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Abstract—Practical, vendor-agnostic interoperability guide-
lines for the secondary control architecture of microgrids (MGs)
with multiple grid-forming (GFM) inverter-based resources
(IBRs) have not yet been developed. Therefore, this paper
proposes a generic and vendor-agnostic secondary control ar-
chitecture that operates with all GFM IBRs and synchronous
generators. This secondary control does not require the use
of additional measurement devices in the MG and utilizes the
inherent communication systems of the GFM units, such as
Modbus TCP/IP. The practical challenges of Modbus registers,
such as packet loss and quantization error, and their detri-
mental impacts on secondary control actions are investigated.
The proposed three-stage modification for any secondary control
architecture to mitigate these impacts includes: 1) averaging the
data read, 2) situational event-triggering of the controller, and 3)
finite iteration of the controlling action. The proposed method
is validated using a 3-ϕ, 480 V, 60 Hz, 500 kVA laboratory
hardware microgrid with commercial two GFM IBRs and one
diesel generator. The experimental results corroborates the fact
the proposed modification in the secondary control architecture is
advantageous for practical usage under erroneous measurements.

I. INTRODUCTION

A microgrid (MG) is defined as “a group of interconnected
loads and distributed energy resources (DERs) with clearly
defined electrical boundaries that acts as a single controllable
entity with respect to the grid and can connect and disconnect
from the grid to enable it to operate in both grid-connected
or island modes” [1]. Various renewable-based (PV panels,
wind farms, etc.) and storage-based (battery energy, fuel-
cell, etc.) energy resources are interfaced to MGs usually via
voltage-source inverters and those DERs are called as inverter-
based resources (IBRs). MGs are able to operate both in grid-
connected and islanded modes, leveraged by a hierarchical
control architecture. To adapt ANSI/ISA-95, or ISA-95, a
four layer MG control architecture are usually employed
[2], [3]. Inner control loops is employed for IBR-level con-
trol such as current-controller for grid-following (GFL)-based

This work was authored by the National Renewable Energy Laboratory,
operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of
Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided
by the U.S Department of Energy Office of Energy Efficiency and Renewable
Energy Solar Energy Technologies Office Agreement Number 38637. The
views expressed in the article do not necessarily represent the views of
the DOE or the U.S. Government. The U.S. Government retains and the
publisher, by accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this work, or allow others to
do so, for U.S. Government purposes.

IBRs, voltage controller for grid-forming (GFM)-based IBRs,
etc. Primary control is employed for stabilizing the voltage
and frequency aftermath of an islanding event, for offering
plug-n-play capability, and for maintaining proper share of
the active and reactive power among multiple DERs, etc.
Secondary control is employed to compensate the deviations
in the voltage and frequency via dispatch rules, to control
synchronization for seamlessly connection/disconnection of
the MG to/from the grid, etc. Tertiary control is employed
in energy-production and economic level that optimize and
control the power flow between the MG and the grid.

