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Abstract – Direct current(DC) systems have recently attracted attention due to the increase in DC 
loads and distributed generations, such as renewable energy sources. Among these technologies, there 
has been much research into DC distribution systems or DC microgrids. Within this body of research, 
the main topics have been about optimum control and operation methods in terms of improving power 
efficiency. When DC systems are controlled and operated using power electronic devices such as 
converters, it is necessary to design and analyze them by considering the power electronics sections. 
For this reason, we propose a scalable DC system analysis algorithm, which considers various system 
configurations depending on the operating mode and location of the converter. The algorithm consists 
of power flow fault current calculations, and the results of the algorithm can be used for designing DC 
systems. The algorithm is implemented using MATLAB with defined input and output data. The 
verification of the algorithm is mainly performed using ETAP software, and the accuracy of the 
algorithm analysis can be confirmed through the results. 
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1. Introduction 
 
Over the last decade, the amount of power facilities and 

power consumption have increased according to economic 
growth; hence, environmental issues have become important 
such as restrictions of carbon dioxide emissions. The 
microgrid has emerged as one solution to these problems, 
and provides the feasibility of changing the operation of 
the power system. Microgrids include such factors as 
distributed generation (DG), battery energy storage system 
(BESS), and renewable energy sources (RES). These RESs 
include photovoltaic (PV) systems and wind turbines 
(WTs), and are operated as a distributed form so that the 
dependency of the conventional power systems can be 
reduced significantly. In addition, this improves the 
economics and reliability of power systems. However, 
direct current (DC) loads are increasing due to factors such 
as electronics devices and the outputs of BESS or RES. 
Therefore, DC microgrids have been increasingly utilized 
for improving power conversion efficiency. Most DC 
power systems have been constructed and demonstrated 
for specific areas such as long-distance transmission 
using high-voltage direct current (HVDC) techniques [1]. 
However, DC power systems can be expected to become 

more popular in the form of multiple DC microgrids. This 
is on the level of a distribution system as shown in Fig. 1, 
so that the aforementioned advantages of DC systems can 
be utilized. 

Crucial differences between DC and conventional AC 
microgrids are the higher penetration of power electronics 
such as converters, and the consequential improvement of 
controllability. Most components of DC microgrids can be 
connected and controlled through a converter. Moreover, 
interconnection between DC systems having different 
voltage levels can be facilitated by DC/DC converters. 
Therefore, DC microgrids are controllable in terms of most 
normal operations, including power flow control due to 
converters.  

The DC microgrid also possesses flexibility of system 
topology through the converters, so it is possible to operate 
microgrids in a “plug and play” manner [2]. For these 
reasons, there has been a large body of research related to 
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Fig. 1. The Concept of the DC Multi-Microgrids in future 
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the methods of optimal operation and control of DC 
systems or microgrids [3-11]. In DC systems converter 
control methods are the main focus, because the entire 
system is operated through the control of the converter. 
Many studies mainly present several droop control schemes, 
which determine a specific coefficient for each converter, 
and distributes the output accordingly. In this droop control, 
the bus voltage to which the converter is connected and the 
output current of the converter, are determined according to 
parameters, and there is a trade-off between bus voltage 
and current sharing. Various methods have been proposed 
to overcome this disadvantage, such as using secondary 
control or changing the droop coefficient according to the 
conditions. In the DC systems it is important to keep the 
voltage within a certain range. The proposed scheme has the 
objective of simultaneously achieving voltage regulation 
and converter current output sharing. Recently it has been 
proposed to set the optimum droop coefficient based on a 
system analysis [12, 13]. As a result, specific information 
on the entire system such as voltage and current is required 
for both optimal control of converters and DC system design. 
An analysis of the DC system is generally considered to be 
important for this purpose.  

DC power system analysis can be categorized according 
to the operation mode. 1) power flow analysis in normal 
operation and 2) fault-current analysis in emergency 
operation situations, including unexpected faults such as 
lightening. Several research studies have analyzed the 
fundamentals of DC systems. However, there have been 
few studies that have analyzed general DC systems 
including power electronics, for example hierarchical 
architecture through converters. Thus, the analysis of DC 
systems should be applied to general cases. The analysis 
method for DC systems has already been studied [14-16]. 
However, these only considered a simple DC system, and 
rarely considered an extended system with various power 
electronic units.  

