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Abstract: Interconnected Microgrid (IMG) networks have been suggested as the best to build
electrical networks in remote villages far from the main electricity grid by interconnecting the nearby
distributed energy resources (DERs) through power electronic converters. Interconnecting different
DERs results in voltage deviation with unequal power-sharing, while voltage performance is a
significant challenge. The control strategies for these converters are essential in the operational
stability of any IMG network under study. In this paper, we propose an improved droop control method
aiming to manage the power flow among the IMGs by maintaining the constant desired voltages in the
network with minimum voltage deviation, resulting in the minimization of power losses. We found
that the minimum voltage deviation at the load side (converter-3) was between 0.58 and 0.56 V, while
the voltage deviation for both converter-1 and converter-2 remained below 0.5 V. This leads to efficient
voltage regulation, resulting in the stability of an IMG network. To verify the feasibility of this method,
MATLAB/SIMULINK has been used.
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1. Introduction

For many years, the national power grid was the only way the electrical power generated from
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large-scale power plants could be transmitted and distributed at long distances reaching industrial,
business, or domestic sites, which induced high material costs and single power line dependency [1].
Recently, low-voltage microgrids (LVMG) have become a crucial solution, especially in rural villages
where national grid power cannot be reached. Microgrid is presented as the means to produce power
from sustainable energy sources near the consumption sites, and once these distributed energy
resources (DERs) are connected to form a cluster of interconnected microgrid (IMG) networks, its
energy control necessitates a specified control operation [2] for ensuring reliability and comfort to the
power consumers. Compared to the individual MG, a network of IMGs has additional control
flexibilities for satisfying the necessities of a grid network with the following advantages: (i) To
improve the grid reliability, i.e., it can recover its operation suddenly under the grid disturbance; (ii) to
maximize the DERs utilization; (iii) to improve the daily power quality to the grid residentials and
improve their living standards in the remote regions; and finally, (iv) to improve load demand [1]. In
this paper, this network of IMG for the case study is concerned with the interconnection of individual
solar PV off-grid for maintaining the availability of electricity among different power consumers [3],
and the analysis of specified control strategy was discussed here.

In previous works, it was found that when using conventional droop control, it will not be possible
to achieve power-sharing among the DERS due to voltage deviation caused by the different line
impedances in the IMG [1]. Thus, a DC microgrid (DCMG) is considered an efficient, reliable, and
scalable solution to electrify remote areas, needing a consistent control scheme like hierarchical
control [4,5]. From this hierarchical control, the droop control method was achieved by adding internal
or external resistance (s) in the parallel connected converters of the IMG to maintain proper current
sharing. The droop control is a mechanism employed in power generators for sharing the load between
DERs that are interconnected in the networks. The implementation of this method is not complicated
because it does not necessitate line communication systems. Applying the droop control method, it is
important to consider the following two major parameters: (I) Voltage control, ensuring the voltage
regulation in the IMG, and (II) Current control, providing identical current sharing among the network
converters [6]. Without droop control, the connection of DERs under fixed output voltage control leads
to improper power-sharing due to the differences in line resistance [1]. Numerous droop control
schemes were proposed for achieving power-sharing among converters in the IMGs [7].

In this paper, an improved droop control method for controlling an IMG with different DC sources
in a remote area where the power sources are from solar PV was analyzed. There exist several DCMG
control issues, including voltage regulation between parallel converters, current sharing, maximum
power point tracking, etc... [8]. In [6], it was found that the conventional droop control suffered from
poor voltage regulation and unequal load sharing among converters when the voltage sources are
unequal due to load demand variations [9]. The voltage regulation and load sharing in DCMGs are
crucial operations to be implied for maintaining a near-constant output voltage in the IMG network
under different loading conditions [8], and in this paper, an improved method to manage proper load
sharing with minimum voltage deviation was used.

Our major objectives of this paper were to ensure the control strategy with minimization of
voltage deviation between the reference voltage and the desired output voltage, providing a proper
load sharing with a reduced circulating current and power loss. This method has also been used to
ensure the stability and performance of IMG systems in remote areas. Apart from the introduction
section, the rest of the paper is also organized as follows: Section 2 discusses an overview of DC
microgrid systems and their controls. Section 3 is concerned with the modelling and analysis of the
proposed network with the droop control method. Section 4 represents the methodology used to achieve
the results of this work, Section 5 discusses the results, and finally, section 6 is the conclusion of this paper.

