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Abstract - This paper is focused on the increasing the energy efficiency of a DC-traction substation by transforming it into an active 
substation being able to ensure both power quality improvement and braking energy recovery. A system for active filtering and 
regeneration, named SISFREG, is proposed to be connected between the catenary-line and the primary of the traction transformer, 
via a dedicated transformer. The main component of SISFREG is a shunt active power filter based on voltage source inverter 
structure, whose control guarantees the keeping of the prescribed voltage on the DC-side and the proper current at the inverter 
output by the indirect control of the supply current. The DC voltage controller is tuned in accordance with the Modulus Optimum 
criterion and the grid current controller is tuned by the Symmetrical Optimum criterion. In order to verify the operation of the 
system and assess its performance, detailed computer simulation studies were conducted using the Matlab/Simulink package. Based 
on the conceived Matlab/Simulink model of the whole system, the proper operation is confirmed and the good performance of the 
system during both traction/filtering and regeneration regimes is shown. 

Keywords – Active filtering; Recovery breaking energy; Active substation; Voltage inverter; Optimal controllers tuning. 

1. INTRODUCTION

In the DC traction systems, the traction 
substations are fed by the medium voltage three-phase 
network and usually contain a specific traction 
transformer and an uncontrolled rectifier. In order to 
reduce the harmonic distortion of the supply current, a 
structure of twelve-pulse rectifier is often adopted, 
consisting of two diode bridges connected in series or 
in parallel and supplied from two secondary windings 
of the transformer, one in star connection and the other 
in delta connection [7], [61]. The common rated DC 
voltages provided by the rectifier are: 750 V (most 
trams and metro rail including one in Bucharest); 1500 
V (regional express trains and Intercity) and 3 kV (e.g. 
Slovenian Railways, trains in South Africa) [7], [27], 
[32], [50], [61]. 

The traction substations provide the current only 
in one direction and they have not the capacity to 
absorb the energy generated during the braking phases 
of trains. A reversible station has the capacity to allow 
the active power flow in the both ways. But, the 
connection to the same transformer, at the medium 
voltage side, can affect the capability of achieving the 
function of harmonics filtering and reactive power 
compensation. Indeed, it is well known that, based on 
the operating principle of an active power filter (APF), 
the DC voltage value must be higher than the AC line 
voltage magnitude. Moreover, the performance of the 

system, in terms of supply current distortion during the 
recovery process, depends on the difference between 
the two voltages [2], [10], [43], [44]. 

Although the recovering the braking kinetic 
energy is an old concern of the specialists, the recent 
developments in the field of power electronics, creates 
new solving perspectives. The importance of 
regeneration is given by the need to increase the 
efficiency and reduce the energy consumption, but also 
by the amount of energy which can be regenerated [30], 
[54]. 

Usually, a small amount of the recovered kinetic 
energy is reused in the auxiliary services, whereas the 
remaining energy is sent back to the electrical network 
and can be used by an accelerating vehicle in the same 
line section. If there is no other train nearby, the energy 
surplus leads to increased network voltage and the 
braking resistors allow the extra energy dissipation. The 
methods identified so far for braking energy recovery 
involve either the use of various mobile/stationary 
energy storage devices [29] or the direct return to the 
AC-power utility [7], [27], [32], [30], [45], [46], [54]. 

 Besides the high cost solution of energy storage 
in mobile or stationary devices such as flywheels, 
batteries and supercapacitors [18], [29], [58], the 
alternative approach of using energy recovery 
converters in order to transfer the recovered energy to 
the AC power grid provides substantial cost benefits 
[17], [23], [25], [29], [45], [46], [49], [71], [75]. In the 
HESOP energy recovery system of Alstom, which is 
operational on a tram line (750 Volts) in Paris Region 
since 2011, the reversible converter consists of a 
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thyristor rectifier bridge associated with an IGBT 
converter [17]. Another commercial solution is the 
Sitras Thyristor Controlled Inverter (TCI) provided by 
Siemens to be connected to the substation at the 
rectifier transformer through an autotransformer [75]. 

The specialists are unanimous to conclude that the 
most advantageous solution is to recover the surplus 
energy in the traction substations and to compensate the 
current harmonics and reactive power by materializing 
de “active station” concept [27], [30], [54], [71]. 

Compared to the reversible stations, the new 
system called “active substation” uses the new 
generation of power devices, with high energetic 
performances (especially Insulated Gate Bipolar 
Transistors - IGBT) and it allows not only the energy 
recovery, but also complementary functions, such as: 
the grid harmonics compensation by operating like an 
APF; the active compensation of the reactive power; 
the dynamic compensation of the voltage variations in 
the medium voltage line; voltage drop limitation in the 
supply line [71]. Moreover, the adoption of advanced 
solutions, such as power active compensators, is a 
present concern, reflected by several achievements in 
the power structure and control system [8], [33], [59] , 
[60]. 

In the case of the DC metro supply networks, the 
implementation of “high energy efficiency” can bring 
more quantitative benefits. In this context, two main 
directions for improving energy performance were 
identified [27], [54]: 

1. The compensation of the current harmonics
and possibly of the reactive power, so that TR operates 
at unity power factor; 

2. Recovering, partially or entirely, the braking
kinetic energy as electrical energy. 

Though the compensation of the current 
harmonics and reactive power is an old concern 
materialized simply by passive filters, nowadays, due to 
the power electronics development and associated 
digital processing techniques, the use of active power 
filters represents a viable and much higher performance 
alternative [8], [19], [25], [33], [38], [59], [72].  