In this paper, an algorithm for both power flow and 
fault-current analysis of general DC systems consisting 
of multiple-bus and multiple converters is proposed. The 
algorithm can be implemented considering two control 
modes of converters, and the conditions where DC/DC 
converters can interconnect several DC systems. Additionally, 
the fault-current analysis section of the algorithm derives 
the maximum fault-current which can flow on the buses or 
transmission lines from calculations to obtain the thermal 
limitation of devices. 

In summary, the contributions of this paper are as 
follows. 

1) When there are multiple independent DC systems 
such as multiple DC microgrids, the system can be 
interpreted considering the scalability of the power system. 
A large-scale system composed of multiple DC Buses is 
divided into subsystems by the subsectionalization 
method; therefore, it can be analyzed regardless of system 
complexity and system scale depending on the number of 

converters. In addition, independent interpretation can be 
maintained for subsystems based on interconnected DC/ 
DC converters. 

2) Various control schemes of converters including basic 
droop control and PQ control can be applied, because the 
analysis can be changed according to the control method of 
AC/DC converters and DC/DC converters. This is useful 
for analyzing the operation of the power system according 
to the control method of the converters.  

 
 

2. Background for Analysis of DC Systems 
 

2.1 Standards for DC systems 
 
Before the power flow and fault-current analysis are 

properly implemented, a definition for DC microgrids or 
DC distribution systems is needed. A specific design 
standard for DC distribution systems does not formally 
exist; therefore, alternatives need to be referred to for the 
design of DC distribution systems. Some references in 
respect to DC auxiliary power systems such as electric 
traction or uninterruptable power supply (UPS) systems, 
can be used to design the DC microgrid or DC distribution 
systems; hence, they are selected and analyzed. The 
standards which are defined by the International Electro-
technical Commission (IEC) and Institute of Electrical 
and Electronics Engineers (IEEE) are mainly referred to, 
including IEC-61660, IEEE-399, IEEE-946, and IEEE-666. 

These standards cover the components, and provide 
examples for topology and power flow or short circuit 
current analysis in DC auxiliary power systems. In the 
standards above, the components of DC auxiliary power 
systems consist of rectifiers, converters or chargers, 
batteries, DC loads, and DC motors. In addition, the 
standards show through examples how components are 
applied to calculate power flow and short circuit current. 
Table 1 shows the standards considered in this paper [17- 
21]. The choices of converter or rectifiers, batteries, 
DC/DC converter, and DC loads used in the DC systems 
are based on these standards. Further, the algorithm for 
the analysis of power flow and fault current is designed 
according to these components. 

 
Table 1. Design specification for DC systems 

Standard Title 

IEC Standard 
61660 

Short-circuit currents in dc auxiliary installations in 
power plants and substations Part1: Calculation of 
short-circuit currents, Part2: Calculation of effects 

IEEE Standard 
399-1997 

IEEE Recommended Practice for Industrial and 
Commercial Power Systems Analysis 

IEEE Standard 
946-2004 

IEEE Recommended Practice for the Design of DC 
Auxiliary Power Systems for Generating Stations 

IEEE Standard 
666-1991 

IEEE Design Guide for Electric Power Service 
Systems for Generating Stations 

IEEE Standard 
1375-1998 

IEEE Guide for the Protection of Stationary Battery 
Systems 
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2.2 Method for the analysis 
 
As mentioned previously, power flow analysis is 

necessary to operate the power systems; therefore, many 
algorithms related to solving power flow problems have 
been proposed and applied. These algorithms can also be 
used in DC systems and include the Newton-Raphson, 
Gauss-Seidel, and forward/backward sweep methods [2]. 
Because the algorithm is to be verified through MATLAB 
software, the algorithm needed to be simply implemented. 
For these reasons, the Gauss-Seidel method using algebraic 
equations for solving the problems is chosen. The Gauss-
Seidel method can be used to solve linear simultaneous 
equations in an iterative manner [22]. 

