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 
Abstract—Dual mode operation capability of distributed 

energy resources in microgrids is an attractive feature that makes 

these systems a promising solution for improving reliability and 

economy of the power system. However, the transition between 

microgrid operation modes (grid-connected and islanding) may 

lead to a significant deviation in voltage and current because of 

inconsistency in phase, frequency, and voltage amplitude. To 

minimize the fluctuations and provide a smooth transition, this 

paper presents an optimal control framework based on linear 

quadratic regulator. The framework includes two regulators that 

separately designed for each transition mode: 1) grid-connected to 

islanding smooth regulator, and 2) islanding to grid-connected 

smooth regulator. Optimality based on optimizing solution, 

smooth transition, ease of implementation due to its simple state 

feedback form and compatibility with familiar cascade loops are 

the main advantages of the proposed approach. Experimental 

results are presented to validate the efficacy of the proposed 

approach. 

 

Index Terms—Grid-connected, islanding mode, linear 

quadratic regulator, microgrids, smooth transition. 

 

NOMENCLATURE 

I.  INTRODUCTION 

icrogrid (MG) concept has made a revolution in the 

traditional operation of power system. Indeed, MG is a 

promising solution for modern power systems where enhancing 

reliability and resiliency, making economical operation and 

utilizing small-scale distributed energy resources (DERs) are its 

brilliant merits. Another distinctive feature of MG is the dual-
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mode operation capability in grid connected (GC) and islanding 

(IS) modes [1]. Many of DERs are interfaced via a power 

electronic converter. The control strategies of DERs depend on 

MG operation objectives. Two main control strategies of DERs 

are grid-feeding and grid-forming [2]. Generally, the converter-

based DERs operate in grid-feeding strategy in GC mode to 

inject power without aiming at voltage and frequency 

regulation. The grid-forming strategy is usually related to IS 

mode where the main control objectives of DERs are voltage 

and frequency regulation over the MG and proper power 

sharing. However, in order to decrease the intermittency of 

renewable energy resources, they may be operated under grid-

feeding strategy in both modes of operation. Various control 

strategies have been introduced for both operation modes of 

MGs in the literature [3], [4]. 

One of the characteristics of reliability enhancement of 

modern power systems using MGs is their ability to supply 

demands in the islanding mode as well as seamless transition 

from GC to IS mode when MG disconnects from the main grid 

intentionally or unintentionally [5]. Once the circuit breaker is 

opened at point of common coupling (PCC), there is a short 

period with no voltage control source e.g. main grid or DER 

with grid-forming strategy, which may makes large 

disturbances and endanger the MG operation. Generally, during 

transition, significant fluctuation may appear in the MG 

variables, which can disrupt safe operation of the system. 

Moreover, this situation may happen in the resynchronizing 

process where MG is reconnected to the grid. Therefore, a 

seamless transfer with a smooth response is a worthy 

requirement. The performance of the DER controllers directly 

shapes the DER output response during a disturbance. Indeed, 

if this phenomenon is not managed competently, the MG may 

suffer fatal transients or even stability threats. Thus, one of the 

objectives of the DER controller must be disturbance 

elimination or at least efficient disturbance mitigation. 

Different control techniques have already been proposed to 

have a good performance in both modes of operation. Some of 

the proposed control strategies based on advanced control 

theory are sliding-mode [6], adaptive back stepping [7], and 

model predictive control [8], [9]. Although these algorithms 

provide a single scheme in both modes of operation, they have 

a complex structure and are not easily implemented. 
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Alternatively, majority of the presented control schemes in 

the literature are based on classical linear control theory. A 

single control scheme based on voltage controller is introduced 

in [10] where voltage and frequency references are provided by 

droop control. To cope with poor dynamic behavior of the 

droop mechanism, modified droop control is presented in [11]  

while disturbance rejection remains unaddressed. A control 

strategy based on disturbance observer is introduced in [12] to 

overcome the above mentioned problem where the uncertainty 

of the parameters is also studied. However, this control strategy 

is used for different schemes in GC and IS modes where the 

large transients in voltage and current may appear at switching 

time. The strategy also neglects the transition time. 

Cascade control strategies based on voltage-current loops 

have already been proposed in the literature (e.g., [13-20] which 

are based on two different schemes; grid-feeding strategy in GC 

mode and grid-forming strategy in IS mode). Although simple 

structure, easy implementation, and good performance are the 

advantages of this technique, output fluctuations of DERs may 

be intensified due to controller transferring during MG 

transition. During transition, transient signals caused by hard 

switching. If the controller realization and initialization 

strategies are poorly designed for switching, substantial 

transient signals caused by the switching can degrade the 

performance and lead to instability. To address this challenge, 

authors in [13] present a control framework composed of 

proportional-resonance controller and the feedback 

linearization technique. Reference [14] proposed a general 

control scheme for the operation of a MG where a diesel 

generator-set is utilized to support MG in the worst condition. 

