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Power Flow Study of Low-Voltage DC Micro-Grid and Control of 
Energy Storage System in the Grid

Dong-Eok Kim†

Abstract – DC distribution has several differences compared to AC distribution. DC distribution has
a higher efficiency than AC distribution when distributing electricity at the same voltage level. 
Accordingly, power can be transferred further with low-voltage DC. In addition, power flow in a DC 
grid system is produced by only a voltage difference in magnitude. Owing to these differences, 
operation of a DC grid system significantly differs from that of an AC system. In this paper, the power 
flow problem in a bipolar-type DC grid with unbalanced load conditions is organized and solved. 
Control strategy of energy storage system on a slow time scale with power references obtained by 
solving an optimization problem regarding the DC grid is then proposed. The proposed strategy is 
verified with computer simulations.
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1. Introduction

Nowadays, most electrical equipment, such as servo 
motor drives, renewable generation systems, and infor-
mation technology devices, apply a power conversion 
process with power electronics to enhance energy efficiency
and performance. This power conversion typically uses a 
pulse width modulation (PWM) technique, which requires 
a DC source. However, because electricity is distributed in 
the form of AC, an additional conversion process of AC to 
DC is required for the DC source, which results in reduced 
energy efficiency. For these reasons, DC distribution is 
receiving considerable attention. Many studies and attempts
have been made to distribute electricity in DC form [1-3]. 
DC distribution is predominantly required for internet data 
centers (IDCs). IDCs require multiple uninterruptible power
supplies (UPSs), which require redundant AC to DC 
conversion processes [4]. These processes can be avoided 
if DC distribution is used. Furthermore, DC distribution 
networks have been configured in commercial buildings to 
enhance energy efficiency with photovoltaic (PV) systems 
[5]. 

In addition, because the DC system has no inductance 
components in a steady state, electricity can be further 
transferred by DC distribution at a low-voltage level 
compared to that by AC. Some studies showed that 
transferring electricity in DC low-voltage level is more 
efficient than transferring electricity at an AC high-voltage 
level to some distance [6], as well as better power quality 
[7, 8]. In developing countries, the DC micro-grid with a 
small PV system has been applied for rural area 
electrification [9]. In [10], the DC micro-grid with 

renewable resources was applied on a small scale on an 
island. In [11], to prevent a total black-out by a natural 
disaster, a low-voltage DC micro-grid in a complex building
area was constructed, and it proved to be successful. 
Furthermore, when applying renewable generation systems 
to a DC grid, synchronization no longer needs to be 
considered [12].

Although DC technology is common and matured, 
designing and operating a DC micro-grid is a different 
matter. There are things to be studied and verified, such as 
a grounding problem in the grid. In addition, a DC grid 
system differs from an AC grid system in many aspects. 
Especially, power flow in DC system is made only by 
voltage difference in magnitude. Further, in the bipolar 
type of DC distribution, loads can be connected to either 
positive or negative side [13] so that unbalanced power 
flow occurs. This unbalanced problem might be severe if 
the distribution lines are extended over a large area, which 
results in unbalanced voltage in the grid, and thus it must 
be taken into accounts when analyzing and operating a 
bipolar-type DC micro-grid. However, most studies for DC 
micro-grid are concerned with unipolar types and they are 
not focused on the unbalanced conditions [14-16] 

In a micro-grid, renewable resources are essential as 
well as energy storages. When renewable resources are 
applied in a micro-grid system, single or multiple energy 
storage systems (ESSs) typically are installed in the grid 
and they support the operation of the grid by properly 
charging or discharging power. In addition to that, ESS can 
work to eliminate unbfigced power flow in the bipolar DC 
micro-grid.

In this paper, we first introduce how to organize and 
solve a power flow problem for a bipolar-type DC micro-
grid system. By using it, we can study the unbalanced 
phenomenon caused by unbalanced load demand or power 
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generation in the grid. Second, to resolve the unbalance 
problem, we present the control strategy of ESS, by which 
it can support voltages as well as proper power flow in 
the grid. The strategy is concerned with quasi-static 
control action on a slow time scale, which is similar with 
secondary control in AC power system to maintain 
frequency of a wide area within desired bounds [17].

