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Abstract—Dispersed distribution of many inverter-based 
Electric springs (ESs) over the power grid as a means to 
provide stability support for smart grid against high pen-
etration of intermittent renewable power has been sug-
gested recently. While single ES has its own local control-
ler, their wide dispersion makes it difficult to coordinate 
their functions. In this paper, a novel distributed control 
method for adjusting the whole voltage level of ESs in-
stalled in the network is developed. Firstly, the specific 
control scheme for the single ES is designed to ensure 
good transient response and zero steady-state error. 
Combining with the consensus algorithm for ES reference 
voltage updating, the control strategy for multiple ESs is 
implemented, in which the inductor current is considered 
as the feedback variable to modify the output of the volt-
age controller. Compared with the conventional droop 
control, the scheme can maintain the voltage level of the 
critical load without sacrificing the voltage control accu-
racy. In addition, this algorithm guarantees system stabil-
ity and optimal convergence speed. Simulation results 
show that the distributed voltage control can guarantee 
the overall coordination of parallel ESs under various 
operation conditions.   

Index Terms—Electric springs, distributed control, mi-
crogrid, renewables. 

I.  INTRODUCTION 
In a distribution network, variability and uncertainty asso-

ciated with renewable energy sources, such as wind power 
and solar power, can easily incur the power fluctuation, volt-
age and frequency instability[1]-[3]. ESs are proposed and 
intended to support the voltage at the connection point across 
the distribution network [4]. 
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The application of the inverter based ESs is a innovative 
solution for distributed voltage control through effective de-
mand-side management. In order to ensure the voltage con-
stant at the parallel critical load (C), ES is connected in series 
with the uncritical load (NC) that are less sensitive to the 
voltage fluctuation. Previous studies about ESs mainly fo-
cused on  the single ES. In [5] and [6], the dynamic modeling 
and steady-state analysis of ES are given to prove the capabil-
ity of ES in providing different types of power/voltage com-
pensations to the load. A comparison between the ES and 
Static synchronous compensator (STATCOM) shows that a 
group of ESs achieves better total voltage regulation than 
STATCOM with less overall reactive power capacity [7]. The 
effect of ESs in reducing energy storage requirements is theo-
retically proven and practically demonstrated [8]. The mitiga-
tion of the frequency and voltage fluctuation in microgrid 
using ES is verified in [9]. Three-phase ES circuit and its 
operation in reducing the power imbalance are described in 
[10]. [11] presents a droop control method for parallel opera-
tion of distributed ESs for stabilizing ac voltage. However, 
the voltage reference for ES control needs to be improved 
accurately.  

If ESs are massively installed in the network, they can 
provide highly distributed and robust support for the smart 
grid, similar to the arrays of mechanical springs supporting 
the mattress. Since low voltage microgrid is featured as the 
resistive line impedance and a high share of intermittent re-
newables, when the penetration of power electronically inter-
faced ESs installed in the network increases, it may cause the 
system susceptible to the oscillation in the case of network 
disturbances. In addition, due to the power variation of the 
renewable energy as well as the line impedance mismatch 
between the ESs, the reactive power unbalance will occur in 
the network and thus the voltage reference can’t be set to the 
same value to avoid the unstable operation of ESs as illustra-
tion in [11]. Besides, the “plug and play” feature of ES poses 
a substantial complexity on the control of multiple ESs. It 
requires the installation of additional ESs should not change 
the existing control of ESs in the microgrid. Consequently, it 
is necessary to develop a general control scheme to derive the 
specific voltage reference for ES at different installation 
points and improve the voltage and reactive power control 
accuracy. 

