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Abstract—This paper deals with the voltage and frequency
restoration problem for a droop controlled islanded microgrid
(MG). A consensus based distributed control is proposed for
voltage/frequency restoration of MG which allows all the
distributed generator (DG) unit voltage magnitude and operating
frequency to converge to the nominal values even with different
communication topologies. The proposed control scheme is
distributed in nature thereby eliminating the risk of single point
failure because no central controller is required. Here, DG
units need to communicate with their immediate neighbors only
over a distributed communication network. The communication
network has inherent transmission delays which can adversely
affect the controller performance. Here, the impact of time
delay is investigated on the proposed secondary controller of
MG system. An islanded MG test system consisting of five DG
unit, their respective loads, and transmission lines is simulated
in MATLAB/Simulink to verify the performance of the proposed
technique.

Keywords—Consensus algorithm, distributed generation,
droop control, distributed secondary control, communication
latency.

I. INTRODUCTION

The modern power system has been continuously increasing

penetration of DG units, thereby making the operation and

control quite challenging [1]. The MG being an integrated

energy system organize the power system in a coordinated

manner. The MG comprises of various technologies like

inverters, DGs, storage systems and communication network

that can operate either in the grid-connected mode or

autonomously in islanded mode [2]. In grid-connected mode,

the main grid forming units i.e. synchronous generators of the

main grid provides operating voltage and frequency for the

entire system. In islanded mode, because of the absence of

main grid as a reference, MG maintains its stable operation

by regulating all the components of its own. Thus, the control

structure is an important part of an MG system with entirely

inverter-interfaced structure with no inertia for its stable and

efficient operation.

This paper focuses on the islanded mode of operation

after scheduled maintenance or faults in a MG. The control

design is intended to achieve the voltage/frequency restoration

after islanding or load disturbances, energy management, and

economic optimization [3]. Hierarchical control scheme has

been suggested in literature to standardize MG operation

[4]. In the hierarchical control approach, three levels of

control have been specified. The first level is the primary

control, which is independent and realized locally at each DG

unit via droop functions, voltage, and current control loops.

Though droop control has a distributed structure and provides

good power sharing, it is incapable of removing voltage and

frequency disparities without the secondary control level. The

secondary control brings back the voltage and frequency to

their nominal values. The tertiary control layer is more related

to the economic power dispatch and optimization within the

main grid.

The secondary control atone the voltage and frequency

fluctuations induced by the droop control loop. It is

conventionally implemented via MG central controllers

(MGCC), which uses a complex two-way communication and

a central computing unit. It also suffers from the risk of single

point failure. To address the above drawbacks, distributed

control for multi-agent system has been suggested [5].

The distributed control needs sparse communication network

where only neighboring DGs information is required, which

reduces the communication infrastructure cost and makes the

system more reliable and secure. Different distributed type of

secondary control techniques have been reported in [5]–[7]. In

[5], a feedback linearization based pinning control scheme is

proposed for voltage restoration. More recent studies consider

the consensus-based control of multi-agent system for different

areas of MG like power sharing etc. However, more research

is necessary in consensus-based control, in view of fully

exploiting its advantages, we employ the consensus algorithm

for voltage/ frequency regulation with inclusion of time delays.

The proposed scheme uses simple sparse communication

structure and does not have a central computing unit thereby

reducing the risk of single point failure.

Rest of the paper is as follows. In Section II, the

primary control structure of MG is described. In Section

III, the proposed consensus based control strategy is given,

which covers voltage and frequency restoration. Section IV



gives the simulation results and case studies incorporating

communication delays to validate the proposed algorithms.

Section V concludes the paper.

II. PRIMARY CONTROL FOR MG

Fig. 1. Inverter based DG.