2. DC Micro-Grid

Although the DC micro-grid configuration and operation 
can be achieved in many ways, proper voltage control is 
important because power in a DC grid flows only by 
voltage differences in magnitude. And, this work focuses 
on ESS operation on a slow time scale by an energy 
management system (EMS) to support line (line-to-line) 
voltages as well as proper power flow in a DC micro-grid. 
For this, we first need to configure power flow problems 
and solve them to determine the operating condition of the 
DC micro-grid. 

2.1 Bipolar-type DC grid

Fig. 1(a) shows a bipolar-type DC micro-grid represented
in a single-line diagram. Each bus numbered with the 
superscript ‘є’ includes three buses — positive, neutral, and 
negative buses — as shown in Fig. 1(b). Bus numbers in 
the single-line and three-line diagrams have the following 
relations:

{	�	|	� ∈ �, 3(�є − 1) + 1 ≤ � ≤ 3�є} (1)

where �є ∈ � and 1 ≤ �є ≤ �. The grid system includes a 
variable-speed diesel-engine generation system (VSDGS), 
distributed renewable generation systems (DRGSs) using 
PV and wind, ESS, and loads. Connection to the grid can 

be made by four types, which are shown in Fig. 1(c). 
Generation systems with the capability of power redistri-
bution for voltage balance in the grid must be connected by 
the (p, n) type, while loads are connected by all types. 

For this work, several assumptions are made: 1) EMS 
can have information of voltages, currents, and powers 
of buses and can use them for the grid operation. EMS 
transfers control references to controllable systems, and the 
systems can correctly follow the references. 2) VSDGS is 
connected to the grid by AC/DC converters so it can run 
efficiently over all operation ranges. This VSDGS system 
also has the capability of controlling the line voltage of 
bus 1є with the converters, where the voltage reference is 
given by EMS. In addition, a controllable dumping load is 
connected to VSDGS. This implies that, when power is 
surplus in the grid, the system can absorb the power. 3) 
DRGSs are usually controlled with maximum power point 
tracking (MPPT) method; however, they can reduce its 
output power by an EMS order when the grid has surplus 
power. 4) Normal loads cannot be intentionally shed or 
controlled. However, a public thermal load, such as a 
combined heat and power (CHP) system, is controllable to 
some extent if any exists.

2.2 Power flow problem for bipolar-type DC grid

In Fig. 1, the bus type is categorized into two bus types: 
V and P buses. The V bus is a reference bus numbered 1є

(or 1, 2, and 3) so that all bus voltages are calculated based 
on this particular bus voltage. The others are P buses into 
which generated powers are injected. Power demands by 
loads are represented as negative power injections. Loads 
are connected between buses and require constant powers. 
Loads are categorized into four types, as shown in Fig. 1(c). 

When the line conductance matrix of the DC network 
represented in a single-line diagram is given ��

є, that of the 
three-line diagram is derived by using the Kronecker 

Fig. 1. (a) Bipolar-type DC micro-grid represented in a single-line diagram; (b) Line between two buses in a single-line 
diagram and its representation in a three-line diagram; (c) Four types of loads represented in single-line and three-
line diagrams
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product:

�� = ��
є ⊗ ��×� (2)

where ��×� is a 3x3 identity matrix. Because loads require 
constant powers, they are assumed resistances that vary 
depending on line voltage changes. In addition, DRGSs are 
considered negative loads. Then, the conductance matrix 
can be decomposed into those of DC-network lines and 
loads

� = �� +�� (3)

where �� is the conductance matrix of the loads. To solve 
the power flow problem with the Newton–Raphson method, 
we must develop the respective power equations and 
Jacobean matrix [18]. First, current injected into ith bus is 
calculated as

�� = ∑ �����
��
��� = ∑ ��,����

��
��� + ∑ ��,����

��
��� (4)

which is expressed in a matrix form, � = ��. Then, power
injected into ith bus is

�� = ���� (5)

Also, powers consumed by the loads are calculated as

��,� = (�� −��)
���,� = −(�� − ��)

