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Abstract: In a standalone DC microgrid, sources are interconnected in a parallel configuration. When
sources of different power ratings are parallel connected, there arises a major issue of circulating
currents which disturb current sharing by sources as per their capacity. Consequently, the voltage
regulation becomes poorer. Additionally, connecting line resistances also play their part to contribute
to abnormal current sharing. Droop controllers are normally preferred for the mitigation of circulating
currents among parallel-connected sources. However, droop controllers cannot eliminate circulating
currents for different rating sources. Hence, current sharing and voltage regulation cannot be ensured
simultaneously. To address the issues, a distributed architecture-based Sliding Mode Control (SMC)
technique is proposed in this paper. An analysis of the circulating currents for a two-source system is
presented. Simulation results are presented to show the effectiveness and fail-safe operation of the
proposed technique in a steady-state condition.
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1. Introduction

Microgrids are the modern form of self-controlled grids that can efficiently generate,
store and consume electric power. Thus, two types of Power Electronic Converters (PECs)
are required to integrate RESs and loads with the AC line, whereas in DC microgrids, the
line is DC. The required number of PECs in DC microgrids is less and hence conversion
losses are reduced [1]. Furthermore, skin effect, frequency synchronization, and power
factor problems are absent in DC microgrids which makes them attractive for efficiently
generate and utilize power [2].

Sources through PECs are connected in a parallel configuration in DC microgrids shar-
ing a common DC line as shown in Figure 1 [3,4]. Minimizing circulating currents is the
main control objective in a DC microgrid, which will improve load sharing among sources
and voltage regulation. To address the problem, various control architectures have been
proposed in literature which can be divided into centralized and decentralized control. Cen-
tralized architecture can achieve the objective utilizing a high-bandwidth communication
link, but a single point failure can degrade the performance and reliability [5,6]. In decen-
tralized architecture, the microgrid lacks the information of the parallel-connected sources
which cannot achieve the current sharing and voltage regulation simultaneously [7,8]. To
address the issue, distributed control architecture utilizing low bandwidth communication
is proposed in this paper.
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Figure 1. DC microgrid configuration.

Droop-based PI control techniques are normally preferred for inner voltage and
current loops of the PECs of parallel-connected sources. PI controllers lack the global
stability of the system. Additionally, it is difficult to optimize the control parameters with
the change in operating conditions of the system [9]. Therefore, droop controllers are
not recommended for eliminating circulating currents among parallel-connected sources.
Alternatively, a Sliding Mode Control (SMC) technique is proposed in this paper. It is a
nonlinear-type controller which ensures stability in all operating conditions [10]. Therefore,
SMC is proposed to control the inner voltage and current loop of the PECs.

The organization of the paper is as follows. Section 2 deals with the analysis of
circulating currents. Section 3 presents the droop control and Section 4 presents the
proposed distributed architecture based on SMC for eliminating the circulating currents.
The results are presented in Sections 5 and 6 concludes this paper.

2. Circulating Current Analysis

To analyze the circulating currents, consider a DC microgrid in which two sources
are connected in parallel configuration sharing a common load as shown in Figure 1. The
problem of circulating currents can arise due to differences in the connecting line resistances
and output voltages. These contribute to losses and affect the load sharing among the
sources. A Thevenin equivalent circuit is shown in Figure 2. The following equations can
be written applying Kirchoff’s Voltage Law (KVL) in Figure 3.

Vic1 = igan Ry +1 Ry 1)
Va2 = 1geaRo + 1Ry, )
i =ip1 +ip 3)
iger = ip1 +ic1 4)
igp = if2 + i )

where v4.1, and v,,, are the voltage of PEC 1 and 2, i4.q, and iz, are the currents sup-
plied by source 1 and 2 Ry, and R; are line resistances, R;, and 7| are load resistance and
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current, respectively. ir; and i1, are the contribution to load current by source 1 and 2; iy
and i are circulating currents, respectively.

Figure 2. DC microgrid configuration.
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Figure 3. Distributed control architecture.

