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Abstract— Operation efficiency is one of important concerns 

for power conversion system. Efficiency issue of microgrids with 

multiple paralleled inverters has been paid slightly concerns. 

Therefore, this paper presents an efficiency analysis method of 

microgrid in system level and an efficiency-prioritized droop 

control strategy to improve operation efficiency of microgrids 

under different load profiles. Efficiency model of microgrid is 

first established to reveal time-varying efficiency characteristic 

under different load profiles. Then, optimum solution of 

efficiency model is derived by Lagrange Multiplier Method, and 

optimum conditions to capture maximum efficiency are obtained. 

Furthermore, an efficiency-prioritized droop control strategy is 

proposed to improve operation efficiency according to the 

established efficiency model. In addition, stability analysis of the 

proposed droop controller is performed, from which the 

guideline for controller design is given. Simulation and 

experimental results are provided to validate the proposed 

efficiency-prioritized droop control strategy. The proposed droop 

control strategy is able to improve overall efficiency of microgrid 

under different load profiles, which also preserves advantages of 

conventional droop control strategy.  

 

Keywords—Efficiency-prioritized droop control, adaptive 

impedance compensation, efficiency model, optimization, 

paralleled inverters, AC microgrid. 

I.  INTRODUCTION 

The increasing exploitation of renewable energy sources is 

promoting development of distributed power generation. The 

distributed generators (DGs), together with local loads and 

energy storage devices, can form emerging distributed power 

generation systems like microgrid and virtual power plant. 

Microgrid [1]-[2] can be enabled in either grid-connected 

mode or autonomous mode, which is able to improve 

reliability and resilience of power supply services [3]-[4].  
Operation efficiency is one of important concerns for 

power conversion system. The efforts toward efficiency 

improvement for individual inverter have been frequently 

performed in [5]-[12], where high-efficient modulation 

methods [5]-[8], topologies design and passive component 

optimization [9]-[12] are proposed. However, efficiency issue 
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in microgrid with multiple paralleled inverters has been paid 

very limited concerns. In a paralleled-inverter system, 

operation efficiency is related with power sharing ratio and 

load profiles [13]-[17] and it is essential to capture maximum 

efficiency of microgrids for a long-term energy saving. In fact, 

the optimum efficiency points are time-varying as variation of 

load profiles. However, the relationship between optimum 

operation efficiency and power sharing ratio is slightly 

investigated in previous works. 

Advanced control strategies have been developed to 

improve operation efficiency of microgrid in previous works 

[13]-[17]. A dynamic module-dropping strategy is proposed to 

improve operation efficiency of paralleled inverters under 

light-load condition in [13], where the number of activated 

inverters is determined according to load condition. The rest 

of inverter can be sequentially activated once previous 

modules reach their maximum output power. However, the 

efficiency can be further improved by optimizing the number 

of operated inverters, which has been addressed in [15]-[17]. 

In [15], a game theoretic-based optimization approach is 

presented to investigate optimum number of paralleled 

converters and optimum power sharing ratio in DC microgrids. 

A forward-backward sweep algorithm is proposed to calculate 

the optimum power sharing and the optimum switching point 

for the system with identical inverters in [16]. Similar analysis 

for microgrid with multiple paralleled inverters is 

implemented in [17]. However, the application of centralized 

communication facilities mitigates reliability and increases 

system cost [18]-[19].  

Several efforts have been made to improve system efficiency 

by dynamically regulating power sharing ratio [20]-[22],[27]. 

A hierarchical control strategy is developed to improve 

efficiency of DC microgrids in [20], where genetic algorithm is 

applied to capture optimum efficiency points and an adaptive 

virtual resistance (VR) controller is developed to track the 

optimum efficiency point. A smart control strategy is proposed 

to enhance conversion efficiency of paralleled inverters at light 

loads in [21], where particle swarm optimization algorithm is 

implemented to calculate current references of paralleled 

inverters for optimum system efficiency. An exhaustive 

optimization-based control strategy is developed in [22] to 

improve operation efficiency of wind energy conversion 

system. However, centralized communication channel is 

required in [20]-[22] to implement the optimization procedure, 

which undoubtedly increases operation cost, and mitigates 

reliability of microgrid due to side effects such as data drop-out 

and time delay [23]-[26]. To deal with the drawbacks, a 
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distributed communication-based control strategy is proposed 

to improve operation efficiency of microgrid by adjusting 

power sharing ratio in [27], where a dynamic consensus 

algorithm is applied to solve optimization problem according 

to information from neighbors. However, the optimum sharing 

ratio is obtained by real-time online computation, which tends 

to increase computational burdens. The main drawbacks of 

existing work are summarized as follows. (1) Mathematical 

model for efficiency analysis and optimization are slightly 

concerned, which is important to analyze and optimize 

efficiency of microgrid. (2) Effect of reactive power allocation 

on system efficiency has not been analyzed. (3) For existing 

control strategies, communication facilities are required to 

implement efficiency improvement, which mitigates reliability 

and flexibility of control system. (4) The efforts toward 

efficiency improvement in droop-controlled microgrid are 

merely performed. 

