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Abstract—This paper presents an estimator-based voltage 

predictive control strategy for AC islanded microgrids, which is 

able to perform voltage control without any communication 

facilities. The proposed control strategy is composed of a network 

voltage estimator and a voltage predictive controller for each 

distributed generator, where the voltage estimator serves as an 

essential tool to obtain network voltages response without using 

communication links, while the voltage predictive controller is 

able to implement offset-free voltage control for a specified bus. 

The dynamic performance of the proposed voltage control 

strategy is analyzed through small signal analysis method, from 

which the design guideline for the controller parameters is 

formulated. Furthermore, the robustness of the proposed voltage 

control strategy is investigated under a series of parameters 

uncertainties, including the line parameters perturbation, load 

parameters variation, different disturbance locations, LC filters 

perturbation, output impedances perturbation and DG unit fault. 

The simulation and experimental results show that the proposed 

control approach is able to perform offset-free voltage control 

without any communication links and has a good capability to 

reject uncertain perturbations of islanded microgrids. 

 
Index Terms—Distributed voltage predictive control, voltage 

estimator, dynamic performance, robustness, islanded microgrid. 

 

I. INTRODUCTION 

s the expansion of renewable energy utilization, the 

small-scale distributed power generation systems such as 

microgrid [1-2] and virtual power plants [3] have become 

attractive architectures for future active distribution networks. 

These small autonomous power systems integrating various 

forms of Distributed Generation (DG) units and local loads 

improve the reliability and efficiency of electricity services [4]. 

A microgrid can be operated flexibly either in a 

grid-connection mode or in an islanded mode according to the 

power system conditions [5-6]. During the islanded operation, 

droop control methods [7-13] are generally employed to 

automatically assign the active and reactive power among DG 

units without using communication links. Although the droop 

control provides the flexibility and reliability for power 

sharing, it also results in further drawback. The network 

voltages tend to drop as the droop controllers decrease the 

terminal voltage of DG units to track the increased reactive 

power in the presence of load disturbances [14]. These 

steady-state voltage offsets consequently degrade the voltage 

quality, and lead to poor performance in load regulation [15]. 

Note that an improved droop control method with voltage 

self-restoration [16] has been presented, where 

voltage-derivative is adopted to perform output voltage 

restoration. However, the method has a poor control 

performance in the presence of local disturbances [7] and fails 

to perform voltage control for different buses in multi-bus 

islanded microgrids. 

To deal with the voltage deviation issue, a number of 

voltage control methods such as the centralized voltage 

control in [17] and the decentralized voltage control [18-19] 

have been developed. The use of several PID control 

structures for the centralized voltage control in an islanded 

microgrid are investigated in [20]. A controller design and 

optimization method using particle swarm optimization 

algorithms is presented in [14], which are able to coordinate 

multiple inverter-interfaced DG units against voltage 

disturbances. A potential function method for centralized 

secondary voltage control is proposed in [21], where the 

dynamic voltage set points are commended using 

communication links within the microgrid. Compared to the 

centralized control structure, the distributed voltage control 

methods also earn an increasing concern, which are able to 

perform voltage regulation locally and quickly so that the 

whole control system becomes more flexible and reliable. A 

distributed secondary voltage control strategy based on 

distributed cooperative control of multi-agent systems is 

reported in [22], where the one-way communication channels 

are needed to exchange information among neighboring agents. 

A distributed control method to regulate output power of 

multiple photovoltaic generators in a distribution network is 

addressed in [23]. A second control layer, compensating for 

voltage deviation caused by the droop control, is proposed in 

[15]. In [24], an improved droop control method with a 

capacity of controlling bus voltage is developed for a DC 

An Estimator-Based Distributed Voltage 

Predictive Control Strategy for AC Islanded 

Microgrids 
Yanbo Wang, Zhe Chen, Senior Member, IEEE, Xiongfei Wang, Member, IEEE, Yanjun Tian, 

Yongdong Tan, and Chao Yang 

This work is supported in part by China Scholarship Council and the authors 
would like to thank the Danish Council for Strategic Research for providing 

the financial support for the project “Development of a Secure, Economic and 

Environmentally-friendly Modern Power Systems” (DSF 09-067255). A part 
of the work has been published on International Power Electronics 

Conference-ECCE Asia-, Japan, 18-21, May, 2014.  

Y. Wang, and Y. Tan are with the Electrical Engineering School, Southwest 
Jiaotong University, Chengdu 610031, China. (ywa@et.aau.dk; 

ydtan@swjtu.edu.cn). 

Z. Chen, X. Wang, and Y. Tian are with the Department of Energy 
Technology, Aalborg University, Aalborg 9220, Denmark. (zch@et.aau.dk; 

xwa@ et.aau.dk; yti@et.aau.dk) 

C. Yang is with the college of Electrical Engineering, Chongqing University, 

Chongqing, 400044, China. (esyangchao@163.com) 

A 

 
 

 

www.Matlabi.irwww.Matlabi.ir

http://www.Matlabi.ir


This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2014.2345696, IEEE Transactions on Power Electronics

 2 

microgrid, which uses local controllers and the low bandwidth 

communication link to exchange information between inverter 

units. A distributed secondary control approach implementing 

voltage control and reactive power sharing is proposed in [25]. 

