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 
Abstract— The paper describes the advantages of using non-
synchronous microgrids in networked systems containing 
densely concentrated loads. The non-synchronous bus ar-
rangement, in addition to allowing for the integration of sub-
stantially larger distributed generation, completely isolates 
transient disturbances from and to the network and the mi-
crogrid. Significant is the fact that distributed generators in-
stalled in the microgrid do not contribute to the short-circuit 
current that needs to be interrupted by the substation breakers. 
The behavior of the grid and the microgrid is investigated by 
comparing: the occurrence of faults, voltage reduction, and 
losses, in the presence and absence of the microgrid. The ben-
efits of the dc microgrid are made evident with steady state 
and transient studies performed on a real distribution network 
in New York City.   
 

Index Terms—CVR, distributed generation, microgrid, non-
synchronous interconnection. 

I.  INTRODUCTION 

 ON-SYNCHRONOUS microgrids offer an effective solu-
tion for the interconnection of distributed energy re-

sources, loads, and storage [1]. Previous research has shown 
the importance of microgrids [2]-[5] and the usage of ac-dc-ac 
links [6]-[7]. A quantitative study evaluating dc microgrids 
statistically showed a potential for power availability of about 
0.999, termed 3-nines [9]-[10]. Loss reduction of 10% to 22% 
over ac systems was shown in [11]-[12].  
 Recent trends introduced hybrid microgrids that comprise a 
dc bus and ac microgrid interconnected by power electronic 
interfaces [3], [13], [14]. While dc microgrids have operation-
al advantage over ac microgrids, protection systems and 
standards are more mature for ac systems than for dc systems 
[6], [15]. However, dc-bus based systems do not have syn-
chronization, reactive power flow, power quality, frequency 
control, and stability issues [16]. 
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   The advantage of dc microgrids over ac microgrids have 
been highlighted in many studies [2], [7]-[11], [16]-[20] and 
can be summarized as: 1) easier to build and integrate with 
different power sources, including dc sources; 2) flexible 
scalability; 3) higher efficiency; 4) lower losses from the 
sources to loads due to elimination of multiple power conver-
sion stages and filtering requirements; 5) compatible for future 
energy uses, such as electric vehicles; 6) facilitates the integra-
tion of modern electronic loads, energy storage devices, and 
DG technologies; possibility for volume and cost reduction 
[2], [9], [17]. 
 Several articles present simulations of dc microgrids in 
residential [6], [17], [21]-[22], commercial [23]-[24], and 
industrial [25] applications. The advanced control architecture 
for the successful implementation of microgrid requires a high 
frequency pulse width modulated control with fine resolution 
[26]. Phase shift control [27] and fuzzy control [28] are other 
techniques used in microgrid applications [27]. As considered 
to be a small-scale version of a conventional interconnected 
power system, a microgrid is distinguished from the utility by 
its philosophy of operation, presence of distributed energy 
resources, and requirements for fast islanding [30].  

In this paper, a non-synchronous microgrid connected via a 
dc bus to a low voltage ac distribution network is presented. 
Since an active rectifier is the only interface between the utili-
ty and the microgrid, including on-site generation, the utility is 
electrically isolated and only connected non-synchronously to 
the microgrid. Therefore, the microgrid looks like a resistive 
load from the utility's perspective [29]. The objective of this 
paper is to evaluate the benefits of a non-synchronous mi-
crogrid for heavily meshed networked utility grids.  
   This paper proposes a non-synchronous microgrid to be 
implemented in the medium voltage side of a networked grid 
in (Brooklyn) New York City. Steady-state and transient anal-
yses are performed to show the virtues of the proposed mi-
crogrid topology. The behavior of the grid and the microgrid is 
investigated by comparing: the occurrence of faults, conserva-
tion voltage reduction, and losses, in the presence and absence 
of the microgrid. Simulations were performed using OpenDSS 
[31] for steady-state studies and the electromagnetic transients 
program [32] for time-domain studies. 
 The basic interconnection of the network under investiga-
tion is shown in Fig. 1. The area substation is composed of 5 
transformers 138/27 kV, 3 capacitor banks, and 52 bus break-
ers and feeder breakers. The voltage of the substation trans-
formers is controlled using Line Drop Compensation (LDC) in 
the under-load tap changers (ULTC). There are thousands of 
primary sections energizing hundreds of network transformers 
connected to the secondary grid or spot networks. Nearly 
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10,000 secondary mains feed several thousands of distributed 
loads. 

