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Abstract— This paper presents a control scheme for enforcing
coherency in a power electronics dominated grid (PEDG)
comprising multiple grid-forming (GFM) and grid-following
inverters (GFL) based distributed generation (DG). Based on
different applications and grid requirements, the primary control
for DG can vary such as GFM, GFL, etc. Moreover, each DG can
have unique parameters such as controller gains, power ratings,
and filter model parameters. All these factors intrinsically
contribute towards the heterogeneity in the PEDG. Furthermore,
DGs are increasing steeply to integrate renewable energy
generation. Therefore, performing different analysis on such a
large network is becoming a big challenge recently. One of the
solutions is performing aggregation based on similar behaving
DGs that can significantly decrease the computational burden and
analysis time. Thus, this paper proposes coherency enforced (CE)
control to acquire coherent and homogeneous dynamic
characteristics for inherently heterogenous cluster of GFM and
GFL inverters based DGs. Various case studies are presented to
validate the effectiveness of the proposed approach.

Keywords— coherency in generation sources, heterogenous
cluster, emulation of virtual inertia, homogeneity in dynamic
response.

1. INTRODUCTION

The existing power grid is being modified to include
abundance of renewable energy sources (RES) such as solar-
PV and wind energy. By the end of 2023, globally installed
capacity of the solar energy will reach total of 440 GW out of
which 159 GWs of rooftop solar-PV will be installed [1].
Moreover, the global installed capacity for the wind energy at
the end of 2023 will be 892 GWs [2]. Unlike the conventional
power grid where most of the generation was centralized and
based on synchronous generators (SG). Considering such
enormous amount of renewable energy, the structure of existing
power system moves from centralized generation to distributed
generation (DG). This would be realized through several RES
integrated to the grid via power electronic interface such as,
inverters. Therefore, this will lead to a new energy paradigm
known as power electronics dominated grid (PEDG) [3, 4].
Generally, the inverters in PEDG are controlled as grid
following (GFL) or grid-forming (GFM) modes. PEDG offers
several advantages such as fast acting generation via GFL based
DG to support the transient stability of the power grid [5, 6],
safe islanded operation via GFM based DG [7, 8], and other
auxiliary services are provided to the power grid with mix of
GFL and GFM based DG in cluster [9].

Although PEDG has several favorable features for a
promising candidate to incorporate the renewable energy, the
considerable rise of the number of generation units in the PEDG
intensifies the complexity of the grid [10]. Moreover, the
dynamic behavior of each DG in PEDG depends upon various
factors such as type of control scheme, filter parameters,
controller gains, etc. Thus, the electromagnetic transient model
of PEDG will comprise various dynamical states spanning over
numerous timescales. So, modeling the PEDG for stability
assessment and resiliency with huge number of DGs is a big
challenge. The complexity of the network can be solved via
accurate aggregate models and reduced order model of PEDG
[11]. However, the intrinsic heterogeneity in DGs is present due
to different control schemes i.e., GFL or GFM, filter model
parameters, network impedances, and power ratings. Therefore,
the dynamic response of each DGs to the disturbances in PEDG
would be different and conclusively most of the DGs in PEDG
are non-coherent. Resultantly devising the precise reduced or
insightful aggregated model of the PEDG and minimizing the
complexity is a challenging task.

Traditionally, in the conventional power systems, a
coherency-based aggregation modelling is utilized to obtain the
reduced-order model of multiple coherent SGs that makes the
economic and optimized dispatching faster [12]. In more
details, the coherency among the generation sources in the
network is claimed for which the frequency or voltage angle
dynamics are similar to a disturbance [13, 14]. As the core of
the generation units changes from SGs to power electronic
converters, the coherency-based aggregation concept in power
system can be reconstructed to be used for the PEDG [15, 16].
In the current literature few works have reported to develop the
coherency identification and enforcement schemes but still this
area of research has gap and haven’t been addressed
comprehensively. The work in [17] leverages the concept of
differential geometry and apply it to cluster of inverters to
identify the coherent group of inverters in the given cluster.
However, the analysis was performed considering smaller
cluster and extending the proposed scheme to higher order
network requires extensive analysis and validation. For the
virtual synchronous generator (VSG) based modular multilevel
inverters (MMI) the coherency based equivalence method is
proposed in [18]. Specifically, the power angles of similar
behaving MMIs are used to group the coherent group of
inverters. However, limited accuracy of the developed
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Fig. 1. Understudy system with structure of proposed coherency enforced (CE) control and the primary controller for GFM and GFL based DGs in PEDG.

equivalence method is reported. Another work in [19], reports
the use of virtual impedance method to force the coherency in
the cluster of droop-controlled inverters. Then, eigenvalue-
based perturbation scheme is utilized to identify the coherent
dynamics of the droop-controlled inverters. Nevertheless, the
proposed scheme in [19], considers all DGs have similar
physical parameter and can’t be generalized on the intrinsically
heterogenous cluster of inverters. Moreover, only voltage-
controlled inverters are considered in the previous works, but
the future of the power grid will contain mix of voltage control
and current controlled inverters, i.e., GFM and GFL based DGs.
Therefore, still a generalized scheme to enforce the coherency
among the heterogenous cluster of inverters is still missing in
the previous literature.

