
 Abstract—A microgrid formed by a cluster of parallel 

distributed generation (DG) units is capable of operating in either 

islanded mode or grid-connected mode. Traditionally, by using 

model predictive control (MPC) algorithms, these two operation 

modes can be achieved with two separate and different cost 

functions, which brings in control complexity and hence, 

compromises system reliability. In this paper, a unified model 

predictive voltage and current control (UMPVIC) strategy is 

proposed for both islanded and grid-connected operations and their 

smooth transition. The cost function is kept unified with voltage and 

current taken into account without altering the control architecture. 

It can be used for high-quality voltage supply at the primary control 

level and for bidirectional power flow at the tertiary control level. 

In addition, by only using DGs’ own and neighboring information, 

a distributed fuzzy cooperative algorithm is developed at the 

secondary layer to mitigate the voltage and frequency deviations 

inherent from the power droop. The fuzzy controller can optimize 

the secondary control coefficients for further voltage quality 

improvement. Comprehensive tests under various scenarios 

demonstrate the merits of the proposed control strategy over 

traditional methods.    

Index Terms--Model predictive control, distributed fuzzy 

secondary control, droop control 

I. INTRODUCTION

Microgrids, as the key building blocks of the smart grid, form 

flexible interfaces between the main power network and the 

distributed generation (DG) units such as solar photovoltaic 

(PVs), wind turbines and energy storage systems. In the last few 

years, the hierarchical control has been a widely recognized 

standard framework for various microgrids [1, 2]. In islanded 

mode, since it is independent of the main grid, the microgrid 

operates as an integral entity in which the frequency and voltage 

should be regulated internally and locally. This is crucial for a 

majority of microgrids, especially for those built in rural areas 

where power users require a high level of reliability.  

Once the microgrid is grid-connected, the system frequency 

and voltage are strongly supported by the stiff grid. In this case, 

microgrids supply extra power and participate in energy 

scheduling of the power system. In case of grid faults or outages, 

the microgrid can be cut off with an islanding action to form a 

self-sufficient entity as quickly as possible. Thus, it is extremely 

crucial to formulate appropriate control methods for microgrids 
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to achieve stable and efficient multi-mode operations between 

islanded and grid-connected modes as well as their transitions. 

So far, much effort has been devoted to realizing the multi-

mode operations of AC microgrids. In [3-5], the improvement is 

only made on droop control method, while the voltage and 

current dual loops based on cascaded linear control technique are 

remained unchanged to produce pulse-width modulation (PWM) 

signals. For [6], voltage control loop and current control loop are 

respectively adopted for different operation modes. In [7], a PV-

battery-based microgrid is studied. Similarly, the dual control 

loops are again kept for signal generation. In [8, 9], cascaded 

linear control loops are developed to transfer different modes. 

However, conventional cascaded control structure needs 

superposed nested loops and time-consuming proportional-

integral-derivative (PID) parameter tuning to realize multi-

functionalities, and it is difficult to include variable constraints. 

It therefore lacks sufficient control flexibility and intelligence in 

renewable energy and microgrids with multiple control layers 

and multiple objectives. 

In clear contrast to cascaded linear loops, model predictive 

control (MPC) computes the optimal control command through 

minimizing a preset cost function and the target system model. 

This computation completes at each sampling time over a certain 

time interval. Recently, MPC has shown an increasing trend in 

microgrid control regarding multi-mode operations due to its 

specific features like a rapid response, free of complex tuning 

procedure, and removal of PWM generators as well as ease to 

involve various constraints. In [10-12], MPC is used only in 

islanded microgrids attempting to achieve a better performance. 

While in [13-15], when the microgrid operation mode alters, they 

have to significantly change the control target. So far, it has not 

been sought to develop a common format for these modes, thus 

to achieve a neat and integrated control to deal with the mode 

changes. In addition, in these studies, only the voltage magnitude 

error is considered in the cost function in islanded mode, which 

presents an inferior performance in terms of the voltage supply 

[10]. 

Another concern of microgrids is the power quality. In the 

microgrid’s hierarchy, secondary control is used to eliminate the 

frequency/voltage deviations caused by the primary control. 