The conventional centralized control based on the sophis-
ticated communication network made it difficult to update the 
data and share the dynamic signal when ESs are scattering all 
over the network [12][13]. In addition, it is expensive to  col-
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lect the globe information, and it is susceptible to the single 
point failure when handling huge amount of data. Besides, the 
method is lack of adaptability to reach the operation require-
ment of the plug-and-play of ESs [14]. An alternative one is 
the droop control method. It avoids the intercommunication 
and has the independent and autonomous features. The droop 
control is utilized widely by emulating the droop characteris-
tics of synchronous generators to adjust the output voltage 
frequency and magnitude of the connection point voltage[15]-
[17]. However, it has some potential drawbacks which have 
been widely discussed. For example, the drawbacks of the 
droop control lie in the slow transient response, high depend-
ency on the inverter output impedance and the power sharing 
inaccuracy. In contrast to the frequency, the voltage is not a 
global variable and the reactive power control will incur the 
adverse impact on the voltage regulation for the critical load 

 To overcome these limitations, it is necessary to develop 
a control strategy to crack the problems associated with the 
existing methods. The control strategy should improve the 
control accuracy and robustness, meanwhile minimize the 
communication cost. The consensus control enables different 
agents in the same group to work toward the same objective 
by only using the neighboring agent information [20].  

The paper highlights a novel fully distributed control 
concept proposed for the coordination control of multiple 
ESs to overcome the disadvantages brought by the conven-
tional control. To calculate the desired voltage level, the dis-
crete consensus algorithm is proposed, which can guarantee 
the convergence and can be implemented by simple commu-
nication network. Each ES receives the updating voltage ref-
erence signal and realizes its network synchronization accord-
ing to the discovered information. The voltage reference will 
be propagated among the ESs through the communication 
topology designed. The rest of this paper is outlined as fol-
lows. Section II discusses the single ES control, and the dis-
tributed control for multiple ESs are presented in Section III. 
The consensus control is introduced in Section IV. The con-
troller performance is verified by simulation in Section V. 
Section VII concludes the paper. 

II.  SINGLE ES CONTROL  
The problem to be solved is how to coordinate the power 

electronic devices installed in the grid and realize the cooper-
ative control of ESs in a distributed manner. In Fig.1, in a 
microgrid, each ES is assigned with an agent and each agent 
knows local information through the communication flow 
spanning among ESs to facilitate data exchange. The com-
munication infrastructure is independent of the physical struc-
ture of the location of ESs. This kind of distributed control 
mode can realize the plug-and-play of ESs. The failure of one 
ES will not make the system susceptible to voltage problems.  
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Fig. 1 Microgrid with DG and ES in parallel to a common ac bus 

As all ESs installed in the network are independent of 
each other, the study of multiple ESs begins with the specific 
controller design for the single ES. The ESs can be connected 
to the network by the bypass switches and can always keep 
online if necessary. If the ES encounters any problem, it can 
be switched off and the non-critical load will not be affected. 
The ES consists of an inverter with the battery installed on 
the dc link and a LC filter on the ac side. The output of ES is 
in series with the uncritical loads such as air conditioner, 
heater and refrigerator, which can tolerate small range of 
voltage variation. However, there still exists a minimum volt-
age for the non-critical loads so that these loads can still op-
erate within the specifications. The voltage tolerance of the 
noncritical load mainly depends on the load type. For exam-
ple, some lighting systems have an operating input phase 
voltage in the range of 170 V–265 V for the markets using 
230 V as nominal mains voltage [10]. The combination of ES 
and uncritical load forms the smart load to ensure the voltage 
regulation of the parallel critical load. The smart load can be 
intended to provide reactive power compensation to the sys-
tem by adjusting the output voltage and suppress the voltage 
fluctuation at the critical load. It can realize an accurate volt-
age regulation with prompt dynamic response. 
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Fig.2 Configuration of the smart load 

In Fig.2, the ES provides a voltage series with the non-
critical load oZ  to regulate the voltage of the parallel critical 
load 1Z . GV  is the terminal voltage of the renewable. The 
proportion of the two kinds of loads poses a significant im-
pact on the voltage regulation capability and the reactive 
power output of ES. The voltage regulation capability of an 
ES is dependent on the relative proportion of NC and C load. 
A higher proportion of noncritical load indicates a high volt-
age regulation capability of ES. The per-phase capacitance 
and inductance of the filter are denoted by C  and L , respec-
tively. The RL type of load is chosen to be the allocation 
place for ES. oZ  is the impedance of the inductance type of 
load. 1Z  is the impedance of the critical load. 2Z  is the 
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equivalent line impedance. 
sV  , 

esV  and 
acV  are the voltage of 

the critical load, the ES voltage, the output voltage of the 
inverter. 

