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ABSTRACT 

A stable islanded microgrid operation is generally 

dictated by the adopted control strategy into the system. 

Droop control and master-slave control are the most used 

into parallel-connected inverters. However, the choice 

between the two is often performed in function of their 

complexity and that of the system configuration. It is rarely 

achieved in function of the microgrid dynamics. This paper 

proposes the system dynamics and stability as a criterion 

for choosing a microgrid control strategy. This is explored 

into the microgrid composed of photovoltaic and battery 

energy sources, as well as constant impedance load. The 

influence of inner current control loop parameters on 

microgrid dynamics, for both droop control and hybrid V-

f and PQ control, is achieved through Small-signal 

stability analysis. The obtained results determine the 

proper control strategy from stability limits of two control 

methods established in the left half complex plane.  

INTRODUCTION 

An islanded microgrid can be considered as a low-voltage 

three-phase or single-phase system operating without 

connection to the utility grid [1]. It consists of the 

interconnection of distributed energy generators, energy 

storage devices and local loads within remote areas. It is 

also characterized by inverters-based energy sources, 

leading to relatively low system inertia. This requires 

using a control strategy to ensure the system integrity and 

stability, and to maintain the system voltage magnitude 

and frequency in allowable range. Most of the adopted 

control strategies in the literature might be classified as 

centralized and decentralized methods [2]. Among these 

techniques, droop control and master-slave control appear 

as the most used in parallel-interfaced inverters within 

islanded microgrids [2]-[5]. However, the choice between 

the two is often made in function of their complexity and 

that of the microgrid in which they are applied. For 

example, in [4], a discussion about control strategies is 

presented. The authors are focused only on their 

complexity for establishing the droop control advantages 

compared with the control approaches based on 

communication. Reference [2] presents a state-of-the-art 

of control strategies of inverter-based microgrid. Although 

a comparison between different control approaches is 

done, it is based only on the criterion of power quality and 

of the implemented complexity.  

The choice is seldom made in function of the system 

dynamics and stability that might be caused by a control 

technique. This is generally dictated by the inner control 

loop, which is common to the droop control and to the 

hybrid grid-forming (V-f control mode) and grid-

following (PQ control mode) control applied in parallel-

connected converters. The impacts of this loop on the 

microgrid dynamics might be a better criterion, because its 

dynamics depends on the adopted control strategy. Small-

signal stability investigation of control methods can help 

identify scenarios when their stability limits can occur. 

This will aim to specify a proper control strategy that can 

ensure high microgrid dynamics. 

Stability issue has been investigated in the literature 

regarding parallel-interfaced inverters with droop control 

approach [5]-[6]. Although most of the papers are related 

to the droop coefficient impacts on microgrid dynamics 

and to the grid-forming inverters. Small-signal stability of 

microgrid with hybrid V-f and PQ control is not 

considered. Besides, a comparative analysis of the 

influence of their inner control loop on the system 

dynamics is not proposed.  

This paper proposes a criterion for choosing the control 

strategy to adopt between droop control and hybrid V-f and 

PQ control in order to coordinate an islanded microgrid 

composed of photovoltaic and battery energy sources, as 

well as constant impedance load. The considered criterion 

is based on the proportional-integral (PI) inner controllers’ 

gains on microgrid dynamics. Two small-signal dynamic 

models of this microgrid are derived respectively for the 

droop control and the hybrid control in the dq-synchronous 

reference frame. These models include together the grid-

following control dynamics of the photovoltaic inverter 

and the grid-forming control dynamics of the battery 

inverter, without any communication between them. The 

position of the dominant poles compared to the stability 

limits in the left half plane allows to determine the 

performance limits of each control technique and to choose 

the most robust one between the two proposed approaches. 

The paper is organized as follows: Section II presents the 

proposed topology of the islanded microgrid with control 

strategies. Section III gives small-signal stability models 

of this microgrid. This encompasses controller dynamic 

model, output filter and coupling inductance dynamic 

models, line and load models. This section also compares 

the dynamical performance of droop control and of hybrid 

control, depending on the inner current control loop 

parameters. Finally, section IV gives some conclusion. 

ISLANDED MICROGRID ARCHITECTURE  

Fig. 1 depicts the balanced three-phase islanded microgrid 
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composed of photovoltaic generator (PV), battery, and a 

constant impedance load represented by an inductance 

Lload and a resistance Rload. The two energy sources are 

connected to the system via bus 1 and bus 2, two specific 

inverters (photovoltaic inverter and battery inverter) and 

two distinct LC filters. In addition, DC-DC converter is 

inserted at the PV output in order to extract the maximum 

power (MPPT) of the PV. Constant impedance load is 

connected to bus 3. This one is supplied by both energy 

sources through two power distribution lines modeled by 

parameters Zline1 = Rline1 + jXline1 and Zline2 = Rline2 + jXline2.  
 

