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INTRODUCTION

While AC grids are electrical-based equipment, DC grids are power electronics-based ones. Power Converters are used in AC/DC conversion between a conventional AC grid and a DC grid or application and in DC/DC conversion to connect two DC grids of different voltage levels. Unlike electrical equipment like transformer and cables, power converters have a very limited overloading capabilities, barely 10 to 20% more than the nominal current which greatly constraints the implementation of a protection scheme. In the absence of specifical topology or control to manage this overcurrent, the protection must interrupt the fault current quickly [START_REF] Zhang | A review on protection of DC microgrids[END_REF]- [START_REF] Ravyts | Fuse-Based Short-Circuit Protection of Converter Controlled Low-Voltage DC Grids[END_REF]. Without a carefully designed protection [START_REF] Ravyts | Fuse-Based Short-Circuit Protection of Converter Controlled Low-Voltage DC Grids[END_REF], the converter could be damaged before the protection actuates [START_REF] Reymond-Laruina | Assessment of the AC/DC converters resilience to DC grids fault by electrothermal modelling[END_REF]. On the other hand, fuse based protections are widely used in LVAC grids, because of their simplicity, maturity and lower cost (F3 in Figure 1). They are also used for the protection of semi-conductor switches (F2 in Figure 1) in the case of high time constant grid, like traction application. Therefore, the question of their relevance for the protection of a DC grid with small time constant (F1 in Figure 1).

In order to answer this question, a test campaign of typical fuses (F3 and F2) was carried out to evaluate their behaviour as a DC protection (F1).

Among the different kind of LVAC fuses as categorized by IEC 60269, the first fuse selected was a gG fuse. gG means full range protection (short-circuit and overcurrent) for cable and line protection. Such fuses are widely used in LVAC applications due to their effectiveness, low cost, and availability (Figure 2).

Figure 1:different possible fuses protection in a AC/DC converter

The second one was an aR fuse. aR means partial range protection (only short-circuit) for semiconductor protection. Often referred as "high-speed", "ultra-fast" or "semiconductor" fuses, they are specially designed to minimize I²t, peak current let-through and arc voltage. To achieve this goal, their fuse elements have weak spots of a different design than a similarly rated industrial fuse and have higher operating temperatures to be compatible with power electronics components (Figure 2). The use of these types of fuses in AC applications is well described, while their use in DC application is possible, but much less documentation is available. A comparison of recommendations for the use of gG and aR fuses in AC and DC application led to the following findings:

-The nominal current in DC is not defined.

-The recommended DC voltage should be lower than in AC, but there is no calculation procedure. -The interrupting capability in DC is not defined.

-Melting I²t should be the same as in AC but arcing I²t is not defined.

TEST CAMPAIGN

The test campaign objective was to compare the behaviour of a gG and aR fuses in a DC configuration. The first parameter to fix was the DC voltage. A review of standard voltages recommended for DC application led us to consider 1500V, 750V and 375V [START_REF]IEC/TR 63282 -LVDC systems -Assessment of standard voltages and power quality requirements[END_REF], [START_REF] Cigre | Medium Voltage direct current (MVDC) grid feasibility study[END_REF]. However, several reasons lead us to choose a voltage different to the recommended one. Firstly, as a rule of thumb, manufacturers recommend using AC fuses with a higher nominal voltage than the voltage of the DC grid, leading to an oversizing. Secondly, existing gG fuses are available only up to 690 V AC. Finally, it must be noted that during a fault, the behaviour of a voltage source converter (VSC), topology widely used in AC/DC conversion, is the same as a 6-pulse diode rectifier. Therefore, 690 V fuses have been chosen in order to have a security margin of roughly 20 %, when using a 6-pulse diode rectifier to create the DC grid from a 50Hz AC grid.

The nominal current was fixed to 63A due to ongoing work on hybrid AC/DC substations based on AC/DC power converter modules that deliver a nominal current at the same range.

The testing campaign was carried out in the 50kA test Hall of EDF Power Grid Lab, equipped with a new DC supply that could deliver up to 8500A for 0.1s or up to 7000A for 1s, with a controlled output DC voltage up to 4320V. The testing circuit is represented on Figure 3. The DC voltage level set by the autotransformer while the load current is set by the resistor RLoad. This resistor is used to heat the fuse at its nominal current, which correspond to the longest reaction time according to manufacturer datasheet, as well as the operating behaviour. The DC breaker eliminates the load resistor and puts the circuit in a short circuit configuration where the current is limited by the short circuit resistor Rsc and the time constant is set by the reactor Lsc.

Figure 3: Testing circuit

The test was carried out for three short circuit levels: 7.4.In, 23.In and 30.In under different values of time constant between 0 and 5ms.