The second direction has implications on 
increasing the energy efficiency even more significant 
than the first one and can be concretized through the 
following ways [29], [58], [68]: using the recovered 
energy by the auxiliary services of the train; sending it 
in the catenary line to be used by another train in the 
same catenary section [63], [66]; storing it by various 
mobile/stationary devices [18], [20], [23], [31], [33], 
[60], [71]; sending it in the traction substation (TSS) 
power grid [73], [74], [76].  

In [24], the power integration of large urban 
railway subsystems is discussed and a DC subsystem 
for catenaries’ interconnection is proposed for the 
energy transfer. It is worth mentioning that sending the 
recovered energy in the catenary line to be used by 
another train in the same catenary’s section is 
successfully implemented through traffic optimization 
strategies [12], [46], [63], [66]. 

The technical solution chosen by Ingeteam 
Traction Company involves including a DC voltage 
elevation stage consisting of a DC-DC converter 
between the vehicle DC-line and inverter and solves the 
problem of system operation as both recovery system 
and APF by using the existing transformer in the 
substation [45], [46]. However, from technical and 
economic point of view, there are at least two critical 
aspects of this solution at very high power levels (over 
1.5 MVA) and high currents (over 2000 A). They are 
related to the reliability of the DC-DC converter and the 
cost of the two magnetically coupled coils, which 
should facilitate the zero current switching. 

The objective of the paper is the presentation  of a 
filtering and regeneration system (SISFREG) developed 
through the project number 42/2014, type Partnerships - 
PCCA 2013, research program PN-II-PT-PCCA-2013-
4, which allows the conversion of the DC traction 
substations in “active substations”. 

2. ESTIMATION OF BRAKING ENERGY
THAT CAN BE RECOVERED IN THE 
METRO BUCHAREST  

The Bucharest double track subway network is 
69.25 kilometers long and has 4 metro lines and 51 
stations. The average distance between two stations is 
1.5 km. The rated voltage of the catenary is 750 V DC. 
Each TSS has an apparent power of 2.4 MVA, and 
includes two rectifier groups (RG), each of them 
connected to the catenary.  

A group consists of a traction transformer – TT 
(D/d, 20(10) kV/650V, 1.2 MVA) and a three-phase 
diode bridge rectifier – RT. The maximum DC-line 
voltage is 950 V DC, during regenerative braking 
regime. 

The subway operation park includes 44 
Bombardier trains and 33 trains IVA type (with DC 
motors). 

The main traffic characteristics are: the daily 
average runtime – 16 hours; the period between two 
trains (depending on line) – 3-7 minutes at the rush 
hours (7-9.30 and 16-20) and 8-10 minutes the rest of 
the day. 

The Bombardier train is made up of six cars (four 
motor cars) and has the following characteristics: empty 
train weight (M0) - 173.5 tonnes; seats – 216; standing 
places - 4 passengers/m2 – 984; 16 squirrel-cage 
induction motors of 125 kW each one; the maximum 
acceleration - 1.1 m/s² (at startup, up to speed 
v1=25km/h); the acceleration during the service braking 
– 1.2 m/s2; the maximum speed - 100 km/h = 27.8m/s;
the maximum run speed - 80km/h=22.22m/s; the 
residual acceleration when reaching 80 km/h - 
minimum 0.1 m/s2; the guaranteed service braking 
distance for a train with the exceptional load of 8 
passengers/m2, on a dry and horizontal railway, when 
braking from v0=80 km/h - max. 224 m. 

The usable energy necessary for the movement of 
the train with equivalent mass Me in the required 
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conditions is determined based on the traction 
characteristics, by numerical integration of the motion 
equation, 

rte FF
dt
dvM −= (1) 

The tractive effort (Ft) corresponds to each 
operation mode (acceleration – constant speed run – 
braking), respectively (Fig. 1), 
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The resistance to motion has three components 
and the following expression [54]: 

2CvBvAFr ++= ,  (3) 
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The following set of values has been adopted: 
A=1467.6; B=455.83; C=75; ares=0.18m/s2. 
In the given conditions, the distance between two 

stations is covered in 91.6 seconds (Fig. 2 and Fig. 3), 
and the imposed profiles for acceleration and speed are 
respected. The necessary tractive effort in order to obtain 
the imposed deceleration is high and its achievement 
requires a power whose maximum value exceeds three 
times the rated power of the motors (Fig. 1). 

The braking power keeps two times PN for about 8 
seconds. It is obviously that this force cannot be 
generated by the traction motors, but by the 
supplementary braking system of the train. 

The energy flow in the system shows that the 
dynamic processes are predominant and that, in braking 

Fig. 1 Tractive effort (1) and its associated power (2) during the train 
movement between two stations 

Fig. 2 Acceleration -1, Speed -2 and Distance -3, during the train 
movement between two stations 

Fig. 3 Energy during the train movement between two stations: 1- 
associated to the tractive effort; 2- associated to the resistance to 

movement; 3- kinetic 

Fig. 4 Braking energy use during the train movement between two 
stations 
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mode, the entire accumulated kinetic energy is 
transferred to the train (Fig. 3). 