1I  , 
2I  and 

3I  are the line current, the critical load 
current, the non-critical load current. 

LI  and 
cI  are the in-

ductance and capacitor current. The equivalent circuit for ES 
is shown in Fig.3 (a).  
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Fig.3 (a) ES simplified circuit   Fig.3 (b) Equivalent circuit 

In Fig.3(b), the equivalent impedance  
3Z  and the 

equivalent current 
0I can be written as 
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In Fig.3(a):  

3

( ) ( )( ) ( ) S es
es L
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Z
−

= +
              (3) 

In Fig.3(b)： 
( ) ( ) ( )L ac essLI s V s V s= −                      (4) 

0
3

( )( ) ( ) ( ) es
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V ssCV s I s I s
Z

= + −
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The relationship between the critical load voltage 
sV  and 

the output voltage of the inverter 
acV  can be obtained 

s
v

ac
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V

=
                                       (6)                            
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The inductor current 
LI  has the following relationship 

with 
sV  and 

acV , 

0
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The active power 
esP and the reactive power 

esQ from the 
ES are given by 

sin( )ac es ac es
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=
 

                     2 cos( )es ac es ac es
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Q
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=
                        

(9) 
in which 

ac esθ −
 is the phase difference between the voltage 

denoted. 
The active power 

slP  and the reactive power 
slQ  pro-

vided by the smart load to the system are derived as 
           2

0
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sl

L

V V V V
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X Z
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It can be seen that the voltage magnitude and the phase 
of ES impact the power flows supplied by the inverter to the 
load.  

III.  CONTROLLER FOR MULTIPLE ESS  
A distributed control approach is proposed to mitigate 

the voltage problem caused by the variable output power of 
renewable. The conventional droop controller emulates the 
actual P-f and Q-V droop relations of a synchronous genera-
tor, which can offer the inertia response to the system. In mi-
crogrid, the control method is utilized for multiple inverters 
power sharing.  The controller adjusts the reference voltage 
magnitude and frequency for the voltage control loop as fol-
lows 

( )
( )

P

q

m P P
V V n Q Q
ω ω∗ ∗

∗ ∗

= − −

= − −
                (11) 

where pm and qn  are the frequency and the voltage droop 

coefficient, respectively. ω∗  and V ∗ are the frequency and 
voltage references. P∗ and Q∗ are the active power and reac-
tive power references.  
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Fig.4  Q-V droop control  

The conventional droop control implemented according 
to Equ.(10) and Equ.(11) often impacts the power sharing 
accuracy brought by its dependency on the line impedances 
[18]. 
     The parallel ESs control introduces the inductor current to 
produce the voltage droop 

LV  to modify the control signal 
vcV . 

pcV  is the final input signal for PWM modulator.  
acV  is the 

output ac voltage of the inverter. Each ES employs its own 
inductor current to ensure its proper parallel operation as 
shown in Fig.5. 

The resonant controller is intended to replace the integra-
tor to achieve a high gain and ensure zero steady-state error 
regulation. The transfer function of proportional resonant (PR) 
controller is 
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ω ω
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+ +

                  (12)           

where 
pk  and 

rk  are the proportional gain and the resonant 

gain, respectively. 
0ω  is the resonant frequency and 

0 100 /rad sω π= . 
cω  is the cutoff frequency for the resonant 

main bandwidth control.  