Spot 
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Feeder 
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Fig. 1. Basic interconnection of the overall distribution network. The mi-
crogrid is similar to a spot network.  
  

Due to the growing requirements of electrical power quality 
and reliability in urban areas such as New York City, utility 
companies must operate networks conservatively. In down-
town areas of densely populated cities, it is typical for distri-
bution transformers to be interconnected on the low voltage 
(LV) side by means of network protectors forming a grid, 
often heavily meshed, that eventually increases service conti-
nuity and reliability due to redundancy [40]. Network protec-
tors are LV circuit breakers which operation prevents the con-
tinuous flow of reverse power (backfeeding from the second-
ary grid into the primary network) [40], [41]. The operation of 
these devices is instrumental for system reliability, especially 
in the event of a fault on a MV feeder. 

II.  DESCRIPTION OF THE NOVEL MICROGRID  

 The architecture of the non-synchronous microgrid under 
investigation was originally proposed in [46] under the name 
of GridLink. A simplified diagram of the microgrid design is 
given in Fig. 2. One of the key drivers in developing this ap-
proach has been the ability to use a "cut-and-splice" imple-
mentation.  Only the transformers need to change voltage, but 
nothing upstream on the Con Edison 27 kV feeders needs to 
change when the microgrid is installed.  Equally important, 
only the transformers on the building loads need to change, 
but nothing else in each building's electrical rooms needs to 
change either. 

Preliminary financial analysis for a roughly similar 5 MW 
system at a site in Brooklyn indicates that investors could 
achieve a 25% internal rate of return on the capital required to 
construct a 5 MW non-synchronous microgrid, with end-users 
paying about 15% to 20% less than the commercial cost of 
power.  This arrangement provides several advantages to cur-
rent distribution system infrastructures, especially to networks 
having fast growing concentrated loads and substation circuit 
breakers reaching short-circuit duty limitations. In a typical 
NYC distribution network, the short circuit power is close to 
the capacity of the breakers. This often forces the utility to 

prevent the installation of distributed resources in its system. 
Otherwise, the generator owner would have to finance the cost 
of any system upgrades [47]. These issues may be overcome 
with the benefits of using non-synchronous microgrid technol-
ogies as discussed and demonstrated in this paper by means of 
steady state and transient studies.  
 Each non-synchronous microgrid of the type shown in the 
diagram is connected towards the end of three heavily loaded 
utility medium voltage (MV) feeders (of about 40 MW total 
load service capacity). The step-down transformers connecting 
the utility system with the microgrid are rated 5 MVA 27/3.3 
kV at 60 Hz. The three independent microgrid units are coor-
dinated via high-speed communication providing N-2 redun-
dancy as required by Con Edison for distribution systems. The 
active rectifiers at the input to the dc buses have sufficient 
filtering capabilities to mitigate switching voltage spikes and 
comply with voltage distortion standards [45]. Three synchro-
nous generators rated 5 MW operating at 50 Hz are connected 
to each individual dc bus via active rectifiers. Because of the 
microgrid topology, several inverters can be connected at the 
dc buses providing customers with multiple line feeds for 
reliability and continuity of services. The voltage can be 
stepped-down from 3.3 kV to utilization level by network 
transformers configured with primary windings connected in 
delta and secondary windings in grounded-wye. Although Fig. 
2 shows the microgrid loads connected as spot networks; it is 
possible to create a low-voltage (LV) secondary grid for dis-
tributed loads as presented in [42].   
 

