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sag as the load increases. This paper proposes a novel load-adaptive virtual resistance
strategy for decentralized control of low-voltage microgrids. Unlike conventional fixed
virtual resistance methods and many existing adaptive virtual impedance approaches,
the proposed method directly embeds a prescribed voltage-regulation coefficient into
the R, formulation. The adaptive virtual resistance is analytically determined using
the allowable voltage deviation, inverter rating, feeder resistance, and locally measured
dg-axis voltage and current components. As the load demand increases, the calculated
virtual resistance decreases automatically, thereby limiting the voltage drop introduced
by the virtual resistance while preserving proportional power sharing among parallel
inverters. The adaptive law is implemented in the dq reference frame using locally
measured voltages and currents. A cascaded PI controller structure comprising an inner
current loop and an outer voltage loop is used for control. Comprehensive tests under
various load change scenarios are conducted to evaluate the proposed approach, and the
results demonstrate improved voltage regulation under wide load variations. Moreover,
the proposed approach improves reactive power sharing, which is a significant challenge
in inverter-based microgrids. The proposed method is simple, fully decentralized, and
can be integrated into existing droop-controlled inverters without communication links.
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1. Introduction

The low-voltage (LV) microgrids are a promising solution for integrating various distributed generation (DG)
units, such as PV inverters, battery energy storage systems (BESS), and small wind turbines, into local power
networks [1,2]. As the generation is closer to the load, LV microgrids can reduce transmission losses, improve
energy efficiency, and enhance modularity and flexibility, making them a viable solution for residential communities
and remote areas. Islanded microgrids offer better supply reliability, more efficient use of renewable sources, and
improved resilience during grid disturbances compared to traditional radial distribution systems [3]. However, in
the absence of a grid, inverters must regulate voltage and frequency autonomously, posing significant challenges for
the development of robust control strategies, as a poorly designed control approach can lead to deviations in voltage
and frequency [4—6]. The general structure of a low-voltage islanded microgrid with multiple DG units connected
to the point of common coupling (PCC) is shown in Figure 1.

Droop control is widely adopted for decentralized power sharing among parallel inverters, as it can mimic the
behavior of synchronous generators, avoiding the need for communication links [4,7-10]. Classical droop control
performs well in medium and high voltage systems where Feeder impedances are predominantly inductive [11].
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However, the voltage regulation and power-sharing accuracy deteriorate in LV microgrids due to the resistive nature
of feeder impedance and the resulting coupling between active and reactive powers [0, 12—14]. The droop concept
originates from the steady-state characteristics of synchronous generators, in which the frequency and voltage
magnitude drops with increasing active power and reactive power respectively.

PCC
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DG2 Mm?m Féﬁﬂ Load
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DG4 d [ F ][ Fecder 4

Figure 1. Structure of the low-voltage islanded microgrid with multiple DG units.

A microgrid with multiple inverters, the frequency and a voltage reference for each unit can be generated by
conventional droop control as follows:

wi =w—np P (1)
Vi =V —mgQ; @)

where w and V;* are the frequency and voltage magnitude references generated by the i‘" inverter, respectively.
w and V are the nominal system frequency and voltage, respectively. P;and (); are the real and reactive powers,
respectively, measured at the output of each DG unit. Frequency and voltage droop coefficients are denoted by n, ;
and m ;, respectively.

The above droop control law is primarily applicable to systems with inductive line impedance, where active
power predominantly influences frequency and reactive power affects voltage magnitude. However, in LV microgrids,
the line impedance is mainly resistive, resulting in a coupling between the active and reactive powers. Consequently,
the conventional droop law becomes ineffective, and the droop characteristics are reversed, leading to the inverse
droop control strategy [8, 13—15], which can be expressed as:

wi =w+ng,iQ; 3)
Vit =V 4+myP; 4)

where n, ;, m, ; represent the newly defined droop coefficients associated with the reactive power and active power,
respectively.

