IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 58, NO. 5, SEPTEMBER/OCTOBER 2022

6701

A Coordinated Control Architecture With
Inverter-Based Resources and Legacy Controllers of
Power Distribution System for Voltage
Profile Balance

Arun Suresh

Abstract—In this article, a coordinated control architecture is
proposed that utilizes inverter-based distributed energy resources
(DERs) and legacy controllers such as voltage regulators in a power
distribution system and coordinates the reactive power support
such that the voltage balance at a particular node of interest can
be achieved. The approach is developed based on the alternating
direction method of multipliers and the optimal control framework,
where a primary control loop is used to provide the necessary
reactive power set point to mitigate the voltage deviation and a
secondary control loop is used to balance the reactive power from
multiple devices such as DERs. The methodology is tested on the
IEEE 123-bus distribution feeder with multiple three-phase DERs
in coordination with a voltage regulator. It has been observed
that the proposed architecture can reduce regulator tap operation,
improve the voltage deviation (at least by 20%), and, at the same
time, mitigate the negative effect of the reverse operation of the
regulators.

Index Terms—Distributed control framework, inverter-based
resources (IBRs), voltage coordination, voltage profile
improvement, voltage regulator.

1. INTRODUCTION

OWER distribution systems with high penetration of DERs
offer significant merits in the form of the ability to man-
age voltage at different points due to inverter-based resources
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(IBRs), reduction in losses due to the local generation and con-
sumption, sustainable generation of power, and contributing to-
ward carbon neutrality especially if DERs are renewable energy
based. However, one critical aspect that is coordinated voltage
profile balance in the distribution system where the IBRs and
legacy controllers are to be coordinated well to manage the volt-
age profile throughout the grid has been a very important point of
research recently. High proliferation of DERs can impact low-
and medium-voltage systems even though DERs can provide
distributed power and, thus, can be used to serve local loads.
For example, widely varying DERs with energy resources can
cause problems in voltage regulation in distribution networks.
One way of implementing the DERSs is in the form of a microgrid
considering load generation balance and grid connectivity. An
overview of microgrid controls with IBRs is discussed in [1].

Conventional approaches that have been presented in the
literature for distributed and decentralized control solutions
are based on optimization frameworks, including mixed-integer
convex or nonconvex variants. Such methodologies are, in
general, time consuming when compared to the control set
points required for managing IBRs. For example, approaches
mentioned in [2]-[4] can only be implemented within a time
frame that spans from minutes to hours. Thus, such approaches
are not feasible in real-life scenarios to manage the IBR-based
resources and use them for coordination with the legacy devices
and controllers when the dynamics are within milliseconds or
seconds.

Newaz et al. [5] present the coordinated voltage control of
the distribution system based on a sensitivity-based approach
along with an electrical distance metric calculation. The control
algorithm is dependent on the electrical distance calculation and
the inverse of the Jacobian-based sensitivity matrix. However,
it has been noted that the electrical distance measure and cal-
culation cannot provide exact power transfer, especially with
reactive power. Distributed approaches that can be implemented
in the field have been attempted in recent works. One of the
main approaches involves the alternating direction method of
multipliers (ADMM) based on distributed optimization. For ex-
ample, in [6], a methodology to optimally set the reactive power
from DERs has been proposed that coordinates the optimal
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power flow framework with the ADMM. However, the real-time
implementation and the feasibility of the approach to run with a
faster time frame are questionable.

Another relevant approach mentioned in [7] demonstrates
an optimal decentralized voltage control framework for IBRs.
The approach uses a local optimization framework based on
offline sensitivity studies to avoid computational complexity,
and a 10-min interval optimization approach is designed. Even
though the approach is feasible, the solutions depend much on
offline calculations and their accuracy. Moreover, the time frame
is not suitable for real-time implementation. A better feasible
approach is presented in [8], where a distributed voltage control
framework is proposed considering communication issues, time-
varying adaptations, and reduced computational complexity.
However, field implementation of this approach is not presented;
thus, feasibility is a big concern. In [9], a real-time coordinated
voltage control framework with photovoltaic (PV) inverters and
energy storage is proposed. The approach is applied to the
weak grid and high PV penetration scenarios. The approach is a
centralized controller based on field measurements. Even though
field implementation is possible, coordination of multiple DERs
is questionable.