By overlapping the graphics of the power needed 
for acceleration and power resulted in the braking 
process, the quantitative highlight of the possible use of 
the last one is emphasized (Fig. 4). The analysis is 
performed by taken into account that the regenerative 
braking is efficient by the speed of 3 km/h and, during 
the braking process, it is accepted that the traction 
motors operate at two times the rated power for about 
13 seconds. The following aspects can be emphasized 
(Fig. 4): 
- The energy corresponding to the double hatched area 

cannot be recovered, because it would overload 
excessively the traction motors; thus, this energy (Efr-

lost) has to be dissipated by other means; 
- The vertical hatched energy can be reused by another 

train that accelerates (Efr-re-used); 
- The horizontal hatched energy can always be sent to 

the AC power grid; 
- If there is no other train accelerating on the same 

section of the catenary, the energy to be recovered in 
the AC power grid corresponds to the sum of the two 
previous areas.  

The values of the main quantities are synthetized 
in Table I and they emphasize the percentage weights 
for: 
- The total energy consumed: 33.86 kWh=100%; 
- The total energy from braking: 17.74 kWh=52.45%; 
- The lost braking energy: 3.6 kWh=10.63%; 
- The maximum energy reused by other vehicle: 8.56 

kWh=25.28%; 
- The minimum energy that can be recovered by 

sending it to the power grid: 5.58 kWh=16.48%; 
- The maximum energy that can be recovered by 

sending it to the power grid: 14.14kWh=41.76%. 
Considering the average period between two trains 

of 5 min. at the rush hours (6.5 hours) and of 9 min. for 
the other hours (9.5 hours), it results that 141 trains are 
running daily in one station.  

A number of 141x51x30=215330 trains 
corresponds to a total number of the stations of 51 and 
one month of 30 days. Consequently, considering a 
recovery efficiency of 90% [13], the energy that can be 
recovered in the AC power grid, during a month, is 
minimum 1083.4 MWh and maximum 2745.4 MWh.  

The obtained values justify altogether the 
opportunity of searching specific solutions, such as the 
active substations. The opportunity is even more 
evident taking into account that the minimum value 
corresponds to the perfect timing of the traffic, which is 
very difficult to accomplish.  

Table 1 – Values of the main quantities at the train movement 
between two stations  

Parameter/ 
Regime Acceleration Steady-State 

(v=constant) Braking 

Time [sec] 44.5 28.5 18.6 
Space [m] 657 641 202 

Energy for Ft [kWh] 25.3 8.56 -17.74 
Energy for Fr [kWh] -6.06 -8.56 -1.47 
Kinetic energy [kWh] -19.24 0 19.21 

3. POSSIBILITIES OF USING THE TRACTION
TRANSFORMER IN ACTIVE D.C. 
TRACTION SUBSTATIONS  

The quality of the current injected into the AC-
line depends of the difference between the voltage at 
the DC-side and the magnitude of the line-to-line 
voltage. The transformer secondary voltage is 
established provided that the no-load average output 
voltage of the rectifier (UDC0) ensures the rated 
catenary’s voltage (UDCN) and the voltage drop in the 
power supply circuit (ΔU), i.e 

UUU DCNDC D+=0 . (5) 

UDC0 depends linearly on the magnitude of the 
line-to-line RMS voltage in the transformer secondary 
[17], 

stRDC UkU 20 =  . (6) 

 Next, we introduced the indicator kp, as the ratio 
of UDCN and the magnitude of the line-to-line voltage in 
the transformer secondary, to characterize the capability 
of the scheme to allow the regeneration. Thus, as a 
principle, if kp is over unity, the scheme is capable of 
recovery. 

If the voltage drop is expressed as a percentage of 
UDCN, (δU≈ (5÷10)%), kp can be expresed as: 

( ) ( )UkUUk RstDCNp δ+== 12 . (7) 

kR is a coefficient depending of the type of 
rectifier, respectively: 

- 955.03 == πRk  for the three-phase bridge 
rectifier and 12-pulse parallel rectifier; 

- 91.16 == πRk  for the 12-pulse series rectifier. 
By particularizing (7) for the three schemes of 

rectifiers and Uδ = 0.1, the following results are 
obtained: 

- 87.0=pk  for the three-phase bridge rectifier and 
12-pulse parallel rectifier; 

- 74.1=pk  for the 12-pulse series rectifier. 
It results that only the traction substations with 12-

pulse series rectifiers allow the regeneration and 
compensation by using the traction transformer. In the 
case of the other two schemes of rectifiers, the 
regeneration and compensation are possible only by 
using a dedicated transformer. 

Thus, there are two possibilities of connecting the 
recovery and compensation system to the power supply, 
i.e.:
- by the existing traction transformer; 
- by a dedicated transformer. 

4. STRUCTURE OF THE PROPOSED SYSTEM

In setting the structure of the system for 
regeneration and active filtering, we started from the 
premise that an IGBT-based APF which is properly 
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designed and connected is the basic component. Indeed, 
it has the intrinsic capability to provide an imposed 
increased value of the DC-bus voltage. On the other 
hand, ensuring the regeneration function requires the 
connection to the catenary line by a separating circuit. 

