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Abstract-- This paper presents a simulation model of DC 

traction system which is based on bilateral power supply mode. 
The model of two substation rectifiers in one track section has 
been proposed which is according to practical situation. The 
modeling was conducted with respect to the variations of the 
starting-up process and short circuit conditions. By comparing 
and investigating the simulation results of short circuit current 
and the train starting current, more effective algorithms such as 
DDL protection has been proposed. The paper presents the 
principle and analysis of DDL protection scheme, which shows 
effectiveness of DDL protection for fault detection and 
discrimination against train starting currents in the DC transit 
system. 

 
Index Terms-- DC traction system, DDL protection, short 

circuit currents, train starting current. 

I.  NOMENCLATURE 
DDL means “line fault detection”, the main protection of 

DC railway system. This nomenclature is derived from the 
French terminology “détection défaut ligne”. 

II.  INTRODUCTION 
In urban railway traffic systems, the DC traction supply 

system has been widely used. There are a number of traction 
electrifications with different voltage levels in DC systems 
around the world, such as the 600V, 650V, 750V, 1500V and 
3000V. The DC traction system of Beijing Metro in China is 
operating at 750V DC supplied from 10kV AC distribution 
station. In Shanghai and Shenzhen, the voltage level is 1500V 
DC and supplied by 35kV AC. 

The DC railway is a high density and high capacity traffic 
system, which develops rapidly. Therefore the importance of 
security and reliability is beyond doubt and it is necessary to 
consummate the protection for DC traction power supply 
system.  

The short circuit faults pose a potential threat to safety as 
well as damage to equipments in DC transit traction power 
systems. Close-up faults result in short circuit currents with 
high magnitudes and high rising rate of current. Thus they can 
be quickly and properly detected. Due to substantial track 
impedance and relatively low transit voltage with respect to 
the power demand, remote short circuit fault currents are 
usually no more than train acceleration currents and train 
starting currents. Because of the characteristics of DC traction 
system, traditional protection principles such as instantaneous 
and time-delayed over-current protection may not be able to 

produce satisfactory performance. Therefore, it is important to 
develop better main protection elements that could 
discriminate the remote short-circuit currents from the train 
starting currents and could determine the accurate distance to 
fault location. 

III.  DC SYSTEM CONFIGURATION 
A typical DC railway system is shown in Fig. 1. An AC 

supply is transformed and rectified to provide the correct DC 
traction voltage, for connection to the substation positive and 
negative busbars. Track feeders provide an output connection 
to the live rails or catenary, through track feeder circuit 
breakers. The track feeder circuit breaker at each end of a 
faulted section must operate to isolate the fault.  

 

 
Fig. 1: Typical dc transit system feeding arrangement 

 
Many researches have been done on modeling the DC 

railway system, but few of them are based on bilateral power 
supply system which has been widely used for the sake of 
reliability and security. Therefore, there is a need to extend the 
previous research by developing a comprehensive and 
accurate model to simulate feeder line current profile. New 
algorithms to discriminate train starting current and remote 
short-circuit current also need to be investigated. 
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IV.  SIMULATION OF TRAIN STARTING CURRENT 

A.  Modeling the traction drive system 
SIMULINK is used for modeling the traction drive system. 

The schematic diagram of DC traction system with a train 
being started from the nearby substation B to substation A has 
shown in Fig. 2. 

 

 
Fig. 2: SIMULINK model of DC transit system 

 
The modeling of DC transit system is implemented based 

on the following principles: 
(i) The track section is energized by two substations. Each 
substation has two inlet wires.  
(ii) Each traction substation has two sets of 12-pulse rectifier 
units and the winding of two rectifier-transformers have ± 7.5° 
phase-shifting, to form a 24-Pulse equivalent rectification 
system.  
(iii) Equivalent resistance and inductance are used to 
substitute the resistance and inductance of the contact wires 
and the running rails. The equivalent resistances of each side 
of the train are variable according to the position of the train. 
An accurate frequency dependent model for the whole track 
system is proposed by [1]. 
(iv) A DC-AC-DC PWM converter connecting with a motor is 
used to represent the electrical, mechanical and control 
interaction of the locomotive system of train. 
(v) The traction load system is derived from mechanical 
dynamics of the train-wheel-track interactive system which is 
proposed by [6]. 

