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Abstract: In a DC microgrid, droop control is the most common and widely used strategy for
managing the power flow from sources to loads. Conventional droop control has some limitations
such as poor voltage regulation and improper load sharing between converters during unequal
source voltages, different cable resistances, and load variations. This paper addressed the limitations
of conventional droop control by proposing a simple adaptive droop control technique. The proposed
adaptive droop control method was designed based on mathematical calculations, adjusting the
droop parameters accordingly. The primary objective of the proposed adaptive droop controller
was to improve the performance of the low-voltage DC microgrid by maintaining proper load
sharing, reduced circulating current, and better voltage regulation. The effectiveness of the proposed
methodology was verified by conducting simulation and experimental studies.

Keywords: DC microgrid; droop control; parallel operation; dc-dc converter; load sharing

1. Introduction

Recently, many researchers have been attracted to the development in integrating
different power resources in a distributed approach. The proper integration between dis-
tributed energy resources, battery storage systems, and different loads connected through
power electronic devices delivers quality of power to the consumers [1]. It is not necessary
for the energy resources to be located at the same site; they can be located at different
sites based on the ease of energy availability. There are a lot of advantages with dis-
tributed energy resources such as reliability, stability, expandability, power quality, and
efficiency [2].

Based on the source of supply voltage, microgrids are categorized as AC and DC
microgrids, with their main advantage being the capability of operating in islanded mode,
as well as grid-connected mode [3,4]. Recently, extensive research works have been carried
out on DC microgrids as they have more advantages over AC microgrids [5–9]. AC
microgrids have to deal with the reactive power, skin effect, and many other power
quality problems that are absent in DC microgrids. An architectural overview of an LVDC
microgrid is presented in Figure 1. The rapid development and different nature of the
load have established a wide range of DC microgrids [10–13]. This technical advancement
leads to a reduction in the capital cost of distributed generation (DG). The operation of
different types of DG to meet the load needs a parallel operation but causes improper load
sharing between converters and circulating current due to the abrupt variations in the
source, sudden changes in load, and parametric differences due to various constraints [14].
Studies in the literature have discussed the most popular techniques of load sharing such
as active current sharing [15–17] and droop control [18–32]. The most familiar one is the
master/slave technique, where, in the master/slave current method, a common bus is
employed between DC converters for proper current sharing [15] and the generation of the
required base voltage. Normally, in droop control, two parameters are taken into account.
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The first one is voltage control, which ensures good voltage regulation, and the second one
is current control, which enables equal current sharing between the converters. Two control
loops using PI have been implemented to estimate the current values of voltage and line
impedance that makes the controller robust.

Figure 1. Architectural overview of LVDC microgrid.

One of the best distributed voltage controls is the droop control method, where
the objective is to control the output voltage reference of each converter based on the
output current of each converter [18]. The major limitations are improper load sharing
between converters, poor voltage regulation, and a drop in voltage due to droop action.
The role and prominence of cable resistance in load current distribution were discussed
in [19]. The droop current sharing method without the requirement of any communication
link was discussed in [20], and this method achieves smooth sharing of the load current
among parallel modules using the droop of the load-regulation line of parallel-powered
sources. A different droop method for the parallel operation of converters was proposed,
which utilizes the base voltage of every unit to adjust and control automatically [21].
For the betterment of voltage regulation, a modified droop control was proposed [22],
considering a virtual droop resistance as a function of the output voltage. Some of the
major issues were not considered in the paper, mainly the impact of cable resistance.
The parallel operation of buck converters with a voltage restoration control loop along
with droop control was proposed [23]. The controller processes the demand and actual
voltage values and generates the required restoration voltage. A modified lag compensator
was developed and an alternative droop control method was proposed in [24], where
different droop control methods such as V-I, I-V, and alternate I-V droop control were
explained. The main limitation of the proposed method is the consideration of constant
droop resistance. In [25], the circulating current issue that occurs with the variation in the
converter output voltage was revealed. Droop index was introduced, which is a function
considering normalized current sharing differences and the losses in the output side of
converters. Although this method results in accurate load sharing, it involves considerable
computational effort. In [26], the instantaneous virtual droop resistance reduced the
circulating current and decreased the difference in the current sharing of converters. An
advanced droop control method was proposed using an algorithm that improves power



