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SUMMARY 
 
The demand of electrical power in the Swedish railway system has increased the last years 
due to increased rail traffic. However, the transmission losses are high and the ability to keep 
an appropriate voltage level is a challenge in parts of the 15 kV, 16 ⅔ Hz single phase system.  
 
In order to reduce the losses an additional HVAC (High Voltage AC) line, in parallel with the 
catenary system, was constructed during the 1980ies and 1990ies. Power transformers in large 
transformer stations, operating similar to substations, are used for the exchange of power 
between the HVAC line and catenary. Thus, the distance between converter stations can be 
increased.  
 
One proposed feeding solution to further reduce the losses and improve the voltage level in 
the catenary system is the utilization of an HVDC (High Voltage DC) feeder instead of 
HVAC lines. The power exchange between the HVDC line and catenary is in the proposed 
solution done through small converters. With optimal operation of the converters the losses 
can be reduced and the voltage profile of the rail system can be improved, in such way that 
the voltage deviation from nominal voltage at the train location is minimized 
 
A unified AC/DC Optimal Power Flow (OPF) model is utilized to investigate the behavior of 
an HVDC supply solution. Decision variables are used for optimal operation of the converter 
units in order to either minimize the system losses or the deviations from nominal voltage 
levels. 
 
The results of the investigated HVDC feeder solution indicates reduced losses and improved 
voltage at the catenary compared with the existing feeding solution. 
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1. INTRODUCTION 

The railway traffic is increasing and more power is demanded from the Railway Power Supply System 
(RPSS). However, the most of the RPSS is relatively weak causing high transmission losses and large 
voltage drops, due to most catenary systems in service have high impedance. 

1.1 The Present-Day Swedish Railway Feeding System 
The Swedish RPSS is today fed from the public grid via converter stations that transform the 50 Hz 
power to 15 kV, 16⅔ Hz power.  

1.1.1 Decentralized Feeding 

The simplest feeding solution is often called decentralized, c.f figure 1. The converter stations consist  

either of rotary frequency converters, static frequency converters based on power electronics, or a mix 
of both. The power-electronic based frequency converters are set to mimic the rotary converters in 
order to make parallel operation simpler in a converter station [4, 5].  

 

1.1.2 Centralized Feeding 
In order to improve the voltage levels and reduce the transmission losses, additional HVAC feeders of 
132 kV, 16⅔ Hz have been installed and proven to be cost efficient where used [1]. This kind of 
solution is called centralized, c.f figure 2. However, the HVAC feeder solution requires a high level of 
land usage that can be difficult to obtain in densely populated areas. 

Figure 2: Centralized System layout 

 

Figure 1: Decentralized System Layout 
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1.2 The Proposed Improvement of the Swedish Railway Feeding System 
A RPSS fed through controlled HVDC converters is presented in [2], where the converter proposed 
uses a medium frequency transformer to reduce the transformer size [3]. The HVDC cables can be 
buried in parallel with the railway, thus requiring less land usage than HVAC overhead lines. 
Furthermore, the cable capacitances do not impose the same constraints for DC as for AC. 

By following the same ideas as in [2], this paper compares transmission losses and catenary voltage 
levels for different types of catenary systems; trains operating with different power factor; varied 
converter sizes and spatial distributions; and two different objective functions. 

The OPF HVDC feeder solution is formulated as an optimization problem, where there objective is to 
either minimize the overall power system losses or minimize the voltage deviations from nominal at 
the train locations. However the train position and power consumption vary over time in real-life. This 
implies that the results presented sets a theoretical lower bound on how small the losses or how small 
the voltage deviations from nominal voltage can be in a given instant of time, if the converters would 
have been controlled optimally in a real life situation. 

1.3 Catenary systems 
In the Swedish railway system there exist two main types of catenary systems: Booster Transformer 
(BT) system and Auto Transformer (AT) system. 

The BT system is the most common catenary system used in Sweden. The BTs are normally placed 5 
km from each other. Between the BTs there is a ground connection to draw up the return current from 
the rail to the return conductor. However, the line impedance of the catenary is increased, since the 
current must flow through each booster transformer. Thus, the effective power transfer is reduced and 
the distance between the converter stations cannot be too large [6]. 

 
Figure 1: BT system. 

The AT system consists of a negative conductor instead of a return conductor. The Auto Transformer 
is placed between the negative conductor and the OCL, the midpoint of the AT is connected to the 
(ideally neutral) rail and the effective transfer-voltage is doubled. Thus the current is halved if the 
active power is constant. Losses are reduced and it is possible to have longer distance between the 
converter stations [4, 6]. 
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Figure 2: AT system. 

