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Abstract—Conventional droop control causes frequency and 

voltage deviations (from rated value) in inverter-intensive 

microgrid (MG), and the reactive power sharing cannot be 

obtained when the communication structure of MG or load 

changes suddenly. Compared with centralized control and droop 

control scheme, distributed hierarchical control structure of MG 

can overcome the limitation of communication and realize the 

reactive power sharing. In this paper, the improved droop 

control is adopted, which is based on the hierarchical control 

structure.  The hierarchical control structure consists of 

zero-level control, primary control and proposed secondary 

control. Firstly, the secondary controller is modeled, and the MG 

system composed of distributed generators (DGs) is considered 

as a multi-agent system. The secondary controller can make up 

for the shortcomings of the droop controller and adjust the 

frequency and voltage to their rated values. Secondly, the 

reference voltage and frequency of the zero-level control are 

calculated, combined with primary control. The zero-level 

control and primary control can make the voltage and frequency 

of MG run stably and provide reference voltage for the inverter. 

Finally, the stability of the system is proved by the theory of 

multi-agent consistency. A simulation system is established in 

Matlab/Simulink environment, and the results show the 

effectiveness of the proposed controller. 

 
Index Terms—microgrid; distributed generator; hierarchical 

control; consensus; reactive power sharing. 

 

I. INTRODUCTION 

icrogrid (MG) is a distributed system, which is 

composed of several distributed generators (DGs), 

energy storage equipment and loads [1], [2]. It can operate in 

two modes, grid-connected mode and islanded mode [3]. 

Reasonable and effective control strategy is the basis of MG 

operation. Conventional droop control regulates voltage and 

frequency by power, and makes them stable when the system 

is disturbed [4]. No communication between the devices is 

required in MG with conventional droop control [5]-[7]. 

However, this control method is easy to be affected by the load 
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change and disproportionate line impedance of MG, which 

often leads to the problem of dynamic performance [8]. In 

addition, the parallel operation of DG in MG will make the 

reactive power sharing unavailable [9], and the deviations of 

frequency and voltage from their rated values will also occur 

when MG is in switching topology or disturbed by load.  

To make up for the deficiency of droop control, J. He 

proposed a MG control method without using droop control 

[10], A. Micallef proposed a reactive power sharing approach 

in droop-controlled MG [11]. These methods of using central 

controllers make the system of MG dependent on 

communication networks. In this way, there is a single fault 

point in the system, which makes the system unreliable. In 

order to avoid the use of central controller and reduce the 

dependence on communication network, a completely 

decentralized hierarchical control method is adopted to realize 

frequency adjustment and power optimization [12], [13]. 

Using this method, DGs do not communicate with each other, 

which makes the coordinated control of the system impossible. 

With the intention of making the networks of agents with 

switching topology control more flexible, a distributed control 

strategy is proposed in [14], which considers the DGs of MG 

as a multi-agent system. For instance, N. M. Dehkordi 

proposed a fully distributed cooperative control, which is 

based on the multi-agent consensus theory [15]. This method 

effectively controls the frequency and voltage. W. Liu 

proposed a distributed cooperative frequency control. This 

method considers MG composed of DGs as a multi-agent 

system considering communication constraints [16], and X. 

Wang presented a distributed finite-time cooperative control 

under switching topology [17]. However, using the above 

methods, the reactive power sharing cannot be obtained. 

In practice, the DGs are widely distributed, and the distance 

between them is different. So the link impedances of DGs are 

not equal. To obtain the power sharing, the link impedances 

between DGs should be proportional. Z. Zhang [18] proposed 

a distributed cooperative control with coordinate rotational 

virtual impedance, which needs a leader in system and will fail 

when the leader fails. Y. Zhu [19] presented an enhanced 

optimization method with virtual impedance. Using this 

method, the reactive power sharing in MG is obtained. H. Xu 

[20] used a virtual capacitor method. However, the flexibility 

of the system using these two methods is poor under switching 

topology due to no communication between DGs. The 

methods mentioned above realize reactive power sharing, but 

each has its own shortcomings. Moreover, MG should work 
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normally when the communication structure of MG changes, 

i.e., it is very important to improve the plug-and-play 

capability. So we will consider the reactive power sharing 

problem based on distributed cooperative algorithm under 

switching topology. 