Although the inverse droop law effectively accounts for the resistive nature of low-voltage microgrids, the
trade-off between accurate power sharing and voltage regulation remains inevitable. Moreover, the power sharing
inaccuracy caused by line impedance mismatches is not addressed in this approach.To overcome this power sharing
limitation, a virtual resistance (R,) is introduced to compensate for the impedance differences among distributed
generation (DG) units, thereby achieving more accurate power sharing. However, the inclusion of virtual resistance
alters the voltage reference at the inverter output as an additional voltage drop is introduced in series with the line
impedance as in Figure 2, and the voltage reference now becomes:

‘/ref,i = ‘/z* - (Rline,i + Rv,i)Io,i

Q)
= V;* - Req,iIO,i

Here Ryine,; refers to the actual feeder resistance, R, ; is the virtually inserted resistance used for impedance
reshaping, Ry ; = Riine,i + Ry ; denotes the total equivalent resistance, and I, ; denotes the corresponding inverter
output current at the PCC.
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Req,i = Ry,i * Riine,i
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Figure 2. Equivalent circuit of inverter i showing the virtual resistance and line resistance in a low-voltage microgrid.

The total voltage drop across each feeder, arising from both the physical line resistance and the virtually
inserted resistance, can be approximated as:

sz = Req,zjo,i (6)

Even with inverse droop, unequal feeder resistances and mismatched inverter ratings lead to power sharing
errors and voltage imbalance. Virtual impedance control especially virtual resistance has therefore been widely
introduced to reshape the effective output impedance and equalize power sharing without communication [6, 16-20].
However, a fixed virtual resistance creates a trade-off where higher values improve power sharing but increase
voltage drop, while lower values preserve voltage regulation but reduce sharing accuracy. As a result, fixed
virtual-impedance designs often struggle to maintain acceptable voltage regulation in low-voltage systems.

To overcome this limitation, several adaptive virtual resistance (AVR) methods have been proposed, where
the virtual impedance is adjusted online based on current, voltage deviation, or power sharing error [5,21-28].
These methods improve performance under varying load conditions but commonly lack an explicit mechanism to
enforce a guaranteed voltage regulation boundary. Additionally, some rely on communication links or exchange of
control signals, which increase system complexity and vulnerability. In [29], adaptive virtual impedance regulation
is employed to improve fundamental and harmonic power sharing accuracy in islanded multibus microgrids, with
secondary control used for frequency and average voltage recovery. Nevertheless, the approach prioritizes power
sharing performance, resulting in noticeable voltage deviations at the inverter buses under varying load conditions.
Accurate power sharing with voltage regulation is achieved in [30—32]. however, the reliance on communication
links makes these approaches more complex and less robust.

Recent studies have also investigated optimized droop and virtual-impedance design to improve the stability,
power quality, and sharing performance of inverter-dominated microgrids [5-7,10,20,33]. Universal droop control
and self-synchronized droop control have been introduced to improve the applicability of inverter control under
different output impedance conditions [8, 9]. Although these methods improve the generality and dynamic
performance of droop-controlled inverters, they mainly focus on controller optimization, impedance shaping, or
power-sharing improvement. Therefore, the direct relationship between the selected virtual resistance and the
allowable voltage drop is not explicitly embedded in the control law.

Motivated by these challenges, this paper proposes a load adaptive virtual resistance strategy for decentralized
inverter control in low-voltage islanded microgrids. The key idea is to analytically determine the virtual resistance,
required to maintain the inverter bus voltage within the limit and realize it through a dq frame virtual resistance law
using local voltage and current measurements. A regulation coefficient is introduced which defines the maximum
allowable voltage drop, and the resulting adaptive resistance is formulated as an explicit function of inverter rating
and measured PCC voltage and current.

The main contributions of this paper are summarized as follows:

. A load-adaptive virtual resistance formulation is developed for low-voltage islanded microgrids by explicitly
relating the virtual resistance to the allowable voltage deviation.

. The proposed method is implemented in the synchronous dq reference frame using locally measured voltage
and current components, avoiding communication links among inverter units.

. The adaptive resistance is designed to decrease under heavier loading conditions, thereby reducing the
excessive voltage drop caused by fixed virtual resistance while maintaining proportional power sharing among
parallel inverters.
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. The effectiveness of the proposed strategy is evaluated under different loading conditions and compared with
the conventional fixed virtual resistance approach.

Table 1 highlights the key distinction of the proposed method compared with fixed virtual resistance and
existing adaptive virtual impedance approaches. The proposed strategy does not require communication and directly
relates the adaptive R, to the selected voltage-regulation boundary, which is usually not explicitly considered in
existing methods.

Table 1. Comparison of different virtual-resistance and adaptive impedance control approaches.