 
Fig. 1. Islanded microgrid architecture composed of 

photovoltaic and battery energy sources.  

Existing droop control 

Droop control can be applied to the islanded microgrid in 

Fig. 1 by combining two specific inverter control modes. 

PV inverter is controlled as a current source, while the 

battery one is controlled emulating the behavior of an ac 

voltage source. Fig. 2 and Fig. 3 present the adopted droop 

control structure in a dq-synchronous reference frame [7]. 

This hybrid control strategy aims that the PV inverter can 

control the injected active Pi  and reactive Qi power, and to 

contribute to regulate the voltage amplitude and frequency, 

as illustrated in Fig. 2. This one is composed of the droop 

control loops and of the internal current control loops 

implemented with PI controllers (represented by KPc and 

KIc). The droop loops set the current set points for the inner 

control loops through the droop coefficients for both 

voltage (mP) and frequency (nq).  

The battery inverter regulates the system voltage V02d and 

frequency ω based on the active Pi and reactive Qi  power 

at the inverter output through the reactive power droop 

kqbat and the active power droop kpbat, and Pi
∗and Qi

∗ are 

their reference as shown in Fig. 3.  It is composed of a 

droop control loop followed by an inner control loop made 

out of a voltage loop and an internal current loop based on 

PI controllers. Additional virtual impedance signals are 

also added at the voltage control loop input in order to 

enhance the droop control limitations due to the output 

resistive impedance of the inverter [3].  

 
Fig. 2. Droop control algorithm implemented into the PV 

inverter in dq-synchronous reference frame. 

The characteristic parameters in Fig. 2 and in Fig. 3 are 

defined bellow as 

 v01d  and v02d  represent the positive sequence 

component of the voltage at the output of 

photovoltaic inverter and of battery inverter, 

respectively. V01d
∗   and V02d

∗  are their reference 

values. v01q and  v02q are their quadrature 

components. 

 ω is the frequency measurement at buses 1 and 2. 

ω∗ its reference value.   

 
Fig. 3. Droop control algorithm implemented into the 

battery inverter in dq-synchronous reference frame. 

Proposed hybrid V-f and PQ control  

Hybrid control formulation  

The proposed hybrid V-f and PQ control into islanded 

microgrid shown in Fig. 1 is achieved without 

communication. This is made possible with node role 

identification based on load flow concept. This developed 

concept consists to classifying the microgrid buses into PQ 

node or slack node. Therefore, the connected nodes of PV 

inverter (node 1) and of load (node 3) can be identified as 

PQ buses. In this context, PV inverter is defined as slave 

(PQ control) with power factor set to unity. The setting of 

active and reactive power can be performed through direct 

and quadrature components of the current (i1d and i1q) as 

established by equations (5) to (6). Quadrature component 

of the voltage v01q is assumed to zero as explaining in [1].  
 

 Pi =
3

2
(v01di1d + v01qi1d)                                                (5) 

 

 Qi =
3

2
(v01qi1d − v01di1q)                                               (6) 

 

The battery inverter bus (node 2) is identified as a slack 

bus that must ensure power balancing within microgrid. It 

is considered as master able to impose a proper voltage 

magnitude and frequency (V-f control) into entire system.  
 

PQ and V-f control structures  

Control algorithms of PV inverter and of battery inverter 

are presented in Fig. 4 and Fig. 5, respectively. They are 

based on the PI controllers. The proposed PQ control 

structure in Fig. 4 is composed of two-loops control 

composed of DC voltage control loop and of current 

control loop. The external loop controls DC voltage Udc at 

the PV inverter input in order to enable the injection of 

maximum power produced by MPPT controller to the AC 

system. This loop also provides the set point to the direct 

component of the current i1d. Whereas, reference value of 

quadrature component of the current i1q
∗  is set to zero, 

because the power factor is chosen to be equal to 1. 

Fig. 5 illustrates the V-f control structure. It is composed 
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of two-loops, an external voltage loop and an internal 

current control loop. The external loop controls the system 

voltage amplitude via control of the direct and quadrature 

components of the voltage vo2dq. It also sets the reference 

values to the current control loop (i2dq). Note that 

feedforward terms Fio2dq and vo1(2)dq, and decoupling 

terms ωCf2vo2dq and ωLf1(2)i1(2)dq are added at the output 

of the two control loops. 

