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Abstract—The rising world-wide trend toward developing clean energy resources has caused dispersed installation of renewable 

energy resources (RESs) in distribution grids. Microgrid (MG) concept is proposed as a key factor in optimal and secure integration of, 

mostly converter-based, RESs into power systems. One of the major challenges related to MG control is ineffectiveness of droop control 

in accurate power sharing which is affected by the feeder impedance. In this paper, a fuzzy-based consensus control protocol is developed 

to address this issue in multi-bus MGs (MBMGs). Consensus signals are inserted into the conventional droop controller as 

complementary part to overcome the drawback of the droop control in power sharing in MBMGs. Dynamic fuzzy coefficients of 

consensus signals are designed to model X/R ratio of the grid impedance in the control system. In addition, a novel small signal model 

of MBMG is developed, by considering the conventional droop control, MBMG power network and power lines impedance to design 

and assess performance of the control system. Consensus control is also incorporated into the proposed control system of MBMG to 

analyze the stability. Simulation results are presented to assess effectiveness of the control strategy in MATLAB\Simulink.   

 

Index Terms— Consensus Control; Power System Dynamic Stability; Fuzzy Control; Microgrid; Power Sharing; Small Signal 

Model; 

 

1. Introduction 

Global warming and environment concern have caused a world-wide trend toward using clean natural resources. In contrast to 

conventional power plants, renewable energy resources (RESs) are installed in power systems inherently in a distributed manner 

[1]. This causes a great revolution in power systems in terms of control and energy management. Microgrid (MG) has been 

introduced as a promising solution to adapt the conventional control strategies in the coming restructured modern power systems. 

In addition, MG concept provides extra benefits for consumers, by autonomous operation capability, which enhances the system 

reliability and energy efficiency by developing energy management system among distributed generation (DG) units and loads 

[2]-[3]. The MG concept is implemented by means of a hierarchical control system consisting of three control levels [4]-[5]:  
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 Tertiary level or MG central controller (MGCC), coordinated with upstream grid, responsible for scheduling and energy 

management [6]-[7].  

 Secondary level for power quality improvement [8]-[9].  

 Primary level for power sharing and voltage regulation while securing the stable operation of MG [10]-[11]. The primary 

level, which is the case in this work, involves the technical aspect of the control system from the power engineering point 

of view and plays an important role in proper operation of MGs, especially in the islanded mode [12].   

DG units are connected to the MG through the voltage source inverters (VSIs) to provide AC voltage at the power network side 

[13]. Due to the inherently distinct features of VSIs with conventional synchronous generators, a novel control strategies are 

required for power sharing and voltage regulation. Nevertheless, power engineers conservatively seek to employ traditional droop 

control scheme, which works well in bulk power systems, for the primary level in MGs [14]. The f-P droop control loop, which 

mimics the behavior of synchronous machines, has been proposed, for active power sharing among DG units in MGs [15]-[16]. 

The V-Q droop loop is also proposed for voltage regulation in MGs and also to distribute reactive power among DG units 

proportional to droop gains [13]. Droop control, with easy implementation, obviates high band-width communication network 

requirement and provides plug-and-play capability in MGs [17]. However, there are some problems in relation to this control 

system which should be addressed properly: 

1)  in conventional power systems, active power is controlled by frequency (rotor speed) because of the nature of 

synchronous machines and inductive impedance of transmission lines (high X/R ratio). While in MGs, the X/R ratio of 

grid impedance is not as high as in transmission grids, sometimes even less than one, which disarranges the frequency f-

P and V-Q control loops. In this regards, some works adopted V-P (f-Q) droop (boost) control loops in low voltage MGs 

in which the power network impedance is dominantly resistive [18]-[19]. Nevertheless, there is a cross-coupling between 

either the f-P and V-Q droop loops or V-P (f-Q) droop (boost) control loops in MGs where the X/R ratio is normally 

around one; 

2) in the power converter-based MGs, the active power is linked to the DC bus voltage, which is completely different with 

conventional synchronous generators. This is because of the slow response of primary micro sources, like fuel cell and 

micro turbine, to the output active power variation and load tracking. This, in turn, leads to voltage drop in the DC bus, 

which inspires some researchers to adopt Vdc-P droop loop for power sharing [20]. The DC voltage drop impact increases 

the modulation index over the maximum permitted value, which leads to voltage distortion in the AC side [21]. 