However, for these voltage control approaches aforementioned, 

the critical communication links are necessary to acquire 

voltage responses and send control commands, which 

undoubtedly bring network-induced side effects such as data 

drop-out and time delay [25]-[26]. In a multi-bus AC islanded 

microgrid, when various DG units and loads may be located 

far away from each other, the complicated communication 

links make such voltage control schemes much less reliable 

and flexible. Hence, it would be desirable to avoid using the 

critical communication channels to improve the voltage 

control system performance.  

State estimation methods [27-30] have been presented as an 

important approach to extract system dynamics and to reduce 

communication system burdens. A linear state estimation 

formulation is addressed in [27], which serves as an effective 

tool to aid system monitoring, automation and control efforts 

in smart distribution systems. A survey on state estimation in 

electric power grids [28] is provided and the impact on state 

estimation of the technological changes is examined. A Belief 

Propagation-based distribution system state estimator is 

presented to alleviate data communication burden in [29], but 

data acquisition systems require communication links to 

accomplish the state estimation process. In [30], a linear 

model-based Kalman state estimation approach is proposed, 

which operates by using local models of power network 

associated with a virtual disturbance model. However, it is 

difficult to estimate network voltages and states of DG units 

due to the simplified virtual model.  

To address these problems aforementioned, a Kalman 

Filter-Based state estimation method without communication 

links is proposed to accomplish state estimation in our 

previous work [31], where the local estimator can dynamically 

obtain network status. Furthermore, a communication-less 

distributed voltage control strategy for a multi-bus islanded 

AC microgrid is proposed in [32], which can implement not 

only accurate voltage control for a single-bus, but also optimal 

control for multi-bus. However, whether these model-based 

state estimation and control methods can work efficiently 

under model mismatch is not studied yet.  

As a matter of fact, for a multi-bus AC islanded microgrid, 

there exists indeed an inherent modeling error for the 

microgrid model in comparison to the true microgrid plant. 

Modeling mismatch resulting from system parameters 

perturbation has a negative influence on the closed-loop 

performance [33]-[34]. Therefore, dynamic performance and 

robustness for the estimator-based voltage control scheme 

under model mismatch should be further analyzed and 

investigated.  

In the paper, as an extension of the previous work [32], an 

estimator-based voltage predictive control scheme with 

rejection capability to parameters perturbation is proposed, 

and the impact of system uncertainties on the proposed voltage 

control strategy is discussed in details. The main contributions 

of this paper are: (1) The critical issues in implementing the 

communication-less network voltage control are pointed out; 

(2) The dynamic performance of the proposed voltage 

controller is analyzed; (3) The robustness of the proposed 

voltage controller against parameters perturbations is 

investigated in details.  

The rest of paper is organized as follows. In SectionⅡ, the 

conventional voltage control approaches are reviewed. In 

SectionⅢ , the estimator-based voltage predictive control 

strategy is proposed, and the concept and principle of the 

control strategy is given. In Section Ⅳ, the simulations and 

experiments are presented to validate the proposed control 

strategy. The conclusions are drawn in SectionⅤ. 

II. INHERENT DRAWBACKS OF THE CONVENTIONAL VOLTAGE 

CONTROL APPROACHES 

During the islanded operations, network voltages will drop 

since droop controller decreases voltage to track the increased 

reactive power in the presence of load disturbances. To 

compensate for steady-state voltage deviations caused by 

droop controllers, secondary voltage control [20-22], [25], [35] 

is adopted to implement voltage restoration. In this section, the 

conventional voltage control approaches for an AC islanded 

microgrid are reviewed, including the centralized voltage 

control [17, 20-21] and the distributed voltage control [22-25], 

respectively. 

A. The Centralized Voltage Control Approach 

Fig. 1 illustrates a centralized control-based islanded 

microgrid configuration, which is composed of multiple DG 

units and loads. Each DG unit is interfaced to the microgrid by 

an inverter and controlled by a local power controller. When 

network voltages drop, the centralized voltage controller 

[17,20-21] will compensate for the voltage deviation. As 

shown in Fig. 1, communication links are adopted to obtain 

voltage responses at different buses. Also, voltage control 

commands from centralized controller are sent to power 

controllers by the communication links.   

B. The Distributed Voltage Control Approach 

Fig. 2 depicts the distributed voltage control approaches 

[18-19, 22-25]. Compared with centralized voltage controller, 

the distributed voltage controller carries out control commands 

locally and quickly. The fault of single distributed voltage 

controller will not produce a critical influence on the whole 

system, which thus makes the islanded microgrid more 

flexible and reliable.  

It can be observed that the communication links (even if 

low bandwidth) are indispensable to support system operation 

for either the centralized voltage controls or the distributed 

voltage control. Once communication system fault or data 

drop-out happens, these control approaches fail to perform 

voltage regulation. In particular, when various DG units and 

loads are located far away from each other, the fixed control 

structures will make islanded microgrids less flexible and 

reliable [2]. 

Hence, the paper presents an estimator-based voltage 
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control strategy, which is able to perform offset-free voltage 

control without any communication facilities. 