Therefore, this paper presents an efficiency-prioritized 

droop control strategy to improve operation efficiency of 

microgrid without using communication facilities as an 

extension of our previous conference work [28]. Main 

contributions of this paper are explained as follows. (1) 

Unified efficiency model is established to reveal efficiency 

characteristic of microgrids under time-varying active and 

reactive load profiles. (2) Efficiency optimization method is 

developed where the optimization problem is solved by taking 

advantage of Lagrange Multiplier Method. (3) Efficiency-

prioritized droop control strategy with dynamic impedance 

compensation loop is developed, which is able to improve 

operation efficiency of microgrids according to the established 

efficiency optimization method. (4) Stability of the proposed 

controller is analyzed, from which the guideline for controller 

parameters is formulated. 

The rest of this paper is organized as follows. In Section II, 

conventional droop control strategy is reviewed. In Section III, 

efficiency model of microgrid is established to reveal the 

relationship between system efficiency and load profiles. Also, 

operation conditions to capture maximum efficiency point are 

derived by Lagrange Multiplier Method. In Section IV, the 

efficiency-prioritized droop control strategy with adaptive 

impedance compensation loop is proposed, where basic 

principle and implementation procedure is given according to 

derived optimum operation conditions. In addition, stability 

analysis is performed to formulate guideline for parameters of 

the proposed controller. In Section V and VI, simulation and 

experimental results are provided to validate effectiveness of 

the proposed efficiency-prioritized droop control strategy. 

Conclusions are drawn in Section VII. 

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION  

Fig. 1 shows circuit configuration of an islanded microgrid 

with N-paralleled inverters, where droop control strategy is 

applied to implement proportional power sharing without using 

critical communication facilities. The classical active power-

frequency (P-ω) and reactive power-voltage (Q-V) droop 

control strategy [29] can be given as (1)-(2). 
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Fig. 1. Circuit configuration of islanded AC microgrid. 

  *

0 max min max, /i i i i im P m P         (1) 

  *

0 max min max, /i i i i iV V n Q n V V Q      (2) 

where ωi
* and Vi

* are reference commands of angular 

frequency and output voltage amplitude. Pi and Qi are output 

active and reactive power of i-th inverter. Pmaxi and Qmaxi are 

active and reactive power ratings of i-th inverter. ω0
 and V0 are 

angular frequency and output voltage of inverter without load. 

mi and ni are power rating-dependent droop coefficients of i-th 

inverter. ωmax and ωmin are maximum and minimum values of 

allowable angular frequency. Vmax and Vmin are maximum and 

minimum values of allowable voltage amplitude. 

Power sharing relationship of paralleled inverters is derived 

from (1) and (2) as (3).  

 
1 2 2 1 max1 max 2

1 2 2 1 max1 max 2

/ / /

/ / /

P P m m P P

Q Q n n Q Q

 


 
 (3) 

It can be seen from (3) that conventional droop control 

strategy can perform proportional power sharing according to 

active and reactive power ratings of inverters.  

Fig. 2 shows power loss (Ploss) characteristic with respect to 

output active power and reactive power of inverter1 and 

inverter2, and parameters of power devices are given in Table I. 

Fig. 2(b) shows Pi-Ploss characteristic with Qi=0 and Fig. 2(c) 

shows Qi-Ploss characteristic with Pi=0. It can be seen that 

power loss of inverter is changed as variation of output active 

power and reactive power. In addition, different power devices 

have different power loss characteristics, which can thus 

change optimum efficiency points. Taking 90% load condition 
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in Fig. 2(b) as an example, inverters will work at operation 

points A and B under conventional droop control strategy. 