Consequently, distributed (installed on the DC bus) or concentrated energy storage units like battery or super-capacitors 

are proposed, as spinning reserve, to compensate slow response of micro sources [2], [10], [21].        
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3) the strategy in bulk power systems for voltage regulation is to retain voltage at the nominal value at generation buses 

through automatic voltage regulator (AVR) and at load buses through reactive power compensators. However, due to 

low impedance of the feeders in MGs, a small error in voltage regulation leads to circulating reactive current among 

VSIs. Besides, compensators do not work at unit power factor, which makes the power network exposed to resonance at 

industrial sites. Therefore, DG units are responsible for supporting reactive power as well as voltage regulation in MGs. 

To this end, the V-Q droop loop is used for reactive power sharing implementation. However, voltage drop over the 

feeder impedance makes the reactive power sharing inaccurate, which may impose small scale power converters to 

overcurrent conditions and cause circulating reactive current among DG units [22]; 

The insufficiency of droop controller in accurate power sharing in MGs has encouraged researchers to develop an effective method 

to implement power sharing precisely. The literature related to this issue could be divided into two main categories, which will be 

briefly introduced next.  

The first group of papers, which published from the early introduction of MGs till now, have addressed the accurate power sharing 

issues and presented stability analysis in simple parallel inverter-based MGs [22]-[29]. A control strategy based on adaptive virtual 

impedance is developed in [27] to have accurate reactive power sharing in islanded microgrids. DG units are considered in equal 

rates and the discrepancy in power lines parameters must be known in advance, which reduces the accuracy of the control strategy. 

[22] proposes a method for reactive power sharing by changing the V-Q slope and tuning corresponding droop gains. However, 

both of [22] and [27] need the reference reactive power which is not available in IM especially after transition from CM to IM. 

Besides, in transition between CM to IM, the operating point of the MG changes dramatically, especially if this happens in a fault 

situation. The method presented in [23] corrects the voltage droop characteristics to decrease the reactive power sharing error. 

However, the power quality distortion, additional power losses and complexity in implementing of control system are 

disadvantages of the method. The authors in [24] propose an adaptive droop controller to secure dynamic stability of power sharing 

in MGs. Derivative parts of P and Q are added to the conventional f-P and V-Q droop controls, respectively, and the corresponding 

gains are tuned adaptively according to output active and reactive power variations. It focuses on the stability improvement of 

droop controller, but reactive power sharing is not addressed properly. With investigating the complex impedance effect on the 

droop control performance, a virtual complex impedance is proposed in [25] to decouple active and reactive power droop 

controllers. It mostly deals with VSI’s output impedance design, and reactive power sharing is still an issue. A virtual impedance-

based method is proposed in [26] for fundamental and harmonic load sharing with voltage harmonic compensation. Although the 

method improves the reactive and harmonic power sharing, reactive power sharing is not implemented accurately. In [28] an 

improved droop control strategy is proposed to achieve accurate reactive power sharing between two identical DG units with 
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asymmetrical feeders. It is based on communication link and accuracy of power sharing between unequal DG units is not clarified. 

A decentralized method for accurate reactive power sharing and securing dynamic stability of V-Q control loop is presented in 

[29]. However, the reactive power reference estimation process would be less accurate in networked MGs, as DG units do not 

have the access to real time feeder parameters without employing high band-with communication link.  

Generally, despite of the considerable efforts done in these works, presented methods are straightforward for parallel DG units 

but not for the multi-bus MGs (MBMGs). Besides, the simple parallel connection of DG units seems to not be very common, 

because of the dispersed installation of DG units in the radial distribution grids. Hence, the new group of research has been done 

to address the power sharing issue in networked or MBMGs [30]-[33]. These works are mostly based on consensus control system 

by using the low band-width communication network which is already installed in the MG to communicate between control levels, 

to send and receive local data to adjacent DG units. Schiffer et al. elaborate dynamic stability of consensus control for reactive 

power sharing in MGs with dominantly inductive power lines [30]. In [31] virtual impedance is adjusted by means of consensus 

control signals to establish precise reactive power sharing among parallel DG units. The feeder’s impedance is considered 

dominantly inductive and the stability analysis is done regardless of the grid topology influence on the control system. In [32] a 

consensus control is adopted in the secondary level to address power sharing issues in MBMGs with dominantly inductive 

impedance. Only V-Q control loop is considered in the small signal model, while the MG topology and f-P droop loop are not 

inserted in the system model for stability analysis. In [33] a consensus-based droop control approach is developed to obtain 

accurate active and reactive power sharing in either dominantly inductive or resistive networked MG. However, the presented 

methods do not deal with X/R ratio variation of the grid impedance, and the power network model is not considered in the stability 

analysis properly. 