 
 Ax b=  (1) 
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Eq. (1) is the typical form of a linear simultaneous 

equation. To solve Eq. (1), the Gauss–Seidel method can be 
applied, so that Eq. (2) can be derived. 
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Further, these formulas can be applied in the DC power 

flow analysis. Eqs. (3) and (4) are described below. 
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In Eq. (3), V is the bus voltage, I is the current injected 

to the bus, G is the matrix of the line conductance. Given 
the initial value of voltages, the bus voltage value in the 
next step can be iteratively calculated using the calculation 
of the current injected into the bus, and the conductance 
matrix elements. The current injected into the bus has a 
positive sign, while the current out of the bus has a 
negative sign, and is calculated using Ohm's law. When the 

difference between the voltage value of the previous step 
and the current step becomes smaller than a predetermined 
value, the iteration is terminated and the results are 
regarded as the final voltage values. 

 
 

3. Component Modeling for Power Flow Analysis 
 
This section describes how each component is considered 

in the power flow analysis. The components consisted of 
an AC/DC converter, inverter, DC/DC converter, battery or 
UPS, and DC loads including DC motors [17-21].  

 
3.1 Converter 

 
The control method of the converter can be classified 

into two types: the control of the output power and voltage. 
In this study, two general forms of voltage control and 
output power control considering the droop control as part 
of the voltage control are considered. When the converter 
is connected to the source performs voltage control, the 
voltage of the corresponding bus is determined as a 
constant, which simplifies the calculation. Therefore, the 
converter that is connected to the utility grid performs 
the voltage control of the corresponding bus, and the 
remaining converters connected to the source or loads 
perform the output power control. A DC/DC converter that 
connects two systems with different characteristics such as 
voltage levels is also considered. The DC/DC converter 
can control the voltage on the secondary side, or perform 
bidirectional output power control. Table 2 summarizes 
the changes in the converter equivalent source type as 
conditions change. 

 
3.2 Directly connected batteries and DC loads 

 
The battery could either be connected to the system 

through a converter, or directly connected. Based on the 
standards mentioned in Section 2.1, a battery connected 
directly to the system is capable of circuit modeling using 
terminal voltage and internal impedance. Therefore, a 

Table 2. Operating mode according to the condition of 
converters 

Operation Mode Description 
CVS 

(Constant Voltage 
Source) 

In a situation where the power sources are 
performing voltage control, the connected bus is 
voltage controlled bus. 

CCS 
(Constant Current 

Source) 

As the load increases, the power source changes 
to a form that supplies the maximum current 
value instead of performing voltage control. 

Inactive 

In the situation where, reverse current is 
generated to the bus side connected to the 
source for voltage control due to the large scale 
distributed sources such as batteries connected 
to the lower system, the source can no longer 
perform voltage control and the voltage of the 
bus controlled by the source is increased. 
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battery that is directly connected is either charging or 
discharging, according to the voltage of the connected bus. 
When the bus voltage is lower than the battery terminal 
voltage, it is discharged.  

Loads that are directly connected to the DC system are 
modeled on a ZIP-model basis. The power flow analysis is 
a steady state analysis and the system to be analyzed is DC; 
therefore, it is considered as a resistance (R) instead of an 
impedance (Z). 

 
 

4. Component Modeling for Fault Current 
Analysis 

 
The Fault current analysis in DC systems is simpler than 

in AC systems. In DC systems most components are 
connected through power electronic devices such as 
converters, so there are limited components to consider 
except for the converter. When a fault occurs at a specific 
point such as a bus or branch, the fault current flowing to 
the fault point can be regarded as the total sum of fault 
currents contributed by each component. In addition, the 
steady state and instantaneous peak values of the fault 
currents of each component are dominant in the line 
resistance, and the rising rate of the fault currents depends 
on the line inductance. There are three main types of power 
sources that contribute to fault currents in the DC grid: 
batteries, DC motors or generators, and some converters 
such as rectifiers [17-21]. 

 
4.1 Battery 

 
According to the standards, the battery is the most 

dominant component of fault current, and the fault current 
contributed by the battery depends on the total resistance 
component of the short circuit. The fault current of the 
battery can be calculated using the equivalent circuit of 
the battery. The equivalent circuit consists of the battery 
internal terminal voltage, battery circuit inductance, battery 
circuit resistance, and battery internal resistance. The 
internal resistance of the battery cell can be obtained from 
the battery manufacturer, and the inductance and resistance 
values of the circuit may vary depending on the circuit 
configuration. Generally, the battery contributes 10 times 
the rated output current as a fault current. An example of a 
battery equivalent circuit and a fault current curve is shown 
in appendix, Fig. 7. 