Thus, this work presents a coherency enforced (CE) control
built on autonomously calculating the equivalent inertia of the
cluster based on the primary controller’s parameters of the DGs
in PEDG. Then, adjusting each DGs inertia coefficient such as
they exhibit similar dynamics under various grid disturbances.
Therefore, this will diminish the heterogeneous dynamic
behavior and enforce coherency in the PEDG comprising GFL
and GFM control based DGs. Moreover, this will provide a
necessary step before the clustering of multiple DGs and
enables its insightful aggregated model. Remainder of work the
work is structured as; the description of the PEDG and its
related primary controllers is given in section II. The
mathematical modelling and algorithm explanation of the
proposed CE control is presented in section II. The section IV
provides simulation-based validation of the proposed CE
control and comparison without the proposed control. In the
section V the work is concluded with some remarks and future
works.

II. DESCRIPTION OF SYSTEM UNDERSTUDY

The understudy heterogenous PEDG is comprised of four
DGs as depicted in the Fig. 1. The intrinsic heterogeneity in the
PEDG is introduced due to different controllers, filter

parameters and power ratings. DG and DG» has GFM control
and DG3; and DG4 primary are controlled in GFL mode to inject
active and reactive power in the grid. The other system
parameters associated with the PEDG is given in the Table L.
The voltage reference generated from GFM mode of DG and
current reference for the GFL mode are regulated via a dual-
mode model predictive control scheme. The mode is selected
based on the type of the reference given to the MPC block.
Mode 1 refers to the voltage control mode and mode 2 is
denoted as the current control mode of the dual-mode MPC
block. More granular details about the primary controllers in
the PEDG are provided in the succeeding subsections.

A. Grid forming control of DG

The GFM mode of operation refers as the controlled AC
voltage source behind the coupling impedance. For the DGs
that are controlled in the GFM mode, the frequency reference
and voltage magnitude reference are given by,
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where the @,
frequency and voltage, w,.r and V,.r are reference values of the
angular frequency and magnitude of the output voltage. By
using (1) and (2) the voltage reference is generated and then
transformed to stationary reference frame to devise the 7, F.aB-
Furthermore, Pomsin and Quomsin are the nominal active and
reactive power that the GFM based DG injects to the grid. T is
the time constant of the low-pass filter. The A» and A, are
referred as the controller gains and calculated by,
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where, @ningim and @paxfin are the minimum and maximum
values of the allowable frequency range, Puinfin and Ppqy i are
the minimum and maximum active power injection capability
which is based on the rating of the DG. Viinfin and Vipaxsin are
the minimum and maximum allowable voltage magnitude
range. Ominfin and Opmax in are the minimum and maximum value
of the reactive power and it is dependent upon the DG’s reactive
power ratings. The generated reference PCC voltage (v.) is
converted to the stationary reference frame and then fed to the
model predictive control (MPC) block to regulate the PCC
voltage of the GFM based DGs.

B. Grid-following control of DG

The GFL control of the DGs is based on the frequency-watt
regulation. In this method, the commanded active and reactive
power are injected to the grid. This active and reactive power
references have two parts; (i) value of active and reacted power
injected during steady-state conditions, and (ii) active and
reactive power injected during the transients to support the grid.
Thus, the active and reactive power references are calculated

by,

Y
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where wpccy and Vpecy are the angular frequency and
magnitude of the PCC voltage of the grid following inverter.
Proms and Qnoms1are the active and reactive power that the GFL
DG injects to the grid when the frequency of its PCC voltage is
nominal. The controller’s gains are given by,
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based on the (5) and (6), the output current reference in dg
reference frame is given as,

})ref Vpa'd + Qref Vpccq
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then, the output current reference in stationary reference frame
based on (9) and (10) is given by,
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iy sind,,, cosd,. | i,
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where, 6. refers to the common ac bus voltage angle. This
output current reference in the stationary reference frame is

then fed as an input to the MPC block to project the optimized
switching pulses to the inverter’s bridge.

C. Dual-mode model predictive control scheme

The MPC scheme is based on predicting the one step ahead
states of the given circuit model and then minimizing the cost
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Fig. 2. Algorithm flowchart of the proposed CE control

function devised to compare the predicted state and reference.
For the scope of this work, the inverter bridge is interfaced with
the LCL filter. More details about the modeling and the
prediction of the controllable state variables are given in [7, 20].