However, system efficiency can be improved by tuning 

operation point of inverter1 to A’ and adjusting operation point 

of inverter2 to B’, because the reduced power loss in inverter1 

∆Ploss1 is larger than increased power loss in inverter2 ∆Ploss2, 

resulting in improved operation efficiency. In addition, Fig. 3 

shows theoretically estimated efficiency curves with different 

power sharing ratios (KP=P1/P2, KQ=Q1/Q2) under various load 

profiles, where the red-solid line is the system efficiency curve 

under conventional droop control (KP=1, KQ=1) and the green-

dotted line is the optimum system efficiency curve. The 

efficiency curves shown in Fig. 3 illustrate that the optimum 

efficiency points are time-varying as variation of load profiles 

and the optimum efficiency point is related with the steady-

state power sharing ratios KP and KQ. However, conventional 

droop control strategies fail to implement optimum efficiency 

control. Therefore, the aim of this paper is to investigate time-

varying efficiency characteristic of microgrid and develop an 

efficiency-prioritized droop control strategy for system 

efficiency improvement. 
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Fig. 2. Power loss characteristics of inverters. 
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Fig. 3. Theoretical system efficiency curves with different power sharing 

ratios. 

III. PROPOSED EFFICIENCY MODELLING AND ANALYSIS 

METHOD OF MICROGRID 

In this section, efficiency model of microgrid is first 

established under time-varying active and reactive power 

loads. Then, the optimum operation conditions of efficiency 

model are derived by Lagrange Multiplier Method. 

Power loss characteristic of i-th inverter can be fitted as a 

function of output active power and reactive power as (4) [16]. 

 2 2

_loss i i i i i i i i i i i i iP a P b P c Q d Q e PQ h       (4) 

where ai, bi, ci, di, ei and hi are coefficients in fitted function, 

which can be obtained by fitting experimental data. 

For a microgrid with N-paralleled inverters, system 

efficiency can be defined as (5). 

 
_

load
sys

load loss tot

P

P P
 


 (5) 

where 

 _ _
1

N

loss tot loss i
i

P P


  (6) 

Since the load demand is fixed in steady state, the system 

efficiency is optimal under minimum power loss. Therefore, 

the optimization problem without consideration of power 

ratings can be formulated as (7). 
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i load
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Q Q
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 (7) 

The Lagrange function is established to derive the optimal 

solution as (8). 

 _ 1 2
1 1

N N

loss tot load i load i
i i

L P P P Q Q 
 

   
       

   
    (8) 

where λ1 and λ2 are Lagrange multipliers. And the optimum 

solution can be obtained by solving (9). 

 

1 2

1 2
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0, 0, , 0

0, 0, , 0

0
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   
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
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  (9) 

In order to investigate optimum conditions of maximum 

efficiency, necessary conditions of the optimum solution are 

given as (10) by simplifying (9). 

 

_1 _ 2 _

1 2

_1 _ 2 _

1 2

loss loss loss n

n

loss loss loss n

n

P P P

P P P

P P P

Q Q Q

  
  

  

     

   

 (10) 

Equation (10) reveals the relationship between optimum 

operation efficiency and active/reactive power sharing. In 

addition, some connotations can be drawn from (10). (1) For a 

microgrid with identical inverters, the optimum output powers 

of inverters are equal due to similarity of power loss 

characteristics of inverters. (2) For a microgrid with different 

inverters, the optimum power sharing ratio is related with 

power loss characteristics of inverters. And the optimum power 

sharing ratio is time-varying as variation of load profiles, 

which agrees with the efficiency curves as shown in Fig. 3. 

IV. PROPOSED EFFICIENCY-PRIORITIZED DROOP CONTROL 

STRATEGY  

In this section, an efficiency-prioritized droop control 

strategy is developed to optimize operation efficiency of 

microgrid according to the efficiency model established in 

Section III. A microgrid with two inverters is applied to 

exemplify the proposed droop controller. In the two inverters, 

different power devices are applied, whose parameters are 

given in Table I in Section V.  

Fig. 4 shows diagram of the proposed droop controller. 

Power loss coefficients of each inverter are computed 

according to the power loss model established in Section III by 

off-line calculation. Then, these coefficients are incorporated 

into local adaptive droop controller to perform the optimum 

active power sharing. And a dynamic impedance compensation 

loop is added to reshape output impedance of inverter, 

resulting in the optimum reactive power sharing. It can be seen 

from Fig. 4 that the proposed controller is implemented 

without using communication facilities, which thus enhance 

reliability and flexibility of power control system. 

A. Adaptive P-ω droop control strategy for optimum  

efficiency control 

In order to perform optimum efficiency control, adaptive P-

ω droop control strategy is developed according to the first 

necessary condition (10), which is given as (11). 