In this work, a novel fuzzy-based consensus algorithm is developed to achieve accurate power sharing in MBMGs. In the proposed 

method, fuzzy logic is adopted to model X/R ratio of the interconnecting power lines into the consensus signals, so that, regardless 

of the nature of feeder impedance, DG units are properly participated in accurate power and reactive sharing. The proposed 

dynamic fuzzy controller adjusts consensus signal ratios considering the MG operating point and X/R ratio of individual 

interconnecting lines between DG units. Therefore, the developed model is applicable to any MG with arbitrary topology and X/R 

ratio of grid impedance.  

In order to conduct the stability analysis a novel small signal model is required by which the interaction of droop controllers as 

well as cross coupling effect are realized rather than taking the small signal model of only individual power converters conducted 

in [22]-[33]. In this regard, the authors proposed a novel small signal model in [34]. However, the accurate reactive power sharing 

and incorporating the corresponding controller model into the small signal model of MBMG are not addressed. In present paper, 
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a novel state-space model for MBMGs is developed in which f-P and V-Q control loops of all individual droop controllers are 

modeled based on their interaction through the power network. Drawing the root locus of the proposed small signal model with 

respect to feeders’ impedance variation, shows eigenvalue movement to the unstable region after decreasing the X/R ratio of the 

interconnecting power line impedance. Finally, the proposed consensus control is modeled into the proposed system model to 

analyze the stability and performance of the control system. In the next section, the small signal model is developed, and the fuzzy-

consensus control is proposed in Section 3. Stability analysis is presented in Section 4. Then simulation results show the 

effectiveness of the proposed method in Section 5, and finally conclusion is drawn in Section 6.  

2. MBMG Small SIGNAL MODEL 

2.1. MBMG Structure 

The MBMG architecture is depicted in Fig. 1. Each DG unit is connected to its related bus via power converter interface. Adjacent 

buses are connected to each other by low voltage interconnecting power lines, in arbitrary radial or meshed topology, as well  as 

low band-width communication links. 

 

Fig. 1.  MBMG topology 

2.2. Small Signal Model  

In order to develop the MBMG small signal model, first we need to obtain the power flow equations. For the power flowing from 

bus i to bus j, we have: 



 6 

ijij

jjii

ij
Z

VV
I










~                                                                             (1) 

ij

ijjijiiji

ijiij
Z

VVV
IVS

)(.~
.

~~
2

*  
                                       (2) 

 

ij

ijjiji

ij

iji

ij
Z

VV

Z

V
P

)cos(..)cos(.
2

 
                                    (3) 

ij

ijjiji

ij

iji

ij
Z

VV

Z

V
Q

)sin(..)sin(.
2

 
                                     (4) 

 

where 
iV  is the voltage phasor at bus i, Vi and δi are the voltage magnitude and phase angle at bus i, respectively, Ĩij, S̃ij, Pij and Qij 

are the current phasor, complex power, active power and reactive power flowing from bus i to bus j, respectively. Zij and θij are 

the magnitude and the phase angle of the impedance of the interconnecting line between bus i and j, respectively. By expanding 

the second terms of right hand sides of (3)-(4), we have: 
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where δij =δi –δj. At each bus, the power flow equations are: 
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where Pi and Qi are the generated active and reactive power, respectively, ij is the entry of adjacency matrix which is 1 if the ith 

bus is connected to jth bus and 0 if they are not connected buses. To control the output active and reactive power of DG units in 

the autonomous MGs, by employing conventional f-P and V-Q droop control at VSIs, we have:  

0i pi ik P                                                                (9) 

, 0i ref qi iV V k Q dt                                                       (10) 

where ωi & Vi,ref  (ω0 & V0 ) are the operating (nominal) angular frequency and voltage magnitude, respectively, kpi & kqi are the f-

P and V-Q droop coefficients respectively, 
iP  and 

iQ  are the output average active and reactive powers of DG units, respectively, 

which are given by passing instantaneous active and reactive power through the low pass filter. In order to define state variables 

of the MBMG, we have: 
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The V-ʃQ.dt droop control is adopted to improve reactive power sharing among DG units. So Substituting (9) into (11) and 

employing V-ʃQ.dt droop control for islanded operation of MBMG we have: 

0 .
ii pi i i p ik P or k P  
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, 0 . .i ref qi i i qi iV V k Q dt or V k Q


                                         (13) 

 

The VSI’s inner control loops (voltage and current) track the reference values with fast response in comparison to droop control. 