 
4.2 DC Machine 

 
Fault current contributions by DC machines such as DC 

motors or DC generators usually increase to two-thirds of 
their maximum value, after which the rate of rise changes 
to take the form of an exponential function. The time taken 
to converge to a steady-state fault current value depends on 

the time constant of the excitation winding, and the range 
is usually between 0.1 and 1 s. The peak value of fault 
currents contributed by the motor or generator depends on 
the instantaneous effective voltage before the fault, and the 
load, rotational speed, and effective resistance. An example 
of equivalent circuit and fault current curves for a DC 
motor is given in appendix, Fig. 8. 

 
4.3 Rectifier 

 
Rectifiers usually contain a current limiting circuit, and 

limit the fault current through the clamping operation of 
this circuit. Therefore, in general the maximum fault 
current does not exceed 150% of the total load current, 
and these values can generally be obtained from the 
manufacturer. To ensure that they do not contribute to fault 
currents, some converters include a protection circuit to 
automatically protect the converter when a fault occurs. 

 
4.4 Assumption 

 
In this paper, the fault current calculation is based on 

obtaining a steady state value rather than a transient state 
value. This is to identify the magnitude and direction of the 
fault current when a fault occurs, and to establish a 
protection strategy. There are some assumptions made for 
the design of each component. As mentioned earlier section 
4.3, for devices such as rectifiers and DC/DC converters, it 
is assumed that the internal current limit circuit contributed 
a limited fault current without tripping. On the other 
hand, in the case of a common converter, it is assumed 
that the converter automatically shuts off, because there 
is a protection circuit inside the convertor that is used for 
blocking the fault current. As a result, rectifiers and 
DC/DC converters can be treated as current sources 
providing constant fault currents. Moreover, it can be 
considered that converters and inverters do not to 
contribute to fault currents, because they are automatically 
tripped. For a directly connected battery, it can be modeled 
as a constant voltage source with an internal resistance. 
Batteries other than lead-acid batteries can be modeled 
with a constant current source, depending on the battery 
manufacturer. For components that can typically be 
modeled as a current source, the effect on the fault current 
limit is considered a failure factor. For example, if the fault 
current is limited to twice the full load current, then the 
fault factor is two. In addition, fault current calculations 
only assume ground faults in the bus, because bus faults 
are more serious than branch faults. 

 
 

5. Algorithm for DC Power Flow and Fault 
Current Analysis 

 
Fig. 2 shows the flowchart for the power flow 

calculation algorithm, and for the fault current calculation 
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algorithm. The power flow and fault current calculation 
algorithms commonly use the Gauss-Seidel method 
mentioned earlier. For the power flow calculation, it is 
performed using the Gauss-Seidel method, based on the 
input data for the source and the loads. On the other hand, 
for fault current calculations, after the failure of each bus 
is assumed as a separate case, the Gauss-Seidel method 
is applied based only on the input data for each case. In 
the fault current calculation as mentioned above, the 
characteristics of each component in a fault situation are 
used, and the faulty bus is assumed to be at zero voltage. In 
this section, each step is described in detail, in the order 
according to the flow chart. 

 
5.1 Input and output for algorithm 

 
The first step in constructing the power flow and fault 

current analysis algorithms is to define the input and output 
of the algorithm. The input is classified into two kinds, bus 
input and branch input similar to AC power flow 
calculations. Likewise, the output is divided into two types: 
the bus-related output and branch-related output. Both 
inputs and outputs contained all the items necessary for 
calculating power flow and fault current. The inputs and 
outputs of the algorithm defined in this paper are shown in 
the Appendix. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. The example of the sectionalizing process 
 

5.2 Subsectionalization method 
 
In this paper the expandability of a DC system is 

considered, because the intention is to analyze a general 
DC system. This expandability can be considered an 
expansion of the DC microgrid in the form of multiple DC 
microgrids, or as an expansion of the DC system from a 
conventional low voltage DC distribution system to a 
medium voltage DC grid. If the entire DC system is 
composed of many independent DC systems, separate 
systems must be distinguished for the analysis of the entire 
DC system, and a separate interpretation is required 
depending on the control and operation of each system. 
Therefore, if the subsectionalization method gives a 
hierarchical structure to a large-scale system, each 

 
Fig. 2. The whole process of the power flow and fault 

current analysis 
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subsystem can be interpreted separately. In addition, the 
system complexity of the interpretation can be solved. For 
example, a DC/DC converter that connects two systems 
with different voltage levels may control the secondary bus 
voltage to a desired value, or voltage control may be left to 
other devices to control power. In this case, the lower DC 
system differs from the analysis results, depending on the 
control of the DC/DC converter. It is also affected by the 
upper DC system, therefore it is necessary to sectionalize 
the independent DC systems. If sectionalizing is performed, 
each independent system performs an individual power 
flow, and fault current calculation is used for the entire 
system analysis. 