An inverter-based MG comprises of various elements able

to operate in parallel either in grid-connected mode or islanded

mode. In a MG test system, each DG unit have primary DC

power source, voltage source inverter (VSI) an LC filter and

an output RL connector as shown in Fig. 1. The primary

control of inverter-based MG consists of voltage, current and

droop control loops. The droop control generates the reference

input V ∗
odqi for the voltage controller, which further provides

the reference input, i∗odqi for the current controller block. The

current controller generates the input reference for the pulse

width modulation (PWM) block, which control the output of

the VSI [7]. The primary control level is liable for controlling

voltage, and frequency deviation after islanding process where

the generated power does not meet user demand. The droop

control is an independent and wireless control that eliminates

the requirement for communication links at the primary level

of control.
The droop control method can be described by considering a

simplified model for power flow from a VSI to MG, as shown

in Fig. 2. If the high frequency ripples are overlooked, the VSI

is modeled as an voltage source with Voi∠δ. The common MG

bus voltage is VMG∠0 and the lumped line impedance is Z∠θ.

The total apparent power supplied to the MG can be derived

as

S̄i = V̄MG Ī∗ = VMG∠0
(
Voi∠δ − VMG∠0

Z∠θ

)

= Pi + jQi

(1)

Using Euler’s formula in (1), the active and reactive power

for ith DG are achieved as,

Pi =
VMGVoi

Z
cos (θ − δ)− Vbus

2

Z
cos θ

Qi =
VMGVoi

Z
sin (θ − δ)− VMG

2

Z
sin θ

(2)

If the equivalent line impedance Z∠θ is considered to be

predominantly inductive, θ = 90◦, then (2) can be simplified

as,

Fig. 2. Equivalent model of DG connected to a MG bus.

Fig. 3. Droop characteristic MG : (a) P −ω droop characteristics (b) Q−V
droop characteristic.

Pi =
VMGVoi

Z
sin δ

Qi =
VMGVoi

Z
cos δ − VMG

2

Z

(3)

If the difference of phase angles between the inverters

output voltage and MG bus voltage, δ, is considerably smaller,

then, sin δ ≈ δ and cos δ ≈ 1. Equation (3) can be reduced to

Pi
∼= VMGVoi

Z
δ

Qi
∼= VMGVoi − VMG

2

Z

(4)

Equation (4) gives direct relationship between active power

Pi and phase angle δ and reactive power Qi and output

voltage Voi. Thus, voltage and frequency droop equations

can be utilized to tune the operating voltage and frequency

reference of inverter [8]. As seen from Fig. 3(a), in the

steady state, nominal operating point is a (Pold, ωnom). Once

the Pold increases to Pnew, the angular frequency ω will

decrease because of the P − ω droop characteristic and settle

down on the point b (Pnew, ωnew). Further, the triggered

secondary level of control will restore ω to its original value

ωnom, by adjusting the transient point b to a new steady

point c (Pnew, ωnom). The restoration of operating voltage

magnitude shown in Fig. 3(b) is analogous to Fig. 3(a). It

is observed from the above analysis that the voltage and

frequency droop control scheme employed in the primary stage

of distributed control is given as,

Voi = Vni − kVQQi (5)



ωi = ωni − kωPPi (6)

where Vni and ωni are the nominal set point of ith DG’s

voltage magnitude and angular frequency, Qi and Pi are the

measured reactive and real powers, kVQ and kωP are the droop

coefficients for the voltage and frequency control scheme.

Fig. 4. Block diagram of power controller.

The power controller is shown in Fig. 4. By using d-q

reference frame transformation [8], dynamics of every DG

unit is converted into their respective d-q reference frames.

The power controller includes the primary control stage and

provides direct and quadrature terms of reference voltage

V ∗
odi and V ∗

oqi for voltage control loop and operating angular

frequency ωi for the VSI.

