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Abstract—The frequent penetration of distributed energy resources in microgrid environment often faces 
operational challenges like stability and reliability issues. In order to overcome these challenges, the concept of 
the virtual power plant is suggested. Practically, the chance of voltage and frequency fluctuation increases in 
virtual power plant scenarios under critical power system contingencies like faults and sensitive load switching. 
Therefore, implementation of efficient controllers is required to address this issue. Further, the fixed gain droop 
control topology reported in literature is insufficient to accomplish seamless voltage and frequency regulation of 
the virtual power plants. Therefore, this paper proposes an adaptive droop control scheme to regulate system’s 
frequency and voltage (as per IEEE 1547) in presence of critical power system contingencies under virtual power 
plant scenarios. Further, a small signal stability analysis is carried out considering the system Eigenvalues to 
investigate the effectiveness of the proposed adaptive droop controller. Additionally, a comparative analysis 
between traditional and proposed droop controller is performed considering critical power system contingencies 
under MATLAB / Simulink environment. The dynamic responses establish the improved performance of the 
proposed controller over the traditional control scheme in terms of transient and steady-state stability. 
 
Keywords— Adaptive droop control; Distributed energy resource; Frequency regulation; Small signal stability; 
Virtual power plant; Voltage regulation; Power system contingency.  
 

NOMENCLATURE 

ωact ,Vact
 

Operating angular frequency in 

rad/s, operating voltage at PCC rms 

in volt 
max ,

min  
Upper and lower boundaries of 

angular frequency 

Lf,Cf 
Inductance in mh and capacitance in 

µf of filter 
ΔP , ΔQ  

Mismatch in active and reactive 

power 

r , rV  
Rated angular frequency in rad/s, 

rated voltage rms in volt 
maxV ,

minV  
Upper and lower boundaries of 

voltage amplitude 

Lcp Coupling inductance in mh c f   
Cut-off angular frequency of low 

pass filter in rad/s (power 

controller) 

P,Q 

Instantaneous active and reactive 

power in MW and MVAR 

 

Iact Operating current in ampere 
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Pf, Qf 

Maximum active and reactive power 

contribution from DER in MW and 

MVAR 

Gff Feed-forward gain 

q, k 
Fixed frequency and voltage droop 

gain 
Ifl-d ,Ifl-q 

LC filter dq-axis current 

component in ampere 

Δ , ΔV  
Mismatch of angular frequency and 

voltage 
0  

Initial value of load angle in 

radian 

qer,n, keq,n 
Adaptive frequency and voltage 

droop gain 
Vbus-d,Vbus-q 

dq-axis component of bus voltage 

in volt 

Vss-d,Vss-q 
Steady state initial operating voltage 

dq-axis component for LC filter in volt 
Vin-d,Vin-q 

dq-axis component of inverter 

voltage in volt 

Iss-d,Iss-q 

Steady state initial operating current 

dq-axis component for LC filter in 

ampere
 

ss dI  , 

ss q
I


  

Steady state initial operating 

current dq-axis component for 

coupling inductor in ampere
 

, , ,pv iv pI iIK K K K  
The gain parameters of PI controller 

associated with outer voltage and 

inner current loop 
invA  State matrix 

1. INTRODUCTION 

The concept of microgrid (MG) is extensively incorporated in modern power system 

scenarios to improve the overall system performance. MG can function either in islanded or in 

grid-connected mode operation. Generally, MG permits the frequent integration of local 

distributed energy resources (DERs), storage systems and different loads. In practical 

operation, the intermittent nature of DERs often hinders the balance between generated 

power and load-demanded power. Therefore, several operational challenges like frequency 

and voltage regulation, efficiency, reliability, and stability are common concerns in MG 

operation [1, 2]. In addition to that, MG application in large-scale power systems is limited 

due to the geographical availability and level of power generation from different DERs. 

Recently, the concept of a virtual power plant (VPP) has become very successful in order to 

address the above-discussed challenges raised in the MG scenario. VPP is capable to 

aggregate, manage and control various DERs together as a single entity. The participating 

DERs in the VPP scenario are not necessarily belonging to the same geographical location. 

Therefore, VPPs can be utilized as large-scale decentralized power systems. In practical 

application, inverters are often utilized in DER based VPPs in order to match load 

requirements. Therefore, proper control topology is required to regulate the voltage and 

frequency of DER-based inverters under various power system contingencies like faults and 

sensitive load switching. Additionally, small-signal stability analysis is essential to improve 

system dynamic characteristics. Till date, electricity market-related aspects in the VPP 

scenario are well addressed in several articles [3-6]. Although, very few articles have 

investigated operational challenges like voltage and frequency regulation and stability issues 

in order to evaluate the system performance of the VPP scenario. 

Traditional DER based power systems are designed to function in grid-following mode 

(GFL) operation. The operation of DER based power systems in GFL mode blindly follow the 

grid frequency and voltage to contribute high quality power into the grid. Their operation 

totally depends upon the grid stability as they are unable to regulate grid frequency or 
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voltage. Therefore, these GFL-DER based power systems often face several operational 

challenges and stability issues. In this regard, recently the idea of grid-forming (GFM)-DER 

based power system has become very popular as they function independently even in the 

absence of grid stability. Additionally, GFL-DER based power systems with droop control 

topology provide seamless frequency and voltage regulation during transition from grid 

connected to islanded mode operation. It is noteworthy to mention that droop control is 

capable to ensure equal load sharing with minimum circulating current among the 

participating DERs. Additionally, the frequency and voltage oscillations during DER 

switching are limited by the droop control mechanism [7]. In this connection, an optimal 

droop control topology is suggested in [8] for DER-based systems in order to improve 

frequency regulation and system stability. However, the suggested control topology lacks 

detailed system modeling and voltage regulation issue. Additionally, controller designing is 

