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Abstract—A new current-limiting droop controller is proposed
in this paper for three-phase inverters operating in parallel.
Droop control is employed to ensure the proportional power
sharing between the parallel inverters while an inherent current-
limiting property is achieved through the control design. The
current limitation is mathematically proven using nonlinear
analysis of the closed-loop system which leads to the boundedness
of each inverter current under a threshold value at all times.
Furthermore, small-signal analysis is performed to examine the
closed-loop system stability of two parallel inverters equipped
with the proposed controller. The example of two parallel
inverters is further exploited to validate the proposed controller
through Matlab/Simulink simulation results.

Index Terms—Parallel operation, proportional power sharing,
current-limiting property, stability analysis, nonlinear control.

I. INTRODUCTION

Microgrids have gained attention in the last decade due to

the rising integration of distributed energy resources (DERs)

to the grid [1], [2]. The intelligent operation of microgrids

is based on their control system which aims to solve issues

such as power sharing, voltage and frequency regulation or

islanding procedures. Control approaches are either designed

in a distributed manner or through central controllers; however

for each case, the stability of microgrids becomes a crucial

aspect in the absence of a stiff grid that stabilizes voltage and

frequency [3], [4].

Parallel operation of inverter-interfaced DERs is associated

with the need of power sharing so that all the units are

equally stressed and circulating currents are reduced. This is an

important feature of the wider smart inverter concept as well

[5]. The most common control approach that one can meet

in microgrids is droop control [6], [7]. Droop control has the

ability to share real and reactive power among DERs without

requiring any communication. This plug-and-play feature has

driven researchers to continuously improve its capabilities and

application range [8]. Specifically, a lot of research is empha-

sizing on improving droop control functionality when inverters

are facing different types of output impedance, suffering from

extreme loading or experiencing voltage drops. Especially the

issue of different type of output impedance, may lead to

inaccurate real or reactive power sharing and many works

have revisited the droop control design to address this issue.

In [9], a universal droop controller has been proposed which

can achieve accurate power sharing for both real and reactive

power regardless from the nature of the output impedance seen

from each DER.

When a DER unit is connected to a stiff grid, a relatively

constant voltage and frequency can be assumed at the PCC

which may facilitate the stability analysis. However in the mi-

crogrid concept, due to the absence of synchronous generation

with large capacity, stability issues become crucial since load

voltage and frequency are governed from each DER. Hence,

the control system of each DER needs to be analytically

examined through a detailed stability analysis [10], [11]. The

most commonly employed method to examine stability is the

root-locus analysis of the linearized system, also known as the

small-signal model stability analysis [12]–[15].

Apart from power sharing and stability properties, in order

to increase autonomy and self-protection, a current-limiting

property is required from every inverter control system [16],

[17]. Conventional techniques include either a saturated PI

controller or a switching to a different control scheme when

faulty or overloading conditions appear [18], [19]. However,

as highlighted in [18] and [19], both saturation units and

switching between different dynamic controllers can lead to

latch-up and wind-up which can eventually lead to instability.

To overcome this issue, advanced current-limiting techniques

have recently been proposed in [20] and [18] based on

the concept of adding through the control design a virtual

resistance or a virtual impedance. These techniques employ a

current-limiting virtual impedance additionally to the nominal

when the current limit is reached. Recently, in [21], a current-

limiting droop controller has been designed that can offer a

guaranteed current limitation at all times while this current

limitation is inherently applied through the droop control

loop, by using the bounded integral control (BIC) structure

[22]. Nevertheless, in [21], the system under consideration

consists of a single-phase grid-connected inverter while its

functionality in case of inverters operating in parallel is still

left to be proven.