  

*

0

0 0

2

i i i i

i P i i i

i P i

m P

k b e Q

m k a
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  

  (11) 

where 0i , 0

iV , im and 

in  are retuned droop parameters that 

are related with power loss coefficients of each inverter. kP is a 

constant which should be designed for avoiding large 

frequency deviation.  
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Fig. 4. The block diagram of proposed efficiency-prioritized droop controller. 
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Fig. 5. Performance of proposed P-ω droop controller. (a) P-𝜔 droop curves. (b) Power sharing characteristic under different active load profiles. (c) ∂Ploss_i /∂Pi 

under different active load profiles. 

The power relationship of inverter1 and inverter2 can be 

obtained by (11) as (12) in steady state. 

 1 1 1 1 1 2 2 2 2 22 2a P b e Q a P b e Q       (12) 

Combining (4) and (12), the first term in (10) is obtained, 

which indicates the optimum condition with respect to active 

power sharing for maximum system efficiency is satisfied by 

the proposed droop control strategy. 

Fig. 5 shows retuned P-ω droop curves and performance of 

the proposed droop controller with time-varying active load, 

where the power sharing characteristic of paralleled inverters is 

shown in Fig. 5(b). Fig. 5(c) shows partial derivative of power 

loss with respect to output active power under time-varying 

active load profiles. It can be seen that optimum condition (10) 

can be satisfied under most of the load demand (7%—81% in 

this case).  

B. Reactive power sharing control for optimum efficiency 

control 

It is well-known that the accuracy of reactive power sharing 

is affected by output impedances of inverters [26]. In order to 

perform optimum efficiency control, a nonlinear impedance 

compensation loop is given as (13) to reshape equivalent 

output impedances of inverters according to the second 

necessary condition in (10). 
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  (13) 

where Xoi is closed-loop output impedance of the i-th inverter 

whose details can be found in [30]. Xoi
* is the equivalent 

fundamental impedance. kQ is a constant which is equal for all 

inverters. 

Reference voltage incorporating nonlinear impedance 

compensation loop is given as (14). 
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Fig. 6. Thevenin equivalent circuit of inverter with impedance compensation 

loop. 

where vdi
* and vqi

* are original voltage references derived from 

droop control method, iodi and ioqi are inverter output current in 

dq frame. vref_di and vref_qi are updated voltage references in dq 

frame obtained from impedance compensation loop.  

Fig. 6 shows Thevenin equivalent circuit of inverter with 

impedance compensation loop. Then, the reactive power 

sharing ratio of inverters with the proposed impedance 

compensation method can be given as (15) [30],[31]. 

 

*

2 2 2 2 2 2 21

*
2 1 2 1 1 1 1 1

+ + +

+ + +

 
 

 

o v l p o l p

o v l p o l p

X X X n V X X n VQ

Q X X X n V X X n V
 (15) 

where Xli is line impedance between the i-th inverter and the 

point of common coupling (PCC). VP is voltage amplitude at 

PCC. 
*

oiX  is equivalent fundamental impedance which can be 

dynamically tuned according to power loss coefficients and 

output power of the i-th inverter. 

By tuning the coefficient kQ in (13), Xoi
*≫(Xli+niVp) can be 

ensured. Then, reactive power sharing is mainly determined by 

Xoi
* as (16), so that (17) can be obtained in steady state. 
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Fig. 7. Efficiency improvement compared with conventional droop control. 
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 1 1 1 1 1 2 2 2 2 22 2c Q d e P c Q d e P      (17) 

The second term in (10) is obtained by combining (4) and (17), 

which indicates the optimum condition with respect to reactive 

power for maximum system efficiency is satisfied 

automatically with the proposed impedance compensation 

method. 

Fig. 7 shows theoretical system efficiency improvement 

under the proposed efficiency-prioritized droop control 

strategy as variation of load profiles, where the improved 

efficiency ηimp is defined as (18). 

 
pro con

imp

con

100%
 





    (18) 

where ηcon and ηpro are efficiency under conventional droop 

control and proposed droop control. It can be seen that the 

overall efficiency can be improved within a wide load profile. 

C. Small signal modelling of the proposed efficiency-

prioritized droop control strategy 

In this section, small signal model of microgrids with 

proposed efficiency-prioritized droop control strategy is first 

established. And stability analysis is then implemented. 

Small signal equation of the proposed efficiency-prioritized 

droop controller can be obtained as (19) by combining and 

linearizing (11), (13) and (14). 
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  (19) 

where 
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  (20) 

where Pi_0, Qi_0, iodi_0 and ioqi_0 are initial values of output active 

power, reactive power and current of the i-th inverter at steady-

state operating point. Xvi_0 is impedance compensation value 

under Pi_0 and Qi_0. 