The active and reactive powers can be calculated by

Pi =
ωc

ωc + S
(Vodiiodi + Voqiioqi)

Qi =
ωc

ωc + S
(Vodiioqi − Voqiiodi)

(7)

where the power controller has the low-pass filter with cut-off

frequency of ωc. The primary control stage aligns the voltage

magnitude to the direct-axis of the corresponding DG’s d-q

reference frame and quadrature axis reference is, set to 0 as

follows

⎧⎨
⎩
{
V ∗

odi = Vni − kVQQi

V ∗
oqi = 0

ωi = ωni − kωPPi

(8)

The primary droop control keeps the voltage and frequency

deviations close to the original values once user demands

changes, whereas the secondary control strategy restores

the deviations induced by primary control. Thus, secondary

control scheme has to be formulated such that lim
t→∞Voi (t) =

Vnom, and lim
t→∞ωi (t) = ωnom, ∀ ∈ N , where Vnom

and ωnom are the reference values of the operating voltage

magnitude and angular frequency.

III. CONSENSUS-BASED DISTRIBUTED RESTORATION

In this section, we first introduce the consensus algorithm

[9] and then design the consensus based voltage/frequency

restoration scheme in sections III-C and III-D respectively.

In recent years, consensus algorithm has been applied in

multi-agent and multi-vehicle system to achieve coordination

among number of distributed agents. The basic idea of

consensus is to enable a set of distributed agents to attain an

agreement on the quantity of interest via information exchange

on the communication network. The secondary control selects

the references Vni and ωni to update the primary control for

the restoration of voltage and frequency respectively. The low

bandwidth communication links are mandatory to implement

the distributed secondary control for the restoration of voltage

and frequency to their original values. The information

exchange between DG units can be implemented either using

wireless network or power line carrier communication. The

delay used in power electronics systems are in the order

of μs, whereas the delays in communication networks can

easily reach to the order of milliseconds or even seconds.

Let us assume these communication channels have a delay

of τd seconds. The communication topology in MG can be

explained using a directed graph. The following section gives

brief review on graph theory, which is used to develop the

controller.

A. Review on Graph Theory

Consider an islanded MG as a multi-agent system working

as agents, the required communication network can be

modeled by a weighted undirected graph (digraph) G =
(V, ε, A) where the set V = {v1, v2, . . . ..vn} denotes

the set of nodes (DGs), the set of edges ε ⊆ V × V
denotes the communication links between the DG’s and

A = [aij ]N×N is a weighted adjacency matrix defined as

aii = 0 and aij ≥ 0. aij > 0 if and only if the edge

(vi, vj) ε ε. The set of neighbors of the ith DG V is given

by Ni = {vjεV : (vi, vj) ε ε}. The in-degree matrix D =
diag {d1, . . . ..dN} with di =

∑
jεNi

aij and then L = D − A
is the Laplacian matrix. L has all row sum equals to zero i.e.

L1N = 0, where 1N is vector of ones with length N [10].

B. Consensus Algorithm

Consider a MG network with N agents (DGs) having

first-order linear dynamic system:

ẋi = uxi, i ∈ {1, . . . .., N} (9)

where xi is the agreement state of ith agent (i.e. voltage and

frequency), and uxi is the control command. If agent i have

access to the reference input ri then the consensus algorithm

can be stated as

ẋi = ṙi − k1 (xi − ri)− k2

N∑
j=1

Lxj − yi

ẏi = k1k2

N∑
j=1

Lxj

(10)

where xi and yi are the states associated with agent i, L
is Laplacian matrix of communication digraph. The first and

second terms of the algorithm help the agents to reach the

reference input signal ri, while the third and fourth terms cause

consensus among neighboring agents via proportional- integral

feedback.The constants k1 and k2 are the design parameters,

can be tuned for achieving improved performance.



C. Secondary Voltage Restoration

Fig. 5. Consensus-based voltage restoration.