Vdc L
C

Z1Ves

IL

Ic

Vac

Z0

PWM 
modulator

Voltage 
controller

srefV

Virtual 
inductor

Vs

IL

vcVpcV

VG
Z2

LV

 

Fig.5 The schematic of the control system 

It is shown that the controller has a wide bandwidth 
around the resonant frequency. The controller sensitivity to 
slight frequency variation is reduced if the resonant peak de-
creases. The transient performance of the ES with PR control-
ler mainly depends on the proportional gain 

pk . With a larger  

pk , the system bandwidth is broaden and the response to a 

change in the reference signal accelerates. On the other hand, 
it will cause transient resonant oscillations or cause the stabil-
ity problem since the LC resonance is amplified. The reso-
nant gain 

rk   determines the peak value, and a larger 
rk  will 

not affect the transient and stability of the system.  =0.2pk    

=1000rk   are finally assigned to the controller as the method 
mentioned in [19]. The cutoff frequency determines the reso-
nant bandwidth of the controller. The increasing cutoff fre-
quency 

cω  may yield a less sensitive voltage controller. The 
practical arrange for the cutoff frequency ranges from 10 to 
100 rad/s for satisfactory results.  

1GsrefV
pwmk

vk

sVε

L LI k

vcV pcV
2GacV

LV 3

1
G

LI

 
Fig.6 The schematic of the control system 

In Fig.6, the double-loop control is introduced for the ESs 
control. The outer-loop voltage controller is mainly utilized 
for the ES voltage control at the connection point. The inner-
loop controller adopts the inductor current as the feedback 
variable to modify the output of the voltage controller. Hence, 
the signal posed on the pulse width modulation (PWM) mod-
ulator is changed.   

The control strategy for multiple ESs are implemented 
specifically as the scheme shown below 

  pc vc L

L L L

V V V
V I k

= −
 =

                                (13) 

where 
Lk  is the droop gain selected. 

The voltage control signal from the outer-loop control 
subtracts the voltage drop caused by the filter current, that is, 
the inverter voltage is reduced according to the increasing 
inductor current.  

The relationship between the signal sent to the PWM 
modulator and the output voltage of the inverter is described 
as 

ac pwm pcV k V=                                (14) 

where  
pcV  is the input voltage for the inverter, 

pwmk  is 

the modulating gain.  
The gain of the PWM modulator can be calculated be-

low 
dc

pwm
tri

Vk
V

=
                                    (15) 

in which, 
dcV  and 

triV  denote the dc-link voltage and the 
PWM carrier voltage, respectively. 

( )ac pwm vc L LV k V I k= −                           (16) 

The equation shows that the current variation in 
LI  leads 

to the voltage 
acV  fluctuation. Combining with the current 

LI , 

Lk  may be considered as the virtual resistance causing the 
voltage droop for multiple parallel ESs in the network. 

( )ac L es pwm vc L LV sLI V k V I k= + = −              (17) 

( )es pwm vc L pwm LV k V I k k sL= − +  

The ES voltage can be rewritten as 

es pwm vc LV k V I Z ∗= −                              (18) 

If the gain is selected to be larger than the induction, the 
inductance effect can be ignored and the output impedance 
presents the purely resistive characteristics. The inverter is 
deemed as a voltage source cascaded with a resistive output 
impedance. This strategy proposed has the basic principles of 
droop control, because it decreases the inverter output volt-
age 

acV  with increasing inductor current 
LI . 

The phase locked loop (PLL) is employed to obtain the 
phase angle and the voltage magnitude is given strictly ac-
cording to the voltage requirement for the critical load. The 
voltage reference 

srefV  can be achieved by the control algo-

rithm proposed below.  
By contrast, the scheme utilizes the instantaneous values 

to provide a dynamic response suitable for the multiple in-
verters instead of modifying the voltage reference  

srefV  di-

rectly. The control principle is similar to the droop control, 
which decreases the input voltage of the LC filter with the 
increasing inductor current. The voltage of the critical load 
can be kept constant at the reference value. The output im-
pedance of the closed-loop inverter affects the power-sharing 
accuracy and also determines the droop control strategy. The 
scheme can maintain the voltage constant without sacrificing 
the voltage level of the critical load as the conventional droop 
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control does. 