Details of voltage/current controller, network and load 

models can be found in [32]-[34]. On the basis of this, small 

signal dynamics of the proposed power controller, network and 

load can be represented in common DQ frame as (21). 

 x A x     (21) 

where ∆x is the vector of state variables of the system, which is 

shown in (22). A is the system parameter matrix, which is 

given in Appendix. 

 
1 2 ...

T

inv inv invN lineDQi loadDQi

T

invi i i i odqi

x x x x i i

x P Q i

          

        

  (22) 

D. Small signal stability analysis 

Small signal stability of microgrid with the proposed 

efficiency-prioritized droop control is analyzed by 

investigating eigenvalue trace of state matrix A on the basis of 

parameters of inverter1 and inverter2 given in Table I. Fig. 8 

shows dominant poles as variation of parameter kP. It can be 

seen that λ1 and λ2 move toward right half-plane as increase of 

kP, where the critical value of stability region is 4.5e2. 

Meanwhile, damping ratio of system is decreased as increase 

of kP, improving system dynamic response. Fig. 8 shows that 

kP has critical influence on system stability and dynamic 
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performance. In addition, kP should be limited as (23) for 

avoiding large frequency deviation. 

  1_ max 2 _ max _ maxmin , , ,P P P Pnk k k k   (23) 

where 

 
max

_ max

max max2
Pi

i i i i i

k
b e Q a P




 
  (24) 

Considering frequency droop limitation (∆ωmax=0.4%∙ω0) and 

system dynamic performance, desirable operation region of kP 

is given as kPϵ[1, 19.9].  

Fig. 9 shows dominant poles as variation of parameter kQ. It 

can be seen that all the dominant poles lie on the left of the 

imaginary axis as increase of kQ, remaining system stable. 

While damping ratio of system is increased as increase of kQ, 

slowing down system dynamic response. Therefore, 

considering voltage droop limitation (less than 10%), reactive 

power sharing performance and system dynamic performance, 

desirable operation region of kQ is given as kQϵ[1e4, 5e5]. 
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Fig. 8. Dominant poles as kPϵ[0.1, 4.7e2]. 
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Fig. 9. Dominant poles as kQϵ[0, 1e6]. 

V. SIMULATION VERIFICATION 

To validate effectiveness of the proposed efficiency-

prioritized droop control strategy, simulation verification is 

implemented in a scale-down AC microgrid with two inverters 

in MATLAB with PLECS blockset. Circuit configuration of 

the exemplified microgrid is shown in Fig. 1. The simulation 

parameters are given in Table I. The detailed parameters of 

power devices can be seen in datasheets [35]-[37]. 

 

Case I: Inverters with same power devices  

In this case, operation performance of paralleled-inverters 

with same power devices (FS6R06VE3_B2) under proposed 

droop controller is tested. Fig. 10 shows simulation results 

about active and reactive power sharing under conventional 

droop control strategy and the proposed droop control strategy. 

It can be seen from Fig. 10(a)-(d) that the proposed droop 

control strategy, similar with conventional droop control 

strategy, can implement equal active and reactive power 

sharing. Fig. 10(e) shows steady-state efficiency of microgrid 

with conventional droop controller and proposed droop 

controller. It can be seen that operation efficiency under 

proposed droop control method is identical with efficiency 

under conventional droop control strategy. These simulation 

results agree with the theoretical analysis in Section III. 
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TABLE I 

SYSTEM PARAMETERS IN SIMULATION 

Inverter Parameters 

 Inverter1 Inverter2 Inverter3 

Manufacturer Infineon Semikron Semikron 

Power device FS6R06VE3_B2 
SKiiP 

01NEC066V3 

SK30GD066

ETp 

Rated 

maximum 

power 

Pmax1=10kW 

Qmax1=10kVar 

Pmax2=10kW 

Qmax2=10kVar 

Pmax3=30kW 

Qmax3=30kVar 

DC voltage Vdc1=600V Vdc2=600V Vdc3=600V 

Power loss 

coefficients 

a1=3.29e-6 

b1=-4.28e-3 

c1=2.84e-6 

d1=-1.32e-2 

e1=1.54e-7 

h1=38.14 

a2=1.59e-6 

b2=4.94e-3 

c2=1.79e-6 

d2=1.49e-5 

e2=-5.02e-7 

h2=12.14 

a3=2.33e-7 

b3=5.38e-3 

c3=2.32e-7 

d3=6.42e-3 

e3=-2.13e-7 

h3=28.38 

Circuit and Control Parameters 

Filter 

parameters 

Lf1= Lf3=4mH 

Cf1= Cf3=50μF 
Lf2=2mH 

Cf2=25μF 

Phase voltage 

frequency 

reference 

Vm
*=311V 

𝜔*=100𝜋 rad/s 

Line 

impedance 

Zl1=(0.1+j0.63) Ω 
Zl2= Zl3= 

(0.15+j1.26) Ω 

Switching 

frequency 

fsw1= fsw2= 

fsw3=10kHz 

Adaptive 

droop 

coefficient 

kP=15 

Impedance 

compensation 

coefficient 

kQ=2e5 
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Fig. 10. Simulation results of case I. (a) Active power sharing under 

