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Abstract—In this paper, an AC microgrid consisting of paral-
leled three-phase inverters is investigated and a nonlinear droop
controller is proposed. The purpose of the proposed controller
is twofold: i) to avoid circulating power among the paralleled
inverters and ii) to guarantee a current-limiting property at each
inverter in both stand-alone and grid-connected modes, as well
as during the transition between them. Contrary to the existing
methods that utilize saturation blocks to limit the reference
current value, the proposed controller limits the instantaneous
value of the current even after extreme faults, i.e., short circuits
in both grid-connected and stand-alone cases. Moreover, after
incorporating the proposed controller dynamics into the system,
the entire microgrid small-signal stability analysis is investigated.
In order to validate the effectiveness of proposed controller, a
microgrid, which includes three parallel three-phase inverters,
is being tested via Matlab/Simulink software and extensive
simulation results are provided.

Index Terms—Nonlinear droop control, current limitation, cir-
culating power, DC-link voltage control, stand-alone state, grid-
connected state, parallel inverter operation, stability analysis.

I. INTRODUCTION

Since it was originally introduced almost two decades

ago, the microgrid concept has gained significant amount

of attention due to its critical roles in the integration of

renewable energy sources (RESs) into the grid [1]. Microgrids

are considered as the essential components of the future power

system due to their flexible control algorithms, environmental

benefits, higher energy efficiencies, and seamless performance

in both grid-connected (GC) and stand-alone (SA) applications

[2]–[4]. Besides, as microgrids consist of various distributed

generation (DG) units, and those units are connected to the

grid via power electronic inverters (PEIs), proper control

design for PEIs is required to ensure their seamless and reliable

operations [5], [6].

Parallel operation of PEIs is preferred in microgrid appli-

cations, as the semiconductor components used in the PEIs

have limited power ratings [7]. Although parallel PEI operation

has the advantage to avoid overloading individual inverters by

This work is supported by EPSRC under Grants No EP/S001107/1 and
EP/S031863/1, and under Grant 81359 from the Research Committee of the
University of Patras via “C. CARATHEODORY” program.

achieving power and load sharing via droop control [6]–[8], it

can lead to undesired circulating power [9] and current [10]

flows, especially in the GC to SA or SA to GC transitions

and short circuit faults, between different inverter units. Droop

control has been extensively adopted for load and power shar-

ing in PEI applications, since it uses only local measurements

without requiring external communication links [11], [12].

Due to their simple logic and implementation, many droop

control algorithms, such as traditional P ∼ ω and Q ∼ V

droop, virtual impedance-based droop, adaptive and robust

droop [11], universal droop [13], and their improved versions

[14] have been proposed in the last decade. However, droop

method has an inherent inability to accurately share the load

and power in parallel inverter applications in case of different

line parameters without a control algorithm switch.

Furthermore, ensuring the system stability in both GC

and SA operations, and smooth mode transitions are two

important issues for a reliable microgrid operation, which

includes several parallel PEIs. Generally, those issues can be

achieved via various compensation methods, such as virtual

impedance, droop coefficient, and control algorithm changes

[15], [16]. However, the mentioned methods may lead to

unacceptable voltage, frequency and current fluctuations [17],

which can damage the inverters, activate the protection relays,

and eventually cause to instability.

In order to guarantee fail-safe operation and avoid transient

instability phenomenon under large system faults, such as short

circuits, in renewable energy or microgrid applications, every

inverter in the system should be equipped with current-limiting

algorithms [18], [19]. To overcome this critical issue, reference

current limitation via saturated PI controllers [20] and virtual

impedance-based algorithms [21] are being commonly used.

However, both methods can lead to latch-up and wind-up prob-

lems, and eventually system instability [22], especially when

PEI-based DGs are combined with conventional generators

within the microgrid. Besides, undesired circulating power

between parallel inverters can lead to component overheat-

ing, reduced efficiency, instability [10], and DC-link voltage

increase [23]. This issue is examined for SA mode parallel
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Fig. 1. The microgrid system under consideration.

inverters in [10] via feeder impedance compensation and

in [23] using proportional-derivative (PD) DC-link voltage

controllers. Recently, a bounded integral controller (BIC) has

been proposed and used to limit the system current of parallel

inverters in SA mode [24]. However, GC operation, and SA to

GC or GC to SA transitions for parallel inverters have not been

examined. An improved version of BIC has been proposed as

state-limiting (sl) PI controller in [25] and applied to three-

phase GC inverters [26]. Nevertheless, the performance of this

controller for parallel inverters in SA or GC mode has not been

investigated yet.