���,�� (6)

where ��,� is the power demanded by the pth load
connected between r and s buses. ��,� is the conductance 
of the pth load. Using (5) and (6), the following can be 
obtained

���� = �� + �(��)���(��) (7)

where 

�(�) = �
�� ��
�� ��

�, �(�) = �
∆�(��∙)
∆��

�, � = �
�(��∙)
��

�;

��,�� =
���

���
, ��,�� =

���

���,�
, ��,�� =

���,�

���
, ��,�� =

���,�

���,�
,

∆�� = �� − ��
∗, ∆��,� = ��,� − ��,�

∗ .

� is a Jacobean matrix, and superscript � indicates the 
iteration number. It should be noted that the V bus voltage 
is fixed at a given value and not included in �. In addition, 
it is important to note that, because all loads, including 
negative loads, are represented conductance, the power 
injected into buses is zero over the iteration process 
( ��

∗ = 0 ). Once the solution is obtained, the power 
injected can be calculated using the bus voltages and line 
conductance.

3. ESS Operation in the DC Grid

In this work, a VSDGS is considered as a reference unit 
that is controlled to maintain its terminal (V bus) line 
voltage to a given value (1.0 pu). Once DRGSs are built, 
an optimal solution is to enable them to generate power 
as much as possible, and that can be achieved by a simple
principle of : while DRGSs generate their maximum 
powers, ESS charges or discharges to maintain the line 
voltages of all buses as close as that of the V bus in the grid. 

To do that, we solve an optimization problem to obtain 
the proper power reference and ESS is controlled to 
produce the same power as the reference. However, this 

Fig. 2. Flow chart of the ESS operation (generating power references continuously every minute unless interrupted by an 
external signal)
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power reference might not be fulfilled if the ESS’s state-
of-charge (SoC) is lower than its low limit or higher than 
its upper limit. If SoC is lower than its low limit, ESS
cannot discharge; it only charges where the energy for 
the charging comes from the VSDGS system and DRGSs. 
If SoC is higher than its upper limit, ESS can no longer 
charge, and it contributes voltage support by only discharging
to the grid. In this case, if DRGSs generate too much 
power, a power surplus might occur in the grid. Then, 1) 
the generation from DGs should be reduced, 2) power 
consumption of loads such as CHP should be increased, or 
3) the surplus power should be wasted by some resistors 
at VSDGS. Considering these operational conditions, a 
flow chart for the ESS operation is derived and shown in 
Fig. 2. 

We first choose mode 1 or 2. ESS is predominantly 
charged from DRGSs with mode 1, whereas ESS is 
rapidly charged by energy from both VSDGS and DRGSs 
with mode 2. This is because ESS is operated to make line 
voltages around the predetermined value of 0.9x (recall the 
VSDGS line voltage of 1.0 pu). For instance, let us say 
that mode 1 is chosen and SoC is 10%. Then, we transition 
to (A1). Since SoC is less than 15%, we solve the 
optimization problem and obtain Pinj. At this point, ESS 
cannot discharge; therefore, the ESS power reference, PESS,
should be less than 0, even if the solution is larger than 0. 
Then, the sig sign is set to 1 and then do the process again. 
If SoC is larger than 15%, the sig sign is set to 0 and we go 
to (C).

Aside from the logic explained above, the main part of 
the operation is to solve the optimization problem. The 
next two sub-sections explain the optimization problem to 
generate ESS power references. 

3.1 Constraints by Kirchhoff’s law and constant 
power load

This sub-section outlines the physical relations to be met 
in the optimization problem. First, the V bus voltage is 
fixed and expressed in per unit form:

��є = �
��
��
��

� = �
1
0
−1

� (8)

Second, Kirchhoff’s circuit law should be satisfied. 
From (4), the current equation is expressed in a matrix 
form

∆�(= � − ��) = ��∆�(= ��(� − ��)) (9)

where ∆� = (∆�� 		⋯		∆���)
� , ∆� = (∆�� 		⋯		∆���)

