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Abstract— This paper presents a control scheme for enforcing 

coherency in a cluster of grid-forming inverters with heterogenous 

characteristics. Increasing penetration of distributive generation 

(DG) drives the conventional grid towards more complex 

structure and a new concept with heterogenous characteristics 

known as power electronics dominated grid (PEDG). Thus, it 

becomes more challenging to optimize and perform various 

analysis without an accurate model that mimics the large-scale 

networks dynamics. The aggregated and reduced-order models 

that accurately represent the full-scale network enables optimal 

coordination and computationally efficient stability assessment in 

real-time. However, the heterogenous characteristics of the 

inverter based DGs due to the different filter model parameters, 

inverter ratings and control algorithms poses a challenge to derive 

an accurate aggregated model. This paper proposes to acquire 

homogenous dynamic characteristics via coherency enforcement 

control to aggregate the cluster of grid-forming inverters into 

single equivalent model that can accurately predicts the dynamic 

of a PEDG cluster. The coherency in the dynamic response of the 

grid-forming inverters is realized by autonomously identifying 

and emulating an equivalent inertia. Various case studies are 

presented in this paper that validates the proposed enforcing 

coherency control scheme. 

Keywords— grid-forming inverter, PEDG, virtual inertia, 

heterogenous DERs, aggregated model, homogeneous dynamic 

response 

I. INTRODUCTION 

The modern-age power system is shifting from centralized 

generation to more inverter-based distributed generation (DG).  

By increasing penetration of DG, the power system is 

transitioning into a new concept known as power electronics 

dominated grid (PEDG) [1]. Although the PEDG aids in the 

integration of the renewable energy resources and brings 

flexibility in generation. But sparse and distributive nature of 

PEDG make the power system complex and convoluted 

network [2-4]. Thus, realization of a dynamic model becomes a 

challenging task for such system that can be utilized for 

optimization, coordination, synchronization, and other 

operational routines. Coherency-based aggregation methods to 

achieve the reduced-order model of the non-linear synchronous 

machines is a significant enabling methodology for 

optimization and economic dispatch of the existing power 

system [5].  The coherency identification methods can help to 

find the physical boundaries of network of generation resources 

whose voltage phase angles and frequency dynamics are in 

similar to the disturbances [6, 7]. Moreover, the coherent 

behaving generators can be clustered to form a single-

aggregated model. 

In conventional power system the methods to identify and 

aggregate the large-order systems proven to be effective to 

preserve the model dynamics. Furthermore, many insightful 

information can be extracted from these aggregated models 

after identification of the coherent dynamic response among the 

generating sources. Existing coherency identification schemes 

in power systems can be broadly classified in two categories, 

(i) signal- based, and (ii) model-based schemes. The signal-

based schemes leverage the dynamic wide area signals such as 

synchrophasors to devise the coherency information of the 

power system. The advantages of signal-based approaches 

include swift adaption and low dependence on the data from the 

model [8]. However, the signals from the wide-area monitoring 

devices are prone to disturbance and infiltration of malicious 

data [9].  

 For the typical model-based coherency schemes, the 

dynamic model  of the synchronous generator based on swing 

equation is manipulated to find the coherent cluster for known 

set of generation, demand and configuration of the network 

[10]. The pioneer and extensive work on the model-based 

coherency identification and model reduction of the power 

system was performed in 1980s and 1990s [5, 11]. In [12] a 

model-based scheme is utilized to perform eigenvalue analysis. 

The accuracy of this scheme is high if precise information of 

the model and parameters are known. However, practically in 

many cases it is not possible to access the model information 

entirely.  The slow- coherency algorithm for grouping of the 

generators based on the DYNRED software is presented in [13] 

that utilizes the model-based and eigenvector-based principle 

similar to standard coherency identification techniques. 

However, the presented analysis is valid for the specific 

equilibrium point and suffers from modeling imperfections, 

parametric uncertainties, and heterogenous network like 

PEDG. 