The sectionalizing process consists of four steps. The 
first step is to identify the branch of the DC/DC converter 
that connects the two systems from the branch input data. 
The second step distinguishes the secondary side bus of 
the converter and all the buses connected to the lower side 
of the converter based on the DC/DC converter, and treats 
all the identified buses as an independent system group. 
The third step is to prioritize the grouped independent 
systems. At this stage, the state of connection between 
each independent system is identified. For example, 
some systems are connected in cascade, or two DC/DC 
converters form a single ring structure. The reason for 
assigning priority to each system is that the order for 
analyzing the system is determined according to the state 
of connection between the systems. Once the priorities 
have been determined, the final step is to classify the input 
data according to the way in which each independent 
system is categorized in the previous step. All sorted 
results are stored in a multi-dimensional array in MATLAB. 

Fig. 3 shows an example of the sectionalizing process. 
The system shown in Fig. 3 (a) includes three DC/DC 
converters. Generally, the DC/DC converter branch is 
identified, and the buses included in the lower level are 
identified. If two or more DC/DC converters are connected 
as in (a), the sectionalizing process is performed from the 
lowest level DC system, as shown in (b). In the same way, 
another independent system is sectionalized, as shown in 
(c). As a result, all the lower systems of the converter of 
the highest level (number 1) among the DC/DC converters 
are grouped into one system, as in (d). Applying the step of 
allocating the priority corresponding to the third step of the 
four, the systems of (b) and (c) had the highest priority, the 
system of (d) is the second highest priority, and the whole 
system is the lowest priority. 

 
5.3 Iterative process and obtaining solution 

 
In this step, the given problem is solved numerically 

using the Gauss–Seidel method. In the iterative solving 
process, the condition of the problem changed depending 
on the current injected into the bus. An example of this 
condition as described above, is the fact that it could be 
operated as either a constant voltage source, or a constant 

current source for the converter. When the condition is 
changed, the variable to be updated in the Gauss–Seidel 
method changed, and the G-matrix could also be changed. 
In the Gauss–Seidel method, when the bus voltage values 
converged, the iterative process ended, and the final bus 
voltage value is determined. Once these values are 
determined, the current and power flow cold be calculated 
for each bus and branch, according to these values. 

 
 

6. Algorithm Verification 
 
The verification of the algorithm is performed in two 

cases using ETAP software, which is used to define the 
inputs and outputs. First, a small arbitrary seven-bus DC 
system is constructed to verify the basic operation of the 
algorithm. Second, a complex 50-bus system is constructed, 
which considered the connection of various independent 
systems and various topologies that are emphasized.  

In case 1, the seven-bus system consisted of one rectifier, 
four lumped dc loads (ZIP-model based), one dc load 
(resistive load), one inverter-based load, one dc machine 
Battery, and three DC/DC converters. 

In case 2, the 50-bus system consisted of one rectifier, 
26 lumped dc loads, 19 dc loads (resistive load), 3 inverter-
based loads, 5 dc machines (motors), 5 batteries, and 6 
DC/DC converters. 

In both cases, the system rated voltage is the same at 
0.25 kV main system and 0.125 kV subsystem. Rectifier 
and DC/DC converters are based on controlling the voltage 
of the secondary bus to which they are connected. 

In case 1, the basic performance of the algorithm in a 
small number of subsystems is verified. In case 2, the 
performance of the algorithm is verified for a large-scale 
complex topology system composed of multiple sub-
systems. Therefore, in case 2 the input of the 50-bus 
system is similarly set to the input parameters of case 1. 
Particularly, not only is the basic operation of the algorithm 
verified, but also the influence of the control method 
changes of the converters and the complicated topologies 
such as the ring topology are applicable. 