In islanded mode of operation of MG, multiple IBRs are
connected in parallel and each operates in GFM (part of
the inner control loops control) and the droop-control method
(part of the primary control control) is often applied in order
to avoid circulating currents among the converters without
using any critical communication between them. Reference [4]
introduced the concept of conventional droop controller (P∼f
and Q∼V droop law) for multiple inverters in dominantly
inductive microgrid network by emulating the behavior of
synchronous generators in traditional power systems. For other
network conditions that arise in power distribution systems,
several modifications on droop control are proposed that
emphasize improved power sharing capabilities [5]–[9]. Al-
though the droop-based primary control technique achieves
high reliability and flexibility in successful stabilization of the
MG, it causes the steady-state voltages and the frequency of
the MG deviate from nominal values [5]–[7]. Moreover, due
to asymmetrical connection of multiple GFM IBRs in the MG,
the reactive power sharing between IBRs are not properly
controlled via the primary control techniques alone [8], [9].
This naturally leads to importance of the secondary control
that is usually attached with the primary control for resolving
the aforementioned challenges. Articles [10]–[12] provide a
comprehensive overview of the secondary control approaches
(centralized, and distributed). In the centralized control tech-
nique, a centralized controller is utilized to compute the re-
quired adjustments/dispatch command for the primary control
layers of each DERs [3]. The centralized communication link
in between the central controller and the individual DER
is required in this architecture [13]–[15]. The centralized
approach makes the secondary control dispatching quite easy
and results better and accurate control in frequency regulation,
voltage regulation, reactive power sharing among the DERs
due to proper coordination and accessibility of the global
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information. However, this architecture is highly dependent
on single central controller and enormous communication
links that makes it more inclined to single-point failure of
the communication results in complete failure of MG control
[15]–[18]. To lessen the utilization of communication system
the distributed secondary control has been proposed in many
works that includes model predictive control (MPC) [19],
adaptive control [20], deep reinforcement [21] and brain-
emotional [22] learning based control, Koopman-inspired con-
trol [23], event-based control [24], finite-time control [25], co-
operative control [26], multi-agent system (MAS)-employed
consensus-based distributed algorithm [27]. Amongst the dis-
tributed approaches, the consensus algorithm is recognized
as an appropriate method for the distributed control struc-
ture where every single controller communicates with other
units via a mutual communication bus. Less communica-
tion stress and flexibility in nature makes this distributed
secondary control more resistant to the communication failure
at single-point [28], [29]. However, the complex mathematical
computation in the consensus algorithm side along with the
physical MG system dynamics makes the secondary control
very complicated for the application in the real MG systems.
Moreover, the inevitable latency and delay in the commu-
nication link deteriorate the overall system system stability
[30]–[33]. Moreover, depending on the dispatch rule, multiple
consensus algorithms are required to be run in parallel in order
to ensure control in frequency regulation, voltage regulation,
reactive power sharing among the DERs and that makes the
secondary control complicated for practical usage [34]–[36].

Practical, vendor-neutral interoperability guidelines for
the secondary control architecture of MGs incorporating
multiple GFM-IBRs have not yet been established. This
article proposes a generic, vendor-agnostic secondary control
architecture compatible with all GFM IBRs and synchronous
generators. The main contributions of this article are
summarized as follows:
• This article addresses practical challenges associated with
Modbus registers, including packet loss and quantization
error, and their adverse effects on secondary control actions.
• The proposed modification strategies for any secondary
control architecture, that includes data averaging, situational
event-triggering of the controller, and finite iteration of the
controlling action, mitigates these practical issues.
• The proposed secondary control architecture does not
necessitate additional measurement devices within the MG
and leverages the existing communication systems of GFM
units, such as Modbus TCP/IP.

II. SECONDARY CONTROL ARCHITECTURE

A. Importance of Secondary Control
In this section, secondary control is discussed from the

scope of reactive power sharing control among multiple GFM
units in an islanded MG. Fig. 1 shows a generic MG con-
sists of n number of GFM units connected to a common

nth GFM 
Unit

2nd GFM 
Unit

1st GFM 
Unit

Secondary
Controller

Q1

….
Q2 Qn

Line1 Line2 Linen

E2E1
En

Load

PCC

Primary
Controller

Primary
Controller

Primary
Controller

…

Fig. 1. Figure of centralized secondary control architecture on the top of the
primary control layers for multiple GFM units connected in parallel.

V [pu]

Q [pu]Q [pu]

[pu]

P [pu]P [pu]

Fig. 2. Figure of P -f and Q-V droop-based primary control with
secondary control for two parallel GFM units with equal ratings, connected
to PCC through reactive lines with Xj > Xi.

bus, point-of-common-coupling (PCC), via various lines. A
complete description of the control typologies of the GFM
units are out of scope; a brief description is provided. Each
IBR-based GFM unit is controlled via voltage controller-
based inner control loop where the reference voltage sig-
nal is generated using the P -f /Q-V droop control-based
primary control. In case of a synchronous generator-based
GFM unit, a P -f droop control-based primary control for the
load-frequency controller (LFC) and a Q-V droop control-
based primary control for the automatic voltage regulator
(AVR) are used. For inductive lines, the primary controller
without the secondary control specify the ith GFM unit’s
frequency, ωi, and voltage magnitude, Vi by:

