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Abstract 

Under any load disturbances, the microgrid must maintain its voltage and frequency within the standard 
norms. In an isolated microgrid, under-loading and overloading conditions may emerge if the sequence 
components of powers are not appropriately shared by the power electronics interfaced distributed 
generation systems (DGSs). Hence, this paper tends to offer a droop-based control strategy for a three-
level neutral point clamped (NPC) inverters-based islanded microgrid that enables supply and maintains 
power-sharing effectively. The proposed method constitutes enhanced voltage and current controllers, 
sequence components-based virtual impedance (VI) loop, and frequency restoration loop. With the 
proposed droop-based control, an equal and proportional power-sharing is achieved. Furthermore, the 
presented VI loop allows the connected DGs with uneven line impedances to share the positive and 
negative sequence components of the reactive power under unbalanced loads. Besides, the upgraded 
voltage controllers in the stationary reference frame ensure that the DG's terminal voltages remain 
balanced, even when the loads at point of common coupling (PCC) demand uneven currents, while the 
frequency restoration loop maintains the system frequency very close to the nominal value (i.e., 50Hz). 
Various scenarios such as equal and proportional power sharing and multiple numbers of DGs are 
considered in the study to validate the efficacy of the proposed control scheme. The simulation results 
are carried out in MATLAB/Simulink environment to demonstrate the efficiency of the suggested control 
scheme. 

Keywords: Droop control; Virtual impedance; Sequence power-sharing; Proportional power-sharing; 
Frequency restoration 

1. Introduction 

The loads in an islanded microgrid are often single-phase and unbalanced [1]. With imbalanced loads, 
there are both positive and negative sequence powers [2]. A condition of under-loading and overloading 
may occur if these sequence powers are not correctly shared among the participating distributed 
generations (DGs). Islanded microgrids maintain their voltage and frequency stable on their own in case 
a disturbance occurs  [3, 4]. When loads at the point of common coupling (PCC) draw unbalanced 
currents, DGs must keep their terminal voltages balanced, uniform, and equal to minimize wasteful 
current circulation between the DGs [5-7]. The inclusion of a low pass filter in an inverter-based DG 



results in a higher internal impedance which causes a noticeable unbalance in the terminal voltages of 
inverter-based DGs [8]. 

Active power/frequency (P/F) and reactive power/voltage (Q/V) droop-based control approaches 
comprising inner current and voltage controllers are the most prevalent control schemes for an islanded 
microgrid. It does, however, have several drawbacks, including line impedance dependence, intrinsic 
voltage and frequency droop, poor transient and unbalanced power-sharing, and a trade-off between 
voltage regulation and power-sharing. Virtual impedance is a concept presented to overcome problems 
caused by impedance mismatch [9]. An adaptive transient droop function is combined with conventional 
droop control to improve transient response and power-sharing stability in [10]. A fundamental positive 
sequence (FPS) based control strategy comprising proportional-integral (PI) plus multi-resonant voltage 
controller integrated within the power droop loops for improving unbalanced and harmonic power-
sharing is proposed in [11]. Moreover, the droop-based control scheme requires a secondary control loop 
to restore the inherent deviations created on voltage and frequency [12]. Several studies attempted in 
different aspects to make the conventional virtual impedance concept more effective by compensating 
the impedance mismatch effect. An adaptive virtual impedance that doesn’t require the actual value of 
line impedance to be known is proposed in [13]. A selective virtual impedance loop based on both 
positive and negative sequence components is implemented to improve the current-sharing under non-
linear loads [14]. However, the latter ignores zero sequence current in virtual impedance implementation 
and uses only the virtual resistance for negative sequence components. Hence, it is required to balance 
the DGs’ neutral currents, in the case of three-phase-four-wire systems considering the zero sequence 
components, which are quite a popular microgrid’s topology. Active power filter concepts and many 
voltage compensation methods involve an injection of negative sequence voltage to improve the voltage 
profile during unbalance [15-17]. However, these methods don’t enhance unbalanced power sharing 
effectively. Therefore, a method based on the proper output impedance control of DG using a 𝑄 -Z 
controller is proposed in [18]. However, it ignores the fact that lines usually have different impedances, 
which affects both positive and negative sequence reactive power sharing. 