For an inverter based DG unit i, single integrator dynamics

can be given as,

V̇ni = ui (11)

where uvi is the control input has to be formulated using

the consensus algorithm as follows

V̇ni = V̇odi − k1 (Vodi − Vnom)− k2

N∑
j=1

LVodj − yvi

ẏvi = k1k2

N∑
j=1

LVodj

(12)

where Vodj is the neighbor information obtained from

the communication network, L is the Laplacian matrix of

considered topology and k1, k2 are the design parameters

for tuning the performance of proposed control scheme. A

typical choice is to make k1 and k2 adequately large enough

to precisely tune the response of the secondary control and

achieve fast consensus among DG units. However, a high

degree of freedom is available to the designer to find the

perfect combination of (k1, k2) via extensive simulations. It

is worth mentioning that (12) guarantees that the voltage

return to its specified reference value (Vnom). Fig. 5 shows

the block diagram of the proposed consensus-based distributed

secondary voltage controller.

D. Secondary frequency Restoration

For the ith DG unit single integrator dynamics can be given

as

ω̇ni = uωi (13)

where uωi is the control input has to be formulated using

the consensus algorithm as follows

ω̇ni = ω̇odi − k1 (ωodi − ωnom)− k2

N∑
j=1

Lωodj − yωi

ẏωi = k1k2

N∑
j=1

Lωodj

(14)

Fig. 6. Consensus-based frequency restoration.

where ωodj is the neighbor information obtained from the

communication network. The controller in (14) guarantees that

the operating frequency return to its predefined reference value

(ωnom). Fig. 6 shows the structure of the consensus-based

secondary frequency controller. The proposed consensus based

secondary control uses low bandwidth communication network

and sparse communication structure which increases overall

system reliability over the conventional secondary control

structure and decreases the risk of single point failure. Also,

the proposed method does not use excessive computation

thereby increasing the operation speed. For an MG in the small

geographical area, power line carrier communication can be

used provided the physical structure of the MG is known. For

simulation study, an intrinsic communication network delay

has been considered.

IV. RESULTS AND DISCUSSION

To verify the performance of the designed consensus based

secondary controller, we simulated 380 V , 50 Hz islanded

MG shown in Fig. 7. The simulation is carried out in

MATLAB/SimPowerSystem environment. The islanded MG

consist of five DG units and their respective loads, and

four transmission line. The simulation parameters of DGs,

loads, and lines of the MG test system are summarized in

Table I and Table II. Two different communication topologies

have been considered as shown in Fig. 8. The secondary

Fig. 7. Islanded MG test system.



Fig. 8. Consensus-based frequency restoration.

controller parameters are chosen as α = 100, β = 100.

This section is divided into three segments, starting with

performance evaluation, then, under communication network

changes, and, finally impact of communication latency is

shown with different time delays.

TABLE I. SPECIFICATION OF MG TEST SYSTEM

Grid
DG 1 & DG 2 & DG 3 DG 4 & DG 5

Vref 380 V Vref 380 V

fref 50 Hz fref 50 Hz

DGs

kVP 9.4× 10−5 kVP 12.5× 10−5

kωP 1.3× 10−3 kωP 1.5× 10−3

R 0.03 Ω R 0.03 Ω

L 0.35 mH L 0.35 mH

Rf 0.1 Ω Rf 0.1 Ω

Lf 1.35 mH Lf 1.35 mH

Cf 50 μF Cf 50 μF

KPV 0.1 KPV 0.05

KIV 420 KIV 390

KPC 15 KPC 10.5

KIC 20000 KIC 16000

ωc 31.41 rad/s ωc 31.41 rad/s

Lines
ZLine 2 ZLine 2 ZLine 3 ZLine 4

0.23 + j 0.1Ω 0.35 + j 0.58Ω 0.23 + j 0.1Ω 0.35 + j 0.58Ω

TABLE II. MG LOADS

Loads
Load 1 Load 2 Load 3 Load 4 Load 5

R = 40 Ω R = 40 Ω R = 50 Ω R = 50 Ω R = 50 Ω

L = 47 mH L = 64 mH L = 64 mH L = 64 mH L = 95 mH

A. Study 1: Performance evaluation of proposed controller

The performance of the consensus-based controller has been

depicted in Fig. 9 and 10 for restoration of voltage and

frequency disparities caused by primary control respectively.