ωi = ωnom − niPi, Vi = Vnom −miQi, (1)

where, ωnom, Vnom are the nominal frequency (in rad/s) and
voltage set-point (in volt) of the MG respectively. Pi and Qi

are the measured average active and reactive power of the
ith GFM unit, respectively. It is generated by processing the
instantaneous active power, pi, and reactive power, qi, via a
low-pass filters with the time constant, τS,i ∈ R>0. As a result,
Pi := [1/(τS,is+ 1)]pi and Qi := [1/(τS,is+ 1)]qi. The gains
ni, mi are the droop coefficients. The large-signal stability
analysis of the MG system yields the steady-state network
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Fig. 3. Block diagram of proportional and integral regulator-based
secondary control logic for reactive power sharing control.

frequency:

ωss = ωnom − PL∑n
i=1(1/ni)

(2)

where PL is the total active power load in the MG. The steady-
state frequency, ωss, being a global quantity of the MG system,
is different from the nominal ωnom, but equal in all the GFM
units. As a result, using the P -f droop law of eq. (1) and
eq. (2), the following can be stated:

n1P1 = n2P2 = . . . = niPi = . . . = nnPn. (3)

Therefore, the total active power demand, PL, is shared
according to the selection of the P -f droop coefficients. In
other words, the per-unitized active power with respect to each
GFM unit’s own base rating, are equal. This phenomenon is
also possible to understand using the top figure of Fig. 2.
However, the same analysis is not as straightforward as the
previous case using large-signal stability analysis of the Q-
V droop controller. It is well studied that due to the unequal
line impedance effect, the Q-V droop controller is unable to
share reactive power demand among even identical GFM units
operating in parallel and as a result:

m1Q1 ̸= m2Q2 ̸= . . . ̸= miQi ̸= . . . ̸= mnQn. (4)

For simplicity of exposition, a case study of two GFM units
with identical ratings (ith and jth GFM unit), but operating
through reactive lines with Xj > Xi in parallel is considered.
The bottom figure of Fig. 2 depicts the Q-V droop law before
the secondary control action (solid lines of bottom figure of
Fig. 2). The GFM units operate at voltages Vi and Vj with
reactive power injections Qi and Qj. Since, Xj > Xi, the
terminal voltages of the GFM units follows Vi < Vj and as
a result, reactive power flow follows Qi > Qj. This is the
limitation of the employing only primary control without the
secondary control compensation in case of parallel operation
of multiple GFM units. Therefore, in order to ensure reactive
power sharing amongst multiple GFM units connected to the
PCC via asymmetrical lime impedances, a dynamic compen-
sation of Q-V droop law is required. It is discussed in the
next section elaborately.

B. Dynamic Compensation by the Secondary Control
The bottom figure of Fig. 2 shows that if the uncompensated

Q-V droop curves (solid lines) are compensated in such a
way that the droop curve for ith and jth GFM unit are moved

down and up by Ei and Ej, respectively, the resulting steady-
state reactive power output of both the GFM units become
equal to each other, i.e., Qi = Qj. Therefore, the purpose
of the secondary control layer is to determine the required
compensation (Ei and Ej in this case) based on the measure-
ment of the reactive power of the GFM units in the MG. As
a result, for inductive lines the primary controller with the
secondary control specify the ith GFM unit’s frequency, ωi,
and voltage magnitude, Vi by:

ωi = ωnom − niPi, Vi = Vnom −miQi + Ei. (5)

Here without loosing the generality, a centralized
secondary control layer is employed as shown in Fig. 1
where the secondary control layer receives reactive power
outputs of all the GFM units (Q1, Q2, . . ., Qn) and generates
the compensating signals (E1, E2, . . ., En) and transmits to
each GFM units. The secondary control action follows the
following analytical steps:

Step 1 : receive Q1, Q2, . . ., Qn measurements from all
GFM units and calculate per-unitized reactive power w.r.t.
the own bases of GFM units such that:

Qpu
1 =

Q1

S1
, Qpu

2 =
Q2

S2
, . . . , Qpu

n =
Qn

Sn
(6)

Here, S1, S2, . . ., Sn are the ratings of the GFM units.