The circulating currents i¢; and i, are equal in magnitude but opposite in direction,
and can be written after simplification as:

Va1 — Va2 _ Riiga — Roige (Ry # Ry) = 4L~ 12 (R —R,)  (6)

T2 T TR YRy R+ Rs 2

The Equation (6) shows the contributed value of the circulating current in the supplied
current by sources 1 and 2.
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3. Droop Control

In droop control, current sharing among paralleled sources is increased by adding
series resistance in the path of the source current. The relationship commonly defined by
the droop action is given as:

U;;C = Uref — igeiR i )

where v}, v,,r and Ry; are the output voltage, reference voltage and droop resistance,
respectively. The maximum value of the droop resistance is selected based on the condition
given as [8]:

Av
Rdl S max

®)
Ydci max

where Av;,, is the maximum deviation that can be allowed and i;.; 4, is the maximum

source current.

4. Proposed Control Architecture

Distributed control architecture, which is a substitute to the single central controller,
is proposed to eliminate the circulating currents for parallel connected sources in a DC
microgrid. The proposed architecture is shown in Figure 3. The large value of the droop
resistance R; can mitigate the circulating currents but voltage regulation is disturbed. To
address the issue, a modified droop action is defined as:

Vje = Uref + DV — iRy )

where Av; is the value of voltage shift, which is to be increased as the load current increases
so that the deviation due to the factor i;.;R;; can be compensated. To find out the compen-
sated value of Av;, the supplied current of each source is shared with the other sources
using Controller Area Network (CAN), a low-bandwidth communication, as shown in
Figure 3. The distributive controller determines the average value of the supplied current
through the relationship given as:

: m=1 Im

log = = (10)
where 7 is the number of sources in parallel configuration and i, is the current supplied
by the mth source, respectively. The value of Av; is calculated through the relationship

given as:
Av; = iavgki (11)

where k; is the shift gain which is selected close to the value of R; so that the impact of
voltage shift can be compensated.

Proposed Control Technique

A SMC technique to eliminate circulating currents based on distributed architecture
is proposed in this paper. The inner voltage and current loop of the PECs are controlled
through SMC as shown in Figure 3. It is a nonlinear controller which is used for variable
structured systems and ensures stability in all operating conditions [10].

5. Simulation Results and Discussion

A two-source standalone DC microgrid sharing a common load is simulated for the
parameters given in Table 1. To compare the results with the proposed method, a two-
source DC microgrid is simulated with a droop control method and results are shown in
Figure 4. For a small value of droop resistance R; = 0.2 (), the observed output node
voltages of sources 1 and 2 are 47.2 and 46.8 V, and circulating currents i;; and i, are —1
and 1 A, respectively. These results show that circulating currents cannot be eliminated
for a small value of droop resistance. For a large value of droop resistance R; = 1.9 (),
the circulated currents are —0.2 and 0.2 A but voltage deviation increases to 16%, which is
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not acceptable by the loads. The same microgrid is simulated with distributed architecture
using SMC and results are shown in Figure 5. In this case, the observed output node
voltages of sources 1 and 2 are 47.8 and 46.8 V, and circulating currents i,y and 7, are —0.05
and 0.05 A, respectively. This confirms the performance of the proposed method. Moreover,
to prove the reliability of the distributive architecture, a three-source DC microgrid sharing
a common load is simulated for source failure condition and shown in Figure 6. At0.1s,
source 3 fails to supply current and the other two sources take up the load. This scenario
shows the reliable performance of the distributed architecture.

Table 1. Parameters of DC microgrid.

Parameters Node 1 Node 2
Nominal voltage 48V 48V
Source rated power 500 W 500 W
Load resistance 6 Q)
Connecting line resistance 200 mQO) 2mQ)
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Figure 4. Circulating currents with droop control.
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Figure 5. Circulating currents with SMC.
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Figure 6. Fail-safe operation of the proposed control.

6. Conclusions

Sources in a standalone DC microgrid are interconnected in a parallel configuration.
Among paralleled sources, there arises a major problem of circulating currents which
disturb current sharing and voltage regulation. Droop controllers based on decentralized
architecture are normally preferred for the mitigation of circulating currents. However,
droop controllers cannot eliminate circulating currents and voltage deviation simultane-
ously. Solutions based on centralized control architecture can achieve the objective but
single-point failure can degrade performance and reliability. To address the problem, a
distributed architecture-based SMC technique is presented in this paper. Simulation results
of steady-state conditions are presented to show the effectiveness and fail-safe operation of
the proposed technique in a steady-state condition.
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