� , 
∆�� = �� − ��,� and ∆�� = �� −��,� . Symbol ∆ is a 
difference operator which represents the change of a 
variable from a given operating point. Subscript ‘o’ signifies
the operating points, which are obtained by solving the 

power flow problem. Here, (9) must be modified to be 
represented in terms of load currents. To this end, we must 
derive the relations between the current injected into a 
certain bus and load current as

�

��(���)��
��(���)��
���

� = �
1 0
−1 1
0 −1

��
��,�є
�

��,�є
� � , 

�
��,�є
�

��,�є
� � = �1 0 0

0 0 −1
��

��(���)��
��(���)��
���

� (10)

where superscript ‘+’ and ‘–’ signify the positive side 
(between positive and neutral buses) and negative side 
(between neutral and negative buses), respectively. For 
instance, ��,�є

� is the current demanded by a load connected 
to the positive side of bus 8ϵ in single diagram (a load 
connected between bus 22 and 23). Regarding (10), the 
relations in Table 1 are satisfied depending on the type of 
loads. 

And, the bus voltage and load voltage (line voltage) 
have the following relations:

�
��,�є
�

��,�є
� � = �

1 −1 0
0 1 −1

��

��(���)��
��(���)��
���

� (11)

where ��,�є
� and ��,�є

� represent the line voltages of �є

bus’s positive and negative sides, respectively. For a clearer 
understanding, Fig. 3 shows an example for (10) and (11) 
with a load connected at the positive side of bus 8ϵ. Now, 
by modifying (9) using (10) and (11), we obtained a set of 
equality conditions for Kirchhoff’s circuit law:

(−�� ��) �
�
	��
� = −���� + ����� 	(= �) (12)

Table 1. Relations of load type and current

No load ��,⋅
� = 0, ��,⋅

� = 0

Load type 1 (p) ��,⋅
� ≠ 0, ��,⋅

� = 0

Load type 2 (n) ��,⋅
� = 0, ��,⋅

� ≠ 0

Load type 3 (p,n) ��,⋅
� ≠ 0, ��,⋅

� ≠ 0

Load type 4 (p-n) ��,⋅
� = ��,⋅

� ≠ 0

Fig. 3. Load at bus 8є in Fig. 1 (load type 1 (p))
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where 

�� = �
��є
��
� : ��є = �

��
��
��

�, �� = �

��,�є

⋮
��,�є

�, ��,�є = �
��,�є
�

��,�є
� �,

� = �
��є
⋮
��є

� : ��є = �

��(���)��
��(���)��
���

�,

and �� is obtained by (10). 
In addition, we need a set of equality conditions for 

constant power demand by loads or constant power 
generation by DRGSs. From that constant power means the 
change is zero, the following is derived in accordance with 
a small signal modelling technique,

�
∆��,�є

� (= 0)

∆��,�є
� (= 0)

� = �
���,�є
� ∆��,�є

� + ���,�є
� ∆��,�є

�

���,�є
� ∆��,�є

� + ���,�є
� ∆��,�є

� � (13)

where ∆��,�є is the change of power demand by loads (or 
power generation by DRGSs) connected at �є bus. 
∆��,�є = ��,�є −���,�є and ∆��,�є = ��,�є − ���,�є . Using (11) 
and (13), a constraint set regarding the constant power 
demand is derived: 

(�� ��)�
�
	��
� = 2����� (14)

Here, it needs to note that, as the powers of VSDGS and 
ESS are not constrained by the condition of (13), the 
corresponding elements of �� and �� in (14) are zeros.

3.2 Optimization problem for ESS operation

Single or multiple ESSs can support the voltage balance 
in a DC micro-grid by properly charging or discharging 
power from them. For that, we need to derive the power 
references of ESS by solving an optimization problem. In 
this section, we consider a case of single ESS. 

The objective of the optimization problem is to maintain 
all line voltages as close to a given reference (��

∗) as 
possible, which can be achieved by minimizing (�� −
���

∗)�(�� − ���
∗) . Using (11), a quadratic cost function is 

expressed as

����− 2(���
∗)��� (15)

where � = �, � = ���, and matrix � is obtained by the 
relation �� = �� of (11). 