carried out only considering islanded mode operation. Further, Bintoudi et al. propose an 

agent-based droop control topology for DER based power system in [9]. In this article, an 

improved primary droop control topology is presented, which enables semi-centralized or 

distributed operation of DER based power system. Howbeit, less attention is given towards 

the detailed system modeling to evaluate system performance. Moreover, detailed discussion 

on frequency and voltage regulation of the suggested DER based power system is lacking in 

this article. Further, a distributed three-layer control topology is proposed in [10], where the 

power output of DERs is controlled to accomplish frequency regulation. Although, the 

suggested control scheme provides less priority towards the evaluation of system 

performance. Similarly, the frequency regulation of a DER-based power system is achieved by 

incorporating an optimal approach in [11]. However, voltage regulation and detailed system 

performance analysis under the suggested controller is lacking in the article. Unlike the 

above-discussed articles, the voltage regulation of islanded DER-based power systems is 

investigated using a distributed secondary control scheme in [12]. Accordingly, an improved 

sliding mode control scheme is suggested to control the operation of DER-based power 

system. Howbeit, the frequency regulation and system performance analysis are given less 

priority in the above-mentioned article. Similarly, Schiffer et al. propose a distributed reactive 

power control-based voltage regulation scheme for DER-based power systems [13]. In this 

article, less attention is given towards the frequency regulation issue while evaluating system 

performance. Recently, a neural network based secondary droop control scheme is suggested 

to control the voltage of islanded DER-based power system [14]. However, the frequency 

regulation of the suggested system is lacking in this article. 

According to the detailed literature review, it is observed that most of the above-

mentioned articles focus on the fixed droop gain control mechanism. The major bottleneck of 

the above-mentioned controller is its limited performance during power system critical 

contingencies like power system faults, induction motor switching and non-linear load 

switching. In this context, the concept of an adaptive droop control scheme is proposed where 

automatic droop gain adjustment is accomplished depending upon the magnitude of power 

system contingencies [15, 16]. However, the variation of droop coefficients due to 

contingencies causes frequency oscillations and voltage fluctuations. Therefore, system 

stability analysis is essential to ensure reliable operation for a DER-based VPP scenario along 

with frequency and voltage regulation. In this regard, the stability analysis of DER-based 
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power systems is carried out utilizing the root locus method [17]. The authors of the paper 

develop a small-signal model of a DER-based power system in order to investigate system 

stability. During the root locus analysis, it is observed that the low-frequency system 

Eigenvalues are very much sensitive to the stability of the considered DER-based power 

system. Howbeit, the complexity of the model limits its application in large-scale power 

systems. Furthermore, in [18, 19], droop controller gain parameter adjustment and equivalent 

line impedance values of DER-fed power systems are utilized to investigate system stability. 

However, in these articles, less attention is paid towards the system performance analysis 

during critical power system contingencies like faults, and sensitive load switching. 

Moreover, the droop gain variation is performed randomly instead of following any specific 

method in [18]. Therefore, improved particle swarm optimization (PSO) technique is 

incorporated to evaluate the droop control gain parameters in a DER-based power system in 

[20]. Although less attention is given towards detailed small-signal stability analysis while 

evaluating system performance.  

Based on the critical literature survey, it is observed that available research works 

consider the voltage regulation, frequency regulation, controller designing and system 

stability analysis of DER-based power systems as separate issues. Additionally, less attention 

is paid towards controller performance evaluation during critical power system 

contingencies. In this context, it is noteworthy to mention that the time-scale of DER-based 

power systems varies within a few milliseconds [21]. Accordingly, the operating time 

constant of DER-based power systems are much faster than synchronous generator based 

power systems. Therefore, faster control topologies are required for DER-based power 

systems to regulate both operating frequency and voltage under different power system 

contingencies. This faster control approach, improves the dynamic performance of DER-based 

power systems in terms of active and reactive power sharing. Based on the above-discussed 

research gaps, this paper presents the following contributions. 

This paper proposes an adaptive droop control scheme to accomplish seamless 

frequency and voltage regulation in GFM-DER based VPP system under different power 

system contingencies. The GFM mode operation with adaptive droop controller enables 

independent voltage and frequency regulation of the considered VPP system even in the 

absence of grid. The proposed control scheme is designed based on the popular active power 

versus frequency and reactive power versus voltage droop characteristics. Additionally, 

automatic adjustment of droop coefficients is designed depending upon the magnitude of a 

power system contingency.  

Further, a small signal stability analysis considering DER-based inverter model is 

presented in order to investigate system performance. System Eigenvalues are evaluated to 

determine the operating ranges of the adaptive droop coefficients and the gain parameters of 

the PI controllers of the voltage and current loop to ensure stable system performances.     

Additionally, PSO is incorporated to evaluate the optimal value of the PI controller gain 

parameters within the obtained range from the Eigenvalue analysis. In this regard, integral 

square error (ISE) based performance index is utilized to determine objective functions.  

Finally, in this work, a comparative analysis between the adaptive droop control 

method and the traditional fixed gain droop control method is presented in order to establish 

better system performance under critical power system contingencies (like faults and different 
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load switching). It is noteworthy to mention that less than 1% frequency and 5% voltage 

regulation is obtained under the proposed controller during critical power system 

contingencies.  

The rest of the paper is structured as follows. Section 2 represents the VPP configuration 

considered in this paper, followed by section 3 where detailed controller analysis is presented. 

In section 4, small-signal modeling for different parts of the controller is presented. Section 5 

includes the Eigenvalue-based stability analysis. Next in section 6, simulation test results are 

presented with a detailed discussion. Finally, section 7 presents the concluding remarks. 