3.3 kV
480 V

 

Fig. 2. Basic architecture of the non-synchronous microgrid. 

A. Benefits of Flexible and Rapid Current Control 
 The key factors of the non-synchronous microgrid scheme 
offering effective advantages to distribution system over ac 
microgrids are the dc power conversion, the fast power elec-
tronic switches and the broad spectrum of possible control 
algorithms available when having all ac systems (utility, co-
generation and load) operating independently from each other. 
Basic operation of power electronic converters permits the 
control of current in relatively small windows of time; usually 
a fraction of a millisecond. The flexibility of controlling cur-
rent along with the topology of operation proposed in [46] 
provides substantial benefits such as ensuring unidirectional 
power flow into the load side by controlling the on/off pulsing 
patterns of the switches. Unidirectional power flow is required 
for interconnecting with a distribution system while prevent-
ing the occurrence of continuous current reversal into the MV 
feeder (backfeeding condition), therefore, eliminating power 
oscillations, voltage quality issues, as well as possible impacts 
to the upstream utility system. Moreover, current flow can be 
forced to be in phase with voltage such that the microgrid 
ideally appears as a resistive load at the utility terminals. Fi-
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nally, since the microgrid is designed to operate in zero-export 
mode, the active rectifiers are not required to be IEEE Std. 
1547 certified increasing the range of vendors [44].  
 

B. Benefits of Non-synchronous Interconnection 
 Another important aspect of microgrids is the non-
synchronous interconnection over traditional synchronized ac 
systems. Therefore, disturbances or power quality issues with-
in a local system do not propagate and affect other systems. 
All types of distributed resources may be interconnected with-
out system impacts. Also, equipment operating at different 
frequencies can safely interact without jeopardizing reliability 
or stability. Additionally, because of the asynchronous inter-
connection and the unidirectional power flow (import only) 
features of the topology, islanding is guaranteed to never be an 
issue – the microgrid is essentially always islanded. Approvals 
for installation (or expansion) of cogeneration can therefore be 
expedited. Ensuring non-export conditions and negligible fault 
contribution further reduces the risk of rejection or delay, even 
when distribution feeders have reached maximum power pene-
tration of distribution generation [47]. Although essentially 
islanded, the microgrid is capable of operating connected or 
islanded from the main grid as defined by the DOE and 
CIGRÉ [50]-[51]. When grid-connected, the zero-export con-
dition prevents current backfeed to the utility system comply-
ing with design requirements. For islanded situations, the 
microgrid supplies the load using available generation while 
voltage and frequency within the system are locally controlled. 

An economic analysis by some authors of the current paper 
concludes that the capital cost for a roughly similar 10 MW 
non-synchronous microgrid is approximately $5 million lower 
than the cost for a comparable traditional synchronous-
connected distributed generation system [52]. This lower up-
front cost does not include additional benefits such as shorten-
ing the utility approval process, providing UPS-quality power, 
or re-using the same equipment to also provide equivalent 
export capacity. 
  

C. Benefits During Short Circuit on a MV Feeder 
 Backfeeding during a fault on a MV feeder may impose 
catastrophic conditions to the system infrastructure such as 
prolonged faults and long duration overvoltages [43]. For 
these reasons it is important for utilities to assess any possible 
backfeeding conditions in their system. 
 In the event of a short circuit, the non-synchronous mi-
crogrid immediately eliminates the occurrence of backfeeding 
by implementing a fault detection system that operates and 
isolates the faulted MV feeder in a fraction of a cycle. The 
fault detection operates based on under-voltage conditions 
with measurements on the upstream MV feeders. Using the 
advantage provided by power electronic converters for fast 
switching of current, it is possible to achieve complete fault 
isolation in a relatively small time frame. Although this meth-
od of fault detection would prevent reverse currents well be-
fore current magnitudes reach pickup level of the overcurrent 
relays, proper settings must be applied to the voltage monitor-
ing system to avoid unintended (nuisance) tripping.  