 
6.1 Case 1. 7-Bus DC system 

 
Fig. 4 shows a diagram of the 7-bus DC system. Here, 

the AC system is converted to DC through the rectifier. 
The rectifier is also used to connect the AC power source. 
The DC/DC converter included three units, each of 
which is an independent system. For DC lumped loads, 
the DC/DC converter could be considered an associated 
load. An arbitrary 7-bus DC system is constructed using 
ETAP, and an input data text file is created and applied to 
the algorithm input. Tables 3 and 4 show inputs of the 
algorithm in the form of text files. 

Tables 5 and 6 show the comparison between ETAP and 
the proposed algorithm. Comparing the error rates of the 
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two results, it is close to zero and there are only some 
numerical errors. The basic operation performance of the 

algorithm is verified through these results. 
 

6.2 Case 2. 50-Bus DC system 
 
Fig. 5 shows the 50-bus DC system diagram based on 

ETAP. The 50-bus DC system consisted of five sub-
independent systems, one of which had a cascaded 
connection between subsystems 4 and 5, and the other had 
a parallel connection.  

In order to verify the operational mode change of the 
power supplies, a subsystem having a constant current 
source mode in subsystem 1 which is connected by ring 
topology, and a subsystem having an inactive mode in 
subsystem 5, are also included. The remaining subsystems 
performed voltage control. As in Case 1, inputs are 
generated based on the system in Fig. 5, and the generated 
inputs are loaded in the algorithm. Fig. 6 shows the error 
between the results of the proposed algorithm and ETAP 
software, for the 50-bus DC system. As a result of the 
comparison, it can be confirmed that the error is extremely 
small as in Case 1. This suggests that the proposed algorithm 
operates normally for the control method of the DC/DC  

Table 3. 7-Bus DC system bus input data 

BusNum Name BaseV Bcode IDcode Prate Vset FLA Eff Ksc BatR 
1 1001 0.25 1 1 0 0 0 0 0 0 
1 2001 0.25 1 2 612.009 0.2625 2448.036 90 150 0 
2 1002 0.25 3 1 0 0 0 0 0 0 
2 3001 0.25 3 3 0 0.25132 0 0 1000 0.0015 
2 4001 0.25 3 4 25 0.25 100 0 200 0 
2 4002 0.25 3 5 55.5556 0.25 222.2222 0 1000 0 
3 1003 0.25 3 1 0 0 0 0 0 0 
3 3002 0.25 3 3 0 0.25132 0 0 1000 0.0015 
3 4003 0.25 3 5 100 0.25 400 0 200 0 
4 1004 0.125 4 1 0 0 0 0 0 0 
4 4004 0.125 4 5 100 0.125 800 0 1000 0 
5 1005 0.125 4 1 0 0 0 0 0 0 
5 4005 0.125 4 5 100 0.125 800 0 1000 0 
6 1006 0.125 4 1 0 0 0 0 0 0 
6 4006 0.125 4 5 30 0.125 240 0 0 0 
7 1007 0.125 3 1 0 0 0 0 0 0 
7 3003 0.125 3 3 0 0.12772 0 0 1000 0.0015 
7 4007 0.125 3 5 100 0.125 800 0 1000 0 

TrL Imax Mode 1minA Np Ncell Str CP CZ CI SC 
0 0 0 0 0 0 0 0 0 0 0 
0 150 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 1 2225 29 122 4 0 0 0 1 
0 0 0 0 0 0 0 100 0 0 0 

0.135 0 0 0 0 0 0 100 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 2225 29 122 4 0 0 0 1 
0 0 0 0 0 0 0 50 30 20 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 20 32 48 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 20 30 50 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 100 0 1 
0 0 0 0 0 0 0 0 0 0 0 
0 0 0 2225 29 62 2 0 0 0 1 
0 0 0 0 0 0 0 20 30 50 1 

 

 

 
Fig. 4. 7-Bus DC system diagram for algorithm verification 
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Table 4. 7-Bus DC system branch input data 
FromB ToB BRcode Prate Vrate1 Vrate2 Irate1 Irate2 Eff Ksc R L Imax 

2 4 2 250 0.25 0.125 1111.11 2000 90 200 0 0 150 
2 5 2 250 0.25 0.125 1111.11 2000 90 200 0 0 150 
3 6 2 250 0.25 0.1287 1111.11 2000 90 200 0 0 150 
1 2 1 0 0 0 0 0 0 0 0.102 0.674 0 
2 3 1 0 0 0 0 0 0 0 0.204 1.348 0 
6 7 1 0 0 0 0 0 0 0 0.408 2.696 0 