IV.  CONSENSUS CONTROL  
The consensus control is introduced to obtain the refer-

ence voltage assigned to ES. Each ES can access the local 
voltage and load information, but can’t acquire the global 
information. The average consensus theory is intended to 
ensure the information exchange in a distributed mode based 
on the local information of agents [20]-[24]. The agents up-
date the value of their information states based on the infor-
mation state of their neighbors[25]. The goal is to design an 
update law so that the information states of all agents con-
verge to a common value. The consensus algorithm is con-
ceived for negotiating to reach consensus and provide a sys-
tematic consensus mechanism to computer the consensus 
value. An iterative form of the consensus algorithm can be 
stated in discrete-time as: 

1

1
( )

n
k k k k
i i ij j i

j
x x a x x+

=

= + −∑                (19) 

where n is the number of agents in the microgrid. 
ija  

is the 

communication weight for data transfer from node i to node j. 
If nodes are not connected through a communication line, 

0ija = .  The information state k
ix is driven toward the in-

formation states of its neighbors k
jx  according to the 

weighted average of its current state and the current states of 
its neighbor. The agent maintains its current information state 
if it does not exchange information with other agent at that 
instant.  

In this case, the overall information discovery process is 
modelled as a discrete time linear system and the flow chart 
of the algorithm is shown in Fig.7. 
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Fig.7 Flow chart for the consensus control 

The global information discovery process of the whole 
microgrid can be represented using matrix format as follows 

k +1 kX = DX                            (20) 
where D is the weight matrix of the communication network. 

kX and k +1X  are the vectors of discovered information at the 
kth and (k+1)th iterations respectively. 

1[ ,..., ,..., ]k k k
i nx x x=kX  

If the constant edge weight ε is considered, D can be 
described as = -εD I L in Equ.(20) . L is the Laplacian 
matrix of the communication network.  Mathematically, the 

communication system for the agents can be described by a 
communication matrix D, i.e., 

ij jia a= .  D can be designed 

to be symmetrical, and is called the doubly stochastic matrix 
and all eigenvalues of D are less than or equal to 1. 

   
1

1 1

1

1

1
n

j n
j N

n nj
j N

a a

a a

∈

∈

 −
 
 =  
 − 
 

∑

∑
D



  



             (21) 

The matrix D is designed to be symmetrical ij jia a=  and 
satisfy the following conditions as: 

(1) the sums of rows and columns are all one; 
(2) the eigenvalue  1Iλ < , for 2,...,i n=  
For the stability analysis, only ija  satisfying the following 

condition, the stability of the designed algorithm can be guar-
anteed. 

                          20 ij
i j

a
n n

< <
+

                            (22) 

where in and jn are the numbers of agents in the neighbor-
hood of agent i and agent j, respectively.  

The final consensus equilibrium  eqX : 

eq
1lim (k) lim (0)k T

k k n→∞ →∞
= = = ⋅X X D X 1 1       (23) 

where (0)X  is the vector of the initial values hold by each 

agent. 1 denotes the vector with all the elements 1. The detail 
proof of the convergence can be found in [27]                     

By initializing ix  with the locally measured voltage, the 

algorithm can search the averages of the required global in-
formation. Then the desired voltage level can be calculated 
and updated constantly according to the variable renewables. 

To adapt to the network topology change caused by the 
plug-and-play of ESs, the adaptive weights updating rule is 
illustrated as 

1
[max( , ) 1]

11
[max( , ) 1]

0
i

i
i j

ij
j N i j

j N
n n

a i j
n n

otherwise
∈

 ∈ +
= − =

+




∑     (24) 

By applying this method, an agent can adjust its coeffi-
cients locally according to the topology change.  

A two-level control strategy is deployed in the microgrid. 
The upper level control discovers the voltage reference for 
the ES through the consensus algorithm. It measures and ini-
tializes the local information. The local information update 
module is responsible for updating the ES output voltage 
reference according to equ. (19). The information exchange 
module exchanges the information with its neighboring ESs. 
A simple supporting communication topology is designed to 
be identical to the physical network based on cost, location, 
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convenience, etc. The lower level control implements the 
reference voltage tracking of ES as the control strategy de-
signed in Fig.5.  