Virtual Resistance

Voltage Regulati
Method Communication oliage Regiration Linked to Allowable Power-Sharing Performance

Boundary

Voltage Drop

C.onventlo.nal fixed No No No Imp'roved sharing, but voltage
virtual resistance sag increases under heavy load
Existing adaptive virtual Improved sharing, but voltage
impedance/resistance may be required Usually not explicit not directly included regulation may depend on
methods tuning or secondary control
Pfoposed ‘load—adaptive No Yes Yes F’roportional sharing with
virtual resistance method improved voltage regulation

The remainder of this paper is organized as follows. Section 2 describes the proposed load-adaptive virtual-
resistance controller and its dg-domain formulation. Section 3 presents the simulation results and performance
analysis under various loading conditions, followed by the conclusion in Section 4.

2. Proposed Control Strategy of Load Adaptive Virtual Resistance Based Droop Control

The proposed control strategy aims to enhance voltage regulation and power-sharing accuracy in islanded
low-voltage microgrids by adaptively tuning the virtual resistance in real time. Instead of maintaining a constant ?,,,
the controller dynamically modifies the virtual resistance according to the load condition and the voltage deviation
across each inverter terminal. This adaptive adjustment reduces the excessive voltage drop caused by fixed virtual
resistance under heavy loading conditions while preserving proportional load sharing among parallel inverters.

2.1. Determination of Load Adaptive Virtual Resistance

For a three-phase islanded microgrid with predominantly resistive feeder impedance, the inverter output current
component aligned with the PCC voltage can be approximated as

]Dload Q
I, ~ 2 (7
3‘/bus,i

where P44 ; denotes the active power delivered by the i*" inverter and Vius,: represents the RMS voltage measured
at the PCC of the corresponding inverter.
Using this expression, the voltage drop across the equivalent resistive path can be written as

Poa i
AV = Regs 31% 4 ®)

To explicitly define the voltage regulation behavior, a voltage regulation coefficient € is introduced as

AV
€ = .
Vbus,i

(C))

The parameter € represents the allowable voltage deviation with respect to the inverter bus voltage. By selecting €
according to the desired voltage regulation limit, the virtual resistance can be adjusted in relation to the permitted
voltage drop.
Dividing the voltage-drop expression by Vs ;, we obtain
o Req,iPload,i

¢ = e foeds, (10)
b

us,t

By rearranging, the required equivalent resistance of the 7*" inverter is obtained as
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2
36Vbus,i

Regi = .
ot -Pload,i

(11)
To achieve proportional load sharing, the load power of each inverter is distributed according to its apparent
power rating:
S;

Pload,i = PtotalNis (12)
J

j=1
where P;,:q; represents the total active power demand of the microgrid, S; denotes the apparent power rating of the
i" inverter, and Zjv=1 S; indicates the combined apparent power rating of all parallel inverters.

The equivalent resistance consists of the feeder resistance and the virtual resistance:

Req,i = ReSt + R’U,i (13)

line,i

where R{:  is the estimated feeder resistance used in the controller. Substituting the rating-based power-sharing

expression into the equivalent resistance equation gives the calculated virtual resistance as

3N S VR
Rca*l — j=1"J Ybus,i _ R6§t - 14
V.1 Sz Ptotal line,i ( )

The feeder resistance can be obtained from cable parameters during installation or from an offline voltage-drop
test during commissioning. From cable data, it can be approximated as

Rest Teableli [1 + OéT(Ti — TO)] (15)

line,i

where 7451 1S the conductor resistance per unit length at the reference temperature Ty, ; is the feeder length, a is
the temperature coefficient of the conductor, and T is the estimated operating temperature.

Alternatively, during commissioning, the feeder resistance can be estimated from the measured feeder voltage
drop and current as

Avine 7
ot = et (16)

I 0,1
where AVjine ; is the measured voltage drop along the feeder and I, ; is the corresponding output current.

The virtual resistance is transformed into the synchronous rotating dg reference frame to simplify
implementation and allow direct use of measured voltage and current components. In the abc frame, inverter
voltages and currents vary sinusoidally with time, whereas in the dq frame they appear as controlled quantities
under balanced operation.