Therefore, their dynamics are ignored here. The other component which influences the dynamics of MG system is the low-pass 

filter which is used to achieve the average values of active and reactive power. In order to embed the first order filter, with the 

transfer function of ωc/(s+ωc) in the system model, from (12) and (13) we have: 
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Now we define the state variables as: 

nifor :1  

1 2 3 4, , ,i i i i i i i ix x x V x V                              (16) 

where n is the number of MBMG buses. From (7)-(8) and (14)-(16), the small signal mathematical model of MBMG is obtained 

as: 
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where index i denotes the ith DG unit, and ΔPij & ΔQij denote the flowing active and reactive power variation from bus i to bus j, 

ΔPLi & ΔQLi are the active and reactive load variation of the ith bus, which are considered as a disturbance to the system. To get the 

Jacobian matrix, by linearizing of (5) and (6), we have: 
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where 
ijijijijijij ZZ /)sin(&/)cos(    , and the zero index denotes the values at the nominal operating point, which are 

achieved by running power flow study. Finally, the overall state space model of MBMG is achieved by (23): 
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The block diagram of the MBMG system is shown in Fig. 2, where the double line arrows denote vector quantities. The related 

block diagram consists of two control loops, δ-ʃP.dt and V-ʃQ.dt, which are coupled by the Jacobian matrix Jij (the linearized form 

of power flow equation in the power network). 
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Fig. 2.  Block diagram of droop-based control system for islanded MG. 

The eigenvalue loci of the droop-based control system in MBMGs with respect to decreasing X/R ratio of the grid is depicted in 

Fig. 3. A comparison is made between the developed Power Network (PN-based) model in this paper and the conventional Parallel-

based (P-based) model [24]. In conventional P-based models, the overall small signal model of MG is obtained by transferring the 

small signal model of each VSI to a given reference frame. The transformed variable is usually the d-q components of the VSI 

output current which flows through the interconnecting power line. By contrast, in the proposed PN-based  model, power flow 

equations are used to model the interaction of δ-ʃPdt and V-ʃQdt controllers at individual DG buses via the power network 

(considering that the state variables are voltage magnitude and phase angle). The PN-based model reveals unstable regions which 

the conventional parallel based model does not show.  

 

Fig. 3. Root locus of the Power network-based (PN-based) MBMG's small signal model with respect to decreasing the grid inductance (and X/R ratio). 

3. MBMG CONTROL SYSTEM 
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The insufficiency of droop control is the essential challenge of accurate power sharing in MBMGs which should be dealt with. 

According to Fig. 2, the conventional f-P and V-Q control loops are decoupled loops if they are separated in the Jacobian matrix. 

The grid impedance should be dominantly inductive or resistive to decouple P and Q control, which is not feasible in MGs. So, 

the low X/R ratio of grid impedance is a restriction on decoupling the conventional f-P and v-Q droop control loops in MGs. 

Moreover, the voltage drop along the interconnecting power line (feeder) causes the reactive power sharing inaccurate. In this 

paper, fuzzy consensus control is adopted to overcome the MG control disadvantage in precise power sharing. 

3.1. Consensus Control 

The low band-width communication network is required in MGs to send and collect data, P, Q, f and V reference values, to DG 

units, especially in the tertiary and secondary levels for energy management and power quality improvement purposes. So, it can 

be benefited in the primary level to improve droop control performance. The consensus signals are considered as input signals to 

the controller system as: 

)(.
1

, ji

n

j

ijiconsi k   




                                                    (27) 

where γ is the consensus signal, kcons is the consensus control gain, and Ψi and Ψj are the relevant variable of ith and jth adjacent 

units which should reach consensus.       

3.2. Consensus signals in MG 

DG units in MGs are usually of small scale capacity. To prevent DGs from being overloaded, or even MGs from being collapsed, 

power sharing is implemented among DG units in MG proportional to their capacity, according to (28)-(29) [2], [35]. 

npniippp PkPkPkPk  ........ 2211
                                      (28) 

nqniqiqq QkQkQkQk  ........ 2211
                                   (29) 

Consensus control is adopted to modify droop controller signals in (12)-(13) to reach precise power sharing as: 

0 , .i pi i cons pi pik P k                                                       (30) 

, 0 , .i ref qi cons qi qi
i

V V k Q dt k                                                 (31) 

where γpi and γqi are consensus control signals and kcons,pi and kcons,qi are the related gains for improving power sharing which are 

adjusted so that the desire control performance is achieved. In order to achieve power sharing target in (28)-(29), the consensus-

based signals are defined as: 
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where index i is the ith DG unit, n is the number of the DG units, kpi and kqi are droop coefficients and Pi & Qi are output power of 

ith DG unit, φ11ij, φ12ij, φ21ij, φ22ij are fuzzy set coefficients which are inserted into the consensus signal to model the R/X ratio of 

power lines effects in power sharing.  