For field implementation and consideration for this, any con-
trol architecture should be tested in conjunction with the primary
control of the IBRs and the legacy devices. Current method-
ologies proposed control architecture based on two scenarios.
The first one is a local or decentralized control framework
that considers distributed generators (DGs) locally and without
any coordination [10] or with minimal coordination [11] with
other DGs. Such approaches are easier to implement and have
a faster response time. However, while considering voltage
profile management, coordination between multiple DERs and
legacy devices is critical. Alobeidli and Moursi [12], Miret
et al. [13], and Viawan and Karlsson [14] have attempted the
coordinated control based on secondary voltage management
and inverter control. However, the approach uses the one-point
information from the grid to regulate the DER set points. One
main contribution that has been made in the recent past is
the measurement-based modeling of the power grid consider-
ing the DERs and other devices based on the ADMM [15],
[16]. In this approach, multiple-input multiple-output (MIMO)
frequency-domain models can be derived based on the ADMM.
The advantage of this approach is that it provides the input—
output sensitives based on measurements (reducing complexities
in sensitivity calculations) and, at the same time, provides a
state-space representation of the system considering DERs and
controllers.

Abdelrazek et al. [17] and Ahmed and Kamalasadan [ 18] have
demonstrated how the field DERs can be coordinated to pro-
vide distributed control without a communication framework.
The approach mentioned in these references has been imple-
mented in the local utility and is currently deployed fleetwide.
This shows that the coordinated control that works with both
the primary- and secondary-level controllers can be developed
and field implemented. However, in the presence of multiple
DERs, the group of DERs should manage the voltage in a dis-
tributed manner. At the same time. the voltage control should be
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coordinated with the legacy controllers such as voltage regu-
lators. Distributed management and control algorithms should
consider the interaction between units. To have the control ap-
proach distributed, a distributed model is required either through
optimization or based on clustering that gives set points and in
tandem develops dynamics included in the control objective,
or one should use the distributed control approaches such as
model-predictive control framework where dynamic optimiza-
tion and control objectives are included in one objective. Several
works related to distributed control have been proposed in the
recent past [19]-[24]. However, coordinated distributed control
architecture is imperatively required for the voltage control of
the DER integrated distribution system. In our earlier work,
local inverter controllers for single-phase inverters for grid-tied
operations have been designed and implemented that can be
deployedin the field [25]. Furthermore, Suresh et al. [26] demon-
strated the ADMM-based DER control considering voltage at
one particular node of interest in a power distribution system.

In this article, a methodology to coordinate the legacy con-
trollers and multiple DERs is designed and demonstrated. The
main contribution of this article and the advantages of the
proposed architecture are as follows.

1) The architecture is distributed and efficient and can inte-

grate multiple DERS in the distribution system.

2) The methodology is computationally feasible and real-
time implementable and, at the same time, can coordinate
with local controllers of DERs.

3) The approach can be implemented considering any target
location in the distribution system and is capable of work-
ing with regulators especially to avoid reverse power flow
situations related to regulator malfunctions.

4) The approach can be applied to multiple target nodes in the
distribution system simultaneously and maintain voltage
stability and balance.

Compared to [26], the main contribution of this article is as

follows.

1) The approach is evaluated for a large number of DERs
with multiple target nodes.

2) The ability of the approach to coordinate with the distribu-
tion voltage regulators (DVRs) with large DERSs is tested.

3) The optimal control algorithm is modified to scale up and,
at the same time, coordinate with multiple DERs with
multiple target nodes and voltage regulators.

The rest of this article is organized as follows. Section II
discusses the overall proposed control architecture framework.
Section III discusses the real-time modeling of the DER inte-
grated power distribution systems. Section IV discusses the ex-
perimental setup and implementation results. Finally, Section V
concludes this article.

II. PROPOSED COORDINATED CONTROL ARCHITECTURE USING
A DISTRIBUTED CONTROLLER

In the proposed coordinated control architecture, an input—
output signal-selection-based control using the ADMM is de-
signed. Using measured data, a black-box transfer function
model is estimated based on Lagrange multipliers [16], which is
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Fig. 1. Closed-loop control architecture.

further utilized to control reactive power and regulate the voltage
at the node of interest. For estimating the transfer function
model, first, the voltages and reactive powers are measured at
the nodes of interest. Then, based on an ADMM-based op-
timization algorithm, the MIMO transfer function coefficient
matrices A, B, C, and D are estimated. These matrices as then
used to estimate the states based on a Kalman filter. Furthermore,
an optimal controller is designed for each DER (note that the
aggregated control outputs can also be estimated using this
architecture) to find the required reactive power () from DERs
to support the voltage at the node(s) of interest.