conventional droop control strategy. (b) Reactive power sharing under 

conventional droop control strategy. (c) Active power sharing under proposed 

droop control strategy. (d) Reactive power sharing under proposed droop 

control strategy. (e) System efficiency under conventional and proposed droop 

control strategy.  

Case II: Inverters with different power devices  

Fig. 11 shows simulation results of paralleled inverters with 

same power ratings but different power devices 

(FS6R06VE3_B2 and SKiiP 01NEC066V3). In order to 

analyze efficiency characteristic of microgrid under different 

load profiles, time-varying load is exerted as 10% system 

capacity during 0-0.5s, 25% system capacity during 0.5-1s, 50% 

system capacity during 1-1.5s and 80% system capacity during 

1.5-2s. Fig. 11(a)-(b) show power sharing characteristics under 

conventional droop control strategy. Fig. 11(c)-(d) show power 

sharing characteristics under proposed efficiency-prioritized 

droop control strategy. It can be seen that different with 

conventional droop control method, the power sharing ratio 

under proposed droop control strategy is regulated adaptively 

as variation of load profiles for optimum system efficiency. 

Fig. 11(e) shows that impedance compensation values are 

dynamically tuned to adjust reactive power sharing according 

to condition of optimum operation efficiency. Also, It can be 

seen that the proposed control method is able to ensure 

desirable transient responses during load step. 

Fig. 11(f) shows comparison analysis of system efficiency 

under conventional droop control and proposed droop control. 

It can be seen that system efficiency is obviously improved by 

0.23%, 0.18%, 0.17% and 0.27% under 10%, 25%, 50% and 

80% system capacity. The result of improved efficiency is 

shown in Table II. These simulation results agree with 

theoretical analysis as shown in Fig. 5 and Fig. 7. 
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Fig. 11. Simulation results of case II. (a) Active power sharing under 

conventional droop control strategy. (b) Reactive power sharing under 

conventional droop control strategy. (c) Active power sharing under proposed 

droop control strategy. (d) Reactive power sharing under proposed droop 

control strategy. (e) Dynamic impedance compensation values. (f) System 

efficiency under conventional and proposed droop control strategy. 

 

Case III: Inverters with different control parameters  

To further validate effectiveness of the parameter region 

proposed in Section IV, simulation validation is provided 

under different control parameters. Fig. 12 shows results with 

different kP and the same kQ. It can be seen that the desirable 

control performance can be achieved as long as kP is within 

the proposed region. However, the system dynamic is too slow 

when kP is lower than the proposed region [1, 19.9], and a 

higher kP can cause an unacceptable frequency deviation. Fig. 

13 shows results with different kQ and the same kP. It can be 

seen that power control performance is satisfied as long as kQ 

is within the proposed region. When kQ is smaller than the 

region [1e4, 5e5], the system dynamic cannot be ensured. Also, 

the voltage drop is out of the maximum voltage deviation 

limitation if kQ is higher than the proposed region. It can be 

seen that the desirable control performance can be achieved as 

long as the parameters are within the proposed region, which 

agrees with the small signal stability analysis in Section IV. 
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Fig. 12. Simulation results under proposed droop controller with different kP 

and the same kQ (kQ=2e5). (a) Active power sharing. (b) Reactive power 

sharing. (c) System efficiency. (d) Frequencies of inverters. 