Among secondary controls, centralized control exposes potential 
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single point of failure and low scalability, while the distributed 

cooperative control based on sparse communication networks 

presents more reliability, robustness and flexibility [16]. Using 

distributed cooperative principle, the system only requires local 

or adjacent information without a central controller. In recent 

years, distributed cooperative secondary control have been 

increasingly applied to microgrids [17-23]. For example, in [17] 

and [18], the frequency and voltage of all DGs can reach 

consensus by using a distributed cooperative secondary control 

derived from the feedback linearization. In [21], a finite-time 

secondary frequency control approach is proposed to eliminate 

the frequency with fast convergence speed. However, the design 

of the secondary control coefficients in these studies lacks 

sufficient investigation. And, it is rare to see any existing work 

exploring the dynamic adjustment of the distributed secondary 

control coefficients to optimize the voltage/frequency deviation 

mitigation and dynamic response. It is therefore urgently needed 

to develop a self-adaptive mechanism to improve the secondary 

control. 

To fill the aforementioned technical gaps, this paper proposes 

a unified model predictive voltage and current control (UMPVIC) 

architecture for microgrid multi-mode operations where the 

control structure is kept unchanged. In islanded operation, it 

enables proper load sharing among DGs with high-quality 

voltage supply. In grid-connected mode, it achieves flexible 

active and reactive power exchange with the main grid, which 

caters the recent grid code requirement for distributed energy 

systems. The proposed control method can also facilitate the 

smooth transition between operation modes. Then, a dynamically 

adjustable distributed cooperative method based on an 

effectively applicable fuzzy control logic is developed to restore 

the voltage and frequency. The overall control strategy is 

implemented in a hierarchical structure. Specifically, the 

proposed UMPVIC strategy integrated with droop scheme is 

used for primary control (and partly for the tertiary control). The 

fuzzy optimized distributed cooperative control is adopted at the 

secondary control layer. In summary, the main contributions of 

this paper are summarized as follows: 

1) The proposed UMPVIC strategy can maintain a unified

control structure in various operation modes in microgrids. By 

also taking into account the inductor current in addition to the 

capacitor voltage, a high-quality voltage is generated in islanded 

mode. Meanwhile, the bidirectional power flows are also 

achieved in grid-connected mode. In particular, the factors that 

impact voltage supply quality using MPC method in islanded 

mode is revealed and analyzed.  

2) In existing distributed cooperative secondary control, the

dynamic adjustment of the distributed secondary control 

coefficients has not been explored. We propose a mechanism to 

dynamically regulate the coefficients of distributed cooperative 

secondary control according to an explicit and intuitive fuzzy 

logic. This not only can restore the voltage/frequency deviations, 

but also optimize the trade-off between dynamic response and 

steady-state performance. Also, the restoration using the DG’s 

own or neighboring information is fully explored, ensuring the 

plug-and-play capability.  

3) A transient control factor is introduced for a mild and

steady activation of secondary control. Under the cooperation of 

advanced MPC control and optimized distributed cooperative 

secondary control, the microgrid system is comprehensively 

investigated in a hierarchical view with a complete operational 

process and various case studies. 

It should be noted that the proposed UMPVIC strategy and the 

distributed fuzzy cooperative algorithm fully comply with the 

microgrid’s hierarchical control architecture [1],[2]. These two 

approaches work together to achieve an overall satisfactory 

performance of a microgrid. Specifically, the UMPVIC is 

implemented at the primary and tertiary layers to achieve load 

sharing and facilitate operation mode transition, while the 

distributed fuzzy cooperative algorithm is implemented at the 

secondary layer to restore the frequency and voltage. 

The remainder of this paper is organized as follows. The 

microgrid hierarchical control framework is reviewed in Section 

II. The proposed UMPVIC strategy is presented in Section III. In

Section IV, the distributed fuzzy cooperative secondary control

is developed. The overall control strategy is illustrated in Section

V. Case studies and discussion are presented in Section VI.

Finally, conclusion is drawn in Section VII.

II. REVIEW OF HIERARCHICAL CONTROL FRAMEWORK

In microgrid hierarchical control architecture, each level has 

its own objective. Primary control stabilizes systemic 

frequency/voltage and shares power proportionally. Secondary 

control eliminates the inherent deviations brought by the primary 

control and prepares for grid connection. Tertiary control, the 

highest control level, is aimed to achieve interconnected power 

flows and maximize economic benefits under the grid-connected 

operation. 