3.3. Fuzzy Consensus Coefficients 

In the MGs with small feeder impedance and low power capacity, the Δδ of adjacent buses is small. So, from (5)-(6) we obtain: 
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According to (34), and noting that the frequency variation dynamically controls the phase angle, we have: 

if   X/R >> 1 :  sin(θij) ≈ 1 & cos(θij) ≈ 0   →   P  f     &    Q   V 

if   X/R << 1 : sin(θij) ≈ 0 & cos(θij) ≈ 1   →   P  V    &    Q  -f 

The above two rules represent a Boolean 0 & 1 logic which is not applicable in MGs, as the X/R ratio of the grid normally changes 

around 1 (none of X/R >> 1 & X/R << 1 is true). Hence, both the active power and reactive power in MGs are dependent on both 

the voltage magnitude and frequency, as represented in (30)-(33). Nevertheless, the X/R ratio of the interconnecting line impedance 

determines to what extent the active power and reactive power are controlled by the voltage magnitude and frequency. To this 

end, fuzzy logic is proposed to adjust control gains, φ11, φ12, φ21, φ22 in (32)-(33), according to the X/R ratio of power line 

impedances. 

3.3.1. Fuzzy Controller 

The Fuzzy Interface System (FIS), illustrated in Fig. 4 (a), consists of the following parts: 

a) Inputs (Fuzzification): As the fuzzy logic acts based on the "degree of truth" rather than the common 1 or 0 Boolean 

logic, the input signals are normalized between 0 and 1. The regulated (per unit) inputs of the fuzzy controller are defined 

as: 

1) Sin (θij); θij is the phase angle of the ijth interconnecting power line. This input reflects the X/R ratio of the feeder into the 

consensus controller. sin (θ) is used for normalization and to better reflect its effects according to (34). 

2) (kpi.Pi-kpj.Pj) / |ω0 - ωmin|; the error in power sharing (ΔPerror) is divided by the permitted band of the angular frequency 

variation (Δωtolerable). It is worth noting that in the conventional f-P droop loop, kpi is selected so that kpi.Pni=|ω0 - ωmin|, 
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where Pni is the nominal power of DG i and ωmin is the minimum tolerable angular frequency. This input is named 

ΔPerror/Δωtolerable in the FIS.  

3) (kqi.Qi-kqj.Qj) / |V0 - Vmin|; the error in reactive power sharing (ΔQerror) is divided by the permitted band of the voltage 

magnitude variation (ΔVtolerable). It is worth noting that in the conventional V-Q droop loop, kqi is selected so that 

kqi.Qni=|V0 - Vmin|, where Qni is the nominal value of reactive power delivered by DG i and Vmin is the minimum tolerable 

voltage magnitude. This input is named ΔQerror/ΔVtolerable in the FIS. 

b) Outputs: The outputs of the Fuzzy Interface System (FIS) are consensus signal coefficients: φ11, φ12, φ21, φ22.   

c) Membership function (MF): relevant fuzzy membership functions need to be developed to reflect the effectiveness and 

importance of the normalized input signals to the fuzzy rules and fuzzy rules to the normalized outputs. In the developed 

FIS for the fuzzy-based consensus control, the Gaussian curve membership function (gaussmf) is adopted to achieve 

smoothness and concise notation. The Generalized bell-shaped membership function (gbellmf) is also used in the FIS. 

The gbellmf has more flexibility than gaussmf to approach non-fuzzy values, e.g. values of input 1 which are closed to 0 

or 1; see Fig. 4(b). 

d) Fuzzy rules: In order to design the proposed fuzzy controller, it is important to define proper if and then rules which are 

applied to the input signals. According to the input value, a fuzzy term is assigned to the input. The abbreviations of 

assigned fuzzy terms are: Extremely Small (ES), Very Small (VS), Small (S), Medium (M), Large (L), Very Large (VL), 

and Extremely Large (EL). On the other hand, these fuzzy terms are assigned to outputs’ membership functions. Then 

fuzzy rules map the input fuzzy terms to the output fuzzy terms so that the control targets are validated. The first input is 

constant input to the fuzzy controller, and the second and third inputs are dynamic inputs inserted to the fuzzy controller. 