III. THE PROPOSED ESTIMATOR-BASED VOLTAGE PREDICTIVE 

CONTROL STRATEGY 

Fig. 3 illustrates the block diagram of the proposed 

estimator-based voltage control strategy, which is composed 

of the local voltage estimator and the voltage predictive 

controller respectively. The proposed voltage estimator can 

obtain dynamically network voltages response based on local 

voltage and current of each DG unit. And the voltage 

predictive controller is able to perform offset-free voltage 

control for a specified bus, even if parameters perturbations 

happen. Compared with the conventional voltage control 

approaches, the main benefit of the proposed method is that (1) 

Each DG unit estimates network voltages response just by 

local voltage and current itself rather than using 

communication links; (2) Each voltage predictive controller 

carries out control commands locally so that the voltage 

control approach more flexible and reliable; (3) The proposed 

voltage control strategy has a good ability to reject parameters 

perturbations; (4) The voltage control strategy can be 

implemented easily due to communication-less operation. 

Fig. 4 shows general design flow of the proposed voltage 

control strategy. To support voltage estimation, the discrete 

small signal model is first developed to produce voltages 

response in the presence of load disturbances. Second, with 

consideration of influences from model mismatch and 

measurement noises, the disturbance models and noise models 

are augmented to system model respectively. Then, the 

network voltage estimator and voltage predictive controller 

based on the augmented model are presented to generate 

control commands. Finally, the generated control commands 

are given to original power controller. 

A. The Small Signal Model of an AC Islanded Microgrid. 

To exemplify the proposed estimator-based voltage control 

strategy, the small signal model of a multi-bus islanded AC 

microgrid is developed. Some previous small signal models, 

including power controller, voltage controller, current 

controller, network as well as loads, have been presented in 

 
Fig. 2. The distributed control-based islanded microgrid configuration. 

 

Fig. 1. The centralized control-based islanded microgrid configuration. 

 

 
Fig. 3. The proposed estimator control-based voltage control strategy. 

 
Fig. 4. The design procedures of the proposed control strategy. 
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[2],[36]-[37]. However, the virtual resistors [2],[16] defining 

network voltages between nodes and ground lead to inaccurate 

voltage responses and have a negative influence on dynamic 

stability of whole system [2]. To avoid adverse influences of 

the virtual resistors, network performances are modeled by 

linear combination of system states.  

In the small signal model to be founded, DG unit can be 

represented by a controllable voltage source [16] with the 

assumption that current loop and voltage loop have much 

faster dynamics than power controller. And the small signal 

dynamics of each DG unit are formulated in individual frame 

itself (d-q). All the DG units, network dynamic and loads 

dynamic are represented on the common reference frame 

(D-Q). To found overall model on the common reference 

frame, the reference frame of one DG unit is considered as 

common reference frame (D-Q) with the rotating frequency of

com , and all the other inverters are transferred to the common 

frame by using transformation equation [2] as (1). 


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The angle of the ith DG reference frame with respect to the 

common reference frame, is given in (2), thus
i and

0

expresses angle and initial angle between reference frame of 

each inverter itself and common frame respectively, 

0)(    dtcomii
              (2) 

The power controller, shown in Fig. 6, adopts droop control 

method and provides the voltage references *

odqiV to 

controllable voltage source, along with output angle frequency

i of inverter. The average active power
iP and reactive power 

iQ are obtained respectively from instantaneous power passing 

low-pass filters as (3) and (4).
c is cut-off frequency of 

low-pass filter.   

i

c

c
i p

s
P
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
                   (3) 
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c
i






                   (4) 

And instantaneous active
ip  and reactive power

iq can be 

represented in d-q rotating frame as (5) and (6): 

oqioqiodiodii iViVp                (5) 

odioqioqiodii iViVq                (6) 

odqiV and
odqii are output voltage and current of ith DG unit on 

individual frame (d-q). The conventional active 

power-frequency (P-f) and reactive power-voltage (Q-V) 

droop control method [2] for paralleled inverters operation can 

be represented as (7) and (8), respectively.  

ipii Pm                  (7) 

iqiodi QnVV  **                 (8) 

,where
pim ,

qin are droop coefficients of ith DG unit. Generally, 

secondary voltage control input can be embedded into droop 

controller [7] to perform voltages restoration so that voltage 

control can be achieved locally and quickly. To analyze 

influence of the proposed voltage controller on system 

dynamic, the voltage control input is embedded and integrated 

to the small signal model as Fig. 5.   
Further, the reactive power-voltage (Q-V) droop control 

method with consideration of voltage control can be rewritten 

as (9) by (8), shown in Fig. 6. 

iqiciodi QnVuV  **               (9) 

Then, the voltage small signal dynamic is represented as (10) 

by combing and linearizing (4) and (9) 

cicodicicqiodi uVqnV 


 **       (10) 

Notice that
ciu is responsible for regulate terminal voltage of 

DG unit, which is introduced to compensate voltage deviation 

caused by droop controller [7, 15, 25].  

The current dynamics of individual inverter in d-q frame 

can be formulated as (11) and (12) according to KCL in Fig. 5: 
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Sequentially, the small signal current dynamic is given by 

 
Fig. 5. The small signal model of an AC microgrid. 

 
Fig. 6. The power controller of DG unit. 
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busicuriodqicuriodqicuriicuriodqi VBiAVAAi 


321    (13) 

where 
curicuricuricuri BAAA ,,, 321

 are current parameters 

matrixes, given in appendix.  