The current magnitude of ESS should be smaller than a 
rated value. Assuming that ESS is connected to the mth bus,

�
��,�є
�

��,�є
� � ≤ �

����
����

� , �
−1 0
0 −1

��
��,�є
�

��,�є
� � ≤ �

����
����

� (16)

And, to avoid power flow into a generator system 

connected to the V bus (except during the transient state), 

�−1 0
0 1

� �
��
��
� ≤ �	

0
0
	� (17)

In some cases that the power of DRGSs is larger than the 
power to be consumed by loads — but ESS is fully charged
— surplus power must be wasted by some resistors with 
VSDGS. Thus, SoC is checked before solving the 
optimization problem if it is higher than the upper limit. If 
so, (17) is removed from the constraint set. By applying the 
cost function (14), equality conditions (8, 12, 14), and 
inequality conditions (16, 17), the optimization problem is 
organized as

Minimize     ����− 2(���
∗)���

Subject to     ���� = ��� , ������ ≤ �����

where � = �
�(= �)
��

� , ���� = ��� and ������ ≤ �����

are the equality and inequality constraints in matrix form, 
respectively. The problem is solved using a tool such as 
CVX, which is the name of a MATLAB software for 
disciplined convex programming [19], or numerically solved
by the Karush–Kuhn–Tucker (KKT) condition. 

In addition, reference ��
∗ in (15) can be otherwise set 

depending on the charging mode, as shown in Fig. 2. 
Normally, ��

∗ is set to be the same as the V bus line 
voltage (��

∗ = 1.0 ) so it can minimize the power from 
VSDGS. However, when we need to rapidly charge ESS 
for certain purposes (mode 2 in Fig. 2), this can be 
accomplished by setting ��

∗ to be less than the V bus line 
voltage. To calculate a proper reference for it, we must 
derive a reduced network that has only the V bus and mth

bus that ESS is connected. We can assume the current 
remains constant during a control period (∆�� = 0), except 
for the V bus and mth bus. Using a perturbation matrix and 
network reduction [20], (9) is reduced as

�
∆��є
∆��є

� = �� �
∆��є
∆��є

�, where �� = �
��,�� ��,��
��,�� ��,��

� (18)

where �� is the resistance matrix for the reduced network. 
The sum of current change should be zero in the reduced 
network, which can be simplified to ∆��є = −∆��є and it 
leads to ∆��є = (��,�� − ��,��)∆��є . Then, using the 
relation of (10) and (11), the following is obtained

∆��,�є = ��∆��,�є, where ∆��,�є = �
∆��,�є

�

∆��,�є
� � (19)

where �� is calculated using (10), (11), and (18). Eq. (19) 
expresses the relation between the changes of the V bus 
line voltage and the currents absorbed into ESS. Assuming 
ESS charges with the same currents absorbed into the 
positive and negative sides (∆��,�є

� = ∆��,�є
� ), we conclude 



Power Flow Study of Low-Voltage DC Micro-Grid and Control of Energy Storage System in the Grid

554 │ J Electr Eng Technol.2017; 12(2): 549-558

∆��,�є
� = ∆��,�є

� and (19) is simplified to ∆��,�є
� = �∆��,�є

� . 
Then, the reference for mode 2 is given as

��
∗ = 1.0− �∆��,�є

� (20)

where ∆��,�є
� = ��,�є

� − ���,�є
� and ��,�є

� should be less 
than the rated current of VSDGS. Here, we like to note that 
ESS is charged by reducing reference ��

∗ , instead of 
increasing the V bus line voltage. For instance, suppose an 
operating condition in which 0.1 pu and 0.05 pu currents 
by VSDGS are injected into the V bus. If we like to make 
VSDGS generate additional 0.3 pu and 0.3 pu currents for 
ESS charging, the V bus line voltage should increase by 
∆��,�є

� = � × 0.3. Instead, we can have the same result by 
reducing the reference. 