In this paper the current-limiting droop control concept

from [21] is proposed for three-phase inverters operating in

parallel. To accomplish this, a new controller is proposed in

the synchronous reference frame (SRF) to reduce the compu-
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Fig. 1. n three-phase inverters connected to a common load through LC
filters

tational burden and at the same time facilitate the controller

analysis. The current-limiting property is proven through non-

linear analysis of the closed-loop system which leads to the

limitation of each inverter current under a threshold value

at all times, even under transients. This current limitation is

inherently applied to a droop controller that further guarantees

the proportional power sharing between multiple inverters.

Moreover, the small-signal model of the closed-loop system is

developed in order to evaluate the stability properties of two

paralleled three-phase inverters equipped with the proposed

controller. The proposed control approach is verified through

extended simulation results.

The paper is organized as follows. In Section II, the research

problem is stated. In Section III, the proposed control strategy

is presented while in Section IV, the current-limiting property

is proven and the small-signal model stability is presented.

In Section V, simulation results of two three-phase inverters

operating in parallel are provided while in Section VI, the

conclusions derived from this work are given.

II. SYSTEM MODELING AND PROBLEM FORMULATION

The system under consideration consists of n three-phase

inverters operating connected to a common load bus through

an LC filter, as depicted in Fig. 1. The inductance of the

filter is denoted as Li, with its parasitic resistance being

ignored due to its small value, while the filter capacitor is

denoted as Ci where i denotes the number of the inverter with

i ∈ [1, . . . , n] . The inverter voltage in the natural reference

framework is denoted as viabc and the inverter current is given

as iiabc while the load voltage and current are denoted as

vLabc and iLabc, respectively. The contribution to the total

load current from each inverter is given as iLiabc. Following

the synchronous reference frame theory proposed in [23] and

thoroughly presented in [24], the abc/dq0 transformation is

described from the matrix

Tαβ =
2

3





sin θa sin(θa − 120) sin(θa + 120)
cos θa cos(θa − 120) cos(θa + 120)
0.5 0.5 0.5



 ,

where θa is the angle between phase a and the α axis, followed

by the rotating transformation

Tdq =

[

cos θi sin θi
− sin θi cos θi

]

,

where θi is the angle of each inverter. The dynamic equations

for any of the n parallel three-phase inverters in the dq
framework can be written as

Li

diid
dt

= vid − vLid + ωiLiiiq (1)

Li

diiq
dt

= viq − vLiq − ωiLiiid (2)

Ci

dvLid

dt
= iid − iLid + ωiCivLiq (3)

Ci

dvLiq

dt
= iiq − iLiq − ωiCivLid (4)

where ωi is the angular frequency of each inverter and the

inverter voltages vid and viq represent the control inputs.

The main task in this paper is to design a droop con-

troller for paralleled three-phase inverters with current-limiting

and closed-loop system stability properties. In [21], a droop

controller that can ensure a current limitation for a single-

phase grid-connected inverter at all times is proposed. This

is accomplished through the BIC [22], which ensures that the

virtual resistance leading to the current-limiting property is

bounded in a range set by the control operator. However, the

same control structure can not be applied to inverters operating

in parallel where proportional power sharing is required while

the analysis presented in [21] assumes a stiff grid, which

is not true for islanded microgrids. Hence, the closed-loop

system stability in the absence of a stiff grid needs to be

examined. Moreover, the SRF should be utilized since the

abc quantities are transformed into dc at the steady state, and

thus the computational burden is reduced for the controller

implementation. In the sequel of this paper, a controller that

deals with all the above is proposed.