This paper aims to propose an enhanced droop-based control scheme to improve the reactive power-
sharing of three-level neutral point clamped (NPC) inverters-based three-phase-four-wire islanded 
microgrids under unbalanced loads. The three-phase four-wire configuration is a universally adopted 
system for low voltage distribution due to its neutral in the system, which offers several advantages in 
terms of power quality, protection, and flexibility. The three-level NPC inverters are selected for 
enhancing the three-phase-four-wire microgrid over two-level inverters as they do not require an extra 
limb for the neutral, have reduced stresses on the switches on high power applications, and have low 
harmonic content in the outputs [19]. Besides, a virtual impedance loop based on the sequence 
components has been investigated that enables the sharing of positive and negative sequence reactive 
power among the DGs by compensating the impedance mismatch effect more effectively. Extraction of 
sequence components is realized with the help of a second-order general integrator (SOGI) [20]. The 
proposed virtual impedance also helps to balance the DGs’ neutral currents under unbalanced power-
sharing. The voltage reference obtained from the droop controller is tracked with the help of proportional-
resonant (PR) controllers in αβ0-axes. The use of PR controllers in αβ0-axes in the voltage and current 
controllers helps to diminish the effects of the neutral voltage shifting and zero sequence component to 
guarantee a balanced and stable voltage with an optimum power-sharing under unbalanced loads. 



Furthermore, a frequency restoration loop is incorporated in the proposed control scheme to regain the 
nominal frequency after every load change. Enhancement of reactive power-sharing with the proposed 
VI loop has no appreciable impact on active power-sharing. Thus, the proposed droop-based control 
technique accomplishes the division of total connected load among the DGs. The control scheme is 
validated through simulation of different case scenarios. Though described in detail in further chapters, 
the main contributions of this paper are related to: 

a. This paper developed a droop-based control technique for a three-level NPC inverters-based 
three-phase four-wire microgrid. This control technique is proposed for an islanded microgrid 
with multiple DGs that frequently experience unbalanced loads. Using simulation analysis, 
the proposed control technique is found to be effective in maintaining power-sharing as well 
as power quality. Improved voltage and current controllers, a sequence components-based 
virtual impedance (VI) loop, and a frequency restoration loop are all part of the proposed 
strategy. 

b. A sequence components-based virtual impedance loop has been proposed to make sure there 
were no voltage drop mismatches in the lines and to make sure the positive and negative 
sequence components of reactive power were shared appropriately. It also helps to balance 
the currents in the DGs’ neutrals flowing due to the unbalanced loads. 

c. A viable concept for an isolated microgrid has been developed, with the distribution 
system operating in a three-phase four-wire mode. Various scenarios such as equal and 
proportional power sharing and multiple numbers of DGs have been studied in order to 
assess the proposed method’s performance and robustness. 

d. On both the voltage and current control loops, multiple root-loci sweeps and time-domain 
responses have been performed to ensure the stability of the proposed controller while 
achieving good performance during both steady-state and transients. This research ensures the 
proposed method's stability in various modes and scenarios. 

The whole body of this paper is organized as follows: Section 1 presents the general overview of the 
control strategy and the research gaps. The adopted method along with a detailed block diagram and 
mathematical modeling are described in Section 2. The simulation results are discussed in Section 3. The 
conclusion of this study is presented in Section 4. 

2. Method 

2.1 Test microgrid layout 

The layout of the test microgrid system is shown in Figure 1. Two parallel identical DGs are connected 
to PCC through the lines. A three-level NPC inverter with a fixed DC voltage source in its input and a 
low pass LC filter in its output is considered as a DG. As shown in Figure 1, the DC side neutral of the 
inverter is taken to AC side PCC and the three-phase-four-wire microgrid is formed. Reduced stress on 
switches, better power rating capability, low harmonic content in the outputs, ride-through capability, 
increased dynamic performance, higher efficiency, lower cost, and no extra limb required for the neutral 
are all advantages of three-level NPC inverters made out of insulated-gate bipolar transistor (IGBT) and 
diodes [19, 21]. DGs are placed at unequal distances from the PCC. Balanced and single-phase or 
unbalanced loads are supplied from the PCC. Low pass LC filters are used to minimize higher-order 
harmonics in the inverter output [22, 23]. The LC filters used in the paper are passive damping types, and 



the value of the inductor filter is selected in such a way so that the voltage drop across it remains within 
3% of the inverter output voltage. The value of capacitor filter is calculated from the resonant frequency 
considering the following conditions: (a) 10×f0<fr<(1/10)×fsw, and (b) Ilmax×(2πfL)<0.03×V inv. Where, 
Ilmax is the maximum root mean square (RMS) value of the load current, f is the frequency of the output 
voltage, Vinv, fr is resonant frequency, f0 is fundamental frequency, and fsw is switching frequency.  