4. Simulation Results

To verify the proposed method, a computer simulations 
was performed. The simulation procedure is outlined in 
Table 2. The grid configuration for the simulation was the 
same as the one shown in Fig. 1(a). For convenience, the 
superscript ‘є’ is ignored when indicating the bus numbers 
in this section. The base power and voltage were chosen as 
100 kW and 750 V. The ESS capacity was chosen as 250 
kWh. The cable resistance for the grid is listed in Table 3. 

4.1 Simulation result one

For the simulation in this sub-section, the operating 
condition is given as listed in Table 4. 

Based on the operating condition, the results without 
and with ESS are given in Tables 5 and 6. In Table 5, the 
powers at bus 1 that VSDGS is connected, and at bus 2
that ESS is connected, are stated. The power generated 
from DRGSs is greater than that consumed by the loads. 
Therefore, without ESS, some of the generated power 
should be dissipated by a resistor equipped with DVSG. 
On the other hand, the power to be wasted can be 
minimized by applying ESS. In Table 6, the line voltages at 
the buses are listed. Without ESS, the positive and negative 
components of the line voltages are unbalanced. On the 

Table 4. Initial operating condition for the DC grid

Bus Voltage
(p.u)

Power (kW)

No. Type Type Consumed Generated

1 V bus 1, 0, -1 VSDGS – type 3 (p,n) - -

2

P bus

- ESS – type 3 (p,n) - -

3 - · ·

4 - Load – type 4 (p-n) 10.18 ·

5 - Load – type 2 (n) 13.39 ·

6 - Load – type 3 (p,n) 1.6, 9.8 ·

7 - Load – type 3 (p,n) 2.49, 9.92 ·

8 - Load – type 1 (p) 11.18 ·

9 - Load – type 4 (p-n) 15.26 ·

10 - Load – type 4 (p-n) 12.1 ·

11 - PV – type 3 (p,n) · 55, 55

12 - Wind – type 4 (p-n) · 25

Table 5. Powers injected to bus 1 and 2 without and with 
ESS

Bus No.
Without ESS With ESS

Pos. Neg. Pos. Neg.
1

(VSDGS)
-31.79 

(wasted)
-14.85

(wasted)
-0.08 3.85

2
(ESS)

0.0 0.0
-32.14

(charged)
-18.65

(charged)

Table 6. Line voltages without and with ESS

Bus No.
Without ESS With ESS

Pos. Neg. Pos. Neg.

1 1 1 1 1

2 1.023 1.002 0.991 0.998

3 1.023 1.002 0.996 0.998

4 1.021 1.000 0.995 0.997

5 1.023 1.003 1.004 0.999

6 1.016 0.999 1.001 0.997

7 1.013 0.998 0.999 0.996

8 1.011 1.001 0.997 0.999

9 1.012 1.001 0.997 0.999

10 1.003 0.988 0.989 0.986

11 1.034 1.014 1.014 1.011

12 1.015 1.005 1.001 1.003

Avg. 1.016 1.001 0.999 0.999

other hand, by applying ESS, the line voltages become well 
balanced and closer to 1.0 pu than the case without ESS.

Fig. 4 shows power flow results in the test system with 
ESS. Unlike the powers and voltages stated in Tables 5 and 

Table 2. Simulation procedure

Step A
The grid’s operating condition is given: For the V bus, voltage is given. For P buses, powers (powers generated by DRGSs and powers 
consumed by loads) are given.

Step B By solving the power flow problem based on the operating condition, the information of voltages, currents, and powers is obtained.

Step C
Based on the information obtained in Step B, the optimization problem is solved and ESS power to be injected into the grid is obtained. 
Then, the operating condition is updated.

Step D Go to Step A and perform the steps again.