Energies 2021, 14, 5356 3 of 20

sharing and output voltage stability by changing the resistance in the classical droop
equation. A new strategy for current control to minimize the circulating current with
a combination of average voltage and the proportional current sharing controller was
proposed, considering fixed droop resistance [27]. In [28], an adaptive droop control
method was proposed to suppress circulating currents in a low-voltage DC microgrid.
Line resistances were estimated through mathematical calculation and droop parameters
were adjusted accordingly. This method was accurate in load sharing and reducing the
effect of line resistance, but the effect of the variation in source voltage or input parameters
was not elevated. In [29], the proposed improved-mode adaptive droop control strategy
for the DC microgrid considered various operating conditions and disturbance scenarios
using the DC microgrid study system. The impact of distributed control methods was
discussed in [30–32]. The importance and advantages of optimization techniques such
as the stochastic optimization, consensus algorithm, and improved equal incremental
principle (IEIP) in the distributed control methods were discussed in detail.

Many other research works have been carried out in a wide range to regulate the
voltage on the DC bus and maintain proper current sharing with the consideration of load
variation and cable resistance, but only little consideration has been given to the input
variables such as input voltage and input current from the source side. In this paper, an
algorithm was developed to ensure the robustness of control with the consideration of both
input and output parameter variations.

2. Parallel Operation of DC–DC Converters in LVDC Microgrid

An LVDC microgrid was studied by considering two sources connected in parallel with
dc–dc converters, and the phenomena of load sharing and circulating current occurrence
during the parallel operation were projected. Considering the converters supplied with
two different source voltages Vi1 and Vi2 and source currents Ii1 and Ii2, different cases
projecting the phenomena are given in Table 1. In Figure 2a, the output voltages, output
currents, and converter 1 and 2 cable resistances are denoted as V1, V2, I1, I2, R1, and
R2, respectively. In the equivalent circuit of the parallel operation of dc–dc converters, a
voltage source in series with a cable resistance was considered for each converter output
side, and is shown in Figure 2b.

Table 1. Different cases projecting the phenomena.

Case Source Voltages
Vi1 and Vi2

Output Voltages
V1 and V2

Cable Resistances
R1 and R2

Output Currents
I1 and I2

Circulating Current
Phenomena

1 Same Same Equal Equal Absent

2 Same Same Unequal Unequal Absent

3 Distinct Distinct Equal Unequal Present

4 Distinct Distinct Unequal Unequal Present

Figure 2b shows the parallel connection of the DC–DC buck converter and its equiva-
lent circuit. Applying KVL to the circuit, the following equations are obtained.

V1 − I1R1 − ILRL = 0 (1)

V2 − I2R2 − ILRL = 0 (2)

By using Equations (1) and (2), the converter output currents I1 and I2 are derived
as follows:

I1 =
(R2 + RL)V1 − RLV2

R1R2 + R1RL + R2RL
(3)

I2 =
(R1 + RL)V2 − RLV1

R1R2 + R1RL + R2RL
(4)
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Circulating current phenomena mainly depend on the converter output voltages [25],
expressed as

IC12 =−IC21 =
V1 −V2

R1 + R2
(5)

Figure 2. (a) Parallel DC–DC buck converter. (b) Equivalent circuit.

3. Voltage Control by Adding Rdroop

The converter current sharing with the addition of a series resistor Rdroop is explained
below and shown in Figure 3a, which is similar to Figure 2a but with the addition of a
series resistor Rdroop in each converter.

Figure 3. (a) Parallel DC–DC buck converter with Rdroop. (b) Equivalent circuit.

Applying KVL to the circuit in Figure 3b, the following equations are obtained

V1 − I1(R1 + Rdroop1)− ILRL = 0 (6)

V2 − I2(R2 + Rdroop2)− ILRL = 0 (7)

The equivalent circuit of the parallel connection of the DC–DC buck converter with
Rdroop is shown in Figure 3b.

