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Abstract- Parallel connection of two or even more single-phase inverter modules is a successful solution to increase the 

reliability and the efficiency of an inverter at moderate power levels. Stable operation and proper current sharing 

among parallel inverter modules is a key issue, especially when they are connected to a common load through unequal 

output filter impedances. In this paper, a new formulation and consequently a proper current sharing control algorithm 

for parallel connected inverter modules with the possibility of unequal filter impedances is proposed. Also a dual-loop 

voltage control with the filter current as the inner loop feedback signal, considering the effect of digital control delay, is 

adopted. The controller parameters are designed according to a frequency domain analysis. Finally, theoretical 

achievements are confirmed by experimental test results on a test rig with two 250 W parallel connected single phase 

inverters. 
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NOMENCLATURE 

Number of PIMs N 
Output current of PIM Io 
Average current of each PIM Iavg 
Circulating current Icc 
Real component of circulating current ICCR 

Imaginary component of circulating current ICCJ 

Filter current If 
Capacitor current Ic 
PCC voltage uo 
Open circuit voltage of each PIM u 
Filter resistance Rf 
Filter inductance Lf 
Filter impedance Zf 
Angular frequency w 
Power angle δ 
Transfer function of all pass filter H(s) 
Proportional coefficient Kpr 
Integral coefficient Kir 
Angular cut off frequency wc 
Switching frequency Fsw 
Sampling period Ts 

1. INTRODUCTION 

Nowadays, parallel inverter modules are more employed 

to  convert energy from renewable systems such as 

photovoltaics and wind turbines to the local loads or the 

distribution grid. Also, they can be used to provide 

reliable and high quality electric power for sensitive or 

critical consumers, such as hospitals, military centers, 

administration offices and so on. 

Parallel arrangement of inverters is an industrial 

solution to increase the power rating and the generated 

waveform quality. Also, the achieved redundancy 

provides higher reliability and greater flexibility for 

further expansions using the available inverter modules. 

Cost reduction is another practical advantage, because 

the fractional power inverter modules do not require 

expensive semiconductor devices with high ratings. 

Also, it is shown that the parallel inverters offer more 

efficiency than a central inverter at the same power level 

[1-3]. Despite these benefits, a technical issue, called 

circulating current (CC), challenges the performance of 

the parallel configured inverters, seriously. The CC 

produces unexpected losses, causes flow of useless 

power between the parallel inverters and increases the 

current distortion [4]. A relatively large CC may even 

lead to instability of the system [5-6]. The CC originates 

from the possible amplitude deviation or phase shift of 

the output voltages of the parallel inverter modules 

(PIMs) compared with the common reference voltage 

for all modules, due to several practical issues, the main 

being differences between semiconductor devices and 

filter parameters.  

Various control techniques are already proposed to 

limit the magnitude of the CC, which can be broadly 
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divided into two main categories: power droop control 

and active load sharing techniques [7–12]. The aim of 

droop control techniques is load sharing among parallel 

inverters through control of voltage and frequency, 

while no intercommunication among the inverters is 

required. Conventional droop control [13-14], 

VPD/FQB droop control [15], voltage-based droop 

control [16], virtual-structure-based method [17-19] are 

main solutions proposed in literature.As an important 

drawback for these methods is the deviation of the 

voltage and the frequency which is another origin of CC 

among PIMs [20]. The active load sharing techniques 

take benefit of information exchange among centrally 

installed PIMs. The active load sharing techniques use 

the equivalent Thevenin model of the PIMs to 

instantaneously regulate the equivalent Thevenin 

voltage sources such that the measured CC is kept very 

small. To do that, the reference voltage signal or the 

output of the voltage regulator of each PIM is 

continuously modified by the active load sharing 

algorithm based on the measured currents and the 

equivalent output impedance of each PIM. Several 

active load sharing control techniques, such as the 

centralized, master-slave, distributed and circular chain 

control are already suggested. In the centralized control 

the current sharing unit measures the total load current 

and based on the number of available PIMs, it 

determines the reference current for each PIM [21-26]. 