2. SYSTEM CONFIGURATION  

In practical operation, several DERs based on different renewable sources (like PV 

panels, wind generators, microturbines, and fuel cells) as well as Energy Storage Systems 

(ESS) are integrated into a VPP, which is capable to function as an independent power 

source. The traditional droop control topology can accomplish accurate sharing of power 

among participating DERs. In the traditional droop control method, frequency and voltage 

regulation is achieved using the fixed droop characteristics between active power-frequency 

(P-f) and reactive power-voltage (Q-V). However, the pre-specified droop characteristic of 

traditional droop control topology risk system stability under critical power system 

contingencies. Thus, additional restoration control during critical contingencies is required. 

In this context, often seamless control between the VPP internal units is carried out utilizing 

two-way communication channels. Therefore, transmission system operator (TSO) and 

distribution system operator (DSO) based supervisory load frequency control are necessary 

to manage the sudden contingencies [22]. However, such control topology prioritizes 

frequency regulation over voltage regulation to maintain power quality and system stability. 

In these circumstances, it is noteworthy to mention that frequency and voltage regulation are 

equally important to address the power quality and stability issues of VPP.  

Therefore, this paper proposes an adaptive droop control topology to achieve seamless 

frequency and voltage regulation by dynamically adjusting the droop gain under critical 

power system contingencies. The proposed controller consists of three major loops-power 

controller, outer voltage control and inner current loop. The power controller regulates the 

frequency and voltage magnitude of inverters according to the dynamic adjustment of droop 

coefficients. Further, the outer voltage control loop is utilized to control voltage accurately. 

Additionally, the outer voltage control loop provides relevant inputs to the inner current 

loop. Finally, the inner current loop generates a reference voltage signal for pulse width 

modulation (PWM).   

The proposed DER integrated VPP is depicted in Fig. 1. According to Fig. 1, each DER is 

connected to its base loads through three-phase inverters LC filters (Lf and Cf  per phase 

respectively, and coupling inductors Lcp). Further, the DER-driven inverter, filter, base load 

and coupling inductor are considered as a single unit. Likewise, a total of three units are 

considered to present the VPP model. In the considered VPP, individual units share common 

loads through the point of common coupling (PCC). Additionally, solid-state relay-driven 

static switches are incorporated at different stages in order to accomplish fast islanding 

operations under emergencies. The value of each parameter of the considered VPP model is 

included in Table 1. 
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Fig. 1. System configuration model. 

 
Table 1.  System parameters. 

Parameter Value 

System rated voltage (rms): rV  230 V 

System rated angular frequency: r  314 rad/s 

Low pass filter cut off angular
 
frequency: ωc-f 31.4 rad/s 

Filter resistance: Rf
 

0.2 Ω 

Filter inductance: Lf
 

2.5 mH 

Filter capacitance:Cf 1200 µF 

Coupling resistance: Rcp 0.06 Ω 

Coupling inductance: Lcp 0.8 mH 

Feed forward gain: Gff 0.5 

The gain parameters of PI controller associated with outer voltage 

and inner current loop:
 
Kpv, Kiv, KpI, KiI

 

32.51, 25.78, 61.34, 30.75 

3. CONTROL TOPOLOGY 

3.1. Traditional Droop Control 

Traditional droop control topology is extensively implemented in power system 

problems to accomplish smooth voltage and frequency regulation while achieving sharing of 

loads among the participating sources [23, 24]. Generally, the traditional droop control 

maintains the linear relationship between frequency to active power (f-P) and voltage 

magnitude to reactive power (V-Q) as expressed in Eqs. (1) and (2); 

 act fr =  - q(P - P ) 
       (1) 

 act r fV = V - k(Q - Q )         (2) 
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where act and Vact are the system operating angular frequency (in rad/s) and point of 

common coupling voltage (in volt), r  and rV  are the rated angular frequency (in rad/s) and 

voltage (in volt) of the system. P and Q are the instantaneous load active power (in MW) and 

reactive power (in MVAR) whereas Pf  and fQ  are the maximum active power (in MW) and 

maximum reactive power (in MVAR) contribution from each DER. The term q and k 

represent the fixed frequency and voltage droop coefficients, as expressed by Eqs. (3) and (4).  

( )act r

f f

Δ
q

P P

  
 


            (3) 

( )act r

f f

V V

Q

ΔV
k = 

Q


                          (4) 

where ∆  and V represented the deviation of MG angular frequency with respect to the 

reference, due to change of load. 

3.2. Adaptive Droop Control 

The traditional fixed gain droop control scheme appears insufficient to regulate voltage 

and frequency while VPP is subjected to power system contingencies. In such scenario, this 

paper proposes an adaptive droop control topology to improve the overall frequency and 

voltage regulation by dynamically adjusting the droop coefficients depending on the 

magnitude of a power system contingency.  

The proposed adaptive frequency and voltage droop gains ,eq nq  and ,eq nk of nth DER 

based inverter in VPP are evaluated as Eqs. (5) and (6): 

max

,

min

when

when

( )( )
( ) 0

( )( )
( ) 0

act r act

act r

eq n

act r act

act r

P
q

P

   
 

   
 

 
 




 
 











         (5) 

max

,

min

when

when

( )( )
( ) 0

( )( )
( ) 0

act r act

act r

eq n

act r act

act r

V V V V
V V

Q
k

V V V V
V V

Q

 
 




 
 











             (6) 

Here, r


 
and r

V  represent the rated system angular frequency (in rad/s) and rated voltage 

(in volt) whereas act
  and act

V  represent the operating angular frequency (in rad/s) and 

operating PCC voltage (in volt). P and Q  represent the mismatch of active and reactive 

power between the present and the targeted value. In order to accomplish smooth, faster 

frequency and voltage regulation upper and lower boundary limits of angular frequency 

(rad/s) and voltage amplitude (volt) are considered as max
 , min

 , max
V , min

V . 