Step 2 : calculate Qavg :=
1

n
(Qpu

1 +Qpu
2 + . . .+Qpu

n ).

Step 3 : For compensation of ith GFM units, compute:

Ei = kp,i(Qavg −Qpu
i ) + ki,i

∫
(Qavg −Qpu

i )dt. (7)

This is also shown in Fig. 3. Do this regulation
operation form all the GFM units. In other words,
secondary control layer consists of n number of such
proportional and integral compensators to generate E1,
E2, . . ., En.
Step 4 : send E1, E2, . . ., En to GFM units for driving
eq. (5).

The purpose of the 0/1 bit of activation of the integral action
will be discussed in Section IV. The compensating action in
steady-state generates E1, E2, . . ., En in such a way that
Qpu

1 = Qpu
2 = . . . = Qpu

i = . . . = Qpu
n = Qavg. As a result,

the per-unitized reactive power output of all the GFM units
will be eventually equal to each other. This is equivalently
true to state that after the compensations, eq. (4) becomes:

m1Q1 = m2Q2 = . . . = miQi = . . . = mnQn. (8)

III. PRACTICAL CHALLENGES OF SECONDARY CONTROL

A. Motivation of the Proposed Secondary Control Architecture
It is clear from the previous section that the centralized

secondary control architecture requires measurements of re-
active power, Qi’s, from each GFM unit in the MG and
eventually the secondary control logic transmits compensating
control signals, Ei’s, to each GFM units in the MG. The
key targets of this work are to proposed a secondary control
architecture among multiple GFM units:
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Fig. 4. Figure showing a sample where the reactive power measurement from
the Modbus ‘Holding Register’ of a GFM unit under study, QReg.

Meas, and from
the DAQ using a accurate and precise external measurement device across the
GFM unit, QAct

Meas.

Fig. 5. Figure of reactive power measurement and the computed Qavg based
on Step 2 with the sample from the Modbus ‘Holding Register’ of GFM
units under study.

• without employing any additional measurement devices
across multiple GFM units in the MG,

• utilization of the inherent communication system with
which these commercial GFM units are equipped with.

These two requirements are very crucial in order achieve:

• the development of a GFM-unit-vendor-agnostic interop-
erability guidelines that would be useful for the end users
and distribution system providers,

• the significant reduction of capital investments by the
distribution system providers.

Most of the commercial GFM inverters from various vendors
usually are equipped with standard communication protocols
such as Modbus TCP/IP, RS-485 etc. Amongst many com-
munication protocol, Modbus is the most widely available
industrial protocol standard for controlling these commercial
GFM inverters externally over Ethernet-based systems. It en-
capsulates the traditional Modbus data in a TCP/IP packet and
stores the information in Modbus ‘Holding Registers’ so that
the data can be read/write externally [37]. The advantage of the
Modbus TCP/IP messaging protocol is its inherent simplicity
and robustness (by retaining the message structure, register-
based communication, etc.), reliability and interoperability.

Fig. 6. Figure of reactive power measurement and the computed Qavg based
on Step 2 with the sample from the DAQ across the GFM units.

B. Practical Challenges
Modbus TCP/IP messaging uses a low-bandwidth commu-

nication medium with high accuracy and precision of the
transmitted data. In the application of the above-mentioned
centralized secondary control architecture, where a continuous
sampling to read data/measurements (i.e. Qi) from the Modbus
‘Holding Registers’ and to send data/control signals (i.e.
Ei) to the Modbus ‘Holding Registers’ of multiple GFM
units, the data precision and accuracy can be significantly
compromised due to various practical challenges that includes,
packet lost, quantization error etc. [38]. For instance, Fig. 4
shows a sample where the reactive power measurement from
the Modbus ‘Holding Register’ of a GFM unit under study,
QReg.