In this paper, distributed hierarchical control is used to 

obtain power sharing. Dual loop control is used as zero-level 

control. The primary control consists of droop control, and the 

secondary control is introduced to eliminate deviations and 

share active and reactive power. Be different form [21]-[23], 

the system does not require a leader, and transmits the voltage 

and measured power values as information between two DGs. 

The stability of the control strategy is proved by multi-agent 

theory. The proposed control method is verified in 

MATLAB/SIMULINK environment. 

This paper is organized as follows. The proposed 

hierarchical control structure is modeled in Section II. The 

power sharing and stability of MG are demonstrated in Section 

III. The proposed control method is verified using 

MATLAB/SIMULINK in Section IV. The conclusion of this 

paper is in Section V. 

II. DISTRIBUTED CONTROL FRAMEWORK 

To improve the reliability of MG, achieve the power sharing 

and compensate the deviations, this paper presents a 

distributed hierarchical control method. We will discuss it in 

detail next. 

A. Primary Control 

The conventional droop control is usually used as the 

primary control, which can stabilize the voltage and frequency 

of the system [24]. The structure diagram of DG based on 

inverter is shown in Fig. 1. 

When the line impedance of MG is inductive, the frequency 

and voltage of each DG will be synchronized to the rated 

values by conventional droop control. Once the sum of the 

nominal power is not equal to the one of power at the output of 

inverter, the voltage and frequency of each DG will deviate 

from the reference values respectively. According to the droop 

characteristics of P / ω and Q / e, the active and reactive power 

sharing could be achieved if the voltage and frequency are 

synchronized. 
*

*

  


 

i rated i i

i rated i i

ω ω m P

e e n Q
                            (1) 

The conventional droop controllers’ theory is (1), where  
*

iω  is the reference angular frequency output by the primary 

controller. [21], *

ie  is the reference voltage value output by the 

primary controller, iP and iQ are the measured active and 

reactive power of ith DG, im and in are the droop coefficients, 

ratedω and
ratede  are rated voltage and rated frequency 

respectively.  

In practice, the DGs are widely distributed, and their 

distance from the load is different. So the link impedances of 

DGs are not equal. Although the conventional droop control 

can stabilize the frequency and voltage of MG, the deviations 

of frequency and voltage from their rated values will occur 

when the system operates stably. As a result, the active and 

reactive power sharing will not be obtained under complex line 

impedance or unbalanced loads. At this time, it is necessary to 

introduce secondary control. 
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Fig. 1.  Internal structure diagram of a DG 
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Fig. 2. The proposed structure of distributed hierarchical control 

 

B. Secondary Control 

To eliminate the deviations of frequency and voltage from 

their rated values and obtain power sharing, the secondary 

control is indispensable. Fig. 2 is the proposed distributed 

hierarchical control framework for MG. 

Inspired by the properties of multi-agent consistency, this 

paper establishes a secondary controller, as shown in Fig. 2. 

The controller consists of three parts: voltage part, reactive 

power part and active power part. 

The voltage regulator generates correction 1

iδe , and the 

reactive power regulator generates correction 2

iδe . These two 

corrections eliminate the deviation of voltage from rated 

voltage. The equation is shown in (2). 
* 1 2( )i rated i iv t e δe δe                           (2) 

The MG system composed of DGs is considered as a 

multi-agent system (MAS). In MAS, the agent interacts with 

adjacent agents through distributed communication systems, 

and then judges its own operation status. It adjusts the output 

according to these information, so that it is identical with the 

target features of adjacent agents. Overall consistency is 

achieved finally. Using this property, the output of the voltage 

estimator is 

0

( ) ( ) ( ( ) ( ))


  
i

t

i i ij j i

j N

e t e t aa e τ e τ dτ             (3) 

where aij represents the communication weight，a is a designed 

parameter. The function of voltage estimator is to estimate the 

average voltage value of MG.  