Figs. 2(a) and (b) depict the dynamic nature of frequency and voltage regulation in an 

adaptive way when any disturbance takes place. In traditional droop control equations 

(according to Eqs. (3) and (4)) only the mismatch of angular frequency Δ and voltage ΔV is 

considered to evaluate the droop coefficients q and k . Thus, the droop coefficients are 
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always constant under any load perturbation. However, in the proposed adaptive droop 

control scheme to avail the adjustable droop characteristics (according to Figs. 2(a) and (b)) 

apart from the mismatch of angular frequency ( )act rΔ     and voltage ( )act rV VΔV   

the difference between the boundary limits with the operating values (i.e.  
max

( )
act

   for 

operating angular frequency over the rated value or 
min

( )
act

  for operating angular 

frequency lower the rated value, similarly 
max

( )
act

V V for overvoltage and
min

( )
act

V V for 

under voltage) is also included. In addition to that, here in Eqs. (5) and (6), instead of 

considering the maximum active and reactive power capacity of each DER (Pf and fQ  

according to Eqs. (3) and (4)), the modulus of mismatch of active power P (between the 

present and the targeted value) and reactive power Q (between the present and the 

targeted value) are considered. Thus, over-loading and under-loading both situations are 

considered.  

 

 
(a) 

 
(b) 

Fig. 2. Comparison between adaptive and traditional fixed gain methods: a) frequency droop control;  
b) voltage droop control. 
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Unlike the traditional approach (Eqs. (3) and (4)), this modification in numerator and 

denominator of Eqs. (5) and (6) helps to adjust the droop characteristic curves to a new 

operating point depending upon the magnitude of a power system contingency. Thus, when 

the mismatch of angular frequency and voltage is very small the inverter power controller’s 

droop gains are comparatively less (as depicted in Figs. 2(a) and (b)). Accordingly, the 

inverter contributed power is also comparatively less. On the other hand, while this 

mismatch of frequency increases; the inverter’s droop gain also increases resulting in 

increased inverter power output. Therefore, this adjustable relationship between the droop 

gain and inverter-contributed powers provides faster frequency and voltage regulation 

under different power system contingencies. As this flexible feature is not available in the 

traditional fixed gain droop controllers, regulation of frequency and voltage is comparatively 

more prolonged than this proposed one.   

4. SMALL SIGNAL MODELING 

This section presents the small signal modeling of the considered VPP model (as 

depicted in Fig. 1). Primarily a single unit of VPP is considered to develop the small signal 

model. However, for n number of units, the same procedure is repeated. Generally, this 

analysis considers multiple non-linear equations. Further, these nonlinear equations are 

linearized around their operating points in order to accomplish stability analysis [25]. The 

step-by-step procedure to configure the model is presented in the following part. 

4.1. Adaptive Droop-Controlled Inverter and Interface Circuit 

The major components of each DER are a three-phase voltage source inverter (VSI), LC 

filter and coupling inductor to interface with the common bus. Further, the adaptive droop 

controller of the VSI is divided into three sections (according to Fig. 1), power controller, 

outer voltage and inner current loop controller.  

4.1.1. Power Controller 

The idea of this controller is to adjust the droop curve to a new operating point by 

dynamically adjusting the droop gains depending upon the magnitude of power system 

contingency (according to Figs. 2(a) and (b)). The basic block diagram of this controller is 

presented in Fig. 3. The instantaneous active power P (in MW) and the reactive power Q (in 

MVAR) are evaluated using the two-axis theory considering the output voltage and current 

(according to Eq. (7)).  

( )

( )

c f
act q act qact d act d

c f

c f
act q act qact d act d

c f

P V I V I
s

Q V I V I
s










  




  











 


 


         (7) 

A low pass filter is included here to filter out the high-frequency noise where c f   and 

s are the cut-off angular frequency (in rad/s) of the low pass filter and the factor of Laplace 

transform, respectively [26]. act dV  , act qV  , act dI  and act qI   are the dq components of the 

operating voltages (in volt) and currents (in ampere). Now under small disturbance, Eq. (7) 

will be modified as Eq. (8):  
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( )

( )

ss d ss q act q ss q act qc f c f act d ss d act d

ss q act q ss q act qc f c f ss d act d act d ss d

I Is P P P V V V I V I

s Q Q Q I V I V V I V I

 

 

        

        

  




             

              
  (8) 

where P , Q , act dV  , act qV  , act dI  and act qI  represent the small changes in active 

power, reactive power, operating voltage d component, operating voltage q component, 

operating current d component and operating current q component, respectively. ss qV  , ss dV 

, ss dI  and ss qI  are the steady state operating points obtained after linearization. Considering 

the adaptive droop coefficients, 
act i.e., the angular frequency (in rad/s) and act dV 

 and 

act qV 
 (in volt) i.e., the voltage regulating equations can be presented as Eq. (9): 

,

,

0

( )

( )

act r eq n n

r eq n nact d

act q

q P P

V V k Q Q

V

 















  

              (9) 

where nP , nQ are the maximum active power (in MW) and reactive power (in MVAR) 

capacities of nth DER based unit. Further, for the realization of the small signal model, Eq. (9) 

is modified as Eq. (10): 

,

,

0

eq n

eq nact d

act q

q P

V k Q

V

















   

   



          (10) 

Now, the angle difference between dq frames of individual inverters is converted in 

one common dq reference frame ( x ) as represented in Eq. (11): 

( )act x dt               (11) 

Further, for small signal disturbances Eq. (11) is simplified as Eq. (12): 

,x eq n xq P          
 

        (12) 

 

 
Fig. 3. Block diagram of the power controller. 