It is clear that the diesel generator could improve transition 

disturbances because of enough inertia. In [17] an indirect 

current control with two cascade loops of capacitor voltage loop 

and grid current loop is presented to ensure seamless transfer 

between the operation modes. A linear quadratic regulator 

(LQR)-based control strategy is developed in [18] for a multiple 

mode switched control. Bumpless transfer of MG is provided 

by two separate compensators. However, dynamic of the phase 

locked loop (PLL) in GC mode and the voltage control loop in 

IS mode are unaddressed during transition. To have a better 

disturbance rejection for a multiple mode control, robust control 

techniques are used in [19] and [20]. A set of kalman filters are 

used to estimate output signals. The performance of the 

approach is dependent on kalman filters design. These 

technique has a very complex design procedure and difficult to 

be implemented because of their nonlinear time-variant nature. 

A modified voltage controller with an adaptive droop based 

power controller is proposed in [21] to facilitate only the 

smooth islanding transition. In [22], authors propose a new 

adaptive control structure based on internal model control. 

Although the proposed controller is validated by experimental 

results, the model must be exactly matched with the plant to 

have accurate design and performance. Several efforts have 

been also executed using data transfer between DERs and PCC 

for seamless transfer [23], [24]. Seamless transfer of MGs is 

studied in [25], and [26] using distributed control approach. 

However, MGs operation may be worsened due to any failure 

in communication links. 

To abstain from the complexity of nonlinear techniques and 

communication-based strategies, linear strategy with improved 

dynamic performance is the focus of this paper. An optimal 

control technique based on LQR is proposed to bring a smooth 

transition for MGs when switching between the operations 

modes. Motivated by the aforementioned principles, the main 

contributions of this paper are as follows. 

 Unlike the work in [18] which only uses a droop control in 

grid-forming strategy while the inner loops are neglected, the 

proposed method includes the dynamic model of inner control 

loops in grid-forming strategy and provides a control design 

procedure. 

 Opposed to the work in [18], PLL dynamic is also developed 

in the grid-feeding strategy during reconnection transition. 

 The potential effects of imperfect islanding detection 

algorithm and premature reconnection process are analyzed to 

show robustness of the proposed strategy.  

 For the better clarification, the proposed control strategy is 

also validated by experimental results. 

In following, section II describes the basis of the smooth linear 

quadratic regulator and its design procedure. Application of 

LQR on dual-mode control strategy of a converter-based DER 

is evaluated in section III. Experimental results are described in 

section IV. Section V presents the conclusion. 

II.  PROPOSED 2 DEGREE OF FREEDOM (2DOF) SMOOTH LQR 

The fundamental of a smooth LQR controller is expressed in 

this section. Let us consider a plant with two different control 

strategies as shown in Fig. 1. In such a strategy, at any time the 

system is governed by one controller called online controller 

and the other one called off-line controller will be standby until 

transfer command is issued and the system switches to off-line 

controller. Both controllers have their specific inputs including 

set-point r1,2 and feedback of measurement signal y1,2. Here, 2 

DOF configuration means that both of the controllers are driven 

by the set-points and feedback of the system outputs. Due to 

different set-points and error signals that are fed to online and 

off-line controllers, large transients may happen at the 

transferring time in the output of the system. As a solution, in 

order to mitigate the transients, both controllers must generate 

similar outputs [27]. A seamless transfer between different 

controllers can be realized by the LQR scheme and state-

feedback theory with an objective function that minimizes such 

transferring transients. 

A.  Smooth regulator fundamental  

According to Fig. 1, the system is supposed to operate under the 

controller which is called online controller with set-point r2; 

however, the off-line controller driven by r1, is not applied to 

the system. There are two control switches including the system 

input switch and the off-line controller input switch.  

 
Fig. 1.  2DOF configuration of the smooth linear quadratic regulator. 
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The off-line controller is derived by k and set-point r1 before 

and after the switching time, respectively. To ensure a smooth 

transition, it is necessary that the off-line controller follow the 

online controller properly. Therefore, two main goals for LQR 

objective function can be defined as: 

(1) 
1 2( ) ( ) ( )uE t u t u t   , 

1( ) ( ) ( )eE t k t r t   

where ( )uE t  and ( )eE t are the controllers’ output error and the 

error of the off-line controller input, respectively. 

An objective function for the LQR can be stated as [27]: 

(2) 
2

0

1
( , ) ( ) ( ) ( ) ( )

2

T
T T

u u u e e eJ u k E t W E t E t W E t dt   

where 
uW and 

eW are positive definite matrices to determine the 

weighting of ( )uE t and ( )eE t . To solve the objective function, 

it is necessary to extract state space model of the off-line 

controller. State space model of a 2DOF system configuration, 

regarding off-line controller, can be described as: 

(3) ẋ=Ax+B1k+B2y
1
   , 

1 1 2 1u Cx D k D y    

By substituting (3) in (1) and then in (2), the objective 

function is formed as: 

(4) 

0

1 2 1 2 1 2 1 2
0

1 1

1
[( ( )) ( ( ))

2
( ( ) ( )) ( ( ) ( ))]

T
T

u

T

e

J Cx D k D y u t W Cx D k D y u t

k t r t W k t r t dt

      

  

  