 
Table 5. Comparison of bus results between ETAP and the proposed algorithm (7-Bus) 

Bus Num BaseV Voper Voper_pu SC Current ETAP (Voper) ETAP (SCCurrent) Error (Voper) Error (SCCurrent) 
1 250 262.50 105.0000 42.2035 262.5000 42.2040 0.00% 0.00% 
2 250 247.83 99.1299 96.1054 247.8000 96.1050 -0.01% 0.00% 
3 250 249.51 99.8022 112.6390 249.5000 112.6400 0.00% 0.00% 
4 125 125.00 100.0000 5.6000 125.0000 5.6000 0.00% 0.00% 
5 125 125.00 100.0000 5.6000 125.0000 5.6000 0.00% 0.00% 
6 125 128.75 103.0000 4.3085 128.8000 4.3090 0.04% 0.01% 
7 125 125.09 100.0740 42.2964 125.1000 42.2960 0.01% 0.00% 

 
Table 6. Comparison of branch results between ETAP and the proposed algorithm (7-Bus) 

FromB ToB BCur BSC FromP ToP ETAP 
(BCur) 

ETAP 
(BSC) 

ETAP 
(FromP) 

ETAP 
(ToP) 

Error 
(BCur) 

Error 
(BSC) 

Error 
(FromP) 

Error 
(ToP) 

2 4 448.35 4.00 111.11 100.00 448.35 4.00 111.11 100.00 0.00% 0.00% 0.00% 0.00% 
2 5 448.35 4.00 111.11 100.00 448.35 4.00 111.11 100.00 0.00% 0.00% 0.00% 0.00% 
3 6 146.87 4.00 36.65 32.98 146.87 4.00 36.65 32.98 0.00% 0.00% 0.00% 0.00% 
1 2 143.89 -38.53 37.77 35.66 143.89 -38.53 37.77 35.66 0.00% 0.00% 0.00% 0.00% 
2 3 -8.24 33.73 -2.04 -2.06 -8.24 33.73 -2.04 -2.06 0.00% 0.00% 0.00% 0.00% 
6 7 8.97 2.24 1.15 1.12 8.97 2.24 1.15 1.12 0.00% 0.00% -0.03% 0.04% 
1 2001 -143.89 -3.67 37.77 41.97 -143.89 -3.67 37.77 - 0.00% 0.00% 0.00% - 
2 3001 -1069.61 -89.00 265.08 268.81 -1069.61 -89.00 265.08 - 0.00% 0.00% 0.00% - 
3 3002 -555.27 -76.91 138.54 139.55 -555.27 -76.91 138.54 - 0.00% 0.00% 0.00% - 
7 3003 -791.09 -38.45 98.96 101.04 -791.09 -38.45 98.96 - 0.00% 0.00% 0.00% - 
2 4001 100.88 0.00 25.00 25.00 100.88 0.00 25.00 25.00 0.00% 0.00% 0.00% 0.00% 
2 4002 224.17 58.94 55.56 55.56 224.17 58.94 55.56 55.56 0.00% 0.00% 0.00% 0.00% 
3 4003 400.16 -2.00 99.84 99.84 400.16 -2.00 99.84 99.84 0.00% 0.00% 0.00% 0.00% 
4 4004 800.00 -1.60 100.00 100.00 800.00 -1.60 100.00 100.00 0.00% 0.00% 0.00% 0.00% 
5 4005 800.00 -1.60 100.00 100.00 800.00 -1.60 100.00 100.00 0.00% 0.00% 0.00% 0.00% 
6 4006 247.20 1.76 31.83 31.83 247.20 1.76 31.83 31.83 0.00% 0.01% 0.00% 0.00% 
7 4007 800.06 -1.60 100.08 100.08 800.06 -1.60 100.08 100.08 0.00% 0.00% 0.00% 0.00% 
 

 
Fig. 5. 50-Bus DC system diagram for algorithm verification 
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converter, and that the serial and parallel connections of 
multiple systems are also precisely sectionalized. 