As an example, the closed-loop control architecture depicted
in Fig. 1 shows the reactive power outputs (@, @2, and Q)3)
from three DERs measured at the point of common coupling
(PCC) and the deviation of target node voltage from a reference
voltage (AV). These measurements are used to identify the
transfer functions using the ADMM. The state-space matrices
(A, B, C, and D) corresponding to each transfer function are
then calculated (states and coefficients) using the ADMM and
the Kalman filter. The states are then used to formulate the
optimal control signals (Qref1, Qref2, and Qref3) for each
DER to mitigate the voltage deviation. The reference signal
generated is then sent to each DER.

A. ADMM:-Based Transfer Function Identification

The ADMM is an optimization algorithm that combines the
advantages of the dual ascent method and the method of mul-
tipliers. The optimization problem shown in (1) is solved with
the primal variable split into two parts,  and z:

minimize

f(@) +9(2)
subjectto Az + Bz = c. (1)

The augmented Lagrangian for optimization is developed simi-
larly to the method of multipliers and is given by

Ly(x,2,y) = f(z) + g(2) + y" (Ax + Bz — ¢)

+§||Ax+Bz—c||2. 2)
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The ADMM optimization routine consists of three main steps,
i.e., an z-minimization step, a z-minimization step, and a dual-
variable update step, as discussed in [27] and shown in

2+ = argminL,(z, 2F, y*) 3

A= argminL , (2", 2, yF). 4)

Constraints are handled as
=k 4 p(Ax’H'1 + B — ¢) (5)

where p is the augmented Lagrangian parameter.

A method of identifying transfer functions using the ADMM
is proposed in [28]. Based on this, the MIMO transfer function
relating the deviation of voltage at a target node with the reactive
power output from DERs can be written as

Qi
[AV] = [Hi(2) Hy(2) H3(2)] | Q2 (6)
Qs

where AV is the deviation of the voltage from the reference
voltage at a node of interest, and @1, @», and 3 are the three-
phase reactive power output of each DER.

The individual transfer functions (H,, H,, and H3) in MIMO
can be presented, and the parameters can be calculated as

AV by + bl 4 b
== L aaik D
@ ltazTl+az?+Faz
g AV b e
TR o gy Basmrans g U
QZ 1+CLIZ +CL22 + +akz
g AV bl e o
T Q; l+alz"'+a32z2+- a3z
Hereay, ay, ..., aj are the denominator coefficients of the transfer

functions and by, by, ..., by are the numerator coefficients of the
transfer functions. From this, a global consensus optimization
problem can be formulated as

min 1||[L][a]—[S]+[M][b]||2

al,....am 2

(10)

where a and b are the vectors of all the denominator and nu-
merator coefficients, respectively, S is the matrix of the current
samples of AV, L is the matrix of the previous samples of AV,
and M is the matrix of the current and previous samples of @),
Q> and Q5.

With this, the state-space matrices (A, B, C, and D) are
calculated from identified coefficients of each transfer function.
For example, from (7)—(9), the state-space representations of
H,, H,, and H5 can be derived as A1y, Bi1, A2, Ba, Asz, and
Bss. In addition, an array for AV (respective node voltage of
interest, DERs of interest, and the regulator outputs as interest)
as y and that of ) (reactive power inputs for DERs) as U can be
deduced.

B. Kalman-Filter-Based State Estimation

The states of the system are estimated with a Kalman filter
using state-space matrices and output measurement. The states
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Algorithm 1: Kalman State Estimation.