 

Figure 1: Layout of test microgrid 

2.2 Sequence power calculation 

Three-phase instantaneous active power has been calculated by just multiplying phase currents with 
corresponding phase voltages and summing all the phase powers. Accurate reactive power for an 
unbalanced system has been calculated by introducing a 90-degree phase delay in voltage and multiplying 
it with the current. The phase delay in voltage is introduced with the help of second-order generalized 
integrator (SOGI) [24, 25]. The positive and negative sequence powers for unbalanced load conditions 
are calculated in the αβ0-reference frame from the respective sequence components of current and voltage 
[26]. Positive and negative sequence components of current and voltage are extracted from SOGI-based 
bandpass filter (BPF) [20], and sequence powers are calculated as shown in Figure 2. 

P± = Vα × Iα + Vβ × Iβ (1)

Q± = Vβ × Iα − Vα × Iβ (2)



 

Figure 2: SOGI-based bandpass filter for sequence power calculation 

2.3 Overall controller section 

The block diagram of the overall controller section proposed in this paper is shown in Figure 3. The 
Controllers are identical for both DGs except a virtual impedance loop is incorporated only in the voltage 
controller of the DG having smaller line impedance. Three-phase instantaneous active and reactive 
powers are calculated with the measurement of DG terminal voltages and currents. These calculated 
powers are used in the droop controller to obtain the magnitude and phase of the voltage reference. A 
three-phase sinusoidal voltage reference signal is generated with phase and magnitude obtained from the 
droop controller. The voltage reference signal is tracked in the voltage controller with proportional 
resonant (PR) controller in αβ0- axes. It regulates the voltage and eliminates the unbalance. Thus, it 
enables the voltage source inverter (VSIs) to operate in the islanded mode with unbalanced loads. The 
PR controllers offer minimum steady-state error and selected harmonic rejection capability [27]. The 
voltage controller acts as a restoration loop for the droop voltage during the operation of the droop 
controller. A frequency restoration loop based on the deviation of the phase angle is proposed to restore 
the frequency to its nominal value. The concept of virtual impedance for impedance matching is also 
introduced in this voltage controller that increases the line impedance of the DGs having a lower value 
of line impedance. The virtual voltage drop that matches the line voltage drop, is calculated by 
multiplying positive, negative, and zero sequence line currents with the respective impedances. It enables 
the sharing of sequence reactive powers more accurately. The output of the voltage controller is used as 
the reference for the inner current controller. The output of the inner current controller is transformed 
back to the abc-reference frame and fed to a three-level pulse width modulation (PWM) generator. The 
pulse generated by the PWM generator is used to control the three-level NPC inverter. The controller 
segments used are described in detail in the following sub-sections: 



 

Figure 3: Block diagram of the overall controller section 

A. Droop-based control system 

The droop control technique is based on the operation of an alternator and is widely used as an 
independent and distributed control for an inverter-based microgrid. Derivation of droop equations is 
described in detail in [24]. The conventional droop equations for P/ϕ & Q/V droop derived from the static 
power flow equations are given below: 

  ϕ = ϕ∗ − mP  (3) 

  E = E∗ − nQ   (4) 

Equation (3) is modified to act as a proportional-derivative controller for the frequency and improve the 
dynamic behavior of the power-sharing [24]. 

 ϕ = ϕ∗ − (mpP + mi 𝑃𝑑𝑡)   (5) 

The issues of conventional droop control methods such as inherent voltage and frequency droop, the 
effect of line impedance mismatch and inaccurate unbalance power-sharing are addressed suitably in this 
paper. 

