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OGRANICZENIE SPADKÓW NAPIĘCIA 
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ZA POMOCĄ URZĄDZEŃ TYPU STATCOM 

A b s t r a c t  
One of the main problems in the railway supply stations are the voltage drops due to the changes of 
the load. In this paper one of the FACTS devices – STATCOM is proposed as a voltage regulator 
connected at the substation input. The STATCOM is a device which can supply capasitive or 
inductive power to the supply network and thus it can act as a compensator or as a voltage 
regulator. The control signals to the STATCOM were build using input voltage instant phase and 
an average value of the output DC voltage (averaged over 20 ms window). The static and dynamic 
performances of the substation were then investigated. The STATCOM was found to be able to 
substantialy reduce voltage changes at the substation output for a sudden load changes. 
Keywords:  railway DC supply, STATCOM, voltage fluctuation, simulation of railway power 

supply system 

S t r e s z c z e n i e  
Jednym z podstawowych problemów w układach zasilania klasycznych podstacji trakcyjnych 
są spadki napięć w liniach zasilających. W niniejszym artykule zaproponowano zastosowanie 
urządzenia typu FACTS (Flexible AC Transmission Systems) – STATCOM-u w celu 
zmniejszenia wahań napięcia na szynach prądu stałego układu trakcyjnego. Proponowane 
rozwiązanie nie prowadzi do zmiany struktury układu podstacji trakcyjnej, a sterowanie 
napięciem wyjściowym odbywa się przez sterowanie napięciem po stronie zasilania z sieci 
rozdzielczej za pomocą dodatkowego urządzenia sterującego rozpływem mocy biernej w tej 
sieci. Symulacje przeprowadzone dla typowych rozwiązań systemów zasilania podstacji 
wykazały, że regulator STATCOM jest w stanie utrzymywać nominalne napięcie na wyjściu 
DC podstacji przy zmiennym obciążeniu dla szerokiego zakresu tych obciążeń, a dynamika 
układu dla nagłych zmian obciążeń jest zadowalająca. 
Słowa kluczowe:  układ trakcyjny prądu stałego, STATCOM, kompensacja spadku napięcia, 

symulacja kolejowego układu zasilającego 
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1.  Introduction 

One of the main problems in DC traction power supply are voltage variations caused by 
voltage drops in power supply lines. In Poland traction voltage is a 3 kV DC voltage. 
Classic construction of traction substation consists of a voltage lowering transformer, 
twelve pulses rectifier, series inductor at the DC side to smooth DC current, filters and 
protection devices. Taking under consideration loads supplied by a single substation and 
the length of power supply lines the optimal voltage level was minimum 30 kV. However, 
after the standardization, the voltage levels in Polish power supply grid are 400, 220, 110 
and 15 kV. Some substations are already converted to 110 kV (where it was possible), but 
majority works at 15 or still 30 kV level. The conversion of the substation into 15 kV 
supply level caused several problems. The 15 kV lines have only limited power transfer 
capability. Figure 1 shows how this power transfer is limited for a different cross-section of 
the supply line and for assumed maximum voltage drop of 10% [2]. On the X axis is a 
line’s power transfer in MW, and on the Y axis is length of the line.  

 

 
 

Fig. 1. The limitations of the power transfer for a 15 and 20 kV lines for a maximum voltage drop 10% 

Ryc. 1. Ograniczenia przesyłu mocy linią SN przy maksymalnym dopuszczalnym spadku napięcia 10% 

The vertical drops on the border lines are caused by a maximum thermal load of 
commonly used in Poland aluminum wires (AFL). It can be noticed, that for a commonly 
used AFL 95 mm2 line and common power transfer to the substation – 8 MW, maximum 
range of such supply system, due to voltage drop, is only about 6,4 km (4 miles). When 
maximum diameter of wires used in Poland for overhead medium voltage supply lines – 
AFL 240 mm2 is employed, this maximum range extends only to 11,5 km. For longer 
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supply lines or larger power traction substations extra 220/15 kV or 110/15 kV substation 
has to be built close to traction supply point or extra 110 kV line has to be constructed to 
supply 110/3 kV traction transformer. The voltage drop in traction supply is caused not 
only by the current flow in AC powersupply side, but also by the current flow through the 
substation elements – the transformer, the rectifier and the series inductor at the DC side. 