TABLE II 

RESULTS ABOUT IMPROVED EFFICIENCY IN SIMULATION 

Case II 

Load Profiles 10% 25% 50% 80% 

ηimp 0.23% 0.18% 0.17% 0.27% 

Case IV 

Load Profiles 10% 20% 50% 80% 

ηimp 0.25% 0.27% 0.15% 0.46% 

 



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 

 
10 

1 1.5

(a)
Time (s)

0.50

Pload =25% Pload =50%

P1 with kQ=1e4 P2 with kQ=1e4
P1 with kQ=5e3 P2 with kQ=5e3

P1 with kQ=2e5 P2 with kQ=2e5
P1 with kQ=5e5 P2 with kQ=5e5
P1 with kQ=1e6 P2 with kQ=1e6

8

 A
c
ti

v
e
 P

o
w

er
 (

k
W

)

0

6

4

2

 

1 1.5

(b)
Time (s)

0.5

Qload =25% Qload =50%

Q1 with kQ=1e4 Q2 with kQ=1e4
Q1 with kQ=5e3 Q2 with kQ=5e3

Q1 with kQ=2e5 Q2 with kQ=2e5
Q1 with kQ=5e5 Q2 with kQ=5e5
Q1 with kQ=1e6 Q2 with kQ=1e6

0

6

 R
e
ac

ti
v
e
 P

o
w

er
 (

k
V

ar
)

4

2

 

1 1.5

(c)
Time (s)

0.50

ηpro with kQ=5e5 
ηpro with kQ=2e5

ηpro with kQ=1e6

ηpro with kQ=1e4 
ηpro with kQ=5e3

97

96

99

E
ff

ic
ie

n
c
y
 (

%
)

98

 

1 1.5

(d)
Time (s)

0.50

Maximum 
voltage 

drop

270

280

V
o
lt

ag
e
 (

V
)

290

300

310

320

vod1 with kQ=1e4 
vod2 with kQ=1e4

vod1 with kQ=5e3 
vod2 with kQ=5e3

vod1 with kQ=2e5 
vod2 with kQ=2e5
vod1 with kQ=5e5 
vod2 with kQ=5e5
vod1 with kQ=1e6 
vod2 with kQ=1e6

 
Fig. 13. Simulation results under proposed droop controller with different kQ 

and the same kP (kP=15). (a) Active power sharing. (b) Reactive power 

sharing. (c) System efficiency. (d) Output voltage amplitudes of inverters. 

Case IV: Inverters with different power ratings  

Fig. 14 shows simulation results of paralleled inverters with 

different power devices (FS6R06VE3_B2 and 

SK30GD066ETp). Time-varying load is exerted as 10% 

system capacity during 0-0.5s, 20% system capacity during 

0.5-1s, 50% system capacity during 1-1.5s and 80% system 

capacity during 1.5-2s. Fig. 14 (a)-(d) show power sharing 

characteristics under conventional droop control strategy and 

proposed efficiency-prioritized droop control strategy. Fig. 

14(e) shows adaptive impedance compensation values. And 

Fig. 14 (f) shows the compared system efficiency under 

conventional droop control strategy and proposed droop 

control strategy. The efficiency improvement results are given 

in Table II. It can be seen that the proposed droop control 

method is able to improve system efficiency under different 

load profiles, which agrees with theoretical analysis shown in 

Fig. 5 and Fig. 7.  
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Fig. 14. Simulation results of case IV. (a) Active power sharing under 

conventional droop control strategy. (b) Reactive power sharing under 

conventional droop control strategy. (c) Active power sharing under proposed 

droop control strategy. (d) Reactive power sharing under proposed droop 

control strategy. (e) Dynamic impedance compensation values. (f) System 

efficiency under conventional and proposed droop control strategy. 

VI. EXPERIMENTAL VERIFICATION 

To further validate effectiveness of the proposed droop 

control strategy, experimental verification is implemented in a 

scaled-down islanded microgrid with two inverters. The circuit 

diagram of exemplified microgrid is shown in Fig. 1. The 

scaled-down prototype is shown in Fig. 15, which is controlled 

by dSPACE 1006. Experiment parameters are given in Table 

III. Inverters with same power ratings but different power 

devices are used to validate efficiency improvement 

performance of the proposed droop controller. 

Experimental data of power loss of two inverters under a 

constant reactive power load (Qload=200Var) is shown in Fig. 

16 and fitted power loss coefficients of two inverters are given 

in Table III. Fig. 17 shows theoretical system efficiency curves 

of the exemplified microgrid under conventional and proposed 

droop control strategy. Also, the theoretical improved 

efficiency is shown in Fig. 17 as the green curve.  

Fig. 18 shows experimental results about output currents 

(Phase A) of paralleled inverters under the proposed 

efficiency-prioritized droop control strategy. It can be seen that 

power sharing ratio is dynamically turned to capture optimum 

efficiency as variation of load profiles. The experimental data 

of improved efficiency is given in Table IV. It can be seen that 

the proposed efficiency-prioritized droop control strategy can 

improve overall efficiency of microgrid within a wide load 

profile. Also, experimental data in Table IV agrees with the 

theoretical analysis shown in Fig. 17, which verifies that the 

proposed efficiency analysis model is able to reveal the time-

varying efficiency characteristic and capture optimum 

efficiency points. 