The deviation between predicted voltage and rated voltage 

is fed back to PI controller G(s) , and then the PI controller 

produces the first correction term 1

iδe  after eliminating static 

error. Through the function of voltage regulator, the average 

value will converge to the nominal voltage of DG, but there 

may be a deviation between the voltage value of DG and the 

rated voltage value. So it is necessary to introduce another 

correction term 2

iδe . After the adjustment of secondary control, 

the average voltage of MG and the voltage of DG are adjusted 

towards the rated value. Similar to the voltage regulator, the 

deviation generated by the reactive power regulator is shown 

as 

( )


 
i

norm norm

i ij j i

j N

δQ ba Q Q                     (4) 

where norm rated

i i iQ Q Q  , b is a designed parameter. The 

purpose of this regulator is to make the nominal reactive power 

of each DG tend to be equal, so as to obtain the reactive power 

sharing. 
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Then the deviation iδQ
is fed back to PI controller H(s), and 

the PI controller produces another correction term 2

iδe after 

eliminating static error. 

The function of the active power regulator is to adjust the 

frequency of DG to the rated value, and make the nominal 

active power of each DG tend to be equal, so as to obtain the 

active power sharing. The deviation 
iδω generated by the 

active power regulator based on MAS is shown as  

( )


 
i

norm norm

i ij j i

j N

δω ca P P                  (5) 

where norm rated

i i iP P P , c is a designed parameter. By the 

above equations the angular frequency set-point is  
*( ) ( )  i rated i i iω t ω δω t m P                   (6) 

So the voltage setting is 
* * 2 sin( )i i iE e θ                         (7) 

The voltage set-points and phase angle are as follows: 
* 1 2   i rated i i i ie e δe δe n Q                      (8) 

*

0

( ) 
t

i iθ ω t dτ                            (9) 

where 
1

iδe  and 
2

iδe are described in detail in the next section. 

When the primary controller is used to adjust the voltage, 

the voltage is usually transferred to d / q coordinate system 

through coordinate transformation. The controller adjusts the 

component of the output voltage on the d-axis to make it equal 

to the voltage set-point [21]. Therefore, the second equation of 

(1) can be written as 

0

 




drefi rated i i

qrefi

U e n Q

U
                              (10) 

where drefiU and qrefiU  are the d and q axis components of
*

ie , 

respectively. 

From the above equations, we can see that the function of 

the voltage regulator and reactive power regulator is to 

eliminate the voltage deviation and maintain the voltage 

amplitude at the rated value, so as to realize reactive power 

sharing. Active power regulator maintains the frequency at the 

rated value, and eliminates the active power deviation from 

adjacent DG by adjusting the set-points of the phase angle to 

achieve active power sharing. 

C. Dual loop control 

The dual loop controller consists of a voltage loop controller 

and a current loop controller. The outer loop is the voltage loop 

and the inner loop is the current loop. The dual loop controller 

and the droop controller work together to stabilize the voltage 

and frequency of DG. The location of this controller in the 

system is shown in Fig. 2. The model of the outer loop is 

shown in (11) [21],  
*

*

( )

( )

( )

( )

ld od ref f oq PV dref od

IV dref od

lq oq ref f od PV qref oq

IV qref oq

i Fi ω C v K U v

K U v dt

i Fi ω C v K U v

K U v dt

    

  


   


 





          (11) 

where 
PVK is the gain coefficient and

IVK is integral 

coefficient. fC is the capacitance of the LC filter. The model 

of the inner loop is shown in (12): 
* *

* *

( ) ( )

( ) ( )

PWMd ref f lq PI ld ld II ld ld

PWMq ref f ld PI lq lq II lq lq

v ω L i K i i K i i dt

v ω L i K i i K i i dt

      


    




 (12) 

where
PIK is the gain coefficient and

IIK is integral coefficient.

fL is the inductor of the LC filter.  

Hierarchical control also includes tertiary control used as 

scheduling layer, shown in Fig. 2. Tertiary layer composed of 

a central controller usually controls the power flow, and is 

often used when considering the cost of generating electricity, 

which is not the focus of this article. 