By using Equations (6) and (7), the derived converter output currents I1 and I2 are
given as

I1 =

(
R2 + Rdroop2 + RL

)
V1 − RLV2

(R1 + Rdroop1)(R2 + Rdroop2) + (R1 + Rdroop1)RL + (R2 + Rdroop2)RL
(8)
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I2 =

(
R1 + Rdroop1 + RL

)
V2 − RLV1

(R1 + Rdroop1)(R2 + Rdroop2) + (R1 + Rdroop1)RL + (R2 + Rdroop2)RL
(9)

Circulating current is given as

IC12 =−IC21 =
V1 −V2

R1 + Rdroop1 + R2 + Rdroop2
(10)

The two considered parallel converters with the proposed virtual droop resistance
method are shown in Figure 4. The output current from each converter 1 and 2 was taken
as the feedback and multiplied with the calculated Rdroop1 and Rdroop2 values. The cable
resistances were considered as Rc1 and Rc2. From the reference voltage Vref, subtracting the
resultant signal produces a new reference signal (V∗refj), giving a generalized equation as

V∗refj= Vref−Ij∗Rdroopj where j = 1, 2, . . . , n (11)

Figure 4. Control diagram of parallel converters with Rdroop.

4. Proposed Adaptive Droop Control Strategy

A pictorial representation of the proposed droop resistance calculation considering
two parallel converters is shown in Figure 5. The input parameters are the voltages and
currents of converter 1 and converter 2, reference voltage, cable resistances R1 and R2, load
resistance RL, droop resistance Rdroop, and delta resistance Rdelta. Converter 1 Power P1
and Converter 2 Power P2 were calculated using the input parameters. The calculated
droop resistance values Rdroop1 and Rdroop2 from the proposed strategy are used in the
control diagram shown in Figure 4.
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Figure 5. Proposed drop control flowchart.

Whenever any change occurs in the source voltage, load, or cable resistance, the
current sharing of converters will become unequal. A maximum voltage deviation is
caused when one converter has a lower current sharing and others have a higher current
sharing. The power, voltage, and current of both converters are validated. In the case of
both the converter currents I1 and I2 being the same, no circulating current flows between
the converters and there is no requirement to adjust the droop resistance and consider new
droop resistances as the old droop resistances shown in Equations (12) and (13).

Rdroop1,new = Rdroop1,old (12)

Rdroop2,new = Rdroop2,old (13)
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When converter current I1 is more than I2, there will be circulating current IC12 flowing
between converter 1 and converter 2. To reduce the circulating current effect, the droop
resistances are adjusted by using Equations (14) and (15).

Rdroop1,new = Rdroop1,old + Rdelta (14)

Rdroop2,new = Rdroop2,old − Rdelta (15)

The calculated values of currents using Equations (8) and (9) are again verified to be
within allowable limits, and the flow of adjusting droop resistances will continue until the
criteria are satisfied.

Similarly, when converter current I1 is less than I2, there will be circulating current
IC21 flowing between converter 2 and converter 1. To reduce the circulating current effect,
the droop resistances are adjusted by using Equations (16) and (17).

Rdroop1,new = Rdroop1,old − Rdelta (16)

Rdroop2,new = Rdroop2,old + Rdelta (17)

The calculated values of currents I1 and I2 using Equations (8) and (9) are again
verified to be within allowable limits and are continued until the criteria are satisfied.
During unequal converter voltages V1 and V2, a similar procedure is followed such as
validating currents and adjusting droop resistances accordingly.

The adaptive droop control method will dynamically adjust according to the variations
in parameters and will maintain the circulating current phenomena within the desirable
limits. The proposed strategy was considered and applied only to two parallel source
converters in this paper. This method is adaptable to the change in source voltage, load
variations, change in cable resistances, etc. It also gives better current sharing with minimal
circulating currents. Moreover, the controller responds fast, as the computation involved is
less. This shows the robustness of the controller.

5. Results and Discussion

The proposed model was analyzed with different cases by considering different
scenarios of source voltage, load, and cable resistance. The effectiveness of the proposed
control method is shown by comparing the results with the basic model and novel droop
control [21]. The proposed algorithm was carried out considering two parallel dc–dc buck
converters and simulated using MATLAB/SIMULINK. The results of the simulated model
compared with HIL Simulator show the effectiveness of the controller in real-time. The
system parameters considered are given in Table 2.