Besides APF, the proposed system is composed of 
(Fig. 5): the separating circuit (SC); the control block 
(CB); the transducer for the current from DC-line to 
APF (CTCF); the transducer for the voltage across the 
compensating capacitor of APF (VTCF). The contactor 
CCF is used for coupling the DC-line to SISFREG, 
whereas the contactor CAF allows coupling APF either 
to the existing traction transformer (TT) or to a 
recovery transformer (RT). 

In the left side, the traction substation is 
schematized through the traction transformer (TT) 
coupled to the high voltage supply by the contactor CTT 
and the uncontrolled rectifier (UR) coupled to the DC-
line by the contactor CDC.  

For the control of the proposed system, other 
quantities may be required, such as the voltage and 
current at the AC side of APF (provided by the 
transducers VTAF, CTAF) and the voltages and currents 
at the AC and DC-sides of the traction substation 
(provided by the transducers VTA, CTA, VTD, CTD). 

The separating circuit must satisfy the following 
three requirements: 
- To achieve an energy buffer between the DC-line and 

APF, which does not allow the very fast variation of 
the current; 

- To ensure the circulation of the recovery current when 
requested by the traction motors; 

- To ensure the decoupling of APF from the DC-line 
when there is no recovery current, in order to achieve 

the function of harmonics filtering and, eventually, 
the reactive power compensation. 

To meet the first requirement, the use of a 
properly designed inductance, possibly divided into two 
inductances, for reasons of balancing the circuit, is 
proposed. 

To fulfill the second requirement, the recovery 
current can be provided naturally by using a diode 
connected properly. 

The capability of the system to operate in filtering 
and regeneration modes is sustained by the following 
aspects: 
- When the traction motors tend to pass to regenerative 

braking regime, the rectifier does not allow the 
existence of a reverse current and, consequently, the 
DC-line voltage increases; 

- The loop of regulation the voltage across the APF’s 
compensation capacitor makes this voltage to be 
maintained at the prescribed value, with deviations 
not exceeding 5% [40]; 

- As long as the DC-line voltage (UDC) is below the 
compensating capacitor’s voltage (UDCF), the 
separating diode is reverse-biased, the DC-line is 
practically disconnected from APF and the control 
block prescribes a compensating current to APF in 
accordance with the adopted algorithm; 

- When UDC exceeds UDCF, the separating diode is 
forward-biased allowing the existence of the 
recovering current and the control block prescribes 
the current to be recovered, which is an active current 
in phase opposition with the transformer voltage at 
which APF is connected. 

Fig. 5 Block diagram of regeneration and compensation system and its connection 
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5. DESIGN OF INTERFACE CIRCUITS

5.1. Filter on the AC side 

Because the active filter inverter works in 
switching mode, high order harmonics are added to the 
compensating current. In order to diminish this effect, 
the inverter is connected to the AC line through an 
interface passive filter. It has to accomplish two main 
criteria: 
1. To ensure the current dynamics, by allowing the

unaltered passing of the harmonic components 
which are contained in the reference compensating 
current; 

2. To prevent the spread of the switching frequency
harmonics to the power grid. 

The structure which leads to high filtering 
performances is a LCL filter composed of two 
inductances (L1, L2) and one capacitance (Cf). This is 
more efficient due to the Cf capacitance, being able to 
satisfy both design criteria. To avoid the oscillations, a 
damping resistance Rd is added, which is connected, 
most commonly, in series with the filtering capacitor 
(Fig. 6). For the design of such a filter, it must be taken 
into account that the active filtering system can be 
connected in parallel with the non-linear load, in the 
point of common coupling (PCC), or through a 
transformer. The second connection mode is specific to 
high powers, such as the electric traction substations, 
when the active filtering system can also perform the 
function of regeneration the energy recovered in the 
braking mode to the power grid. Due to the interface 
filter importance in obtaining high filtering 
performances, literature often treats the design issue of 
it, but most often, it is considered the case of voltage 
inverters that have to provide to the grid a sinusoidal 
current with the industrial frequency [1], [28], [35], 
[36], [41], [55], [56], [70]. 

In our opinion, so far, it was not made a unitary 
approach based on the damping resistance 
consideration and on a detailed analysis of each 
parameter influence. 

We consider that, in order to analyze and design 
an interface filter dedicated to the active filtering 
systems, the following two aspects must be taken into 

account: the inverter behaves like a current source, and 
the interface filter has to be of wideband low-pass type, 
from the fundamental frequency to the last harmonics 
intended to be compensated. Consequently, the 
attention must be focused on the transfer functions 
related to currents and not on the admittances or 
impedances [9], [28], [34]-[37], [41], [55], [56], [67]. 

Moreover, the design criteria have to be directed 
first on the interface filter performances and then on the 
energetic criteria (the weight of the interface filter 
power in the rated power of the filtering system, the 
voltage drop, etc.) [1], [25], [41]. 

Equally, it is necessary the detailed analysis of the 
switching frequency influence relative to the maximum 
frequency that has to be compensated and to the 
resonance frequency, because the correlation between 
them is decisive [37], [67]. 