AIMS Energy Volume 12, Issue 1, 214-234.
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2. Interconnected microgrid structures

The three most common types of MGs depending on the power type include: i) DC microgrids
(DCMGs), ii) AC microgrids (ACMGs), and iii) hybrid AC and DCMGs [10]. Although DCMGs are
less common today, it is believed that they have the potential to increase efficiency by reducing
switching levels in the network [11]. They are also easier to control than ACMG when reactive power
control is required [12]. Figure 1 shows a typical DCMG network which includes energy sources such
as solar PV, fuel cells, and wind to supply DC loads is shown in Figure 1, where the generated AC
power is integrated into the DCMG system through appropriate power converters [13].

DC residential JT: B Fuel cell
loads

Energy storage

Microgrid
'ﬁ'_ DC microgrid
« 74 network

A

Solar power

Wind power
Figure 1. Typical DC microgrid with sources and load [4], modified.

Furthermore, electric vehicles (EVs), data centres, telecommunication stations, and most
electronic devices in DC form (lamps, phones, computers, etc.) do not necessitate power conversion
stages when used in DCMG, which improves the system efficiency [12]. Thus, referring to the case
study in this paper, individual solar PV sources cannot afford the power demand in the village of
Bugesera district (Eastern province) [3], where the electrical (domestic) loads are, radios, TVs, and
phone charging points, while loads with high voltage including milling machines, welding machines
are not supported by this method of power generation. Nowadays, the growth in power semiconductor
devices has made DC power efficient and popular, through the expansion of existing individual off-grid
power sources to the MGs [14]. To maximize the utilization of the power generated from different MGs
and at the same time improve its reliability and efficiency, flexible control strategies are needed [15], where
different MGs are also combined to formulate a cluster of IMG [16]. Figure 2 shows an IMG with the
power lines of resistances R¢ connecting individual MGs to the main bus [17].

In this paper, our main purpose is to deliver communal power-sharing between neighboring MGs,
resulting in MG reliability and operational cost reduction [18]. The converters are used to provide the
needed voltage in the main DC bus depending upon the load demand. On one side, the main advantages
of an IMG are: (i) Boosting renewable energy penetration, (ii) improving the MG dependability and
stability; (iii) enhancing operational system efficiency, and economy [11]; and (iv) mutual assistance
between each MG during generation deficiency in the network as an alternative way of importing
power from the main grid [12]. From the above advantages, it can be noted that, the formulation of
IMG in this study can recover the shortage of all possible load demand, resulting in the economic and
health development of the people in the village.

AIMS Energy Volume 12, Issue 1, 214-234.
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Figure 2. Proposed IMG model with n-MG.

On the other side, IMG may face the following challenges: (1) Lack of standardization of system
communications and components, (2) Power flow control issues to maintain grid stability by balancing
power generation and consumption, (3) Grid synchronization when connected to the main AC grid [19],
and (4) Special protection mechanisms are required to prevent faults and ensure the safety of personnel
working on DC systems [17]. Referring to the above-mentioned challenges, the correct selection of
any IMG installation should be considered based on the availability of energy resources, load demands,
and the control method used. According to the network topologies, DCMGs are classified into three
types: (i) Star (radial), (i) ring-main, and (iii) mesh systems [20], and ring-main topology was found
to provide more advantages over others.

2.1. Control strategies of DC microgrid clusters

There are different methods used to control an IMG system [10]. The four categories of control
strategies comprise (i) hierarchical control, (ii) distributed, (iii) centralized, and (iv) decentralized
methods [21]. Referring to [9], a hierarchical controller can enhance the performance of the primary
controller for dynamically managing the voltage and power in the IMGs.

2.2. Hierarchical control

This hierarchical control can be structured in three levels of hierarchy: (1) Primary, (2) secondary,
and (3) tertiary [22] as shown in Figure 3. This hierarchical control permits the efficient control
operation of an IMG [4]. Referring to [23] and using Figure 3, the primary control method is concerned
with voltage stability improvement, power and current sharing, virtual impedance control, and droop
control. The secondary control is concerned with the error correction in current and voltage, linked to
the power-sharing from the IMG [9,24]. In this paper, the droop control method from primary control
was analysed due to its efficiency and flexibility in the IMG control.

