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Abstract  
 

This paper presents a new load sharing control for use between paralleled three-phase inverters in an islanded microgrid based 

on the online line impedance estimation by the use of a Kalman filter. In this study, the mismatch of power sharing when the line 

impedance changes due to temperature, frequency, significant differences in line parameters and the requirements of the 

Plug-and-Play mode for inverters connected to a microgrid has been solved. In addition, this paper also presents a new droop 

control method working with the line impedance that is different from the traditional droop algorithm when the line impedance is 

assumed to be pure resistance or pure inductance. In this paper, the line impedance estimation for parallel inverters uses the 

minimum square method combined with a Kalman filter. In addition, the secondary control loops are designed to restore the 

voltage amplitude and frequency of a microgrid by using a combined nominal value SOGI-PLL with a generalized integral block 

and phase lock loop to monitor the exact voltage magnitude and frequency phase at the PCC. A control model has been simulated 

in Matlab/Simulink with three voltage source inverters connected in parallel for different ratios of power sharing. The simulation 

results demonstrate the accuracy of the proposed control method. 
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I. INTRODUCTION 

With the expansion of the electrical power grid, conventional 

power systems have become increasingly vulnerable when it 

comes to coping with the reliability requirements and the 

diverse demand of power users. Moreover, distributed 

generation (DG) has advantages such as pollution reduction, 

high-energy utilization rate, flexible installation location, and 

low-power transmission losses [1], [2]. DG units also have a 

higher degree of controllability and operability when compared 

to conventional generators, which allows microgrids to play a 

major and critical role in maintaining the reliability and 

stability of electric networks [3]-[6]. Therefore, microgrids will 

gradually become a strong and effective support for the main 

power grid and a potential trend for future power systems [7]. 
  

In fact, the renewable energy resources such as wind, solar 

and tidal energy are connected to conventional grids through 

converters and microgrids are formed before they are 

connected to grids [8]-[12]. In the grid-connected mode, the 

DG units are often controlled as follows. The most widely 

adopted control strategies for grid-following inverters are 

discussed in [4], [7], [13], [14]. When a microgrid is operating 

in the islanded mode, each of the DG units should be able to 

supply its share of the total load in proportion to its rating. 

The control strategies for this mode are usually divided into 

two main types [11], [15] as follows. The first type is made 

up of the communication-based control techniques including 

concentrated control, master/slave control and distributed 

control. These techniques can achieve an excellent voltage 

regulation and proper power sharing. However, these control 

strategies required communication lines between the modules 

which may increase cost of systems. Long distance 

communication lines are easier to disrupt, which reduces 

system reliability and expandability. The second type is 

based on the droop control technique without requiring 

communications, and it is widely used in conventional power 
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systems [2], [3], [8], [16]-[22]. The reason for the popularity of 

this droop control technique is that it provides a decentralized 

control capability that does not depend on external 

communication links. These techniques enable the “plug-and- 

play” interface and enhance the reliability of systems. However, 

communications can be used in addition to the droop control 

method to enhance the system performance without reducing 

reliability [23]-[30]. 

Traditional droop control techniques have some 

disadvantages such as a slow response to changes in the load, 

inaccuracy in power sharing, unbalanced harmonic current and 

dependent on the line impedance of inverters [11]. In addition, 

there are difficulties in the power sharing due to the following 

reasons: 

 The line impedances are not available and different from 

each other. This has a significant effect on power sharing 

due to different voltage drops. When the impedances of 

the lines connecting inverters to the common connection 

point are different, a current imbalance appears when the 

load sharing error increases [1]. 

 The heterogeneous line impedance, including the resistor 

and capacitance, is not suitable for conventional droop 

control with pure resistors or pure capacitance applying 

for the low voltage distribution [1], [22]. Moreover, with a 

heterogeneous line impedance, the active and reactive 

power interact with each other, which leads to difficulty 

for separate control [1]. 

 Since line impedance changes due to temperature, the 

installation position no longer makes the system response 

more accurate. 

Although frequency droop techniques can achieve accurate 

real power sharing, they typically result in poor reactive power 

sharing due to mismatches in the impedances of the DG unit 

feeders and the different ratings of the DG units [22]-[24]. 