Table 2. Nominal parameters of buck converter.

Parameters Symbol Value

Input Voltage Vin 100 V

Output Voltage Vout 48 V

Output Power Pout 96 W

Filter Inductor L 12.48 mH

ESR of the filter inductor rl 0.002 Ω

Filter capacitor C 10.41 µF

ESR of the filter capacitor rc 0.03 Ω

Nominal switching frequency fsw 10 kHz
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5.1. Simulation Results

The robustness of the proposed droop control method was considered with combina-
tions of different cable resistances, varying source voltages, and load variations considered
at different intervals, as mentioned in Tables 3–5.

Table 3. Different cable resistances.

Parameter Value

Cable Resistance of Converter 1 100 mΩ

Cable Resistance of Converter 2 150 mΩ

Table 4. Load variations at different intervals.

Time (s)→ 0–1 1–2 2–3.5 3.5–4

Load (W) 192 W 192 W 144 W 192 W

Table 5. Variation in source voltage of converters at different intervals.

Time (s)→ 0–1 1–2 2–3 3–4

Source Voltage of Converter 1 (V) 100 V 100 V 110 V 100 V

Source Voltage of Converter 2 (V) 100 V 110 V 100 V 100 V

5.1.1. Without Droop Control

Case 1: Different cable resistances

Considering the source voltage of converter 1 and 2 as 100 V, the resistive load was
192 W and the different cable resistances were as shown in Table 3. Figure 6 shows the
results of VL, IL, and the current sharing of converters I1 and I2. The load voltage was
47.75 V and the load current was 4 A, with a current share of 2.4 A and 1.6 A of converter 1
and 2, respectively. The current sharing error Ierr was 20% and the circulating current Icir
was 0.4 A.

Figure 6. Simulation results for different cable resistances without any droop control: load voltage, converter output
currents and load current.
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Case 2: Variation in load with different cable resistances

Considering the source voltage of converters 1 and 2 as 100 V, the variation in resistive
load was as shown in Table 4 and the different cable resistances were as shown in Table 3.
Figure 7 shows the results of VL, IL, and the current sharing of converters I1 and I2. The
load voltage was 47.75 V and the load current was 4 A with a current share of 2.4 A and
1.6 A of converter 1 and 2, respectively. During 2–3.5 s, the load changed to 144 W, the
load voltage was 47.75 V, and the load current was 3 A with a current share of 1.81 A and
1.19 A of converter 1 and 2, respectively. The current sharing error Ierr was 20.6% and the
circulating current Icir was 0.31 A.

Figure 7. Simulation results for variation in load with different cable resistances without any droop control: load voltage,
converter output currents and load current.

Case 3: Variation in source voltage and load with different cable resistances

Considering the variation in source voltage, as shown in Table 5, the variation in
resistive load was as shown in Table 4 and the different cable resistances were as shown in
Table 3. Figure 8 shows the results of VL, IL, and the current sharing of converters I1 and
I2. During 2–3 s, the load voltage was 47.8 V and the load current was 3 A with a current
share of 1.95 A and 1.05 A of converter 1 and 2, respectively. The current sharing error Ierr
was 30% and the circulating current Icir was 0.45 A.

5.1.2. Novel Droop Control

Case 1: Different cable resistances

Considering the source voltages of converter 1 and 2 as 100 V, the resistive load
was 192 W and the different cable resistances was as shown in Table 3. Figure 9 shows
the results of VL, IL, and the current sharing of converters I1 and I2. The load voltage
was 46.3 V and the load current was 4 A with a current share of 2.2 A and 1.8 A of
converter 1 and 2, respectively. The current sharing error Ierr was 10% and the circulating
current Icir was 0.2 A.



Energies 2021, 14, 5356 10 of 20

Figure 8. Simulation results for variation in source voltage and load with different cable resistances without any droop
control: load voltage, converter output currents and load current.

Figure 9. Simulation results for different cable resistance for novel droop control: load voltage, converter output currents
and load current.

