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Abstract. When fault occurs in the DC distribution network, the fault current rises
rapidly, and it is difficult to develop fast and reliable relay protection. In the paper, by
analyzing the response characteristics of each circuit when bipolar fault occurs in the
DC distribution line, a fast DC protection scheme based on communication is
proposed, which use the contrary change rate of current before and after the fault point
during the transient process of capacitor discharge as the protection criterion. Finally,
the feasibility of the proposed method is verified by simulation with PSCAD/EMTDC,
and it proves the scheme has certain superiority, avoiding problems such as the setting
and matching difficulties in conventional current protection methods.

1. Introduction

With the rapid growth of load in the distribution area and wide access of the distributed generations,
the traditional AC distribution network is facing a series of problems, such as the increasingly
complicated primary system structure, insufficient power supply capacity and complex protection and
control strategy [1-2]. By comparison, DC distribution network has more superior performance in
aspect of increasing power transmission capacity, improving power supply quality and enhancing the
controllability of system [3-4]. Therefore, DC distribution technology has a broader application
prospect in the future development of distribution network.

When a fault occurs, the fault current rises rapidly, requiring that the detection, position and
isolation of the fault should be finished before the steady state, as a result of which, the protection
should have more excellent performance in the rapidity and reliability. At present, mature DC
protection researches are mainly focusing on the DC transmission system of medium/high voltage
level and special areas, such as power supply system for DC traction and ship [5-7]. For DC
transmission system of medium/high voltage level, the types of main protection are travelling wave
protection and differential under-voltage protection while the types of backup protection are current
differential protection and low voltage protection [8]. Meanwhile, high current release and current
mutation protection is widely used in the DC traction system of urban rail to serve as the main
protection of fault at near or remote end [9]. In addition, a longitudinal protection principle based on
direction changes of current at both ends of the fault line is proposed in the research of Multi-flexible
DC transmission [10-11]. As for DC distribution network, the travelling wave head is difficult to
capture and the difference of current changes among feeders is not obvious. So the above-mentioned
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protection principle have a poor applicability in DC distribution network. Faster and more effective
protection methods need to be developed [12-14].

The outline of this paper is given as follows. Section 1 presents an analysis of the fault response of
each circuit during the transient process of capacitor discharge when a bipolar fault occurs at DC line.
A new fast DC protection scheme based on communication is proposed in section 2, and is evaluated
through simulation analysis in section 3. Finally, the conclusions of the work presented in this paper
are drawn in Section 4.

2. Characteristics of DC Short-circuit Currents

A single-line-diagram for an example of Low Voltage DC (DC) distribution system is shown in Fig.1.
It includes AC source, voltage source converter (VSC), multiple load branches and distributed
generations. Meanwhile, a two-wire power supply mode is adopted and the positive direction of the
current is from the bus to the line. Finally, the characteristics of fault current flowing through the
location of the protection devices will be illustrated with a fault occurring at F2 point as an example in
this section.
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Fig 1. DC distribution network example.

(1)Fault circuit @

When a bipolar short-circuit fault occurs, the fault current will rise rapidly, and the IGBT will turn
off for self-protection when its current is more than twice the rated current. At the same time, the DC-
side capacitor C will form the RLC second-order discharge circuit together with the fault line
impedance. The fault circuit @O is shown in Fig.2 (a).

The relationship between voltage and current of fault circuit is as follows:
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When the DC voltage drops to 0, the transient process of capacitor discharge ends. And during the

process, the magnitude of the fault current increases rapidly and the rate d%t is greater than 0.

4[> | w! 1 ‘rN "
-I}{ i l § % il i C> DG i iu []R
L/\E AN~ o AAA
r I % v r' I' v ru Iu
(a) (b) (c)

Fig 2. Fault circuits

(2)Fault circuit @)

The equivalent circuit of fault circuit @ is shown in Fig. 2 (b), in which the fault current is
provided by DG after the fault point and on other feeders. DG is usually connected to the DC line
through the DC / DC converter, with a filter capacitor in the grid side, which forms the RLC second-
order discharge circuit with the line between DG and the fault point at the beginning of the fault. The
discharge current is similar to in fault circuit (D, and the current rate is less than zero relative to the
positive direction specified in this paper.

(3)The remaining circuit 3

The equivalent circuit of the remaining circuit ®after the fault is shown in Fig.2 (c). The remaining
circuit forms the RL first-order free-discharge circuit through the fault point, and the response current
is as follows:

7 nA—((2r"+R)/21")t
i’ = Ioe (« )21

3)

It can be seen that the current rate d%t of the remaining circuit is less than O at the initial time.

And the current drops to 0 quickly in a very short period of time as a result of that the line reactance
parameter of the DC distribution network is small.

According to the above analyses, the characteristics of fault current can be summarized as follows:
during the initial transient process of the fault, the amplitude of the fault current between fault point
and converter that detected by the protection device in the DC side increases rapidly with a positive
change rate; while the fault current amplitude provided by DG after the fault point and on other
feeders rises rapidly, the change rate is negative; in contrast to the above two, the amplitude of fault
current in other remaining circuits decrease quickly with a negative change rate.