The voltage synchronization among different PIMs is 

based on a command signal generated by the central unit 

for individual PIMs. In the master-slave control, the 

master unit regulates the output voltage and the slave 

PIMs track the reference current that is produced by the 

master unit [1, 27-30]. Contrary to the centralized and 

the master-slave techniques, active load sharing based 

on the distributed control is not dependent on a central 

controller or a master PIM and when a defect occurs in 

any of the PIMs, other modules continue operating at 

normal condition and only the defected one will be 

deactivated [22, 31–35]. Aforementioned techniques 

need a reliable and high bandwidth communication 

among all PIMs. In order to reduce the interconnections 

between different PIMs, the circular chain control is 

recently proposed [36–38]. In this method each PIM 

receives the reference current command from the 

previous one. A common weakness among all previous 

works on the active load sharing techniques is that the 

effects of mismatches or uncertainties on the output 

filter parameters are not discussed. While these 

mismatches, which are unavoidable in practice due to 

component tolerances and parameter variations (usually 

arisen from thermal effects and aging), can affect the 

performance of the current sharing control and increase 

the CC. 

 
Fig. 1. Simplified model of N single-phase PIMs along with the 

proposed control system 

In the previous works, it is assumed that all of the 

parallel inverter modules have the same topology and 

circuit configuration. This is not always possible in 

practical applications and so there may appear a 

circulating current among PIMs. One main source of 

difference among PIMs is unequal filter impedance 

characteristics. In this paper, a new formulation for the 

parallel connected inverter modules through LC filters 

that feed a common local load is developed, which 

considers the filter parameter differences among the 

modules. Consequently, a reference voltage calculation 

algorithm for the PIMs is proposed that ensures stable 

operation and perfect current sharing control among 

them under unequal filter impedances. The proposed 

algorithm does not require either a PLL or a 

synchronization signal among the PIMs. A dual-loop 

voltage control scheme with the filter current as the 

inner loop feedback signal is then adopted. A frequency 

domain design procedure of the controller parameters, 

considering the effect of digital implementation delays, 

is suggested, which offers excellent steady-state and 

transient performance. Theoretical achievements are 

finally confirmed through experimental tests under 

various operating conditions. 

In section 2, configuration of the PIMs is 

investigated. The proposed current sharing control for 

reduction of CC is then explained in section 3. Design 

of the close loop feedback control with outer and inner 

loops is described in section 4. Section 5 presents 

simulation and experimental results to show the proper 

performance of the control method. Finally, section 6 

concludes the paper. 

2. MODELING OF PIMS 

The simplified model of N single-phase PIMs along 

with the proposed control system is shown in Fig. 1. 

The output of each PIM is connected to the common 
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load at point of common coupling (PCC) through a LC 

filter. The PIMs are supplied from isolated DC voltage 

sources. Any combination of resistive, inductive, 

capacitive, linear or nonlinear loads can be connected to 

the PCC. According to Fig. 1, the average current of 

each PIM can be calculated as: 

1

1 N

avg oi

i

I I
N =

=                                                              (1) 

The current Iavg is the equal current share of each PIM 

and if all PIMs achieve this current, one can say that the 

proper load sharing among all PIMs is occurred. The 

CC for each PIM can then be readily calculated as: 

ccj avg ojI I I= −                                                               (2) 

It should be noted that in practical applications the 

filter inductor current, if, is usually measured for both 

control and overcurrent protection purposes and using 

an extra current sensor for measuring the PIM output 

current, io, increases the complexity and cost. For this 

reason and based on Fig. 1, the filter inductor current of 

each PIM can be calculated as 

fj oj CjI I I= +                                                                (3) 

By replacing Eqns. (1) and (3) in Eq. (2), the CC is 

calculated as 

1 1

1 1N N

ccj fi Ci fj Cj

i i

I I I I I
N N= =

= − − +                              (4) 

Due to the fact that the instantaneous capacitor 

voltages of all PIMs are the same and at the same power 

level, the filter capacitances of all PIMs are also equal, 

then it can be readily concluded that the capacitor 

currents are equal and it can be assumed that 

1

1 N

Cj Ci

i

I I
N =

=                                                                (5) 

and consequently, Eq. (4) simplifies to 

1

1 N

ccj fi fj

i

I I I
N =

= −                                                       (6) 

As a result, the CC is calculated from measured filter 

currents of PIMs. Now, the CC calculated from Eq. (6) is 

decomposed to real and imaginary components, as shown 

in Fig. 1, and these components are used by the proposed 

control strategy, explained in the next section, to generate 

the reference voltages for all PIMs. Finally, a double-loop 

regulator for each PIM, including an outer proportional-

resonant (PR) voltage controller and an inner simple 

proportional current controller tracks the reference voltage 

signal with superior steady-state and transient performance. 