Case 2: Variation in load with different cable resistances

Considering the source voltage of converters 1 and 2 as 100 V, the variation in resistive
load was as shown in Table 4 and the different cable resistances were as shown in Table 3.
Figure 10 shows the results of VL, IL, and the current sharing of converters I1 and I2.
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Figure 10. Simulation results for variation in load with different cable resistances for novel droop control: load voltage,
converter output currents and load current.

The load voltage was 46.3 V and the load current was 4 A with a current share of 2.2 A
and 1.8 A of converter 1 and 2, respectively. During 2–3.5 s, the load changed to 144 W, the
load voltage was 46.4 V, and the load current was 3 A with a current share of 1.67 A and
1.33 A of converter 1 and 2, respectively. The current sharing error Ierr was 11.3% and the
circulating current Icir was 0.17 A.

Case 3: Variation in source voltage and load with different cable resistances

Considering the variation in source voltage, as shown in Table 5, the variation in
resistive load was as shown in Table 4 and the different cable resistances were as shown in
Table 3. Figure 11 shows the results of VL, IL, and the current sharing of converters I1 and
I2. During 2–3 s, the load voltage was 46.5 V and the load current was 3 A with a current
share of 1.75 A and 1.25 A of converter 1 and 2, respectively. The current sharing error Ierr
was 16.6% and the circulating current Icir was 0.25 A.

Figure 11. Simulation results for variation in source voltage and load with different cable resistances for novel droop control:
load voltage, converter output currents and load current.
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5.1.3. Proposed Droop Control

Case 1: Different cable resistances

Considering the source voltages of converter 1 and 2 as 100 V, the resistive load was
192 W and the different cable resistances were as shown in Table 3. Figure 12 shows the
results of VL, IL, and the current sharing of converters I1 and I2. The load voltage was
47.8 V and the load current was 4 A with a current share of 2.02 A and 1.98 A of converter
1 and 2, respectively. The current sharing error Ierr was 1% and the circulating current Icir
was 0.02 A. There were minute adjustments in the current sharing of converters I1 and I2
due to the dynamic droop control.

Figure 12. Simulation results for different cable resistances for proposed droop control: load voltage, converter output
currents and load current.

Case 2: Variation in load with different cable resistances

Considering the source voltages of converters 1 and 2 as 100 V, the variation in resistive
load was as shown in Table 4 and the different cable resistances were as shown in Table 3.
Figure 13 shows the results of VL, IL, and the current sharing of converters I1 and I2. The
load voltage was 47.8 V and the load current was 4 A with a current share of 2.02 A and
1.98 A of converter 1 and 2, respectively. During 2–3.5 s, the load changed to 144 W, the
load voltage was 47.8 V, and the load current was 3 A with a current share of 1.516 A and
1.484 A of converter 1 and 2, respectively. The current sharing error Ierr was 1.06% and the
circulating current Icir was 0.016 A. There were minute adjustments in the current sharing
of converters I1 and I2 due to the dynamic droop control.

Case 3: Variation in source voltage and load with different cable resistances

Considering the variation in source voltage, as shown in Table 5, the variation in
resistive load was as shown in Table 4 and the different cable resistances were as shown in
Table 3. Figure 14 shows the results of VL, IL, and the current sharing of converters I1 and
I2. During 2–3 s, the load voltage was 47.8 V and the load current was 3 A with a current
share of 1.54 A and 1.46 A of converter 1 and 2, respectively. The current sharing error Ierr
was 2.6% and the circulating current Icir was 0.04 A. There were minute adjustments in the
current sharing of converters I1 and I2 due to the dynamic droop control.
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Figure 13. Simulation results for variation in load with different cable resistances for proposed droop control: load voltage,
converter output currents and load current.

Figure 14. Simulation results for variation in source voltage and load with different cable resistances for proposed droop
control: load voltage, converter output currents and load current.

5.2. Experimental Validation

A Hardware-In-Loop (HIL) real-time simulator OPAL-RT-OP4510 was used to verify
the effectiveness of the proposed method shown in Figure 15. We also considered the same
parameters analyzed with the simulation model of MATLAB/SIMULINK.
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Figure 15. HIL real-time simulator setup.