4.1.2. Outer Voltage Controller 

Next in this section, a small signal model of typical outer voltage controller is 

presented as depicted in Fig. 4. It consists of a standard proportional integral regulator (PI) 

which compares the dq components of the actual output voltage act dV  and act qV   (in volt) 
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with reference values (obtained from the power controller) act dV 
  and act qV 

  (in volt) 

according to Fig. 3, to generate a voltage error signals. It also includes a feed-forward gain 

ffG to handle the output current disturbances. The state space equations from outer voltage 

controller based on Fig. 4 are: 

d d act d act d

q q act q act q

d

dt

d

dt

V V

V V

 

 


 


 





 


 

 

         (13) 

( )
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d

q
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PI
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 
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    
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
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I

K K V V C V G I 




   
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
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

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





    

     (14) 

In Eq. (14), the proportional and integral gain parameters of the voltage controller 

attached PI regulator are presented as pvK and ivK respectively. Further, the small signal 

model realization of the considered voltage controller under small disturbances is presented 

as Eqs. (15) and (16) becomes: 

d act d act d

q act q act q

V V

V V






 


 


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

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          (15) 
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

 

 
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


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r act q act qf ff

iv q pv act q act q r act q act qf ff

PI
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
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
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
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    (16) 

 

 
Fig. 4. Block diagram of inner current and outer voltage controller. 
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4.1.3. Current Controller 

Following the same procedure, the inner current controller is designed next. In this 

step, another PI controller is incorporated to compare the dq components of the filter current 

fl dI  and fl qI   (in ampere) with a reference (obtained at voltage controller output) fl dI 

and fl qI   (in ampere) to generate the sinusoidal pulse width modulation (SPWM) signals

in dV 
  

and in qV 
  (in volt). The basic block diagram of this inner current controller is depicted 

in  Fig. 4. The corresponding state space equation of the current controller loop is: 

d d fl d fl d

q q fl q fl q

d

dt

d

dt

I I

I I

 

 


 


 







  

  

                                                                                                             (17) 

( )

( )

( )

( )

d

q

riI pIin d fl d fl d f fl d

PI

riI pId fl d fl d f fl d

PI

rin q iI pI fl q fl q f fl q
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qiI pI fl q fl q
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






 



      (18) 

where ∆ d  
and q  

are the initial current errors which is fed to the PI controller to obtain   

Eq. (18). In order to realize the small signal model of the current control loop under small 

disturbances, Eqs. (17) and (18) are modified as Eqs. (19) and (20), respectively. 

d fl d fl d

q fl q fl q

I I

I I




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 


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          (19) 
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I I L I
  












 



  

     (20) 

where iPK and iIK are the proportional and integral gain parameters of the current controller 

attached PI regulator. fl dI  and fl qI   are the dq component of filter current (in ampere). 

4.2. LC Filter and Coupling Inductance Models 

The inverters are generally connected to the grid through LC (Lf in mH, Cf in µF) filter 

and coupling inductor Lcp (in mH) to reject the unwanted components of harmonics near 

switching frequency. Thus, the state space equations associated to LC filter with coupling 

inductor Lcp (based on Fig. 1) become: 
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( ) (

( ) (

) ( )

) ( )

ss ss qfl d f f f fl q in d act d

ss in q act qfl q f f f fl d ss d

s

s

I R L L I I V V
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( ) ( )

f f f
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)
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     (23) 

After simplifying and rearranging Eqs. (21) and (23), we get Eqs. (24) and (25); 

1
( )

1
( )

f
ss ss qfl d fl d fl q in d act d

f f

f
ss in q act qfl q fl q fl d ss d

f f

R
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( )
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

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     (25) 

Further, under small disturbance, Eqs. (22), (24) and (25) modified as Eqs. (26), (27) and (28): 

1
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1
( )

f
ss ss qfl d fl d fl q in d act d

f f

f
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f f
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
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     (26) 
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1

1

cp

cp
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   (27) 
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V I I V V
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 
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      (28) 

Here the dq components of the bus voltage (in volt) are represented as bus dV   
and bus qV  .

in dV  and in qV   
are the dq components of the inverter voltage (in volt). ss , ss dI  , ss qI   are 

the steady state dq components of initial values of all the operating points. The values of all 

steady state initial operating points are furnished in Table 2. 

4.3. Complete Small-Signal Model  

Finally, combining all above mentioned controller state space equations, the complete 

small signal model of one DER based unit can be presented in matrix format considering 

total 13 states. The output 
c
act dqI  and input 

c
bus dqV  are converted in common dq frame as: 
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cos sin

sin cos
[ ] [ ]c

act dq act dq act dqI F I I
 

   
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 


  
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 
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Further, under small disturbance, Eqs. (31) and (32) are obtained after linearizing     

Eqs. (29) and (30): 
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sin coscos sin
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   
 

 
 

  
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 
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
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Here, 0  considered as steady state load angle (in radian). Finally, the standard input output 

state space equations of n number of DER fed inverter models is presented as: 

[ ] [ ] [ ]
x

c
n xinv n inv n inv n inv n bus dq nx A x B V B   
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     (36) 

where 0 0sin cosc c
bus d bus qx V V   , 0 0cos sinc c

bus d bus qy V V    
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Table 2.  Initial values of Unit-1 operating parameters in VPP. 

Parameter Value Parameter Value Parameter Value 

Steady state voltage d-

axis component for LC 

filter Vss-d 

311.5 V 

Steady state current 

d-axis component 

for LC filter Iss-d 

30.95 A 

Bus voltage d-

axis component 

Vbus-q 

-3 V 

Steady state voltage q-

axis component for LC 

filter Vss-q 

0 V 

Steady state current 

q-axis component 

for LC filter Iss-q 

-10.05 A 
Instantaneous 

active power P 
80 MW 

Steady state current  d-

axis component for Lcp 

ss dI   

30.95 A 

Steady state angular 

frequency ωss 

 

314 rad/s 

Instantaneous 

reactive power 

Q 

60 MVAR 

Steady state current q-

axis component for Lcp 

ss q
I




 

-0.2 A 
Bus voltage q-axis 

component Vbus-d 
308.7 V 

Initial load 

angle 

0  

0.22e-3 

rad 

5. STABILITY ANALYSIS USING EIGENVALUE 

Further, in this section, detailed stability analysis (of a single unit under considered 

VPP) based on the obtained small signal model is carried out utilizing Eigenvalue spectrum 

as depicted in Fig. 5. In this regard, the elements of the state matrix 1invA   are calculated 

considering the initial values of each parameter. 