Now, overall small signal dynamics of each DG unit can be 

obtained by combing (2)-(13): 

iccibusiinviinviinviinvi uBVBxAx 


     (14) 

Further, the combined small signal model of all the inverter 

is shown as (15): 

ccbusinvinvinvinv uBVBxAx 


       (15) 

where  Toqiodiodiiiiinvi iiVQPx  ,

* ,,,, ,

 TbusQibusDibusi VVV  ,  Tbusibusbus VVV  1
,

busV  is 

bus voltage vector. The parameters matrixes
ciinviinv BBA ,,1

are 

given in details in appendix. The modelling procedure of DG 

unit also can be referred in [2]. 
Similarly, the small signal model of lines currents can be 

formulated as on a common reference frame (D-Q): 

disDQdisLine

oDQLineoDQLineLineDQLineLineDQ

iBB

iBiBiAi






13

21



  (16) 

And the small signal model of loads currents on the 

common frame can be represented and linearized according to 

KCL in Fig. 5 as 

disDQdisLoadoDQLoad

oDQLoadLineDQLoadLoadDQLoadLoadDQ

iBBiB

iBiBiAi


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



2143
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

  (17) 

As shown in Fig. 5, bus voltages can be represented 

according to KCL as (18):   

dt

iid
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dt

iid
LiiRV
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  (18) 

By transforming (18) onto D-Q common frame and 

linearizing them, voltages equation considering load 

disturbances can be obtained as (19) 

   disDQ

LoadDQ

LineDQ

volinvvolbusDQ iD
i

i
CxCV 












 2

    (19) 

Note that network voltages, in practice, can be represented 

as linear combination of certain states. 

loadiL  and
loadiR are inductance and resistance of ith load; 

LineDQii and 
LoadDQii  are current of ith line and ith load on 

common frame (D-Q).
volC ,

2volC , D ,
Line

A ,
1LineB ,

2LineB ,
3LineB ,

disB ,
Load

A ,
1LoadB ,

2LoadB ,
3LoadB ,

4LoadB ,
2disB are parameters 

matrixes regarding bus voltages, lines and loads, shown in 

Appendix. 
disDQi  is unknown load disturbance. The influence 

of disturbance on system dynamic will be further discussed. 
Finally, an overall model including inverters, loads, 

network with consideration of load disturbance and voltage 

control dynamic in an islanded microgrid by combining (15), 

(16), (17) and (19) can be rewritten as 

dis

ccdis

iDxCy

uBiBxAx






         (20) 

x is overall state vector of whole microgrid,

 3212121 ,,,,, loadloadloadlinelineinvinv iiiiixxx  . The 

parameters matrixs DCBBA c ,,,,  are given in appendix.  

B. The Discrete Time Model. 

An important step for the proposed voltage predictive 

control strategy is determining discrete time model, which is 

developed to support the model predictive control-based 

control technology [34]. The resulting discrete time model is 

obtained from small signal model according to (20) as (21): 

)()()()1( kuBkiBkxAkx ccddisdd      (21) 

)()()( kiDkxCky disdd            (22) 

The matrixes 
ddcddd DCBBA ,,,,  are obtained though 

Euler discretization. (21)-(22) are well-established relationship 

between internal states )(kx , voltage control inputs )(kuc , 

load disturbances )(kidis and system output )(ky . Note that 

output of the system can be divided into measured output and 

unmeasured output in (22). Load changes are then considered 

as unknown disturbances. And the details about disturbance 

modeling and rejection will be discussed later in the paper.  

The discrete time model is adopted to generate output 

responses and support voltage estimation in the presence of 

load disturbances. To permit a simpler representation, sign’  ’ 

in increment function is omitted in the following contents.  

C. The Network Voltage Estimator. 

To lessen communication system burden and improve the 

reliability and flexibility of voltage control approaches, a 

network voltage estimator is proposed to obtain voltages 

response instead of the conventional communication facilities.  

(1) Disturbance Model Augmentation  

Generally, model mismatch resulting from parameters 

perturbations is inevitable in real plant. The disturbance model 

[38]-[40] always can be augmented to original plant model to 

reject model uncertainties and improve system robustness 

according to internal model principle [41]. Thus, disturbance 

model is able to provide primarily a support to perform 

offset-free control for a specified bus when parameters 

perturbation happens. In a multi-bus islanded microgrid, the 

model uncertainties resulting from line parameters 

perturbation, load parameters perturbation, different 

disturbance locations, LC filters perturbation, output 

impedances perturbation and DG unit fault, in fact, lead to 

voltage control error. To guarantee offset-free voltage control 

for the specified bus, the discrete time model founded as (21) 

would be augmented with disturbance models. Load changes 

are modeled as step-like disturbance sources. In the case 

analyzed, the disturbance models that includes input and 

output disturbance are proposed to shape the disturbance 
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sources as (23)-(24). And closed-loop performance of the 

controller is associated with the disturbance model.  
)()()1( kwBkxAkx disdisdisdisdis         (23) 

)()()( kwDkxCki disdisdisdisdis        (24) 

where 
disdisdisdis DCBA ,,, are parameter matrixes of the 

disturbance model, given in appendix. Furthermore, system 

model can be represented by combining (21)-(24): 
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       (26) 

It can be observed that
disdCB ,

ddisDC determines the effect of 

the disturbance model on system states and output.  

(2) Measurement Noise Model Augmentation. 