A. Primary Control

As the first and lowest control level inside the microgrid, the

primary control aims at forming an islanded system for its own 

stable and sound operation. In order to achieve a proportional 

power sharing among DGs, the droop control method is used, 

which can be formulated as follows 

*f f mP= −     (1) 

*E E nQ= −     (2) 

where 
*f  and *E  are the nominal network frequency and 

voltage, m and n the droop coefficients, P and Q the 

instantaneous measured active power and reactive power, 

respectively.  

Thereafter, the droop control outputs f and E are synthesized 

for the usage of three phases with the following equation 
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In practical applications, the common abc reference frame is 

usually transferred into the αβ stationary orthogonal reference 

frame through 
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After the voltage reference is determined by the droop 

controller, an inner voltage and current cascaded control loop is 

conventionally utilized to generate switching signals to control 

DG inverters [2], [3]. Alternatively, an inner MPC controller has 



been recently reported by researchers to replace the conventional 

cascaded control loop [10], [11]. 

B. Secondary Control

In droop control, the increased load demand is met by reducing

system frequency and voltage magnitudes. This principle 

inevitably causes deviations from the rated frequency and 

voltage. In order to mitigate these deviations, the so-called 

secondary control becomes a necessity. 

To restore the frequency and voltage, secondary control 

principle is to shift the entire droop control curve along the 

vertical axis with an additional offset, which is expressed as 
*f f mP f= − +     (5) 
*E E nQ E= − +      (6) 

where f  and E  are frequency and voltage offsets. 

Traditionally, these offsets can be obtained by using centralized 

strategies that require central communication and computation 

units to collect and process the massive information of all DGs.  

C. Tertiary Control

As the highest level in the hierarchy, tertiary control operates

when the microgrid is connected to the main grid. As 

aforementioned, it deals with economic dispatching, operation 

scheduling, and power flow between the MG and main grid. 

Notice that tertiary control is also referred to the coordination of 

multiple microgrids interacting with one another in networked 

microgrids [1]. Economic dispatching is out of the scope of this 

study, Here, we focus on the quantitative and bidirectional power 

flows in tertiary control. 

III. PROPOSED UMPVIC STRATEGY

DGs are the fundamental units that form a microgrid. In this 

section, an UMPVIC strategy is proposed for DGs operating in 

both islanded and grid-connected modes. The control diagram of 

the UMPVIC strategy is illustrated in Fig. 1, where a voltage 

source converter (VSC) is connected to the point of common 

coupling (PCC). In the figure, “A” and “B” are switches that 

operate simultaneously for both the circuit and algorithm. For 

example, “A” means disconnection from the main grid. 

Correspondingly equations (14) and (18) as the “islanded mode” 

algorithm should be used.  
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Fig. 1. Schematic diagram of the proposed UMPVIC strategy for VSCs. 

A. DG Modeling

In this study, a two-level three-phase VSC is adopted for the

power conversion. Depending on the VSC switching states, 

totally eight (23) output voltage vectors can be generated as 

( 1)( /3)2
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where Vdc  is DC source voltage. 

Essentially, the UMPVIC control principle is built upon the 

LC filter dynamics. According to Kirchhoffs Current Law (KCL) 

and Kirchhoffs Voltage Law (KVL), the following equations can 

be derived  

c

c f o

dV
C I I I

dt
= = −  (8) 

f

i f c

dI
L V I R V

dt
= − −  (9) 

where Vc and Ic are the capacitor voltage and current, respectively; 

If and Io are the inductor current and DG output current, 

respectively. (8) and (9) can then be further rewritten into a 

matrix form as 

= +x Ax Bu       (10) 
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Applying Euler forward discretization method, the following 

equation (also called predictive model) can be obtained  
1

2 2( 1) ( ) ( ) ( )s sT T
k + e k e k−

= + −
A A

x x A I Bu   (11) 

where 2 2I  is the identity matrix. Employing (11), the DG output 

voltage Vc and inductor current If at next (k+1)th sampling instant 

can be predicted according to present k-instant states. 