The equality constraints of (3) can be joined to the objective 

function (4) by Lagrange multiplier, (𝑡) ∈ Rn. Thus, (4) is 

rewritten as: 

(5) Ĵ=∫ [H(t)-(t)Tẋ(t)]dt

T0

0

 

where the Hamiltonian, H(t), is expressed as follows:  

(6) 
1 2 1 2 1 2 1 2

1 1 1 2 1

1
( ) [( ( )) ( ( ))

2

( ( ) ( )) ( ( ) ( )) ( )]

T

u

T T

e

H t Cx D k D y u t W Cx D k D y u t

k t r t W k t r t Ax B k B y

      

     

 

First order necessary conditions for the optimality of (5) are 

provided as follows: 

(7) ẋ=
∂H

∂ 
  ,  ̇=−

∂H

∂x
  ,   0=

∂H

∂k
 

Using the proposed lemma in [27], the optimal solution of 

the objective function (4) is obtained as follows:  

(8) 

1

1 1 1 1

1 2 1 1 2 1

( ) [( )

( ) ]

T T T

u e u

T T T

u u e

k D W D W D W C x B

D W D y D W u W r

   

  
 

Eq. (8) can be written as a state feedback matrix multiplied 

by a vector. The vector includes the state variables of the off-

line controller, Lagrange multiplier, system outputs, outputs of 

the online controller, and off-line set point as follows. 

(9) 

1

1

1

11 1 1 2

21

1

( )

( ) ( )

T
T T

u

T T T

u e u

T

u

e

xD W C

B

yk D W D W D W D

uD W

rW




   
   
   
     
   

   
      

 

The Lagrange multiplier  is determined as: 

(10) Px g    

where P is the solution of a Differential Riccati Equation 

(DRE). With assuming an infinite time horizon for DRE, the 

solution has a time-invariant value and it can be rendered to 

Algebraic Riccati Equation (ARE) as follows:   

  (11) 0=PÂ+ÂP+PB̂P+Ĉ 

where 

  (12) Â 1

1 1 1 1[( ) ]T T

u e uA B D W D W D W C     

  (13) B̂ 1

1 1 1 1[( ) ]T T

u eB D W D W B    

  (14) Ĉ 1

1 1 1 1[ [( ) ] ]T T T

u u u e uC W I W D D W D W D W C     

The necessary and sufficient conditions of the existence a stable 

solution for (11) are controllability of (Â, B̂) and observability 

of (Â, √Ĉ). The g in (10) is described as follow:   

(15) ġ=− (Â
T
+PB̂) g− Bgω̂ 

where 

1 1 2 2 2 1 1 2

1 1 1 1

1 1

( ( ))

( )

( )

T
T T T T T

u u u u

T T T T T

g u u u u

T T

u e e

C W D D W D C W D P B B D W D

B C W D D W C W PB D W

C W D W PB W

      
 

     
    

 (16) 

and ω̂  1 2 1, ,
T

y u r is an exogenous vector. 

According to optimal control theory, the differential 

equation (15) does not converge to a constant solution for an 

arbitrary exogenous vector. Using the proposed lemma in [27], 

an approximation for g can be considered as: 

     (17) g =− (Â
T
+PB̂)

 -1

Bgω̂ 

By solving (11) and calculating g in (17),  in (10) can be 

obtained. By replacing  in (9), the final form of solution k for 

infinite time horizon can be determined as: 

(18) 𝑘 = (D1
TWuD1+We)

-1

[
 
 
 
 (D1

TWuC+B1
TP)

T

(D1
TWuD2 − B1

TMŶ)
T

(−D1
TWu+B1

TMÛ)
T

(− We+B1
TMR̂)

T
]
 
 
 
 
𝑇

⏟                      

[

x

y
1

u2

r1

]

𝑆𝐹

 

where 

(19) M= (Â
T
+PB̂)

-1

 

(20) 
Ŷ = 1

1 1 1 1 1 2( )[ ( ) ]T T T

u u e uC W D PB D W D W D W D    

         
2 2

T

uPB C W D   

(21) Û 1

1 1 1 1 1( )[ ( ) ]T T T T

u u u e uC W C W D PB D W D W D W      

(22) R̂ 1

1 1 1 1( )[ ( ) ]T T

u u e eC W D PB D W D W W     

According to (18), it can be concluded that the state feedback 

matrix SF is a time-invariant matrix, with easy calculation and 

implementation. 

B.  Smooth regulator design procedure 

In order to apply the proposed approach to any system, a 

systematic procedure of calculating state feedback matrix SF is 

expressed in Fig. 2. At first, the state space of the off-line 

controller should be derived. To have a stable and smooth 

response during transition, the dominant eigenvalues of the 

closed-loop of the off-line controller are determined in such a 

way that its output (u1) tracks the online controller output (u2) 

with a minimum error. The linear control design criteria such as 

settling time, overshoot percentage, and rise time could be used 

to specify the desired eigenvalues of the off-line controller.  
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Fig. 2.  Systematic procedure of calculating the state feedback matrix of the 

proposed smooth regulator. 