According to Fig. 5, it is observed that the Eigenvalues are scattered in the three 

different sections on the left-hand side of the real-imaginary plot. Moreover, it is evident that 

Eigenvalues which reside nearer to origin (dominant Eigenvalue) are very much sensitive in 

terms of system dynamics. Further, these dominant Eigenvalues are responsible for high 

system oscillations [27]. 

 
Fig. 5. Eigenvalues of Unit-1 state matrix. 

 
The range of adaptive frequency and voltage coefficients ( ,eq nq and eqk ) are at first 

evaluated by testing the VPP model under critical power system contingencies in 

MATLAB/Simulink environment (Figs. 6(a) and (b)). The obtained range of the coefficients 

is validated using Eigenvalue analysis as presented in Figs. 6(c) and (d) where, the 

displacement of dominating Eigenvalues is minimal. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. a) Adaptive frequency droop gain adjustment; b) adaptive voltage droop gain adjustment under power 

system contingencies; c) dominant root locus as [0.004,0.4]eqq  ; d) dominant root locus as [0.00005,0.9]eqk  . 
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Additionally, the PI controller gain parameters of voltage and current loop play an 

important role in system dynamics. Thus, the gain parameters of these PI controllers are 

selected in two steps.  

Firstly, a range of gain parameters ( pvK , ivK , pIK and iIK ) are obtained from 

Eigenvalue analysis in order to ensure stable system response (assuring all Eigenvalues 

situated left-hand side of the s-plane) as depicted in Figs. 7 and 8. Next, the optimal values of 

the PI controller gain parameters are evaluated from its respective selected ranges to assure 

an improved transient and steady state response. In this connection, integral square error 

(ISE) technique is incorporated to determine the minimum objective function [28] in presence 

of PSO algorithm as presented in Eq. (37). 

2 2
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         (38) 

Here, T presents the simulation time,  and  presents the weightage factors. 

 
(a) 

 
(b) 

Fig. 7. a) Variation of dominant Eigenvalue for [1,100]pvK  ; b) variation of dominant Eigenvalue [0.1,50]ivK  . 
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(a) 

 
(b) 

Fig. 8. a) Variation of dominant Eigenvalue [1,100]pIK  ; b) variation of dominant Eigenvalue [0.1,50]iIK  . 

6. SIMULATION RESULTS AND DISCUSSION  

Power systems often experience small or large frequency and voltage fluctuations 

under different contingencies. Thus, this section presents the detailed simulation results of 

different power system contingencies both inside and outside of the VPP to validate the 

effectiveness of the proposed controllers. As discussed earlier the considered VPP is modeled 

considering three DER fed units (represented as Unit-1, Unit-2 and Unit-3). In this 

considered VPP model, different types of faults and load perturbations are tested utilizing 

both traditional droop control and adaptive droop control topology. Accordingly, a 

conventional droop control topology [29] is considered to develop the comparative analysis 

between fixed gain droop control and proposed adaptive droop control method. The 

comparative results of each test case are demonstrated in the following section to establish 

the improved transient and steady state response of the proposed adaptive controller over 

the traditional droop controller in terms of frequency and voltage regulation under critical 

power system contingencies. The brief overview of simulation case studies is depicted in  

Fig. 9.  
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(a) 

 
(b) 

Fig. 9. a) Overview of simulation tests in VPP; b) location of different load switching and fault locations of VPP. 

6.1. Performance Analysis during Large Magnitude Contingencies using Adaptive 
Droop Control Topology and Traditional Droop Control Method 

Power system currents do not only become abnormally high during faults but also 

spread very fast amongst the connected components. Normally, when a fault occurs in the 

utility grid or in VPP system, temporary isolation of the faulted portion is carried out 

utilizing relay circuit breaker combination to interrupt the fast propagation of fault current. 

Further, after fault clearance reconnection of VPP with utility grid resumes, enabling 

interconnected operation. In this work, the suggested VPP model is tested with different 

symmetrical and unsymmetrical faults in MATLAB/Simulink environment under the 

proposed adaptive droop control topology. Further, a comparative analysis between 

tradition and proposed adaptive droop control scheme under different fault situations is 

presented to highlight the improved transient performance in terms of frequency and 

voltage regulation. 
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6.1.1. Unsymmetrical Faults  

Unsymmetrical faults in transmission or in distribution lines cause unequal phase 

shifts in three-phase voltage and current. Additionally, current rises abnormally during 

faults as very low impedance is offered by the fault location. Under such condition, relay 

circuit breaker together identifies and isolates the fault-affected sections in order to restrict 

the propagation of the fault current. Thus, the interval between fault initiations to fault 

clearance is very crucial for the DER-based VPP scenario to sustain the impact of fault 

current. In this connection, the proposed controller attempts to regulate the frequency below 

1% and voltage below 5% during this crucial interval. Accordingly, the considered VPP 

model is intentionally tested with unsymmetrical faults like line-to-line-to-ground (L-L-G), 

line-to-line (L-L) and line-to-ground (L-G) at different instants of the simulation run time to 

establish the improved performance of the proposed droop control method over the 

traditional droop control method.  