III. STEADY-STATE ANALYSIS 

The primary control and the secondary control operate with 

different timeframes, thus the controller design of the two 

levels is decoupled. The correction terms 1

iδe and 2

iδe are 

written as 
1 ( )i rated iδe = G e e                (13) 

2 i iδe = H δQ                                 (14) 

Considering the whole MG, the equations (13) and (14) can be 

written in matrix form, expressed as 

( ( ))( )1 1

0 P I 0 rated= + + t - t -δe δe G G e e         (15) 

( ( ))2 2

0 p I 0= + + t - tδe δe H H δQ              (16) 

where
I

G and
P

G are the diagonal matrices carrying the 

integral and proportional gains of the voltage-regulator matrix 

G such that
P I+ s =G G G  . 

I
H and

P
H  are similar to 

I
G and

P
G respectively. T

1 2[ , ,..., ] ne e ee denotes the voltage 

estimation vector, 1

0
δe and 2

0
δe  are the initial values of 

integrators 
I

G  and
I

H  at 
0t = t , respectively. 

T

1 2[ , ,..., ] nδQ δQ δQδQ , all elements of 
 N 1

rated Re  are 

made up of 
ratede . 

Next, we take the differential on both sides of (3), there is 

( ) ( ( ) ( ))

( ) ( )








i

i

i i ij j i

j N

in

i ij j i i

j N

e (t)= e t + a e t - e t

= e t + a e t - d e

& &

&
              (17) 

considering the whole MG, the equation (17) can be written in 

matrix form, expressed as  

in

G

in

G( )

& &

&

&

G

G

E = E + A E - D E

= E + A - D E

= E - LE

                     (18) 

Therefore the above equation is expressed in frequency 

domain as 

s s( )
-1

N
E = I + L E                       (19) 

where  N N

N
I R , e=[e1,e2,…,en]T is the voltage measurement 

vector, E and E are the Laplace transforms of e and e  , 

respectively.
G

A represents the communication weight matrix, 
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 in in

G i= diag dD  is a diagonal matrix with  
i

in

i ij

j N

d = a


 , L  

is a Laplacian matrix in Graph Theory. 

According to reference [14], a communication structure 

with a spanning tree has the following relationships, 
1

0
lim ( )N
s

s s 


 I L M  

where  N N
M R  is a matrix in which all elements are 1 N . 

Using this property and the final value theorem, equation (3) 

can be written as 
1

0 0

1

0 0

lim ( ) lim lim ( ) ( )

lim ( ) lim( ) lim( )



  



  

  

     

N
t s s

ss

N
s s t

t s s s s

s s s

e E I L E

I L E M e e 1
 

where 
 N 1Rss

e  is the steady state value of vector e . e is 

the average of all elements of vector e . All elements of 
 N 1R1  are 1. For the whole system, (4) can be written in 

matrix form, expressed as  

                        norm= -bδQ LQ                            (20) 

When the system is stable, (15) and (16) can be written as (21) 

and (22) through the above derivation, respectively. There are  

( ( ))( )1 1 ss

0 P I 0 rated= + + t - t -δe δe G G e Me           (21) 

( ( ))( )2 2 norm,ss

0 p I 0= + + t - t -bδe δe H H LQ           (22) 

where norm,ss
Q  is the stable state value of vector norm

Q ,

T1 2

1 2

[ , ,..., ]norm n

rated rated rated

n

QQ Q

Q Q Q
Q . As shown in Fig. 2, the 

reference voltage value output by the proposed controller in 

stable state can be expressed as 

( )

( ( ) )( )

*ss 1 2 ss

rated

1 2 ss norm,ss

rated 0 0 P rated P

ss norm,ss ss

I rated I 0

= + + -

= + + + - - b

+ - - b t - t -

e e δe δe NQ

e δe δe G e e 1 H LQ

G e e 1 H LQ NQ

   (23) 

where  i= diag nN , 
ss

Q and 
*ss

e is the steady-state value of 

T

1 2[ , ,..., ]n= Q Q QQ and * * * T

1 2[ , ,..., ]*

ne e ee , respectively. 