III. THE PROPOSED CURRENT-LIMITING DROOP

CONTROLLER

The proposed controller for each inverter operating in

parallel takes the form

vid = vLid +
(wi − wmi)

2

∆w2
mi

(Ed − wiiid)− ωiLiiiq (5)

viq = vLiq − wmin
i iiq + ωiLiiid (6)

where Ed is the nominal load voltage on d axis which
for the used SRF transformation (θα = 90o) is derived as
Ed =

√
2Erms with Erms being a constant representing

the nominal RMS load voltage. The term (wi−wmi)
2

∆w2
mi

is used
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Fig. 2. Implementation of the proposed controller

in order to achieve a smooth connection thus avoiding any
possible overvoltage that could arise due to the constant
parameter Ed. The terms ωiLiiiq and ωiLiiid represent the
decoupling terms and wmin

i is the minimum value of the
virtual resistance wi applied to the d axis, which changes
according to the nonlinear expressions

ẇi = −cwifi(Pi)w
2
qi (7)

˙wqi =
cwi(wi−wmi)wqi

∆w2
mi

fi(Pi)−kw

(

(wi−wmi)
2

∆w2
mi

+w2
qi−1

)

wqi (8)

where cwi and kw are positive constants. Through this

structure wi is bounded in the range
[

wmin
i , wmax

i

]

=

[wmi −∆wmi, wmi +∆wmi] while wmi =
wmin

i +wmax
i

2
and

∆wmi =
wmax

i −wmin
i

2
. For more information the reader is

referred to [21]. The function fi(Pi) inherits the droop control

expression, which is applied in the proposed controller through

the virtual resistance dynamics and takes the form

fi(Pi) = Erms − VL − npiPi (9)

where Pi =
3

2
(vLidiid + vLiqiiq) . The reactive power droop

control is applied through the SRF transformation and is

described from

ωi = ω∗ +mqiQi (10)

where Qi =
3

2
(vLiqiid − vLidiiq) . In the droop expressions,

npi represents the real power droop coefficient, mqi represents

the reactive power droop coefficient while VL is the RMS load

voltage which is calculated from
√

2VL =

√

v2Lid + v2Liq and

ω∗ is the nominal angular frequency. One can see that real

power droop control is applied through the d component of

the inverter voltage (which is a control input of the system)

and reactive power droop is applied through the angular

frequency dynamics. The P ∼ V, Q ∽ −ω droop expressions

are used in this paper since the universal droop controller

from [9] is adopted. The implementation of the proposed

controller is shown in Fig. 2. As highlighted before, for the

virtual resistance dynamics in (7)-(8), the BIC setup from

[22] is employed to guarantee the boundedness of the virtual

resistance wi. This property will lead to the boundedness of

the inverter current for every three-phase inverter as it will be

analytically shown in the analysis that follows.
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Fig. 3. Equivalent closed-loop system

IV. CLOSED-LOOP SYSTEM STABILITY ANALYSIS

A. Current-limiting property

Applying the proposed controller (5)-(6) into the system dy-

namics (1)-(4), the closed-loop system takes the form depicted

in Fig. 3. The inverter current dynamics are

Li

diid
dt

=
(wi − wmi)

2

∆w2
mi

(Ed − wiiid) (12)

Li

diiq
dt

= −wmin
i iiq. (13)

This also verifies that the steady-state currents take the values

iide = Ed

wi
and iiqe = 0. Now, let us consider the Lyapunov

function candidate

V =
1

2
Lii

2
id +

1

2
Lii

2
iq,

which represents the energy stored in each inductor. Its time

derivative takes the form

V̇ =
(wi − wmi)

2

∆w2
mi

(

Ediid−wii
2
id

)

−wmin
i i2iq

≤ (wi − wmi)
2

∆w2
mi

(

[Ed 0]

[

iid
iiq

]

−wmin
i

(

i2id + i2iq
)

)

≤ (wi − wmi)
2

∆w2
mi

(

−wmin
i ‖Ii‖22 + ‖E‖

2
‖Ii‖2

)

where Ii = [iid iiq]
T

and E = [Ed 0]
T
. Thus, it is concluded

that

V̇ < 0, ∀ ‖Ii‖2 >
‖E‖

2

wmin
i

. (14)
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2
q1e 0 3
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2
q2e α2cw2w
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2
q2e 0 0




































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Furthermore, taking into account the relation between the dq
quantities with the RMS values