3. PROPOSED CURRENT SHARING SCHEME 

On the basis described in the previous section, the main 

part of the control system of Fig. 1 is the reference 

voltage generator for the PIMs. In this section, the 

conditions to ensure proper current sharing among PIMs 

are first investigated. Theoretically, the same amplitude, 

phase and frequency of the output voltages are 

prerequisite to allow connect two or more PIMs in 

parallel. Any deviation of the mentioned terms can lead 

to CC flow between the PIMs. For the sake of 

simplicity, the following study deals with the two single 

phase PIMs connected in parallel, for which the 

equivalent circuit is shown in Fig. 2. Due to the 

inductive–resistive nature of the output filter impedance, 

the instantaneous voltage equations for the PIMs can 

expressed as: 

1

1 1 1 1

2

2 2 2 2

f

o f f f

f

o f f f

di
u u r i L

dt

di
u u r i L

dt

  
= + +  

  


 
= + + 

 

                                    (7) 

Considering that the PCC voltage is the same for both 

PIMs, then it can be concluded that  

1 2

1 1 1 1 2 2 2 2

f f

f f f f f f

di di
u r i L u r i L

dt dt

   
− + = − +   
   

        (8) 

In view of Eq. (8), as long as the filter impedances 

and the instantaneous voltages of PIMs are equal, a 

perfect current sharing is ensured.  However, in practical 

applications, due to differences of these equivalent 

impedances, the flow of CC is possible. Nonlinearity of 

magnetic cores, unequal number of wiring turns, 

different characteristics of semiconductor devices and 

finally the thermal effect and aging lead to unequal or 

even uncertain equivalent output filter impedances. 

Under this condition, if the system controller and the 

modulator make the instantaneous output voltages (u1, 

u2) equal, then the CC flows between PIMs. This current 

can lead to instability of systems and amplitude of its 

current should be limited. According to Eq. (6), for the 

case of two PIMs, the CC in the phasor state can be 

described as: 

1 2

2

f f

cc

I I
I

−
=                                                               (9) 

 
Fig.2. equivalent circuit for PIM 
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Filter current for each PIM can be calculated from 

Eq. (7), as  

1 1

1

1

2 2

2

2

0

0

o

f

f

o

f

f

U U
I

Z

U U
I

Z





 − 
=




 −  =



                                              (10) 

Replacing from Eq. (10) in Eq. (9), the CC can be 

written as Eq. (11). 

1 1 2 2

1 2

1

2

o o

cc

f f

U U U U
I

Z Z

   −  −
= − 

 
 

                       (11) 

The CC can be decomposed to the real (IcR) and the 

imaginary (IcI) components. Considering a small value 

for δ1,2, then it is reasonable to assume:  

1 2

1 2

cos cos 1

sin sin 0

 

 

= =


= =
                                                    (12) 

By replacing Eq. (12) into Eq. (11), the real and 

imaginary components of CC are calculated as 

1 1 1 2 1ccR oI AU B U C U= − +                                         (13) 

2 1 2 2 2ccI oI A U B U C U= − +                                         (14) 

In above equations, A1, A2, B1, B2, C1 and C2 are 

calculated from the equivalent output impedances and 

are given in the appendix. To achieve the best current 

sharing among PIMs, the filter currents of all inverters 

must be the same, i.e.: 

1 2f f fI I I= = .                                                           (15) 

As a result, given that the output impedances of 

different inverters are not equal, then it can be 

concluded that: 

1 1

2 2

o f f

o f f

U U Z I

U U Z I

= −


= −
                                                       (16) 

Where 

1 1 1

2 2 2

f f f

f f f

Z r jL

Z r jL





= +


= +
                                                    (17) 

At parallel condition, the PCC voltage is the same for 

all PIMs, consequently Eqns. (16) and (17) indicate that 

the inverter with the larger output filter impedance 

should have a larger open circuit voltage (U1, U2). By 

simultaneous solving of Eqns. (13) and (14), with the 

measured Uo and Icc and known filter parameters, the 

open circuit voltage of each PIM is determined. The 

detailed block diagram of the reference voltage 

generator is shown in Fig. 3. As a result, stable 

operation with the same PCC voltage, proper current 

sharing among the PIMs and suppression of the CC are 

ensured.  

