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Unified Control Scheme Based on Model Predictive
Control for Hybrid-Energy-Storage-Based

Microgrids

Kuldeep Kumar, Chaeeun Lee

Abstract—This article proposes unified hierarchical control for
power distribution among ac microgrids based on hybrid energy
storage. In this article, each microgrid comprises hybrid energy
storage (i.e., supercapacitor, battery, and hydrogen) and renew-
able power generator (i.e., photovoltaic module). The proposed
hierarchical control framework ensures that power distribution
among microgrids depends on the state of charge (SOC) of hybrid
storage in the given microgrids. The present article proposes an
adaptive model predictive control based tertiary layer, which is
responsible for the accurate power-sharing among the microgrids
based on the individual SOC of the storages in the given microgrids.
The tertiary control layer generates the reference signals for the
secondary control layer, where the pulsewidth modulation of the
inverters in the respective microgrids is controlled. The primary
control is responsible for the optimum power-sharing within indi-
vidual microgrids based on the source, load, and SOC of energy
storage devices. The proposed unified hierarchical control for such
a system is validated in different operating scenarios using power
hardware-in-the-loop experiments. The proposed control scheme
is very effective in smooth and controlled power exchange among
microgrids during fuel cell operating mode. The proposed scheme
also improves the dc bus regulation during transient power imbal-
ances in microgrids.

Index Terms—Fuel cell (FC), hydrogen energy, microgrids
cluster, model predictive control (MPC), power converters.

NOMENCLATURE
Bat Battery.
C Capacity of energy storage.
Cs Inverter filter capacitance.
ECR Equal concern for relaxation.
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1,2 Denotes the power exchange between 1 and 2.

1,3 Denotes the power exchange between 1 and 3.

Greek symbols

o Weight on the manipulative variables and propor-
tional gain for power sharing in tertiary layer.

B Weight on the variations of manipulative variables.

Y Weight on the output error.

§ The phase angle between two voltage sources.

¢ Conversion coefficients.

n Efficiency.

nG1,2,3 Microgrids 1, 2, and 3, respectively.

P Weight on the control effort.

A Difference.

I. INTRODUCTION

ICROGRIDS (uGs) are generally defined as a group of

power generators, energy storage units, and distributed
loads as a single controllable entity that can function in stan-
dalone and grid-connected mode [1]. The fact that 4Gs can
have better power quality, higher power conversion efficiencies,
and economic benefits can be foreseen as a key entity in future
electricity networks globally [2]. The control and operation of
1Gs, considering the operational characteristics of renewable
power generators (RPGs) and energy storage systems (ESSs)
along with load management, have been the central idea of
research in the last decade [3]. The ;Gs can also be configured
as a cluster of different G units to facilitate a better electricity
network but a complex controllable system [4].

In the past, several studies have been attempted in the control
and operation of a cluster of uGs. Secondary power manage-
ment was proposed for an ac G cluster using the two-layer
cooperative framework. The secondary controller facilitated the
optimum power among distributed energy resources (DERs) in
each uG and economic power dispatch among the G group
[5]. A cluster-oriented control was proposed for the ac uGs
cluster. The intercluster scheme was responsible for the optimum
power sharing among pGs, while the intracluster manages the
frequency and voltage of the DERs in each uG [6]. A study
was presented on pinning-based hierarchical and distributed
cooperative control strategies for the ac G cluster [7]. A tube-
model predictive control (MPC) was proposed for the offgrid
1Gs clusters. A mixed-stage optimization was used in which
the control objective was optimized progressively at diverse
energy management scales and prediction horizons [8]. Unified
coordinated power control for the dc uGs cluster was proposed
using an isolated bidirectional dc—dc converter [9].

In another article, effective power-sharing was presented
among the pGs for networked ac and dc uGs using a set
of interconnected converters [10]. An event-based distributed
census control was used in the power-sharing method. In this
method, each interconnected converter worked as an agent that
required the information of its local and neighboring converters
[10]. A study was performed on the modeling, analysis, and
stabilization of the photovoltaic (PV)-based uG cluster [11]. A
distributed voltage control and power management of networked

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

1Gs was studied. In this article, a two-level control framework
was used [12]. A unified hierarchical control was proposed for
tie-line power flow between the dc pGs. In this control scheme,
the pinning strategy is unified with distributed optimization and
average voltage regulation control loops [13]. A tertiary control
for a cluster of dc ©Gs was presented. The proposed controller
was very useful for the maximum utilization of renewable power,
minimum stress and aging of components, and maintenance cost
[14]. In another article, supervisory coordinated control was
proposed for the fuel cell (FC) based dc (4Gs cluster based on the
multiagent system. However, the concept of hybrid ESS and its
effect on power distribution were not studied for the dc Gs clus-
ter [15]. A dc power exchange highway-based power-sharing
method was proposed for the dc uGs cluster [16].