Most approaches in the literature, either do not 
consider the damping resistance [28], [35], [50], [55], [56] 
or do not highlight the influence of the damping resistance 
on the losses, although their presence is determined from 
practical point of view [9], [34], [36], [41]. 

Not in the least, the LCL filter has some 
limitations which may lead to finding a design 
algorithm to achieve the needed compromise in order to 
obtain good performances. In [27], a critical frequency 
for the existence of an impedance is identified. 

Starting from the equivalent scheme of the filter 
circuit, at high harmonic frequency, two transfer 
functions are obtained: 

- Output current - input current transfer function, 
( )
( ) ffd
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- Filtering capacitor current - input current transfer 
function, 
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It can see that the transfer functions do not depend 
on the inductance on the inverter side (L1) and have the 
same denominator. 

Fig. 6 The shunt active filter structure and the interface filters placement 
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Depending on the parameters’ values, the Bode 
characteristics of the transfer function G1 are divided in 
two categories: 

1. The characteristics that have the resonance
point located on the left side of the frequency 
corresponding to the last harmonic to be compensated, 
respectively fres<fN (Fig. 7); 

2. The characteristics that have the resonance
point located between the frequency corresponding to 
the last harmonic to be compensated and the switching 
frequency, respectively fN <fres<fsw (Fig. 8). 

It is obviously that the filter performances can not 
be ideal, but the problem is how its performances can 
be close to the ideal ones. 

From the mathematical point of view, a limitation 
results from the fact that the transfer function G1 does 
not depend independently on the three parameters, but 
on two combinations of two parameters, respectively 
Rd·Cf and L2·Cf. This means that only two equations can 
be taken into consideration in the filter design and one 
parameter should be imposed from other reasons. 

From practical point of view, for the LCL filter 
design, the magnitudes corresponding to the two 
frequencies are imposed (for fN, mN>1 and for fsw, 
msw<1) and, eventually, other conditions are added in 
order to remove the negative effects of the behavior. 

After removing the product Rd·Cf between the two 
conditions, the following expression is obtained: 
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Fig. 7 The frequency characteristics of G1 in the first case  

Fig. 8 The frequency characteristics of G1 in the second case  

where mpN and mpsw are the squares of the magnitudes 
corresponding to the two frequencies. 

The expression (10) shows that the values of mpN 
and mpsw are not independent, because the equation has 
not a positive solution for any combination of the mpN 
and mpsw values, when fN and fsw are imposed. This 
limitation, maybe the most important, is illustrated in 
Fig. 9 for fN=31x50Hz=1550Hz and fsw=10kHz. 
Moreover, the following aspects are emphasized with 
reference to Fig. 9: 

1. For all values of the magnitudes at frequency fN,
the magnitude at switching frequency decreases as the 
product L2·Cf increases; 

2. There is a limit value of L2·Cf (about 2x10-8),
for which positive values of the product Rd·Cf exist; 

3. The imposed values of mN and msw influence
each other in a negative way, as for low values of mN 
corresponds high values of msw. 

To quantify the extent to which the harmonics to 
be compensated are influenced by imposing the 
magnitude response at fN and fsw, the following 
magnitude performance indicator penalizing the 
magnitude of harmonics of low order is proposed: 
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Therefore, the more the value of MPI is closer to 
1, the better filter performance is obtained (Fig. 10). 

5.2. Separating Circuit 

In order to analyze the system’s operation and to 
conceive the mathematical model of the separating 
circuit, the equivalent scheme by neglecting the 

Fig. 9 The magnitude at switching frequency as a function of product 
L2·Cf for four values of the magnitude at fN .  

Fig. 10 Magnification of the harmonics up to N=51 
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resistances of the two inductances and of the traction 
line-vehicle assembly has been used (Fig. 6).  

It must be taken into account that the separating 
circuit operates only in recovery mode, because in 
traction mode the diode Ds is reverse-biased by the 
voltage across the DC-capacitor. 

From the point of view of the separating circuit 
design, the unfavorable situation when switching occurs 
from the peak value of the line current (I0) to zero and 
vice versa is taken into consideration. There will be 
considered two successive periods corresponding to the 
switching frequency, i.e. ( )sTt 2,0∈ . During this time 
range, the current absorbed by inverter is expressed as: 
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Finally, the following expressions are obtained for 

the current through diode and for the voltage across 
capacitor: 
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It must be mentioned that the equivalent 

electromotive force (E) that appears in the above 
expressions corresponds to the regeneration mode and 
can be considered as being equal to the rated value of 
the traction line voltage. 