B. Frequency restoration 

There is always some inherent droop in frequency in a droop-controlled microgrid, whenever the active 
load of the system increases. Frequency deviation has a standard permissible limit of 2.5%, but practically 
frequency is kept almost constant very close to the nominal value of 50 Hz. It is advantageous to keep 
frequency very close to the nominal value rather than at the marginal value to reduce the risk of system 
stability due to unexpected fluctuations. Thus, in this paper, a simple frequency restoration block based 



on the deviation of the phase angle (δ) is introduced, which restores the frequency to the nominal value 
after each load disturbance. Basically, it is a secondary controller that acts after the droop controller. For 
the implementation, a very simple concept of frequency restoration has been used which measures 
deviation of the frequency droop output from the nominal value. It acts on the output of the 𝑃/𝜙 droop 
controller and produces a modified phase reference to the reference generator. The block diagram of 
frequency restoration is shown in Figure 4. The deviation on frequency is used to bring the output 
frequency back to the nominal value. The system frequency can be made approximately uniform despite 
the load change by choosing a very small P/F droop coefficient, but it makes the system insensitive and 
active power sharing accuracy is affected. Thus, it is advantageous to have relatively larger droop 
coefficients and a frequency restoration loop.  

 

Figure 4: Block diagram of frequency restoration 

C. Sequence components-based virtual impedance 

When the line impedances of participating DGs are different, unequal voltage drops occur across the 
lines which leads to cause circulation of current between the DGs and thus results in improper sharing of 
powers (mainly reactive power). The Concept of virtual impedance is introduced to sort out the problems 
created by unequal line impedances. Virtual voltage drop that balances the voltage drop in the lines is 
incorporated in the controller using virtual values of the line impedance. Generally, the line impedance 
of the DG having lower line impedance is virtually increased. In this study, the value of virtual impedance 
required for DG1, Z1V is calculated using (6).  

  𝑍     = (S2/S1) × (Z2 − Z1)  (6) 

Where S2/S1 is the ratio of load sharing, and Z1 and Z2 are the impedances of lines connecting the DGs 
and PCC. The conventional virtual impedance is not suitable for sharing sequence powers as it doesn’t 
differentiate the sequence components. Thus, a virtual impedance loop based on the sequence 
components for proper sharing of both positive and negative sequence components of power is proposed 
in this paper. SOGI-BP filters are used for the extraction of sequence components. The block diagram of 
the proposed virtual impedance implemented in the αβ0-reference frame is shown in Figure 5. An 
impedance is placed in the 0-axis of αβ0-reference frame in the virtual impedance loop to balance the 
currents in the DGs neutrals. 

D. Inner current and voltage controllers 

The block diagrams of the inner current and voltage controllers implemented in the αβ0-reference frame 
are shown in Figures 6 and 7. The reference signal given by the droop controller is used to regulate the 
DGs voltages and currents with PR controllers. The voltage controller acts as a restoration loop for 



voltages and maintains a balance for harmonic free voltage profile. The inner current and voltage 
controllers proposed in [26], are modified to make them suitable for a three-phase four-wire system [28]. 
The PR controllers, being suitable for tracking the references with zero steady-state error in αβ0-reference 
frame are used in this paper. Virtual voltage drop is subtracted from the reference obtained from droop 
control in the controller of the DGs having lower line impedance. One additional PR controller in the 0-
axis of αβ0-reference frame is used to regulate the shifting of neutral voltage in the voltage controller. 
The output of the voltage controller is tracked by an inner current controller. The effect of the unbalanced 
current flowing in the neutral is compensated with a PR controller in 0-axis of αβ0- reference in the inner 
current controller. 

 

Figure 5: Sequence components based virtual impedance 



 

Figure 6: Block diagram of the inner voltage controller 

 

Figure 7: Block diagram of the inner current controller 

 

3. Result and Discussion 

The presented model of test microgrid and controllers have been simulated in MATLAB/Simulink 
software. The parameters used in this study are listed in Table 1. Two different scenarios of equal and 
proportional power-sharing are considered to show the characteristics of the proposed model in different 
load conditions. The DG terminal voltages, currents, system frequency, positive and negative sequence 
active and reactive powers for both of the scenarios have been determined and discussed in detail.  