V.  SIMULATION STUDIES  
To test the effectiveness of the proposed approach, the 

models of a nine-bus self-governing microgrid with three ESs 
are established in PSCAD/EMTDC. The agents model with 
communication links and the consensus algorithm are de-
signed in Matlab with 100ms time step. As shown in Fig.8, 
User-defined interface (UDI) models in PSCAD can realize 
interaction among the agents and the microgrid. The data in 
PSCAD, such as the agent index, number of neighbors, and 
the voltage can be collected in MATLAB. The agents mod-
eled in MATLAB can then exchange data with their neigh-
bors and discover the global information using the consensus 
algorithm. Final, the voltage control reference values will be 
sent back to PSCAD by the interface to implement the dis-
tributed control of each ES locally. The communication time 
delay is not considered here.  

Modeling of 
microgrid

UID

Modeling of 
Agent

Average 
consensus value 

Voltage value

 
Fig.8  Block diagram for modelling  

Fig.9 illustrates the test system topology. The microgrid 
consists of three DGs, in which G1 is replaced with the dou-
ble-fed induction generator (DFIG) based wind turbine. The  
voltage  level  for  the  system  is  35  kV  and  the rated pow-
er for the G1, G2 and G3 are 8 MVA, 6 MVA and 4  MVA,  
respectively. The parameters for the generators and the net-
work can be referred to [9].The three ESs are installed at bus 
8, bus 6 and bus 5, respectively. The communication topolo-
gy is designed to be the same as the topology of the system 
configuration.  

TABLE 1 Parameters for ES controller 
Para. 

pk
 rk  vk  pwmk

 Lk  
ES  0.26 160 0.02 0.85 0.016 
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T2 T3

2 7

8

9 3

WF

T1

1

4

5 6

ES2
LoadA

LoadB

LoadC
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Fig. 9. Nine-bus system 

The Laplacian matrix of the communication network is 
designed as: 

2 -1 -1
-1 2 -1
-1 -1 2

 
 =  
 
 

L  

The constant edge weight ε impacts the dynamic of the 
discrete algorithm.  The eigenvalues of L are [ ]0 3 3 T .  
The optimal =1/3ε  is given to achieve fast convergence 
speed. The corresponding D matrix is obtained: 

1 1 1
3 3 3
1 1 1
3 3 3
1 1 1
3 3 3

D

 
 
 
 =  
 
  
 

 

In terms of changes the gain 
Lk , it has been tested that 

when increasing
Lk from 0 to 0.01, the overshoot, the setting 

time, and oscillations of the system are decreased gradually. 
After tuning the gain 

Lk  repeatedly,  =0.016Lk  is finally 
determined to achieve a desirable system dynamics.  

A.  Voltage Dip  
This case illustrates the voltage dip problem under 

heavy load conditions and the utilization of ESs to boost the 
voltage. When the bus 6 voltage decline to 0.94p.u., the three 
ESs are activated at 2s by the switches. The conventional 
droop control is also implemented to compare with the con-
trol strategy proposed. The parameters for the conventional 
droop control are =0.016pm and =0.021qn respectively. For 
the distributed controller, the voltage references for ESs are 
calculated according to the consensus algorithm. The average 
voltage discovery process is shown in Fig.10. It can realize 
about 0.2s updating for the voltage reference in this system. 
Due to the frequent updating for the voltage reference will 
incur the system stability issue, the fast response of the ES 
makes the value of 0.2 interval large enough for the system to 
follow and presents good dynamic performance in Fig.11.   
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Fig. 10 Average voltage discovery 
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Fig. 11 Comparison for two control schemes 
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TABLE 2  Comparison between the droop control and the distributed 
 control 