III.  STEADY STATE BEHAVIOR 

This section is devoted to analyzing the steady-state per-
formance of a microgrid installation in a densely loaded low-

voltage secondary network. Microgrids are beneficial to re-
duce voltage violations on geographical zones with low volt-
ages (low voltage pockets) and to help relieve overloaded 
feeders [33]. However, other benefits often dismissed are the 
increase in flexibility to allocate power generation and the 
energy savings by reducing losses in the system [33]. Without 
a microgrid, it is simple to allocate power generation by in-
stalling distributed generators (DG) scattered around the net-
work. Although this configuration seems more flexible, it 
poses problems with short circuit currents and overvoltage 
situations. Since these two configurations are the most plausi-
ble to allocate extra power in a given network, this paper ex-
plores their performance. All simulation results are compared 
with the network base case which does not have a microgrid or 
DG installations.  

A.  Description of Study Scenarios 

Three different scenarios are analyzed: 
 

1) Base case scenario:  
This scenario represents the network densely loaded and be-
fore the addition of a microgrid or scattered DG. Results from 
this case serve as reference framework for the simulation of 
upgrades in the system. 
 

2) Microgrid scenario:  
This scenario represents the network upgraded with a mi-

crogrid. As previously described, the microgrid is composed 
of three individual generators of 5 MW each. Therefore, simu-
lation cases of the microgrid will assume a total generation of 
5 MW, 10 MW or 15 MW. In normal operation, the utility 
serves the microgrid as a lumped load that is equal to the de-
mand of all loads connected to the microgrid plus the internal 
losses of the microgrid (wiring and subsystems) minus the 
internal generation. 

 

3) DG scenario:  
This scenario models the performance of the network when 

DGs are not concentrated in the microgrid but are scattered 
across the geographical area occupied by the microgrid. This 
serves to address the case where individual customers, and 
possibly the utility, have distributed generation installed at 
particular locations. The objective is to represent scenarios 
that are comparable in power penetration to the microgrid 
scenarios. Therefore, cases with a total generation ranging 
from 1 MW up to 15 MW are analyzed. Since the number of 
possible scenarios is very large for each generation level, an 
equivalent DG case is computed by randomizing the position 
and size of 20 DG units and then averaging the results of these 
cases. All DG units will have unity power factor and we have 
maintained the number of units fixed to 20 because the varia-
tion of this number does not affect the results. For each gener-
ation level, 20 different DG scenarios are computed. This has 
been found to be the minimum number of random scenarios to 
ensure a convergent average response of the network in terms 
of voltage violations; see [37]. The randomization is per-
formed as follows: 1) the location of the 20 DG units is ran-
domly set within the area of study. This randomization is 
applied by using a normal statistical distribution amongst the 
connection points in such area. 2) The power supplied by each 
DG unit is also distributed with a normal statistical distribu-
tion. 
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B.  Voltage Violation Analysis 

Voltage violations are defined as voltages with deviation 
exceeding ±5% from rated voltage during normal operating 
conditions and ±10% for emergency conditions [44]. A dis-
cussion covering voltage violations results is presented for 
each described scenario. 

 

1) Overvoltage violations:  
In the base case scenario no overvoltage violations are pre-

sent in the system. In the DG cases, the number of overvoltage 
violations increase with the total power injected because the 
DG units boost the voltage locally [34], [35]. On the other 
hand, in the microgrid case there are no overvoltage violations 
reported, demonstrating the valuable advantage of a microgrid 
implementation over scattered DGs due to the efficient regula-
tion of voltage by the DC system in spite of the decrease of the 
network’s power factor [34]. These behaviors can be observed 
from the top plot of Fig. 3. 