The voltage magnitude in the dq frame is expressed as

2 @ ? (‘/qﬂ;>2 1
”’W‘(ﬂ) "\ a7

3
P = 9 Vailai +Vyilgi)- (18)

and the active power is calculated as

Using the proportional power-sharing relation in (12), the total active power is locally estimated from the
measured output power of the i*" inverter as
N
2i=15j

est _ X j=1
total,i — Pl S
%

Accordingly, the calculated virtual resistance in the dgq frame becomes

N
Rca; _ 3¢ Zj:l Sj Vd22 + ‘/(12,2 _ pest )
" 2.5; pPest 4 Prin line,i

total,i

https://doi.org/10.53941/perat.2026.100008 5 of 16


https://doi.org/10.53941/perat.2026.100008

Pallen et al. Power Electron. Res. Appl. Trans. 2026

or
V2 4+ V2,
Rca; — Ki d,i q,? o Re-St ) 20
o P+ Prin Hme,¢ 20)
where
N
38N, 8,
T @D

Here, V; and V,, ; denote the d- and g-axis voltage components of the it" inverter, while I, a,; and I ; represent
the corresponding current components in the synchronous rotating reference frame. The small positive term P, is
introduced to avoid division by a very small power value during startup and light-load operation.

Since Pt . is determined from the locally measured inverter active power and the known inverter ratings,
the adaptive virtual-resistance calculation does not require communication of active-power measurements between
the parallel units.

For practical implementation, the calculated virtual resistance is constrained within predefined limits:

R’T;,i = sat (ch;(,lilv Ry min, R@,max) (22)
where R, min and R, max are the minimum and maximum allowable virtual resistance values, respectively. This
limitation prevents negative or excessively large resistance values during transient or low-load conditions.

The applied virtual resistance is then updated smoothly as

Ryilk] = Ry [k — 1] + ag (R} ;[k] — Ry.ilk — 1)) (23)
where 0 < ar < 1 determines the adaptation speed. In addition, the rate of change is limited by
‘Rv,i[k] - Rv,i[k - 1” S ARv,max' (24)

These constraints prevent abrupt variation of the virtual resistance and reduce possible interaction with the inner
voltage and current control loops. The adaptation factor oy is selected such that the adaptive virtual-resistance
dynamics remain slower than the inner voltage and current control dynamics, thereby limiting dynamic interaction
between the adaptive and inner control loops.

Finally, the adaptive virtual resistance is introduced into the voltage reference generation as

Varefi = Vi — Ruilai (25)
Vq,ref,i = ‘/(;:1 - R1),in,i (26)

where V7, and V; are the voltage references generated by the inverse droop controller. Thus, the adaptive virtual
resistance modifies the voltage reference according to the loading condition and the selected voltage regulation
coefficient. As the load increases, the calculated R, decreases, thereby limiting the voltage drop introduced by the
virtual resistance and improving PCC voltage regulation compared with the fixed R, method.

2.2. Detailed Control Structure of the Proposed Adaptive R.,, Method

To implement the proposed load-adaptive virtual resistance strategy, a multi-loop hierarchical control structure
is used, as shown in Figure 3. The proposed controller combines instantaneous power estimation, inverse droop
control, adaptive virtual resistance generation, voltage-reference correction, an outer voltage regulation loop, and an
inner current control loop.

The main purpose of this structure is to reduce the excessive voltage sag caused by the combined effect of feeder
resistance and fixed virtual resistance, especially during high-load operation. Instead of using a constant virtual
resistance, the proposed method calculates the virtual resistance according to the operating condition. Therefore,
the effective output resistance of each inverter is adjusted dynamically based on the local load demand.

The controller is implemented independently for each inverter unit using only local voltage and current
measurements. The measured three-phase voltages and currents are transformed from the abc frame to the
synchronous rotating dq frame. In the dq frame, the active power P; is calculated according to (18), while the
reactive power of the 7*" inverter is obtained as
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3
Qi = §(Vq,ifd,i —Vailgi) @D

These power signals are supplied to the inverse droop controller. The inverse droop controller generates the
voltage magnitude reference V;* and angular frequency reference w; according to the locally estimated active and
reactive powers.

INVERTER

4 Riine,i
Vae '[ ]
be o;* LOAD
: SPWM da
i ldillg,i

P, Qi
P & Q ESTIMATION

__________________

DROOP CONTROL

INNER CURRENT LOOP

Figure 3. Proposed load adaptive virtual resistance droop control for a single unit.