The general form of the closed-loop system of the off-line 

controller are expressed in (23) and (24). 

(23)  1 1closed loopA A B k   
 

(24) 
1

1 1 1 1 1( ) ( )T T T

u e uk D W D W B P D W C     

According to (23) and (24), matrices We and Wu play an 

important role in the system transient response. We and Wu 

matrices can be determined using pole placement technique 

based on an evolutionary algorithm such as genetic algorithm 

(GA) aiming at desirable system response. Indeed, the We and 

Wu matrices are determined in such a way that the errors 

between the closed-loop poles location of the off-line controller 

and the desired poles location are converged to a very small 

value. This solution could be expressed as follows: 

(25)   
2

. (1 )des off

i i

i

Min Obj F Pen N      

 

where 
des

i is the desired eigenvalues and 
off

i is the off-line 

controller eigenvalues. To guarantee the controllability and 

observability conditions, a penalty (Pen) is defined as follows: 

(26)  ctrb obsvPen pen pen   
 

(27) 
0 if  ( , ) is 

1 if ( , ) is not 
ctrb

A B controllable
pen

A B controllable

 

 




 



 

(28) 
0 if ( , ) is 

1 if ( , ) is not 

obsv

A C observable
pen

A C observable

 

 




 



 

N is a large enough positive constant. Elements of We and Wu 

matrices are GA decision variables. 

III.  APPLICATION OF LQR ON MICROGRIDS 

In this section, implementation of the proposed approach on 

an inverter-based DER with both modes of operation (GC and 

IS) are studied. Fig. 3 shows the physical part of the inverter 

with its control scheme. Control strategies in GC and IS modes 

are grid-feeding and grid-forming, respectively. A control 

switch is used to change the control strategies upon receiving a 

triggered signal. The DER is connected to its local bus thanks 

to a LCL filter. Without losing the generality, the dynamic of 

prime mover side of the DER is neglected and modeled by a DC 

source. Since smooth transition between operation modes of 

MG is the focus of the paper, two smooth regulators are used to 

guarantee our objective in two transition modes; a) GC to IS 

and b) IS to GC.  

 
Fig. 3.  Physical and control scheme of an inverter based DER connected to 

the MG. 

A.  GC to IS Smooth Regulator Design Procedure 

Let us consider the DER is working under grid-feeding 

strategy in GC mode. An unintentional islanding event will 

occur consequent to a disturbance in the main grid. Thus, MG 

goes to the islanding mode where regulating the voltage and 

frequency with smooth transition and proper power sharing are 

the desired objectives. 

To design the GC to IS Smooth Regulator (GCISSR), the 

grid-forming strategy is considered as an off-line controller 

which is governed by state feedback matrix SFVCM. This control 

strategy becomes online in islanding mode with set-points r2 

=[P*, Q*, ω*, Ed
* , Eq

*]. u2=[θ2,Vd2,Vq2] is the output vector of the 

control strategy. Hence, the state space model of grid-forming 

strategy must be derived. The cascade loops approach is an 

attractive solution to control an inverter [28]. Fig. 4(a) shows 

the block diagram of the DER with three control loops including 

power, voltage and current loops. The power controller is based 

on droop control that generates references for the voltage loops. 

The simplified block diagram of the off-line controller is 

depicted in Fig. 4(b) where state variables are also defined. The 

droop mechanism is composed of P-f and Q-V characteristics. 

To derive the state space model of the off-line controller, the 

droop equation can be rewritten as follows: 

* *( ) c
o

c

w
m p P

s w
   


 (29) 

 

 
Fig. 4.  Grid-forming overall structure of a DER: (a) schematic of off-line 
control governed by smooth regulator, (b) control block diagram with state 

variables definition. 
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* * *( )  ,     0c
d d o q q

c

w
E E n q Q E E

s w
    


 (30) 

where, ω is the inverter angular frequency. Ed and Eq are 

direct and quadrant sequence of inverter output voltage. Ouput 

active and reactive power of inverter are po and qo , and 𝑃∗ and 

 Q* are their references. ω*, Ed
*, and Eq

* are references of angular 

frequency, direct and quadrant voltage of droop mechanism, 

respectively. A low pass filter with cut-off frequency wc is used 

to reject high frequency components during power 

measurement [21]. According to Fig. 4(b) and (29), (30), the 

state space model of the off-line controller can be obtained as: 

𝑥̇1
*

1 ( )c c ox w w p P    ,   ẋ2
*

1mx   (31) 

ẋ3
*

3 ( )c c ox w w q Q    ,   ẋ4
*

3d odE nx V    
(32) 

ẋ5
*

q oqE V   (33) 

𝑥̇6
*

4 3

v v v v

i p p d p od Ldk x k nx k E k V I      (34) 

𝑥̇7
*

5

v v v

i p q p oq Lqk x k E k V I     (35) 

The output equations of the grid-forming control strategy are 

defined as: 

2 2x   (36) 

*

2 6 4 3

0(1 )

c v c v c v c

d i i p p p p p d

v c c

p p od p Ld f Lq

V k x k k x k k nx k k E

k k V k I L w I

   

   
 (37) 

*

2 7 5

0(1 )

c v c v c

q i i p p p q

v c c

p p oq p Lq f Ld

V k x k k x k k E

k k V k I L w I

  

   
 (38) 

Using (31) to (38), coefficient matrices of (3) for the grid-

forming strategy are obtained (see Appendix A). According to 

Fig. 2, the matrix SFVCM is calculated and presented in Appendix 

C. 