 

2) Undervoltage violations:  
In the DG scenarios, the undervoltage violations (voltages 

under 0.95 pu) decrease when the total injected power increas-
es [35]. Similarly, the microgrid helps reduce undervoltage 
violations as the injected power increases. The microgrid 
scenario is more effective at reducing undervoltage violations 
than the DG implementation. This is due to the electrical isola-
tion created by the dc bus. Thus the microgrid is capable of 
boosting the voltage at all points within this area to the desired 
voltage level. Voltage violations occur for peak load condi-
tions in low voltage pockets that are located far from the mi-
crogrid area. Also, it is important to note that the DG scenarios 
and microgrid scenarios do not present voltage violations 
under 0.90 pu.  

 

Fig. 3. Voltage violations with no voltage reduction applied as a function of 
injected power for the DG scenarios (solid line) and also the microgrid scenar-
io (dot). Top plot represent the 1.1 p.u. overvoltage violations and the bottom 
plot represents the 0.95 p.u. undervoltage violations. 

C.  Loss Analysis 

The major sources of loss in a system are transformer and 
cable losses. For the example under study, cable losses are 
around 1.5% of the total demand of the system and the losses 
in transformers represent around 2%. Both of these losses are 
analyzed for the DG and microgrid scenarios.  

 

1) Losses in cables:  
In the DG scenarios, as long as the injected power increas-

es, the overall network demand decreases, and as a conse-

quence, there will be a reduction in cable losses [36], [38]. 
This behavior is observed in the top plot of Fig. 4 from 0 MW 
to 5 MW. However, in certain cases with LDC mechanism, the 
reduction in demand results in a reduction of the tap at the 
substation transformers. Therefore, the voltage on the second-
ary side is reduced and the series losses increase. This is ob-
served for the DG cases in the same figure from 5 MW up to 
15 MW power injections. For the microgrid, the total losses in 
cables decrease because the overall demand of the system 
decreases (as it was previously mentioned, the internal losses 
of the microgrid system are not included in Fig. 4).  

 

2) Losses in transformers:  
The microgrid and DG cases demonstrated significant trans-

former loss reduction in comparison to the base case. This 
reduction of losses is a result of the decrease in system load-
ing, which reduces the transformer tap.  Both scenarios present 
a transformer loss reduction of approximately 4%. Internal 
efficiencies of the microgrid subsystems are not computed in 
steady state because the microgrid is modeled as a single 
lumped load. 

D.  Voltage Reduction Analysis 

In this section, the performance of the microgrid is com-
pared to the scattered DG scenarios in voltage reduction situa-
tions. Previous literature describes conservation voltage reduc-
tion (CVR) as an effective means to reduce energy in dense-
load low voltage secondary networks, but under voltage viola-
tions may occur [36], [39].  

 
Fig. 4. Total losses in cables and transformers with no voltage reduction 
applied for the DG scenarios (solid line) and also the microgrid scenarios 
(dot). 
 

1) Voltage violation analysis: 
This part analyzes the performance of the system when 

voltage reduction operations with voltage reduction of 2.25% 
and 4% are conducted (these are the typical voltage reduction 
percentages used by the utility). To evaluate the performance 
of the system, the undervoltage violations below 0.9 pu are 
observed. In the scenario where 2.25% of voltage reduction is 
applied, the system does not present any undervoltage viola-
tions in the microgrid or the DG scenarios. For 4% of voltage 
reduction, the system behaves similar for microgrid and DG, 
reducing the number of voltage violations from 8 nodes (base 
case) to 7 nodes (microgrid and DG scenarios). That is be-
cause the DG and the microgrid only help to reduce violations 
in their “electrically-nearby” region, and in this particular 
case, only 1 violation occurred in the surrounding area of the 
microgrid. 
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2) Cable losses analysis: 
When voltage reduction is applied, the voltage profile in the 

network is reduced. As a consequence, the current circulating 
through the majority of the grid increases, and therefore, the 
series losses increase (see Fig. 5) [36]. As previously men-
tioned, large power allocation caused the LDC settings of the 
transformers to reduce the tap position, and consequently, the 
series losses would increase as a function of DG penetration. 
The top plot of Fig. 5 shows the effect of voltage reduction for 
three different voltage reduction levels, 0%, 2.25% and 4%. 