B. Cost Function Design of Islanded UMPVIC

In the majority of existing relevant studies [13-15, 24, 25], in

order to provide a stable voltage supply, only voltage magnitude 

is formulated in the cost function as  
* 2

, ,( ( 1))V c cJ V V k   = − +   (12) 

where 
*

cV is capacitor voltage reference, subscript α or β means 

the sub-variable on coordinate in the stationary orthogonal 

reference frame. However, after careful observation of (11), 

which is derived from (8) and (9), one can find an interesting 

mathematical relationship. That is, the VSC output voltage Vi 

that directly impacts the DG performance is not explicitly 

involved in capacitor voltage prediction. By contrast, Vi is 

needed for inductor current prediction. This means ( 1)fI k +  is 

strongly linked to Vi. Inspired by this, the cost function (12) can 

be re-designed by formulating not only the capacitor voltage but 

also the inductor current as  
* 2 * 2

, , , ,( ( 1)) ( ( 1))VI c c f fJ V V k I I k       = − + + − +  (13) 

where 
*

fI is the inductor current reference. By including the

current term in the cost function, the original control objective, 

i.e., the capacitor voltage or DG output voltage, can be better

regulated.

In (13), , ( 1)cV k  + and , ( 1)fI k  + can be obtained from (11).

Then the next step is to determine the two references 
*

,cV   and
*

,fI   . In a single VSC system, obviously,
*

,cV   can be set as an

ideal sinusoidal wave for voltage supply [24]. In microgrids with 

parallel VSCs coordinated by droop method, 
*

,cV   should be 

determined from the droop controller as 



* *

, ,c
V u   =        (14) 

where u*
α,β is the voltage reference from the droop controller, as 

illustrated previously in Section II. As for 
*

,fI   , it can be 

obtained by applying KCL as 
* * *

, , ,f c o
I I I     = +      (15) 

Meanwhile, 
*

,cV   can be expressed as  

* * * * *

,
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where *

c
V is the voltage magnitude. Using (16) and (8), also 

assuming DG output current Io is unchanged during an inter-

sampling time period, one can obtain 
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    Subsequently, substituting (17) into (15), the inductor current 

reference can eventually be obtained as 
* * *

, ,f c c o
I CV j CV I      = − + +     (18) 

C. Cost Function Design of Grid-connected UMPVIC

Unlike islanded mode, grid-connected microgrids can get both

frequency and voltage supports from the main grid. Thus a 

different control method is needed. In this case, the PCC voltage 

is strongly fixed by the main grid as g pcc cV V V=  . Since the LC 

filter is maintained when operation mode changes, equations (8) 

and (9) are still feasible, which means both ( 1)cV k +  and 

( 1)fI k +  can still be predicted from (11). Now, the control 

method design for the grid-connected mode only relies on 

constructing a suitable cost function with the goal of bidirectional 

power flow.  

The active power and reactive power are calculated by 
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In conventional MPC of grid-connected inverters, the active 

and reactive powers are regulated in the form as 
* 2 * 2( ( 1)) ( ( 1))PQJ P P k Q Q k= − + + − +         (20) 

where *P  and 
*Q  are the power references; ( 1)P k +  and 

( 1)Q k + are the powers predicted either from the derivative on 

the calculation of instantaneous P and Q [14] using (19), or from 

the real and imaginary part of the product of ( )cV k  and ( 1)fI k +

[26]. 

Under this circumstance, when the microgrid changes 

operation modes, the cost function will alter accordingly between 

(13) and (20). However, this kind of alteration makes the cost

function design neither straightforward nor reliable. In light of

this, instead of using (20), the cost function in grid-connected

operation can actually be formulated into to a unified form as (13)

in islanded operation. The key is to explore a link between the

power and the voltage and current. This process can be realized

by the following transformation
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Here, ,gV    is the actual grid voltage that guides the converter 

output voltage to track the referenced grid voltage.

IV. DISTRIBUTED FUZZY COOPERATIVE SECONDARY CONTROL

Centralized secondary control requires a central controller and 

a heavy communication burden, which suffers from the single 

point of failure problem and hence, degrades system reliability. 