The droop coefficients are selected according to the rated power capacity of each inverter. For the ¢th inverter,
the reactive-power—frequency droop coefficient and active-power—voltage droop coefficient are designed as

Awmax

Ngi = ~—— (28)
¢ Qrated,i
Avaaux

e, Prated,i ( 9)

where Prgteds and Qrqteq,; are the rated active and reactive powers of the ith inverter, respectively. The terms
Awmax and AV« denote the maximum allowable angular-frequency and voltage deviations used for droop design.
This rating-based selection allows each inverter to contribute power according to its capacity.

The adaptive virtual resistance mechanism operates by using the locally measured dq voltages and currents.
Both the voltage related term and the instantaneous power required in (21) are evaluated from these measurements,
and their ratio is processed through the gain K, with the feeder resistance Ry;y,. ; incorporated to represent the
actual line characteristics. This computation yields the adaptive virtual resistance R, ; whose value decreases
under heavier loading and therefore mitigates the excessive voltage drop associated with a fixed virtual resistance
setting. The resulting adaptive resistance is multiplied with the measured current components to obtain the estimated
resistive drops in the synchronous frame, and these drops are used to correct the initial voltage references. In this
way, the commanded voltage naturally limits the load induced sag ensuring that the terminal magnitude remains
within the prescribed regulation limit using only local measurements. The proposed adaptation introduces limited
additional computational burden, since the dg-axis voltage and current quantities and the corresponding active-power
signal are already available within the inverse-droop control structure. The online evaluation of R,, involves only
scalar algebraic operations and does not require iterative optimization or inter-unit communication.
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Since the adaptive expression contains voltage and power terms, direct activation during startup may lead to an
excessively large or noisy resistance command. Therefore, an activation condition is introduced so that the adaptive
branch operates only after the inverter voltage reaches the normal operating region. In the implemented controller,
the adaptive branch is enabled when

Vi 2 Ven (30)

where the enabling threshold is defined as
Ven = ’7Vph,n0m~ (3])

In this study, v = 0.78, giving V,,, = 180 V for the considered 400 V line-to-line RMS system. This threshold
avoids unrealistic resistance calculation during startup and low-voltage transients. Once the voltage exceeds this
threshold, the adaptive virtual resistance is updated according to the load condition and the selected voltage-
regulation coefficient.

The applied adaptive resistance is multiplied with the measured current components to obtain the resistive
voltage drops in the synchronous frame. These drops are used to modify the droop-generated voltage references
according to (25) and (26) before being supplied to the outer voltage loop.

The cascaded voltage and current control loops are used to regulate the inverter terminal voltage and generate
the switching commands. The outer voltage loop regulates the inverter terminal voltages by tracking the updated
d- and g-axis voltage references. The measured capacitor voltages Vg ; and V, ; are compared with V.. r,; and
Va.ret,i» Téspectively, and the resulting voltage errors are processed by PI controllers. The synchronous-frame
cross-coupling components w;Cy ;V; ; and w;C'y ; Vg ; are incorporated, as shown in Figure 3, to compensate the
capacitor dynamics and preserve decoupled voltage regulation. The outputs of the voltage PI controllers provide the
reference currents Iy ;.. ¢ ; and I, ..r;, which serve as the commanded inputs for the inner current loop.

The inner current loop ensures fast and accurate tracking of these reference currents. The measured inductor
currents I4; and I, ; are compared with Iy ,.¢; and I, .. ;, respectively, and the corresponding current errors
are regulated by PI controllers. The synchronous-frame cross-coupling components w; L. ;I ; and w; L. ;14 ; are
included to compensate the dynamic interaction between the d and ¢ axes. The outputs of the current PI controllers
generate the modulating voltage commands, which are transformed back to the stationary frame and supplied to the
SPWM stage to produce the inverter switching signals.