In PEDG the inverter based DGs form large fraction of the 

power generation mix. Thus, desirably the concepts of the 

coherency in power systems should be extended and adapted to 

the inverter-based DGs to develop the accurate reduced-order 

and aggregated model of the PEDG. There are very limited 

methods available in literature for coherency identification in 

DG intensive grids. For instance, the concept of differential 



geometry to identify the coherent inverters is proposed in [14], 

but the method applied is complex for large networks and 

further validation and analysis are required. In [15], coherent 

equivalence method for modular multilevel inverters (MMI) 

equipped with virtual synchronous generator (VSG) control is 

presented. In this scheme the virtual power angles of the VSG-

based MMI are exploited to identify the coherent behaving 

inverters. The developed equivalent model can mimic the 

dynamic response of the parallel VSG-controlled MMIs with 

limited accuracy. Nevertheless, a universal and generalized 

coherency identification scheme for the inverters is still 

unexplored in the literature.  The coherency identification 

scheme based on the eigenvalue perturbation for droop 

controlled grid-forming inverter in a feeder is presented in [16]. 

However, each inverter can have different filter model 

parameters, controller gain and power ratings. The work in [16] 

considers all inverter’s have similar physical parameters. 

Therefore, the dynamic response to the disturbance in inverters 

with dissimilar physical characteristics would not be 

homogenous and conclusively non-coherent dynamic response. 

This paper proposes a coherency enforcement control based 

on autonomously deriving the equivalent inertia of a grid 

cluster by inverter’s primary layer droop controller gains. The 

condition for coherency in the grid-forming inverters dictates 

that if the frequency or voltage angle dynamics after the 

disturbance such as load increase or decrease is similar for all 

connected inverters in a cluster then that cluster of inverters can 

be called coherent. The main contribution of the work is that it 

considers inverters having different physical characteristic such 

as filter parameters, control gains and inverter power ratings. 

This makes the proposed control scheme more realistic as most 

of the inverters integrated in a modern-day grid are distinct. For 

instance, these have different manufacturer and depending on 

that different type of controllers and filter parameters. 

Therefore, this work encompasses the unexplored domain in the 

given literature. The rest of the paper is structured as follows: 

section II presents the formulation of the proposed control. 

Then, algorithm to enforce the coherency are provided in 

section III. Simulation results of proposed controller tested 

under various loading conditions are discussed in section V. 

Finally, the conclusion of the work is presented in section V. 

II.  PROPOSED CONTROL SCHEME ANALYSIS 

A. Coherency enforcement based on virtual inertia 

emulation  

Fig.1 illustrates the control architecture of the proposed 

control scheme for realization of coherent dynamic response in 

a cluster of grid-forming inverters.   After identifying a grid 

cluster physical boundaries in PEDG and assuming there are 

negligible couplings between the voltage and active power and 

frequency and reactive power, the droop coefficients related to 

each DG is given as 
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where, f* and P* are defined as the nominal frequency and 

nominal power. f is the system frequency that is equal to the 

output frequency of converter. Pf is the calculated output active 

power after low-pass filter and mp is the droop gain related to 

active power. V* and Q* are defined as the nominal voltage and 

nominal reactive power. V is the RMS value of the point of 

common coupling voltage. Qf is the calculated reactive power 

after low-pass filter and nq is the droop gain related to reactive 

power. The calculated power is passed through the low-pass 

filter to eliminate the low-order variations in the active and 

reactive power calculations. The mathematical relation of 

calculated active and reactive power and after passing via low-

pass filter is given by, 
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c is the cutoff frequency and Pm and Qm is the measured active 

power and measured reactive power respectively.  

The generator swing equation is rearranged to derive the 

mathematical relationship of emulated virtual inertia from the 

grid-forming inverter and is given by, 
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where H is defined as the inertia constant and Dk denotes the 

damping constant. Investigating equation (5) and (1) reveals 

that these equations are related by the change in frequency. 

Specifically, if frequency deviation from the nominal value is 

small and frequency and power setpoints remain constant, (5) 

and (1) can be combined and given by (6).  Assuming the 

frequency deviation is small and the right-hand side of (6) is 

approximately equal to zero. Then relation between inertia 

constant (H) and droop gain (mp) is given as, 
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Fig. 1. Proposed system configuration and controller. 



The equivalent inertia constant of the entire cluster is 

calculated, firstly by evaluating the individual inertia constants 

of the inverters participating in virtual inertia emulation by (7). 