 
Fig. 4. PQ control structure implemented into the PV 

inverter in dq-synchronous reference frame. 

 
Fig. 5. V-f control structure implemented into the battery 

inverter in dq-synchronous reference frame.  

STABILITY ANALYSIS RESULTS 

Small-signal modeling of the droop control  

Fig. 6 gives the state-space model of the proposed islanded 

microgrid. It is composed of PV inverter model, network 

and load model, and of battery inverter model. Sub-models 

of controllers, LC filter and of coupling impedance form 

each inverter dynamic model. Controller model of each 

inverter consists of power control model and of inner 

control model. Most of the used mathematical formulation 

of the power control model is based on [6]. Inner control 

loops models depend on the grid-forming inverter and of 

grid-following inverter. 

 
Fig. 6. Small-signal model of islanded microgrid based on 

droop control approach. 
 

PV inverter small-signal model 

Equations (8) to (11) give the state vector [∆xinv1], 
dynamic matrix Ainv1, input matrix Binv1 and output 

matrix Cinv1 of the PV inverter dynamic model, as 

illustrated in Fig. 6. Where  

 δ is the phase angle. Pi and Qi are the output 

active and reactive power of the PV inverter. 

 βdq are the direct and quadrature components of 

output signal of the current comparator.  

 i1dq are the components of the current on  LC 

filter inductance. v01dq are the voltage 

components at the LC filter output. 

 i01dq are the current components at the LC filter 

output. 

 Ts is the transformation matrix which allows to 

translate the state-space model of the  network, 

load and of the inverter to the common reference 

frame of one of the individual inverters [6].   

 vo1(2)DQ and v3DQ are the obtained components 

of the voltage to the buses 1 to 3, in D- and Q-

axis common reference frame [6].  
 

[∆xinv1] = [∆δ  ∆Pi  ∆Qi  Δβdq  Δi1dq   Δv01dq  Δi01dq]
T
                     (8) 

 

Ainv1 = [

Ap 0 Bp

Fc1C1Cpω 0 Fc1C2 + Fc2

BLCLGc1C1Cpω BLCLCc ALCL + BLCL(Gc1C2 + Gc2)
]

11x11

            (9) 

 

Binv1 = [0 0 BLCl2Ts
−1]11x2

T   (10)  and  Cinv1 = [0 Ts]2x11                       (11) 
 

Submatrices of equations (9) to (11) are determined by 
 

Ap = [

0 −1/mp 0

0 −ωc 0
0 0 −ωc

] ; Cpω = [
0 0 −1/nq

0 −1/mp 0
] ; C2 = [

0
0

0
0

0
−mp/Vd

0
0

0
1

1
0
] 

 

C1 = [
nq/Vd

0

0
mp/Vd

]  ;  Bp = [
0
0
0

0
0
0

0
ωcIod

ωcIoq

0
ωcIoq

−ωcIod

0
ωcVod

−ωcVoq

0
ωcVoq

ωcVod

] ; Gc1 = [
KPc 0
0 KPc

] 

 

Fc2 = [
−1
0

0
−1

0
0

0
0

0
0

0
0
] ; Fc1 = [

1 0
0 1

] ; Gc2 = [
−KPc

ωLf

−ωLf

−KPc

1
0

0
1

0
0

0
0
] 

 

 BLCL = [
0

1/Lf

1/Lf

0
0
0

0
0

0
0

0
0
]
T

; BLCL2 = [
0
0

0
0

0
0

0
0

0
−RC/LC

−RC/LC

0
]
T

 

 

ALCL =

[
 
 
 
 
 
−Rf/Lf

−ω
1/Cf

0
0
0

ω
−Rf/Lf

0
1/Cf

0
0

−1/Lf

0
0

−ω
1/LC

0

0
−1/Lf

ω
0
0

1/LC

0
0

−1/Cf

0
−RC/LC

−ω

0
0
0

−1/Cf
ω

−RC/LC]
 
 
 
 
 

  ; CC = [
KIc 0
0 KIc

] 

 

Battery inverter small-signal model 

The developed global model is also referring to Fig. 6. 

Equation (12) defines the state vector. Where 

 i02dq are the current components at the LC filter 

output of battery inverter. v02dq are the voltage 

components at the LC filter output.  

 γdq are the direct and quadrature components of 

output signal of the voltage comparator. 

  i2dq are the components of the current on  LC 

filter inductance.  

Dynamic matrix Ainv2, output matrix  Cinv2  and input 

matrix Binv2 are given by equations (13) to (15).  
 