In addition, the measured output is usually corrupted by 

measurement noises such as sampling errors. To imitate 

sensors noise, the measurement noise models are also 

augmented to output channels, which can be represented in a 

state space model as (27)-(28).  

)()()1( kwBkxAkx mmmmm           (27) 

)()()( kwDkxCkm mmmm            (28) 

)()()()( kmkiDkxCky disddm         (29) 

Then, noises are added to the measured outputs 
my for 

imitating measurement environment as (29).
mmmm DCBA ,,,  are 

parameters matrixes of the measurement noise model.  
Now, an overall model combining full states, disturbances 

and measurement noise can be represented by combining 

(25)-(29) as follows: 
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,

 TmdisT kwkww )()( . The disturbance and noise model are 

driven by the Gaussian noise )(kwdis
and )(kwm

. The augmented 

version of system model will be concerned later. 

(3) The Network Voltage Estimator.  

Once the aforementioned augmentation model is applicable, 

the network voltage estimator can be further developed, which 

implements voltage estimation by Kalman-Filter method. 

Since unknown disturbances are not directly measurable, the 

only indication is its effect on the measured output (local 

voltage and current responses of each DG unit). Also, voltage 

control input has an influence on system dynamic. Therefore, 

the inputs of each estimator is local voltage and current as well 

as its voltage control commands as shown in Fig. 7, where 

overall states can be updated and revised continuously via 

these information update. Then, each DG unit can dynamically 

estimate network voltages of the whole islanded microgrid. 

The principle of voltage estimator is depicted as Fig. 7. Note 

that the proposed estimator in practice is a steady-state 

Kalman Filter which estimates plant states and the unknown 

network voltages by measured information. With assumption 

that (Co, Ao) is detectable for augmentation model (30)-(31), 

the full state estimation equation could be given by  
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  (32) 

 TKKK 321
is the Kalman gain [42], which is the solution of 

Ricatti matrix equation. Then, the state update equation and 

estimated output with voltage control action are given 

respectively as (33) and (34) from (30) and (31) 
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These estimated states are updated and compensated 

continuously via update of the measured voltage and current 

of each DG unit as well as the commands from the voltage 

controller. Then, the state estimation equation can be rewritten 

by combing (30)-(34) as follows: 

)()()1()1( kuBkyBkkxAkkx comTTTT      (35) 

where 
oTooT CKAAA ** , 

ToT KAB * ,  TT KKKK 321 ,, . 

Meanwhile, the estimated output equation can be divided into 

two parts as (36) and (37) respectively, including measured 

output (local voltage and current) and unmeasured output 

(network voltages).  

)1()1(  kkxCkky omm
          (36) 

)1()1(  kkxCkky oumum
         (37) 

As shown in Fig.7, measured states vector 

 ),(),(),()( kikikVky oqiodiodim   and voltage control input are seen 

as estimator inputs, while estimated states vector 

 

 
Fig. 7. The operation principle of network voltage estimator. 
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 Toqiodiodim kkikkikkVkky )1(),1(),1()1(  and estimated voltages 

vector   )1()1()1()1( 321 kkVkkVkkVkky busbusbusum
 are 

viewed as estimator outputs. 

D. The Voltage Predictive Controller.  

Once the discrete time model and network voltage 

estimators are founded, the proposed voltage predictive 

controller is a following critical step. The desired behavior of 

proposed voltage controller is formulated as an optimal cost 

function that minimizes voltage error at specified bus. As it is 

known, it’s impossible to hold all the bus voltages at their set 

points due to inherent circuit configuration. Therefore, when 

there are several voltages to be controlled, it should be set 

priority so that controller can hold the most important voltage 

at its set point, allowing others varying within an accepted 

range. In the paper, cost function computing the control 

commands is defined to hold the bus3 voltage at its set point 

as shown in Fig. 8. Thus the main quantity to be weighted is 

voltage error at bus3. Once the voltages estimator will have 

estimated voltages response, the voltage predictive controller 

then computes control commands according to these estimated 

voltage information, where offset-free control for bus3 can be 

implemented. The control commands are obtained by 

computing optimization cost function to be minimized, which 

can be formulated as (38): 


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(38) 

In the cost function, 
cjbj ww , are weights for network 

voltages at different buses and control increments, 

respectively; p is prediction horizon; 3bn is number of bus; 

2cn is number of voltage control input; )1( kikVbusj   

denotes the voltages information predicted for time 1 ik  

based on the measured information available at time k . 

)3,2,1( jV jref
are set to 0 (initial equilibrium state defined in 

origin).  
When computing is finished, the each voltage controller 

sends control commands to its power controller and operates 

with the control commands until next sampling update. 

Periodically, the controller obtains new voltages estimation 

due to measurement feedback and consequently revises its 

original control plan. Then, the voltage control commands are 

provided to compensate for the deviation between estimated 

voltage and reference values. The process repeats 

independently by voltage controller of each DG unit.  

In the voltage controller, an aggressive control increment 

must be penalized to avoid instant reactive power fluctuation, 

in which the relationship between the voltage control 

commands and reactive power dynamic has been established 

as (9) in SectionⅢ.A. And it is worth noting that the weight 

coefficients have a dramatic influence on the closed-loop 

dynamic performance, which will be analyzed in details later. 