 L-L-G Fault: According to Fig. 9(b) at first, the VPP simulation model is tested under L-L-G 

fault at the instant of 0.03 s. The fault is created inside Unit-1 of the considered VPP. When 

the fault takes place, temporary isolation of Unit-1 is carried out by the associated solid-

state relay-driven static switch (functions like relay and circuit breaker) in order to restrict 

the propagation of fault current from the remaining power system. Thus, Unit-1 operates 

as islanded part till clearance of the fault i.e. 0.09 s. In this situation, Figs. 10(a), 10(b), 11(a), 

and 11(b) depict the performance of traditional and proposed adaptive droop control 

topology in terms of frequency and voltage regulation.  

 
(a) 

 
(b) 

Fig. 10. a) Operating frequency; b) operating voltage of traditional droop control based Unit-1 under L-L-G fault. 
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(a) 

 
(b) 

Fig. 11. a) Operating frequency; b) operating voltage of adaptive droop control based Unit-1 under L-L-G fault. 

 

According to Figs. 10(a) and (b), in case of a traditional droop controller (the 

highlighted area inside the box), the frequency and voltage oscillation sustains (between the 

range of 49.0-49.5 Hz for frequency and 339.999-340.0013 V for voltage) till the fault 

clearance. However, in case of the proposed adaptive droop control method, due to the 

dynamic adjustment of frequency and voltage droop coefficients, fluctuation of frequency 

and voltage is significantly less (according to Figs. 11(a) and (b)). It is clearly visible in     

Figs. 11(a) and (b) that the proposed controller regulates frequency between the range of 

49.9992-49.9994 Hz and voltage very close to 340 V even under the fault situation. 

 L-G and L-L Fault: Next, other two unsymmetrical faults L-G and L-L faults are tested in 

Unit-2 and in Unit-3 respectively as depicted in Fig. 9(b). Like the previous case, solid state 

relay driven static switches perform selective isolation of the fault locations. Thus, at 0.08 s 

Unit-2 (for the L-G fault) and at 0.1 s Unit-3 (for the L-L fault) are islanded to restrict the 

propagation of fault currents. The performance of traditional and proposed adaptive droop 

controller during these fault scenarios is presented between Figs. 12 to 15, where Figs. 12(a) 

and (b) depicts the Unit-2 frequency and voltage responses while regulated by traditional 

droop controller under L-G fault case.  
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       (a) 

 
       (b) 

Fig. 12. a) Operating frequency; b) operating voltage of traditional droop control based Unit-2 under L-G fault. 

 

Similarly, Figs. 13(a) and (b) present the Unit-2 frequency and voltage responses while 

regulated by the proposed adaptive droop controller under the L-G fault case. Further, Figs. 

14(a) and (b) depict the Unit-3 frequency and voltage responses while regulated by a 

traditional droop controller under an L-L fault. Finally, Figs. 15(a) and (b) presents the Unit-3 

frequency and voltage responses while regulated by an adaptive droop controller under an 

L-L fault. 

Based on Figs. 12, 13, 14, and 15, it can be stated that the oscillation of voltage and 

frequency around their respective nominal value is significantly less in case of the proposed 

adaptive droop control under the fault situations. Further, the selective isolation of the fault-

affected units under considered VPP restricts the propagation of fault current in the 

remaining power system. In this situation, the three-phase voltage and current waveforms of 

the individual units (Figs. 16(a) and (b) for Unit-1 output voltage and current, Figs. 17(a) and 

(b) for Unit-2 output voltage and current, and Figs. 18(a) and (b) for Unit-3 output voltage 

and current) confirms the stable operation even after islanding operation. 
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         (a) 

 
         (b) 

Fig. 13. a) Operating frequency; b) operating voltage of adaptive droop control based Unit-2 under L-G fault. 

 
           (a) 

 
         (b) 

Fig. 14. a) Operating frequency; b) operating voltage of traditional droop control based Unit-3 under L -L fault. 
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      (a) 

 
      (b) 

Fig. 15. a) Operating frequency; b) operating voltage of adaptive droop control based Unit-3 under L -L fault. 
 

 
        (a) 

 
        (b) 

Fig. 16. Output voltage of: a) Unit-1 under L-L-G fault; b) Unit-2 under L-L-G fault. 
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   (a) 

 
(b) 

Fig. 17. a) Output voltage; b) output current of Unit-2 under L-G fault. 
 

 
(a) 

 
(b) 

Fig. 18. a) Output voltage; b) output current of Unit-3 under L-L fault. 
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6.1.2. Symmetrical Faults  

In this section, symmetrical L-L-L fault is considered to occur outside the VPP model. 

During this test (according to Fig. 9(b)) the solid state relay driven static switches perform 

complete isolation of the VPP from the utility grid in order to restrict the propagation of fault 

current inside the VPP. Thus, the power contribution from VPP (between 0.14 to 0.18 s 

according to Figs. 19(a) and (b)) becomes zero during this interval. 

The voltage and frequency regulation responses during this islanded period are 

presented in Figs. 20 and 21. It is clearly visible in Figs. 20(a) and (b) that the oscillation of 

voltage and frequency is significantly large in case of traditional fixed gain droop control 

method. However, comparatively less frequency and voltage oscillation is obtained under 

the proposed adaptive droop control method as depicted in Figs. 21(a) and (b). 

 

 
(a) 

 
(b) 

Fig. 19. a) Overall VPP Voltage response; b) current contribution from VPP to PCC. 
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(a) 

 
(b) 

Fig. 20. a) Operating frequency; b) operating voltage of traditional droop control based three units after  
islanding operation. 

 

 
(a) 

 
(b) 

Fig. 21. a) Operating frequency; b) operating voltage of adaptive droop control based three units after  
islanding operation. 
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6.2. Performance Analysis during Different Load Switching using Adaptive Droop 
Control Topology and Traditional Droop Control Method 

So far, different faults are tested inside and outside of the considered VPP. Further, the 

same VPP model is tested under switching of different loads (like inductive loads, induction 

motors, and nonlinear loads) to examine the proposed adaptive controller performance over 

the traditional droop controller. Thus, at the instant of 0.18 s and 0.22 s according to Fig. 9(b), 

two inductive loads of different ratings are switched at PCC. Further, an induction motor at 

an instant of 0.24 s and a nonlinear load at an instant of 0.26 s are switched simultaneously at 

the PCC. According to Figs. 22(a) and (b) satisfactory system performance, in terms of 

limited frequency and voltage oscillations is achieved under the proposed adaptive droop 

controller.  