Equation (23) holds for all
0t t . Therefore, the time-varying 

part in (23) is zero. There is 

   ( )-1 -1 ss norm,ss

I I ratedb - =H G e e 1 LQ                (24) 

Multiplying (24) by
T

1 , (25) can be obtained. 

    ( )T -1 -1 ss T norm,ss

I I ratedb - =1 H G e e 1 1 LQ             (25) 

Because the Laplace matrix satisfies the relation 
T

1 L = 0 [14], 

and
T -1 -1

I Ib 1 H G 0 , there is 

ss

rated =e e 1                             (26) 

So it can be obtained that, 
ss

ratede = e                                  (27) 

It can be seen from (27) that the average voltage of all DGs in 

MG converges to the rated value under stable operation of MG. 

By substituting ss

rated -e e 1 = 0 into (24), 

norm,ss =LQ 0                            (28) 

According to [25], the only nonzero solution of equation 

Lx = 0 is x = 1k , k is a real number. So according to (28), 

equation norm,ss = kQ 1  holds. This means that the nominal 

reactive power of each DG is equal to each other, i.e., the 

reactive power sharing is obtained. 

Similar to the previous proof, (29) can be derived from (6). 
norm,ssc =LP 0                            (29) 

where norm,ss
P is the steady state value of norm

P , 

T1 2

1 2

[ , ,..., ]norm n

rated rated rated

n

PP P

P P P
P , there is 

              
norm,ss = ξP 1                             (30) 

where ξ is a real number. This completes the proof. 

IV. SIMULATION VALIDATION 

The proposed control method is verified in this section. The 

experimental setup is shown in Fig. 3, which consists of four 

DGs to form a MG system.  
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Fig. 3.  Schematic of the MG physical system 

DG1 DG4

DG2 DG3

 
Fig. 4.  Communication network 

The communication structure is shown in Fig. 4. The line 

impedance parameters are shown in Table I, and the simulation 

parameters of each DG are listed in Table II given in the section 

TABLE.  

TABLE I 

LINE IMPEDANCE PARAMETERS OF MG 

Symbol
 

Quantity
 

Value 

1LineZ    Line impedance  0.8+3.6j 

Line2Z  Line impedance 0.4+1.8j 

Line3Z  Line impedance 0.7+1.2j 

The reference value of voltage is 120V, the reference value 

of angular frequency is 100π (rad/s), the filter inductance Lf is 

1.8mH, the filter resistance Rf is 0.1Ω, and the filter capacitor 

Cf is 50μF. The remaining parameters are in Table II. Next, we 

verify the proposed method in two cases. The first case is to 

switch the load under the fixed communication structure. The 

second case is to verify the stability of the system under 

variable communication structure 
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A. Fixed Communication Structure 

In order to compare with the conventional control method, 

only the primary controller works from 0s to 1s, and the 

proposed controller starts to work when t=1s. The total 

simulation time is 3 seconds. The calculation results of the two 

controllers are shown in Fig. 5.  

As shown in Fig. 5, the conventional droop controller 

stabilizes the voltage and frequency, but they will deviate from 

their reference values. Moreover, the reactive power sharing is 

not obtained. Under the influence of the proposed hierarchical 

control, the frequency and voltage of each DG is regulated to 

the rated values respectively at about 1.35t s . It can be seen 

from Fig.5(c) and (d) that
i im p  and 

i in q are equal to each other 

respectively, and the curves are completely coincident, i.e., the 

active and reactive power sharing are all obtained. As the 

voltage is synchronized to the reference value, the loads 

operate at rated voltage. So the total power emitted by each 

DG increases. 
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Fig. 8.  Under switching communication structure. (a) frequency (b) voltage (c) active power ratios (d) reactive power ratios 

 

The load of MG often changes suddenly in actual use. This 

will cause the power of each DG to change. When the load 

fluctuates, a good control method can make the system from 

the old balance point to the new balance point quickly. In the 

case of load change, the performance verification of the 

proposed controller is shown in Fig. 6. The proposed 

controller starts to work when t=1s. The load is disconnected 

from MG at 5t s  and connected to MG at 10t s . As seen, 

the frequency and voltage return to their reference values after 

slight fluctuation, and different power sharing points are 

achieved according to the variation of the load. This means 

that the method proposed in this paper is effective when the 

load fluctuates. 