AIMS Energy Volume 12, Issue 1, 214-234.
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Hierarchical control scheme of clustered MGs

Primary Control Secondary Control Tertiary Control
- DC Voltage Stability in Islanding Mode - Voltage Restoration _ Marketmg .
: - Power Flow Control - High-Level Supervision
- Power-Current Sharing o .
- Droop Controls - Energy Balance of ESSs - Decision-Making
. - Soft Transition - Energy Management Control (EMC)
- Virtual Impedance , .
_ Inner Control Loops - Power Quality Control - Power Export-Import
- Synchronization Methods - Economic Dispatch and Optimization

Figure 3. Hierarchical control scheme of an interconnected DCMG [24], modified.

It was noted that tertiary control deals with energy and power management, which results in the
minimization of operational costs and power loss in the DCMG system [22]. It has been reported from
the three aforementioned control methods that the accuracy of current sharing was degraded resulting
from the voltage drop across the respective line impedance. Thus, the current sharing in DCMG can
be realized using current and voltage droop gain controllers (K;, ,) depending on the network
structure, and this can be implemented using a virtual resistance [25]. In this paper, the variation of
different values of the K-controllers was analysed to assess the feasibility of this control method.

3. Modelling and analysis of the droop control

Droop control was considered the control strategy applied in DCMGs for regulating the power-
sharing among different DERs for maintaining the grid network stability [26]. Using droop control,
each power source (converter or generator) operates at a fixed impedance, where the output voltage
will be related to the corresponding output power. This implies that the increase in load will be
followed by the decrease in voltage, and vice versa [26], and this droop control method was used for
obtaining current sharing among parallel-connected converters. The droop control technique is also
identified as a primary control technique operating without a communication network for proper
power-sharing, lower cost, reliability, and higher efficiency for each DG unit [27]. The main objective
of this droop control is to safeguard a constant ratio of grid parameters (current, voltage, and power)
in converters of the network for maintaining the regulated output power and voltage [28]. Refer to
Figure 4, the converter output voltage (V;) can be formulated using Eq (1). In this paper, the droop
controller uses the virtual (or droop) resistance (R;) multiplied with the output current I; aiming to
regulate the output voltage refer to its terminal reference values (V,..r) as shown in Eq (1).

Vei = Veer — Rai- i (1)

where, I; is the converter current, and Ry; is the virtual droop resistance, where i = 1,2,3, ...n. This i
represents the possible number of converters in the network. Thus, refer to [28], since the droop control
method owns the advantages of efficient DC voltage stabilization and fast power regulation, it has been
widely used for DC voltage control in the IMG systems.

AIMS Energy Volume 12, Issue 1, 214-234.
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3.1. Analysis of circulating current and its suppression in the IMG network

In this section, the analysis of circulating current (I) in the IMG network is done through the two
parallel DCMGs with one DC-load refer to Figure 4. Here, I; and I, represent the converter output
currents, while V-, and V., converter output voltages from MG1 and MG2, while I5 and V3
represent the load current and load voltage respectively. Also R;, R, and R are the aggregate
equivalent resistances obtained by adding the virtual resistance (R;) with cable or real (physical)
resistance (R,). The improved control strategies of the network under this study are achieved by
controlling the Ry; , aiming to decrease or increase the converter output voltages following their
reference values. The role of converter-3 is to adjust the voltage according to the power demand on the
load side, here is the DC load.

n
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Figure 4. Circuit diagram of two interconnected DCMGs with droop controllers and load.

It was found in [29] that the I in the DCMG network could be minimized by inserting series
resistance for controlling the voltage and current. Thus, the use of this series resistance is followed by
additional power losses when two voltage sources in parallel are different. To improve this method,
droop controllers shown in Figure 4 were designed with virtual resistances (R;) aiming to generate the
balanced converter output voltages without additional power losses. This R; can also stabilize and
regulate the voltage levels in the DCMG network by adjusting it in response to the varying loads or
other generating units. Since the voltage drop depends on the real resistance of the power line, there
are no power losses associated with this droop control with the use of virtual resistance. However, if
the resistance is high, the voltage of the buses of the network will deviate significantly from the rated
voltage [10]. Using Kirchhoff’s voltage law (KVL) refer to Figure 4, Eqs (2) and (3) are formulated,
where Vp is the voltage source from inverter.

Voc1 — (I4Ry + I3R3) = Vp¢y ()
Vocz — (Isz + I3R3) = Vb2 (3)

The I (s) in the network can be expressed using Eqs (4) and (5). Here, the circulating currents
-1, from voltage source-1 to voltage source-2 and I, from voltage source-2 to voltage source-1 are
of equal magnitude but with opposite directions.