Table 1: Parameters of simulation setup 

Description of Parameters Value 

Vdc 800 V 

PWM switching frequency 18,000 Hz 

Filter L and C 1.46 mH and 30.8 µF 

Line Impedance L1 and L2 0.2 + j0.6 and 0.4 + j1.2 

Neutral line impedance, 𝐿  and 𝐿  0.2 + j0.6 and 0.4 + j1.2 

Droop coefficients m, mp and n 0.001, 0.001 and 0.0012 

Virtual Impedance Rv, Xv, and 𝑍  0.2, 0.6 and 1.44 

Voltage controller gains Kp, Ki 0.45 and 35 

Current controller gains Kp, Ki 1 and 800 

Frequency Restoration Gain coefficients Kp and Ki 0.998 and 0.02 

 

3.1. Performance analysis for equal power-sharing 

In this scenario, two DGs of equal capacity are used with identical droop coefficients, which are selected 
for both controllers to achieve equal power-sharing. In this paper, the values are chosen by considering 
the standard voltage variation limit of 10%, frequency variation limit of 2.5%, and the expected system 
load change. The overall test system is simulated for three seconds: initially, only balanced loads are 
supplied from the PCC, and then unbalanced loads are connected to the system after one second. The 
information on ratings and switching of the loads are summarized in Table 2.  

Table 2: Simulation parameters used in scenario 1 

Description of Parameters Value Remarks 

PCC balanced load, P(w)+jQ(var) 6000+j2400 Always connected 

PCC unbalanced load, P(w)+jQ(var) 

Phase A: 2000+j800, 
Phase B: 4000+j1600, 
Phase C: 6000+j2400 

Connected to PCC from one 
second to two seconds of the 
simulation. 

 

The simulation results are obtained for different controllers and compared with the proposed one. As 
DGs are provided with identical droop coefficients, an equal sharing of positive and negative sequence 
powers is expected. With the conventional virtual impedance, acceptable positive sequence reactive 
power-sharing is achieved which is shown in Figure 8(a). As shown in Figure 8(a), the positive sequence 
reactive power shared by both DGs are inline. However, equal sharing of the negative sequence reactive 



power is not achieved. A significant difference in the negative sequence reactive power-sharing for two 
DGs can be seen in Figure 8(c). The DG1 having lower line impedance couldn't even share as much 
negative sequence reactive power as DG2 does. It indicates that the use of a conventional virtual 
impedance loop overcompensates the effect of impedance difference in the negative sequence power-
sharing. Whereas with the proposed virtual impedance loop, the virtual voltage drop required to balance 
the impedance mismatch is calculated in both sequence components separately by taking the respective 
sequence components of current. The proposed virtual impedance loop assists in achieving improved 
positive and negative sequence power-sharing. Thus, both DGs have shared equal reactive powers, which 
can be seen in Figures 8(b & d). Here in Figure 8(b & d), both the positive and negative sequence reactive 
power-sharing are in the same line; both DGs share the same loadings. In addition, the impedance 
difference doesn’t cause any appreciable impact on active power-sharing. The active power has been 
shared equally between the participating DGs with great accuracy when the proposed control technique 
is implemented. It can be seen in Figure 9, the active power-sharing by both DGs are in the same line.   

 

Figure 8: Reactive power-sharing: (a) Positive sequence with conventional VI loop, (b) Positive 
sequence proposed VI loop, (c) Negative sequence with conventional VI loop, and (d) Negative 

sequence with proposed VI loop 

(a) 

(d) 

(b) 

(c) 



  

Figure 9: Active power-sharing the proposed control strategy 

The DGs in a microgrid need to maintain their terminal voltages in a balanced condition even if the 
unbalanced loads are added at the PCC. This is very essential as the DGs may have sensitive loads at 
their terminals demanding a balanced voltage for their operation. The natures of terminal voltages and 
currents through the DGs with the proposed scheme are shown in Figure 10. As shown in Figure 10, 
balanced and sinusoidal voltages are maintained in each DG terminal throughout the considered time, 
even the unbalanced loads are supplied from the PCC. As the DGs have shared an equal amount of 
powers, the DG currents are identical. As shown in Figure 10(b), DG's currents are unbalanced for the 
duration when unbalanced loads are supplied (i.e., from one second to two seconds).   