 

3) Transformer losses analysis: 
The transformer losses (including losses of substation and 

distribution transformers) for different cases are compared in 
Fig. 5. The losses are presented as a function of allocated 
power penetration for different voltage reduction levels. For 
larger percentage of voltage reduction, a substantial decrease 
in transformer losses is observed. For the case of 4% voltage 
reduction, there is a relative difference in transformer losses of 
4% in comparison to the case where voltage reduction is not 
applied [36]. The advantages of voltage reduction may be 
combined with the reduction of transformer losses caused 
when DG penetration increases. In the case of a presence of a 
microgrid of 15 MW, the transformers losses can be further 
reduced an extra 4%. The combination of microgrid and volt-
age reduction would result in a total reduction of transformer 
losses of 8%. This behavior can be observed on the bottom 
plot of Fig. 5. 

 
Fig. 5. Loss analysis with voltage reduction conducted for DG scenarios and 
Microgrid scenarios.  

E.  Steady Benefits and Conclusions 

By comparing the performance of microgrids and DG units 
in a densely loaded secondary network, it was possible to 
observe two advantages of microgrid systems over individual 
DG penetration. First, microgrids are a more advantageous 
and flexible alternative to allocate onsite generation and con-
trol voltage violations in the network. Also microgrids can 
help reduce undervoltage violations while allowing network 
operation at a lower voltage, thus reducing the transformer 
losses in the system. Also, microgrids relieve loading on feed-
ers by generating and delivering energy within the isolated 
non-synchronous system, therefore reducing the series losses 
in the system. Furthermore, microgrid systems when com-
bined with voltage reduction operations proved to be benefi-
cial to enhance the overall efficiency of the network. Results 
show that for a 15 MW microgrid operating together with 

2.25% voltage reduction would reduce transformer losses by 
4.5% and series losses by 2%. The microgrid would be able to 
operate year round because, as opposed to configurations with 
individual DG units, overvoltage violations in low load condi-
tions are avoided by the microgrid. These enhanced voltage 
reduction operations, in a network with a total yearly con-
sumption of approximately 550 GWh, would lead to yearly 
savings of around $200,000 and to gains in system efficiency. 
The total losses reduce from 3.5% to 3.38% (a 3.5% reduc-
tion) [48]. 

IV.  TRANSIENT BEHAVIOR 

 Several time-domain simulations have been performed to 
analyze the dynamic behavior of the non-synchronous mi-
crogrid when installed in a secondary distribution network. 
These simulations consider three cases: (1) a three phase short 
circuit at a utility MV feeder, (2) a three phase short circuit at 
the terminals of a microgrid onsite generator, and (3) a short 
circuit at the microgrid dc bus.  
 Each case intends to address utility safety and operational 
concerns regarding the integration of a non-synchronous mi-
crogrid into the network. Some of these concerns include: 
potential short circuit contribution from the microgrid into the 
upstream network, the effect of fluctuations on the generators, 
possible voltage instability at the utility and the customer 
connection points, power quality issues at customer terminals 
in case of contingencies, compliance with the interconnection 
conditions of IEEE Std. 519.  
 These transient studies show the benefits of installing non-
synchronous microgrids in meshed distribution networks dur-
ing faults. For example, the case of a short circuit at the MV 
feeder demonstrates the microgrid capability to rapidly isolate 
faults, preventing significant current backfeed into the primary 
system which is highly beneficial to utilities. Additionally, the 
proposed configuration permits the allocation of substantial 
DG, reduces load interruptions during faults, and provides 
improvements of voltage quality. Conversely, traditional net-
work topology allows for current reversal lasting approximate-
ly 6 cycles until the network protectors disconnect. Further-
more, the traditional configuration places restrictions to the 
amount of DG penetration in the system due to fault contribu-
tions that may exceed the short-circuit rating of substation 
circuit breakers.   
 To start, the network is assumed operating in steady-state 
conditions with nodal voltages within 5% of nominal voltage. 
Before applying the fault, the voltage and current waveforms 
were observed to be sinusoidal (without harmonic distortion). 
Measurements at the generators and at load terminals were 
sinusoidal and complied with the requirements of power quali-
ty standards [45]. The three phase short circuits occur at ap-
proximately 600 ms of simulation time, after the system fully 
stabilizes.  
 