In this study, an optimal distributed fuzzy cooperative secondary 

control is developed. In graph theory, a microgrid can be 

expressed as a digraph ( , , )  = A , where the DGs are denoted 

as nodes or agents 1 2
{ , ,..., }

N
v v v = . Their communication 

connections are denoted as edges     . If node j sends data 

to adjacent node i, this edge can be described as ( , )
j i

v v  , and 

its corresponding weight becomes 1
ij

a = , otherwise 0
ij

a = . The 

set of ij
a is called adjacency matrix [ ]

ij N N
a


=A . Obviously, 

this adjacency matrix A encodes the communication pattern 

among DGs.  

The distributed cooperative control seeks to realize a tracking 

synchronization among DGs based on the system dynamics. In 

microgrid secondary control, it aims to regulate the system 

frequency and DGs output voltage to reach consensus. To derive 

the control protocol, input-output feedback linearization [17, 18] 

is applied on (1) and (2) for DGi.  

i i i i fi fi f
f f m P u e d=  −  =    (22) 

i ii i Ei Vi v
E E n Q u e d=  −  =      (23) 

In (22), since the system frequency is a global variable in 

steady state, it can have the similar linearization operation as 

1
( )

1
i i pi i i i p

c

m P u m P P d
s

 =   − 
+

    (24) 

While for (23), it accordingly has 

1 1
( )

1
i i i

c c

Q Q Q
s 

=  − 
+

   (25) 

    In the above (22)-(25),  is differential operation; c
 is 

filtering parameter that is the derivative of the low-pass filter cut-

off frequency; dp, df, dv are the secondary control coefficients; efi 

and evi are the tracking errors by using DG’s own information or 

its neighboring information as 
*( ) ( )

i

fi ij j i i i

j N

e a f f g f f


= − + − (26)

*( ) ( )
i

vi ij cj ci i c i

j N

e a V V g V V


= − + − (27)

where gi is the pinning gain indicating whether the DG can access 

the constant frequency/voltage reference.  

Then, the control protocol of distributed cooperative 

secondary control can be described as follows  

1) for secondary frequency control
1

( )
i fi pi

f u u
s

 = +     (28) 
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2) for secondary voltage control

1
( )

i i i Ei
E n Q u

s
 = +    (29) 

In order to avoid complex and time-consuming tuning of 

coefficients dp, df and dv, and to increase the adaptability and 

flexibility of cooperative action, a fuzzy control of selecting 

suitable coefficients is utilized. The fuzzy control uses fuzzy 

logic to reflect human thinking and operating experience, 

transforming nonlinear and complex control algorithms or 

models to simple fuzzy rules [27, 28]. 

The fuzzy controller design generally includes the following 

steps [29]:  

1) Fuzzification: to transform input variables to fuzzy variable

sets that obey membership functions; 

2) Fuzzy inference: to determine inferential results based on

the predefined “if…then” fuzzy rules; 

3) Defuzzification: as an inverse process of fuzzification, to

translate fuzzy inference results into output control variables 

(coefficients dp, df and dv). 

Moreover, for a smooth activation of the secondary control, a 

transient control ramp function is introduced, which is expressed 

as 

1;0 1
y x t

t x t y
= −

  +      (30) 

where t indicates the instant when secondary control activates. It 

is only triggered when secondary control is switched on. The 

output of this ramp function y will then be multiplied by the 

secondary control outputs Δfi and ΔEi, respectively. Once the 

secondary control is activated, y increases linearly from 0 to 1 

within one second. In this way, the frequency and voltage 

compensation from the secondary controller will be added to the 

primary droop controller gradually to avoid overshoot and 

system instability.  

The control diagram of the proposed distributed fuzzy 

cooperative secondary control is illustrated in Fig. 2. abs means 

the absolute operator, which locates in front of fuzzy controllers. 