Advanced control scheme such as MPC have shown their
usefulness in the control and operation of the hybrid ESS-based
1Gs system [1], [17], [18]. An MPC has been used for the
system-level control of the PV and battery ESS [19], [20],
[21]. These studies showed that the MPC is a very effective
control method for 1Gs considering operational cost, durability,
better power quality, and voltage stability. A model predictive
voltage control based control was studied for the renewable-
energy-based pGs without a proportional-integral-derivative
(PID) controller. It was found that the proposed work improved
the dynamic performance of the ©G as compared to the PID
controller [22]. An MPC-based current control for a bidirectional
three-level dc/dc converter was proposed for hybrid energy stor-
age based dc ©Gs. However, hydrogen storage characteristics
were not considered in the article [23]. In another article, a study
was proposed on a finite control set MPC-based control for the
fast and reliable operation of the ac Gs. The proposed control
strategy improved the voltage tracking capacity of the power
converters [24]. A review was presented on the multiagent-based
distributed control and optimization in the G cluster. It was
observed that communication delay can significantly affects
the overall performance of the G system [25]. A network
fuzzy predictive control of the network ©Gs was studied for
the dynamic voltage stabilization of the dc pGs. It was found
that the proposed method showed better robustness as compared
to the conventional method [26]. In another article, an adaptive
dynamic reference control was proposed for the power converter
for G applications. The proposed control strategy showed
better convergence to its nominal reference even in the presence
of the model parameter uncertainty, sensor imperfections, and
unmodeled dynamics [27]. A computationally efficient MPC
was studied for dual-output multilevel converters for G appli-
cations. It was found that the proposed method improved the
system’s performance by reducing the computational burden
and achieving multivariable control [28]. In another article, a
passivity-based partial sequential MPC was studied for grid-
connected applications. The proposed control scheme enhanced
the antidisturbance abilities and achieved resonance suppression
[29]. An ultralocal predictive control was proposed for the
grid-connected application using the sliding mode disturbance
observer. It was found proposed control method outperformed
the conventional methods [30]. A model-free-based predic-
tive control was proposed for the grid-forming applications.
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The proposed control scheme showed effective regulation of
the grid-forming inverter without the knowledge of the physical
model [31]. A review study was performed on the control strate-
gies for the power converters in pGs. It was found that MPC
is very effective for the better performance of power quality
improvements in the pGs [32].

It may be concluded that a significant amount of research has
been carried out on the power distribution in the ;G cluster using
different control schemes, such as hierarchical and distributed
control methods. However, according to the aforementioned
literature review, there is an information gap in the control
and power management of a uG cluster with hybrid ESS. The
different devices in the hybrid ESS (supercapacitor, battery, and
hydrogen) have different energy efficiency, overcharging, and
deep discharging limits. In addition, the difference in the state
of charge (SOC) of ESS in different ;:Gs indicates relative energy
surplus or deficit in the pGs. Therefore, a more appropriate
control scheme can facilitate power distribution among the ptGs
depending on the SOC of a given ESS. By doing so, the differ-
ences in energy surplus or deficit in different 4Gs can be taken
care of. For example, the G with a higher battery SOC should
deliver higher power than the other G which has a lower SOC.
The different ESSs may also be active (based on working SOC) at
a given operating time in different 1Gs. For example, in a cluster
group of three uGs, ;G2 can have battery SOC in the working
range (40%—-80%) while ;1G3 does not have battery SOC in the
operational range instead hydrogen storage is in the working
range (20%-90%). Therefore, power sharing based on SOC of
ESS in different ;«Gs becomes interesting considering the energy
efficiency and response time of ESS. Here, itis worth mentioning
that energy management in the given pG is performed based on
the SOC of ESS; therefore, at a time, only one storage is active
either hydrogen or battery [33].

It can be summarized that control strategies used in the
literature have limitations in that they are unable to facilitate
the power-sharing among the ;1Gs cluster based on the SOCs of
hybrid energy storage, constraints on the SOCg of hybrid ESS,
power output, and rate of power change of devices. Therefore,
the proposed control strategy addresses the aforementioned lim-
itations of the existing control methods using the adaptive MPC-
based tertiary control layer which facilitates the power-sharing
based on the SOCs of hybrid ESS, handles the constraints on
power and rate of power change of devices, and limits on the
SOCs of hybrid ESS. A complete closed-loop control of the
tertiary layer with secondary and primary layers is presented for
such a hybrid ESS-based system which is missing in the liter-
ature. Table I summarizes how the proposed control improves
the limitations of the previous articles.

In the present article, the problem statement is that power-
sharing among 1Gs should be driven by the SOC of the hybrid
ESS of respective nuGs, where each G in the cluster has hybrid
energy storage (SC, battery, and hydrogen). To the best of the
author’s knowledge, this kind of system (G cluster based on
hybrid ESS) and the given problem statement have not been
addressed in the previous articles. In addition, the power-sharing
is achieved in ac uGs; therefore, a suitable control mechanism
is developed for controlling the inverters using different control
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TABLE I
MAJOR CONTRIBUTION IN COMPARISON WITH STATE-OF-ART
[51 [61 [71 [91 [10] [12] [13] [15] [34] Pro-
posed
Feature[1] No No No No No No No Yes No Yes
Feature[2] No No No No No No No No No Yes
Feature [3] No No No No No No No No No Yes
Feature [4] Yes Yes YesNo Yes Yes No No No Yes

*Feature [1] — Power sharing in uGs based on SOCs considering hybrid ESS.
Feature [2] — Complete closed-loop analysis based on MPC-based primary.
secondary, and tertiary layers and transient performance analysis.