3. Fast Acting DC Protection Scheme

The new protection solution is communication-based fast acting electronic-based dc protection
according to the conclusion of Section 1.Corresponding to fault characteristics of different loop given
out in Section 1, the typical current waveform is shown in Fig.3.
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Fig 3. Typical current waveform of various fault circuits

When a bipolar short-circuit fault occurs on DC side, all protection devices will monitor the voltage
and current changes immediately. The protection element takes the current amplitude exceeding a
certain value as the starting criterion:

li| > g, 4)

The 1IEDs divide the fault indication into 1 and O states according to the measured fault current
information. When the measured current amplitude is higher than a certain value and the rate-of-
current is greater than 0, the IED fault indication state is 1, otherwise 0. By comparing the fault
indication status of IED (0) and IED (1-m, It can be identified the fault is located in the bus or a feeder.
When the fault is on the feeder, it is judged that the fault is located in a segment of the line by
comparing the fault indication status of the IEDs on the feeder. By combining the above information,
the fault line can be finally located and a trip instruction will be issued. Algorithm of the developed dc
protection scheme is shown in Fig.4.

When fault F1 as shown in Fig.1 is considered, the fault current flowing through IED (0) is
provided by DC capacitor discharge in the shape shown in Fig.3 (a), then the fault indication state of
IED (0) is 1. The current flowing through the IED (1-2) is provided by the DGs of the feeder like Fig.3
(b), and the current measured by the IED (3-m) is in the form shown in Fig.3 (c), the fault indication
states of IED (1-m) are 0. Table 1 shows fault information and its protection action instructions of
relays:

Table 1. Fault indication status with fault F1

Feeder 0 1 ... m

Relays IED(0) | IED(1) | ... | IED(m)
Fault indication status 1 0 0 0
Trip signal + - - -

In the case of fault F2 (see Fig.1), the fault current measured by IED (0) is provided by DC
capacitor discharge. Thus the fault indication state of IED (0) is 1.While the fault indication states of
IED (2-m) are 0. Then it can be judged that the fault occurred in feeder 1. For the feeder 1, IED (12)
measured current provided by the downstream distributed power supply, waveform shown in Fig.3 (b),
other IEDs measured current waveform as shown in Fig.3 (c), the fault indication state is 0, the fault is
located in the first section of feeder 1. IED (12) measured current provided by the downstream DG,
the other IEDs on feeder 1 measured current like Fig.3 (c), the fault indication states of above IEDs are
0, Then It can be identified the fault is located in the first section of feeder 1.
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Fig 4. Algorithm of the developed dc protection scheme

Table 2. Fault indication status with fault F2

Feeder 0 1
Relays IED(0) | IED(1) | IED(11) | ... | IED(1n)
Fault indication status 1 1 0 0
Trip signal - + - -
Feeder 2 m
Relays IED(2) .. IED(m)
Fault indication status 0 0 0
Trip signal - - -

Similarly, with respect to the downstream fault F3 as shown in Fig.1, we can first determine the
fault occurred in the feeder 1. Then, fault indication state of IED (12) is 1 while fault indication states
of IED (13-1n) are 0. Then it can be identified that the fault occurs on the line 2 of the feeder 1.
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4. Case Study

The DC test network as shown in Fig.1 is modelled using PSCAD/EMTDC, to verify the feasibility of
the proposed principle. The AC line voltage is 380V, and DC voltage is 800V. The capacitor of DC
side is 50mF. Resistance and inductance of unit DC line is 0.207  / km and 0.219 mH / km.

The simulation sets three faults as shown in the Fig.1, and extracts the data within 1ms after the
fault occurs to carry out the protection principle analysis. As shown in Fig.6, fault F1 creates a very
high transient dc fault current, and its peak (about 30 times as normal operating current) is reached
within 1ms. During this period, the rate-of-current measured by IED (1) is minus, and the current
measured by IED (2) is attenuated to O at a very fast speed. According to the protection principle of
this article, fault can be identified occurring at PCC and should be disconnected by DB (0).
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Fig 5. Transient fault characteristics with pole-to-pole dc fault at the PCC

When fault F2 is applied, fault current flowing through IED (0) and IED (1) is rapidly rising to a
large value, and the rate-of-current of IED (2), IED (12) and IED (13) is less than O (see in Fig.7). The
fault should be cleared by DB (1) according to the protection principle of this article. As shown in
Fig.8, with respect to the fault 3, the fault current measured by IED (0), IED (1) and IED (12) rapidly
rise to a large value, and the rate-of-current of IED (2) and IED (13) are less than 0. Therefore, DB (12)
should operate to cut fault.
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Fig 6. Transient fault characteristics with Pole-to-pole dc fault at F2
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Fig 7. Transient fault characteristics with Pole-to-pole dc fault at F3

From the analysis above, it can be seen that, the protection scheme proposed in this paper can
accurately determine the fault line.

5. Conclusion

This paper presents a new protection scheme which provides fast and selective tripping required for
DC last mile distribution networks. This method can judge the fault line quickly and accurately by
using the current change rate information in the transient process. Test model is constructed, and the
results show the proposed protection method is effective and advantageous.
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