 
(a) 

 
(b) 

Fig. 22. a) Operating frequency; b) operating voltage of adaptive droop control based three units after islanding 
operation. 

 

However, VPP with traditional fixed gain droop control topology experiences 

sustained voltage and frequency oscillations (according to Figs. 23(a) and (b)) during the 

switching of the induction motor and nonlinear load. Thus, it can be stated that much-

improved frequency and voltage regulation can be achieved by utilizing the proposed 

adaptive droop control topology in order to ensure stable operation during sensitive load 

switching under the VPP scenario. 
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(a) 

 
                                                                                              (b) 

Fig. 23. a) Operating frequency; b) operating voltage of traditional droop control based three units during 
switching of different loads. 

 
Table 3. Performance analysis - under different contingencies - between traditional and the proposed adaptive 

droop control scheme in VPP. 

Simulation 

time [s] 
Disturbance 

Location 

of VPP 

Overall VPP frequency  

variation [Hz] 

Overall VPP voltage  

variation [V] 

Traditional  

droop [29] 

Proposed 

adaptive droop 

Traditional 

droop [29] 

Proposed 

adaptive droop 

0.03-0.09 L-L-G fault Unit 1 
49-49.5 

from Fig. 10(a) 

49.9992-49.9998 

from Fig. 11(a) 

339.98-340.4 

from Fig. 10(b) 

340 

from Fig. 11(b) 

0.08-0.12 L-G fault Unit 2 
49.28-49.6 

from Fig. 12(a) 

49.9996-49.9999 

from Fig. 13(a) 

339.996-340.3 

from Fig. 12(b) 

340 

from Fig. 13(b) 

0.1-0.15 L-L fault Unit 3 
49.18-49.5 

from Fig. 14(a) 

49.9993-50.0001 

from Fig. 15(a) 

339.996-340.2 

from Fig. 14(b) 

340 

from Fig. 15(b) 

0.14-0.18 L-L-L fault outside - - - - 

0.18 
Inductive load 

switching 
PCC 

49.19-50 

from Fig. 23(a) 

50 

from Fig. 22(a) 

339.9997-

340.0015 

from Fig. 23(b) 

340 

from Fig. 22(b) 

0.22 
Inductive load 

switching 
PCC 

49.2-50 

from Fig. 23(a) 

50 

from Fig. 22(a) 

339.999-340.11 

from Fig. 23(b) 

340 

from Fig. 22(b) 

0.24 

Induction 

motor 

switching 

PCC 
49.2-50.0001 

from Fig. 23(a) 

50 

from Fig. 22(a) 

339.999-340.12 

from Fig. 23(b) 

340 

from Fig. 22(b) 

0.26 
Non-linear 

load switching 
PCC 

49.2-50.0002 

from Fig. 23(a) 

50 

from Fig. 22(a) 

339.999-342.13 

from Fig. 23(b) 

340 

from Fig. 22(b) 
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Based on the above-discussed test results, a comparative analysis between traditional 

fixed gain droop control and proposed adaptive droop control in the VPP scenario 

(considering three DER-based units) under different power system contingencies is 

presented in Table 3. According to Table 3, the improved frequency and voltage regulation 

for each test case confirms the satisfactory performance of the proposed controller over the 

traditional one. However, the proposed adaptive droop controller is model specific. 

Therefore, few controller parameters are required to modify depending upon the different 

power system ratings.    

7. CONCLUSIONS 

This paper introduces an adaptive droop control topology for GFM-DER based VPP in 

order to accomplish seamless frequency and voltage regulation under critical power system 

contingencies (power system faults and different load switching). Additionally, a small 

signal stability analysis is carried out to investigate the system performance. Based on the 

detailed investigation the point-wise conclusion can be furnished as follows: 

 This work presents an adaptive droop control topology for GFM-DER based VPP 

environment. The available fixed gain droop control topology is insufficient to achieve 

seamless frequency and voltage regulation in VPP scenario under critical power 

system contingencies. In this connection, the dynamic droop gain adjustment feature of 

the proposed control topology overcomes the drawback of the traditional droop 

control scheme. 

 Furthermore, an Eigenvalue-based small signal stability analysis is carried out to 

investigate the proposed system performance. In this scenario, utilizing the Eigenvalue 

analysis, a stable operating range of the proposed adaptive droop controller 

coefficients as well as PI controller (of the outer voltage and inner current loop) gain 

parameters are evaluated separately. 

 Based on the obtained simulation results, it is ensured that improved transient and 

steady state response is achieved when the adaptive droop controller is operated 

within the evaluated range. Further, stable and secure system performance is achieved 

by utilizing the PI controllers. Based on the obtained operating range, the proper 

tuning of the PI controller gain parameter is further accomplished by utilizing the PSO 

algorithm. 

 Finally, the dynamic performance analysis of the VPP has been carried out in presence 

of the proposed controller considering various contingencies under 

MATLAB/Simulink environment. In this regard, a comparative performance analysis 

between the proposed adaptive droop control method and the traditional fixed gain 

droop control method under different power system contingencies is presented. The 

simulation test results establish the superior performance of adaptive droop controllers 

over traditional droop controllers in order to regulate frequency below 1% and voltage 

below 5% according to IEEE 1547 standards. 

In future, the proposed adaptive droop control scheme will be tested in large capacity 

decentralized VPP scenario in order to improve system performance in terms of voltage and 

frequency regulation under various power system contingencies. 
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