Then based on the power rating of each inverter’s power rating 

and total power delivered in the cluster. The equivalent inertia 

is given by, 
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where, 𝐻𝐸𝑄  is the equivalent inertia of the system, 𝐻𝑘  is the 

individual inertia of the inverter, 𝑆𝑘 , 𝑆𝑝 are the nominal power 

of kth inverters-based DG and the power system under study, 

respectively, and n denotes the number of inverters connected 

in PEDG with emulated virtual inertia. It should be noted that 

the equivalent inertia is highly dependent on the individual 

apparent power of the inverter and the rated power of the energy 

grid. 

B. Predictive control of grid-forming inverter 

The controller to regulate the voltage and frequency of the 

grid-forming inverter is based on model predictive control 

(MPC). To devise the predictive model[17-19], the state-space 

representation of the three-phase inverter interfaced with LCL 

filter illustrated in Fig. 1 is given by, 
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where system’s A and B matrices are defined as,  
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where R1, L1, R2, L2, and Cf are the discrete values of the passive 

elements of the output LCL filter, i1, is the inverter side 

current in stationary reference frame, ig, is the grid current in 

stationary reference frame, and vpcc, is the point of common 

coupling voltage stationary reference frame. The discretized 

version of the state-space model of the inverter presented in (9) 

is deduced by firstly discretizing the A and B matrices [20, 21], 
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Resultantly, the discretized system matrices in (10) gives the 

step-ahead prediction for the point of common coupling voltage 

vpcc,,,k+1, 
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The voltage reference vpcc
*
,,,k+1 for the cost function in (13) are 

generated by the coherency enforcement controller. This is 

based on the estimated droop gains mcoh and ncoh that will ensure 

the coherent behavior of the inverters during the disturbances. 

The disturbance includes the sudden increase and decrease from 

the rated value of the load. 

Thus, the cost function subject [22] to minimization is given 

as, 
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For each switching vector the cost function is calculated. The 

switching vectors that minimizes the cost function given in 

selected as optimized switchiung vector and then fed to the 

gates of the inverter [23, 24]. 

III. PROPOSED ALGORITHM DESCRIPTION  

The proposed control for coherency enforcement is based on 

devising the specific gains in the reference generation loop. 

These gains will ensure the coherent behavior of each DG in the 

identified cluster. Specifically, in the reference generation 

block of the algorithm, the gains are modified. Moreover, the 

predictive control for each DG will ensure following the 

reference generated after incorporating the modified gains. 

Thus, each DGs with the defined cluster will be forced to 

behave coherently during the disturbance. Fig. 2 depicts the 

algorithm for enforcing coherency in the DGs within a cluster. 

The condition for coherency in the grid-forming inverters 

dictates that if the frequency dynamics after the disturbance 

such as load increase or decrease is similar for all connected 

inverters in a cluster then that cluster of inverters can be called 

coherent. Firstly, for each DG the inductor L1 current, capacitor 

voltage, output current and point of common coupling voltage 

is measured locally. Then, based on local measurement the per 

phase active and reactive power is calculated and passed 

through the low-pass filter.  This is necessary to omit any high-

frequency ripples on the calculated active and reactive power. 

Based on the nominal active and reactive power and measured 

active and reactive power the droop gains are calculated in (1) 

and (2). To enforce the coherency in DGs within the cluster, the 

droop gains are modified. This modification is leveraged by 

calculating the emulated inertia from each DG by (7). After 

calculating the inertia constant H for each DG, the equivalent 

inertia constant HEQ is devised in (8). Thus, based on HEQ the 

modified droop gains mcoh and ncoh for each DG are calculated 

by (8) and that will enforce coherency with the defined cluster. 

Moreover, the voltage reference based on the modified droop 

gains is generated for the predictive control loop. In the 

predictive control the one-step ahead point of common coupling 

voltage is predicted in (12). Then, cost function is devised in 

(13) and for each switching vector the cost function is 

calculated. The switching vector that minimizes the cost 

function is selected to be optimal switching vector. 

 



IV. RESULTS AND DISCUSSION  

The proposed control scheme is validated for the cluster 

based on three DGs as illustrated in Fig. 3. The system 

parameters are specified in the Table I. The functionality of the 

proposed control scheme is tested under two load disturbances, 

(i) 50 % load increase on Bus 1, and (ii) 50 % local load 

reduction. The dynamic frequency response is presented 

without proposed control, with proposed control and 

aggregated response. 