2. MODELS 

From a modelling point of view; the converter is divided to an AC side and a DC side, where the AC 
side of the converter is connected to the OCL and the DC side to the HVDC feeder. The converter 
operates in the all four quadrants of the PQ plane, thus active power can flow from the HVDC grid to 
the OCL or vice versa. 

It is assumed that the converter unit can provide nominal apparent power at the lowest AC voltage it is 
designed for [2]. Thus the nominal apparent power is set to 1 p.u. and the lowest AC voltage is set to 
be 0.8 p.u. This implies that the maximum current the converter unit can handle is 1.25 p.u. 

The losses of the converter can be modelled as a second order polynomial, assuming inverter mode 
operation, c.f. equation (1). The quadratic and linear terms depend on the on the converter AC current 
and the constant term represent the no-load losses. If the converter is operating in rectifier mode, the 
losses are assumed to be 10% less compared to inverter mode operation. Furthermore, the losses of the 
converter are assumed to be independent of the converter rating [1, 2, 3]. 

𝑷𝑳,𝒊𝒏𝒗 = 𝟎.𝟎𝟏𝟑𝟓 ∙ 𝑰𝑨𝑪𝟐 + 𝟎.𝟎𝟎𝟗𝟕 ∙ 𝑰𝑨𝑪 + 𝟎.𝟎𝟏𝟓    (1) 

Binary variables are used to model the operating state of the converter. The binary variable α is used to 
model if the converter is operating in rectifier mode or inverter mode. The no-load loss of the 
converter contributes significantly to the overall system losses. Thus the binary variable γ is used to 
model the unit commitment. The converter unit is turned off when γ is valued zero [6].  
 
A unified AC/DC load flow approach is used [7, 8] to find the optimal power flows that minimize the 
overall active power losses or minimize the catenary voltage deviations at the train locations. Thus two 
kind of load-flow problems are solved, an AC and a DC load flow problem, and active power is 
interchanged between them in the AC/DC connection of the converters. The interchange of active 
power, including the converter losses, is described by  

𝑷𝒊𝒏,𝑫𝑪 − 𝑷𝒐𝒖𝒕,𝑨𝑪 − 𝑷𝑳,𝒔𝒘 = 𝟎.                (2) 

Further details of the HVDC converter model and the unified AC/DC load-flow can be found in [2, 6].  
 
3. CASE STUDIES 

Four kinds of systems are studied and compared regarding transmission losses and voltage levels for 
power factors 1, 0.9 and 0.8 at the train. The systems are 

• 5 MVA converters, placed at a distance of 33 km from each other. Installed generating 
capacity of 20 MVA. 

• 2 MVA converters, placed at a distance of 11 km from each other. Installed generating 
capacity of 20 MVA.  

• Decentralized system, converter stations placed 100 km from each other. Installed generating 
capacity 40 MVA, due to high transmission losses 
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• Centralized system, converter stations placed at 100 km from each other; transformers in the 
range 16 – 25 MVA installed 33 km from each other. Installed generating capacity 20 MVA. 

The OCL type is either AT-type or BT-type and the impedances are 

• 0.0335 + 0.031j Ω/km (AT) 

• 0.2 + 0.2j Ω/km (BT) 

In the two catenary models, the HVDC cable impedance is 0.1175 Ω/km and the HVAC cable 
impedance is 0.051 + 0 .062i Ω/km. 
 
The trains are assumed to either consume or regenerate 4 MW. Train I and III-IV are consuming active 
and reactive power and Train III is regenerating active and reactive power, in order to simulate 
extreme voltage conditions. Train III consist of 2 locomotives, thus the consumption is 8 MW.  
 

 
Figure 3: HVDC feeder solution with 5 MVA converters. 

4. RESULTS 

4.1 Losses minimization results 
Table 1 presents the transmission losses of the different systems investigated. Transmission losses in 
the decentralized system are 10%-30%, the HVDC solution transmission losses are in the range of 2%-
7% depending of what kind of HVDC system layout is chosen. Thus, the transmission losses have 
been reduced up to 90%.  

In the HVDC feeder solutions the objective has been set to either minimize the overall system losses 
or the catenary voltage level deviations from nominal at the train locations. For the decentralized 
system and centralized system a load-flow analysis is done to obtain the transmission losses and 
voltages. The losses of the rotary converters are neglected for the two latter kinds of systems. 

PF at train HVDC with 2 
MVA converters 

HVDC with 5 
MVA converters 

Centralized 
system 

Decentralized 
system 

cos(φ) = 1 0.34 0.68 1.16 2.43 

cos(φ) = 0.9 0.47 0.93 1.63 4.84 

cos(φ) = 0.8 0.72 1.32 2.26 7.3 

Table 1: Transmission losses, BT system [MW]. 