 
Fig. 3. Block diagram of reference voltage calculation. 

As can be seen in Fig. 3, in order to compute the real 

and imaginary components of the CC, first a fictitious 

second phase current (icβ) is generated from the original 

current signal (icα) as: 

c ci i =                                                                         (18) 

( )c ci H s i =                                                                (19) 

( )
s

H s
s





− +
=

+
                                                          (20) 

 Then it is possible to transform the CC to the 

synchronous reference frame, as expressed by Eq. (21) 

[29]. 

cos sin

sin cos

cd c

cq c

i it t

i it t





 

 

    
=    

−   

                                (21) 

First order low pass filters (LPFs) with the cut-off 

frequency of about 50 Hz are used to attenuate the 

harmonic components of the real and imaginary 

components. 

4. DESIGN OF FEEDBACK CONTROL 

In order to ensure proper performance at transient and 

steady-state conditions and successful current sharing a 

double loop control scheme, consisting of an outer 

voltage control and an inner current control are adopted 

here. Hence the quality of the output voltage cannot be 

compromised in an UPS application, then a high 

performance proportional-resonant (PR) controller is 

used as the outer voltage controller, which ensures zero-

tracking error of sinusoidal signals. The PR controller 

transfer function is shown in Eq. (22) where Kpr and Kir 

are the proportional and the resonator gains, 

respectively and c is the bandwidth centered at the 

resonance frequency  [39-40]. 

2 2
( )

2

ir

PR pr

c

K s
G s K

s s 
= +

+ +
                                   (22) 

Although it is possible to use a proportional-integral 

(PI) instead, but it should be noted that the PI has its 

high gain at the zero frequency and therefore a zero 

steady-state error with the sinusoidal reference cannot 

be achieved. As a result a CC may flow among PIMs. 

The inner current controller is a simple proportional 

controller, Kpi, which has a simple structure and offers a 

αβ

dqH(s)

LPF

LPF

oU

1
A

1
B

2
A

2
B
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Calculator

1ref

2ref
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fast dynamic response with no phase-shift of the AC 

signal. The block diagram of the double-loop voltage 

control is shown in Fig. 4 where 

 
1

( )L

f f

G s
sL r

=
+

                                                      (23) 

1
( )c

f

G s
sC

=                                                              (24) 

And the loop gain can be readily written as  

2 2
( )

2 1

pi delay L cir
open loop pr

c pi delay L c

K H G GK s
G s K

s s K H G G 
−

  
= +    + + +  

         

 (25) 

Where Hdelay , as expressed by Eq. (26), represents the 

total delay of digital control system that highly affects 

the design of controller parameters and analysis of 

system performance. The existence of delay in a digital 

control system decreases the phase margin and can even 

lead to instability.  

( ) s
delay

s T
H s e

−
=                                                        (26) 

In Eq. (26), Ts is the digital sampling period, which is 

usually equal to the switching period and σ is a constant 

value between 1 and 2. A simple linear approximation 

of Eq. (26) is 

1
4( )

1
4

s

delay

s

T
s

H s
T

s





−

=

+

                                                (27) 

Then, the loop gain transfer function can be rewritten 

as Eq. (28) where σ = 1.5 and c = 0.1 rad/s. 
2 2

2 2

2 2

( ) .

(s ((3 )/8 + 1)( + s)(1/(s (r + s))

( ( 2 ) )

( 2 )

( ((3 ) / 8 1)( ( ) / ( 2 )))

pr ir pr c pr

c

p

ope o

pi s r r

n l op

i c

s

G
K s K K s K

s s

K T

C

s K K

L

s s s

T

s

C Ls r

 

 

  



−

+ + +

+

− +

=
+

− + +

              (28) 

Fig.4. Block diagram of control system 

 
Fig.5. Bode open loop plot of voltage control scheme 

To ensure a fast dynamic response while prevent the 

switching noises from affecting the control system, one 

can choose the gain cross-over frequency about one-

fifth of the switching frequency [41], [42]. Therefore, 

Kpr can be calculated from 

| ( 2 ) | 1

0.2

open loop g

g sw

G j f

f f

− =



                                              (29) 

as Kpr = 0.2 where fg and fsw = 5 kHz are the cross-

over and switching frequencies, respectively. 