Fig. 19 shows experimental results with load step to validate 

transient performance of the proposed droop controller. Fig. 

19(a) shows output currents (Phase A) of paralleled inverters 

after load is increased, where the current of inverter1 (light 

blue curve) is increased after load step to balance load demand 

and power sharing is adaptively regulated according to load 

profiles. And Fig. 19(b) shows output currents (Phase A) of 

paralleled inverters after load is decreased. It can be seen from 

Fig. 19 that desirable dynamic responses are performed under 

both increased or decreased load step with the proposed droop 

control strategy. 

Inverter1 Inverter2
Sampling 

Circurit

Inverters

LCL Filters

DC Source

dSPACE 1006

Control 

Platform

Power Analyzer 

on DC Side

Power Analyzer 

on AC Side

 
Fig. 15. Photo of experimental setup. 

 

 

TABLE III 

SYSTEM PARAMETERS IN EXPERIMENT 

Inverter Parameters 

 Inverter1 Inverter2 

Power device 
IGBT IRG4BH20K-SPbF IXYP30N120C3 

Diode STTH1512 STTH1512 

DC voltage Vdc1=200V Vdc2=200V 

Fitted power loss 

coefficients 

a1=1.75e-5 

b1=8.58e-2 

h1=10.05 

a2=9.58e-5 

b2=4.50e-2 

h2=6.26 

Circuit and Control Parameters 

Filter 

parameters 

Lf1=1.8mH 

Cf1=25μF 
Lf2=1.5mH 

Cf2=25μF 

Phase voltage 

frequency 

reference 

Vm
*=311V 

𝜔*=100𝜋 rad/s 

Line 

impedance 

Zl1=(0.01+j0.63) Ω 
Zl2 = (0.02+j1.26) Ω 

Switching 

frequency 

fsw1= fsw2= 

fsw3=10kHz 

Adaptive 

droop 

coefficient 

kP=15 

Impedance 

compensation 

coefficient 

kQ=2e5 

 

TABLE IV 

RESULTS ABOUT IMPROVED EFFICIENCY IN EXPERIMENT 

Load Profiles (W) 280 330 380 430 500 

ηimp (%) 0.19 0.08 0.02 0.05 0.23 
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Fig. 16. Experimental data and fitted curves of power loss of two inverters. 
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Fig. 17. Theoretical system efficiency curves and efficiency improvement 

curve. 
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Fig. 18. Experimental results under the proposed efficiency-prioritized droop 

control strategy. (a) Output currents (Phase A) of paralleled inverters as 

Pload=280W. (b) Output currents (Phase A) of paralleled inverters as 

Pload=380W. (c) Output currents (Phase A) of paralleled inverters as 

Pload=500W.  
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Fig. 19. Experimental results with load step under the proposed efficiency-

prioritized droop control strategy. (a) Output currents (Phase A) of paralleled 

inverters with increased load. (b) Output currents (Phase A) of paralleled 

inverters with decreased load. 
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VII. CONCLUSIONS 

This paper presents an efficiency-prioritized droop control 

strategy to improve operation efficiency of microgrids under 

different load profiles. Efficiency model is first established to 

analyze time-varying efficiency characteristic under different 

load profiles. And optimum operation conditions of efficiency 

model are derived by Lagrange Multiplier Method, which 

reveals the relationship of optimum efficiency and 

active/reactive power sharing. Then, the efficiency-prioritized 

droop control strategy with dynamic impedance compensation 

loop is developed to improve operation efficiency according to 

established efficiency model. Small signal stability analysis 

shows that parameters of the proposed controller have 

significant influence on system stability, and the guideline for 

control parameters is formulated. Simulation and experimental 

results are given to validate the proposed efficiency analysis 

method and efficiency-prioritized droop control strategy. The 

verification results show that the proposed efficiency analysis 

model is able to investigate the time-varying efficiency 

characteristic and obtain optimum efficiency points. The 

proposed efficiency-prioritized droop control strategy thus can 

improve overall efficiency of microgrid under different load 

profiles.  

APPENDIX 

Taking a microgrid with two paralleled inverters as an 

example, parameter matrixes in (21) are given as (25)-(27), 

where vodi_0 and voqi_0 are stable-state values of output voltage in 

individual dq frame of the i-th inverter [34]. vpD_0 and vpQ_0 are 

stable-state values of common bus voltage in common DQ 

frame [34]. δi_frame is the angle between the reference frame of 

i-th inverter and the common reference frame [34]. 
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