5.2.1. Novel Droop Control

Case 1: Different cable resistances

Considering the same parameter values as in case 1 of the simulation, Section 5.1.2.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 16, which were similar to
those in Figure 9. The load voltage was 46.0 V and the load current was 4 A with a current
share of 2.24 A and 1.76 A of converter 1 and 2, respectively. The current sharing error Ierr
was 12% and the circulating current Icir was 0.24 A.

Figure 16. Experimental results for different cable resistances for the novel droop control.
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Case 2: Variation in load with different cable resistances

Considering the same parameter values as in case 2 of the simulation, Section 5.1.2.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 17, which were similar
to those in Figure 10. The load voltage was 46.3 V and the load current was 4 A with a
current share of 2.24 A and 1.76 A of converter 1 and 2, respectively. During 2–3.5 s, the
load changed to 144 W, the load voltage was 46.1 V, and the load current was 3 A with a
current share of 1.69 A and 1.31 A of converter 1 and 2, respectively. The current sharing
error Ierr was 12.6% and the circulating current Icir was 0.19 A.

Figure 17. Experimental results for variation in load with different cable resistances for the novel droop control.

Case 3: Variation in source voltage and load with different cable resistances

Considering the same parameter values as in case 3 of the simulation, Section 5.1.2.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 18, which were similar to
those in Figure 11. During 2–3 s, the load voltage was 46.4 V and the load current was 3
A with a current share of 1.8 A and 1.2 A of converter 1 and 2, respectively. The current
sharing error Ierr was 20% and the circulating current Icir was 0.3 A.

Figure 18. Experimental results for variation in source voltage and load with different cable resistances for the novel
droop control.
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5.2.2. Proposed Droop Control

Case 1: Different cable resistances

Considering the same parameter values as in case 1 of the simulation, Section 5.1.3.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 19, which were similar to
those in Figure 12. The load voltage was 47.7 V and the load current was 4 A with a current
share of 2.06 A and 1.94 A of converter 1 and 2, respectively. The current sharing error Ierr
was 3% and the circulating current Icir was 0.06 A. There were minute adjustments in the
current sharing of converters I1 and I2 due to the dynamic droop control.

Figure 19. Experimental results for different cable resistances for proposed droop control.

Case 2: Variation in load with different cable resistances

Considering the same parameter values as in case 2 of the simulation, Section 5.1.3.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 20, which were similar to
those in Figure 13. The load voltage was 47.7 V and the load current was 4 A with a current
share of 2.06 A and 1.94 A of converter 1 and 2, respectively. During 2–3.5 s, the load
changed to 144 W, the load voltage was 47.8 V, and the load current was 3 A with a current
share of 1.55 A and 1.45 A of converter 1 and 2, respectively. The current sharing error Ierr
was 3.3% and the circulating current Icir was 0.05 A. There were minute adjustments in the
current sharing of converters I1 and I2 due to the dynamic droop control.

Figure 20. Experimental results for variation in load with different cable resistances for proposed droop control.
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Case 3: Variation in source voltage and load with different cable resistances

Considering the same parameter values as in case 2 of the simulation, Section 5.1.3.,
the experimental results of VL, IL, I1, and I2 are shown in Figure 21, which were similar to
those in Figure 13. The load voltage was 47.7 V and the load current was 4 A with a current
share of 2.06 A and 1.94 A of converter 1 and 2, respectively. During 2–3.5 s, the load
changed to 144 W, the load voltage was 47.8 V, and the load current was 3 A with a current
share of 1.55 A and 1.45 A of converter 1 and 2, respectively. The current sharing error Ierr
was 3.3% and the circulating current Icir was 0.05 A. There were minute adjustments in the
current sharing of converters I1 and I2 due to the dynamic droop control.

Figure 21. Experimental results for variation in source voltage and load with different cable resistances for proposed
droop control.

The simulation results of the load sharing error and circulating current for different
cable resistance conditions are given in Table 6, the varying loads with different cable
resistances are given in Table 7, and the varying source voltages and loads with different
cable resistances are given in Table 8.