The PI gains of the cascaded controller are selected using a bandwidth-based design. Since the inner current
loop must provide a faster dynamic response, its bandwidth is first selected with respect to the switching frequency as

27rf811)
W =
Oc 10

(32)

where f,, is the switching frequency and wy, is the current-loop bandwidth. The current-loop proportional and
integral gains are then calculated as
Ky . =2pwocLe — R (33)

Kio=wi.Le (34)

(6]

where L. and R, are the converter-side filter inductance and resistance, respectively, and p is the damping factor.
To maintain proper separation between the cascaded loops, the outer voltage loop is designed to be slower than
the inner current loop. Therefore, the voltage-loop bandwidth is selected one decade lower than the current-loop

bandwidth as
Woe

10
where wy,, is the voltage-loop bandwidth. Based on this bandwidth, the voltage-loop proportional and integral gains
are obtained as

Woy = (35)

Ky, v = 2pwo,Cs (36)
K, =ws,Cy (37)

where C is the filter capacitance. This bandwidth separation allows the inner current loop to respond rapidly to
current-reference changes, while the outer voltage loop provides stable reference-current generation and maintains
decoupled voltage regulation.

Overall, the proposed control structure enables the adaptive virtual resistance to operate as a primary-layer
impedance adjustment mechanism within the inverter controller. The adaptive resistance modifies the voltage
reference according to the load condition, feeder resistance, inverter rating, and selected voltage regulation coefficient,
while the cascaded voltage and current loops ensure fast dynamic regulation. Therefore, the proposed method
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improves voltage regulation and proportional power sharing in a fully decentralized manner without requiring
communication among inverter units.

3. Verification of the Proposed Control

Table 2 summarizes the electrical characteristics, feeder impedances and filter components adopted in the
simulation model. These parameters provide a consistent framework for evaluating the effect of the proposed
adaptive strategy on voltage regulation and power sharing accuracy under varying load conditions.

Table 2. System parameters of the two-inverter microgrid.

Parameters DG1 DG2

DC-link voltage (V) 800 V 800 V
Line-to-line rms voltage (V1) 400 V 400 V
Nominal frequency (f) 50 Hz 50 Hz

Rated active power (Prgteq) 12 kW 8 kW
Rated reactive power (Qqted) 5 kVAr 4 kVAr
Converter side inductance (L) 0.5 mH 0.5 mH
Converter side resistance (R..) 0.3 mS2 0.3 mS2
Grid side inductance (L) 0.3 mH 0.3 mH
Grid side resistance (f24) 0.2 mS) 0.2 mS)
Filter capacitance (C) 30.1 uF 30.1 uF
Feeder Resistance (Ry;e) 0.005 Q 0.02 ©
Switching frequency (fs) 15 kHz 15 kHz

Voltage regulation coefficient (¢) 0.02 0.02
Baseline fixed R, 0.62 Q 0.901 Q

Damping factor (p) 1.1 1.1

A detailed model of the two inverter microgrid is developed to evaluate the performance of the proposed load
adaptive virtual resistance based droop control. The test system consists of two voltage source inverters (VSI) of
different rated capacities operating in parallel on a common AC bus. Each inverter is interfaced through an LCL
filter and its own feeder resistance, resulting in unavoidable line impedance mismatch between the units. The droop
coefficients of each unit are chosen accordingly, to maintain proportional power sharing according to the inverter
ratings. The adaptive virtual resistance block is enabled in both inverters, and its value is continuously updated
using the locally measured dq frame voltages and currents.

To verify the improvement over the conventional fixed I, design, the baseline virtual resistance is set to
0.62 €2 for DG1 and 0.901 §2 for DG2. In the proposed method, R, is adjusted adaptively according to the operating
condition. A base load of 9 kW active power and 2 kVAr reactive power is initially applied. Att = 0.3 s, an
additional load of 4 kW and 2 kVAr is introduced, and at t = 0.6 s it is removed to assess the transient behavior of
the system.

Figure 4 compares the RMS terminal voltages of conventional fixed I, droop control with load adaptive
R, droop control under this loading condition. The RMS values are computed from the phase voltages using the
continuous RMS block in Simulink, with all circuit and control parameters identical to those listed in Table 2 for
both cases. With the fixed R,,, the PCC voltages of the two inverters drop to 221 V, which is clearly outside the 2%
limit, Whereas under the proposed load adaptive strategy the terminal voltages settle around 230 V for both units,
remaining within the prescribed regulation limit.This comparison confirms that the adaptive R, method effectively
compensates the feeder impedance mismatch and enables the PCC voltage settle very close to the nominal value
even when the inverters have unequal power ratings.