Table 2 presents the transmission losses for the different systems with an AT catenary system.  
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PF at train HVDC with 2 
MVA converters 

HVDC with 5 
MVA converters 

Centralized 
system 

Decentralized 
system 

cos(φ) = 1 0.07 0.15 0.18 0.43 

cos(φ) = 0.9 0.09 0.19 0.22 0.40 

cos(φ) = 0.8 0.12 0.22 0.27 0.52 

Table 2: Transmission losses, AT system [MW]. 

The detailed losses of the HVDC systems are presented in Table 3. The converter losses for the HVDC    
2 MVA with BT catenary system has increased with approximately 4% compared to an AT catenary 
system; and with 15 % compared with 5 MVA converters. Thus the converter distance and type of 
catenary is of importance. If smaller and denser distributed converters are used, the AC transmission losses of 
such system can be reduced by at least 50%. 

Common for both types of RPSS design proposals is that total converter losses are approximately the 
same and losses on the DC cable are similar.  

Converter Type and OCL AC DC Converter Total 

2 MVA, AT 0.12 0.03 0.54 0.69 

2 MVA, BT 0.72 0.03 0.60 1.40 

5 MVA, AT 0.22 0.02 0.57 0.83 

5 MVA, BT 1.32 0.03 0.63 1.99 

Table 3: Detailed losses [MW] of the HVDC feeder solution, trains operate at cos(φ) = 0.8. 

4.2 Voltage deviation minimization results 
The voltages of the trains are presented in Table 4 for the different systems with an AT catenary 
system and Table 5 for a BT system. The cost function of the HVDC feeder solution has been set to 
minimize the voltage difference from nominal voltage at the train locations. 
 

System/ cos(φ) Train I Train II Train III Train IV 

PF at Trains 1 0.9 0.8 1 0.9 0.8 1 0.9 0.8 1 0.9 0.8 

HVDC 2 MVA 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.3 16.2 16.5 16.3 16.3 

HVDC 5 MVA 16.5 16.5 16.5 16.5 16.5 16.5 16.3 16.3 16.2 16.5 16.3 16.3 

Centralized 16.5 16.3 16.2 16.6 16.5 16.3 16.3 15.8 15.7 16.5 16.2 16.0 

Decentralized 16.3 16.1 16.0 16.3 16.1 15.9 16.0 15.5 15.3 16.2 15.8 15.7 

Table 4: Voltages at train location, AT System [kV]. 

System/ cos(φ) Train I Train II Train III Train IV 

PF at Trains 1 0.9 0.8 1 0.9 0.8 1 0.9 0.8 1 0.9 0.8 

HVDC 2 MVA 16.3 16.3 16.3 16.5 16.5 16.5 16.1 15.5 14.6 16.3 16.2 15.3 

HVDC 5 MVA 16.3 16.3 16.2 16.6 16.8 16.8 15.6 14.7 14.2 16.2 15.6 15.1 

Centralized 16.3 16.0 15.9 16.5 16.4 16.4 15.0 13.2 13.0 15.9 15.3 14.6 

Decentralized 15.9 15.0 14.8 15.1 14.2 13.8 13.2 9.8 8.2 14.3 13.5 12.8 

Table 5: Voltages at train location, BT System [kV]. 
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With an AT catenary system the voltage levels are acceptable for all cases and system configurations 
investigated, as they are in the range of 15-16.5 kV. However, when using a BT catenary system only 
the HVDC feeder solution can keep the voltage at the train location above 14 kV. Usually lower 
voltage than 14 kV may imply operational complications that may result in lower tractive effort for 
certain trains. 
 

5. CONCLUSION & FUTURE WORK.  

The result presented in this paper shows some of the benefits of the OPF operated HVDC feeder 
solution, regarding how much losses can be reduced and the voltage levels be evened out at the train 
locations. The ability to control power flows resulted in reduced transmission losses and improved 
voltage levels at the train location, compared to the existing solution where there is no such ability.  
 
For certain power factors at the train, the total losses of the HVDC feeder solution were less than the 
transmission losses of the existing solution, where the losses of the rotary converter are neglected. If 
the objective is to minimize the voltage deviation from nominal voltage at the train location, losses 
will be higher due to that more reactive power is needed to keep the voltage deviation as low as 
possible. 
 
The centralized solution uses high voltage power transformers. The power transformers are in real life 
normally located at longer distance than 33 km from each other, thus the comparison may be unfair. 
However, even with densely installed power transformers, the HVDC solution outperformed the 
centralized solution when the power factor at the trains starts to decrease.  
Another main benefit of the HVDC solution is that it is expected that land usage will be less than for 
the centralized solution. However more studies and real-time implementation models are required to 
investigate other aspects, such as the economic potential. 
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