Table 6. Comparison of simulation results of different methods considering different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Without Droop Control 47.75 4 (2.4, 1.6) 20 0.4

Novel Droop Control [21] 46.3 4 (2.2, 1.8) 10 0.2

Proposed Droop Control 47.8 4 (2.02, 1.98) 1 0.02

Table 7. Comparison of simulation results of different methods considering variation in load with
different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Without Droop Control 47.75 3 (1.81, 1.19) 20.6 0.31

Novel Droop Control [21] 46.4 3 (1.67, 1.33) 11.3 0.17

Proposed Droop Control 47.8 3 (1.516, 1.484) 1.06 0.016
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Table 8. Comparison of simulation results of different methods considering variation in source
voltage and load with different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Without Droop Control 47.8 3 (1.95, 1.05) 30 0.45

Novel Droop Control [21] 46.5 3 (1.75, 1.25) 16.6 0.25

Proposed Droop Control 47.8 3 (1.54, 1.46) 2.6 0.04

The experimental results of the load sharing error and circulating current for different
cable resistance conditions are given in Table 9, the varying loads with different cable
resistances are given in Table 10, and the varying source voltages and loads with different
cable resistances are given in Table 11. It is clearly shown with the proposed droop control
method that the load sharing error reduced and minimized the circulating current due to
dynamic droop resistance.

Table 9. Comparison of experimental results of different methods considering different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Novel Droop Control [21] 46.0 4 (2.24, 1.76) 12 0.24

Proposed Droop Control 47.7 4 (2.06, 1.94) 3 0.06

Table 10. Comparison of experimental results of different methods considering variation in load
with different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Novel Droop Control [21] 46.1 3 (1.69, 1.31) 12.6 0.19

Proposed Droop Control 47.8 3 (1.55, 1.45) 3.3 0.05

Table 11. Comparison of experimental results of different methods considering variation in source
voltage and load with different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Novel Droop Control [21] 46.4 3 (1.8, 1.2) 20 0.3

Proposed Droop Control 47.8 3 (1.6, 1.4) 6.6 0.1

The simulation and experimental results of the proposed adaptive droop control
considering different cable resistance conditions are given in Table 12, the varying loads
and different cable resistances are given in Table 13, and the varying source voltages and
loads with different cable resistances are given in Table 14.

Table 12. Comparison of simulation and experimental results of the proposed adaptive droop control
for different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Simulation 47.8 4 (2.02, 1.98) 1 0.02

Experimental 47.7 4 (2.06, 1.94) 3 0.06

Table 13. Comparison of simulation and experimental results of proposed adaptive droop control for
varying load and different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Simulation 47.8 3 (1.516, 1.484) 1.06 0.016

Experimental 47.8 3 (1.55, 1.45) 3.3 0.05
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Table 14. Comparison of simulation and experimental results of proposed adaptive droop control for
varying load and different cable resistances.

Method VL (V) IL (I1, I2) (A) IError (%) |ICir| (A)

Simulation 47.8 3 (1.54, 1.46) 2.6 0.04

Experimental 47.8 3 (1.6, 1.4) 6.6 0.1

The load sharing error and circulating current results of both the simulation and
experimental method show the effectiveness of the proposed adaptive droop control.

6. Conclusions

In this paper, we proposed a simple and robust adaptive droop control based on
mathematical calculations, adjusting the droop parameters accordingly. The proposed
method computed the droop resistance values instantaneously for any change in source
voltage causing a variation in the output voltage of the converter. The proposed algorithm
gave a proper load current sharing of the converters. The phenomena of circulating current
reduced with the stability of maintaining proper load current sharing between converters
as it reduced the difference between the converter currents. With the instantaneous droop
resistance calculation, the voltage regulation greatly improved. The effects of varying
load and different converter cable resistances were also considered and the effectiveness
of the proposed control strategy was analyzed and demonstrated through simulation
and experimental studies. The proposed mathematical model was limited to two parallel
converters, peak overshoot phenomena were observed at the start, and slight disturbances
were present in the load voltage during the variations in the source voltage or load. The
future scope is to develop a generalized mathematical model suitable for multiple con-
verters in a DC microgrid, to develop proper tuning of the PI controller to overcome the
above-stated effects, and to implement them in real-time applications.
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