Feature [3] — Application of adaptive MPC in the tertiary layer.

Feature [4] — Power sharing between ac uGs.

layers framework. Therefore, the contributions of the present
article are a unique problem statement and the development of a
dedicated control mechanism to achieve the desired objectives.
Applications of such type of ESS in 4G become a multi-input and
multioutput system subjected to various operating constraints.
Owing to the multi-input and multioutput plant subjected to
multiple physical constraints on the power limit, rate of power
change, and SOC, this kind of system needs a smart control
scheme that can handle the multiple constraints and facilitate
the desired response. Considering the suitability and advantages
of the MPC for the multi-input and multiunit plant with multiple
physical constraints, the authors used MPC in a hierarchical con-
trol (primary, secondary, and tertiary layers) framework. In this
hierarchical control framework, each layer of control optimizes
the control variables while fulfilling the various constraints
and tracking the reference values. Further, the adaptive MPC
capability has been used to ensure the SOC-based proportional
power-sharing among the Gs while the SOCs of battery and
hydrogen storage vary in real-time. The major contributions of
the present article can be summarized as follows.

1) Development of a control strategy for a cluster of hy-
brid energy storage-based ©Gs in which power exchange
among uGs is governed by the SOCs of hybrid ESS of
respective pGs. This control scheme renders the mini-
mization of SOC difference between uGs.

2) To obtain the set objectives and control the given multi-
input and multioutput ©Gs system subjected to various
operating constraints (SOC and rate of power change), a
hierarchical control framework (primary, secondary, and
tertiary) is developed.

3) The tertiary control layer is responsible for optimizing the
reference signals for the power exchange among 1/Gs. The
different operating modes are defined based on the SOCs
of ESS in different uGs (Algorithm 1. Selection of the
operating modes in the tertiary layer).

4) The secondary layer of the hierarchical control scheme
ensures the effective control of the inverters (connected
in cluster as shown in Fig. 2) for the power flow control
and facilitating the plug-and-play and facilitating the plug-
and-play capability in the ;Gs cluster.

5) The dynamic performance analysis of the proposed inte-
grated hierarchical control framework (tertiary controller,
secondary controller, and primary controller is evaluated
in different operating scenarios using power hardware-in-
the-loop (PHIL) experiments.
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Algorithm 1: Selection of the operating modes in tertiary
layer.

Mode 1 Condition 1
IF(PNet rer > = 0)&&(SOC g2 > =
42)&&(SOC g2 < = 78)&&(SOC a3 > =
42)&&(SOC a3 < = 78)&&(MHL ;g2 > =
20)&&MHL ;2 < = 90)&&(MHL ;g3 > =
20)&&(MHL g3 < = 90)

Mode 2 Condition 2
IF (Pxet set < 0&&(SOC,,c2 > =
42)&&(SOC g2 < = 78)&&(SOC a3 > =
42)&&(SOC a3 < = 78)&&(MHL ;g2 > =
20)&& (MHL g2 < = 90)&&(MHL ;g3 > =
20)&&(MHL ;3 < = 90)

Mode 3 Condition 3
IF (Pt ot < 0)&&(SOC,ic2 > =
42)&&(SOC g2 < = 78)&&((SOC g3 <
42)|(SOC a3 >78)&&MHL,,2 > =
20)&&MHL g2 < = 90) && (MHL g3 > =
20)&&(MHL ,c3 < = 90)

Mode 4 Condition 4
IF (Pnct,ref <0)&&((SOC,q2 < 42)|(SOC,.q2
> 78))&&(SOC g3 > = 42)&&(SOC a3 < =
78)&&(MHL g2 > = 20)&&(MHL ;g2 < =
90)&&(MHL ;¢35 > = 20)&&(MHL ,q3 < =
90)

Mode 5 Condition 5
IF (Pnct,ref >0)&&((SOC 2 <42)||(SOC 2
> 78)&&((SOC 3 < 42)|[(SOC a3 >
78)&&(MHL, g2 > = 20)&&(MHL ;g2 < =
90) && (MHL ;g3 > = 20)&&(MHL g3 < =
90)

Mode 6 Condition 6
IF (Pxet,ref >0) && (SOC a2 > = 42) &&
(SOCLa2 < =78) &&((SOC a3 <
42)[I(SOC 3 > 78)&&(MHL 2 > = 20)
&& (MHL ;g2 < = 90)&&(MHL 3 > =
20)&&(MHL g3 < = 90)

Mode 7 Condition 7
IF (Pxet,ref >0) && (SOC a2 < 42) &&
((SOC[LGQ > 78)”(SOC;LG3 > =
42))&&(SOC a3 < = 78)&&(MHL g2 > =
20) && (MHL ;2 < = 90)&&(MHL g3 > =
20)&&(MHL g3 < = 90)

Mode 8 ELSE

Table I provides a concise summary of the comparison of the
present article with the current state of the art.

The rest of this article is organized as follows. Section II ex-
plains the system description. Section III describes the method-
ology. Section IV explains the results. Finally, Section V con-
cludes this article.