The coefficients dp, df and dv (in dashed line) are replaced by 

fuzzy controllers, which is simple and straightforward without 

significantly changing the control architecture. The transient 

control ramp function is depicted in the blue dash block. 
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control

V. OVERALL CONTROL ARCHITECTURE

For better illustration, Fig. 3 depicts the overall control 

strategy in this paper from the perspective of hierarchical 

architecture. The proposed UMPVIC strategy is mainly involved 

in the primary and tertiary control levels. At primary control 

layer in islanded operation, it is cooperated with droop method 

to achieve load sharing among DGs. Meanwhile, the proposed 

fuzzy optimized distributed cooperative control is implemented 

on the secondary level. It aims to generate a compensation for 

the primary droop controller in order to eliminate the voltage and 

frequency deviations. The DGs exchange information with their 

neighbors based on a sparse communication network with the 

purpose of improving control reliability. At tertiary control layer, 

the fuzzy optimized distributed cooperative control is 

deactivated and grid-connected operation begins. In this case, 

active power and reactive power can both be regulated 

independently and quantitatively, which enables flexible and 

bidirectional power exchange with the main grid. Bidirectional 

power flow between microgrids and utility grid is an interesting 

topic. Although it is out of the scope of this paper, it is worth 

mentioning that the power exchanges should be determined 

according to various aspects such as electricity prices, power 

transmission losses, operational benefits, etc. [30]  
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VI. VERIFICATION
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The proposed control strategy is validated through case studies. 

A microgrid with four DGs is built in MATLAB Simscape Power 

Systems environment, as shown in Fig. 4. The AC bus is denoted 

as the point of common coupling (PCC) where the main grid can 



be interfaced through a static transfer switch (STS). The system 

and control parameters are listed in Table I. The default values 

of the graph structure of DG communication are listed in the table. 

The setting of the fuzzy controller is also given in the table. Here, 

we use “mamdani” method for the inference, which has been 

widely recognized and used in fuzzy control domain [31].   

TABLE I. System and Control Parameters 

Description Value 

DG capacity 120kW (default value) 

DC rated voltage 1kV 

AC rated voltage 0.38kV (p-p, rms), 50Hz 

AC-bus LC filter R = 20mΩ, L = 3.6mH, C = 0.2mF 

Line impedance R = 0.1Ω, L = 2.4mH 

Droop coefficient m = 1e-5, n = 2.5e-4 (default value) 

Filtering parameter c = 0.16 

Sampling interval 40μs 

Prediction horizon N=1 with one-step delay compensation 

Local load 1-4 (10kW, 0kVar) 

Common load 1-2 (40kW, 0kVar) 

Secondary control 

Graph structure aij = 0, gi = 1 (default values) 

Fuzzy control 

For df, dp, dv input Range = [0,0.2], [0,0.04], [0 1.2] respectively; 

there are 8 membership functions that are all 

“Gaussian Function” and uniformly distributed 

(named: in1, in2, …, in8) 

For df, dp, dv output Ranges are all [2,50]; 

there are 8 membership functions which are all 

“Gaussian Function” and uniformly distributed 

(named: out1, out2, …, out8) 

Inference method “Mamdani” method [31] 

Rules If in1 then out1, If in2 then out2, …, If in8 then 

out8 

A. Primary Control

In the first scenario, only primary control is implemented

under islanded operation. Initially all local loads and common 

load #1 are connected. Fig. 5 compares the performance of 

traditional method and the proposed UMPVIC scheme. As 

shown, the harmonic spectrum of the proposed method is clearer 

than traditional method, particularly around 2.2kHz. Thus, the 

THD of the proposed primary control is 1.49%, whereas the 

traditional control leads to a THD of 1.66% under the same 

circumstance. This is because the proposed UMPVIC scheme 

fully considers the LC filter’s dynamics and includes inductor 

current in the cost function, resulting a better voltage supply 

quality. 1.49% is smaller than 1.5% that is the voltage distortion 

limit as specified by IEEE Std 519-2014. Thus, a high-quality 

voltage supply is provided. 

Fig. 5.  Voltage quality comparison. (a) proposed UMPVIC strategy, (b) 

traditional method 

Then, the microgrid performance under load changes by using 

the proposed UMPVIC strategy is studied. Common load #2 is 

switched in at 1s and switched out at 3s. As shown in Fig. 6, the 

powers among DGs can be properly shared to meet the load 

demand. However, due to the nature of droop method, the 

frequencies and voltages are both deviated from nominal levels, 

particularly when the load increases. Considering all DGs, the 

highest frequency deviation error in Fig. 6 (c) is 0.2941Hz, while 

the highest voltage deviation error in Fig. 6 (d) is 1.4865V. To 

address the voltage and frequency deviations, secondary control 

will be implemented in the next test.  

