practically a part of the superior 
harmonics active power is negative, providing an explanation 
for the small difference between the fundamental active power 
and the total active power. Fig. 10 reveals that the total reactive 
power generated by the superior harmonics is smaller than the 
fundamental reactive power. Moreover the reactive power on 
each of the superior harmonics is negative, thus explaining the 
great difference between the total reactive power and the 
fundamental’s reactive power. In this case practically the 
reactive power is received by the supplying network at low 
voltage along the fundamental harmonic, and the low voltage 
network returns a part of the received reactive power to the main 
network through the rectifier with diodes that supplies the 
electric driving network. 

5. Conclusions 

A comparative analysis of the costs for the consumed active 
and reactive energy for every substation revealed that in the 3-rd 
substation the costs for the reactive energy is almost constant. 
On the contrary, for the 2nd substation, the costs for the reactive 
energy increased constantly in the last two months of the 
analyzed period.  

One can notice after a detailed analysis a problematic 
operation at both substations where one can see a relatively 
significant consumption of reactive energy.  

A similar analysis performed on this occasion revealed that 
for the 1-st substation the reactive energy consumptions are 
lower as compared with that from the 2nd substation. 

The use of a quality analyser can provide significant 
information on the complete system used for the monitoring of 
the substation for energy transformation (20 kV a.c./480 Va.c.). 
The preliminary analysis reveals that at a small load of the 
substation (as in the case analysed at Section 4), the distorting is 
not significant at the three phase system of supplying voltages, 
whereas is important at the absorbed currents. In this situation 
the reactive power flow is significant along the superior 
harmonics from the supplying network toward the 
transformation substation. This provides an explanation for the 
penalties supported by the consumer (the local transportation 
society) at the recordings made with analogue test apparatus (see 
sections 2-3).  

The accomplished analysis revealed the necessity of 
designing and realization of a complex system for the analysis 
and monitoring of energy consumptions, which should also 
perform the monitoring, processing and analysis of non-
sinusoidal and/or unbalanced regimes both for the side of 
medium voltage (in three-phase systems) and respectively for 
the side of low voltage – for a.c. and d.c. current components 
(separately). The realisation of the real-time monitoring system 
becomes compulsory in this case [12],[13].  

Practically one must make a complex monitoring of the 
energy consumptions for the substation input and also inside it, 
including the outputs that supply the 2nd part of the tram line. 
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