II. SYSTEM DESCRIPTION

In the proposed uG cluster, three uGs (uGl, ©G2, and
1G3) are considered. Each ©G has RPG, hybrid ESS (SC,
battery, and hydrogen), and loads as shown in Fig. 1. These uGs
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article.
pG 2
(Fig. 1
pG1
(Fig. 1)
pG3
(Fig. 1
Fig. 2.  Schematic of a cluster of 1Gs in the present article.

are connected using transmission lines based on resistive and
inductive elements as shown in Fig. 2. Each 1G has supervisory
and local control for the optimal power allocation among its
components, such as PV, battery, SC, FC, and the grid as shown
in Fig. 3. This is referred to as primary control in this article.
The working of the primary layer is presented in Section III-C.
There is a tertiary controller that is responsible for the power
exchange among the ;4Gs based on the different operating modes
of power management (described in the methodology Section II-
I-A in detail). Tertiary control generates the control signals for
the secondary controller. The adaptive MPC approach is used in
the tertiary controller in unified control. In the secondary control,
the SPWM of the voltage source inverters (VSIs) of each uG is
controlled as shown in Fig. 4. The working of the secondary
layer is described in Section III-B. The control scheme in the
tertiary layer is shown in Fig. 5.

III. UNIFIED CONTROL STRATEGY

This section explains the working of the unified control strat-
egy based on hybrid ESS-based uGs.
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A. Tertiary Layer of Control

The primary objective of the tertiary control is to generate the
reference signals for the power exchange (P, 1,2 and P, g1,3)
in ¢4Gs based on the SOC values of the ESSs in the 4/Gs. These
reference signals are used by the secondary control layer. For
example, if the SOCs of the battery storage in ©G1 and G2 are
in the working range (40%-80%), then power flow P, 7,2 and

13387

Ref. signal from
the primary
layer (Fig. 3)

P P A
Ppauc2 | | Phatucs lPNet’M onG12ref YouG13,rer ASOC, ¢
SOC,G2uG63.m SOC,c, Undate of /;
pdate o 5
SOC,cau63p |L-0-[SOC,c3 | o St C At;/i[ll}:gve PoGiarer
matrices |2 A
MHL, G2 4G3,m MHL,, (A, B, C, D) g CTerttlalrly
MHL,; G5, L.O. MHL, (Algorithm 1 Y ontroller P"Gm’ref
DX
Presca] P
FC,uG2 FC,uG3 Po,c12 Poucis ASOC
PretNetuc.1.2
X i
O Ref. signal
for the
primary
layer (Fig. 3)

PreiNetuG,13
Ref. signal for the secondary layer (Fig. 4)
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P,,c1,51s proportional to the SOC of the battery storage in 1G1
(SOC, 1) and uGl1 (SOC, g2).

For ensuring the perfect power balance in the 1G1, the net
power reference signal can be provided as follows:

Pth,rcf' = P;LGl,Z.ref + P,LLGl , 3,ref (l)

where P, c1 2 ret and P,y 3 ret are the reference signals for
power exchange between pGl and pG2; and G2 and pG3,
respectively.

During power deficit conditions (generation<load), (PNet, ref
>0), the relation between the P,g1,2 and P, gz, 5 is required
to be proportional to the SOC,, g2 and the SOC of the battery
storage in 1G3 (SOC,g3). That means if the G2 has a lower
SOC value than G3, 1G2 should deliver lower power to uG1
as compared to the ©G3. It can be formulated as follows:

Pucroret  SOC,a2

= . 2)
P.cisret SOC,a3 (
Therefore, using (1) and (2), it can be derived as follows:

SOC, a3

P, =P et [ 14+ —=£=2 3

0 ,uG1,2 WG1,2, r( + SOCugg> 3)

and

SOC,,g2

P, 3=2P ef [ 14+ —=E== 4

0 ,1G1,3 uG1,3, ef( + SOC,LG;;) 4)

where Po,,, 1,2 and Po,,,G1,s are the outputs of the adaptive
MPC while P, 1,2 and P, G, 5 are the manipulative variables.
Pnet ref (Fig. 1) equals to Po, 1,2 and Po ,61,5-

During power surplus conditions (generation>load), (PNet, ref
<0), the relation between the P, ;2 and P, g;, 5 is desired to
be inversely proportional to SOC,, g2 and SOC,, 3

Pucroret  SOC,cs3
P13t SOCua2

(&)
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Therefore, using (1) and (5), it can be formulated as follows:

SOC 2
p _p o [ 14 22mG2 6
O,uG1,2 nG1,2, ef( + SOC,4G3> ©
SOC,as3
P = Pucrawet (14 2o ) !
O,uG1,3 nG1,3,ref ( + SOC”G2> @

Similarly, in case the SOC of battery storage is lower than
(40%), then hydrogen storage becomes active corresponding
to FC operation. Then, power flow among the ;/Gs should be
proportional to the metal hydride storage level (MHL) of the
hydrogen tanks of respective uGs.