According the schematic diagram, the substation model 
which includes a rectifier subsystem is proposed in Fig. 3 and 
Fig. 4.  

 
 
 
 
 

 
Fig. 4: Rectifier subsystem 

 
 
 

 
Fig. 3: Substation subsystem 

 
The complete SIMULINK model of whole DC transit 

system which consists of substation, traction load and 
locomotive subsystem is proposed in Fig. 5. This model is 
used to simulate train starting current, short circuit current and 
train mechanical dynamics. 

B.  Simulation results 
When the train is being started, feeder line currents at each 

substation are given in Fig. 6. The simulation is based on the 
following assumptions: 
(i)  The track section is based on bilateral power supply 
system. 
(ii)  The train is started from substation B to substation A 
(iii) The total length of this track section is assumed to be 
2km. 

As shown in Fig.6, both the current rising rate and current 
increment increase when the distance from the substation is 
decreased. The maximum starting current could be more than 
three times of the operation current.  
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Fig. 5: SIMULINK model of DC transit system 

 
 

 
Fig. 6: Train starting current of different feeder lines at one track section 

V.  SIMULATION OF REMOTE SHORT-CIRCUIT CURRENT 
In order to simulate short circuit fault, an internal fault is 

assumed to occur across the DC link in the train. As shown in 
Fig.5, the circuit branch between the DC link represents short 
circuit fault, the breaker control block is used to give the 
trigger signal to the switch and to control the time of fault 
happening. 

When the train has started from the nearby substation B and 
the fault occurs at 0.06s after the train has started, feeder line 
fault currents at each substation are given in Fig.7.  

 

 
Fig. 7: Short circuit current of different feeder lines at one track section 

 
The curves show that both the current rising rate and current 

increment on the feeder line at the nearby substation B are 
higher than the remote substation A. 

VI.  ANALYSIS OF SIMULATION RESULTS 
 The relatively low transit voltage with respect to the power 

demand can mean that fault and load currents are of similar 
magnitude, and both may exhibit appreciable rates of change. 
Moreover, if short circuit happens at the end of a long track 
section, current rising rate and increment of the remote short 
circuit currents would be less than that of the train starting 
current. For effective protection of DC railway systems, it is 
important to clear the remote short-circuit fault as quickly and 
safely as possible. 

Fig. 8 shows the feeder line currents of each substation 
when a train has started from the nearby substation B and the 
fault occurs at 0.05s after it started. The total length of this 
track section is assumed to be 6km. 

Comparing the simulation results of short-circuit current in 
Fig. 8 (a) with train starting current in Fig. 8 (b), it is found 
that depending on the train location, the increment ( IΔ ) and 
rising rate ( dtdi / ) of the fault current can be smaller than that 
of the starting current of the train owing to the high series-
impedance of the traction supply. It is pointed out that the 
phenomena of mis-operation and mal-operation cannot be 
avoided with traditional protection which cannot protect the 
whole feeder line. However, the simulation results indicate 
that the former can have a lower initial rate of change and a 
longer duration ( TΔ ) than the typical train starting current. 
Base on this finding, it is important to develop better methods 
that are capable of providing sufficient discrimination between 



 4

the train starting current and remote short-circuit current. 
 

 
Fig. 8: Current profile of different feeder line 

(a) Remote short circuit current of feeder line at substation A 
(b) Train starting current of feeder line at substation B 

VII.  CURRENT RISING RATE AND CURRENT INCREMENT 
PROTECTION 

In resent years, a new technique DDL protection has 
become the main protection in DC traction system. DDL 
protection is based on current rising rate ( dtdi / ) protection, 
current increment ( IΔ ) protection and delay duration ( TΔ ). 
The principles of dtdi /  protection and ΔI protection are 
shown in Figures 9 and 10 respectively. In the DDL protection 
scheme, these two types of protection are arranged to work 
together, they start with the same rate of change and enter 
their own characteristics afterwards without interacting with 
each other. 