[∆xinv2] = [∆δ  ∆Pi  ∆Qi  Δγdq ∆βdq  Δi2dq   Δv02dq  Δi02dq]
T

          (12) 
 

Ainv2 =

[
 
 
 
 

Ap

G1Cpv

Fc1A1Cpv

BLCLFc1A1Cpv

0
0

Fc1Cv

BLCLFc1Cv

0
0
0

BLCLCC

Bp

G2

Fc1A2 + Fc2

ALCL + BLCL(Fc1A2 + Fc2)]
 
 
 
 

13x13

(13) 

 

Binv2 = [
06x1

06x1

−sinδo/LC

−cosδo/LC

−cosδo/LC

sinδo/LC
]
13x2

T

                                                       (14) 
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Cinv2 = [
Cpωi

CpTs
] = [

0
0
0

−mp
0
0

01x9

01x9

01x9

0
cosδo

sinδo

0
−sinδo

cosδ

]

3x13

                                            (15) 

 

Submatrices of the dynamic matrix are defined by 
 

G1 = [
1 0
0 1

] ; G2 = [
0
0

0
0

−1
0

0
−1

−Rv

0

0
−Rv

]; Cv = [
KIv 0
0 KIv

]  
 

 A1 = [
KPv 0
0 KPv

] ;  A2 = [
0
0

0
0

−KPv

0

0
−KPv

−Rv

0

0
−Rv

] 

Dynamical models of the line and of the load 

Small-signal models of lines and of constant impedance 

load are given in Fig. 6. Its matrices are equivalent than 

that proposed in [8]. iload and iline are the currents on the 

power distribution lines and the load impedance.  
 

Small-signal modelling of the hybrid control  
Fig. 7 depicts the small-signal model in which state-space 

model of lines and of load are the same than in Fig. 6.  
 

 
Fig. 7. Small-signal model of islanded microgrid based on 

hybrid V-f and PQ control approach. 
 

PV inverter state-space model 

Equations (16) and (17) give the state-space vector and the 

dynamic matrix of the PV inverter model in which  ϕdq 

represents the components of output signal of the DC 

voltage comparator (Fig. 4).  

[∆xinv1] = [Δϕdq Δβdq  ΔUdc Δildq   Δv0dq  Δi0dq]
T
                  (16) 

 

Ainv1 = [

0
FC1CV

BLC1GC1CV

0
0

BLC1CC

Bv2

FC1Dv2 + BC2

ALC + BLC1(GC1Dv2 + DC2)
]

11x11

(17) 

 

The submatrices related to equation (17) are given by 
 

Bv2 = [
−1
0

01x6

01x6
]; Dv2 = [

−KPv

0

01x6

01x6
];  Bc2 = [

0 −1 0 01x4

0 0 −1 01x4
] 

 

Dc2 = [
0 −KPc

0 ωLf

−ωLf

−KPc

1
0

0
1

0
0

0
0
];  ALC = [0 ALCL];   BLC1 = [

0
BLCL

] 
 

Battery inverter state-space model 

Equations (18) and (19) characterize this model.  

[∆xinv2] = [ Δγdq ∆βdq  Δildq   Δv0dq  Δi0dq]
T
                                 (18) 

 

Ainv2 = [

0
FC1Cv

BLCLGC1Cv

0
0

BLCLCC

Av2

FC1Ev2 + FC2

ALCL + BLCL(GC1Ev2 + GC2)
]

10x10

(19) 

 

Binv2 = [0  0  BLCL2Ts
−1 ]10x2

T  ;   Cinv2 = [0  0  0 0  Ts]2x10 
 

The submatrices of this dynamic model are determined by 
 

Av2 = [
0
0

0
0

−1
0

0
−1

0
0

0
0
]; Ev2 = [

0
0

0
0

−KPv

0

0
−KPv

F
0

0
F
] 

 

Modelling results 
Table I summarizes the main considered microgrid factors 

and the related parameters to small-signal dynamic models 

[6],[8]. Noted that the same characteristics of LC filters 

and of lines, and constant droop coefficients are used.  

The poles of the two developed dynamic models of the 

islanded microgrid in function of the two adopted control 

strategies are individually computed. Then, their 

sensitivity is examined through graphical mapping. The 

locations of the dominant poles are identified in the 

complex plane by considering the variation of internal 

current control loop gains. The loci of dominant poles 

related to the two derived models are explored in order to 

establish stability limits of each model.  
 