Besides, another important parameter of the cost function is 

the length p of the prediction horizon, which is the number of 

prediction steps. In the implementation of simulations and 

experiments, it has been chosen that 10p . It is the control 

horizon that is also an essential parameter associated with 

control commands but not occur in cost function. In the 

implementation, the control horizon has been chosen that 

2m  in the paper, which means control inputs are executed 

during the time span from k to k+2 when predicting system 

dynamics, where k is the sampling instant. In general, the 

control horizon m should be chosen as small as possible to 

reduce the computational effort [34], [43]-[44].  

The estimator-based voltage control strategy has an 

attractive advantage that the voltage controller of each DG 

unit is completely independent without communication links. 

Thus it provides flexibility and reliability due to 

communication-less operation.  

 
Fig. 8. The block diagram of the proposed voltage predictive controller. 
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E. The Dynamic Performance Analysis 

To investigate the relationship between controller 

parameters and dynamic performance, the dynamic 

performance is analyzed in details. In the case analyzed, the 

dynamic performance of the developed voltage controller is 

investigated by checking the positions of poles when adjusting 

weights in the proposed cost function.  

As depicted in Fig. 9(a), the closed-loop poles are plotted 

when modifying bus3 voltage error weight of DG1 controller 

in cost function. Note that 22 poles can appear in pole map 

since the whole system has 22 orders, but just a real pole is 

sensitive highly to the weight variation, where it moves 

towards origin (improving dynamic response) as bus3 voltage 

weight increases. Also, dynamic performance for modifying 

voltage control increment weight of DG1 controller is 

depicted in Fig. 9(b), where one real pole and one complex 

conjugate pole pair are sensitive for the weight variation in the 

case analyzed. With the increase of voltage control increment 

weight, the real pole and conjugate pole pair are driven to 

move from origin towards one inside unit cycle, slowing down 

the speed response for the whole system. Similarly, as shown 

in Fig. 10(a), dynamic variation of a real pole is illustrated 

when increasing bus3 voltage error weight of DG2 controller. 

It can be observed that the real pole moves towards origin, 

thus system has a much faster dynamic response. Further, a 

real pole, together with a conjugate pole pair varies from 

original point towards one inside unit cycle, shown in Fig. 

10(b). 

The analysis conclusions are drawn that (1) A real pole is 

sensitive highly to variation of bus3 voltage weight. With the 

increase of it, dynamic response can be improved; (2) A real 

pole, along with a conjugate pole pair, is sensitive to variation 

of voltage control increment. And the less aggressive voltage 

control increment, the slower dynamic response. 

IV. SIMULATION AND EXPERIMENTAL VERIFICATION 

In order to verify effectiveness of the proposed 

estimator-based voltage predictive control strategy, the 

simulations in MATLAB/Simulink and experiments are 

conducted respectively for a three phase 50 Hz islanded 

microgrid. As depicted in Fig. 11, the system consists of two 

inverters in parallel operation and three loads. And the photo 

of the experiment hardware is shown in Fig. 12. The whole 

platform of the islanded microgrid is controlled by dSPACE 

1006. As mentioned in section I, the robustness of the 

proposed controller to parameters perturbations is an essential 

issue. In the paper, to perform offset-free voltage control for 

bus3 under parameters perturbations, the disturbance models 

are augmented to the proposed controller.  

The simulation and experimental verifications are 

composed of 7 cases respectively. The case1 is adopted to 

validate effectiveness of the proposed voltage control strategy. 

Furthermore, the robustness investigation under parameters 

perturbations consists of following six cases. The case2 is to 

study the influence of line parameters perturbations on 

robustness of controller. The case3 investigates robustness of 

the controller when load parameters vary. The case4 studies 

  
(a)                            (b) 

Fig. 9. The poles map for weight variation of DG1 controller. (a) The 

bus3 voltage weight wb3(DG1)= 50, 80, 150, 200, 500, 800, 1000. (b) 

The control increment weight wc(DG1)= 0.1, 1, 5, 10, 20, 50, 200. 

   
(a)                            (b) 

Fig. 10. The poles map for weight variation of DG2 controller. (a) 

The bus3 voltage weight wb3(DG2)= 50, 80, 150, 200, 500, 800, 1000. (b) 

The control increment weight wc(DG2)= 0.1, 1, 5, 10, 20, 50, 200. 

 
Fig. 11. The hardware photo of the experiment setup. 

 
Fig. 12. The hardware photo of the experiment setup. 
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the rejection capability for multiple disturbances occurrence. 

The case5 investigates robustness for LC filters parameters 

perturbation. The case6 investigates robustness for output 

impedances perturbation of inverters. The case7 validates 

voltage disturbance rejection ability in the presence of DG unit 

fault. The key parameters of configuration and controller in 

the case setup are given in Table I. And the perturbation 

parameters for robustness investigation are reported in Table

Ⅱ. 

A. Case1: The proposed estimator-based control strategy.  

In the setup analyzed, the control objective of proposed 

voltage controller is to hold bus3 voltage to track its 

steady-state set point. Hence, bus3 weighting coefficient wb3 in 

voltage controller is set to 1000 and others are set to 0.1, 

which means voltage control for bus 3 has a top priority while 

others are neglected due to the much smaller weighting 

coefficients. 