Thus, the dual mode cost function subjected for minimization
is provided as,
g=r (13)
Sy = argmin(g)
where x refers to the controller action constant. Specifically, if
the x has value of one, then GFM mode of MPC is selected and
when « is equal to zero, the MPC acts in current controlled
mode. v, epi+1 s the one-step ahead predicted capacitor voltage,
and ig ep+ 1s the one-step ahead predicted output current. This
step ahead capacitor voltage and output current are predicted by

using the state-space model of three phase inverter interfaced
with LCL filter.

+(1-x)
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III.  PROPOSED COHERENCY ENFORCED (CE) CONTROL

Fig. 1 illustrates the structure of the proposed CE control.
Because of the similarities between the dynamics of swing
equation of the synchronous generator and droop-based control
of DGs, the relation of inertia emulation from the DGs in PEDG
can be derived [21]. Thus, the inertia constant of individual



DGs operating with droop and reverse-droop control is given
by,

T ot T
cgfm cgfl
= 9 H D =
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where, Hpgin and Hpgy refers to the inertia constant for a GFM
based DG and GFL based DG, respectively. Based on each
DG’s inertia constant, the equivalent inertia constant is

calculated by,

(14)
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where, n is total number of GFM based DGs and z is total
number of GFL based DGs. Sgm,; and Sgr; refers to the
respective nominal powers of GFM and GFL based DGs and
Spratea 18 the summation of the rated powers of all DGs in the
PEDG. Thus, the controller gains that enforce the coherency
among the DGs are then calculated by modifying each DG’s
inertia according to the equivalent inertia. Thus, the coherent
gains are then given by,

Cegpni Tegn,j

weh,i 2HEQ > Vpeh,j ZHEQ (16)
where, Adweni and ypenjare the coherent gains for the GFM and
GFL based DGs, respectively. The detailed algorithm flowchart
is illustrated in Fig. 2. The coherency among the cluster of DGs
can be established if similar dynamics of voltage angle or
frequency are exhibited by the DGs in response to a
disturbance. Initially, the voltage, current and frequency
measurements are measured and then these measurement
signals are converted to dg0 reference frame. The active and
reactive power contribution from each DG is calculated by dg
components of the PCC voltage and output current from each
DG. Furthermore, based on each DGs’ primary controller
(GFM or GFL), the respective coherent gains are calculated via
(14)-(16). Then, these coherent controller gains are
incorporated in the primary controller to generate the current
reference for the GFL based DGs and voltage reference for the
GFM based DGs. These voltage and current reference are then
fed to the dual-mode MPC and then based on the mode of
control the value of the « is set to either 0 for the GFL control
mode or 1 for the GFM mode of control. The MPC cost function
in (13) is minimized to find the optimal switching vector and
switching sequence corresponding to that minimized cost
function is fed to the three-phase inverter bridge to devise the
coherency in the heterogenous PEDG.

IV. SIMULATION RESULTS AND DISCUSSION

The effectiveness of the proposed control is validated for a
heterogenous grid cluster consists of interconnected DGs as
depicted in the Fig.1. In the cluster DG, and DG, have a primary
control based on GFM while DG3 and DG4 are operated based on
the GFL control scheme. The considered system’s parameters are
given in the Table I. It can be noticed from the Table I that the
power ratings, LCL filter parameters and the controller’s gains
have unique values for each DG. Thus, the considered PEDG is
intrinsically heterogenous due to dissimilar system parameters.

Table I: System Specifications
Value
11.7,10.5,9.4, 8.2 kVA
0.2,0.17,0.14,0.12 mH
3,2.25,2,1.85 uH
75, 69, 63,57 uF
(3.56,5.58) x10°
(0.93,0.45) x10°

Parameter
S1, S,, Ss, Sy
L][, L[Z; L[3; L14
L1, Loz, Loz, Loy
Cn, Cp, Cps, Ca
A, A2
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Fig. 3. Case study I: heterogeneous PEDG comprising GFM and GFL based DGs
under the transition of step increase in load: (a) frequency of DGs without CE
control, (b) Active power profile of DGs without CE, (c) DGs frequency dynamic
response with CE, (d) Active power profile with CE, (e) DG; output current.



The disturbance in the PEDG is introduced via load step increase
and load step decrease at different instances of the time.