1 Define Xie, Prer Qrer Kier Rie, Res.

2 From grid measurements store U and y arrays
respectively.

3 At discrete time instant k, develop Ai;, and Bj;, using
ADMM algorithm.

4 Calculate estimated states X, ke from (11)

5 for k=1:ny do

6 Project the state ahead using (12)

7 Project the error co-variance estimate (13)

8

9

for k=1:ny do
Compute the Kalman gain using (14)

10 Compute the measurement residue using (15)
11 Update the state covariance matrix using (16)
12 Update the error covariance estimate using (17)
13 end

14 end

15 X(k+1)=Ap(k+1)- X (k) + By (k) - U(k)

16 return

are calculated from the measurement as
Xie(k) = A1 (k) - Xge(k — 1) + Bu(k) - Uk). (1)

Updates of the state ahead, error covariance matrices, Kalman
gain, measurement residue, state covariance matrix, and error
covariance matrix can be calculated as follows:

Xpe(k+1) = An(k+1) - Xie(k) + Bu(k) - U(E)  (12)
Prc(k+1) = An(k + 1) Pec(k) - AL (E) + Qe (13)
Kie(k) = Cn (k) ]jik(fz) (?;‘T?ff% T Ri. (14)
Res(k) = y(k) — Cii (k) * Xge (k) (15)
X(k+1) = Xpe(k) + Kie(k) - Res(k) (16)
Pre(k) = [I — Kpe(k) - C11(E)] - Pro(k). (17)

Finally, an updated state-space representation can be calculated.
Algorithm 1 provides the overall approach.

C. Optimal Controller Design

Let the system model developed from the ADMM architecture
along with the Kalman filter for one DER, represented as (xj;)
can be written as

X(k+1) = X*(k+1) = An(X (k) — X*(k))

+ Bu(k)(U(k) = U (k) (18)

where X (k+1) is a state vector, Ay is the state transition
matrix, By is the input matrix, U is the control (or input) vector,
and (x) represents the certainly equivalence value.

The linear component of the system can be incorporated into
the state transition matrix as follows:

Xk+1 An B Xk
Ukt 0 1| |Usy

B
I

+ [AU,{} . (19)
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The state space can then be rewritten as

X(k +1) = A11X(l€) + B1Uk—1 + B11 AU

~

(20)

where ™ represents the state error. From the above, a cost
function can be defined for the optimal control as follows:

H
F(X,U.k)=) (X~ X0)TQ (X~ Xp)+UT () RU (k)
n=1
(2D
Q/
where Q' = 0 o and R’ is the penalty for change in
controls.

Assuming that there is an uncertain component in the control
(mainly due to noise and other system level changes), suboptimal
control at previous time, and/or penalty factor () and R) varia-
tions, the control signal U is divided into nominal and uncertain

U as
U=UN+U0Y (22)

where U is the current control vector, and UY and UY are
certainty control and uncertain control signal, respectively. Min-
imizing F(X},U, k) in (21) can be achieved by finding an
optimal policy related to state matrix 7(z) such that

m(z) = K; % X}, (23)
The control parameter is adjusted using

Ki=—(Ry_;+Bhy iP1Bug ) 'Blig iP 1 Anw

(24)
where H is the horizon window and ¢ = 1, 2, 3.
Similarly
P=Qy_;+ K Ry K+ (Ag_i+ (25)
Bin-iK:) " Pio((An—i + Bin—iK;). (26)

The overall architectural flowchart is shown in Fig. 2.

III. REAL-TIME DER INTEGRATED DISTRIBUTION SYSTEM
MODELING

For DER-integrated real-time distribution system modeling,
the distribution system lines are modeled in three phases us-
ing a distributed parameter line model. Other than lines, the
models include voltage regulators, inline transformers, and un-
balanced loads. The substation is assumed as a rigid voltage
source with infinite capacity. The loads are modeled as spot
loads and distributed loads. Multiple DERs are integrated into
IEEE test distribution systems developed in real-time simula-
tor modeling software. The grid model is based on the IEEE
123-bus test feeder, which is an unbalanced and multiphase
network.

A. Distribution Voltage Regulators

DVRs are generally used on the power distribution feeder
along with distribution lines or connected to the substation. In
the case of three-phase regulators, models of three single-phase
regulators of Y type are developed. Regulators can either control
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Overall flowchart of the proposed architecture.