To validate the proposed control strategy, disturbance load1 

(Ld1/Rd1) is exerted at bus 2, shown in Fig. 11. It can be seen 

from Fig. 13(a)-(c) that bus voltages drop (black curves) since 

droop controller decreases voltage to track the increased 

reactive power. Further, once the proposed voltage control 

strategy is activated, the bus3 voltage is brought to original 

value as shown in Fig. 13(c). And other buses, of course, 

appear the steady-state offset due to smaller weighting 

coefficients (green curves). 

Also, in the corresponding experiment, disturbance load1 

(Ld1/Rd1) is exerted at bus2. The voltage responses obtained 

from the experimental setup are depicted in Fig. 13(d)-(f). The 

experiment results show that the proposed controller drives 

bus3 voltage to original value accurately once voltage drops. 

One can note the tight correspondence between the simulated 

and experimental results. The correctness and reliability of the 

proposed control strategy thus is confirmed.  

B. Case2: The robustness Investigation for line parameter 

perturbation 

To verify robustness of the voltage controller for line 

parameters perturbation, line parameters are changed 

intentionally as shown in TableⅡ. Meanwhile, disturbance 

load1 is exerted at bus2. Fig. 14(a)-(c) depicts bus voltage 

responses under line parameters perturbation when load 

disturbance occurs (black curves), where up to 12V and 9V 

voltages drops at bus2 and bus3 respectively. In the case, the 

control objective of controller is still forcing bus3 voltage 

return to original value. With respect to Fig. 14(c), an about 

0.3V steady-state error appears when line parameters 

perturbations occur, but voltage control behavior is still 

desirable and satisfied. To further validate robustness of the 

voltage controller, the further experiments are implemented, 

where disturbance load1 (Ld1/Rd1) is exerted at bus2. The 

experimental results about line parameters perturbations are 

shown in Fig. 14(f). It can be seen that bus3 voltage is brought 

to original state even if line parameter is perturbed.  

C. Case3: The robustness Investigation for load parameters 

variation 

The loads parameters perturbation is also a leading factor 

that affects the robustness of the voltage controller since loads 

parameters are also introduced to the discrete time model 

aforementioned. The simulation and experimental results for 

loads parameters variation are shown in Fig. 15. 

Fig. 15(c) and Fig. 15(f) show that the proposed controller 

is able to drive bus3 voltage back to original set point 

accurately, even if all the load parameters are perturbed 

intentionally within a neighbor range of steady-state values.  

D. Case4: The robustness verification for different 

disturbance locations.  

The case4 is to investigate rejection ability of the voltage 

controller to unknown multiple disturbances, which was not 

considered in the design of original controller yet. As 

described in Section Ⅲ .B, the rejection capability for 

unknown disturbances can be achieved by internal model 

augmentation. In the case, disturbance load2 (Ld2/Rd2) along 

with disturbance load1, is imposed to exert at bus 2 and 3 

respectively as shown in Fig. 11, and voltage restoration for 

bus3 is still only control objective. As it can be seen in Fig. 

16(a)-(c), multiple disturbances lead to up to 15V and 13V 

voltages droop at bus2 and bus3 respectively. 

TABLE II 
PARAMETERS FOR ROBUSTNESS INVESTIGATION 

Case Parameters  Original Model 
Perturbation 

Plant 

2 
LLine1/RLine1 

LLine2/RLine2 

2mH/0.2Ω

2mH/0.2Ω 

3.6mH/0.2Ω 

3.6mH/0.2Ω 

3 

LLoad1/RLoad1 

LLoad2/RLoad2 

LLoad3/RLoad3 

155mH/64.5Ω 

156mH/64Ω 

245mH/80Ω 

145mH/64.5Ω 

146mH/64Ω 

255mH/80Ω 

4 

(Simulation) 

(Ld1/Rd1) 

(Ld2/Rd2) 

 

50mH/10Ω 

No 

 

50mH/10Ω 

70mH/30Ω 

(Experiment) 

(Ld1/Rd1) 

(Ld2/Rd2) 

 

70mH/10Ω 

No 

 

120mH/20Ω 

150mH/67Ω 

5 
Lf1/Cf1 

Lf2/Cf2 

1.5mH/25µF 

1.5mH/25µF 

1.8mH/25µF 

1.5mH/50µF 

6 
 Lc1/Rc1 

 Lc2/Rc2 

1.8mH/0.2Ω 

1.8mH/0.2Ω 

2.3mH/0.4Ω 

2.1mH/0.4Ω 

 

TABLE I 
PARAMETERS FOR SIMULATION AND EXPERIMENT 

Parameters Value Parameters Value 

Lf1/Lf2 1.5mH/1.5mH LLine1/RLine1 2mH/0.2Ω 

Cf1/Cf2 25µF/25µF LLine2/RLine2 2mH/0.2Ω 

Lc1/Lc2 1.8mH/1.8mH wb3(DG1/DG2) 1000 

mp1/mp2 2.5e-5/1e-4 wc2(DG1/DG2) 0.1 

nq1/nq2 1e-3/1e-3 (Simulation) 

Ld1/Rd1 

 

50mH/10Ω Inverter Rate 10kW 

Switch 

Frequency 
10k 

(Experiment) 

Ld1/Rd1 

 

70mH/10Ω 
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Fig. 13. The simulation and experimental results of voltage responses under load disturbance with (green curves) and without (black curves) the 

proposed control method. 

 
Fig. 14. The simulation and experimental results for robustness to line parameters perturbations with (green curves) and without (black curves) the 

proposed control strategy. 