Consequently, the problem of reactive power sharing in 

islanded microgrids has received considerable attention in the 

literature and many control techniques have been developed to 

address this issue [31], [32]. A comprehensive treatment of the 

concept of virtual impedance to mitigate errors in reactive 

power sharing is presented in [23]-[30]. This treatment has 

focused on the mismatch at the output impedances of the 

closed-loop controlled inverters that are used to interface with 

DG units. With a proper design of the voltage controller, the 

closed-loop output impedances are negligible at the steady state 

at around the nominal operating frequency. Therefore, the 

virtual impedance can result in accurate reactive power sharing. 

However, the analysis in [23]-[30] did not consider mismatches 

in the physical impedance of the feeders, including the 

transformers, cables and interface inductors associated with 

each DG unit. 

An interesting droop control strategy has been proposed in 

[21]. The control strategy is composed of two stages including 

an initial conventional droop-based control stage and a 

synchronized compensation stage. The frequency droop is used 

to control reactive power sharing and an integral control term 

is added to the voltage droop to maintain the accuracy of the 

real power sharing. However, load changes during the 

compensation period or between the compensation periods 

may result in a poor power sharing. On the other hand, the 

control strategy introduced in [33] requires that the feeder 

impedances be resistive. The obtained results from the control 

strategy reflect accurate power sharing if this condition is 

satisfied. However, in practice, the feeders may have both 

ineligible inductive and resistive components. Therefore, each 

DG unit should be able to supply the same rating as analyzed in 

[34]. If they have different ratings, the strategy will not work. 

Therefore, the communication network is used as in [35], [36] 

to facilitate the estimation of the feeder impedances, which are 

then used to set the virtual impedances to ensure accurate 

reactive power sharing. The feeder impedance is estimated at 

the local DG controller by utilizing the point of common 

coupling (PCC), where the voltage harmonic data is transferred 

via a communication link. This is based on the assumption that 

the phase angle difference between the voltages at the PCC and 

the inverter output is negligible. This assumption may not hold 

for long feeders or for higher power levels. 

This paper proposes a new method for droop control 

allowing an accurate load sharing ratio between the parallel 

inverters in islanded microgrids with the line impedance 

estimated online in terms of the conventional resistor. 

Moreover, the line impedance may vary depending on the 

temperature or frequency at the same time as significant 

differences between the inverters. The estimation blocks 

provide the line impedance parameters in real time for the 

proposed droop controller, which was built based on the 

minimum squares algorithm combined with a Kalman filter. In 

addition, secondary control loops are designed to restore the 

voltage amplitude and frequency of the microgrid by using a 

combined nominal value SOGI-PLL with a generalized 

integral block and phase lock loop to monitor the exact voltage 

magnitude and frequency phase at the PCC. Therefore, the 

proposed adaptive droop control method can be an alternative 

for load sharing control in islanded microgrids. 

 

II. ISLANDED MICROGRID STRUCTURE 

The structure of an islanded microgrid composes of many 

inverters connected in parallel. In Fig. 1, a block diagram of 

two inverters is provided. Each inverter is connected to a 

common bus at the PCC through the line impedance. In 

addition, the loads of the microgrd are also connected to the 

common bus. The droop controller contains two control loops, 

where the outer loop power control divides the capacity of 

each inverter and the inner loop control makes the voltage 

and current output of the inverters similar to the references. 

The parameter estimation block provides the line impedance 

parameters in real time. Voltage and current signals from the  
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Fig. 1. Block diagram of an islanded microgrid. 

 

 

 
Fig. 2. (a) Equivalent schematic of inverters connected to a load; 

(b) vector diagram of voltage and current. 

 

PCC are provided by a low-bandwidth connection. The inner 

loops are the current and voltage control to adjust the current 

and voltage at the inverter output. The SOGI-PLL (Second 

Order Generalized Integrator - Phase Locked Loop) block 

determines the amplitude and phase angle of the voltage at 

the PCC and supports the information for the adaptive 

controller droop. 