Fig. 6.  Islanded operation of proposed UMPVIC strategy when load changes

B. Secondary Control

In this test, the proposed distributed fuzzy cooperative

secondary control is utilized. The results are shown in Fig. 7. 

When compared to Fig. 6 without using the secondary control, it 

can be observed that the system frequency and DG output voltage 

are now tightly maintained at their nominal values, especially for 

the voltage control. At 1s and 3s during load variations, the 

proposed control can rapidly restore the trajectories back to the 

original steady points. 

Fig. 7.  Islanded operation of proposed UMPVIC strategy with distributed fuzzy 



cooperative secondary control. 

    To further demonstrate the effectiveness of the optimal fuzzy 

cooperative secondary control, it has been compared with the 

traditional secondary control with fixed secondary coefficients dp, 

df and dv. Fig. 8 shows the comparison in terms of frequency 

performance. It can be seen that smaller coefficients (dp=df=dv=2) 

result in a slower response but with fewer oscillations. In contrast, 

larger coefficients (dp=df=dv=50) lead to a faster response but 

with more oscillations or “spikes”. These frequency spikes are 

not wanted in power system. For example, they will cause large 

electromagnetic torque oscillations in motor loads, resulting in 

an inefficient operation and a gradual breakdown. On the other 

hand, the proposed distributed fuzzy cooperative secondary 

control can achieve a better trade-off between the response and 

oscillations. Fig. 9 presents the corresponding coefficients inside 

the fuzzy controller of DG1. These reveal that, instead of being 

maintained constant, the coefficients are dynamically adjusted 

according to the preset fuzzy logic for optimization. 

Fig. 8.  Comparison between the proposed distributed fuzzy cooperative 

secondary control and traditional secondary control. 

Fig. 9.  Coefficient optimization inside the fuzzy controller. 

C. Tertiary Control

In the third scenario, the STS switches on at 1s and grid-

connected mode is activated with active power exchange demand 

at 10kW. At the same time, the secondary control is deactivated 

because the system is ready to get the strong support from the 

main grid. As can be seen in Fig. 10, the system turns into the 

grid-connected mode from the islanded mode smoothly. The 

active power tracks tightly to the reference, and the frequency is 

also kept stable at the nominal value. At 3s, the STS switches off 

and the microgrid translates back to islanded mode.  

Fig. 10.  Grid-connecting and islanding test 

D. Distributed Cooperative Performance

Here, the communication network is changed to Fig. 11 for the

evaluation of DGs’ secondary cooperative control under islanded 

operation. The same load variation pattern as Subsection-A is 

adopted here. In this case, only DG1 can access the frequency 

and voltage references, while other DGs can get their own and 

neighboring instantaneous frequency and voltage information. 

Based on this graph structure, the adjacency matrix and the 

pinning gain become  

4 4
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[ ]
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0 0 1 0

[ ] [1 0 0 0]

ij

i

A a

g



  
  
  = =

 
 
 

 =

    (31) 

References

DG1

DG2 DG3

DG4

Fig. 11.  Directed communication graph from DG 1 to DG4 

Fig. 12 presents the distributed cooperative performance. As 

shown, the system can restore the frequency and voltage as well 

as maintain their stabilization when load changes. Notice that the 

deviated and oscillated degrees during the transient process are 

increasing slightly from DG1 to DG4. This is because the 

distorted information sent by adjacent DGs has been 

accumulated along the directed communication path, as 

illustrated in Fig. 11. This accumulated effect depends on the 

communication topology and connectivity. Though out of the 

scope of this work, we want to point out that topology 

optimization of data communication network is an interesting 

and important research area as it can affect DGs performance in 

microgrids.  



Fig. 12.  Distributed cooperative performance with directed communication 

graph from DG 1 to DG4. 