 
 

7. Conclusion 
 
In this paper, we proposed an algorithm for power 

flow and fault current analysis of a DC system with 
expandability. In a DC system, analysis depends on the 

operation type of the power electronic devices such as the 
converter and the system topology according to the 
position of devices, consequently it is necessary to analyze 
the system considering these facts. Therefore, we have 
developed an algorithm to calculate the power flow and 
fault current of an entire DC power system, considering the 
control method of the converter and the connection of 
several DC independent systems. The simulation used 
ETAP known as a grid analysis tool, and an arbitrary 50-
bus system is constructed consisting of many small DC 
systems or sub-DC systems. As a result of comparing with 
the output through ETAP, it is confirmed that the error rate 
with the result analyzed by the proposed algorithm is 
almost less than 1%. The analysis results of this algorithm 
can be used when designing a DC system in the form of 
multiple DC microgrids, and when designing the 
coefficients of devices in the DC system such as droop 
control parameters, or for determining the optimum 
location of power sources such as batteries. 

 
 

8. Appendix 
 
Figs. 7 and 8 show an example model for the battery 

and dc motor described in Section 4 [17,18]. 
Tables 7 to 10 show the types and details of the input 

and output of the proposed algorithm, as described in 
Section 5.1. The bus code is used for distinguishing the 
characteristics of the bus for analysis, while the 
identification code is used for distinguishing the 
characteristics of the components connected to the bus. 

Table 7. Bus input data format 

Bus Input Data 
Number Item Description Unit Remark 

1 BusNum Bus Number - - 

2 Name Bus Name - IDcode * 1000 + BusNum 
(Example. The maximum number of bus: 1000) 

3 BaseV Base Voltage kV - 
4 Bcode Bus Code - 1: Slack, 2: Source, 3: Load, 4: DC/DC 
5 IDcode Identification Code - 1: Bus, 2: Rectifier, 3: Battery, 4: Inverter, 5: DC Loads 
6 Prate Rated Power kW - 

7 Vset Output Voltage 
Reference Value kV 

Source: Voltage Control Reference 
Load: Rated Voltage 

Battery: Internal Voltage 
8 FLA Full Load Ampere A - 
9 Eff Efficiency % From minimum 0% to maximum 100% 

10 Ksc Fault Coefficient % More than 100% 
11 BatR Internal Resistance of Battery Ohm - 
12 TrL Transient Inductance of Load mH - 
13 Imax Maximum Current Value % More than 100% 

14 Mode Fault Operation Mode of Battery - 1: Current Source 
0: Voltage Source Behind Impedance 

15 1minA Fault Current of Battery (1 minute) A - 
16 Np Number of Battery Plates EA More than one 
17 Ncell Number of Battery Cells EA More than one 
18 Str Number of Battery Strings EA More than one 
19 CP Constant Power Value (Load) % CP + CZ + CI = 100% 
20 CZ Constant Impedance Value (Load) % CP + CZ + CI = 100% 
21 CI Constant Current Value (Load) % CP + CZ + CI = 100% 
22 SC Index of Fault Current Contribution - Binary Value (1: Contribution /0: No Contribution) 
 

 

 
Fig. 6. The error between the result of the proposed 

algorithm and the result of the ETAP software 
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(a) 

 
(b) 

Fig. 7. (a) Battery equivalent circuit, (b) fault current curve 
example 

 

 
Fig. 8. DC motor fault current curve and equivalent circuits 
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Table 9. Bus output data format 
Bus Output Data 

Number Item Description Unit Remark 
1 BusNum Bus Number - - 
2 BaseV Base Voltage kV - 

3 Voper Operating 
Voltage kV - 

4 Voper_pu 
Operating 

Voltage (Per 
Unit) 

% 1: Slack, 2: Source, 3: 
Load, 4: DC/DC 

5 SCCurrent Fault Current 
Value kA 

The fault current that 
flows through the bus in 

the event of the 
corresponding bus 

failure. 
 

Table 10. Branch output data format 
Branch Output Data 

Number Item Description Unit Remark 

1 FromB ‘From’ Bus 
Number - Connection Information 

2 ToB ‘To’ Bus 
Number - Connection Information 

3 B_Cur Branch Current - 

Forward Direction 
(From-To): Positive 
Backward Direction 
(To-From): Negative 

4 B_SC 
Current 

Fault Current on 
the Branch kW 

Maximum fault current 
that can flow as a result 
of considering all bus 

faults. 

5 FromP ‘From’ Power 
Flow Value kV - 

6 ToP ‘To’ Power Flow 
Value % 

In the case of Battery or 
Load, same values as 

‘FromP’  
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