III. ISLANDED MICROGRID CONTROL 

A. The Proposed Droop Control 

The principle of the droop control method is explained by 

considering the equivalent circuit of an inverter connected to an 

AC bus. The analysis method is based on Thevenin theorem as 

shown in Fig. 2. The active and reactive power supplied by the 

inverter are calculated as follows: 
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In general, both the inductance X and resistor R are 

considered. The use of an orthogonal linear rotational 

transformation matrix T from active power P and reactive 

power Q to active power P’ and reactive power Q’ is 

determined by: 
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When the power angle  is small, equations (1), (2) and (3) 

can be rewritten as: 

   
   

    

        
   

  

                         ( ) 

From (4), the basis of the well-known frequency and voltage 

droop regulation through active and reactive power is 

calculated by: 

        
                                     ( )

         
                                      ( )

 

where V0 and 0 are the nominal amplitude voltage and 

frequency of the inverter, respectively; VS and  are the 

measured amplitude voltage and frequency of the inverter, 

respectively; and mp and mq are the active and reactive droop 

coefficients, which are calculated as follows: 

   
       

    

     
         

    

              ( ) 

The impedance of the lines connecting the inverters to the 

PCC is significantly different, the load sharing accuracy is 

difficult to achieve and voltage adjustment is difficult because 

it depends on the parameters of the system. From (5) and (6), 

the following are obtained: 
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Combining the equations (1), (2), (3), (5), (6), (8) and (9), 

produces the conditions for accurately rated power sharing as 

in (10): 

{
 
 

 
 
   

  
 

   

  

          
        
   

  
 

   

  

                                          (  ) 

To satisfy (10), it is necessary to choose droop coefficients 

that are proportional to the line impedance. If the system is 

adjusted to meet the requirements, the droop affects the quality 

of the frequency and voltage. Therefore, an adaptive controller 

droop is proposed to ensure the accurate power sharing of 

parallel inverters. 

1) The Proposed Real Power Sharing Controller 

The proposed droop controller uses equation (6). Then the 

voltage of the inverter is calculated as: 

       ∫(            )                      (  )

                 
                                    (  )

 

where kp1 is the gain of the integral, and Vpcc is the voltage at 

the PCC. 

From (1), (2) and (3), it is possible to write: 
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          (       )    
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Fig. 3. Proposed adaptive real power sharing droop control. 
 

 
Fig. 4. Small signal adaptive real power sharing droop control. 

 

where R1 and X1 are the outputs from the line impedance 

estimation, Vpcc and pcc are the outputs of the SOGI-PLL 

blocks, V1s is the output of the real power sharing from the 

controller, and 1 is the output of the reactive power sharing 

controller. 

The relationships among (11), (12) and (13) are shown in 

Fig. 3. 

By linearizing (11), (12) and (13) around P1
’
, V1, Vpcc, 1 and 

pcc the following is obtained: 

        ∫(              )                   (  )

                    
                                 (  )

   
                                                  (  )

 

where: 

   
             (       )

  

 

    
   

  

    (       ) 

The relationships among (15), (16) and (17) are shown in 

Fig. 4. 

The transfer function of Figure 4 is as follows: 

   
 ( )  
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     ( )        (  ) 

From (18),  can be calculated as:  

               

The transfer function (18) has shown that the constant of the 

loops control can be adjusted by kp1, and not by mp1. The real 

power sharing no longer affects the quality of the voltage or 

frequency.  

From (18),  can be calculated as: 
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Fig. 5. Proposed adaptive reactive power sharing droop control. 

 

 

Fig. 6. Small signal adaptive reactive power sharing droop control. 

 

2) The Proposed Reactive Power Sharing Controller 

The proposed droop controller still uses equation (5) while 

the voltage angle of the inverter is calculated as: 
                                                                       

   ∫          ∫(      
     )              (  )
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where kp1 is the gain of the integral and pcc is the angular 

frequency at the PCC. 

The relationship among (19), (20) and (14) is shown in 

Fig. 5. 

Linearizing (14), (19) and (20) around Q1
’
, V1s, Vpcc, 1 and 

pcc, yields: 
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where: 
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The relationship among (21), (22) and (23) is shown in 

Fig. 6. 