Therefore, in case ;4G2 and ;G3 both have hydrogen storage
in the working range, then it can be formulated as follows:

MHL,, G2
P.c1,3ef  MHL,G3
where MHL , g2 and MHL, 5 are the MHL of the hydrogen

tanks in G2 and pG3, respectively. Therefore, using (1) and
(8), it can be derived as follows:

PpGl,Q,ref -

®)

MHL g3
P, =P 14— 9
0 ,uG1,2 WG1,2,ref ( + MHL“GQ> 9)
and
MHL,, 5
Po yins = Puctarer [ 14+ —eatG2 ) 10
0 ,uG1,3 WG, 3 ref < + MHLMc;;g) (10)

Following the inferences of (1)-(10), the different operating
modes are defined based on the values of SOC and MHL in
different 1Gs. The details of different operating modes in the
tertiary layer are provided in the selection of the operating modes
in the tertiary layer algorithm. The term Py in the selection
of the operating modes in the tertiary layer algorithm captures
the difference in the power generation and load demand. There-
fore, other possible operating modes exist, and the relationships
among different variables are provided in the selection of the
operating modes in the tertiary layer algorithm.

Flow chart of the control Algorithm 1. Selection of the operating modes in the tertiary layer (in the algorithm, P, ¢1 2 refers to P, G1,2,ref, and P, G1,3

Considering the (3), (4), (6), (7), (9), and (10), the desired
power allocation among 1Gs can be achieved only when the
SOC and MHL values of the storages are updated in real-time
operation. Here is the usefulness of the adaptive MPC can
be applied. In adaptive MPC, the plant state—space matrices can
be updated at each sampling instant and the change in the plant
dynamics due to parameter variations can be captured. In the
proposed tertiary layer of control, the power distribution among
1Gs requires that values of SOC and MHL for given 1Gs should
be updated at each sampling time. In this way, the state—space
model of the plant is updated at each sampling time. Therefore,
an adaptive MPC is developed, which facilitates the required
power sharing among the ;Gs cluster.

In the case of adaptive MPC, nominal operating points are
updated at each sampling time as per the requirement, which
is consistent with the updated model of the plant. It can be
presented as follows:

z(k+1) =2+ A(zx(k) — z) + B(us(k) —uy) + Az (11)
and

y(k) =g+ C(x(k) — ) + D(ue(k) — ay) (12)

where A, B, C, and D are the plant model matrices to be updated
in run-time due to nonlinearity or time-varying characteristics.
z, Y, U, and A% are the nominal states, nominal outputs, nominal
inputs, and nominal state increments, respectively.

In adaptive MPC, a linear-time-varying Kalman filter is used
to estimate the gains L and M at each control interval which is
done by the inbuilt facility in the MATLAB Simulink [35]. The
value of the gain Ly and M}, can be calculated as follows [35]:

-1

Lk', = (Akpk\kflcg;,k + N) (Om,,ktpk\kflarz;,k + R)
(13)
M}C = Pk‘k,lc’g%k (Cm,kpk\kflcrjr;,k + R>7 (14)
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Pyiijp = APy 1 AL — (ApPyp 1 CL o + N) LT +Q
5)

where A, and C,,, j, are the state—space matrices updated with
time interval k. R, N, and Q are the state covariance matrices.
Pjyi— 1 is the state-estimation error covariance matrix estimated
at the time interval k—1.

In a conventional MPC controller, the system plant mode
is linearized at a nominal operating point to obtain the LTI
approximation. The state—space model at the nominal operating
point (considering the 50% value of SOC and MHL) of the
tertiary layer of control based on the MPC is derived as follows:

I:D/LsGl,Q,ref 000 P#G1,2,ref
Pusciaret| = [0 0 Of | Pug1,3,ref
ASOC 001 ASOC
1 0
" 0 1 |:§MG1,2,ref] (16)
CTé/C _CTé/O uG1,3,ref
Po uc1,2 MC1 0 O |Pusct2ref
PO.;LGLB = 0 MC2 0 P,usGl,S,ref
ASOC 0 0 1 ASOC
0 0
+10 0 {P “Gl’lfef] : (17)
00 PG1,3 et
Therefore, state—space matrices can be obtained as follows:
[0 0 0 0 1 0
0 00O 0 1
A= 0010 B = 0 0.0002441 |~
0 0 10 0 0
(1.5 0 0 0 0 0
C=10 15 0 0 ,D=10 0 (18)
10 0 0 —0.0003154 0 0

where MC1 and MC2 are the variable gains which are updated
in the adaptive MPC scheme as provided in the Algorithm
(selection of the operating modes in the tertiary layer). ASOC
is the change in SOCs between ;Gs due to P, g1,2 and P, g1, 3.
Csc, Cgat, and Cyyq are the storage capacities of SC, battery,
and hydrogen tank, respectively. ¢, are the power conversion
coefficients into equivalent energy content for the respective
storage devices and are taken from [33]. C is storage capacity.