B.  IS to GC Smooth Regulator Design Procedure 

The general structure of the grid-feeding strategy of a DER 

is shown in Fig. 5. The controller is implemented in 

synchronous reference frame (SRF). The control strategy is off-

line in IS mode and governed by state feedback matrix SFCCM. 

This matrix is provided by IS to GC Smooth Regulator 

(ISGCSR). While, in GC mode r1 =[ V𝑞
* ,  ω*,  ILd

* , ILq
* ] is set-

point vector of the control strategy. In addition, 

u1=[θ1,Vd1,Vq1] is output vector of the grid-feeding control 

strategy. The dq values of variables can be obtained using the 

park’s transform with a PLL to extract the phase of voltage. The 

performance of DER with grid-feeding strategy directly 

depends on the PLL behavior (e.g. especially during transition). 

So, the PLL dynamics are considered through integrating into 

the SRF-current control loop as shown in Fig. 5(b). The MG 

can be reconnected to the main grid at PCC when it is available. 

Thus, it is necessary that the voltage of both sides of PCC must 

be synchronized. The synchronization criteria can be found in 

IEEE.std.1547 which are 10% voltage magnitude, 0.3 Hz and 

20 degree [29]. When the standard criteria is satisfied, the 

closing signal is triggered and sent to the PCC circuit breaker. 

In [28], a straightforward solution is proposed where phase and 

amplitude difference signals are provided by both side voltage 

of PCC in the stationary reference frame.  

 

 
Fig. 5.  Grid-feeding overall control strategy of a DER: (a) schematic of off-

line control governed by smooth regulator, (b) control block diagram with state 

variables definition. 

The mismatches of the angular frequency and voltage 

amplitude are added to droop control to adjust MG side voltage. 

Moreover, to guarantee a smooth transition from islanding 

mode to GC mode, ISGCSR is developed to bring grid-feeding 

strategy into online smoothly. To design the ISGCSR, the state 

space model of the grid-feeding strategy required to be 

obtained. State variables x1, x2 and x3 represent the dynamics of 

PLL. A measurement low pass filter with cut-off frequency wm 

is used. Using this modification in the conventional SRF-

current control loop, state space model will be controllable and 

observable. The rest of state variables represent the dynamic of 

SRF-current controller (see Fig. 5(b)). The state space model of 

the grid-feeding strategy is obtained by following equations: 

𝑥̇1
*

1 ( )m m q oqx w w V V    ,  𝑥̇2 1x  (39) 

𝑥̇3
*

1 2p ik x k x    ,  𝑥̇4
*

4 ( )m m Ld Ldx w w I I     (40) 

𝑥̇5 4x ,  𝑥̇6
*

6 ( )m m Lq Lqx w w I I     (40) 

𝑥̇7 6x  (41) 

and the outputs are: 

1 3x   (42) 

1 5 4 0

c c

d i p od f LqV k x k x V L w I     (43) 

1 7 6 0

c c

q i p oq f LdV k x k x V L w I     (44) 

The coefficient matrices of (3) for grid-feeding strategy are 

presented in Appendix B and the output of ISGCSR, SFCCM is 

presented in Appendix C. To ensure a smooth transition, the off-

line controller should follow the online controller properly. This 

behavior is affected by Wu and We matrices. It is clear that poles 

of the off-line controller are manipulated toward desired 

locations using the proposed state feedback matrix. Wu and We 

can be obtained using dominant poles placement technique. The 

dominant poles of the off-line controller are specified using a 

settling time of 100ms and damping ratio of 0.707. 
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IV.   SIMULATION RESULTS 

To verify the effectiveness of the proposed approach, the 

microgrid, as depicted in Fig. 6, has been used. For this study, 

all 4 DERs are inverter-based sources with the same capacity of 

30 kW. They have been equipped with two sets of controllers 

for dual mode operations. Two smooth regulators are designed 

and applied on each DER to facilitate a smooth transition 

between the MG operation modes. The MG is simulated in the 

MATLAB/Simulink environment. The simulation and test case 

data are given in Table I. To show the effects of inner loop 

control and PLL dynamics during MG transition, two transition 

scenarios are tested and the results of the proposed regulators 

are verified by comparing them with the reported method in 

[18] and the case without smooth regulators (W/O).  

 
Fig. 6.  Network model of MG for simulation study [18]. 