 

Figure 10: DG’s terminal voltages and currents with the proposed control strategy 

(a) (b) 



 

Figure 11: System frequency: (a) Without frequency restoration, (b) With frequency restoration 

Similarly, in the droop-controlled microgrid, the system frequency decreases when the active power load 
is added to the system and increases whenever the active power load is removed from the system. 
However, it is very crucial to preserve the system frequency very close to the nominal value from the 
perspective of system stability. In this study, the system frequency is immediately brought back at the 
nominal value after every load change using a frequency restoration loop. The system frequencies without 
and with the frequency restoration loop are shown in Figures 11(a & b). As shown in Figure 11(a) the 
system frequency of the microgrid is reduced at 0.1 second and 1 second, and the frequency is maintained 
at the same level until the next injection of load or generation occurs. However, for the microgrid system 
with a frequency restoration loop, the system frequency is maintained at the nominal level, although there 
are some fluctuations for a small event during load injection or withdrawal.   

Similarly, the neutral currents of the three-phase-four-wire microgrid are also observed, which identified 
that the loading of neutral affects the system in many ways. The currents in the neutral of DGs are found 
to be unequal while sharing an equal unbalanced load with the conventional virtual impedance loop based 
on 𝛼𝛽-axes. Whereas the DG neutral currents are observed to be equal with the proposed virtual 
impedance loop even while sharing the unbalanced load. The nature of neutral currents with both 
conventional and the proposed virtual impedance controller is shown in Figure 12(a & b). In Figure 12(a), 
an unequal distributed nature of neutral currents with different scaled values can be seen for the 
conventional controller, whereas the neutral currents of the DGs with proposed controller are found to be 
uniform with same scaled values (in Figure 12(b)).  

(a) 

(b) 



 

Figure 12: DG neutral currents: (a) With conventional VI loop, (b) With the proposed VI loop 

 

3.2. Performance analysis for proportional power-sharing (ratio 1: 2) 

This scenario demonstrates the efficacy of the proposed control technique in proportional power-sharing, 
where the loads are shared between the two DGs in the ratio of 1:2. To do this, a few changes are required 
in the controller parameters such as droop coefficients, virtual impedance, and inner controller gains. The 
droop coefficients of DG1 and DG2 are made in the ratio 2: 1, so that the power will be shared in the ratio 
of 1:2. The value of virtual impedance is the impedance difference of the lines for equal power-sharing; 
it is used in the DG, which has lower line impedance and shares more reactive power in the absence of 
virtual impedance. In this scenario, DG1 has a lower line impedance so the virtual impedance should be 
applied to it. Moreover, it is required that DG1 should share half of the load shared by DG2, so the value 
of virtual impedance required for this scenario is double than that required in the previous scenario, as 
given in Equation (6). Hence, the load shared by DG2 is double the load shared by DG1. To have a similar 
transient load sharing response, the controller gains of DG1 are selected half to those of DG2. The 
simulation parameters used in this scenario are listed in Table 3. The simulation of the test system is run 
for three seconds with the unbalanced load connected to the system in the time interval from one second 
to two seconds. The results obtained for this scenario are described onwards. 

 

(a) 

(b) 



Table 3: Simulation parameters used in scenario 2. 

Description of Parameters Value Remarks 

Virtual Impedance (Rv + jXv) 0.4 + j1.2 Used in DG1 only 

Droop Coefficients mp, mi, and n for 
DG1 

0.0002, 0.002 and 0.0026 For DG2 same as used in 
scenario 1 

Voltage Controler Gains for DG1, Kp, 
and Kr 

0.225 and 17.5 For DG2 same as used in 
scenario 1 

Current Controler Gains for DG1, Kp, 
and Kr 

0.5 and 400 For DG2 same as used in 
scenario 1 

 

Figure 13(a) shows the proportional active power-sharing with the proposed control technique. Despite 
the nature of the loads added or removed, the DG2 has taken an active load which is clearly seen as double 
that shared by the DG1. This proportional active power-sharing is consistent with the sharing ratio of 1:2 
throughout the considered duration, and is not affected by the switching of unbalance load. On the other 
side, the proportional negative and positive sequence reactive power-sharing are shown in Figures 13(b 
& c). These Figures imply that the proposed VI loop also enabled an accurate negative and positive 
sequence proportional reactive power-sharing in the ratio of 1:2. Similar to the active power-sharing, 
each DG shares an equal reactive power despite the change in system reactive load. Moreover, the 
negative sequence reactive power is also shared in the expected 1:2 ratio, when the unbalanced loads are 
brought to the system in the time interval from one second to two seconds. The system’s active and 
reactive loads are shared precisely in the ratio of 1:2 between the two DGs. Similarly, the DG currents 
are also observed in the same ratio. On the other side, the DG2 current is seen as double of DG1 current 
for this proportional power-sharing scenario, which can be seen in Figure 14. However, the DGs’ terminal 
voltages remain unaffected in this case, and their waveforms are found to be similar to those in scenario 
1.  