Meas, and from the data acquisition system (DAQ) using
a accurate and precise external measurement device across
the GFM unit, QAct

Meas are shown. It is observed that due
to continuous sampling (in this at each 10 ms), unlike the
measurement from the DAQ, the data read from the Modbus
register is having undesired but quite significant fluctuation
due to the packet lost, quantization error and inevitable mea-
surement high frequency noise. Although, the high-frequency
measurement noise can be eliminated using the averaging
phenomena on the sampled measurement, the less-frequent and
significant-in-amount fluctuation due to the Modbus registers
mal-operation, cannot be eliminated by the same.

C. Impact on the Secondary Control Logic
This less-frequent and significant-in-amount fluctuation due

to the Modbus registers mal-operation deteriorates the dynamic
compensation algorithm for secondary control. Due to the
fluctuation in Qpu

1 , Qpu
2 , . . ., Qpu

n of Step 1 (eq. (6)), as one
sample is shown in Fig. 4, the step for computing the Qavg

(i.e. Step 2) experiences significant amount of fluctuation in
the value. For instance, Fig. 5 shows the calculated Qavg

for the MG system under study consists of 3 GFM units
using the data read from the Modbus registers of all the
GFM units. Whereas, Fig. 6 shows the calculated Qavg for
the MG system under study using the data of DAQ. It is
important to mention that change in Qavg signifies the change
in the total reactive power demand in the system. For example
in Fig. 6, Qavg ≈ 0 till t ≈ 19 s, as the total reactive
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Fig. 7. Proposed modification for the secondary control with averaging the data read, event-triggering and finite iteration.

power demand is 0. The small non-zero value of Qavg is
due to inherent line inductive reactive power loss by the
small circulating current between GFM units. It changes at
t ≈ 19 s when there is a jump in reactive power demand
in the system. However, in case of Fig. 5, the Qavg jumps
up and down from the actual value quite significantly in this
similar situation. As Qavg works as reference signal for the
proportional and integral regulator (eq. (7) and Fig. 3), it will
eventually generate a fluctuating compensating signals (i.e.
E1, E2, . . ., En of Step 3) and never reach steady-state even
though the reactive power demand doesn’t fluctuates. This is
indeed a quite practical challenge that needs to be resolved
for the real-world application.

IV. PROPOSED MODIFICATIONS FOR THE ALGORITHM

A three-stage modification in the secondary control archi-
tecture and the algorithm is proposed, as shown in Fig. 7, in
order to resolve these practical challenges. These stages are
as follows:

A. Averaging the Measurements after Data Read
This is a minor stage where the primary target is to elimi-

nate the high-frequency measurement noises generated in the
measurements of reactive power from the Modbus registers. It
is done by defining a ‘stack’ of order NS as shown in Fig. 7.

Let say, Qi[k] is the sampled data read from the ‘Holding
Register’ of the ith GFM unit at a sample rate of TS ms. As
a result, the following computation is done and transmitted to
the further into the algorithm at each NSTS ms:

Qpu
i [k] =

[
1

NS

k+NS∑
k

Qi[k]

]
/Si. (9)

The sampling time for the data read from the register, TS, and
the stack length, NS, can be selected from outside based on
the application by the end user. In this study, TS and NS are
selected to be 10 ms and 100, respectively. As a result, the
computed Qpu

i is further send to the algorithm as 1 s interval.