 
Fig. 15. The simulation and experimental results for robustness to load parameter perturbation with (green curves) and without (black curves) the 

proposed control strategy. 

 
Fig. 16. The simulation and experimental results for different disturbance positions with (green curves) and without (black curves) the proposed 

control strategy. 
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When the proposed voltage controller is activated,bus3 

voltage rises towards original value even if a slight offset 

occurs, which is within 3% of the voltage droop maximum as 

shown in Fig. 16(c).   

The case shows that the proposed controller is still valid 

when multiple disturbances appear at different buses. The 

experimental results reported in Fig. 16(d)-(f), along with the 

simulation results, point out that the proposed voltage 

predictive controller has a good capability to reject unknown 

multiple disturbances.   

E. Case5: The robustness investigation for LC filters 

perturbation 

The case5 investigates the robustness for LC filters 

perturbation, where LC filters parameters are perturbed 

intentionally as shown in TableⅡ. In simulation, disturbance 

load1 (Ld1/Rd1) appears at bus2. It can be seen that voltages 

drop at different buses (black curves) as shown in Fig. 

17(a)-(c). Also, Fig. 17(d)-(f) reports the voltage responses 

(black curves) from experimental implementation in the 

presence of the disturbance load1. The voltage controller is 

still planned to bring bus3 voltage back to original state. Fig. 

17(c) and Fig. 17(f) illustrate that the proposed voltage 

controller is able to perform voltage restoration at bus3 even if 

LC filters parameters are perturbed. Therefore, the simulation 

and experimental results point out that the proposed voltage 

controller has a good robustness against LC filters 

perturbations.  

F. Case6: The robustness investigation for output 

impedances perturbation 

In addition, the output impedance
cL of inverters maybe has 

a significant influence on the robustness of the voltage 

controller. Hence, the case6 is carried out in order to validate 

 
Fig. 17. The simulation and experimental results for robustness to LC filters perturbations with (green curves) and without (black curves) the 

proposed control strategy. 

 
Fig. 18. The simulation and experimental results for robustness to output impedance perturbations with (green curves) and without (black curves) the 

proposed control strategy. 

 
Fig. 19. The simulation and experimental results for robustness to DG unit fault with (green curves) and without (black curves) the proposed control 

strategy. 
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controller performance under output impedances perturbation. 

The output impedances of inverters are changed intentionally 

as shown in TableII. In the implementation of simulation and 

experiment, the disturbance load1 is exerted at bus2. The 

voltages response (black curves) can be observed in Fig. 18. 

It can be seen from Fig. 18(a)-(c) and Fig. 18(d)-(f) that the 

proposed voltage controller is able to force bus3 voltage return 

to original value when voltages drop (green curves). Thus the 

results obtained from simulations and experiments validate 

robustness under output impedance perturbations.  

G. Case7: The robustness investigation for DG unit fault.  

To validate robustness of the proposed voltage controller in 

the presence of DG unit fault, the set of simulations and 

experiments is performed. With the assumption that DG unit1 

fault happens suddenly and disconnects from the system, 

disturbance load1 (Ld1/Rd1) is exerted at bus2. Then DG unit2 

is just responsible for control system voltages, since DG1 

losses the contribution to control voltage. As it can be seen in 

Fig. 19, the disturbance results in up to 14V and 15V voltages 

droop at bus2 and bus3 respectively (black curves). The 

control objective is still to hold bus3 voltage at its original 

state. With respect to Fig. 19(c), an about 1.2V control offset 

appears in the presence of DG unit1 fault. But the control 

result is still desirable and accepted.  

 Similarly, in the accompanying experiment, the DG unit1 

is disconnected suddenly from the system setup. And the 

disturbance load (70mH/20Ω ) occurs at bus2. Then the 

voltage controller of DG unit2 is just responsible for voltage 

restoration within the whole system. The experimental results 

depicted in Fig. 19(d)-(f), together with the simulation results, 

point out that the proposed voltage controller is still able to 

perform bus3 voltage restoration even if a about 1V voltage 

offset occurs under DG unit1 fault. Hence, the case validates 

the robustness of the proposed controller under DG unit fault.  
Ⅶ. CONCLUSION 

In this paper, an estimator-based voltage predictive control 

strategy for AC islanded microgrids has been proposed. First, 

a network voltage estimator associated with each DG unit has 

been proposed to obtain voltages response without 

communication links. Second, a voltage predictive controller 

with immunity to parameters perturbation has been developed 

to implement the offset-free voltage control for the specified 

bus. Furthermore, the dynamic performance of the proposed 

controller was analyzed through small signal analysis method. 

The analysis results show that voltage error weighting 

coefficient and voltage control input increment weighting 

coefficient have a dramatic influence on system dynamic 

performance. Finally, robustness of the proposed voltage 

controller was investigated under system parameters 

uncertainties. The investigation results from simulations and 

experiments show that the proposed estimator-based voltage 

control strategy is able to implement offset-free voltage 

control for the specified bus in an AC islanded microgrid, and 

has a good capability to reject uncertain parameters 

perturbations. The proposed voltage control strategy can be 

implemented easily without communication facilities and thus 

improve flexibility and reliability of islanded microgrids. 

APPENDIX 

TABLE 1 

Initial Conditions 

Parameter  Value Parameter Value 
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