A.  Current rising rate protection 
Train starting current has a high initial rising rate, but this is 

of short duration though the magnitude continues to increase, 
whereas the distant fault current has a lower rising rate, but 
continues to rise. The protection has two setting, one for dtdi /  
and one for time duration TΔ , thus allowing the protection to 
trip the circuit breaker if the high rising rate of the current 
persists beyond the time setting. 

As shown in Fig.9, dtdi /  protection starts when the current 
rising rate is higher than dtdi /  trip setting level at point a 
within the setting delay duration ( TΔ ), if the current rising 
rate is continuously higher than dtdi /  trip setting level, then a 
tripping is initiated.  
 

 
Fig. 9 principle of di/dt protection 

B.  Current increment protection 
 This protection is based on the change in magnitude of track 

feeder current ( IΔ ) and can be initiated by a dtdi /  setting.  
As shown in Fig.10, IΔ  protection starts up at the same 

time as dtdi /  protection and enters the delay duration, and 
then relay protection begins to calculate current increment ( IΔ ) 
value. The four waveforms, (1)-(4), represent four different 
situations:  
(1) dtdi /  and IΔ  are higher than the trip setting level with the 
increase of the step current. However, the duration ( 1TΔ ) is 
less than the setting duration ( TΔ ). Therefore, no trip decision 
is made.  
(2) IΔ  is higher than the trip setting level and the duration is 
longer than the setting duration ( TΔ ), therefore a tripping is 
initiated.  
(3) In the course of the current rise, dtdi /  momentarily 
reduces to below the setting level. However this duration is 
less than the time setting of protection return ( reTΔ ), therefore, 
a trip decision is made.  
(4) In the course of the current rises, dtdi /  is reduce to below 
the setting level with a duration of more than reTΔ , therefore 
protection will return.  
 

 
Fig. 10 principle of ΔI protection 
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C.  DDL  protection 
Investigation on the waveform of short circuit fault current 

and the starting current indicates that the former can have a 
lower initial rate of change ( dtdi / ) and current increment 
( IΔ ) but a longer duration ( TΔ ) than the typical train starting 
current. Base on the studies of DDL protection principle, it is 
concluded that the DDL protection can effectively 
discriminate between the two currents and protect the whole 
feeder line. 

As shown in Fig. 11, DDL protection starts with the setting 
dtdi /  at point B. In the protection delay duration, both dtdi /  

and IΔ  have been monitored and calculated. Because of the 
difference in characteristics between start current ant fault 
current, after the TΔ  duration, only the short circuit current 
could meeting the requirement of the operation zone. 
Dependability constants 

1K  and 
2K  are used to improve 

sensitivity margins of protection in order to protect the whole 
feeder line. 

 

 
Fig. 11: Schematic diagram of DDL protection 

VIII.  CONCLUSION 
This paper presents an integrated SIMULINK/MATLAB 

simulation model of DC traction system which is based on 
bilateral power supply mode. 

Simulation studies were conducted with respect to the 
variations of the starting-up process and short-circuit 
conditions. The simulation is based on the whole track section 
and the results include feeder line current profiles observed 
from both substations at each section.  

By comparing and investigating the waveforms of short 
circuit fault current and the starting current, the drawbacks of 
conventional protection have been identified. Simulation was 
conducted to investigate and assess more effective algorithms 
for fault detection and discrimination such as DDL protection.  

 Moreover, based on the studies on the characteristic of the 
fault current and the starting current, analysis of DDL 
protection scheme is given, which shows the effectiveness of 
DDL protection in the DC transit system.  

 More specific control scheme and algorithms for DDL 

protection are being developed and will be presented on 
further work. 
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