To this end, in this paper, both the current limitation and

circulating power issues are being handled at the same time

by integrating the universal droop control dynamics into the

sl-PI controller and using a proportional DC-link controller,

respectively. The proposed method can achieve current limita-

tion and maintains the DC-link voltage under the given limit

at all times including SA to GC and GC to SA transitions,

and short circuits in both SA and GC modes, in parallel

three-phase inverter applications. Since the proposed method

does not require saturation blocks or control algorithm change

in its implementation, the integration wind-up and latch-up

problems are inherently solved. For a simple implementation,

the controller dynamics are designed to align the local inverter

current with d axis as in [26] instead of common approaches,

which align the inverter voltage with the d axis [20]. Moreover,

the small-signal stability of entire closed-loop system equipped

with the proposed controller is investigated. The effectiveness

of the proposed method is verified via extensive simulation

studies in Matlab/Simulink software.

II. MICROGRID SYSTEM MODELING

The system under consideration is a microgrid, which

includes three parallel three-phase inverters connected to in-

dividual loads and a point of common coupling (PCC) via

L filters and lines, as depicted in Fig. 1. The considered

system topology is similar to [23], however, in this paper,

the grid-side is also regarded to examine the GC operation

and transitions. The filter parasitic resistance and inductance

are described as Rf and Lf , while the line inductances and

resistances between the inverters are shown as LL1, LL2, RL1,

RL2, respectively. Individual resistive loads for each inverter

are denoted as RLoad1, RLoad2, and RLoad3. The line between

the PCC and main grid has a resistance Rg and an inductance

Lg , while grid-side abc frame voltages are denoted as vga, vgb,

and vgc, respectively. The DC side of the inverters includes

a DC-source, a diode, and a capacitor (Cdc) as adopted in

[3]. Common frame inverter voltages are given as VAi, VBi,

and VCi, where i denotes the inverter number. Following the

analysis from [27], the local frame inverter dq voltages are

obtained as
[

Vdli

Vqli

]

=

[

VDi cos δi + VQi sin δi
−VDi sin δi + VQi cos δi

]

, (1)

where δi = θi − θcom denotes the phase angle difference

between the inverter and common point. Then, the dynamic

equations for each inverter in the local dq frame are given as

Lf

didi

dt
= −Rf idi + ωiLf iqi − Vdli + Vdi (2)

Lf

diqi

dt
= −Rf iqi − ωiLf idi − Vqli + Vqi (3)



where idi, iqi and Vdi, Vqi represent the local dq frame inverter

currents and voltages, while ωi = θ̇i is the angular frequency

of the inverter. Hence, using (1) and local frame inverter cur-

rents, the inverter active and reactive power can be calculated

as

Pi =
3

2
[cos δi (VDiidi + VQiiqi) + sin δi (VQiidi − VDiiqi)]

Qi =
3

2
[cos δi (VQiidi − VDiiqi)− sin δi (VDiidi + VQiiqi)] .

(4)

As can be seen from (4), the power equations include nonlinear

terms. Therefore, any control effort including the widely ac-

cepted droop and PI controls will make the closed-loop system

nonlinear. In that case, since the linear theory-based controllers

may not guarantee the stable and reliable operation, especially

under large system faults, i.e., short circuits and transitions,

nonlinear theory-based controllers should be designed. To

this end, in this paper, a nonlinear controller is proposed to

guarantee the current-limiting property for each inverter at all

times, including the large system faults, while also preventing

the circulating power via the DC-link voltage control.

III. THE PROPOSED CURRENT-LIMITING AND DC-LINK

CONTROLLERS

In this section, the design steps for the proposed controller

are explained in detail. With the application of universal

droop control, the current-limiting property is achieved by

embedding P ∼ V droop equations into the nonlinear sl-

PI controller and the circulating power issue is resolved with

the integration of proportional DC-link controller into the

Q ∼ −ω droop equations. Local inverter current is aligned

with the d axis for a simple implementation and closed-

loop stability analysis as in [26], opposed to the common

approaches [20], which align the inverter voltage with the d

axis. Thus, the inverter side local dq frame voltages (before

the filter) are designed as control inputs and take the form

Vdi = Vdli + Emaxi sinσi − rviidi − ωiLf iqi (5)

Vqi = Vqli − rviiqi + ωiLf idi (6)

where Emaxi and rvi are the sl-PI controller parameters and

denoted as virtual voltage and resistor, respectively. ωiLf idi
and ωiLf iqi represent the decoupling terms, and σi is the sl-

PI controller state, which is designed to include P ∼ V droop

dynamics as below

σ̇i =
ci

Emaxi

[

(
√
2E

∗

− Vmaxi)− ni(Pi − Pseti)
]

cosσi

(7)

where ci is the positive sl-PI controller gain. As proven in [25],

if the initial condition of the controller state σi is selected as

σi0 ∈ [−π
2 ,

π
2 ], it is guaranteed that σi(t) ∈ [−π

2 ,
π
2 ] ∀t ≥ 0.