The objective cost-function in the MPC can be formulated as
follows:

Nu

2 2

T =Y a1Puc1 2ueti4s)” + @2 Puct sret(ir)
=1

+ BIAPNGI,Q,ref(t+j)2
Np
+ B2AP, 1, 3,ref(t+j)2 Z 7 (PO,MGI, 2(t+7)

j=1

2
- PO,/LGl7 2,ref(t+j))
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TABLE II
DETAILS OF THE PARAMETERS OF THE SECONDARY LAYER OF CONTROL

Values

0.014,0.8

0.2 (), 50e-3 (H)

L~4e-4 H, C&=4000e-6
(F), f(kHz)=2, R,=100 ()
0.7 ms, 1 ms

Parameters

K, K;

Ry, Ly > (tie-line parameters among pGs)
Off-grid inverter (full-bridge, LC filter type)

ta, ta

TABLE III
WEIGHT FACTORS IN MPC OPTIMIZATION OF TERTIARY LAYER

Parameters Battery FC
mode mode
Weights
oy, o 0.1,0.1 0.1,0.1
B B 0.1,0.1 1,1
VLV V3 10, 10,0 10, 10,0
Output variables (OVs) min. ECR* 0,0 0,0
OV max. ECR 0,0 0,0
Manipulative variables (MVs) min. 0,0,0,0 0,0,0,0
ECR
MYV max. ECR 0,0,0,0 0,0,0,0
Constraints
MV min. (P2 Puiz) W -5000, =5000  —5000, —=5000
MV max. (P2 Puz) W 5000, 5000 5000, 5000
MV rate min. (A Py A P, 3) W per —2500, =2500 —0.01, -0.01
sample
MYV rate max. (A P2 A P.3) W per 2500, 2500 0.01, 0.01
sample
Measured output (MOs) min. —5000, =5000  —5000, —5000
(Pouct, 2, Poucr, 3) W
MOs max. (PO,},(;], 2 PO,;:GI, 3) W 5000, 5000 5000, 5000
N,, N, T, (s) 20, 2, 100e~° 20,2,100 ¢

+72(Po 61, 3(t+5) — Po.uc, 3ret(trs))”

+ ’Yg(ASOC(H_j) — ASOCref(tJ’_]‘))Q. (19)

The first two weight terms (o) allow the relative utilization of
manipulative variables. Weight factor 3 facilitates the weighted
change in the manipulative variables. Weight factor -y is used for
assigning the weight to the objectives. The values of the weight
factors, physical constraints on manipulative variables, outputs,
and rate constraints in (19) are provided in Table III. The ECR
stands for the equal concern for relaxation. By opting for the
appropriate value of ECR, the designer can provide reasonable
flexibility at the constraints. For example, an ECR value equal
to zero leads to hard constraints on associated parameters. In
Table III, the battery and FC modes column denotes the weight
factors used in (19) for the battery and FC operating modes,
respectively.

B. Secondary Layer of Control

The objective of the secondary control layer is to control
the power flow among the uGs. The reference power flow for
the secondary control is generated by the tertiary control layer.
The active power flow between two inverters can be represented
as follows:

~ ViV.siné

P
X

(20)
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VsV cos O — V2
X X

where P and Q are active and reactive power, respectively. V
and V, are sending and receiving end voltages of inverters,
respectively. X is the transmission line impedance, and ¢ is the
phase angle difference between the sending and receiving ends.
It is assumed that impedance is inductively dominated.

Hence, the power flow between the ;tGs can be controlled
by controlling the phase angle between the Gs. The pGs are
interconnected by each other using the VSIs. It is required that
one uG inverter makes the reference grid, and the other uG
inverters should follow it and change their phase angle relative
to it (the reference grid inverter) as per the power requirement.
Therefore, the VSI of Gl makes the reference grid, and the
VSIs of G2 and £G3 follow this and change their phase angle.

Proportional-integral (PI) controller is used to obtain
the value of the phase angle (Fig. 4). The value of the phase
angle change can be obtained by

Q=

2y

0y = (Kp + Ki/s) (Puc1,2(t+45) — PRef,Net,uG1, 2(t45))
(22)

03 = (Kp + Ki/s) (Puc1,3(t45) — PRef,Net,uG1, 3(t45))
(23)

where k,, and k; are the proportional and derivative gains of the
PIcontroller (Table II). P, g1, 2(t+;) and Pref,Net, 1 G1,2(t45) TEP-
resent the actual power exchange and reference power exchange
between Gl and G2, respectively. Therefore, the reference
voltage of the inverters can be formulated as follows:

Wstuc1 = Vier Sin(27 frer)t (24)
VVSI,;LG2 - V;ef Sin(Qﬂ—fref)t - 52 (25)
W3 = Veer SIN(27 fref)t — 93 (26)

where V. and f,¢r are the nominal values of the /G voltage and
frequency, respectively. Vysr i — 12,3 denotes the reference
signals for the VSIs for pG1, uG2, and uG3, respectively.
The discrete state—space model of the VSI inverter can be
represented as follows:
ir
v

HARIE

1 %
T, 1 I
C. R.Cs

[

27
3 @7)
where i;, and V, are the inverter inductor current and output
voltage, respectively; R,, Cs, and L, are the ac load resistance,
output inverter capacitance, and inductance, respectively.

The cost function for the inverters can be given as follows:

NI?
J = ZMVVSWGi:Lg,g(t +E[t) = Vo(t +k)|?
k=1
NP
+> " BlAu(t+k— 1) (28)
k=1
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where Au and V, are the control effort and output voltage of
the inverter, respectively. The control effort is the magnitude of
the sine wave which is compared with the triangular wave for
generating the SPWM signal for the given inverters.