The transfer function in Figure 6 is as follows: 
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From (24), it is possible to calculate: 

             

The transfer function (24) has shown that the constant of the 

loops control can be adjusted by kp1, and not by mq1. The real  

 
(a) 
 

 
(b) 

Fig. 7. (a) An equivalent three-phase circuit diagram of the inverter 

connected to loads; (b) an equivalent single phase circuit diagram 

of the inverter. 
 

power sharing no longer affects the quality of the voltage and 

frequency. 

Equations (11) and (19) have shown that when the system 

achieves the steady-state, the measured voltage of the inverter 

is equal to the rated voltage. The proposed droop control 

solved the mismatch of power sharing caused by the different 

impedances of transmission lines. The controller always 

achieves the rated power. 

B. The Line Impedance Estimation Method 

1) The Recursive Least Squares Method (LSM) 

An equivalent three-phase circuit diagram of the inverter 

connected to loads is shown in Fig. 7. 

According to the equivalent circuit in Fig. 7, it is possible to 

write: 

   
  

  
 

 
   

 

 
(     )                          (  ) 

Equation (25) can be rewritten as follows: 

{ ̇       
                

                                      (  ) 

where X = i2, u = vc – vL, A = - R/L, and B = 1/L, C = 1. 

By discretization of equation (26), it is possible to obtain: 

{
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 ( )      ( )                                        
       (27) 

The transition matrix is described as follows: 
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where T is the sample cycle used to discrete the system. 
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Fig. 8. Relationship between the input and output of an object. 

 

Equation (27) represents the relationship between the input 

and output of the object in Fig. 8 as follows: 

 ( )       (   )      (   )   ( )        (  ) 

where e(k) is the measurement and process noise. 

The relationship between the input and output of (28) can 

be written as follows: 

 ( )  [
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where  (k) is the regression vector containing the variables 

and sample data of the voltage and current. 
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]                     (  ) 

The problem is to estimate the parameters of vector θ 

based on the current data and voltage. Neglecting the noise 

e(k), the linear regression can be predicted by: 

 ̂(   )   ( )    

Storing of all of the sample data in real time and 

calculating the volume do not increase the time a lot due to 

using the recursive least squares method. This algorithm 

includes the following equation:  

{
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where  is the forget coefficient selected in the range from 

0.98 to 0.995.  

The line impedance is estimated by a technique based on 

the recursive least squares method (LSM). The parameter 

vector  LMS, determined from the measured chain value, 

should be affected by the noise or error in equation (31). 

Therefore, a Kalman filter is used to filter out the noise and to 

obtain the approximate value of  Kalman with a real value. 

2) Kalman Filter 

A Kalman filter uses the recursive method to estimate the 

state of a process so that the average variance of the standard 

deviation is minimized. This makes it possible to estimate the 

state in the past and present. The Kalman filter has been 

established based on two equations, which describe the status 

of discrete systems. A LSM estimator and Kalman filter are 

shown in Fig. 9. 
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Fig. 9. LSM estimator and Kalman filter. 

 

 

Fig. 10. Process of a Kalman filter. 

 

The predicted state is described by the following equation: 

 ( )    (   )    (   )    ( )              (  ) 

The state measurement is described by the following 

equation: 

 ( )    ( )    ( )                            (  ) 

The random variables W1(k) and W2(k)  are the process and 

measurement noise, respectively. They are assumed to be 

independent white noise and normal probability distributions 

as follows: 

 (  )  (   ) ;  (  )  (   ) 

where Q is the covariance matrix of the process noise, R is 

the covariance matrix of the measurement noise, A is the 

matrix showing the relationship between state (k-1) and state 

k, B is the input control matrix, and H is the state matrix 

measurement. 

3) Applying the Kalman Filter Algorithm to Filter Noise for θ 

A Kalman filter is used to estimate a process by using a 

form of feedback control. The process of a Kalman filter is 

shown in Fig. 10. First, the Kalman filter estimates the state 

of the process at a specific time. Then, it gets feedback from 

the measured value to correct this estimation. Therefore, the 

equation of the Kalman filter is composed of two groups 

including the time update group and the measurement update 

group. 