B. Variable Communication Structure 

In this section, we verify the effectiveness of the method 

when the communication structure of the system changes. The 

communication structure of MG at t=0s is shown in Fig. 7. The 

proposed controller starts to work when t=1s. We assume that 

DG3 is disconnected from MG at 5t s  and connected to MG 

at 10t s .Or DG3 is broken when 5t s , and resumed when

10t s . 
The links of every switching topology still form a connected 

graph, thus the control method will remain functional. The 

performance verification of the proposed controller is shown 

in Fig. 8. 

It can be seen from Fig. 8 that the control strategy proposed 

makes the frequency and voltage stable at their respective rates 

when the topology is switching. The active and reactive 

powers of DG3 drop to zero at 5st , while the powers 

supplied by other DGs keep sharing. When the topology is 

switched back at 10st  , the power sharing is again obtained 

after about 0.4s. Similar to DG3 disconnection from MG, if 

DG3 fails, the rest of MG can work normally. These good 

performances show that the control method can enhance the 

flexibility and scalability of MG and improve the quality of 

power supply. The above cases show the effectiveness of the 

proposed method in this paper. 

DG1 DG4

DG2 DG3

DG1 DG4

DG2 DG3

 
Fig. 7.  Communication network configuration of switching topology 

V. CONCLUSION 

A distributed reactive power sharing approach in MG with 

improved droop control is proposed in this paper. This method 

adopts a hierarchical control structure, which not only retains 

the advantages of conventional droop control, but also makes 

up for its shortcomings. Based on the properties of multi-agent 

theory, the secondary controller is constructed. The stability 

and feasibility of the controller are proved by the final value 

theorem and multi-agent consistency. The proposed control 

strategy requires less amount of communication connection 
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and information exchange, which realizes the power sharing 

and adjusts voltage and frequency of MG to rated values 

respectively. This method saves the investment of 

communication equipment and circuits. At the same time, the 

proposed control strategy can enhance the flexibility and 

reliability of MG and improve the quality of power supply. 

The simulation results of fixed communication structure and 

variable communication structure show that the proposed 

control strategy can achieve accurate power sharing. 

At present, there are many methods to realize reactive 

power sharing. But these methods have not been applied in 

practice. The method proposed in this paper provides a new 

way of thinking and research direction for large-scale practical 

application in the future. The application of the proposed 

method to practice will be the focus of the author's future 

research work. 

VI. TABLE 

TABLE II 

SIMULATION PARAMETERS  

SYMBOL QUANTITY DG1&DG2 DG3&DG4 

dcU  Dc-bus voltage  650 V 650 V 

Qiτ  
Reactive power filter time 

constant  
0.04 s 0.04 s 

Piτ  Active filter time constant  0.04 s 0.04 s 

 
cR  Output end resistance  0.12&0.03 Ω 0.06&0.09 Ω 

cL  Output end inductance  1.4&0.35 mH 0.7&1.05 mH 

in  
Reactive droop 

coefficient  
0.01 V/Var 0.02 V/Var 

im  Active droop coefficient 
4×10-4 

rad/(s×W) 

8×10-4 

rad/(s×W) 

Q  Reactive power load 0&200 Var 0&300 Var 

P  Active power load 0&600 W 0&400 W 
rated

P  Rated active power  800 W 400 W 

rated
Q  Rated reactive power  600 Var 300 Var 

PQk  ( )iG s proportional term 0.01 0.01 

iQk  ( )iG s integral term 3 3 

pvk  ( )iH s proportional term 0.005 0.005 

ivk  ( )iH s integral term  2 2 

a Designed parameter  1.5 1.5 

b Designed parameter  30 30 

c Designed parameter  0.1 0.1 

Note: the designed parameter
G

A as follows: 

0 1 0 1

1 0 1 0
1.5

0 1 0 1

1 0 1 0
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