Furthermore, the active and reactive power responses during the disturbance are shown in Figure 5 for DG1 and
DG?2. Figure 5a,c represent the conventional fixed R, droop method for a load step at 0.3 s and its removal at 0.6 s.
For a nominal 9 kW load, DG1 and DG2 supply approximately 5100 W and 3350 W, respectively, while during the
nominal 13 kW interval they deliver around 7300 W and 5050 W. Although the active power is shared approximately
according to the inverter rating proportions, the combined active power remains lower than the nominal load demand
because of the reduced PCC voltage under the fixed R, condition. The reactive power response exhibits a more
noticeable deviation from the desired proportional sharing. At the lower load level, DG1 and DG2 supply roughly
1000 var each, while at the higher load level they deliver about 2300 var and 1850 var, respectively. Overall, the
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fixed- R, case maintains approximately proportional active-power sharing, while the reactive-power sharing shows a
more noticeable deviation from the desired proportion between the two DG units.
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Figure 4. RMS voltage response at the PCC during load step changes at 0.3 s and 0.6 s: (a) conventional fixed
virtual resistance method; (b) proposed load-adaptive virtual resistance method.
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Figure 5. Dynamic active and reactive power responses of DG1 and DG2 during load step changes at 0.3 s and 0.6 s:
(a) DG1 with conventional fixed virtual resistance; (b) DG1 with the proposed load-adaptive virtual resistance; (c)
DG2 with conventional fixed virtual resistance; and (d) DG2 with the proposed load-adaptive virtual resistance.
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In contrast, Figure 5b,d depict the transient active and reactive power responses of the proposed control
scheme. Before the load change, DG1 delivers 5332 W and DG?2 supplies 3668 W, which is nearly equal to their
proportional share of the 9 kW load. When the load increases at 0.3 s, the total power settles around 13 kW, with
DG1 providing approximately 7701 W and DG2 supplying 5300 W, again closely matching their proportional load
contributions. The reactive power sharing is very close to the expected proportional behavior, with DG1 supplying
about 1184 VAR and 2370 VAR for total reactive loads of 2000 VAR and 4000 VAR, while DG2 delivers 816 VAR
and 1630 VAR. Overall, the reactive power sharing exhibits excellent proportional accuracy across all operating
points, further validating the effectiveness of the proposed control scheme. These results confirm that the proposed
method maintains the PCC voltage close to its nominal value while enabling the intended active and reactive power
demand to be supplied with accurate proportional sharing between the inverter units.

Figure 6 presents the current sharing between DG1 and DG?2 for the proposed system during the transient
loading event. When the additional load is applied at 0.3 s, the total power demand increases, and both inverters
respond by proportionally raising their output currents to supply the additional load. This coordinated increase
demonstrates effective load sharing under the proposed control scheme. Once the load is removed at 0.6 s, the
currents in both DG units decrease and return smoothly to their initial values.

I
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Figure 6. Current sharing behavior of DG1 and DG2 for a representative phase under the proposed adaptive control
scheme during dynamic loading: (a) DG1 current; (b) DG2 current.

Figure 7 shows the corresponding PCC voltage for a single phase, which remains essentially unchanged
throughout the loading and unloading intervals, confirming that the terminal voltage is consistently maintained
despite the variations in current demand.
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Figure 7. PCC voltage of a representative phase under the proposed adaptive control during the load disturbance.

Figure 8 shows the frequency responses of DG1 and DG2 under the proposed load-adaptive virtual resistance
control during the dynamic load variation. The frequencies of both inverter units remain closely matched throughout
the operating interval, indicating synchronized operation of the parallel DGs. Following the load increase att = 0.3 s,
the frequency rises according to the inverse-droop characteristic. The maximum frequencies of DG1 and DG2
are 50.1241 Hz and 50.1247 Hz, respectively, corresponding to a maximum deviation of approximately 0.125 Hz
(0.25%) from the nominal 50 Hz. After the additional load is removed at ¢ = 0.6 s, the frequencies decrease toward
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their pre-disturbance operating values. These results demonstrate that the proposed control maintains coordinated
frequency behaviour during the considered load changes.
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Figure 8. Frequency responses of DG1 and DG2 under the proposed load-adaptive virtual resistance control during

dynamic load variation.