‖Ii‖2 =
√

i2id + i2iq =
√
2Iirms

‖E‖
2

=
√

E2
d = Ed =

√
2Erms

and since (14) holds true, then if initially Iirms (0) ≤ Erms

wmin
,

then

Iirms(t) ≤
Erms

wmin
i

, ∀t ≥ 0. (15)

By selecting wmin
i = Erms

Imax
irms

then Iirms (t) ≤ Imax
irms, ∀t ≥ 0

for a given maximum value of the RMS current Imax
irms. Since

the boundedness in (15) is proven independently from the load

voltage or frequency, the RMS inverter current can reach but

never exceed its set maximum value, for any t > 0. According

to this, the controller variable Imax
irms can be selected by the

control operator in order to ensure a current limitation under

this threshold value at all times, even under transients and for

any type of load.

B. Small-signal stability analysis

Although a current-limiting property is guaranteed for every

inverter, the stability of multiple inverters operating in parallel

has not been proven yet. In order to evaluate the proposed

controller in terms of the closed-loop system stability, an

exemplary case of two three-phase inverters operating in

parallel is considered for simplicity, although the same ap-

proach can be extended to multiple parallel inverters. The

state vector of the closed-loop system when considering two

parallel three-phase inverters feeding a resistive load is x =
[i1d i2d i1q i2q vLd vLq w1 w2 wq1 wq2]

T
. Note that, as shown in

Fig. 1, both inverters have access to the common load voltage

and additionally iiqe becomes zero at the steady-state. This

means that at the steady-state, when power sharing is achieved

and all frequencies have been synchronized, the dq axes of

every inverter will be aligned to each other and will have an

angle difference δe compared to the global reference frame,

where vLd and vLq is calculated. At this global reference

frame, the capacitor voltage is aligned on d axis (vLqe = 0).

Then, the Jacobian matrix of the closed-loop system takes the

form

A =





AT 08×1 08×1

A1 −2kww
2
q1e 0

A2 0 −2kww
2
q2e



 .

-3 -2.5 -2 -1.5 -1 -0.5 0

10
4

-4000

-2000

0

2000

4000

Fig. 4. Spectrum of the closed-loop system eigenvalues as a function of npi :
0.03Erms
Smaxi

< npi <
0.3Erms
Smaxi

-5000 -4000 -3000 -2000 -1000 0

-3000

-2000

-1000

0

1000

2000

3000

n
pi

 decreasing

n
pi

 decreasing

Fig. 5. Spectrum of the closed-loop system eigenvalues close to the imaginary

axis as a function of npi :
0.03Erms
Smaxi

< npi <
0.3Erms
Smaxi

However, since in the bounded range of operation it holds

wi ∈
(

wmin
i , wmax

i

)

, then for any equilibrium point xe with

wq1e, wq2e ∈ (0, 1] , the values −2kww
2
q1e and −2kww

2
q2e are

always negative. Thus, all the eigenvalues of the closed-loop

system will be negative if all the eigenvalues of the matrix

AT , analytically shown in (11), have negative real parts. To

facilitate the representation of AT , the following notations

are considered: αi = 3
2
npiiide cos δe+1/

√

2, βi = 3
2
npiiide sin δe,

γ = vLde cos δe, σ = −vLde sin δe, ǫ = (w1e − wm1) and ζ =

(w2e − wm2) . In order to perform a root-locus analysis for the

matrix AT , the equilibrium point of the closed-loop system,

xe = [i1de i2de i1qe i2qe vLde vLqe w1e w2e wq1e wq2e]
T needs

to be identified. This is possible through solving the system of

equations (12)-(13), (3)-(4) and (9)-(10) while ω0 represents

the system steady-state frequency at each equilibrium point

when considering that synchronization has been achieved, as in

[12]. The droop coefficients are calculated from the formulas

npi = 0.09 Erms

Smaxi
and mqi = 0.01 ω∗

Smaxi
. Therefore through



root-locus analysis, the closed-loop system stability for the

case of two parallel inverters feeding a resistive load and

equipped with the proposed controller can be examined, while

the considered system parameters are given in Table I.