The equations for the updated time are to predict the state: 

{
     ( )        (   )                                  (  )

     ( )        (   )                        (  )
 

The equations for the updated measurement are to correct 

the estimation: 
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where K is the Kalman gain. 
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The start of the Kalman filter algorithm is initialized at the 

initial values: 
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Equations (36)-(38) are applied to the Kalman filter and 

the procedure is repeated until the difference between the 

actual value and the value estimated is less than a 

predetermined error ε. The result at the output of the Kalman 

filter is a vector  Kalman =  est, which is determined by: 

        [
         

         
]  
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       ]
 
 
 

            (  ) 

where T is the sample frequency, which is chosen at 5 kHz. 

From (39), the values of RKalman and LKalman can be obtained. 

C. The Current And Voltage Controller 

The voltage and current controller employs standard 

proportional-integral (PI) regulators established based on the 

circuit equations from (40) to (43), which are written in the 

dq0 coordinates of the equivalent circuit as follows: 

{
         

    

  
                                           (  )

         
    

  
                                           (  )

 

{
         

    

  
                               (  )

         

    

  
                               (  )

 

where i1d and i1q are the current amplitudes of inverter; i2d and 

i2q are the current amplitudes on the line; and vcd and vcq are 

the voltage amplitudes of the capacitor. 

D. Modeling of a Single Phase SOGI-PLL 

Fig. 11 shows the structure of a SOGI-PLL. Both of the 

adaptive filtering technique and the in-quadrature phase 

detection technique are used in the SOGI-PLL to generate the 

frequency and phase outputs. This system has a double 

feedback loop, i.e. the frequency/phase generator provides both 

the phase-angle to the Park transform and the central frequency 

to the second order-generalized integrator - quadrature signal 

generation (SOGI-QSG). 

 

Fig. 11. Modelling of a single phase SOGI-PLL. 

 

 

 

 
Fig. 12. Responses of a SOGI-PLL. 

 

The parameters of the SOGI-PLL are chosen as follows: k = 

2 , ts = 100ms, 21  and s 021.03.22  stT si
. Fig. 

12 shows the responses of the SOGI-PLL. 

Fig. 12(a) shows the frequency response of a SOGI-PLL 

when the frequency of the input signal changes from 50Hz to 

48Hz at t = 0.5s, and from 48Hz to 50Hz at t = 1s. Fig. 12(b) 

shows the frequency response of a SOGI-PLL when the 

phase angle of the input signal changes from 0
o
 to 45

o
 at t = 

0.5s. Fig. 12(c) shows the response of the input and output 

voltages of a SOGI-PLL. The simulation results in Figure 11 

show that the SOGI-PLL can obtain the exact voltage 

amplitude and frequency at the point of common coupling 

(PCC). The voltage amplitude and frequency are the input for 

the inner-controller. Therefore, when more exact values are 

obtained, more accurate power sharing is achieved. 

 

IV. SIMULATION RESULTS AND DISCUSSION 

A microgrid with two parallel DG units, as shown in Fig. 1, 

is simulated in Matlab/Simulink. All of the simulation 

parameters of the system are given in Table I. 
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TABLE I 

PARAMETERS FOR THE CONTROLLERS 

Parameters Values Parameters Values 

Input source  

voltage Vcd (V) 

600 

 

Rate frequency  

f0 (Hz) 
50 

Filter inductance  

Lf (mH) 

1.2 

 

Rate power 

 (kVA) 
5 

Filter resistance  

Rf () 

0.2 

 

Rate voltage  

VAC, p (V) 
310 

Filter capacitance 

C (F) 

50 

 

Droop coefficient  

mq (rad/s/Var) 
2.5e-4

 

Switching 

frequency 

f0 (kHz) 

10 

 

Droop coefficient  

mp (V/W) 
1.7e-3

 

 

TABLE II 

LINE PARAMETERS OF TWO INVERTERS 

Line parameters Inverter 1 Inverter 2 

Resistance R () 1 1 

Inductance L (mH) 5 5 

 

TABLE III 

LINE PARAMETERS OF TWO EINVERTERS 

Line parameters Inverter 1 Inverter 2 

Resistance R() 

t = 0-3s 0.8 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.5 

t = 6-9s 0.6 t = 6-9s 0.7 

Inductance L(mH) 

t = 0-3s 0.8 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.5 

t = 6-9s 0.6 t = 6-9s 0.7 

 

A. Loads Change with Fixed Line Parameters of Two 

Inverters  

 In this case, the line parameters of the two inverters are 

given in Table II. The simulation results for this case 

including the real power output, reactive power output, 

resistance estimation, inductance estimation, and load voltage 

are shown in Fig. 13. 