Fig. 2.

the voltage at its output node or control the voltage at a remote
node downstream. A line drop compensator is used to regulate
the voltage at a remote node. The compensator circuit has R
and X settings, voltage-level setting (Vi.t), bandwidth (BW)
setting, and time delay (7y) setting. The R and X settings
are generally per unitized based on the line impedance seen
from the regulation point and the regulator output. The voltage
setting provides the desired regulator set points. The bandwidth
provides the allowed deviation of the voltage from the regulation
and the desired voltage set point. The time delay provides the
time before the regulator action is being taken when the voltage
falls outside the bandwidth. When the voltage at the remote
node is higher than the upper voltage level setting Vies + BW
and it stays there for a time greater than 7}, a raise operation
is initiated and tap is increased. This process is continued
until the tap reaches its maximum limit. Similarly, when the
voltage at the remote node is lower than the lower voltage
level setting Vier — BW and it stays there for a time greater
than 7};, a lower operation is initiated and tap is decreased, as
shown in Fig. 3. The developed regulator model is validated
using a dynamic load variation. Fig. 4 illustrates a verification
example in which aload is added to the IEEE 13-node test feeder
in 3 s resulting in a voltage drop. The regulator taps raise after a
delay of 2 s, as shown in Fig. 4. The voltage on phase C' goes out
of bounds. Therefore, a tap change occurs in regulator C, and
with that, the voltage comes back to within the voltage range
(band).

B. DER Integration to Distribution Grid

DER models that consist of PV farms with ratings of
350 kW, 1 MW, and 2 MW are designed for both 4160- and

6705
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Fig. 3. Voltage regulator controller flow diagram.
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Fig.5. Local control topology.
24 900-V voltage levels. Design parameters of the 1-MW PV
farm are shown in Table 1. The PV array is connected to
the grid through a dc—dc boost converter and a three-phase
three-level voltage-source converter (VSC). Maximum power
point tracking is implemented in the boost converter using a
perturb and observe technique. The VSC converts the 500-V
dc-link voltage to 260 V ac. The VSC control system uses
two control loops: an external control loop that regulates the
dc-link voltage to 500 V and an internal control loop that
regulates I (active current component) and /, (reactive current
components) grid currents. I, current reference is the output
of the dc voltage external controller. The output of the current
controller is voltages Vy and V,, which are converted to three
modulating signals for the inverter. The control topology is
shown in Fig. 5.

The voltage at the PCC and nodes nearby would see a rise due
to PV integration. Since there is no explicit control of voltage
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TABLE I
DER DESIGN PARAMETERS

PV PLANT DESIGN

Parameter Value Parameter Value
Power Rating (MW) 2 PV Module SunPower SPR-305E-WHT-D
AC Voltage (V, L-L) 480 Plant Output Voltage (Volts) 820.5
PV Plant Output Voltage (V) 820.5 Approximate Sting Voltage 820
Modulation Index, Ma 0.7838 Number of Modules in String NM 10
Voltage at the MPP, Viypp 54.7 String Power SP (MW) 0.00305226
Current at the MPP, Impp 5.58 String Voltage, SV 820
Power at the MPP, Pmpp 305.226 Number of Strings, NS 437
Open-circuit voltage, Voo 64.2 Number of arrays, NA 15
Short-circuit current, Igc 5.96 Total Number of Modules, TNM 4370
Module Efficiency (%) 16.4 Array Power Rating (MW) 2
BATTERY DESIGN
Parameter Value Parameter Value
Power Rating (MWh) 1.2 Type Lithium Ion
Maximum Capacity (Ah) 2000 Nominal Voltage (V) 600
Cutoff Voltage (V) 450 Fully Charged Voltage (V) 698
INVERTER DESIGN
Parameter Value Parameter Value
Average Model ac frequency (Hz) 60 Inverter Input DC Voltage Vi, (V) 1000
Inverter Power Rating (MW) 2 Interfacing Capacitor Cqc 0.0798
Number of Inverters, NI 1 Acceptable Voltage Ripple (%) 5
Switching Frequency fsw (kHz) 10 Inverter Output Voltage Voue (V,L-L) 480
Frequency Modulation Index Mf 90 DC Power Pgc (MW) 3
Id 5103.724 Em 391.9183588
Series Inductor Filter Ly 0.15

DC BOOST CONVERTER DESIGN

Parameter Value Parameter Value

Average Model Number of Converters 1 Converter Inductor Lconv (mH) 0.1208

Converter Input Voltage, Vi, 820 Converter Input Capacitor Cconv (uF) 1100
Converter Power Rating (MW) 2 Acceptable Current Ripple (%) 5

Converter Output Voltage, Vout 1000 Duty Cycle, D 0.1795

at the PCC, the voltage regulator would regulate the voltage by
changing taps.