In above calculations it is assumed that the resonator 

gain has no effect on the dynamic performance of the 

control system. In order to eliminate the steady state 

error, Kir is then chosen large enough, however a very 

large Kir may decrease the phase margin and cause 

oscillatory response or even instability. Based on this 

assumption, Kir is chosen 550, which translates to a 

system phase margin of about 60 (deg) at the cross-over 

frequency of 942 Hz that is quite enough in most power 

electronic applications. The Bode plot of open loop 

system is shown in Fig. 5. 

5. PERFORMANCE EVALUATION 

To confirm the feasibility of the proposed control 

algorithm, simulation is done with Simulink/MATLAB. 

Simulation accomplished in steady-state with two states 

as, linear and non-linear loads. In Fig. 6, the output 

voltage and the current sharing among PIMs and the CC 

are depicted. Based on this figure, the THD (total 

harmonic distortion) of the output voltage is around 

0.4% and i1=7.1 A and i2=7.08 A. 

Percentage of the CC with respect to the total load 

current is about 0.7%. Current sharing control with 

nonlinear load is also very good and the THD of the 

output voltage under this state is around 5.8%. The 

waveforms with the nonlinear load are shown in Fig. 7. 

In this case the CC equals to 200mA, which translates to 

around 1.1%. To confirm the proper operation of the 

proposed PIMs control algorithm an experimental setup, 

shown in Fig.8, is prepared in the laboratory. This setup 

consists of two 500 W inverters connected in parallel 

via LC filters. The load sharing algorithm and the 

double-loop voltage controllers are implemented on a 

150 MHz digital signal controller (DSC) 

TMS320F28335 from Texas Instruments. The 

parameters of the setup are listed in Table 1. 

5.1. Load sharing among PIMs 

The proper current sharing among PIMs under linear 

and nonlinear loading is confirmed here. In the first 

study, three scenarios based on the filter impedance 
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changes and with a resistive load are examined. In all 

scenarios, listed in Table 2, the filter impedance of 

inverter 1 is kept unchanged while the filter impedance 

of the second inverter changes accordingly. 

Experimental results for three scenarios are shown in 

Fig. 9. In this figure the PCC voltage and the output 

currents of two inverters, as well as the circulating 

current calculated with the math function of the TEK 

oscilloscope are presented. Apparently, in the worst-case 

condition the CC to the nominal current is about 1.1 

percent. This means that the proposed algorithm offers 

an excellent performance and ensures stable operation 

under large impedance differences. Moreover, the total 

harmonic distortion (THD) of the output voltage, 

measured by a Fluke 435, is 0.6%. In the two next 

studies, first a resistive-inductive then a diode rectifier 

feeding a resistive-capacitive load, as a highly nonlinear 

load, are connected to the output of PIMs. Again, as a 

worst case of filter impedance differences, case 3 of 

Table 2 is implemented. 

Table 1. Parameters of pims 

Parameters  Symbol Value 

DC link voltage DCV 55V 
AC bus voltage ACV 45 V MAX 

Filter capacitance fC 32 µF 

Filter inductance and 

equivalent resistance 
f, r fL Table 2 

Load resistance oR 2.2 Ω 

Load inductance oL 4 mH 
Switching frequency sf 5 Khz 

 
Fig.6. Simulation of proposed control at linear case 1: 20 V/div 

2: 10 A/div 3: 10 A/div 4: 10 A/div time scale 10 ms/div 

 
Fig.7. Simulation of proposed control at non-linear case 1: 20 

V/div 2: 10 A/div 3: 10 A/div 4: 10 A/div time scale 10 ms/div 

 
Fig.8. Experimental setup 

Table 2. Scenarios of filter impedance differences 

Case Filter impedance 1 Filter impedance 2 

1 (31+j0.82) mΩ (19+j0.61) mΩ 

2 (31+j0.82) mΩ (29+j0.805) mΩ 

3 (31+j0.82) mΩ (43+j1.1) mΩ 

 
(a) 