The electrical characteristic of the traction substation is the relationship between the 
voltage and current at the substation DC output. The characteristic which takes under 
consideration only voltage drop caused by substation elements (the value of the AC supply 
is constant) is called a "theoretical characteristic", and the one which also takes under 
consideration voltage drop in the supply lines is called "natural characteristic". Of course, 
in real life applications all voltage variations have to be taken under consideration, thus 
only the natural characteristic can be used to calculate voltage drops due to the supply 
current flow.  

 

 
Fig. 2. V(I) characteristics of the traction supply station: a) ideal, b) theoretical, c) natural 

Ryc. 2. Charakterystyki napięciowo-prądowe podstacji trakcyjnej: a) idealna, b) teoretyczna, 
c) naturalna 

All three characteristics: ideal, theoretical and natural for the traction supply station 
with one working rectifier section (type PD-16/3,3) and supplied from 15 kV network are 
shown in the figure below (Fig. 2). The transformer of the supply system is a 110/15 kV, 
25 MVA transformer and length of the 15 kV supply line is 2,2 km (less then 1,5 mile). The 
impedance of the 110 kV supply network is characterized by an apparent power at the short 
circuit SZ = 1500 MVA, which is given by power system management authorities. The 
apparent power SZ is defined as 

 SZ = UN * IZ (1) 

a 

b 

c 
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at the point of the supply, where UN is a nominal voltage and IZ is an initial short circuit 
current at this point.  

The characteristics of the substation if it’s parameters are considered to be constant 
assume the form of straight lines. Tangents of the angles between these characteristics and 
the X axis are equal to the quotient of the voltage drop at the DC output of the station and 
supplied current, thus is equal to the apparent resistance of the supply network visible from 
the substation DC output.  

As it can be calculated from the Fig. 2 the equivalent resistance of the supply station, 
working with one rectifier section PD-16/3,3 and supplied from the network described 
above is equal to 0,244 Ω  (RZ = ΔU/ΔI). Of course if further sections of the rectifier are 
switched "on" for a parallel work, the resistance of the substation elements become smaller, 
but the voltage drop at the supply network increases to due to the current increase [4].  

In this article, the FACTS (Flexible AC Transmission Systems) device – STATCOM is 
proposed to decrease voltage variations at the DC voltage bus of the traction substation. 
The proposed solution can be applied without the change of the structure of the station and 
supply system, and the control of the voltage is done by the extra device mounted at the 
substation input. The real part of the voltage drop on the medium voltage supply lines can 
be stated as 

 
U

XQRPU ⋅+⋅
=Δ  (2) 

where: 
 P –  active power flow, 
 Q  –  reactive power flow, 
 X –  line reactance, 
 R  –  line resistance, 
 U –  line voltage.  

The STATCOM controls input voltage of the substation by means of control of reactive 
power flow in AC supply network. If STATCOM consumes inductive power the value of 
the product Q times X is positive and voltage drop increases and if statcom supplies 
network with reactive power this product become negative and voltage drop decreases. 
Please note that in this case voltage drop can become negative what corresponds to voltage 
increase at the end of the supply line. 

The device is especially effective for a supply network with large internal impedances 
(low SZ , long 15 kV supply lines).  

2.  The principle of the operation of STATCOM device 

STATCOM, Static Synchronous Compensator is a controled source of reactive power. 
It is working as a device connected parallelly to the supply network and it controls reactive 
power flow by it’s absorption or generation. Figure 3 shows the basic structure of the 
STATCOM. 
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The capacitor at the DC side of converter 
(Fig. 3) acts as an energy storage and is con-
nected through inverter and coupling transformer 
to the supply network. The transformer is necessary 
to lower supply voltage to the levels acceptable 
by electronic devices and to increase apparent 
power at the short circuit SZ as seen from the 
capacitor terminals. To assure proper work of the 
device, it has to be connected to the network 
through coupling inductance X – if transformer is 
used it’s internal reactance can be utilized as this 
coupling inductance. If the levels of the voltages 
in the supply lines are not too high for the 
converter electronic, STATCOM device has to 
be connected to the network through extra series 
inductor or extra 1:1 transformer. The concept of 
STATCOM work is similar to those of classic 
synchronous condenser [1, 2]. 