So, we should design a dynamic fuzzy controller to tune consensus coefficients dynamically by defining suitable fuzzy 

rules. The deduction which leads to defining fuzzy rules are presented as: 

1) Input 1 determines the dependency of ΔPij and ΔQij on Δδij and ΔVij. So for each value (fuzzy term) of input 1, fuzzy rules 

select an appropriate value (fuzzy term) from individual outputs based on (34). 

2) Input 2 reveals the amount of inaccuracy in active power sharing. So the value of relevant fuzzy gains is designed to get 

the desirable dynamic performance, the larger inaccuracy, and the larger fuzzy gains.   

3) Input 3 reveals the amount of inaccuracy in reactive power sharing. This input is important from two aspects: 1) the 

corresponding fuzzy gains are selected to get desirable dynamic performance; 2) in contrast to active power sharing, 

reactive power sharing is not implemented well, initially by V-Q droop control, because of voltage drop along the feeder 

and feeder impedance mismatch which are dependent on the MBMG structure. Hence (kqi .Qi -kqj.Qj), which is inserted 
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into (32), might be large and cause the frequency going beyond the permitted limit. So the output φ12 should be smaller 

for large values of input 3. 

The FIS diagram and output surface for second output (φ12) are depicted in Fig. 4, and the fuzzy rule table for "Mamdani" FIS is 

given in Table I. 

 

(a) 

 

(b) 
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(c) 

Fig. 4.  FIS for the consensus control, (a) FIS diagram including 3 inputs and 4 outputs (b) Membership function for input 1. The ES and EL terms are 

represented by gbellmf and other values are represented by gaussmf, (c) Output surface for output 2 (φ12) 

TABLE I: FUZZY RULES 

Input1 EL VL VL VL VL L L L L M M M M S S S S VS VS VS VS ES 

Input2 - - S M L - S M L - S M L - S M L - S M L - 

Input3 - - S M L - S M L - S M L - S M L - S M L - 

Φ11 EL VL VL VL VL L L L L M M M M S S S S VS VS VS VS ES 

Φ12 ES VS S VS ES S M S VS M L M S L VL L M VL EL VL L EL 

Φ21 ES VS EL VL L S VL L M M L M S L M S VS VL S VS ES EL 

Φ22 EL VL VL VL VL L L L L M M M M S S S S VS VS VS VS ES 

The abbreviation assigned to fuzzy terms are: Extremely Small (ES), Very Small (VL), Small (S), Medium (M), Large (L), Very Large (VL), and Extremely Large 

(EL). 

4. STABILITY ANALYSIS 

In Section 2, the small signal model of MBMG is developed considering the interaction of droop controllers at DG units via the 

power network. The consensus control should be inserted to the model to assess the stability of the control system. From (30) and 

(31) we have: 

,ii p i cons pi pik P k                                                 (35) 

0 ,i qi i cons qi qiV V k Q k                                               (36) 

 

After modeling low pass filter transfer function (ωc/(s+ωc)) in (35)-(36), for ith DG unit we have: 

,

1
i

n

i c i c p ij ij c cons pi pi

j

k P k      


                                    (37) 

,

1

n

i c i c qi ij ij c cons qi qi

j

V V k Q k    


                                    (38) 
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We define new state variables as:  

nifor :1  

T

ci i i i i pi qix V V   
  

      
  

                                       (39) 

 

With the same process similar to (16)-(23) the state-space model of the consensus-based droop controller is obtained. The dominant 

eigenvalue loci of the consensus-based droop control is depicted in Fig. 5. The movement direction are aligned with increasing 

the consensus gains. While some modes are improved with adopting consensus signals and increasing relevant gains, some other 

modes are moving toward unstable region, which must be considered in selecting control parameters. Nevertheless, as it is 

investigated in the simulation results and in the discussion section, the proposed fuzzy consensus control provides both desirable 

dynamic performance as well as dynamic stability. 

 

Fig. 5.  Dominant eigenvalue loci of the consensus-based droop control system in respect to consensus gains variations, the movement direction is toward 

increasing the corresponding consensus gains.   