C. Coordination Between Local Controls of DERs

As discussed, the local control of the DERs is modeled as
illustrated in Fig. 6. With the PV farm, if a battery energy
storage is included, the inverter of the battery could be con-
trolled to regulate the voltage at the node of interest. Here, the
voltage at the node of interest is measured, and a reference for
active and reactive power is generated for the inverter of the
battery. Since the distribution system has a higher R/X ratio,
the active power can also be used to regulate the voltage at a
node if necessary. Therefore, either active power (AP control)
or reactive power (A(Q control) or both could be controlled
to regulate voltage (AP + A control). For the coordination
control architecture, the control topology in Fig. 5 is extended to
add reactive power outer loop to the AV control. The integration
framework of the proposed architecture with the DER-enabled
power distribution network is shown in Fig. 6. As can be seen
from Fig. 6, the proposed architecture serves as an outer loop to

the dq control framework integrated as the local controller for the
PV-battery system and collect information from the grid based
on measurements. In this article, all the DERSs are considered to
operate in the grid-connected mode. The DER active power set
point (P) is left uncontrolled with the proposed controller. The
reactive power set point is generated by the proposed controller
to regulate the voltage at the node of interest.

D. Implementation With the OPAL-RT Real-Time Simulator

The full model that includes distribution systems with DERs
integrated is built to run in real time using a real-time simula-
tor called Opal-RT simulator. A software-in-the-loop real-time
simulation approach [29] is utilized, where both the controller
and plant models run on the same simulator. In the RT-Lab, the
ARTEMIiS-SSN solver is specifically designed for microgrid and
distribution systems that provide fast and accurate real-time sim-
ulation without introducing artificial delays [30]. The method
used to model the power grid in this architecture is known as the
state-space nodal method, which virtually decouples the system
into subsystems and then solves the system equations using the
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Fig. 7. Real-time implementation using the Opal RT Simulator.

nodal admittance method. For the proposed study, the models
are initially created in Simulink, which has Opal-RT libraries.
Then, the RT-Lab GUI is used to run the model in real time
using a three-step process, namely, build, load, and execute. The
build process converts the model into a Linux executable code.
The load process uploads the executable code to the simulator,
and the execute process starts the real-time simulation in the
simulator, as shown in Fig. 7. The model is also verified with
inverters [power hardware in the loop (HIL)], as discussed in
Fig.7. All the results are based on the real-time simulation and/or
HIL tests.

In this article, the IEEE 123-bus system with multiple DERs
is modeled to run in real time. The real-time simulator OP 5707
is used, which has 16 cores. The models are first designed in
Simulink and then partitioned into multiple subsystems using
ARTEMIS Stubline blocks [31], as shown in Fig. 8, to run it in
different cores and leverage the parallel computing capability of
the RT-Lab. To validate the robustness of the proposed control
architecture, test feeders with another voltage level, such as IEEE
34-bus system, are also utilized. The computational burden and
core usage for a 50-us time step simulation are depicted in Fig. 9.
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Fig. 8. One-line diagram of the IEEE 123-bus distribution test feeder with
DERs modeled in a real-time simulator.
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Fig. 9. (a) IEEE 123-bus distribution test feeder with DERs in Opal RT.
(b) Core Usage of Opal RT.

It can be seen that there are minimal overruns (close to zero),
which validate the successful real-time execution of the model.

IV. EXPERIMENTAL RESULTS WITH REAL-TIME SIMULATOR

As mentioned, the overall architecture is tested on a real-life
power grid model of IEEE 123-node test feeder developed in the
real-time simulator. The feeder has four voltage regulators and
one feeder head transformer. All the loads connected are unbal-
anced and have the ZI P configurations (constant impedance,
power, and voltage). The feeder also have laterals, which can
be used to test multiphase DERs. The model runs in 50- s time
step on the simulator. The power grid model is modified first
to include DERSs at specific nodes that are randomly selected.
Five cases are considered for the proposed study. The first case
tests the ability of the DERSs to support the voltage at a node of
interest by varying its reactive power output. The second case is
used to study the voltage regulation on the feeder measured at
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the regulator points and the effect of that on regulator taps. The
third case illustrates DERs targeting voltages of multiple nodes
of interest simultaneously. The fourth case studies the ill effects
of DER location on-grid voltages and how the proposed method
can be used to mitigate it, and the fifth case demonstrates the
robustness of the proposed method when there is aloss of DERs.
350-k VA inverters are used for simulation in cases 1-3 and 5. For
case 4, the coordinated control of the proposed architecture with
DER and the regulator are tested. For this, the impact of large
DER at end of the feeder is tested. Therefore, a combination of
2-MVA DERs (4 MVA total) is used. The reason is that large
DER causes regulator maloperations. The test is to see if the
proposed architecture can mitigate the regulator maloperation
and subsequent voltage changes during the reverse power flow
conditions. In all these cases, the active power set point is left
uncontrolled with the proposed controller.