C. Primary Layer of Control

The objective of the primary control layer is optimally dis-
tributing the power among the components within each uG
considering their response time and physical constraints on the
SOCs. MPC methodology is used in the primary control layer.
The state—space model for the primary layer can be provided as
follows:

SOCsc 1.0 0] [SOCsc
SOCpy | = [0 1 0] |SOCgy
SOCHyd 0 0 1] [SOChyg
GscTs/Csc 0 0 0 §SC
+ 0 CBath/ C'Bat 0 0 Plljzl
0 0 CecTs/Chya 0 Pona
(29)
The output matrix can be written as follows:
Pret 000 SOCsc
SOCsc 100
SOCBat
SOCgat 010 SOC
SOChyq 00 1 Hyd
1 1 1 1| |Psc
0 0 0 0| |Pga
o 0 0 o] | P (30)
0 0 0 0| |Porid

Csc, CBat, and Cryq are the storage capacities of SC, bat-
tery, and hydrogen tank, respectively. The cost function for the
primary layer is given as follows:

Nu

J = Z o1 Pscer iy + a2 Poa(irs)” + @3 Prcisi)
=1

+ B1APsc(145)% + BoA Poa(tr )’

+ BSAPFC(t+j)2 + ﬂ4APGrid(t+j)2
Np

+ Z’YI(PNet(t—Q—j) - F)Net,ref(t+j))2
j=1

+ Y2 (SOCsc(t+j) - SOCSC,ref(t+j))2
+ 73 (SOCBat(t+j) - SOCBat,ref(t+j))2
+ 74(MHL(t+j) - MHLHyd,ref(t+j)>2'

+ 04 Parid(+5)

€1V

The methodology and constants in (29) of the primary control
layer and the weight-tuning and constraints of (31) are taken
from [33]. This part is not discussed here in detail to avoid
redundancy.

Information exchange is required among different layers in the
G groups. In practical applications, this information exchange



KUMAR et al.: UNIFIED CONTROL SCHEME BASED ON MODEL PREDICTIVE CONTROL FOR HYBRID-ENERGY-STORAGE-BASED MICROGRIDS

P 1
! IS;cyoel:'dary Pucrs Vs Lsind o H
1 <2 1
. e X, SP® |
! ~ s Pregneucis :

Adaptive MPC

i
I

_ |
PrepNet61,2= %1Pregrer '
I

|

I

1

P Ref,NetuG1,3 |
o
1

PpGI,Z 1
Secondary Layer:

Fig. 7. Simplified overall control diagram of all layers.
1000
g X
2
g 0 X S
<
g X
.= -1000 ‘
& -15 -10 -5 0
£ Real Axis (seconds™)
(a)

1500
21000 .
=
o
8 500
g 0 e By i .é:.::
<
> -500
g
‘Bn -1000
< -
E 1500

-1200 -1000 -800 -600 -400 -200 0

Real Axis (seconds™!)

(b)

Fig. 8.
system.

Stability analysis of the system: (a) secondary layer and (b) overall

can be achieved via wired (i.e., PLC or CAN) or wireless (i.c.,
Zigbee, Wi-Fi, Bluetooth, or cellular network communication)
[36]. In this article, the direct connection of different signals is
considered for information exchange in simulation development.

The overall stability of the overall system (primary, secondary,
and tertiary) is studied in a simplified scenario. In this cluster
of uGs, the power exchange occurs when all the storages are
saturated and power balance is achieved by exporting/importing
the power to other ;tGs. Therefore, during the power exchange
among the ;G, the dc bus voltage is regulated by exchanging
power with other 4Gs and the overall system can be simplified as
shown in Fig. 7. Furthermore, it is assumed the MPC controller
in the second and tertiary layer is sufficiently fast to track
the reference value. A delay is added in the control loops to
take care of the delay in tracking the reference values in MPC
controllers. The secondary layer MPC stability is studied as
shown in Fig. 8(a). The Root locus diagram shows that for the
giving tuning parameters (weight factors) the system behaves
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stably. Similarly, using the design parameters the overall system
behaves stable as shown in Fig. 8(b).

D. Design Guidelines and Procedure for the Proposed
Controller

The tertiary layer working is based on the optimization of the
cost-function J. MPC optimizes its control actions (manipula-
tive variables) to minimize the cost-function subjected to given
constraints on the control and output variables. By using the
appropriate weights, one manipulative variable can be penal-
ized compared to another in optimization. Therefore, tuning of
parameters is essential for the desired response of the controller.
In the tertiary layer of control, tracking the reference power is of
utmost importance; therefore, high values are assigned to y1 and
v2. However, the minimization of the SOC difference between
the ESSs in G 2 and pG 3 is not important; therefore, 3 is kept
at 0 to provide flexibility in the operation. For effective power
balance, the cost terms associated with P, 1,2 and P, 1,5, and
AP, 1,2 and AP, g1, sarerelatively less important compared to
tracking the power reference signal. Therefore, in battery mode
(Table III), lower weights are assigned to 3 ; and 3 as compared
to the Y’; and Y. Similarly, lower values of «; and oy are
assigned as compared to Y’y and Y». However, the FC mode has
higher weights of 3; and 32 for penalizing the rate of power
exchange during this mode. In addition, further constraints are
added to the rate of power change during FC mode. In this case,
it was kept at 100 W/s.