5. SIMULATION RESULTS 

The MBMG given in Fig. 6 is simulated in the MATLAB/Simulink on a high-performance Linux cluster to evaluate the 

effectiveness of the proposed fuzzy-consensus control method. The data related to the DG units and feeders’ impedance at each 

case is given in Table II, where the X/R ratio as well as the contribution of DG units in power sharing are considered different to 

assess the performance of the proposed method. The disconnector switch S12 is embedded into the MG’s power network for 

topology maneuver purposes as the meshed topology improves reliability of the system.  
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TABLE II: MBMG DATA 

Case 1 

X/R≈4 

S12 : open 

DG units DG 1 DG 2 DG 3 

kp 1e-5 1e-5 1e-5 

kq 0.5e-3 0.5e-3 0.5e-3 

Grid Line 12 Line 13 Line 24 Line 34 

Resistance(Ω) - 0.04 0.052 0.028 

Inductance(H) - 5e-4 6.5e-4 3.5e-4 

Case 2 

X/R≈1 

S12 : open 

DG units DG 1 DG 2 DG 3 

kp 0.5e-5 1e-5 1e-5 

kq 0.25e-3 0.5e-3 0.5e-3 

Grid Line 12 Line 13 Line 24 Line 34 

Resistance(Ω) - 0.08 0.072 0.096 

Inductance(H) - 2.5e-4 2.25e-4 3e-4 

Case 3 

X/R≈2 

S12 : closed 

DG units DG 1 DG 2 DG 3 

kp 0.5e-5 1e-5 1e-5 

kq 0.25e-3 0.5e-3 0.5e-3 

Grid Line 12 Line 13 Line 24 Line 34 

Resistance(Ω) 0.043 0.048 0.063 0.0336 

Inductance(H) 2.25e-4 2.5e-4 2.25e-4 3e-4 

 

 

Fig. 6.  The simulated MBMG. 

Case 1: In this case, all DG units are considered equal in terms of capacity and their contribution in power sharing. The switch S12 

is open in this case. The simulation results are illustrated in Fig. 7, for conventional and fuzzy consensus-based droop control. 

Load change is considered as disturbance at t=3 seconds. Despite of the active power sharing which is implemented properly, the 

reactive power sharing is not implemented precisely via the conventional droop control. The proposed fuzzy consensus control 

can achieve both accurate active and reactive power sharing, as show in Fig. 7(c) and (d). Performance of the proposed control 

method is also evaluated when a large disturbance takes place in the MG. DG 2 is switched off and on at t=2 and 4 seconds, 

respectively, while the control system is stable and accurate reactive power sharing is established. To this end, the consensus terms 

related to VSI 2 at adjacent controllers must be neglected; otherwise it makes the control system unstable. Moreover, the 

communication network topology is also effective which is discussed in the discussion section (Section 6).  
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

Fig. 7.  The simulated results for Case 1, (a), (b) active and reactive power sharing with the conventional droop control (load change takes 

place at t=3 as disturbance), (c), (d) active and reactive power sharing with the proposed fuzzy consensus control (load change happens at t=3 

as disturbance), (e) reactive power sharing with the proposed fuzzy consensus control when a large disturbance happens (VSI 2 is switched off 

at t=2 and switched on at t=4); reactive power sharing is established properly and the system is stable. 

 Case 2: In this case, the contribution of DG 1 is twice as those of DG 2 and DG 3 in power sharing. The switch S12 is open. Fig. 

8(a) shows performance of the conventional droop control. The contribution of DG 1 is almost zero in supporting the reactive 

power, because of the larger impedance between DG 1 and load center in comparison to other DG units, which indicates 

insufficiency of V-Q droop control. On the other hand, the control target is achieved via the proposed fuzzy consensus control, 

while the X/R ratio of the feeders’ impedance is one; see Fig. 8(b). The dynamic consensus coefficients obtained from fuzzy 

controller are shown in Fig. 8(c).  
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(a) 

 

(b) 

 

(c) 

Fig. 8.  The simulated results for Case 2, (a) reactive power sharing with the conventional droop control (load change happens at t=3 as 

disturbance), (b) reactive power sharing with the proposed fuzzy consensus control (load change happens at t=3 as disturbance), (c) dynamic 

fuzzy coefficients. 

Case 3: In this case, the switch S12 is closed to evaluate effectiveness of the proposed method in an MG with meshed topology, 

which is adopted to improve reliability of the system. Nevertheless, the meshed topology is challenging in terms of control system 
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and protection scheme design. Fig. 9 compares the performance of the proposed fuzzy consensus with the conventional droop as 

well as the conventional consensus control presented in [32]. The unsatisfactory performance of the conventional droop control 

in reactive power sharing in Fig. 9(a) is improved, to some extent, with the conventional consensus control. Although accurate 

reactive power sharing is achieved through consensus control, the response time is slow as it takes 3 seconds to establish reactive 

power sharing. This is because of the cross-coupling effect between f-P and V-Q droop loops in MGs with low X/R ratio. Moreover, 

the f-P droop loop seeks to alter the phase angle so that the accurate active power sharing is established. While, the phase angle 

variation inversely influences the reactive power (34), which enforces researchers to adopt f-Q boost loop [19]. As the result, more 

control effort and more time are needed for reactive power sharing to be achieved precisely. This, in turn, may put power converters 

to over current situations and also may actuate protective relays. On the other hand, the proposed fuzzy consensus control shows 

enhanced dynamic performance by taking X/R ratio of the feeder impedance into account. 