The communication topology for this case is shown in Fig.

8(a). The simulation outline of this segment is defined as

follows:

• At t = 0 s, only primary control is active.

• At t = 0.5 s, load 1 is increased.

• At t = 1.0 s, load 4 is increased.

• At t = 1.5 s, secondary control is activated, and the

restoration process starts for all DG units at the same

instant.

It is clear from Fig. 9 and 10 that the voltage magnitude

and operating frequency are restored to their nominal

values (Vnom = 380 V and fnom = (ωnom/2π) =
50 Hz)successfully, removing the deviation produced by

primary control.
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Fig. 9. Output voltage magnitude
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Fig. 10. Frequency

B. Study 2: Under different Communication topology

To analyze the performance of the proposed controller

with different communication network, the communication

topology shown in Fig. 8(b) is considered. The controller

specifications remain same as in study 1. Fig. 11 and 12 show

that with different communication topologies, the proposed

controller performs accurately and restores the voltage and

frequency of the MG to the reference values.
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Fig. 11. Output voltage magnitude
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Fig. 12. Frequency

C. Study 3: Effect of communication latency

Communication plays an important role in preparing a

framework that permits the information exchange among

various elements of the MG. The influence of communication

increases when consensus algorithm is used for secondary

control layer of MG. In this case study, the effect of

communication delay on the proposed control approach is

illustrated under following three cases.

• case 1: A fixed total communication delay of τd = 0.1 s
in the MG.

• case 2: A fixed total communication delay of τd = 1 s
in the MG.

• case 3: A fixed total communication delay of τd = 2 s
in the MG.
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Fig. 13. Voltage magnitude,τd = 0.1 s
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Fig. 14. Frequency, τd = 0.1 s
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Fig. 15. Voltage magnitude, τd = 1 s

Time (s)
1 2 3 4 5

Fr
eq

ue
nc

y 
(H

z)

49.5

49.6

49.7

49.8

49.9

50

50.1

50.2

Fig. 16. Frequency, τd = 1 s
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Fig. 17. Voltage magnitude, τd = 2 s
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For the sake of clarity, only one DG’s voltage and frequency

response are shown for above three cases from Fig. 13 - 18.

It can be seen from Fig. 13 and 14 that the controller exhibits

good performance with a small time delay of 0.1 s. As it can

be seen from Fig. 15 and 16 that when the time delay τd is

increased to 1s, the voltage/frequrency are restored after small

deviation but the convergence time is increased . Further, when

the delay continues to increase to 2 s, the proposed controller

restores the voltage/frequency but with more convergence time

as shown in Fig. 17 and 18. Thus, it can be summarized that

the communication latency can delay the convergence rate of

control system.

V. CONCLUSION

In this work, a consensus-based distributed control strategy

for droop controlled inverter based islanded MG has been

proposed. The proposed control deals with both voltage and

frequency restoration issue of islanded MG. The distributed

secondary control at each DG comprises every DG unit local

controller and communication network, hence, providing a

suitable control input, which further sent to the primary

controller. The proposed controller eliminates the risk of

single point failure because the failure of a particular

DG unit will fail down that particular unit and all other

DGs in the MG can work individually. In this sense, MG

system expansion becomes simple. The proposed method

is evaluated based on the numerical simulations studies in

MATLAB/SimPowerSystem software environment. Results

show that the control objectives voltage/frequency restoration

can be accomplished even with different communication

topology. Furthermore, the effect of communication latency

over the MG control is investigated, if the delays are large

enough, the system will not be stable. In future work maximum

boundary of time delay for a stable system operation has to

be investigated.
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