B. Situational Event-triggering of the Algorithm
This is one of the major stages where the primary target

(along with the next stage) is to eliminate the impact of
fluctuation of the Qpu

i due to the Modbus registers mal-
operation. It is done by defining a ‘conditional check’ such
as Qavg[k]−Qavg[k− 1] > ∆Q, as shown in Fig. 7. Qavg[k]
is computed using the logic of Setp 2, also shown in Fig. 7.
Note that Qavg[k] and Qavg[k − 1] are separated by NSTS

second due to the previous averaging. If this condition check
is satisfied, then it triggers an activation signal (a single bit
0/1) to the integral action of the proportional and integral
controller of Fig. 3. Note that Qavg is an indicator of the total
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reactive power demand of the MG as sum of the generated
reactive power by the GFM units is equal (slightly more due
to reactive power losses of the MG network) the total reactive
power demand. However, due to the mal-operation of Modbus
registers, Qavg continuously changes even after NSTS second,
as shown empirically in Fig. 5. Therefore, the value of the ∆Q
should be selected judiciously, configurable for the end users,
in order to distinguish the change in Qavg caused by either
the true change in the reactive power demand in MG or the
fluctuating value computed from the data read from the mal-
operated Modbus registers. In other words, ∆Q should be high
enough to distinguish the reactive power demand change and
the fluctuation due to the erroneous Modbus values. On the
other hand, it should be low enough to trigger the controller
when a reasonable amount of reactive power is changed truly
in the MG. In this study, ∆Q is selected to be 1% in p.u.

C. Finite Iteration of the Compensation of the Algorithm
This is the last major stage where the primary target

(along with the previous stage) is to eliminate the impact
of fluctuation of the Qpu

i due to the Modbus registers mal-
operation. Once the integral action is activated by the event-
triggering signal of the previous stage, it starts computing
Ei and is transmitted to the ith GFM unit’s corresponding
Modbus ‘Holding Register’. However, a conditional check runs
in parallel to count the number of iteration of the controller,
‘counter’ of the Fig. 7. Once the condition counter = NC is
satisfied, the controller gets deactivated by sending 0 bit, as
shown in Fig. 3. In other words, the controller action runs
for finite NC iteration before getting deactivated. This stage
ensures not to send control signals to the Modbus ‘Holding
Registers’ continuously one sufficient close reactive power
sharing is achieved. As a result, the ‘Holding Registers’ will be
latched to the last control signals, Ei, sent by the algorithm.
The value of the NC should be selected judiciously and it
mostly depends on the aggressiveness of the controller action
(determined by the value of kp,i and ki,i of Fig. 3) selected
by the end users. In this study, with a selection of kp,i = 0.01
and ki,i = 1.5, NC is selected to be 2.

V. HARDWARE-BASED EXPERIMENTAL VALIDATION

A. Hardware Setup Under Study
Fig. 8(a) and Fig. 8(b) show the overall laboratory-based

experimental setup of MG system. It consists of two 3-ϕ, 480
V, 60 Hz commercial GFM IBRs (GFM-1 of 250 kVA and
GFM-2 of 125 kVA rating), one 3-ϕ, 480 V, 60 Hz commercial
diesel generator (Gen-set of 187.5 kVA rating), and a load
bank of 500 kVA. GFM-1 and GFM-2 are connected to the
common bus, PCC, via 3-ϕ, 480/480 V, 60,∆-Y transformers
of rating of 500 kVA and 250 kVA, and and transformer
reactance of 4.5% p.u. and 5% p.u., respectively. For all
the GFM units, the P -f droop coefficient is 0.6% and Q-
V droop coefficient is 5%. All GFM units are compatible
with Modbus TCP/IP communication that allows Modbus
devices to communicate over Ethernet. The proposed modified
secondary control logic is developed using Python 3.7.1, and

Comms.

GFM-1 GFM-2 Gen-set

Xr-1 Xr-2
Load

PCC

Workstation Hardware System

PC

(a)

Xr-1 Xr-2 PC GFM-2

GFM-1Gen-set

(b)

Fig. 8. Laboratory-based experimental setup of microgrid system.