 

Figure 13: Proportional power-sharing (ratio 1:2): (a) Active power, (b) Positive sequence reactive 
power, (c) Negative sequence reactive power 

(a) 

(b) 

(c) 



 

Figure 14: DG currents for proportional power-sharing (ratio 1:2) 

 

3.3. Stability analysis of the proposed controller 

In order to ensure the stability of the proposed controller while reaching good performance of the 
controller during both steady-states and transients, several root-loci sweeps have been performed on both 
the voltage and current control loops. The voltage and current control loops have been studies separately 
for simplicity of the analysis, since otherwise the global transfer function would be more complex and 
have a higher order. In such a case, Bode analysis may be not valid anymore. In order to separate the 
voltage and current loops, the external loop as shown in Figure 15, which is the one corresponding to the 
voltage need to have a significant lower bandwidth than the current one.  

 

Figure 15: Simplified schematic of the whole system of one inverter in the s-domain. 
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As shown in Figure 16(a), as the proportional gain increases from 0.4 to 1.3, the undamped natural 
frequency n decreases, while the same can be observed on the damped natural frequency d. At the 
same time, it can be observed from the zeros that they are being moved from the origin along the X-axis 
for the first three values (0.4, 0.7, and 1), which indicates that the system would have a lower overshoot, 
which is confirmed by Figure 16(b). Accordingly, the proportional gain of the current loop has been set 
to 1. 

 

Figure 16: Root loci of the current loop considering KPi sweep, and the corresponding response in the 
time domain. 

As it can be noticed from Figure 17(a), the zeros have imaginary components. It can be also observed 
from the same Figure that both the undamped natural frequency n and the damped natural frequency d 
increase with the increase of the resonant gain. So, the exaggeration of increasing such parameters may 
cause instability of the system. Nevertheless, for the swept values, the poles are still on the left side plane 
confirming the stability of the system. Accordingly, the resonant gain has been set to 800. 

 

 

Figure 17: Root loci of the current loop considering KRi sweep, and the corresponding response in the 
time domain. 



From the proportional gain sweep in the voltage loop, it can be seen that the poles are being moved 
further away from the origin along the X-axis indicating a better decay and damping, and a hence better 
stability. The same can be observed from the resonant gain damping. Although, the settling time of the 
system can be improved further, we have decided to stop at 0.45 and 35 for the proportional and resonant 
gain, respectively, in order to keep the bandwidth of the voltage loop lower enough than the one of the 
current loop, and thus preserving the inter loop stability. Accordingly, the voltage bandwidth was set to 
79Hz, considering that the one of the current corresponds to 286Hz. 

 

 

Figure 18: Root loci of the current loop considering KPv sweep, and the corresponding response in the 
time domain. 

 
Figure 19: Root loci of the current loop considering KRv sweep, and the corresponding response in the 
time domain. 



3.4. Inferences  

This sub-section is focused on the comparative outputs for different cases and methods, so that a complete 
application of the proposed method can be understood. For the first stage, as described in the 3.1 sub-
section, the outputs of the conventional method are compared to the outputs from the proposed method. 
The outputs are presented and described in sub-section 3.1. However, in this sub-section, the 
improvements that we observed with the proposed method are listed and discussed thoroughly. Table 4 
presents the comparisons of the methods based on different performance indexes.  The main 
improvements that we found for the proposed control scheme over the conventional one are accurate 
negative current sharing, neutral current sharing, power quality, and sharing of unbalance loads. 
Similarly, the proposed control method is tried to apply in diverse scenarios and test cases, so that its 
robustness and practical implementation can be determined. For a complete comparison, the control 
method is tested for different proportional ratios, different numbers of DGs, and different simulation 
times, whose complete outcomes are listed in Table 5. With this comparison, it can be said that the 
proposed control scheme is one of the improved and practical methods, which can achieve the described 
objectives effectively.   