 TABLE I 

ELECTRICAL AND CONTROL PARAMETERS OF SIMULATION CASE [18] 

Parameters Symbol Value 

DC Voltage Vdc 650V 

MG nominal voltage VPCC 325 V 

Line 1 - impedance Z1 (0.0198+j0.0581) Ω 

Line 2 - impedance Z2 (0.1107+j0.0028) Ω 

Line 3 - impedance Z3  (0.0198+j0.0581) Ω 

Line 4 - impedance Z4 (0.0404+j0.0024) Ω 

Line 5 - impedance Z5 (0.0768+j0.0113) Ω 

Line 6 - impedance Z6 (0.0099+j0.0029) Ω 

Line 7 - impedance Z7 (0.0513+j0.0054) Ω 

Load 1 L1 (5+j2) kVA 

Load 2 L2 (50+j27) kVA 

Load 3 L3 (20+j10) kVA 

Load 4 L4 (22+j11) kVA 

A.  Islanding transition scenario 

In this scenario, the MG initially is in the GC mode and the 

DERs operate in 33% of their nominal power with unity power 

factor. At t=3 s, the MG is disconnected and goes to the 

islanding mode. The DERs detect the islanding mode through a 

passive islanding detection algorithm and change their 

operation mode into the grid-forming strategy. Fig. 7 and Fig. 8 

show the active and reactive power of DERs during islanding 

transition. In Fig. 7, a peak value of 10% overshoot with 

prolonged oscillation can be observed in DER1 and DER2 

without smooth regulators. With the proposed method of [18], 

the overshoot is dropped to 5%. The maximum overshoot 

percentage of the DERs’ active power was reduced to below 

1.2% by the proposed GCISSR, with a smooth behavior. 

Similarly, the reactive power of DER1 and DER3 experienced 

54% and 27% overshoot with significant oscillations without 

regulators. These values are decreased to 22% and 13% 

according to the method in [18] and 10% and 7% by the 

proposed GCISSR. The PCC voltage and the MG frequency are 

depicted in Fig. 9.  

  

  
Fig. 7.  DERs active power during islanding transition.   

  

  
Fig. 8.  DERs reactive power during islanding transition.   

  
Fig. 9.  PCC voltage and MG frequency during islanding transition. 

The PCC voltage is decreased to 0.6 pu, 0.62 pu and 0.75 pu 

according to without regulator, regulator of [18] and proposed 

GCISSR, respectively. The MG frequency has oscillation 

behavior without regulators. With the method of [18], 

frequency is raised to 51.5 Hz after confirming islanding 

detection, while frequency has a small settling time with a 

smooth response. 

B.  Microgrid Reconnection transition scenario 

At t=25 s the MG is reconnected to the main grid. Fig. 10 

and Fig. 11 show the active and reactive power of DERs during 

reconnection transition. Without regulators, the active and 

reactive power of DERs have experienced a significant peak. 

While, with the proposed GCISSR, it can be seen that the active 

power of DERs track their references smoothly. The effect of 

PLL dynamics on the transition process can be deduced from 

differences in reactive power response between method of [18] 

and the proposed ISGCSR. 

  

  
Fig. 10.  DERs active power during reconnection of MG to grid. 
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Fig. 11.  DERs reactive power during reconnection of MG to grid.   

  
Fig. 12.  PCC voltage and MG frequency during reconnection of MG to grid. 

With the ISGCSR, the reactive power has no peak with a 

smooth response compared with the method of [18]. Fig. 12 

shows the PCC voltage and the MG frequency during 

reconnection transition. After reconnection, the PCC voltage 

dropped to 0.77 pu. Using the method in [18], the PCC voltage 

is decreased to 0.85 pu, while it is settled to steady-state without 

any peak using the proposed ISGCSR. 

C.  Performance analysis 

Opposed to the [18], in our proposed approach the effect of 

PLL dynamic during reconnection transition considered by 

adding (39), (40) and (43) in the IS to GC smooth regulator 

(ISGCSR) designing procedure. Actually, this item reflects the 

phase trajectory and its deviation in regulator design procedure. 

By a similar argument, inner control loops dynamics is 

considered during transition to islanding. Phase plane analysis 

is one of the most effective techniques for studying the behavior 

of systems while providing motion trajectories corresponding 

to initial condition. This analysis gives a very good insight of 

system behavior. So, the phase plane analysis is used to show 

the behavior of the proposed strategy during transition. Two 

dimensional phase plane based on x1-x3 (P-Q) trajectory of 

DER2 is depicted in Fig. 13 for three different strategies during 

transition. Although, these three strategies converge to a stable 

equilibrium point, the proposed strategy provides the superior 

trajectory. Also, to evaluate the performance of the proposed 

controller, different simulation studies are performed and 

compared with the proposed strategy of [18] and with the case 

without smooth regulator. Comparison results are introduced in 

Table II and Table III respectively. 

 
         (a)                                   (b)                                    (c) 
Fig. 13.  State trajectory of the DER2 during transition from grid-connected to 

the islanding mode, (a) Without GCISSR, (b) With GCISSR, and (c) Ref. [18]. 