A. Case study I: Step increase in load

In this case study, the effect of a step increase in load is
observed on heterogenous PEDG that is initially non-coherent and
then compared with an enforced coherent PEDG with proposed
CE control. Fig. 3 (a) illustrates the dynamics in the frequency
during the load disturbance. Specifically, at instant t;, a step load
of 5 kW is added that equates to 50% of the nominal operating
point. It can be verified from Fig.3 that all the DGs have different
frequency dynamic response and thus, depicts the non-coherent
behavior. Furthermore, the active power profile of the non-
coherent cluster in response to load change is illustrated in the
Fig.3 (b). The active power of the DG, and DG, changes from 2.4
kW to 5.2 kW and 2.5 kW to 4.6 kW, respectively. Moreover, it
is worthy to mention that the GFL based DGs support the system
during the transients and injects active power. Therefore, the
active power of the DG3 and DG4 changes from nominal value of
2.25 kW to 3.6 kW and 2.91 kW to 3.30 kW, respectively during
the transient and return to the nominal values in the steady state.
The proposed CE control is applied on the heterogenous PEDG,
and same step increase in load is added at instant t, to validate the
enforced coherent response. Fig. 3 (c) illustrates the coherent
frequency dynamics during the load disturbance with the
proposed CE control. Particularly, all the DGs based on GFM and
GFL controllers have similar frequency dynamic response to a
disturbance and thus, coherency in the heterogenous PEDG is
asserted. Fig. 3 (d) depicts the active power profiles of the DGs
with the proposed CE control. It can be observed that DG; and
DG:; that are based on the GFM control architectures are sharing
the amount of load change while DG3 and DGy that have the GFL
based control are supporting the grid during the transients and
returning to the nominal values during the steady-state conditions.
Moreover, the support from the GFL based DGs during the
transients is verified from the Fig. 3 (e) that depicts the DG3 output
current. The output current of DG3 increases from the nominal
value of 9.5 Apeak to 13.5 Apeak at instant ¢, and return to it nominal
value when the transient stage is over.

B. Casestudy II: Step decrease in load

This case study refers to the condition when a step decrease in
the load occurs in the heterogenous PEDG. Specifically, 5 kW of
the load is dropped to prove the effectiveness of the proposed CE
control in enforcing coherency during the decrement of load. At
instant #; step decrease of load occurred in the heterogenous
PEDG. Fig. 4 (a) illustrates the frequency dynamic response
during this disturbance. All the DGs have heterogenous frequency
response to the load disturbance and thus, the PEDG is non-
coherent. Moreover, the active power profile of the non-coherent
PEDG is depicted in Fig. 4 (b). As the load is decreased the active
power from the DG, and DG; is reduced while the DG3 and DG4
that are based on GFL reduces their active powers during the
transients and return to nominal values after the transient stage is
ended. In contrast, with the proposed CE control the coherency is
enforced in the heterogenous PEDG and verified by introducing
the disturbance. Precisely, at instant 4 a step decrease of 5 kW is
introduced in the system. Fig. 4 (b) shows the dynamic response
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Fig. 4. Case study II: heterogeneous PEDG comprising GFM and GFL based
DGs under the transition of step decrease in load: (a) frequency of DGs without
CE control, (b) Active power profile of DGs without CE, (¢) DGs frequency
dynamic response with CE, (d) Active power profile with CE, (e) DG; output
current.

of the frequency during the disturbance. It is validated during this
load disturbance with proposed CE control that all the DGs have
similar frequency response and conclusively these are acting in
coherent manner. Similarly, the active power profile of coherent



DGs during the transients and steady state are illustrated in the
Fig. 4 (d). The active power of the DG, and DG is reduced from
5.9kWt02.6 kW and 4.44 kW to 2.4 kW, respectively. Moreover,
the GFL control based DG3 and DGs reduces their active powers
during the transient stage. This can be further verified from the
DGs; output current waveform as depicted in the Fig. 4 (e). The
output current of GFL based DGs is reduced from 9.5 Apeax to 5.5
Apeak value to support the system during the transient stage. Thus,
based on these two case studies, it is concluded that in any type of
load disturbance the heterogenous PEDG with proposed CE
control behaves in coherent manner and that can be further used
in deriving the insightful aggregated models of the higher order
PEDG.

V. CONCLUSION

This paper presented a scheme to enforce coherency in the
PEDG consisting multiple heterogenous GFL and GFM based
DGs. This coherency among the heterogenous DGs will serve
as a necessary step to derive the accurate and insightful
aggregated or reduced order model of the large-scale PEDG.
The effectiveness of the proposed scheme was verified via
introducing a load disturbance and comparing the dynamic
frequency response and active power for non-coherent and then
forced coherent cluster. The enforced coherent cluster exhibits
homogenous frequency dynamic response to the increase and
decrease in load disturbance. Thus, by enforcing coherency
with proposed control the aggregated model of large-scale
PEDG is derived that can make the analysis on the PEDG
simpler and computationally efficient.
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