Besides, contrary to traditional saturated PI controllers, the

anti-windup property is inherently achieved with the proposed

method, since the integration is decelerated near the maximum

values, i.e., when σi → ±π
2 , σ̇i → 0.

Furthermore, the P ∼ V droop control is realized via

regulating (
√
2E

∗ − Vmaxi) − ni(Pi − Pseti) to zero with

the integration property of the sl-PI controller. In the droop

expression,
√
2E∗ defines the nominal maximum common

frame inverter voltage, Vmaxi is the maximum common frame

inverter voltage computed as Vmaxi =
√

V 2
Di + V 2

Qi, Pseti and

ni are the active power reference value and the active power

droop coefficient, respectively.

The closed-loop system dynamics can be obtained by

replacing the controller dynamics (5)-(6) into the system

dynamics (2)-(3) as below

Lf

didi

dt
= −(Rf + rvi)idi + Emaxi sinσi (8)

Lf

diqi

dt
= −(Rf + rvi)iqi (9)

As one can understand from (9), if initially iqi(0) = 0, then

iqi(t) = 0, ∀t ≥ 0. Thus, the analytic solution of (9) is

obtained as iqi(t) = iqi(0)e
−

(Rf+rvi)

Lf
t
. To this end, in order

to guarantee the inverter current limitation, the sl-PI controller

parameters can be chosen as Emaxi = (rvi + Rf )I
max
di ,

where Imax
di =

√
2Imax

rmsi and Imax
rmsi is the RMS current limit

provided by the inverter producers. Particularly, d axis current

idi and the sl-PI controller state σi remain in the intervals

[−
√
2Imax

rms ,
√
2Imax

rms ] and [−π
2 ,

π
2 ] ∀t ≥ 0, respectively as

proven in [28]. It is important to note that the current limitation

is ensured for the original nonlinear system and independently

of the large-signal system faults, including short circuits and

transitions. It is suggested that the readers refer to [25] for the

controller state-limiting property proven via nonlinear control

theory. Since it is proven that q-axis inverter current is always

zero, the power expressions (4) can be simplified as

Pi =
3

2
(VDi cos δi + VQi sin δi) idi

Qi =
3

2
(VQi cos δi − VDi sin δi) idi.

(10)

The angular frequency dynamics, which are necessary for abc

to dq transformations are designed to include Q ∼ −ω and

proportional DC-link controller as

ωi = ω∗ +mi (Qi −Qseti − kpi(Vdci − Vdcref )) (11)

where ω∗, mi, Qseti, kpi, and Vdcref are the nominal angular

frequency, reactive power droop coefficient, reactive power set

value, DC-link proportional controller gain, and reference DC-

link voltage, respectively.

IV. SMALL-SIGNAL STABILITY ANALYSIS

Although the current-limiting property for the parallel-

operated three-phase inverters is ensured in the previous sec-

tion, the closed-loop stability of the entire system equipped

with the proposed controller has not been investigated yet.

Hence, in this section, the main focus is to examine the

stability of i number of parallel inverters. Note that the line

dynamics have not been considered in the stability analysis due

to the page limitation, however, interested readers can refer

to [27] for the entire system modeling. Since it is ensured
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with the controller design that the q axis inverter current is

zero at all times, (9) can be omitted from the closed-loop

system analysis as it has been already investigated, separately.

Considering (7)-(8), δ̇i = ωi − ωcom, and DC-link voltage

dynamics in [3], the closed-loop state vector is constructed as

xi = [idi σi Vdci δi]
T . Root-locus analysis can be realized

for the entire system by calculating the equilibrium points

using (7), (8), and (11) as xei = [idei σei Vdcei δei]
T ,

where σei ∈ (−π
2 ,

π
2 ), and by linearizing (7)-(8) and (10)-

(11) and considering constant (or piecewise constant) PCC

voltage Vmaxi. Thus, the closed-loop system Jacobian matrix

can be computed as (12) for every inverter i. As a result,

the asymptotic stability of the given equilibrium point of

the closed-loop system will be guaranteed, if all system

eigenvalues are in left half plane.