 Voltage Time for steady 
state 

Communication 
requirements 

Droop 
control 

1.02p.u. 3.5s No 

Consensus 
control 

1.p.u. 2.8s Sparse network 

 
The conventional droop control is compared with the 

distributed voltage control method proposed. The droop con-
trol results in the steady-state voltage deviation without the 
communication. However, it will take more time for the volt-
age to reach the steady-state value. The droop control gener-
ates an error for voltage adjustments as well as overvoltage at 
the initial stage of the disturbance. In contrast, the controller 
proposed ensures the voltage well-regulated at 1p.u. quickly. 
The optimal voltage 1.0 p.u. is achieved by the consensus 
algorithm with the sparse communication network. Tab.2 
presents the control performance of the two control strategies.  
It can be concluded that more accurate voltage control is 
achieved and the overvoltage is avoided during the transients 
for the improved control.  
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Fig. 12(a)  ES voltage  
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Fig. 12(b)  Uncritical load voltage 
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Fig. 12(c)  Bus voltage 

It can be observed in Fig.12 that ESs output voltage in-
crease to 0.08p.u.in Fig.12(b) to restore the bus voltage to the 
voltage reference in Fig.12(c). An increase in ES voltage will 
result in a decrease in the uncritical load voltage from 0.94 
p.u. to 0.92 p.u. shown in Fig.12(b), so as to maintain the 
voltage of the smart load at the rated value. The voltage sup-
port mode of ESs has been proved. In voltage support mode 
with an RL type NC load, the total reactive power of the 
smart load is equal to the difference between the reactive 
power produced by the ES and that consumed by the load 
which reduces the voltage regulation capability compared to 
the case of a purely resistive load. 

B.  Wind Power Variation 
When the output power of the wind turbine G1 fluctu-

ates from 8MW to 9MW at 2s for the sake of increasing 
wind speed, the bus 5, 6 and 8 voltage rise without the ESs 
as shown in Fig.13. With the ESs activated at 3s using the 
control strategy proposed, the reactive power output of ESs 
increases quickly. The rising voltage profile of the buses are 
brought back to the average voltage for the sake of the reac-
tive power consumption by ES in Fig.14. All ESs absorb 
the reactive power for the network resulting from the updat-
ing voltage reference. It is shown that the distributed con-
trol is effective in suppressing the voltage and can quickly 
bring the voltage back to the reference value given. 

The active power of the smart load follows the wind 
power variation in Fig.15, which can be regarded as the 
load demand management offering a cost-effective method 
to match power supply and demand profiles. For an RL type 
NC load, better voltage regulation could be achieved in 
voltage suppress mode as both ES (working in inductive 
mode) and the NC load consume inductive reactive power 
and thereby, aid each other.  
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Fig. 13 Bus voltage with and without ESs 
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Fig. 14  Reactive power output of ESs 
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Fig. 15 Active power output of smart load 

C.  Three-Phase Short-Circuit Fault  
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Fig. 16 Bus voltage with ESs  
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A 100ms three-phase short-circuit fault is applied at the 
bus 5. The voltage sag at the bus of the remaining ESs is in-
curred. The dynamic response of the ES is shown in Fig.16 
and Fig.17. The reactive power output of ES increases to 
compensate the voltage dip. The bus voltage responds quick-
ly to maintain the critical voltage level. 
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Fig. 17 Reactive power output of ESs   

The consensus algorithm can ensure the voltage reference 
updating constantly, so does the reactive power output. It can 
be seen that the ESs operate fairly together to help provide 
dynamic reactive power support, and keep voltage profile 
within the acceptable range even in the extreme condition. 

VI.  CONCLUSIONS 
This paper proposes a novel distributed control method 

for adjusting the whole voltage level of ESs installed in the 
microgrid. To compensate the inaccuracies caused by the 
conventional droop control and reduce the communication 
cost of the central control, the distributed control strategy 
designed updates voltage reference for controller to realize 
the precise voltage control and achieve a good dynamic re-
sponse using the sparse communication network. It is prefer-
able from the technological point of view, as it avoids a few 
issues that would arise in the traditional control strategy. The 
simulation results indicate that the control strategy can coor-
dinate the reactive power dispatch among ESs to provide the 
necessary voltage support during a contingency. However, a 
tradeoff exists between maintaining a low communication 
cost and achieving a high performance in reaching a consen-
sus. It is true that the algorithm may require a long time to 
converge if applied to a larger power system. Further work 
can be focused on the algorithm improvement to accelerate 
the information discovery process. 
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