 
(b) 

 
(c) 

Fig.9. Load sharing performance under large filter impedance 

differences with resistive load (a) case 1, (b) case 2 and (c) case 3; 

CH 1: PCC voltage (20V/div); CH 3, 4: output currents (10A/div); 

M: circulating current (10A/div) 

Figs. 10 and 11 show the perfect current sharing 

performance under these conditions. The THDs of PCC 

voltages are 1.9% and 6.2% for Figs. 10 and 11, 

respectively. The results of load sharing studies with 

linear and nonlinear loads are summarized in Table 3 

where the CC is kept negligible under all test 

conditions. 

5.2. Double loop controller performance 

Because the connected load at output of UPS is not 

fixed and may experience severe changes, the proper 

operation at transient states is critical. This goal is 

achieved with proper design of controllers’ parameters 

for a fast dynamic response. In the following, the 

transient performance of double-loop feedback control 

in response to step changes of load and reference 

voltage is studied and the results are shown in Figs.11 

and 12, respectively. As the worst cases all step changes 

occurred at the voltage/current peaks. In all conditions, 

a fast and smooth transient performance is obvious. The 

voltage waveform recovers in less than some 

milliseconds without experiencing any considerable 
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oscillation. Also the current sharing performance is not 

affected during the transient time, which means a robust 

operation against the load and reference changes. 

5.3. Comparison Study 

A current decoupling parallel control strategy of single-

phase inverter is presented in Ref. [43]. In that paper 

voltage reference calculated by using the active and 

reactive parts of the circulating current. That paper 

considers only the imaginary part of the filter 

impedance in calculating the reference voltage. 

Moreover, the reference voltage of each inverter is the 

same, which with little mismatch in filter impedance 

characteristics a circulating current flows between the 

parallel inverters. In the proposed method, both real and 

imaginary parts of the impedance are considered. In 

addition, the reference voltage is calculated separately 

for each inverter. 

 
(a) 

(b) 

Fig.11. Transient performance in response to (a) step-up and (b) 

step-down load changes; CH 1: PCC voltage (20V/div); CH 3, 4: 

output currents (10A/div); M: circulating current (10A/div) 

 
(a) 

 
(b) 

Fig.12. Transient performance in response to (a) step-up and (b) 

step-down reference voltage changes; CH 1: PCC voltage 

(20V/div); CH 3, 4: output currents (10A/div); M: circulating 

current (10A/div) 

Table 3. Peak to Peak Circulating Current 

 Linear 
Resistive-

Inductive 
Non-Linear 

Conventional control[43] 2.4 A 2.4 A 8 A 

Proposed Control 1 A 1.5 A 2 A 

In the proposed control strategy any changes in the 

filter impedance directly affect the calculated reference 

voltage. As a result, proper load sharing among PIMs is 

guaranteed by this control method. Moreover, feedback 

control of this paper is proportional-resonant, which in 

comparison to the PI controller of Ref. [43] has a faster 

response and ensures zero-tracking error of sinusoidal 

signals. This controller along with the proposed control 

strategy helps proper current sharing among PIMs. 

Comparison between the proposed current sharing and 

the conventional control method [43] is done and the 

peak to peak circulating current results are listed as 

Table 3.  

Based on Table 2, the third case scenario is 

considered where the mismatch between filter 

impedance of each inverter is remarkable. Simulation 

accomplished in the steady-state with three different 

loading as, linear, resistive-inductive and non-linear 

loads. From the results it is clear that the amplitude of 

the circulating current is much smaller in the proposed 

technique than the conventional one that is more evident 

under non-linear load. 

6. CONCLUSION 

In this paper, a current sharing control method was 

proposed and evaluated experimentally on a system of 

two 500W PIMs under three different scenarios, such as 

linear inductive and non-linear loads. Based on the 

experimental results, circulating current in all studies is 

very low and the proposed method presents excellent 

steady-state and transient performance. Besides, the 

proportional-resonant voltage controller, tuned in the 

frequency domain, makes it possible to track the 

reference voltages already generated by the proposed 

current sharing algorithm fast and smoothly.  

Appendix A. 

The parameters A1, A2, B1, B2, C1 and C2 of equations 

(13) and (14) are: 
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