E. Plug-and-Play Capability

The plug-and-play capability of the proposed strategy is

demonstrated in this test. Initially, four local loads and one 

common load are connected. At 1s, assuming there is a fault (e.g., 

short circuit, open circuit or the malfunctions of circuit breaker 

and protective relays) in DG4, it is disconnected from the 

microgrid. Then at 3s, DG4 is connected back upon fault 

clearance. Further, DG2 and DG3 are both disconnected at 5s and 

reconnected at 7s. The plug-and-play performance is presented 

in Fig. 13. From Fig. 13 (a) and (b), it can be seen that when DG4, 

DG2 and DG3 are switched off at different time instants, the rest 

of DGs immediately pick up the power demand and share the 

load. Then, once DG4, DG2 and DG3 are plugged into the 

microgrid, the operating DGs share the system power 

accordingly. During the whole process, the system frequency and 

DG output voltage can be maintained at the nominal values, as 

shown in Fig. 13 (c) and (d). Here, it is worth mentioning that the 

disconnected DGs can continue to power their local loads when 

they are switched off from the microgrid. This is another 

attractive merit of the proposed strategy.  

Fig. 13.  Plug-and-play performance 

F. DGs with unequal power generations

Here, different DG capacities (DG1:80kW, DG2:100kW,

DG3:120kW, DG4:140kW) are tested, while the same load 

profile in Fig. 6 is applied. The performance in islanded mode is 

shown in Fig. 14. From Fig. 14 (a) and (b), it can be seen that the 

powers are shared proportionally to their capacities. Fig. 14 (c) 

and (d) are the results of the system performance without 

secondary control. Since the frequency is a global variable, their 

frequencies are the same in steady state, whereas the voltages 

present obvious drops. Fig. 14 (e) and (f) show the results of the 

system performance with the proposed distributed secondary 

control. It can be observed that, under unequal DG power 

generations, the frequencies and voltages are maintained at their 

rated values. 

Fig. 14.  Islanded operation of proposed UMPVIC and distributed fuzzy 

cooperative secondary control strategy with different DG capacities

G. Comparisons with recent relevant literature

In this paper, we have proposed two new control mechanisms

that are different from the existing control methods for microgrid 

multi-mode operations. The first one is the unified UMPVIC, 

which forms a unified predictive model and cost function, taking 

into account both voltage and current factors without altering the 

control architecture. Hence, an improved voltage supply and 

bidirectional power flow are achieved. This is different from 

recent relevant studies [32-35], which neither achieve a unified 

control architecture nor consider the changing trend of capacitor 

voltage (i.e., the inductor current). The second one is the fuzzy 

optimized distributed cooperative control, which can 

dynamically regulate the secondary coefficients in an explicit 

and intuitive way. Thus, a trade-off between dynamic response 

and steady-state performance can be mitigated. To our best 

acknowledge, this self-adaptive mechanism has not been 

reported in recent distributed cooperative control [36-38]. 

VII. CONCLUSIONS

In this work, a microgrid with four DGs in a hierarchical 

control architecture is studied. A unified model predictive 

voltage and current control (UMPVIC) strategy is proposed for 

both islanded and grid-connected operations and their smooth 

transition. The cost function is formulated in a unified form by 

considering DG voltage and current. As a result, different 



operation modes can be achieved without altering the control 

architecture. The proposed UMPVIC strategy can be flexibly 

used in primary control layer for proper load sharing and in 

tertiary control layer for bidirectional power flow. Furthermore, 

by only using DGs’ own and neighboring information, a 

distributed fuzzy cooperative algorithm is developed at the 

secondary control level to mitigate the voltage and frequency 

deviations inherent from the primary droop layer. The fuzzy 

controller can optimize the secondary control coefficients for 

further voltage quality improvement. Comprehensive tests under 

various scenarios including load variations and plug-and-play 

operation demonstrate the advantages of the proposed control 

strategy over traditional methods.  

However, the following points should be noticed: 

1) Compared to the traditional cascaded control structure,

more system information (e.g., predictive model, cost function, 

alternative voltage vectors and solving process) is needed. Thus, 

computational burden will increase for local DG controllers.  

2) The switching frequency of the proposed MPC scheme for

power converter control is not constant, which brings in 

difficulties in LC filter design.  

3) Since the distributed secondary control is performed on a

sparse communication network, a two-way data exchange 

mechanism is needed among DGs.  
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