Table I Main Parameters of the system components 
Coupling 

impedance 
Inductance (LC) :0,5mH      Resistance (RC): 0,05Ω 

 

LC Filter Inductance (Lf): 5mH ; Capacitance (Cf): 200µF     

 fsw = 500Hz ; Resistor :Rf = 0,5Ω 

RL load 400V ; 30kW ; 0,25kVar ;  V0d = v0d
∗ = 320V  ; 

V0q = v0q
∗ =0   

Controllers Droop coefficients: kpbat = 9,4e−5 ;  kqbat = 1,3e−3  

                                mp = kpbat; nq = kqbat ; Rv = 0,2Ω 

Inner loops : ωnIn = 4000rad/s ; KIc = 53e3 ; KPc = 25,03 

Outer loops: ωnEx = 400rad/s ; KIv = 390 ; KPv = 0,14 

Damping factor ζ = 0,84 ; fn = 50Hz 

Sources Photovoltaic inverter : 30kW and Battery inverter : 30kVA 

Others F=0,98 ; δo = 1,9e−3 ; I0d = 11,4 A ; I0d = 1,25A 
 

Dominant poles given steady-state conditions 

Droop control method: Fig. 8. presents the poles plotted 

in the complex plane for given steady-state conditions. The 

corresponding modes are numbered from 1 to 5. Modes 1 

are related to power controller by real and reactive power, 

and phase angle. Second, modes 2 and modes 4 are linked 

to the internal current control loops. The obtained results 

show that oscillation frequencies of these poles are very 

close, while their damping factors are distinct for modes 2. 

The trajectory of these poles in the left half plane can be 

considered as a specific criterion to identify an adequate 

control strategy between two developed control methods.  

Then, modes 3 are due to the LC filter capacitance. Finally, 

modes 5 are associated to the coupling impedance and their 

localization is linked to the considered values of inductor 

and resistor. One negative real pole of the mode 5 is found 

as dominant pole in steady-state conditions.  

 
Fig. 8. Small-signal analysis results for the droop control  
 

Hybrid V-f and PQ control method: Fig. 9 shows the poles 

plotted in the complex plane. They are grouped in three 

groups numbered from 1 to 3. The related poles of group 1 

are associated to the internal current control loop. Whereas 

groups 2 to 3 are linked to the LC filter parameters and to 

the external voltage control loops. One conjugate pair of 

the complex poles 3 appear to be the dominant poles. The 

trajectory of poles 1 in the left half plane dictates the 

system dynamics and stability. Compared to the presented 

previous results in Fig. 8, damping factors of poles 1 

between the two inverters are close to each other.  
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Fig. 9. Small-signal analysis results for the hybrid V-f and 

PQ control approach. 
 

Comparison of the two small-signal models 

The comparison is made by considering the impacts of the 

value of the proportional gain Kpc of the current control 

loops, both for the droop control and hybrid control 

strategies. Fig. 10 and Fig. 11 show the results obtained by 

changing the value of the proportional gain. They show 

that the dominant modes 5 (Fig. 8) and modes 3 (Fig. 9) 

are less affected than the modes 2 and modes 4 (Fig. 10), 

and the modes 1 (Fig. 11), when decreasing the current 

controllers gain. Under these conditions, the system 

stability in Fig. 10 is mostly related to modes 2 and 4, 

while by the mode 1 in Fig. 11. Fig. 10 shows that all the 

poles are affected. It also shows that with the same 

proportional gain value, the stability limits are not the 

same for both parallel inverters. Poles 4 of the PV inverter 

become unstable before poles 2 of the battery inverter and 

of the PV inverter.  However, the situation can be 

improved with the hybrid control as illustrated in Fig. 11. 

 
Fig. 10. Impacts of proportional gain Kpc of the current 
control loops on the stability limits of the poles. Case of 
the small-signal model of islanded microgrid implemented 
with droop control: 0,10 ≤ 𝐾𝑝𝑐 ≤ 25,03 

 
Fig. 11. Impacts of proportional gain Kpc of the current 

control loops on the stability limits of the poles. Case of 

the small-signal model of islanded microgrid implemented 

with hybrid V-f and PQ control: 0,10 ≤ 𝐾𝑝𝑐 ≤ 25,03 

CONCLUSION 

System dynamics and stability have been explored in order 

to determine a proper control strategy able to coordinate 

an islanded microgrid composed of photovoltaic and 

battery energy sources, as well as constant impedance 

load. Droop control and hybrid V-f and PQ control have 

been introduced and compared from in-depth small-signal 

stability analysis. The developed state-space models of the 

microgrid related to each control method have been 

examined from the locations of dominant poles in the left 

half complex plane. The trajectory of these poles 

associated to the variation of inner current control loop 

gains have allowed to establish the stability limits of the 

two control approaches. The obtained results have shown 

that the hybrid control applied without communication 

provides better dynamical performance than droop control 

method.     
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