Table 4: Comparison of performances for the proposed and conventional control scheme   

Description of parameter/performance Conventional Method Proposed Control Scheme 
Active power-sharing Accurate Accurate 
Positive sequence reactive power Acceptable Accurate 
Negative sequence reactive power Poor Accurate 

Neutral current sharing Poor 
Neutral currents are also shared 
in the load sharing ratio 

Frequency deviation 
Active load change 
dependent  

Approximately constant 

Sharing of unbalance Poor Acceptable 
 

Table 5: List of findings for different scenarios and their comparison  

Description of Scenario Observations and Findings 

Proportional sharing of 
sequence powers are carried 
out for the following ratios. 

a) Ratio 1:2 
b) Ratio 1:3 
c) Ratio 1:4 

To demonstrate the ability of the proposed control scheme to share 
the unbalance, proportional sharing scenario has been considered. 
The significance of proportional sharing is that the capacities of 
interconnected DGs are different and share loads according to their 
capacities in the specified ratio. The proportional power-sharing is 
achieved by varying the droop coefficients, virtual impedance, and 
controller parameters according to the sharing ratio. The system load 
(balanced and unbalanced load) is constant for observation and is 
shared by two DGs in different proportions. Three observations for 
proportional power-sharing in the ratio 1:2, 1:3, and 1:4 are carried 
out. From the results, it is observed that the active power, being 
independent of voltage drop, is shared in the desired ratio with just 



the change in droop coefficients. However, reactive power sharing 
also required voltage drop modification according to the sharing 
ratio, which is achieved by the virtual impedance concept. As the 
virtual impedance is implemented considering both positive and 
negative components, it helps to achieve an accurate sharing of 
sequence reactive power.  

The number of DGs in parallel 
is changed to  

a) Two 
b) Three 
c) Four 

Another basic requirement of a control strategy designed for a 
microgrid is the ability to cope with several units. The presented 
control strategy is implemented for a number of DGs operating in 
parallel. The performance of control strategy has been observed with 
two, three, and four DGs. The parallel DGs are assumed to have 
different line impedances. Virtual Impedances have been used in the 
controller of all DGs except the DG with the highest line impedance. 
The values of virtual impedances are different for each DG and 
depend on the difference between its line impedance and the highest 
impedance. From the results obtained, it is found that the proposed 
control strategy can share the unbalanced loads effectively even if 
four DGs are connected in parallel. Equal capacity DGs were 
considered for this case. Further, a balanced terminal voltage has 
been maintained in each DG while sharing the loads. 

The observation time of the 
system has been increased to 
15 seconds.  

 

As suggested by the reviewers, the model has been run for a longer 
duration (15 seconds). From the results, it can be concluded that the 
effectiveness of the proposed control strategy doesn’t degrade on a 
longer observation. The terminal voltages, active and reactive powers 
are seen as quite stable. Thus, the proposed control scheme is 
expected to be suitable for a long-duration operation. 

 

4. Conclusions 

This paper shows you how to improve the performance of droop control under unbalanced loads if you 
have three-level NPC inverters that are used to make three-phase four-wire isolated microgrids. An 
impedance loop that is based on sequence components has been found to be very good at accurately 
sharing the positive and negative sequence components of power under balanced and unbalanced loads. 
In addition, the suggested method can balance the currents in the DGs’ neutrals even if the sharing isn't 
even. Other than that, the frequency restoration loop makes sure that the system frequency stays within 
a very small range of the nominal frequency value (i.e., 50Hz). It has also been shown that the proposed 
method can share the sequence power with respect to the capacity of DGs, where the capacities are varied 
by changing the droop coefficients. Thus, it enables the proportional power-sharing in the ratios 1:1, 1:2, 
1:3, 1:4, and so on. Similar results have been observed for multiple numbers of DGs (i.e., two DGs and 
four DGs), which show that the power-sharing effectiveness is not dependent on the number of DGs. One 
of the better and more practical ways to deal with unbalanced loading in isolated microgrid systems, the 
proposed control scheme, is found to be one of them. 
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