The change of the output voltage of the 
converter Us (Fig. 4), cause the change of the 
reactive current (reactive power) flow between 
the STATCOM device and the supply network.  

 

 
Fig. 4. Equivalent circuit of the STATCOM device 

Ryc. 4. Obwód równoważny układu STATCOM 

In any case, the active power flow between two sources from Fig. 4 can be stated as 

 
X

UUP se δ⋅
=

sin  (3) 

and reactive power flow 

 ( )
X
UUUQ see δcos−⋅

=  (4) 

At the steady state of the STATCOM work, the voltages Ue and Us have the same phase 
(δ = 0), thus active power flow P = 0, and the relationship describing reactive power flow 
simplifies to 

Fig. 3. Structure of STATCOM 

Ryc. 3. Schemat ideowy układu STATCOM 
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 ( )
X

UUUQ see −⋅
=  (5) 

Series inductor X has a constant value (usually it is a reactance of the transformer) and 
the value of the voltage in the system is an independent variable. Thus, to change the 
amount and the character of the reactive power generated by STATCOM, only the 
amplitude of the output voltage of the inverter has to be adjusted (Fig. 5). 

 

 
Fig. 5. Output characteristic STATCOM device 

Ryc. 5. Charakterystyka naturalna układu STATCOM 

If the amplitude of this voltage (Us) is greater than the one in the system, the 
STATCOM current has the capacitive character and reactive power is supplied to the 
system. The decrease of the STATCOM voltage amplitude below the amplitude of the 
system’s voltage generates inductive power flow to the STATCOM.  

If amplitudes are equal, there are no currents between system and the STATCOM. 
To change the output voltage of the STATCOM inverter, the change of the capacitor 

bank voltage is needed. To achieve this, it is necessary to shift the phase of STATCOM 
output voltage to allow active power flow. The active power flow enables the change of the 
energy of the capacitors, thus the change of their voltages. During dynamic states (rapid 
voltage changes at the STATCOM input) the device will consume or supply active power 
to the grid. In real life application the active power is consumed all the time due to the 
capacitor and switches losses, which have to be covered from the grid.  

3.  Matlab model of the STATCOM compensator 

Model of the STATCOM device shown in Fig. 6 was developed using Matlab Simulink 
software taking under consideration real structure of the compensator. Thanks to this fact 
the model can be used to investigate all working conditions occuring in real life application. 
The model was built using the standard Simulink blocks and user defined functions.   

Capacitive current Inductive current 

STATCOM 
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Fig. 6. The structure of the STATCOM model 

Ryc. 6. Schemat modelu układu STATCOM 

The main task in STATCOM model development is to build a control system able to 
manage two level converter output voltage and at the same time to control capacitor 
voltages. The main duty of the control system is to supply proper amount of the reactive 
power to the substation supply system on the basis of the measured voltages and currents. 
In the real STATCOM device during steady state work, the voltages Ue and Us are not 
exactly in phase (as it was shown in previous chapter) since one can always supply some 
active power due to the losses on STATCOM elements. In dynamic states, the active power 
flow to or from the device what causes the change of the amount of the energy stored in the 
capacitors (the change of the capacitors voltages). The change of the capacitors voltages 
results in the change of the magnitude of the STATCOM output voltage and in the change 
of the reactive power flow between STATCOM and the network.  