In order to determine the design expressions, the 
effects of the separating circuit to the DC line-vehicle 
assembly and to the injected AC-current have been 
taken into consideration. Consequently, a possible 

design expression consists of limiting the current ripple 
in the DC line-vehicle assembly and the ripple of the 
capacitor voltage (Fig. 11). Their expressions are (per 
units): 
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Fig. 11 Waveforms of the DC-line current ripple (p.u.) and voltage  
across the DC-capacitor ripple (p.u.), in regeneration mode 
 
By imposing the normalized values of the ripples 

(εu, εi), the design conditions for each parameter in the 
DC-link circuit are expressed as follows: 
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6. CONTROL OF THE SYSTEM  

6.1. Structure of the control system 

Usually, the control part of the system contains 
two closed loops, where the first one is outer and 
controls the DC voltage and the other is inner and 
controls the current (Fig. 12). Accurate control of the 
DC voltage is essential in obtaining good performance 
of the entire system. Therefore, various solutions have 
been proposed so far for the control algorithm and for 
the controller structure [5], [14]-[16], [42], [47], [48], 
[57], [64] 
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Fig. 12 Single-phase block diagram of the indirect current control-based system 

Thus, in [14] and [16], an analysis of different 
techniques for the control of compensating capacitor 
voltage is performed. However, there is no argument in 
favor of a particular method compared with others. 

In [43], [48], [57] ,[64] there is a comparative 
analysis of Fuzzy and PI controller performances. It is 
concluded that Fuzzy controller leads to better 
performances. From our point of view, the conclusion 
is at least questionable, as long as there is no 
assumption on the correct tuning of the Proportional-
Integral (PI) controller.  

The sliding mode technique is analyzed in [15] 
and [47] and the obtained results are similar to the PI 
controller based results, when the controller is tuned 
optimally [5].  

The hysteresis controllers, which are usually 
involved in the current control loop, have good 
dynamic performance, but they do not allow the control 
of the inverter switching frequency. In order to obtain a 
constant value of the switching frequency, a lot of 
improvements were made on the hysteresis controller 
[3], [6]. For instance, the use of online computation of 
the variable hysteresis band, Fuzzy techniques [22], 
[39] or sliding mode [21] are among the proposed 
solutions. 

An interesting PWM method, which includes the 
sensorless control, is presented in [4].  

6.2. Current control methods 

Irrespective of the used controller type, the current 
control involves getting a reference current. Depending 
on the reference current, two control methods are 
known: the direct current control (DCC) and the 
indirect current control (ICC).  

In the case of DCC, the reference current is the 
APF’s output current, which, in the 
filtering/compensation mode, contains the harmonic 
current to be compensated and, eventually, the 
fundamental component of the reactive power. 
Obviously, the comparison is made with respect to the 
real current at the inverter output.  

6.2.1. Indirect current control 

ICC involves the grid current control and, 
therefore, a sinusoidal reference current is compared 

with the real grid current. It is proved that the active 
current exchanged by the compensation capacitor with 
the AC side is directly proportional to the DC-voltage 
ripple and, consequently, the DC-voltage ripple can be 
used to estimate the active current [69], [52]. Thus, the 
reference current can be obtained in two ways. The first 
one is simpler and consists of multiplying the voltage 
controller output by three sinusoidal signals of unity 
magnitude and synchronized with the supply phase 
voltages. The main advantages of ICC consists of 
reduced ripple of the controlled current and simplicity 
of implementation [26]. In addition, when the first way 
of reference current generation is adopted, it is not 
necessary to measure the load current. Moreover, the 
natural transition to the regeneration mode, with 
notable performances, is allowed [24], [53], [65] , [52]. 

It must be noted that we substantiated the 
mathematical support of ICC, for the first time in the 
literature [13], [52]. 

Thus, it is proven that the average value of the 
capacitor current in the period T of the voltage (Fig. 13) 
has the following expression: 
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Expression (17) highlights the following aspects: 
- The active current exchanged by the compensation 

capacitor with the AC power supply is directly 
proportional to the DC-voltage ripple and, 
consequently, the DC-voltage ripple can be used to 
estimate the active current; 

- The capacitor absorbs active current (i.e. active 
power) when )21,0(∈x , which corresponds to 
regime of filtering-compensation; 

- The capacitor delivers active power when )1,21(∈x , 
which corresponds to regime of regeneration. 

Obviously, the conditions outlined above 
characterize the two regimes in mathematical terms and 
they result from physical operation conditions. Thus, 
the regeneration regime is obtained only if an external 
source provides active power to the compensation 
capacitor, as is the case of DC-traction vehicles during 
the regenerative braking. 

On this basis, the structure of the control system 
was conceived, as shown in Fig. 14. 
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Based on the prescribed and sensed values of the 
voltage across the capacitor, the voltage controller of 
proportional-integral (PI) type gives the magnitude of 
the reference supply currents. A specific circuit 
provides three sinusoidal signals (1ua, 1ub, 1uc) of 
unity magnitude and synchronized with the supply 
phase voltages, denoting the shapes of the reference 
currents. The operation of the adopted circuit of phase-
locked loop (PLL) is based on the cancellation of an 
internal fictitious power [62]. It must be stated that the 
output signals are in phase with the fundamental 
components of the input voltages, allowing the proper 
operation even under nonideal voltages. 

In the second way, the reference grid current is 
generated as an active current based on the sensed 
supply voltage and load current plus an additional 
component to cover the power losses [53] , [62] , [65], 
[69], [52]. 