Voci—Vocz _ Voci—Vocz

Ieiz = Rpi+Rpz 2R, (4)

AIMS Energy Volume 12, Issue 1, 214-234.
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In this analysis, R, in the IMG network is considered constant, and the equivalent value of the
physical resistance for both MGs is 2R, as expressed in Egs (4) and (5).

3.2. Control for voltage regulation

Referring to the analysis done above, it can be observed that due to the difference in cable
resistance (R, ) of the IMG, the converter output voltage could deviate, leading to the misbehavior of
accuracy in current sharing among converters [30]. The voltage deviation (V,,,.,-) can be calculated
using Eq (6).

Verror = Vrer — Voc (6)

Effectively managing the voltage deviations in the IMG network, leads to operational stabilities
and ensuring the reliability in power-sharing between IMG components [31]. If it is needed to change
the voltage offset of the droop, for example, if the amount of power to be delivered by the converter is
known, it will be necessary to calculate the current to be fed to that converter. This is also associated
with the calculation of voltage drop in the droop resistance. This will lead to the choice of offset voltage
needed for this control [32]. Here, the offset voltage will be equal to the terminal voltage plus the drop
resistance multiplied by the current that can be fed [33]. Comparing the reference and output values of
voltage, the voltage deviation in the local controller is calculated and then this voltage deviation is
suppied to the corresponding proportion (P) controller. This P-controller deals with the regulation of
output voltage from each converter by minimizing their corresponding voltage deviations. In summary,
the main contribution of this paper is to provide an improved method for controlling an IMG for
minimizing the voltage deviation between the reference voltage and the desired output voltage in the
grid network, leading to proper load sharing, and reducing the circulating current and power loss. This
method was also employed to ensure the stability of the IMG system in remote areas.

4. Methodology

In this paper, an IMG network is controlled to enable a group of individual autonomous oft-grid
networks to exchange power through the main DC bus, and are used in remote areas away from the
national grid, where the power sources are from solar PV systems. Here, is the case study with the
parameters described in Table 1, and these parameters were used for illustration purposes. During the
analysis, the DESs are interconnected to the common DC bus using three (3) power converters with
power cables interlinking the network parameters, which were considered during simulation using
MATLAB/SIMULINK. In this paper, two (2) converters are considered as power supply, while the
third converter (connected to the load) will be considered to draw power from these two. Also, the
power ratings of the grid converters are assumed to vary from 200 to 1000 W according to the
considered grid parameters of resistors, inductors, and load characteristics. After comparing the
reference and output values of voltage, the voltage deviation in the local controller is calculated and
then this voltage deviation, regarded as voltage error is fed to the corresponding P-controller to produce
aregulated grid voltage. In this paper, it was assumed that current, voltage and power are from an IMG
of 3-converters, but for validation of the results, this system can be extended to a network of n-converters
with different types of DERs.

AIMS Energy Volume 12, Issue 1, 214-234.
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4.1. Droop control design

The design of droop control could be achieved considering possible dynamics specified by the
IMG network due to their effects on its working performance. In this type of control, the complete
linear model with droop control parameters including droop gain, filter, feedback controllers, and
reference parameters was considered. The feedback control system linked to its closed-loop droop
controller is shown Figure 5. The significant role of this control method is to regulate the output
voltage (Vyy¢) or Vo so that it will match with V.. r at minimum voltage error (V.o ), resulting in the
minimization of circulating currents. The regulated output voltage is provided through droop gain
controller (K) and the voltage deviation (V,,.,,-) using Eqs (7) and (8).

Vout = Vref — Verror (7)
Vloop =K x Vorror (8)

For an optimum controlled IMG, the value of V,,, must be the same as V,,;. The droop
resistance and droop gain are in line with the voltage droop control in the IMG, and it is noticed that
the increase in R, results in the decrease of K and vice versa. The regulation of voltage deviation will
be based on the adjustment of this gain K. The virtual resistance (R;) was introduced in droop control
of DCMG for modifying the behavior of the DERs voltage and improving the power-sharing and
stability in the IMG network. This droop resistance is a crucial tool to manage the power flow and
ensure efficient operation in the IMG systems. When the controlled output V., is not closer to V¢,
this Vyp 1s fed back and compared with a reference voltage V,..r to generate Vo, Which is also
regulated using the droop gain controller (K) until the Vi,,,, will become closer to the Vy,;;.