In majority of applications the device is used as voltage regulator in AC power supply 
system, and then the control signal is the difference between the actual voltage level and the 
desired one. Of course, to avoid oscillations during sudden changes of voltages in power 
system, the structure of the control system includes PI regulators and blocks limiting rate 
and magnitude of the device output quantities. The main part of the control block is the 
system of the capacitors voltages management – both voltages are being kept at the same 
level and controlled by two signals: the value of the network reactive current component Iq 
and the value delta_Uc which is the value proportional to the error signal from PI requlator.   

The dialog window allows to change the work routine, to determine the required voltage 
level or the required cosϕ and the length of the simulation step (Fig. 7). 
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Fig. 7. Dialog window of the STATCOM model 

Ryc. 7. Okno dialogowe modelu STATCOM 

4.  The development of the rail supply station model together 
with the STATCOM device 

The model of the rail supply system including AC supply, lowering transformer, 
rectifier and current smoothening inductance was built to show the influence of the 
STATCOM device on the output DC voltage level during load change using Matlab 
Simulink (Fig. 8).  
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Fig. 8. Model of the rail supply system including STATCOM device 

Ryc. 8. Model układu podstacji trakcyjnej wraz z urządzeniem typu STATCOM 
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Model of the AC supply system was designed as a three phase 15 kV source with 
internal impedance corresponding to the short circuit apparent power SZ = 400 MVA and 
X/R equal 3, which are typical quantities for medium voltage supply system. Model of the 
railway supply station consist of three phases to six phases lowering transformer (modeled 
as a standard T model) 12 pulse rectifier and smoothening reactance. This structure is 
a straight forward reproduction of the real system. The concept of the STATCOM 
application looks simple – the voltage of the DC output is controlled by adjusting the AC 
voltage of the supply system. In practical application new control signal, synchronized with 
supply system voltage and proportional to the mean value of the DC output voltage has to 
be build. This new control signal has the same frequency and phase as the AC voltage. The 
amplitude of this signal equals 1 (all measurements are done in p.u. system) when output 
DC voltage achieves 3180 V.   

5.  Simulation results and conclusions 

In the considered model the substation is loaded with constant RL type load (2 MW and 
300 kvar) and is subjected to sudden load change up to additional 10 MW. This sudden 
load change allows not only the evaluation of STATCOM work, but also allows to evaluate 
it’s time response, dynamic performance and system stability.  

The effects of STATCOM application at the AC input of the substation (located as in 
the Fig. 8) during cyclic load changes every 1 second can be evaluated from Fig. 9 and 
Fig. 10. Upper graphs in both figures represents the response of the substation and its 
supply system without STATCOM, and lower ones with the device switched "on". 

 
 

 
Fig. 9. The output voltage of the substation: without STATCOM – a; with STATCOM – b 

Ryc. 9. Napięcie wyjściowe podstacji: bez układu STATCOM – a; z układem STATCOM – b 

a) 

b) 
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Fig. 10. The AC supply voltage of the substation: without STATCOM – a; with STATCOM – b 

Ryc. 10. Napięcie wejściowe podstacji: bez układu STATCOM – a; z układem STATCOM – b 

The implementation of STATCOM significantly reduces voltage drops at the DC and 
AC side of the substation. The DC voltage drops were reduced from 300 to 130 V for 
a  considered apparent short circuit power, models of the transformers and diodes and 
parameters of the load. The voltage drop in the AC supply system is corrected not only 
during sudden load change, but also during steady conditions when substation is loaded 
with a 2 MW load. This correction causes supply voltage to be lifted from 14,9 kV to full 
15 kV. In case of a sudden load change the AC voltage at the station terminals is lifted from 
14,2 kV without the regulator up to 14,8 kV with the regulator. 

The research included also the estimation of the value of the capacitance in STATCOM 
device necessary for a proper device work. Only the reactive power is exchanged between 
device and network during steady state of work, thus the capacitor average voltage during 
the period remains constant (to change the capacitor voltage one has to supply or take 
active power to change ammount of energy stored in this capacitor). However, the large 
amount of reactive power flow causes capacitor voltage fluctuations during one period of 
line voltage.  