Fig. 13 Typical evolution of voltage across the DC-capacitor and its 
prescribed value 

Fig. 14 Block diagram of the indirect current control 

Several methods have been used for the generation 
of the active current, such as p-q theory, synchronous 
reference frame, FBD theory, Current Physical 
Components (CPC), and Conservative Power Theory 
(CPT). The operation under two types of voltage 
conditions (sinusoidal and distorted) has been taken 
into consideration. The three compensation goals taken 
into account were: selective harmonics cancellation; 
perfect harmonics cancellation; unity power factor. A 
dedicated Simulink library has been created, in order to 
be integrated on an experimental platform dSPACE 
DS1103 [51]. 

7. OPTIMAL CONTROLLERS DESIGN IN
INDIRECT CONTROL 

In the adopted cascaded control loops with PI 
controllers, the DC-capacitor voltage controller output 
is the reference current magnitude of the grid current 
controller (Fig. 14) during both filtering and 
regeneration modes. The difference during operation is 
given by the output signal sign, which gives the 
direction of the active power flow, that is: “+” when the 
vehicle operates in traction mode and SISFREG in 
filtering mode; “-” when the vehicle operates in braking 
mode and SISFREG in regeneration mode. 

The sinusoidal signals of unity magnitude (1uA, 
1uB, 1uC), which are the system’s “voltage template”, 
having the same phase as the fundamental voltages, are 
provided by a specific PLL circuit. 

In order to obtain the desired grid current, the 
IGBTs’ gating signals are obtained in two stages. Thus, 
in the first stage, a current controller processes the input 
error current and provides a signal containing 
information about IGBTs’ control. Then, this signal is 
processed and transformed into concrete gate signals 
for each IGBT through the so-called modulator. 

The block diagram of the control system 
emphasizes the control loops, in which the current loop 
is inside the voltage loop (Fig. 15). The involved 
transfer functions are associated to the different parts of 
the system: 

GFi(s) – the first partial transfer function of the 
system APF-recovery transformer, from the inverter’s 
control voltage to the AC grid current upstream PCC (it 
corresponds to the fixed part); 
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 GFu(s) – the second partial transfer function of 
APF, from the AC grid current upstream PCC to the 
voltage across the capacitor on the inverter’s DC-side; 
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GRu(s) – the transfer function of the voltage 
controller; 
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GRi(s) - the transfer function of the current 
controller; 

( )
s

s
sT

KsG
i

i

Ii
PiRi ⋅θ

⋅θ+
=








⋅

+= 1111 (20) 

GTi(s) - the transfer function of the current 
transducer; 

GTu(s) - the transfer function of the voltage 
transducer. 
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The PI current controller is designed using the 
Modulus criterion which leads to very good 
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performances for fast systems [40]. The following 
parameters are obtained: 

TiDiiki TKT 2;1 == θθ  (22) 
  

Since the transfer function of the direct path has a 
simple pole in origin, the voltage controller was tuned 
through the Symmetrical Optimum criterion [40]. The 
following parameters are obtained: 

 

 
Fig. 15 Block diagram of closed-loop control system based on ICC 

 

TiuTiDuu TTK 8;32 1
2 == θθ  (23) 

  
In the above expressions, KDi and KDu are the 

amplification factors of current and voltage open loops. 

AuTi
Tu

DuTiAiDi KK
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8. CONTROL SYSTEM PERFORMANCE 

The control system performance was tested in the 
case of connecting the filtering and regeneration system 
to a DC-traction substation with 12-pulse parallel 
rectifier, having the traction transformer in Y/y/d 
connection and the following rated data: SN=3.2 MVA; 
U1N=33kV; U2N=1.2kV [69].  

The rated and maximal values of the DC traction 
line voltage are UCN=1500V and UCmax=1900V, 
respectively. 

The recovery transformer needed to connect 
SISFREG in PCC has Y/y connection, SNr=2.2MVA, 
U1N=820V, and U2N=33kV. Other quantities involved in 
the controllers’ parameters computation are shown in 
Table 2. The resulted parameters in the control loops 
design are: Kpi=67.6; TIi=2.61·10-4 s for the current 
controller; Kpu=16.9; Tiu=2.93·10-4 s for the voltage 
controller. 

The analysis of the control system performance 
was made by using the conceived Matlab/Simulink 
model of the whole system, taking into account the real 
operation conditions (the capacitor charging, the 
transducers’ presence, the sampling period limited to 20 
µs, the inverter switching, etc.). 

The evolution of the voltage across the 
compensating capacitor during the charging process, 
and then the operation in filtering mode, emphasizes the 
following aspects: 

- The charging occurs in three stages (Fig. 16): 
first the capacitor is charged freely through current 
limiting resistances (up to 950 V at t = 0.12 s); then, in 
direct mode, the capacitor voltage reaches the value of 
1130 V; in the third stage, the control system starts 
operating by prescribing a ramp voltage, and the 
achieved capacitor voltage in quasi-stationary regime is 
of about 1700 V; 

- The charging process in finished in about 
0.26s, with an overshoot of about 1.2%; then, the 
voltage oscillations are lower than 0.5% (Fig. 16). 

When changing the operating mode, the voltage 
loop dynamics is illustrated by the voltage variation 
over an entire cycle, meaning charging - filtering - 
regenerating - filtering (Fig. 17). As it can be seen, 
when passing from the filtering mode to the 
regeneration mode, the capacitor voltage increases by 
about 3.5% and 

 

 
Fig. 16 DC-capacitor voltage during the charging process: prescribed 

(blue line); real (black line) 
 

 
Fig. 17 Voltage across the DC-capacitor during charging-filtering-

regeneration-filtering regimes: prescribed (blue line); real (black line) 
 

the steady state regime is reached after an oscillation 
with very low negative values (about 70 ms). 