A. Case I: Voltage Support

The capability of the proposed architecture to maintain the
voltage at the reference value for a particular node of interest
is demonstrated in this test case. For this purpose, node 107
is considered the point of interest. The goal is to maintain the
voltage at 1 p.u. Fig. 10 illustrates the change in the voltage
when there is a sudden change in the load at 3 s. The voltage
dips without the proposed architecture; however, the voltage was
maintained almost the same with the proposed architecture. The
area under the curve illustrates that a total improvement of 10%
is achieved in the voltage support with the proposed architecture.

B. Case 2: Voltage Regulation and Tap Improvement

This case illustrates the coordination of the proposed archi-
tecture with legacy voltage regulator controllers for balancing
the DER reactive power support to improve the voltage at the
target node and, at the same time, balancing the voltage regulator
tap operation. For this purpose, a test case is developed with a
load variation at the point of interest, as shown in Fig. 11(a),
which results in the voltage variation at that node. The tap control
discussed in Section III-A is designed and implemented for this
purpose. The tap control delay is set at 1 s, so it can be seen that
the taps are initiated at 1 s after the load change has occurred. The
taps continue to operate until the voltages are within the range of
the voltage set point of the regulator. The voltage change based
on the regulator action is illustrated in Fig. 11(b).
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Next, the capability of the proposed controller action on
maintaining the voltage at the targeted node and, at the same
time, balancing the regulator action is illustrated. For this, three
DERs each rated 350 kVA are utilized to regulate the voltage
at a target node. The locations of DERs are bus 450, 67, and
10, respectively. Fig. 12(a) illustrates the change in the voltage
from a reference voltage at the targeted node (node 197) with the
proposed architecture. It can be seen that based on the reactive
power reference developed with the proposed distributed control
architecture [see Fig. 12(b)], the change in the voltage from a
reference voltage is maintained close to zero; in other words,
the voltage is maintained close to the reference voltage. Note
that the controller action is initiated at 3 s to demonstrate the
effect on the voltage with and without the proposed controller
(before and after 3 s). It can also be seen that the reactive
power is absorbed and delivered as required from the DERs.
From the figures, it can also be noted that the deviations in the
voltage are used to generate the right reactive power (positive for
improving the voltage and negative for reducing the voltage), so
the architecture works in a closed loop based on measurements.
The tap operations of one voltage regulator at bus 160-67 are
illustrated in Fig. 14. It can be noted that the tap operations are
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Fig. 15. Voltage comparison at target node 197.

reduced to zero from 21 taps overall. The delay settings of the
regulator tap are the same as before (1 s).

It can be seen from Fig. 15 that with the proposed architec-
ture, the voltages are regulated much better with the zero-tap
operation of the regulator with an overall improvement of 11%
in the voltage deviations and 21 tap reduction in the regulator
taps.