The case-study A refers to the condition in which the 50% 

load is increased at instant t1 on Bus 1 and the impact of this 

disturbance is studied on the depicted cluster in Fig. 3. Fig. 4(a) 

shows the frequency dynamic response of the DGs operating 

independently without the proposed control. At instant t1, the 

load is increased on Bus 1 by 50 %. The frequency dynamic 

response of each DGs behaves differently and thus, all DGs are 

non-coherent. However, when same condition is applied after 

incorporating the proposed control previously non-coherent 

DGs depicts coherent frequency dynamic response as shown in 

the Fig. 4(b). The frequency dynamic response shows similar 

behavior to the disturbance. Moreover, the result with proposed 

control is compared with aggregated response of the three DGs 

under the same disturbance. It can be verified by comparing the 

Fig. 4(b) and (c) that coherent frequency dynamic response 

achieved by incorporating the proposed control is close to the 

aggregated response of three DGs. Furthermore, Fig. 4(d) and 

(e) shows the PCC voltage and output current of DG1 under the 

load disturbance. At instant t1, the output current of DG1 was 

increased from 20 Apeak to 30 Apeak to incorporate the increase 

in the load. The grid-forming functionality was verified as the 

voltage remain stiff at 169 Vpeak under this load disturbance.  

In the case-study B, a disturbance is injected at instant t2 

by reducing the load to 50 % and the frequency dynamic 

behavior of three DGs in the cluster is investigated. Fig. 5(a) 

illustrates the frequency dynamic response of three DGs 

without the proposed control and it shows the increase in the 

frequency as the load is reduced. Nevertheless, all DGs have 

dissimilar frequency transients are concluded to be non-

coherent. In Fig. 5(b) the frequency dynamic response of DGs 

with the proposed control under similar disturbance is shown. 

In this all the DGs have homogenous frequency transients and 

concluded to be coherent. Moreover, as compared to the 

aggregated response of the three DGs in Fig. 5(c) the frequency 

transients with proposed control are similar. This verifies that 

under various disturbances the proposed control enforces the 

coherency in the cluster of the grid-forming inverters. 

Furthermore, the grid-forming capability is verified in Fig. 5 (d) 

and (e). As the load was decreased by 50 % the output current 

of the DG2 was reduced from 20 Apeak to 10 Apeak. However, the 

 
 

Fig. 2. Algorithm for the proposed control 

TABLE I: SYSTEM SPECIFICATIONS 

Parameter Value 

DC Link Voltages Vdc 600 V 

Sampling Time Ts 10µs 

Inverter-side Inductor L1 5mH 

Grid-side Inductor L2 10µH 

Filter Capacitance Cf 75µF 

Inductor Resistance R1, R2 0.1Ω 

 cut-off frequency c 100 rad s-1 

Inverter rated power S1, S2, S3 10 KVAR 

Inverter droop gains m1, m2, m3 (2.5,3.5,5) x 10-3s-1 

 

  
Fig. 3. Configuration of the inverters in the cluster. 



PCC voltage of the DG2 remains stiff at 169 Vpeak. Thus, this 

validates the grid-forming ability of the proposed control in 

both type of load disturbances.  

V. CONCLUSTION 

This paper presented a control scheme for enforcing coherency 

in a cluster of grid-forming inverters with heterogenous 

characteristics. Increasing penetration of distributive 

generation (DG) drives the conventional grid towards more 

complex and denser structure. Thus, it become more 

computationally challenging to optimize and perform various 

analysis on large-scale networks. The aggregated and reduced-

order models that accurately represent the full-scale network 

can decrease the computational burden significantly. However, 

the dissimilar characteristics of the inverter based DGs due to 

the different filter model parameters, inverter ratings and 

 
 (a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 4. Case-study A: Frequency dynamic response of the cluster based on 

grid forming inverters under 50 % load increase on Bus 1: (a) without proposed 

control, (b) with proposed coherency enforcement control, (c) aggregated 

response, (d) DG1 PCC voltage, and (e) DG1 output current 
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Fig. 5. Case-study B: Frequency dynamic response of the cluster based on grid 

forming inverters under 50 % load decrease: (a) without proposed control, (b) 

with proposed coherency enforcement control, (c) aggregated response, (d) 

DG2 PCC voltage, and (e) DG2 output current 

 

 



control algorithms poses a challenge to derive the aggregated 

model. In various case studies presented in the paper it was 

concluded with proposed control the non-coherent cluster of 

inverters can be coherent under various disturbances that 

includes load increase or load decrease.  
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