Droop controller

Vref N\
+_ ); *} Vemror [ >

Vloop

Figure 5. Proposed closed-loop droop controller.

In this work, the closed-loop droop control in the IMG network was achieved through the
following steps: (i) Sensing: Voltage and current sensors are used to monitor the converter output
parameters in each microgrid. (i1) Comparison: The sensed values will be compared with the reference
values or desired set points. (iii) Error calculation: The error was detected by comparing actual values (V,,,,;)
and reference set values (V.or) to minimize the V,,.o-. (iv) Controller: The error is fed into the
controller, and this will compute the needed control action. (v) Modulation: The control action will be
used to modulate the switching signals of the converter by adjusting its output voltage. (vi) Feedback
loop: The modulated output voltage is fed back to the system, continuously correcting any deviations
and ensuring stable and accurate power-sharing.

AIMS Energy Volume 12, Issue 1, 214-234.
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4.2. Microgrid components and control

In this work, the reference voltage values, line resistance, and line inductance of the paralleled
power converters of the IMG network are shown in Table 1. In this study, the line parameters are assumed
to be constant in the whole network, and all MGs are connected to the common bus at equal distances.

Table 1. Nominal IMG network parameters.

Parameters Values

Reference voltage 100, 200 V

Line resistance 03Q

Droop resistance (Rq) 0.5Q

Line inductance 0.01 mH

Load set power 200; 400, 600, 800, 1000 W

5. Results and discussions

In this section, the IMG network was simulated and analyzed. This method is applied locally at
each converter to improve network reliability by allowing power-sharing between network converters.
The converter output current, voltage, and power under stability conditions are discussed. Also, Droop
control of IMG parameters under constant load power and with change in load power is discussed. In
these results, it was found that the regulated output voltage can be matched closer to the reference
voltage with minimum voltage deviation through the use of droop controllers.

5.1. Controlled converter output current, voltage, and power

In the IMG with droop control, the output current, voltage, and power depend on the specified
control strategies that were employed. The control strategy used in this paper aims to regulate the
current sharing between DERS and loads. Each source has the droop characteristic, determining how
the output current will change with its corresponding output voltage. The droop control with the virtual
resistance was employed to define a steady-state current and voltage regulation from each converter,
and this defines the output data of each IMG converter.
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Figure 6. Output current from three converters when load power is set to 600 W.
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The resulting currents corresponding to the three converters, i.e., Imgl, Img2, and Img3 are shown in
Figure 6. Figure 7 shows the characteristics of the converter output voltage as V-Outl, V-Out2, V-Out3,
and power in Figure 8 as PMGI1, PMG2, and PMG3 with load power set to 600W respectively are
shown. During this analysis, it was assumed that converter-1 and converter-2 work by supplying the
power to converter-3, where finally this power from converter-3 will be delivered to the load. The
droop control here helps to achieve stability and load sharing by regulating the output power, voltage,
and current in line with the change in load demand. The specific control settings and droop slopes
might be determined based on the MGs’ design and requirements between the loads and the power
sources involved. However, because DERs are all connected in parallel, the overall output power in the
IMG might also be increased with increasing load demand, and each DER will contribute its power-sharing

based on the droop control to allow the IMG network to respond to the variation in the variation of
load conditions.
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Figure 7. Output voltage from three converters when load power is set to 600 W.
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Figure 8. Output power from three converters when load power is set to 600 W.

In Figures 6-38, it is shown that the control of output powers, voltages, and currents provides the
microgrid stability, resulting in stable converter power, where converter-3 is drawing power of 300.9 W

AIMS Energy Volume 12, Issue 1, 214-234.
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named PMG1 from converter-1 and converter-2 of 277.4 W named PMG2 resulting in the total power
of 526.3 W named PMG3 as shown on Figure 8. The difference of 54 W from these two power
converters with PMG3 is the power losses in this IMG network due to the line impedance. For better
controlling the converter output voltage and power, droop controllers with virtual resistance are used
instead of real resistances refer to the circuit diagram shown in Figure 4. The system of n-converters
in an IMG network is said to be in steady state condition or stable when the power required by the
loads is efficiently shared between these n-converters. Thus, in the case all converters are working
under full load capacity, the network is said to be in steady state condition when all of these converters
are delivering equal amounts of power. In this paper, refer to Figure 8, PMG1 and PMG2 are almost
the same under steady-state conditions. Experimentally, a system with n-converters can be considered
for validating the above results.