Table 3. Cable length between buses in Fig. 1 (cable resistance 0.5Ω/km)

Bus-to-bus 1-6 2-3 3-4 3-5 5-11 6-5 6-7 7-8 7-10 8-9 9-12

Length (km) 0.64 0.2 0.5 0.3 0.4 0.26 0.26 0.26 3.4 0.3 0.6
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Fig. 4. Test system of bipolar DC micro-grid with ESS (power flow displayed)

Fig. 5. (a) Power generated by PV; (b) power generated by wind; (c) power consumed by loads

Fig. 6. (a) Power generated by VSDGS; (b) ESS power; (c) ESS SoC with mode 1

Fig. 7. (a) Positive line voltages of chosen buses; (b) Summed powers of generation sources and loads with mode 1
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6, the figure shows the bus voltages and bus powers, where 
the bus powers are calculated based on the bus voltages 
and line currents. It is evident that, for instance, the bus 
powers from bus 1 and bus 6 are different on account of the 
line losses. Furthermore, the powers generated by the 
positive and negative sides of PV at bus 11 are equally 55 
and 55 kW, respectively. However, the bus powers flowing 
from Bus 11 are not equally distributed because of the 
different bus voltages. The powers flowing from the 
positive, neutral, and negative buses are 54.937, 0, and 
55.063 kW, respectively.

4.2 Simulation result two

The ESS operation is often restricted by SoC. To observe 
the effect by SoC, long-term simulations must be performed. 
Therefore, mode 1 was first used for the charging. The 
results are shown in Figs. 4, 5, and 6. Then, mode 2 was 
used for the charging. The results are shown in Figs. 7 
and 8.

Fig. 5(a) shows the power generated by PV, where the 
dashed line denotes the power to be fully obtained; the 
solid line represents the reduced power to avoid a power 
surplus. Fig. 5(b) shows the power generated by wind, and 
Fig. 5(c) depicts the power consumed by loads. Fig. 6(a) 
illustrates the power generated by VSDGS, and Fig. 6(b) 
shows the ESS power. Fig. 6(c) depicts ESS SoC. ESS 

charged between 8 to 14 h. Therefore, VSDGS had to 
waste power generated by DRGSs. Between 16 to 22 h, 
ESS discharged; thus, VSDGS generated much less power 
than that required by the loads. Between 22 and the next 8 
h, ESS SoC was at its lower limit so that VSDGS produced 
more power to meet the load demands. Fig. 7(a) shows the 
chosen bus positive line voltages. It is apparent that, when 
DRGSs produce power, the respective bus line voltages are 
higher than that of VSDGS. Fig. 7(b) shows the summed 
powers of generation sources and loads, where we see the 
total line loss remains small. When power from DRGSs is 
small and ESS cannot produce power by the low limit, 
VSDGS copes with the load demand alone.

Fig. 8(a) depicts the power generated by VSDGS, while 
Figs. 8(b) and (c) show the ESS power and ESS SoC, 
respectively. At approximately 3 to 4 h and the next 8 to 9 
h, ESS is rapidly charged by power from VSDGS. Fig. 9(a) 
shows the chosen bus positive line voltages. It is evident 
that bus 2, to which ESS is connected, has lowest line 
voltage during the rapid charging of ESS. In Fig. 9(b), 
when ESS is charged between 3 and 4 h, the total power 
generated is quite larger than the total power demand, 
which means that the power difference is wasted as a line 
loss. This is logical because, when ESS is charged, ESS 
works as a load; that is, the total demand is more than 
doubled.

Fig. 8. (a) Power generated by VSDGS, (b) ESS power, (c) ESS SoC with mode 2

Fig. 9. (a) Positive line voltages of chosen buses, (b) Summed powers of generation sources and loads with mode 2
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5. Conclusion

In general, the power flow problem is considered a basic 
method for identifying the complete operating conditions 
in a power grid system. In a low-voltage DC grid system, 
line impedances are no longer negligible if the grid 
expands with long lines. Thus, the power flow problem is 
required for analysing the grid system. Therefore, this 
paper introduced and solved the power flow problem for 
the bipolar-type of DC micro-grid system, including 
unbalanced load conditions. In addition, this paper introduced
a control strategy for ESS installed in a DC micro-grid, 
which employs the simple principle implying that power 
from VSDGS and power flowing into the DC micro-grid 
are minimized by minimizing the voltage differences 
between buses. Using computer simulations, the usefulness
of the introduced methods was verified. Last, we like to 
remind the readers that the power flow study is concerned 
with steady state analysis, and thus the simulation results 
do not produce any of transient dynamics.
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