In Fig. 4, the eigenvalues of the closed-loop system for a

resistive load with R = 10Ω are depicted for a real power

droop percentage (npi) between 3% and 30%. Since all the

eigenvalues have negative real part, it is concluded that the

closed-loop system is stable around the considered equilibrium

point. Furthermore, in Fig. 5, the trajectory of the eigenvalues

that are closer to the imaginary axis is depicted, where it can

be understood that as npi gets lower values, eigenvalues tend

more close to the unstable region.

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

Parameters Values Parameters Values

L1, L2 1.1 mH C1, C2 10 µF
Smax1 3300 VA Smax2 1650 VA

ω∗ 2π x 50 rad/s Erms 110 V

np1 0.003 mq1 0.000952

np2 0.006 mq2 0.0019

Imax
1rms 10 A Imax

2rms 5 A

Imin
1rms-Imin

2rms 0.14 A kw 1000

wm1 394 Ω wm2 399 Ω

V. CONTROLLER VERIFICATION

To validate the performance of the proposed controller, two

parallel three-phase inverters connected to a common load bus,

as depicted in Fig. 1, are simulated in the Matlab/Simulink

environment. The system and controller parameters are given

in Table I. Initially both inverters do not feed the load since

their switches are open while at 0.1s, the first inverter is

connected to the load which initially has the value R = 18Ω.
As it can be seen in Fig. 6a, the first inverter quickly regulates

its output real power P1 in order to achieve a load voltage close

to its nominal value through droop control. Similarly, in Fig.

6b, it is shown that reactive power is accordingly injected

to regulate load frequency close to the nominal frequency.

The load bus voltage VL and frequency f are regulated close

to their nominal values as depicted in Figures 7b and 7c,

respectively. At 2s, the second inverter is connected to the

common load bus and since a 2:1 power sharing ratio is

desired according to the capacity of the inverters, both real

and reactive power are shared proportionally so that P1 = 2P2

and Q1 = 2Q2, as it can be observed in Figures 6a and

6b. To accomplish this, P1 is reduced, so that both power

inverters are stressed equally whilst as shown in Fig. 7b, VL

is now regulated to a higher value which can be understood

from (9). At 5s, a load change is experienced and the total

load is driven to R = 10Ω. As shown in Figures 6a and 6b,

the inverters modify their response whilst the power sharing

remains accurate. At 7s, an even higher demand occurs leading

the common load to R = 6Ω which demands a power

greater than the total capacity of the two parallel inverters

Smax1 + Smax2. However, according to the theory presented

in this paper, at that time both controller states w1 and w2 are
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Fig. 6. Response of two three-phases inverters operating in parallel: Real
power, Reactive power and Inverter currents

driven to their minimum values (11Ω and 22Ω respectively, as

shown in Fig. 7a) thus, limiting the inverter currents I1rms

and I2rms to their maximum values as shown in Fig. 6c.

Hence, the DERs are protected from overcurrents while the

load bus voltage VL drops significantly, since priority is given

to protecting the inverter devices. The presented simulation

results verify the proportional power sharing and current-

limiting capabilities of the proposed controller.

VI. CONCLUSIONS

In this paper, a new current-limiting droop controller is

proposed for three-phase inverters operating in parallel. The

proportional power sharing property of the inverters operating

in parallel is guaranteed through the widely used droop con-

trol. The desired current-limiting property is proven through

nonlinear analysis of the closed-loop system which leads to the

boundedness of each inverter current under a threshold value at

all times, even under transients. Moreover, the stable operation
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Fig. 7. Response of two three-phases inverters operating in parallel: Controller
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of two inverters operating in parallel is guaranteed through the

performed small-signal stability analysis. The proposed control

approach is further validated through extended simulation

results.
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