5.2. Regulated output current and voltage with droop gain controllers

In a parallel-connected DC microgrid, as the grid voltage increases, the corresponding output
current will decrease according to its droop slope. Contrariwise, when the output voltage decreases,
the output current will increase. The idea behind this is that as the load in the IMG network increases,
the voltage will drop slightly, which causes the grid sources to increase their output current by sharing
the additional load in the network. The regulated voltage and current are provided through the voltage
and current inner loop shown in Figure 5. The I-V droop control characteristics using two droop gains
K, and K, is represented in Figure 9 for two converters.

300
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o ° K2 J K2
X2.184 X 2.25 2 X2.284 ]
Y 275 Y 275.7 ] Y i
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S'240 >
(] ()
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g 220 g
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(] L] ' A
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Current [A] Current [A]
(a) Controlled converter-1 (b) Controlled converter-2

Figure 9. Output current regulation using droop control parameters (K, and K; ) at constant
converter voltages of (a) Controlled converter-1 and (b) Controlled converter-2.

Referring to Figure 9 (a) and (b), it can be observed that the slope of the curve has changed, and
the change makes the voltage change less for a given change of the current by comparing both currents
I, of 2.184 A and I; of 2.25 A, while the voltage is changed from V, of 270.6 V to V; of 275.7 V. This
condition is observed for both converter-1 and converter-2. It can be observed that the converter output
voltage and current can be regulated using droop gain for each converter. In this work, it is reminded

AIMS Energy Volume 12, Issue 1, 214-234.
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that the droop control is used to achieve balanced power-sharing in the network, achieved by selecting
a proportional controller and corresponding droop gains. It is noted that, for lower droop gains, this
may result in mismatches among the output converter voltages and currents.

However, higher droop gains (K, compared to K;) result in lower voltage drops at the output
terminal of the grid converters, leading to a reduction in circulating currents. The converter output
currents can also be controlled using K; and K, at the fixed output voltages, as seen in Figure 9 (a) for
converter-1 and (b) for converter-2. It was observed that under the controlled converters, there is a
current variation of 3.1% from K, to K; at a fixed voltage level of 275.7 V for converter-1, while for
the converter-2, there is a current variation of 4.4% from Kbz to K; at a fixed voltage of 287.7 V. This
results in the operating range of power from 448.6 to 602.1 W with a droop gain controller K, and 503
to 620.3 W for K; in the converter-1, i.e., the output voltage can be controlled through different values
of droop gain controllers for improving the power-sharing. It can be noted that, with droop controllers,
increasing the droop gains results in less voltage deviation between DERs.

5.3. Converter output voltage control using the feedback-controlled voltage

Another method of regulating the converter output voltage (V,,,;) is done using the feedback-controlled
voltage (Vj50p) by considering also the reference voltage (Vyr). During this analysis, it is crucial to
consider the output voltage (Vo) resulting from the difference between the reference voltage (Vyer)
of 200 V) and the loop voltage, as shown in Figure 10. Here, the fixed reference power (initially at 300 W)
was taken into consideration. Tracking the power references or load power set, involved the use of a
conventional P-controller, where the power loop gets its corresponding reference input from the designed
droop voltage loop. The output voltage and current are obtained using Eqgs (9) and (10) respectively.

Vout = Vrer — K ( Lrer — Iout) )
Vou
lout = RLt (10)

where V,,,,; is the controlled output voltage, K is the droop gain controller, R; is the line resistance,
while I,,,,; is the output current. As shown in Figure 10 by considering one DC converter, the objective
was achieved with a small value of voltage deviation (4V') of 0.35% from the controlled voltage (V;40p)
of 99.84 V and V,,;; of 100.2 V to the reference voltage value of 200 V. This small value of AV is
positive to the controlled network, and once this AV becomes too high, the controllers are set again so

that at the end a lower voltage deviation will be generated.
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Figure 10. Output voltage and the controlled voltage responses at the load power set of 300 W.
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Figure 11. The output current and output voltage responses at different load power sets.