Figs. 13(a) and 13(b) show the real and reactive power 

sharing of each inverter. Figs. 13(c) and 13(d) show the 

accuracy of the line impedance estimation method, and Figure 

13€ shows the voltage quality at the PCC. Figs. 13(a) and 

13(b) show that the power sharing performance is really good 

even when the load changes with the proposed strategy and 

that the voltage quality is always guaranteed. The line 

impedance estimation block can provide the exact resistance 

and inductance of the line parameters. The line resistance and 

inductance are estimated by the LSM method as shown in Fig. 

13(c) and 13(d), respectively. However, there are some noises. 

Therefore, a Kalman filter is used to reduce these noises. It 

can be seen that the red line always has better performance 

than the blue line in the figures.  

 

 

 

 

 
Fig. 13. (a) Real power; (b) reactive power; (c) resistance 

estimation; (d) inductance estimation; (e) load voltage. 

 

B. Line Parameters Change with a Fixed Load 

1) Simulation Results with the Proposed Droop Control 

In this simulation, the line parameters of the two inverters 

are provided in Table III. The results obtained from the 

simulation are given in Fig. 14. 
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Fig. 14. (a) Real power with the line impedance estimate; (c) real 

power without the line impedance estimate; (b) reactive power 

with the line impedance estimate; (d) reactive power without the 

line impedance estimate; (e) resistance estimation; (f) inductance 

estimation; (g) load voltage. 

    

 

 

 

 

Fig. 15. (a) Active power when the line impedance does not 

change; (b) reactive power when the line impedance does not 

change; (c) active power when the line impedance changes; (d) 

reactive power when the line impedance changes. 
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TABLE IV 

LINE PARAMETERS OF TWO INVERTERS 

Line parameters Inverter 1 Inverter 2 

Resistance R () 

t = 0-3s 0.8 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.5 

t = 6-9s 0.6 t = 6-9s 0.7 

Inductance L (mH) 

t = 0-3s 0.8 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.5 

t = 6-9s 0.6 t = 6-9s 0.7 

 

From Figs. 14(a) and 14(b), it can be seen that the proposed 

droop control method with the line impedance estimation 

provides a good sharing power performance for the two loads. 

Figs. 14(c) and 14(d) show the active power and reactive 

power of the two loads without using the line impedance 

estimation algorithm. From 0 to 3s, the line parameters are set 

to their real values. Therefore, the response of the sharing 

power of the two loads is very good. However, the real value 

of the line parameters changes from 3 to 9 s. It can be seen that 

the power sharing of the two loads cannot be implemented. 

Only the proposed strategy with the line impedance 

estimation block in Figs. 14(e) and 14(f) can share accurate 

real and reactive power with a 1:1 ratio. The voltage drop is 

always in the limit as shown Fig. 14(g). 

2) Simulation Results with the Conventional Droop Control 

In order to improve the performance of the reactive power 

sharing under the effect of the line impedance, some 

simulation tests have been carried out with the same scenario 

as in B1. However, the conventional droop control method is 

applied as shown in (5) and (6). The simulation results are 

shown in Fig. 15.  

As shown in Figs. 15(a) and 15(b), the conventional 

method has a good performance for the case of a line 

impedance that is not changed. However, in the case of the 

line impedance changes, as shown in Table III, the active and 

reactive power sharing is not accurate. The line resistor does 

not have an effect on the reactive power sharing. However, a 

variation of the line resistor effects the system stability.  

C. Line Parameter and Load Changes 

The line parameters of the two inverters for this 

simulation are provided in Table IV. Simulation results are 

given in Fig. 15. 

Figs. 16(a) and 16(b) show the high performance of the 

active and reactive power sharing when the proposed droop 

control method uses the line impedance estimation. The 

simulation results shown in Figs. 16(c) and 16(d) are for the 

case without using the line impedance estimation. It can be 

seen that the performance of the active and reactive power 

sharing is not good in the duration from 3s to 6s. Only the 

proposed strategy with the line impedance estimation block in 

Figs. 16(e) and 16(f) can share accurate real and reactive 

power with a 1:1 ratio. 
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Fig. 16. (a) Real power with the line impedance estimation; (b) 

reactive power with the line impedance estimation; (c) real 

power without the line impedance estimation; (d) reactive power 

without the line impedance estimation; (e) resistance estimation, 

(f) inductance estimation; (g) load voltage. 