 

TABLE II 
 SIMULATION RESULTS COMPARISON BASED ON AVERAGE OF THE DERS’ 

ACTIVE POWER 

 Islanding transition Reconnection transition 

 
Overshoot 

(%) 

Settling 

time (s) 

Undershoot 

(%) 

Settling 

time (s) 

Without smooth regulator 10 1.49 39 0.5 

Ref. [18] 4 1.3 12 0.3 

The proposed strategy 1 1.15 7 0.2 

TABLE III 

SIMULATION RESULTS COMPARISON BASED ON AVERAGE OF THE DERS’ 

REACTIVE POWER 

 Islanding transition Reconnection transition 

 
Overshoot 

(%) 

Settling 

time (s) 

Undershoot 

(%) 

Settling 

time (s) 

Without smooth regulator 35 2.6 300 0.3 

Ref. [18] 17 2 65 0.28 

The proposed strategy 9 1.4 0 0.27 

Although the proposed strategy mitigate transient response 

overshoots, its performance is not studied within MG with 

voltage sensitive load. To manage this issue using the proposed 

strategy, the modified voltage control loop with virtual 

impedance can be a proper choice. 

D.  Robustness analysis 

The islanding detection algorithm is one of the effective 

factors in the microgrid transition. Generally, the imperfection 

of an islanding detection algorithm can be modeled by a trigger 

signal. According to [29], the maximum clearing time of 

protective devices for an interconnected system is suggested up 

to 300ms. To analyze the robustness of the proposed strategy, a 

simulation study is done with different islanding detection time 

duration. Fig. 14 shows the active power of DER2 during 

islanding transition with two clearing time of 150ms and 300ms. 

It can be found that the overshoot values regarding all three 

control strategies are amplified by increasing the islanding 

detection time. By comparing the strategies, the proposed 

strategy has the lowest overshoot values. It can be deduced that 

the active power of DER2 in the proposed method reaches the 

steady-state with a negligible transient for the maximum 

clearing time.  

A similar study is done to demonstrate the performance of 

three control strategies against the premature reconnection 

process. It means that the closing command is sent to the circuit 

breaker (CB) before satisfying the IEEE.std.1547 

synchronizing criteria [29]. Thus, it may make a significant 

transient in DERs’ output. To investigate the performance of 

three control strategies against imperfect reconnection process, 

a simulation study is done with two different times where CB is 

closed at t= 21s and t=25s. Fig. 15 shows the active power of 

DER2 during reconnecting transition.  

  
Fig. 13.  DER2 Active power during islanding transition with two islanding 

detection time, (a) 150ms and (b) 300ms. 
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Fig. 14.  Active power of DER2 during reconnecting transition with two CB 

closing time, (a) t=21s and (b) t=25s. 

A noticeable transient can be easily found for three control 

strategies when CB is closed earlier. However, the proposed 

control strategy has a superior performance where DERs are 

suffered severe transient with two other control strategies. 

V.  EXPERIMENTAL VALIDATION 

To validate the feasibility of the proposed controller 

implementation, an inverter-based MG, shown in Fig. 16(a), is 

prototyped. A photo of the experimental setup is illustrated in 

Fig. 16(b). The hardware part of the MG is composed of two 

2.2 kW Danfoss inverters in parallel, LCL filters, measurement 

sensors and a RL load. There is also a CB to connect/disconnect 

the MG to/from the grid. The inverters are supplied by a stiff 

DC voltage source. They can be operated in both GC and IS 

modes with grid-feeding and grid-forming strategies, 

respectively. The electrical and control parameters are given in 

Table IV. Meanwhile, the real time simulation platform 

(dSPACE 1006) and I/O boards are software parts of the MG. 

The control platform based on the proposed approach is 

simulated in MATLAB/Simulink environment. Then, the 

control platform is built in dSPACE using MATLAB compiler. 

The performance of the proposed regulators is investigated 

through two different scenarios including transition from GC to 

IS mode and vice-versa. The experimental results for the 

aforementioned studies are plotted in MATLAB using captured 

data from dSPACE Control Desk and represented in following. 

 

 
Fig. 15.  Microgrid test system configuration: (a) electrical schematic, and (b) 

experimental setup. 

TABLE IV 

ELECTRICAL AND CONTROL PARAMETERS OF EXPERIMENTAL TEST SYSTEM 

Parameters Symbol Value 

DC Voltage VDC 650V 

MG nominal voltage Vg 325 V 

Capacitance of LCL filter Cf 25 F 

Inductances of LCL filter Lf , Lc 1.8 mH 

Nominal frequency  f 50 Hz 

Switching frequency fs 10 kHz 

Impedance of Loads ZL1 115+ j47.1 

P-W droop coefficient m 0.0064 rad/w.s 

Q-V droop coefficient n 0.02 V/VAr 

LPFs cut-of frequency wc, wm 2π rad/s, 200 rad/s 

PI gains of PLL 𝑘𝑝,
𝜃  𝑘𝑖

𝜃 0.1, 1 

PI gains of voltage loop 𝑘𝑝,
𝑣  𝑘𝑖

𝑣 0.25, 50 

PI gains of current loop 𝑘𝑝,
𝑐  𝑘𝑖

𝑐 0.35, 100 

A.  Transition from GC to IS Mode 

Initially, the MG is connected to the main grid and DERs are 

operated in the grid-feeding strategy. The set-points for DERs 

are P*=300W and Q*=0 VAr where the power factor was set to 

unity. Due to an unintentional islanding at t=3s, CB opens 

thereby separating the MG. The parallel DERs share active and 

reactive power demanded from the local load, where each DER 

supply an average active and reactive power output of 540W 

and 220 VAr, respectively.  