Fig. 9. Results of reactive power sharing among GFM-1, GFM-2, and Gen-
set of Fig. 8(a) with the proposed modifications in the centralized secondary
control algorithm.

is running on a server workstation. Therefore, the workstation
receives all the measured reactive power from each GFM
units via accessing the in-built dedicated Modbus registers
and sends the compensating signals to the GFM units di-
rectly to the in-built dedicated Modbus register. No additional
sensors/measurements are required for this operation of the
proposed modified secondary control logic. However, the test
system is equipped with additional sensors for precise and
accurate DAQ and visualization.

B. Experimental Results and Discussions
In this test case, the total active, PLoad, and reactive, QLoad,

power are 300 kW throughout and 100 kVAr until t ≈ 38 s and
200 kVAr after t ≈ 38 s, respectively. Fig. 9 shows that the
reactive power sharing among the GFM units is unequal until
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Fig. 10. Results of reactive power sharing among GFM-1, GFM-2, and Gen-
set of Fig. 8(a) without the proposed modifications in the centralized secondary
control algorithm.

Fig. 11. Results of RMS of terminal voltages of GFM-1, GFM-2, and Gen-
set of Fig. 8(a) with the proposed modifications in the centralized secondary
control algorithm.

t ≈ 26 s because the secondary control is not applied; however,
at t ≈ 26 s, the p.u. reactive power of all GFM units becomes
equal as the secondary control with the proposed modification
is employed. The equal reactive power sharing capability
continues after t ≈ 38 s, when the load demand increases
in the MG. Fig. 10 shows that the reactive power sharing
among the GFM units is unequal until t ≈ 26 s because the
secondary control is not applied; however, at t ≈ 26 s, the p.u.
reactive power of all GFM units come closer to each other
but fluctuates and never reach a steady-state as the secondary
control is employed without the proposed modifications. It is
observed that without the proposed modification, even after
t ≈ 26 s, the secondary control initially attempts equal reactive
power sharing, but due to the Modbus register errors, the
Qavg is continuously fluctuating, and therefore we observe
fluctuating reactive power sharing throughout the experiment.
The equal reactive power sharing capability with significant
fluctuation continues after t ≈ 38 s, when the load demand
increases in the MG. This shows the advantage of the proposed
modification of the secondary control logic for practical usage
under such erroneous measurements.

Fig. 11 shows the resulting root-mean-square (RMS) voltage
at the terminals of the GFM units, caused by the compensa-
tions of the secondary control. It is observed that the secondary
control algorithm with the proposed modifications determines

Fig. 12. Results of active power sharing among GFM-1, GFM-2, and Gen-
set of Fig. 8(a) with the proposed modifications in the centralized secondary
control algorithm.

Fig. 13. Results of frequency of the MG of Fig. 8(a) with the proposed
modifications in the centralized secondary control algorithm.

the corrective amount of adjustments for the V -Q droop curves
of the GFM units (i.e., E1, E2, and E3 for GFM-1, GFM-
2, and Gen-set, respectively). These adjustments changes the
terminal RMS voltage of each GFM units in the MG system to
make the reactive sharing equal with respective to each GFM
units rating. The equal reactive power sharing capability with
significant fluctuation continues after t ≈ 38 s, when the load
demand increases in the MG by generating new sets of E1,
E2, and E3 for GFM-1, GFM-2, and Gen-set, respectively.

Fig. 13 and Fig. 12 show the frequency of the entire
MG system and the active power during sharing among the
GFM units under this scenario of employing the proposed
modifications in the centralized secondary control algorithm,
respectively. These results show that the proposed secondary
control does not effect the active power sharing and the
frequency of the MG system.

VI. CONCLUSION

A secondary control framework for microgrids, utilizing
existing communication systems like Modbus TCP/IP, is
proposed that doesn’t require extra measurement devices.
Challenges such as packet loss and Modbus holding register
errors significantly impact secondary control effectiveness. To
address this, a three-stage modification approach is suggested,
involving data averaging, event-triggered control, and iterative
action. The effectiveness of this method is demonstrated

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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using a real-world laboratory microgrid setup with commer-
cial communication units. This cost-effective approach offers
guidelines for secondary control in microgrids, beneficial for
distribution system providers.
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