A. Short Circuit Studies at Utility Side 
 The major concern with a short circuit on the utility side 
relates to possible current backfeeding from the microgrid into 
the MV feeders. To show the impact of a non-synchronous 
microgrid during an upstream short circuit, the primary of a 
main power transformer connecting the utility system into the 
microgrid was selected as fault location (see Fig. 2). A fault on 
the MV side of a main power transformer is the worst case 
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scenario for possible backfeeding current from the microgrid. 
The instantaneous current waveform as observed through the 
primary winding of the faulted transformer is shown in Fig. 6. 
When the fault occurs (at 600 ms), the fault detection system 
immediately senses an under-voltage condition and switches 
off the corresponding converter within one half of a cycle, 
significantly eliminating backfeeding of current. Most off-the-
shelf controlled rectifiers can accomplish this disconnection in 
a smaller time frame; say one fourth of a cycle or less [49]. 
The MV feeder briefly experiences at most the first peak of 
reverse current (nearly 200 A) from the microgrid. Once the 
fault is isolated, the remaining feeders and generators will pick 
up the load originally supplied by the disconnected line. 

     
Fig. 6. Instantaneous current at the MV side of the faulted transformer. 

 
 As shown, the non-synchronous microgrid does not affect 
the short circuit capabilities of the upstream network. Moreo-
ver, it may provide a delay to the upgrades of substation cir-
cuit breakers which would have normally been required using 
typical paralleling of DGs with the utility system. In a conven-
tional distribution network without a non-synchronous mi-
crogrid, a short circuit on a MV feeder serving the area would 
produce a considerable voltage dip at the load terminals, prob-
ably restarting computers and other sensible equipment. In 
contrast to classic distribution infrastructure, the non-
synchronous microgrid would prevent this decrease in voltage 
as a result of the separation of ac systems. Therefore, voltage 
and current at the load terminals remain constant and sinusoi-
dal throughout the simulation further demonstrating power 
quality improvements and the “always-islanded” nature of a 
non-synchronous microgrid. 
 

B. Short Circuit at a DG Terminal 
 The simulation of a three phase fault on the terminal of a 
generator serving the microgrid provides an insight of the 
advantages obtained with the non-synchronous interconnec-
tion between ac systems. The instantaneous output current of 
the faulted generator observed at its terminals is shown in Fig. 
7. It has a pre-fault value of 1160 A. The shape of this current 
depicts the classic decaying response of a synchronous ma-
chine to a three phase short-circuit. The microgrid system is 
protected by a circuit breaker that opens at approximately 650 
ms of the simulation followed by the generator protection 
which opens at approximately 700 ms. Although the fault 
could have been rapidly isolated from the microgrid using 
similar fault detection as the implemented for the MV feeder 

network, it is desirable to use typical protection equipment and 
its inherited delays to analyze the behavior of the dc microgrid 
when briefly sustaining a fault, and its impact to the load and 
the upstream system.  

 
Fig. 7. Instantaneous current output of a generator during a three-phase fault at 
its terminal. 