In the proposed application, after a sudden load change from 10 to 12 MW, the 
STATCOM device supplies about 4 Mvar of reactive power to the grid, what result in line 
voltage increase. During one period capacitors are discharged and charged again what 
causes voltage oscilations. For a considered system the capacitors are loaded up to 10 kV 
and for example, for a capacitor 1000 μF the amount of energy stored is around 30 · 106 J. 
The maximum energy amount supplied to the grid during half period of the supply voltage 
(for 4 Mvar supplied to the grid) is equal to 4 · 104 J per one phase. The pulsations of the 
capacitor voltages and their dependence on capacitor values are shown in Fig. 11 and 12. 

 

a) 

b) 
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Fig. 11. The 1000 μF capacitor voltage oscilations for a considered model with 12 MW load 

and 4 Mvar supplied to the grid 

Ryc. 11. Oscylacje napięcia na kondensatorze 1000 μF dla omawianego modelu przy obciążeniu 
12 MW i 4 Mvar energii biernej dostarczanej do sieci 

 
Fig. 12. The 5000 μF capacitor voltage oscilations for a considered model with 12 MW load 

and 4 Mvar supplied to the grid 

Ryc. 12. Oscylacje napięcia na kondensatorze 5000 μF dla omawianego modelu przy obciążeniu 
12 MW i 4 Mvar energii biernej dostarczanej do sieci 

In both cases shown in the above figures, the voltage variations are not exceed 4% of 
the desired value thus they do not affect device performance. It was found that the 1000 μF 
capacitor is enough to assure proper device work in steady state conditions, but the 
dynamic performance of the device is much better with larger capacitances. Thus the 
recommended capacitance values are within 1000–5000 μF range since the increase of the 
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capacitance above 5000 μF does not improve the device operation at all and creates 
additional costs. 

 
 a) b) 

     
 c) d) 

     
Fig. 13. Influence of the integrator gain in current regulator loop of STATCOM on voltage output of 

the substation: a) to small gain (5), b) optimal gain (30), c) to large gain (80), 
                                  d) gain over 112 – oscilations of voltage are not dumped  

Ryc. 13. Wpływ nastaw współczynnika wzmocnienia integratora w pętli regulacji prądu STATCOM 
na przebieg wyjściowy napięcia podstacji: a) zbyt mały współczynnik (5), b) optymalny 
współczynnik (30), c) zbyt duży współczynnik (80), d) współczynnik, przy którym 
                                                    występują oscylacje (> 112) 

Of course sudden changes of the load for the substation with STATCOM cause voltage 
oscillations, which can be dumped by device regulators. Regulator settings i.e. value of the 
proportional and integral gains for a PI type regulator has to be set with relation to supply 
network apparent short-circuit impedance, value of the inductance of the substation choke 
and the maximum expected load step change. Proposed system was tested under rather 
extreme load changes – 10 MW load was switched "on" and "off" at the terminals of the 
16 MW rated substation. In practical applications, the largest sudden load changes occur at 
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the train stations during large engine starts and it is still limited by the engine internal 
electronic. Figure 11 shows the dependence of the output voltage on the integrator gain for 
a constant value of the proportional gain (output voltage is averaged over 20 ms window). 
Wrong settings of the regulator gains can result in output voltage oscillations and loss of 
the system stability.  

Concluding, the application of the STATCOM device can be an interesting alternative 
to fully controlled rectifiers since STATCOM can be installed at the input of the existing 
substations without changes to their structure. STATCOM allows to compensate voltage 
changes in supply AC lines and even to compensate voltage drops on substation elements. 
It is also possible to increase supply voltage – for example by 10% and to use STATCOM 
to decrease it by means of inductive reactive power consumption to normal level at the 
input of the substation. This can increase the regulation range, but power supply authorities 
are not happy with large quantities of reactive power being supplied from power supply 
network. Simulations showed that for this regime of work, the STATCOM is able to keep 
constant substation output voltage for a supply voltage oscilation up to ±10%. The 
STATCOM regulator gains which have to be set for every substation have large influence 
on transition states in substation output voltages during dynamic states. 
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