 

(a) 
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(b) 

 

(c) 

Fig. 9.  The simulated results for Case 3, (a) reactive power sharing with the conventional droop control (load change happens at t=3 as 

disturbance), (b) reactive power sharing with conventional consensus control (load change happens at t=3 as disturbance), (c) reactive power 

sharing with the proposed fuzzy consensus control (load change happens at t=3 as disturbance). 

6.  DISCUSSION 

In this section, the performance and stability of the proposed method as well as communication links are discussed. 

Performance: The insufficiency of the droop control in reactive power sharing is illustrated in Fig. 7 (b) which leads to circulating 

reactive current between DG units. This, in turn, inflicts electrical losses in the MG and imposes DG units to overloading or even 
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instability of the MG (by tripping overload relays). On the other hand, the fuzzy based consensus control system, establishes 

reactive power sharing accurately, according to the droop gains as shown in Figs 7(d), 8(b) and 9(c). The constant and dynamic 

fuzzy coefficients are obtained properly to make the control signal consistent with control variables as well as to model the X/R 

ratio of grid impedance as shown in Fig. 8(c) (in the case 2 where X/R ≈1).  

Stability: The simulation results prove that the consensus control system is stable as confirmed by Eigen-analysis in Fig. 5. It is 

expected as the consensus control returns system outputs as feedback into the control system. Although, the method presented in 

this paper only considers control system performance in the control parameter determination process (as fuzzy gains), the 

defuzzification of the fuzzy parameters needs stable band of the control parameters to be available. Some control methods, like 

output feedback control method, may be adopted to determine secure band of the control parameters, which is beyond of the 

purposes of this paper.  

Communication network: in the consensus control, exchanging control signals takes place between adjacent controllers, which 

demands an uncomplicated communication infrastructure. Nevertheless, the performance of the control system in large 

disturbances depends on the communication network. For instance, to make the plug-and-play or fault-ride through capabilities 

feasible in the MG, other DG units must still be connected to the rest of MG through communication links when a DG unit is 

disconnected from the MG. This issue falls in the communication network design category and a compromise should be made 

between costs and desirable reliability in the investment process of MG. In Case 1, one DG is switched off to assess the 

effectiveness of the proposed method in the large disturbance. Although the proposed method satisfies the control targets, it 

depends on the communication network structure as illustrated in Fig. 10, by a simple example.  

  

Fig. 10. A simple example on the impact of communication network topology on the performance of consensus controller when a DG unit is 

disconnected from the MG, (a) the control system would be stable if DG 2 is disconnected, provided that the consensus signals from DG 2 are 

also disconnected from DG 1 and DG 3, (b) the control system would not be stable if DG 2 is disconnected, unless a bypass is provided to 

connect consensus signals from DG 1 to DG 3 through DG 2. 

7. CONCLUSION  

In this paper, a novel fuzzy-consensus control system is proposed for accurate power sharing for islanded MBMGs where 

conventional f-P and V-Q control cannot be decoupled. In the presented method, consensus signals are designed by adopting 
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dynamic fuzzy parameters which reflect the power network impedance into the controller. The related fuzzy coefficients are 

adjusted considering the X/R ratio of the interconnecting power lines and the permitted band of frequency and voltage variation. 

The fuzzy interface system with three inputs and four dynamic outputs as well as related rule table are presented in the paper in 

detail. A novel small signal model for MBMGs is also developed to assess the stability and performance of the closed loop system. 

The power network is incorporated to model the f-P and V-Q control loops properly. The eigenvalue loci of the developed state 

matrix showed unstable region in relation to the power network impedance. Finally, consensus control is modeled in the small 

signal model to analyze the stability of the proposed control system. Simulation results in MATLAB/Simulink, prove the 

effectiveness of the proposed control system. In a general view, fuzzy consensus control provides accurate power sharing with 

desirable dynamic performance in MGs and improves the stability, however, in comparison to easy implementation of 

conventional droop control, it enforces some extra costs and complexity to the control system. 
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