It can be observed that a mismatch in the voltages causes unequal current sharing within the
network, resulting in additional power losses. It is in this regard that the droop control parameter varies
the slope of output voltage characteristics to a closed value of the feedback control compared to
reference converter voltage. To avoid large DC voltage deviation (4V), this controller needs a fast
response time, as shown in Figure 11. For this case, the voltage deviation is minimized by regulating
the droop gain (K) so that V_out does not differ too much with the controlled voltage (Vigop)-

5.4. Controlled output current, voltage, and power with constant loading conditions

From the droop-control of IMG, the output voltage from the respective DER is inversely
proportional to the load current. In this case, with the increase in load current, the respective voltage
will also decrease referring to the droop characteristic of the power source. In the IMG network with
individual MGs operating in parallel, all power sources have similar droop characteristics, ensuring
that the load is shared proportionally among them. Thus, the output voltage across each MG remains
stable even when there is variation in load conditions. After regulating the output voltage through the
droop control parameter (K},), it is observed that as the power sets increase, the corresponding voltage
and current also proportionally increase.
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Figure 12. Regulated output current and voltage (for one converter) and their reference values.
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Figure 13. Power output with its corresponding reference value.

Therefore, the selection of the reference voltage and current values would depend also on the
reference power of the grid for matching with the load demand. Thus, refer to Figure 12, both output
current and voltage are regulated in a way that their values will not differ too much from their reference
values. In this analysis, the regulated output voltage V,,,; of 98.8 V is achieved from the reference
voltage (Vy.5) of 100 V, where the voltage deviation is reduced to a minimum value of 1.2 V. As a

result of droop control, the output power (P,,,;) shown in Figure 13 is also controlled, where this P,,,;
becomes nearly equal to its reference value (Pror) of 1200 W.
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Figure 14. Regulated output voltage and voltage deviation at a reference voltage of 200 V.

To adjust the offset voltage of each grid converter, the voltage regulation will be achieved
resulting in keeping the IMG system parameters, i.e., current, voltage, and power being operational
closer to their reference ratings for having the network stability as shown in both Figures 12 and 13.
The optimal offset voltage can be calculated based on the desired output voltage in addition to the
production of droop resistance and the feeding current. Remarkably, the droop dynamics can be
involved in the grid control stability in which, each grid converter will have reference values that match
the load characteristics. Generally, droop set points of individual grid converter might be determined
by finding optimum grid parameters.
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Figure 15. Controlled output voltages of three converters at 200 V of reference voltage.

In this paper, the objective of regulating the output voltage is achieved (refer to Figures 14 and 15).
This is achieved through the minimization of the voltage deviation (Vy,,, or AV) closer to zero, as shown
in Figure 14. Refer to Figure 15, as a result of voltage controllers, all output voltages (i.e., V-Outl, V-Out2,
and V-Out3) from three network converters are closer to the reference voltage value of 200 V.

5.5. Droop control at different load power sets

This method of droop control in an IMG system helps the grid system to efficiently manage the
power distribution with stable operation even during the change in load conditions. This method is also
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a decentralized and flexible approach suitable for small and medium-scale DCMG systems. The
purpose of this control method is to ensure the balanced load sharing among the DERs of an IMG
while maintaining the grid network stability. Linked to the case study, different power loads have been
used for testing the performance of this method. The results of the output power from the three
converters and respective power losses are shown in Figure 16. To implement the proposed method for
the droop controller, currents and voltage in the grid network must be measured and set to ensure an
exact value of power set to avoid the effects of the load variations. Droop control in this work is used
in the IMG, aiming for power load sharing and control of the output voltage. Here, the active load
power could be shared among all DERs. The purpose of this control structure is to eliminate the voltage
deviation to ensure equal power-sharing in the IMG network. In this analysis, the power supplied to
the converter-3 is equivalent to the sum of both converter-1 and converter-2 subtracted by the
corresponding power loss P-Loss.

I PVIGH1
500 | I PMG2 M
CIPMGs
400 | I P-Loss

Converter output power [W]
=) 8
o o

200 400 600 800 1000
Load power sets [W]

Figure 16. Converter output power from three converters with respective power losses
using power sets of 200, 400, 600 , 800 , and 1000 W.

This power loss depends on the characteristics of the cable connecting all converters in the network.
For example, as shown in Figure 16, at the load power set of 400 W the power from converter-1, and
converter-2 are 259.3 and 234.4 W, respectively, while the power of converter-3 is 462.2 W with the
corresponding power loss of 21.5 W. It was found that as the load power sets get increased, there are
more power losses. Thus, the selection of load power during the modelling and simulation might be
based on the possible number of converters in the network and the capacity of the power-generating
units. It can be noted that during the implementation of this control method, the selection of the load
power sets is an important parameter and there should be matching parameters between the supply and
load power for optimizing the power losses in the designed IMG network.