Figure 9 illustrates the PCC voltage behaviour under varying load (9—-17 kW) for both the proposed adaptive
controller and the conventional fixed R, method. The proposed controller maintains the PCC voltage very close
to the nominal value (230.94 V) across the entire loading range, with only a small and smooth variation between
229 V and 231 V. The voltage profile remains nearly flat, demonstrating that the adaptive mechanism continuously
counteracts the effect of feeder impedance mismatch and prevents the voltage from drooping as the load increases.
This behaviour confirms that the proposed method achieves strong voltage regulation, ensuring that the PCC
voltage stays tightly regulated around the desired nominal level even at higher loading conditions. In contrast, the
conventional fixed R,, scheme exhibits a progressive and noticeable voltage drop with increasing load, where the
PCC voltage declines from approximately 222 V at 9 kW to 216.8 V at 17 kW. This downward slope indicates that
the conventional fixed R, controller is unable to compensate for changing loading conditions, resulting in poor
voltage support and significant deviation from the nominal value. Overall, the comparison clearly highlights the
superior voltage regulation capability of the proposed adaptive method, as it preserves the PCC voltage near its
nominal target across the entire operating range, whereas the conventional approach suffers from steady voltage
degradation as the load increases.
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240 - i
S
8,230 B
8
G
>
O 220 \
O
=9
210 T
200 1 | | | | |
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Real Power(W) «10%

Figure 9. PCC voltage variation with real power loading for the conventional fixed virtual resistance method and the
proposed load-adaptive virtual resistance method.

The harmonic performance of the system is evaluated through FFT analysis of the PCC voltage, and the
corresponding THD values are shown in Figure 10. Under the rated operating condition, the inverter exhibits a
voltage THD of 4%, indicating low harmonic distortion under the considered operating condition. This confirms
that the proposed control strategy maintains good voltage quality during islanded operation.
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Figure 10. THD analysis of the PCC voltage.

3.1. Quantitative Performance Comparison

The quantitative performance of the conventional fixed virtual resistance method and the proposed load
adaptive virtual resistance method is summarized in Tables 3 and 4. Table 3 evaluates the active and reactive
power-sharing accuracy with respect to the ideal rating-based sharing ratio between DG1 and DG2, while Table 4
compares the PCC voltage range, maximum voltage deviation, and voltage THD. Overall, the quantitative results
confirm that the proposed adaptive virtual resistance method achieves improved voltage regulation and more accurate
rating-based power sharing while maintaining acceptable harmonic performance.

Table 3. Comparison of rating-based active and reactive power sharing performance.

Performance Metric Ideal Rating-Based Sharing Conventional Fixed R, Proposed Adaptive R,
Active power sharing
59.24%:40.76% 59.74%:40.26% 59.24%:40.76%
(DG1:DG2) 7 7 7 7 7 7
Reactive power sharing
59.24%:40.76% 52.71%:47.29% 59.23%:40.77%
(DG1:DG2) 7 7 7 7 7 7
Table 4. Quantitative comparison of voltage regulation and harmonic performance.
Performance Metric Conventional Fixed R, Proposed Adaptive R,
PCC voltage range 216.8-222V 220-231V
Maximum voltage deviation 6.12% 0.84%
PCC voltage THD 4.6% 4.0%

4. Conclusions

This paper presented a novel load-adaptive virtual-resistance-based droop control strategy for the decentralized
operation of low-voltage islanded microgrids with impedance mismatch. The proposed approach is specifically
designed to address the challenges associated with resistive feeder characteristics and unequal line impedances
commonly encountered in low-voltage microgrids. This control strategy effectively compensates for the trade-
off between voltage regulation and accurate power sharing by dynamically adjusting the virtual resistance in
response to load changes. In contrast to the conventional fixed virtual resistance scheme, which exhibits significant
voltage sag under increased loading conditions, the adaptive strategy effectively compensates for feeder impedance
mismatch and prevents excessive voltage drop during heavy loading. Furthermore, the proposed control scheme
achieves accurate active and reactive power sharing based on the respective inverter ratings without relying on any
communication links.This fully decentralized implementation enhances system reliability and achieves satisfactory
voltage and frequency regulation under the considered operating conditions without requiring a secondary control
layer. The simulation results demonstrate that the proposed method maintains voltage regulation well within the
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prescribed limit over a wide range of load variations, including dynamic load changes, while simultaneously ensuring
accurate power sharing. Overall, the proposed load-adaptive virtual resistance—based droop control provides a
simple, fully decentralized, and effective solution for improving voltage regulation and power-sharing performance
in low-voltage islanded microgrids.
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