Ji =













− (rvi+Rf )
Lf

Emaxi cosσei

Lf
0 0

−AiBi 0 0 −AiCiidei
3mL

Cdc
Bi 0 0 3mLidei

Cdc
Ci

3mi

2 Ci 0 −mikp − 3miidei
2 Bi













4i×4i

(12)

where Ai = 3cini cosσei

2Emaxi
, Bi = (VDi cos δei + VQi sin δei),

Ci = (VQi cos δei − VDi sin δei), and mL is the Vdc lineariza-

tion coefficient and can be calculated as 1
2Vdcref

as explained

in [3].

In Fig. 2, the eigenvalue spectrum of closed-loop system for

inverter 1 is demonstrated by changing the active power droop

coefficient n1 between 1% and 30%. The system and controller

parameters used to plot the eigenvalue spectrum are given in

Table I. As it is clear from Fig. 2, all eigenvalues are in left

half plane. Similarly, one can test the eigenvalue spectrum of

the other two inverters and realize that all eigenvalues are also

located at the left half plane. Thus, the considered equilibrium

point of the closed-loop system is asymptotically stable.

V. SIMULATION RESULTS

In order to test the proposed current-limiting controller

performance, a microgrid, which has three parallel connected

three-phase inverters as in [23] and [27] is designed in the

Matlab/Simulink software. Contrary to [23] and [27], which

have examined only SA inverter operation and have not

TABLE I
SIMULATED SYSTEM AND CONTROLLER PARAMETERS

Parameters Values Parameters Values Parameters Values

Pset1 20kW Pset2 10kW Pset3 6.5kW

Qset1 0VAR Qset2 0VAR Qset3 0VAR

RLoad1 25Ω RLoad2 20Ω RLoad3 38Ω

Lf 2mH Rf 0.1Ω n 0.00104

m 1.047× 10−4 E∗ 220V f∗ 50Hz

Vdcref 750V R1 0.23Ω L1 0.32mH

R2 0.35Ω L2 1.85mH kp 30

Cdc 1.1mF mL 6.5× 10−4 c 50000

ω∗ 2πf∗ rv 50Ω Imax
d

67.276A

Rg 0.5Ω Lg 2.2mH Smax 30kVA

considered the current limitation issue, in this section, both

the GC case and the SA to GC and GC to SA transitions are

investigated. Simulated system and controller parameters are

provided in Table I. The simulation starts in SA case (isolation

switch is open) and the system is quickly regulated to the

steady-state values as shown in Figs. 3 and 4 without any over-

current problem as seen in Figs. 5 and 6. Between t = 0.5s
and t = 0.6s, 0.01Ω load is connected in parallel to RLoad1

to test the SA case short circuit performance of the proposed

controller. Although there is a transient peak in the reactive

powers (Fig. 4), the frequencies (Fig. 7), and the maximum

voltages (Fig. 9) at the fault recovery time instant, those do not

affect the current-limiting property as illustrated in Figs. 5 and

6. Even after a large fault, the system responds very quickly

and almost immediately reaches to the steady-state. At t = 1s,

isolation switch is closed and grid connection is realized. As

can be seen from Figs. 6, 7, and 9, no current, frequency,

and voltage overshoot is induced and connection is achieved

very smoothly. Between t = 1.5s and t = 1.7s, a grid short

circuit fault is applied to the system. Even in this extreme

fault, the current-limiting property holds as shown in Figs. 5

and 6. Fig. 6 also justifies that the inverter current is aligned

to d-axis (iqi = 0) and this property is not influenced by the

large system faults. DC voltage of the inverters is provided

in Fig. 8. The transient changes in the DC-link voltages are

also acceptable, since the circuit components can tolerate small

overshoots. At t = 2.5s, GC to SA transition is conducted,

and all figures support that the transition is achieved smoothly

without any over-current or voltage encounters. At t = 3s,

the simulation ends. If one wants to check the steady-state

values of active powers and voltages according to the P ∼ V

droop equation, zoomed maximum voltage in Fig. 9 can be

used as a reference. To this end, the effectiveness of proposed

controller is demonstrated with extensive simulation studies

under several different scenarios that include both normal and

faulty conditions.
VI. CONCLUSIONS

In this paper, a nonlinear droop controller is proposed for

parallel operated three-phase inverters. The proposed method

can limit the inverter current via the sl-PI controller and

prevent circulating power via DC-link voltage control at all

times, including short circuit in SA and GC cases, and tran-

sitions. The closed-loop stability is investigated using small-

signal modeling and root-locus analysis of the system has been

demonstrated. The proposed controller performance is verified

through extensive simulation results.
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