5.6. Droop control of IMG parameters with change in load power

In the conditions of load power changing from 1 to 10 seconds, the results of the control approach
are shown in Figures 17-19 for current sharing, voltage deviation, and power-sharing respectively. In
this method, the change in voltage and current is subjected to the load conditions, i.e., the parameters
at converter-3, and referring to the previous discussions, this converter is set to be a power consumer,
while the remaining two are suppliers of converter-3. In this case, the droop controller is regulated
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according to the change in both converter current and voltage errors, and this is done to meet the load demand,
where the reference current I = 5 A refer to Figure 17. The higher current changes (Ig; =34.3 Aatt=7s
and I35 = 33.6 A at t= 9 s) were based on the high-power demand of P; of 9.3 kW and P; of 6.8 kW
on the side of converter-3 (refer to Figure 19). Thus, with the droop controller, the characteristics of
improved current sharing (Igq, I5,, and Ig3) among three converters are shown in Figure 17. Here, the
waveforms for Ig; and I, have less overshoot, where they have peak and low values at the same time,
and can be noted that the current from MG3 (or Ig3) is the sum of both Ig; and I, refer to Figure 4.

N
o

———— lIref
Is1

Current [A]
=

o

1 2 3 4 5 6 7 8 9 10
'_|20 T T T T T T T T
<
T Al — — — — lref ||
g 10 Is2
S b _ T _ > /A IR B R
(@)
0 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
40 T T T T T T T T

—— = — lref
Is3

Current [A]
N
o

o

1 2 3 4 5 6 7 8 9 10
Time [s]

Figure 17. Current sharing control with its reference value under load changes.
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Figure 18. Voltage deviation control with reference value under load changes.

It was observed that each converter voltage converges to the grid reference voltage at a lower
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voltage deviation as shown in Figure 18. In this analysis, the voltage deviation between the output
voltage and reference values is less than 0.6 V, where the maximum values were found at t=7 s and
t = 9 s with the voltage variation in load voltage (i.e., converter-3) were found as 0.58 and 0.56 V,
while the voltage deviation for both converter-1 and converter-2 remained below 0.5 V. This leads to
efficient voltage regulation with minimum voltage variation, resulting in the stability of an IMG
network. The results of controlling the voltage deviation among converters of the IMG network also
affect the power-sharing among them, as shown in Figure 19. The proper power-sharing is observed
on both converter-1 and converter-2 represented with P; and P, , respectively, where both are not
facing high power variation.
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Figure 19. Output power control with its reference value under load changes.

In this paper, P; is considered as load power defined by the sum of both P; and P,. Refer to the
aforementioned analysis, this improved method for controlling the IMG using droop control is found
to be an effective method that can be adopted for implementing the MG control with multiple DERs
based on the regulation of current sharing and voltage deviation for achieving proper load sharing.
Furthermore, the extension to the system of an IMG with n-converters could be implemented to
validate the obtained results.

6. Conclusions

In this work, a droop controller for voltage regulation in an interconnected DC microgrid is
analysed. The modelling and control systems are validated using MATLAB/SIMULINK, where related
results and analysis are provided. Due to the intermitted nature of DERs, fluctuations in load demand
from IMGs pose significant challenges in providing with regulated output voltage according to the
load demand. The improved droop control method is adopted to obtain the system IMG stability at
equal load sharing with low voltage deviation. It was found that through a droop controller, the output
voltage of the converter can be controlled to be consistent with its reference value, where the main
objective is to minimise the voltage deviation AV to ensure the power-sharing in the IMG network,
resulting in the suppression of circulating current. In this analysis, the minimum voltage deviation at
the load side (converter-3) was found between 0.58 and 0.56 V, while the voltage deviation for both
converter-1 and converter-2 remained below 0.5 V. It can be noted that this can lead to efficient voltage
regulation, resulting in the stability of an IMG network. This is achieved through the droop
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controllers installed in each MG and was analysed through the droop gain controllers for providing
proper current sharing.

This control method can also be further extended by considering any n-parallel converters of the
IMG system, where the control objective can be achieved with minimum power loss and current
sharing to achieve network stability where the converter power is equally shared under steady-state
conditions. It was observed that this improved method of controlling IMG using droop control proved
to be an effective method to achieve MG control of multiple DERs based on the regulation of current
sharing and voltage deviation for achieving proper load sharing. Generally, the results and analysis are
based on the simulations, but beyond that, the results can be verified by implementation using real
devices which will be the next step.
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