 
 The contribution of the microgrid to the fault current is 
presented in Fig. 8. As it can be noted from the plot, before the 
fault occurs, the current flowing into the microgrid was 1160 
A. At the moment of the fault, the current reverses and flows 
from the microgrid to the fault with an asymmetrical shape 
and a first peak of approximately 2600 A. During the first half 
a cycle after the short circuit appears in the network, the dc 
bus voltage of the associated rectifier drops from 4800 V to 
4300 V. Then, it recovers with a combination of a linear re-
sponse when the microgrid feeds the fault and oscillations 
when the short circuit is isolated from the microgrid; see Fig. 
9. When the oscillations are most significant, the current of the 
corresponding MV feeder (see Fig. 10) shows minor disturb-
ances as a result of the load change and the instability of the 
dc bus voltage. The current in the MV feeder is illustrated in 
Fig. 10. The current swing rapidly damps with the system 
impedance. Furthermore, current and voltages at the other MV 
feeders, the generators and the loads terminals are sinusoidal 
and without voltage quality issues.  
 If the under-voltage fault detection was considered in this 
case, the short circuit would have been immediately isolated 
from the microgrid eliminating oscillations at the dc bus. 
  

C. Short Circuit to the Microgrid dc Bus  
 Due to the connection arrangement of the microgrid, a short 
circuit at any of the dc buses would result in the simultaneous 
loss of supply from a generator and a utility feeder. This 
would appear to the microgrid systems as a double contingen-
cy, having one line and one generator out of service. In the 
event of such a fault, the remaining feeders and generators will 
be required to support the load previously supplied by the 
severed components. Moreover, it should be noted that the 
increase in power demand from the remaining feeders and 
generators might exceed the rating of the rectifiers causing 
instability in the microgrid. Therefore, the rectifiers must be 
properly sized to account for this scenario. It is important for 
the microgrid installation not to cause power quality problems 
or substantial decrease in voltage levels during this type of 
scenario.  
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Fig. 8. Microgrid contribution to fault current during a fault at a generator 
terminal. 

 

Fig. 9. Voltage at the dc bus when the microgrid contributes to fault current at 
a generator terminal. 

 
Fig. 10. Instantaneous current at the MV feeder interconnected with the 
faulted generator through the dc bus. 
 

 Simulation results show that when the short circuit appears 
at the dc bus, the power electronics switches immediately 
disconnect, isolating the generator and the feeder. At this 
point, the dc voltage of the unfaulted rectifiers reduces as 
more current is drawn from their corresponding feeder and 
generator, see Fig. 11. Once current reaches steady-state, the 
rectifier dc voltages stabilize. The voltage waveforms of these 
feeders and generators remain unchanged throughout the 
simulation. The behavior of the voltage at the load terminals is 
shown in Fig. 12. As can be seen in the figure, the voltage 
drops from 1.02 pu to 0.87 pu for a brief period of time; ap-

proximately 5 cycles having voltage deviation exceeding 5% 
from its nominal voltage which is considered an undervoltage 
[44]. 
 

 
Fig. 11. Voltage at dc bus of an unfaulted rectifier. 

 
Fig. 12. Instantaneous voltage at load terminal during a short circuit at a dc 
bus. 

V.  CONCLUSIONS 

The advantages of using non-synchronous microgrids in 
heavily meshed secondary networks have been demonstrated. 
As shown in the paper, with transient simulations, a non-
synchronous microgrid isolated by means of a dc bus facili-
tates the integration of distributed generation because the grid 
and microgrid are electrically isolated. Therefore, the transient 
phenomena in one side do not propagate to the other. This is 
of paramount importance when the substation breakers operate 
close to their short-circuit rating. 

The behavior of the grid and the microgrid has been investi-
gated also in steady state with voltage reduction (CVR) com-
paring the losses and voltage profile in the presence and ab-
sence of the microgrid. The superiority of the dc microgrid 
compared with random distributed generation and no genera-
tion are made evident by the reduced number of buses with 
voltage violations.  
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