For each configuration, a calibration test was performed without the fuse to record the voltage and current waveforms, to check the steady state value of the shortcircuit current and the time constant. Then, five or ten tests were carried out, in each configuration, depending on the dispersion observed in the results. The fuses parameters in DC configuration were extracted from the datasheets and summarized in Table 1 and Table 2. 

TESTING RESULT gG fuses

Two different behaviours were observed. Under a low short circuit level (7.4.In), the melting time is very high. The current reaches its steady state value and remains at this level for more than 700ms before the start of the arcing phase (Figure 4). Under a high short circuit level (23.In and 30.In), the melting time is much lower, but the current still reaches its steady state maximal value (Figure 5). In both case, there is no limiting capability. The arcing phase is identical in both cases, the current decrease until power off, no overvoltage was observed.

When comparing the recorded parameters to datasheet ones (Table 3), melting and cutting I²t are out of range for A unique behaviour was recorded for the three shortcircuit levels. The current grows but was cut before it reached its maximal value. A limiting capability was observed on aR fuses, and the melting time was very low and within the range given in the datasheet (Table 4) (Figure 6 and Figure 7). Note that the 7.4.In case seems at the limit between a low short-circuit behaviour observed in gG fuse and a high short circuit behaviour. The arcing phase begins with an overvoltage. The more the short circuit is higher, the more the overvoltage is(Figure 6 and Figure 7). When comparing the recorded parameters to those in the datasheet (given for AC application), melting I²t found are much lower, between 1 and 3 A²s, compared to 182A²s. Cutting I²t is also lower, between 159A²s and 358A²s, compared to 828A²s. A strong impact of the circuit time constant on the melting phase was observed. 

DISCUSSION gG fuses

This technology does not seem suitable as a protection for DC grids. There is no interrupting capability to limit the maximal short-circuit current and so converters and other devices need to be much oversized to ensure their resiliency in case of a DC fault. We could imagine that a strong downgrading of a DC voltage by using gG fuses with higher AC voltage could improve the fuse response but given the DC voltage targeted (1500V, 750V and 375V), this technology does not seem a relevant solution.

aR fuses

The behaviour of aR fuse showed a very interesting interrupting capability that helps to limit higher levels of short-circuit and protects a converter from damaging. However, our tests didn't allow us to have information on the behaviour of the fuse at low overcurrent; more testing at lower short-circuit levels will be needed to to fully validate their performance Another option would be to test the same fuses for different DC voltage in order to describe the impact of voltage downgrading from AC to DC. This complementary test would also allow to describe the fuse overvoltage transient which could be damaging for the converter semiconductors and capacitor if respectively higher than the maximal voltage reversal accepted and the maximal peak voltage.

Finally, it must be noted that there is another close technology of aR fuse, called gR which means full range protection (short-circuit and overcurrent) for semiconductor protection. This technology is optimised to cover the different levels of short-circuit and may be relevant as a DC protection.

CONCLUSION

The development of LVDC grids and applications is a promising track when viewed through the lens of possible energy saving. However, it should be ensured that such a grid could be operated safely with reasonable cost. Among the possible protection strategies, the one inspired by AC practices should be considered given its simplicity, the maturity of existing equipment and their lower cost. The assessment of existing fuse technologies showed an interesting result and lead the way to establish technical rule for using aR fuses in DC applications. More investigations are needed to completely describe the behaviour of this technology and other ones, like gR, in order to provide DC protection solutions with low development and investment efforts.
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 2 Figure 2:Cuts made on new fuses showing the shape of the fuse element: gG on the left and aR on the right
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  low short-circuit level (7.4.In), but they are in the same range when the short-circuit level is high (23.In and 30.In). No significant impact of the circuit time constant was observed on melting or arcing phases.
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 45 Figure 4: gG fuse under 7.4.In short circuit level
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 6 Figure 6: aR fuses under 7.4.In short circuit-level

Table 1 :

 1 gG fuse data

	Isc / In	7.4	23.0	30.0	
					Comment
	Isc(A)	464	1470	1890	
	Melting I²t (A²s)		7000		Relevant in DC according to the fuse supplier
	Cutting I²t (A²s)		28 000		Relevant in AC at 690V
	Melting time (ms)	300	4	< 4	Relevent in DC according to the fuse supplier

Table 2 :

 2 aR fuse data

	Isc / In	7.4	23.0	30.0	
					Comment
	Isc(A)	464	1470	1890	
	Melting I²t (A²s)		128		Relevant in DC according to the fuse supplier
	Cutting I²t (A²s)		828		Relevant in AC at 690V
	Melting time (ms)	0.65	< 0.1	< 0.1	Relevant in DC according to the fuse supplier
	Peak voltage (V)		1370		For 540V AC
	Interrupting				
	Capacity		170		For 690V AC
	(kA)