C. Case 3: Demonstration of Multiple DERs Targeting
Multiple Nodes of Interest Simultaneously

Several scenarios are used to test the efficacy of the proposed
controller with multiple DERs and multiple points of interest.
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Additional tests done based on the study and the location of
DEREs for each test case are shown in Fig. 16, in which a group of
DERs connected to different nodes of the IEEE 123-bus system
is used to regulate the voltage of a target node. Switches 13-152,
60-160, and 97-197 are in close position. The effectiveness of
the controller to regulate voltage close to a reference voltage is
obtained by calculating the area under the voltage error curve,
as shown in Fig. 17. The comparison of area for different test
cases is depicted in Fig. 18. It can be concluded from Fig. 18 that
the voltage error area is almost the same for all the cases. Thus,
it can be concluded that the controller is capable of regulating
target node voltages irrespective of the location of the DER in the
feeder. Table Il illustrates the cases and the voltage improvement
comparisons.
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TABLE II
TEST SYSTEMS AND VOLTAGE IMPROVEMENT
S1 Test Cases Number Number  Node of Error
No of DERs of Nodes Interest Improvement (in %)
1 Case 3a 3 20 197 29.22
2 Case 3b 2 12 44 30.14
3 Case 3c 3 10 62 36.45
4 Case 3d 1 12 91 27.45
5 Case 3e 2 6 13 19.45
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Fig. 19. (a) DER far from the substation. (b) Phase A voltage profile.
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Fig. 20. (a)Phase B voltage profile. (b) Phase C' voltage profile.

D. Case 4: Impact of DER Location on Operation of Voltage
Regulators and Adverse Effect Mitigation With the Proposed
Architecture

The location of large DERs will have an impact on voltage
regulating devices as well as grid voltages. If the DER injects
power just downstream from the voltage regulator, customers
at the end of the line will experience low voltage, and if DER
injects power at the end of the feeder (remote node), high voltage
may occur at the remote node [32]. In this case, the location
of DERSs from the substation and how it impacts the operation
of voltage regulating devices are studied. Then, the effect of
the proposed architecture to mitigate the effect of inadequate
regulator operations is illustrated. First, a large DER operating
at unity power factor is connected to a remote node from sub-
station (node 250), as shown in Fig. 19(a). When the power
of 4 MW is injected, the PCC, as well as other nearby nodes,
would experience a high voltage. The voltage regulator performs
tap-down operations until the regulating point voltage is within
the bandwidth. Even though the regulating point voltage is
close to the reference voltage, the remote node where DER is
connected can still have a higher voltage profile due to high
DER penetration. The three-phase voltages of nodes (shown in
violet color) from the substation to the remote node is depicted
in Figs. 19(b), 20(a), and 20(b). It can be seen that, with high
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DER penetration at a remote node of the feeder, nodes toward
the end of the feeder would experience a higher voltage profile
even after the operation of voltage regulators.

In order to improve the voltage profile at remote node, the
proposed control methodology is used. It can be seen from
Fig. 21 that with the proposed control, the voltages are closer to
1 p.u., whereas without control, the voltages are closed to 1.05
p-u. even after the operation of the regulator.

E. Case 5: Loss of DERs

In this case, the effectiveness of the controller during a con-
dition with the sudden loss of one or more DERs is studied.
Three DERs each rated 350 kVA are utilized for reactive power
support to regulate the voltage at node 197 to 1 p.u. The location
of DERs is bus 450, 67, and 105, respectively. The DER 2 is
taken out at 7 s and brought back at 12 s. The reactive power
contribution from DER 2 falls to zero at 7 s and comes back at
12 s, as shown in Fig. 22(b). The tertiary controller dynamically
changes the output of the other two DERs during this time. The
output from DERs 1 and 3 are increased at 7 s as soon as DER
2 is lost and DER 1 and 3 outputs are reduced as soon as DER
2 comes back at 12 s, as shown in Fig. 22(b). In addition, it can
be seen from Fig. 22(c) that the total reactive power of all the
DERSs remains almost the same due to this change. The voltage
variation due to a load variation at the target node is minimal
and is maintained closer to the reference voltage even with the
loss of one DER, as shown in Fig. 23.
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V. CONCLUSION

In this article, a distributed coordinated control methodology
was proposed that can be used to coordinate legacy controllers
and IBR-based DERs. The case studies were performed with
real-time simulators and field-implementable power grid feed-
ers. The effectiveness of the algorithm was validated based on
several case studies, such as: 1) providing sufficient reactive
power compensation to regulate the voltage at the point of
interest; 2) coordinating with the legacy controllers; 3) devel-
oping a group of DERs and control voltage at multiple points
of interests; 4) provides a framework to balance the voltage for
utility-scale DERs; and 5) balance the voltage in the wake of
the loss of DERs. It was observed that the proposed architecture
not only performs well by mitigating the voltage deviation of
more than 20% but can also support legacy controllers, such as
voltage regulators, to reduce the number of taps and mitigate
malfunction during reverse power flow situation. The future
work will include control HIL and field implementation in the
microgrid scenarios of the proposed method.
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