 

D. Line Parameter and Load Changes 

1) Simulation with the Proposed Droop Control 

In this case, the rated power ratio of the inverters is 1:2, 

and the line parameters of the two inverters are provided in 

Table V. The obtained results from the simulation are given 

in Fig. 17. 

As shown in Figs. 17(a) and 17(b), the response of the active 

and reactive power sharing with a ratio of 1:2 is very good 

even when both the load and line parameters change. Figs. 

17(c) and 17(d) show simulation results of the active and 

reactive powers of the two loads in the case without using the 

line impedance estimation. From the duration 0 to 3s, the 

power sharing is good due to the fact that a real value is used. 

However, in the duration 3s-9s, if the real values of the line 

parameters are changed (shown in Table V), the power sharing 

is not good. The active and reactive powers of the two loads 

cannot reach the reference values.  

2) Simulation with the Conventional Droop Control 

Fig. 18 shows simulation results when the conventional 

droop control is applied with a power sharing ratio of 1:2. In 

the case where the three resistors are the same, the active 

power sharing is exactly equal to the ratio of 1:2 by the 

conventional method as shown in Fig. 18(a). However, the 

reactive power sharing is not good as shown in Fig. 18(b). In 

the case where the three resistors are different, as shown in 

Table V, power sharing with a ratio of 1:2 is not guaranteed. 

The conventional method cannot be applied to power sharing 

when the line impedances are different. 

TABLE V 

LINE PARAMETERS OF TWO INVERTERS 

Line parameters Inverter 1 Inverter 2 

Resistance R() 

t = 0-3s 1 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.8 

t = 6-9s 0.5 t = 6-9s 1 

Inductance L(mH) 

t = 0-3s 1 t = 0-3s 1 

t = 3-6s 0.4 t = 3-6s 0.8 

t = 6-9s 0.5 t = 6-9s 1 
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Fig. 17. (a) Real power with the line impedance estimation; (b) 

reactive power with the line impedance estimation; (c) real 

power without the line impedance estimate; (d) reactive power 

without the line impedance estimation; (e) resistance estimation, 

(f) inductance estimation; (g) load voltage. 

 

 

 

 

 
Fig. 18. (a) Active power when the three resistors are same; (b) 

reactive power when the three resistors are different; (c) active 

power when the three line resistors are the same; (d) reactive 

power when the three line resistors are different. 

 

 
Fig. 19. Hardware setup for the experiment. 

 

V. HARDWARE IMPLEMENTATION USING A DSP 

TMS320F28335 

In this paper, a practical model has been developed for 

testing the proposed method. The developed hardware model 

consists of three 3-phase inverters, drivers of Semikron, LEM 

HX 20P and LV–25P are used as voltage and current sensors 

as shown in Fig. 19. The proposed control method has been 
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implemented on a TMS320F28335 DSP controller and the 

results obtained from the experiment have been captured by a 

Tektronix TDS2014B oscilloscope and a Fluke 345 PQ clamp 

meter. To maintain the load demand, the three inverters have 

been used with a parallel output connection while RS485 

lines are used as a communication network. The experiment 

has been carried out on three test cases with different ratios 

for real and reactive powers of 1:1:1 and 1:2:3. The results 

obtained from the experiment have verified the advantages of 

the proposed control method through case studies. 

A. Case Study 1: P1:P2:P3 = 1:1:1, Q1:Q2:Q3 = 1:1:1, 

and the Load is Fixed at a Pre-determined Value 

For this case, the ratio of the active and reactive power is 

1:1:1 for the three inverters with a load fixed at a 

pre-determined value. The measured active power outputs for 

the three inverters are shown in Fig. 20. The obtained active 

power outputs for the three inverters are P1 = 945 W, P2 = 

935 W and P3 = 945 W. The active power sharing errors for 

this case are very small. 