Fig. 17 and Fig. 18 provides the output voltage waveform 

and magnitude at PCC during islanding transition. The PCC 

voltage magnitude increases to 360 V without regulator (W/O), 

while it is limited to 328 V with GCISSR (W). The output 

currents of DER 1 and DER 2 during transition are depicted in 

Fig. 19 and Fig. 20, respectively. Moreover, the supplying 

output active and reactive power of DERs can be observed in 

Fig. 21 and Fig. 22, respectively. It can be found that the 

deviation in current and voltage has led to active power 

experience a noticeable overshoot ~16% of its steady-state 

value, see Fig. 21(a) and Fig. 22(a). On the contrary, the 

GCISSR decreases the overshoot impressively (2% of its 

steady-state value), which verifies the effectiveness of the 

proposed regulator in providing a smooth transition from GC to 

IS mode (see Fig. 21 (b) and Fig. 22(b)). 

 

  
       (a)                                                              (b) 

Fig. 16.  PCC voltage waveform during transition from GC to IS mode: (a) 
without GCISSR, and (b) with GCISSR. 

 
Fig. 17.  PCC voltage magnitude during transition from GC to IS mode.  

  
         (a)                                                            (b) 
Fig. 18.  Output current waveform during transition from GC to IS mode 

without smooth regulator: (a) DER 1, and (b) DER 2. 
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        (a)                                                             (b) 
Fig. 20.  Output current waveform during transition from GC to IS mode with 

smooth regulator: (a) DER 1, and (b) DER 2. 

  
(a)                                                          (b) 

Fig. 21.  Active power of DERs during transition from GC to IS mode: (a) 
without GCISSR, and (b) with GCISSR. 

  
(a)                                                          (b) 

Fig. 22. Reactive power of DERs during transition from GC to IS mode: (a) 

without GCISSR, and (b) with GCISSR. 

B.  Transition from IS to GC Mode 

In this scenario, the effectiveness of the proposed ISGCSR 

is verified during the reconnecting transition of the MG to the 

main grid. The synchronization process with the main grid is 

done before the reconnection process. After issuing the 

resynchronizing command, the CB is closed at t=15s; thus, the 

DERs operation mode is changed from grid-forming to grid-

feeding strategy. The set-points of the grid-feeding strategy of 

DERs are P*=900W with unity power factor. 

It can be seen from Fig. 23 and Fig. 24 that the voltage at 

PCC experiences an overshoot of 5V (~330V), while the PCC 

voltage raises up to 327V with ISGCSR regulator. 

The output currents of DER 1 and DER 2 during MG 

reconnection are depicted in Fig. 25 and Fig. 26, respectively. 

The active power of DERs have a similar shape, which are 

shown in Fig. 27, for both cases of without (W/O) ISGCSR and 

with (W) ISGCSR. Without ISGCSR, the reactive power is 

suffered a 50% overshoot and raised to 358 VAr (see Fig. 

28(a)). According to Fig. 28(b), the reactive power of DERs are 

mitigated to 259 VAr using ISGCSR. 

  
Fig. 23. PCC voltage and freq. during transition from IS to GC mode at t=15s. 

  
        (a)                                                              (b) 

Fig. 24.  PCC voltage waveform during transition from IS to GC mode: (a) 

without GCISSR, and (b) with GCISSR. 

  
        (a)                                                             (b) 
Fig. 25.  Output current waveform during transition from IS to GC mode 

without smooth regulator: (a) DER 1, and (b) DER 2. 

   
       (a)                                                              (b) 

Fig. 26.  Output current waveform during transition from IS to GC mode with 
smooth regulator: (a) DER 1, and (b) DER 2. 

  
  (a)                                                              (b) 

Fig. 27. Active power of DERs during transition from GC to IS mode: (a) 

without ISGCSR, and (b) with ISGCSR.  

  
      (a)                                                              (b) 

Fig. 28. Reactive power of DERs during transition from GC to IS mode: (a) 
without ISGCSR, and (b) with ISGCSR. 

VI.  CONCLUSION 

This paper proposes a control strategy with two smooth 

regulators based on a linear quadratic approach to guarantee a 

smooth transition between the AC microgrid operation modes. 

To design the proposed regulators, not only the droop 

mechanism but also the inner control loops and the PLL 

dynamics are taken into account.  For each operation mode, an 

individual regulator is developed to minimize transients at DER 

output variables during transition process. The output of the 

regulators is a scalar constant state feedback which has a simple 

form and easy to implement. Experimental results verify the 

effectiveness of the proposed approach in mitigating overshoots 

in the voltage, current, and output power of DERs. 

VII.  APPENDIX 

APPENDIX A: STATE SPACE MATRICES OF GRID-FORMING STRATEGY 
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