Returning back to the filtering mode, the voltage 
across the capacitor decreases by about 2.5% and 
reaches the steady state regime after about 25 ms. 

9. PERFORMANCE OF SISFREG 
(BUCHAREST METRO CASE STUDY) 
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The SISFREG’s performance was determined 
using the conceived Simulink model of the whole 
system, consisting of the SISFREG closed loop system, 
TSS and vehicle-catenary line assembly. 

The model of the vehicle-catenary line assembly, 
in braking energy recovery mode, includes a braking 
acceleration control loop having at its input the 
reference acceleration and the actual acceleration which 
is proportional to the DC current generated by the 
vehicle. The output of the acceleration controller means 
the e.m.f. equivalent to the traction motors in the 
braking energy recovery mode (modeled as a controlled 
voltage source). In this way, the reference current is 

calculated so as to ensure the imposed braking 
deceleration. 

In active filtering mode, the indirect current 
control technique was adopted [53]. The associated 
energetic performances (Table 3) and the grid current 
waveform (Fig. 18) illustrate the correctness of the 
SISFREG operation. It can be seen that the grid current 
becomes sinusoidal, having the same phase as the 
supply voltage. 

The resulted current distortion is only 2.22%, 
which means a filtering efficiency (FE) of about 12. 

Table 2 – Parameters involved in controllers’ design  
KTR R [Ω] L [H] URmax [V] C [F] KTu TTu [s] KTi TTi [s] UDC [V] 

820/33000 12.8·10-3 0.226·10-3 10 70·10-3 10/2000 6.18·10-4 10/100 6.18·10-4 1700 

Fig. 18 Load current -1, voltage- 2 and grid current- 3 during 
acceleration (P=1.1PN) in the presence of APF 

Table 3 – Main energetic performances on the grid side during 
acceleration and operation in filtering mode  

Pc [MW] P1 [MW] S1 
[MVA] PF Eff THDI 

[%] 
FE 

2.2 2.301 2.302 1 0.9636 2.22 12 

The active power at the grid side increases 
slightly, due to the APF’s losses and, consequently, the 
efficiency decreases slightly (0.5%).  

When the train operates in braking energy 
recovery mode, respectively SISFREG operates in 
regeneration mode, very good performances are 
obtained too, as it can be seen through the waveforms 
in Fig. 19 and Fig. 20 and the numerical values in Table 
4. 

Unity power factor is achieved, the grid current is 
almost sinusoidal (with a slight distortion of about 
1.5%) and has an opposite phase relative to the voltage 
waveform (Fig. 19), because the power flows from the 
train to the grid. The efficiency of 92.6% justifies the 
adopted value in section II to estimate the recovered 
energy. 

The DC voltages waveforms (Fig. 20) illustrate 
also the transient regime, validating the natural 
transition from one regime to other one, without 
exceeding the admissible value of the catenary voltage 
(950 V). 

Table 4 – Main energetic performances on the grid side during the 
braking regime and SISFREG operation in regeneration mode  

Pc [MW] P1 [MW] S1 [MVA] PF Eff THDI [%] 
2.2 2.037 2.037 1 0.926 1.5 

Fig. 19 Current -1 and voltage -2 at the grid side during regeneration 

Fig. 20 Catenary voltage -1, compensating capacitor voltage -2 and 
reference DC-capacitor voltage -3, during regeneration (P=1.1PN) 

10. CONCLUSIONS

1. The proposed solution for converting the DC
traction substations into active substations involves the 
use of a power structure consisting of an APF together 
with a proper separating circuit on the DC-side, called 
SISFREG. It is shown that the AC-side of SISFREG 
can be connected directly to the existing traction 
transformer only when the scheme of traction rectifier 
is 12-pulse series configuration. In the case of 6-pulse 
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and 12-pulse parallel schemes, a dedicated power 
transformer is required to connect SISFREG to the high 
voltage power supply. 

2. Starting from power flow based considerations 
and practical aspects related to the APF’s proper 
operation, the apparent power of the recovery 
transformer can be estimated. 

3. The regenerated current is practically sinusoidal 
and in opposite phase with the corresponding supply 
voltage. 

4. The harmonic distortion of the supply current is 
enclosed in the present standards in both recovery and 
filtering operation modes. 

5. The energetic performances in the recovery 
mode are notable, the efficiency being over 92%. 

6. Good performances are also obtained in the 
filtering mode, this aspect being proved by the power 
factor value (about 99.8%, i.e. almost unity power 
factor) and by the filtering efficiency of about 12.3. 

7. It was proved that the proposed system is a 
viable technical solution for converting DC traction 
substations in active substations. 

8. The analysis performed justifies entirely the 
need of converting the Bucharest metro TSS into an 
active TSS. The proposed solution, which also 
accomplishes the active filtering function, is an option 
and has to be thorough in terms of the financial aspects. 

Actual research is oriented to building an 
experimental setup and implement the elaborated 
control algorithms.\ 
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