B. Case Study 2: P1:P2:P3 = 1:1:1, Q1:Q2:Q3 = 1:1:1, and 

the Load Changes with Steps Within Pre-determined 

Limits 

This case corresponds to the ratio of the active and reactive 

powers being 1:2:3 and load changes with steps within 

pre-determined limits. The measured active power outputs for 

the three inverters are shown in Fig. 21. The obtained active 

power outputs for the three inverters increase within the 

limits as P1max = 2025 W, P2max = 2045 W, P3max = 2025 W, 

P1min = 100 W, P2min = 125 W and P3min = 125 W. These 

results have demonstrated the response capability of the 

system based on the new control strategy when the load 

continuously changes online with a constant ratio. 

C. Case Study 3: P1:P2:P3 = 1:2:3 

The active power of the three inverters for Case study 3 

with a power sharing ratio of 1:2:3 is shown in Fig. 22. The 

active powers of the three inverters are determined to be 865 

W, 1747W and 2630 W. As observed, the active power can 

be shared very well. 

D. Case Study 4: P1:P2:P3 = 1:1:1, Q1:Q2:Q3 = 1:1:1, 

and the Load Changes 

Fig. 23 shows the active and reactive powers of the three 

inverters in case of load changes. It can be seen that the ratio 

of the active and reactive powers is still kept at 1:1:1 when 

the load increases and decreases. 

E. Case Study 5: Estimating the R and L Values when the 

Temperature is 20oC 

In this case study, the actual values of R and L are given as 

Ractual = 4.9Ω and Lactual = 0.0069H. Fig. 24(a) shows the 

 
Fig. 20. Real power of the three inverters for Case study 1. 

 

 

Fig. 21. Active power of the three inverters for Case study 2. 

 

estimation of the R value by using the SLM method, where 

the variation of this value is from 4.88Ω to 4.935Ω. These 

errors are caused by the noise of the current and voltage 

measurements. The R value shown in Fig. 24(b) is obtained  
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Fig. 22. Active power of the three inverters for Case study 3. 

 

 

(a) 

 

 

(b) 

Fig. 23. Three inverters for Case study 4: (a) active power; (b) 

reactive power. 

  

by applying a Kalman filter. It can be seen that the 

peak-to-peak variation is reduced. 

Fig. 25(a) shows that the LSM method provides an 

accuracy value for L. The variation of L is from 0.00674H to 

0.007065H. In order to reduce this variation, a Kalman filter 

is applied and the estimated value of L is shown in Fig. 25(b). 

 

(a) 

 

(b) 

Fig. 24. Estimated value of R in the case of: (a) using the LSM 

method; (b) using the LSM method and applying a Kalman filter. 

 

 

(a) 

 

(b) 

Fig. 25. Estimated value of R in the case of: (a) using the LSM 

method; (b) using the LSM method and applying a Kalman filter.  

 

F. Case Study 6: Estimating the R Value When the 

Temperature is 420C 

The experiment is repeated for the temperature increasing 

to 42
0
C. The actual value of R is 5.5Ω. By using the proposed 

method, the estimated value of R is shown in Figs. 26(a) and 

26(b) in case of using the LSM method and the LSM method 

with a Kalman filter, respectively. It can be seen that the 

proposed method can provide a good estimation for R and L. 

These experimental results have verified the theoretical 

analysis.  
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Fig. 26. Estimated value of R in the case of: (a) using the LSM 

method; (b) using the LSM method and applying a Kalman filter.  

 

VI. CONCLUSION  

This paper has proposed a new method of droop control for 

an accurate load sharing ratio between the paralleled inverters 

in islanded microgrids with the line impedance estimated 

online in terms of the conventional resistor. In this study, the 

line impedance may vary due to changes in temperature or 

frequency at the same time as significant differences between 

the inverters. The estimation blocks provide the line 

impedance parameters in real-time for the proposed droop 

controller, which was built based on the minimum squares 

algorithm combined with a Kalman filter. Even though the 

line impedances and load change at the same time, the refresh 

rate is fast enough to keep the system stabile with a high 

accuracy power sharing. Simulation results in Matlab/ 

Simulink and hardware experiments have demonstrated the 

superiority of the proposed strategy in any case with any 

ratio. 
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