Prediction and control horizons are also very important in the
controller design. Generally, a suitable choice can be T = T N,
where N,, is the prediction horizon, T is the sampling time, and
T is the desired response time. The control horizon (N.) must
be equal to or less than the prediction horizon. A large value of
the control horizon may require a high computational power. In
the present article, several simulations in different conditions
were performed for the suitable choice for Np and N..

Similarly, in case of designing the MPC for the secondary
layer to minimize the cost function (28), tracking the reference
output voltage is of utmost importance. Therefore, the higher
weight is assigned to A (for tracking reference signal) while the
lower weight is assigned to 3 (for control move).

The power-sharing among the 1Gs depends on the SOC and
MHL of ESSs in the given cluster. This accurate power-sharing
can be achieved by updating the parameters MC1 and MC2
using adaptive MPC (refer to selection of the operating modes
in the tertiary layer algorithm). MC1 and MC2 can be defined
as variables that depend on the SOCs and MHLs of ;Gs. The
calculation of these variables is conducted based on certain
decision-making using the algorithm (selection of the operating
modes in the tertiary layer) in Fig. 6. Therefore, MC1 and MC2
are estimated based on the SOC and MHL values in mode 1,
mode 2, and mode 5. In mode 1 and mode 2, power-sharing is
based on the SOCs of ESSs and in mode 5 power-sharing is
based on the MHLs. However, in certain situations, SOC or
MHL-based power-sharing among pGs is not desirable. For
example, SOC in puG 2 is out of the working range while
SOC in pG 3 is in the working range. Therefore, in such a
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situation, FC power in uG 2 can be used for power exchange
among 1Gs avoiding the overcharging and deep-discharging of
the battery. However, utilization of the FC in G 2 is not as
energy efficient as compared to the battery. Hence, the proposed
controller prefers to share the entire power with G 3 which has a
battery SOC in the working range. By doing this, both objectives
of energy-efficient operation (avoiding the FC operation) as well
as avoidance of the deep-discharging and overcharging of the
battery storage can be achieved. In other words, the proportional
power-sharing is disabled and power is exchanged between two
1Gs only (that SOC in the working range). In such cases, MC1
and MC2 are chosen appropriately. The high weight of MC is
used to minimize the power exchange with the associated uG.
For example, in mode 4, G 2 does not have SOC in the working
range while ¢G 3 has SOC in the working range; therefore, as
per control logic it is intended to exchange the power between
1Gs 1 and 3 and power exchange between pGs 1 and 2 should
be disabled. This is achieved using a high value of MC1 which

is taken around 200 and a low value of MC2 which is 1 (refer
to mode 4 in selection of the operating modes in the tertiary
layer algorithm). Selection of the operating modes in the tertiary
layer). Using value 1 for MC2 ensures that all the power is
exchanged between pGs 1 and 3. Similarly, MC1 and MC2 are
updated for mode 4, mode 6, and mode 7.

The adaptive MPC accurately updates the plant matrices by
measuring the SOC and MHL in real-time conditions. Therefore,
accurate power-sharing among the ;1Gs can be ensured based on
the SOC/MHL. The power exchange among the ;Gs during
the FC mode (when hydrogen MHL is within the range) is
effectively controlled by incorporating the constraints on the
maximum and minimum values of the rate of power exchange. In
addition, the appropriate weights of the rate of power exchange
(as given in Table III) are also chosen carefully. During smooth
power control of power exchange among uGs, grid power is
used to provide the required power balance in the G cluster.
In this mode, power exchange among the uGs (provided by
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the FC generators) is smoothly controlled by the tertiary layer
ensuring the better and more durable operation of the FCs.
A similar approach is used for the battery mode, however, a
less strict condition is imposed for the rate of power exchange
during battery mode as compared to the FC mode (Table III).
Effective and controlled power exchange using tertiary layer
control provides efficient and durable operation of the FC. The
tuning of the PI in table is performed by the root locus method
by obtaining the transfer function of (22)-(24).

IV. RESULTS AND DISCUSSIONS

A. Scenario 1: nG1 Has Surplus Power and Battery Storage in
wG2, and pG3 is in the Functional Range (40%—-80%)

The working of the unified controller in Scenario 1 is shown
in Fig. 9. In this scenario, both ;G2 and ;¢G3 have battery SOC
in the working range corresponding to mode 2 (selection of the

operating modes in the tertiary layer algorithm). The status of
the Pet,rer in the 1G1 is negative (the sign convention has been
taken reverse as compared to algorithm [selection of the operat-
ing modes in the tertiary layer, in Fig. 9(b) for better illustration].
Battery SOC in ;/G1 reaches the maximum value (approximately
78%), which means that an excess of power needs to be utilized
to maintain the power balance in the 4G1. The power imbalance
in the uG1 is simulated by varying PV power, as shown in
Fig. 9(a) at instants #y, t2 and t3, respectively. Fig. 9(b) shows
that as the power imbalance in ;G 1 happens, the power exchange
among the pGs is varied proportionally. Fig. 9(b) represents the
power distribution P,y 9, and P,g;,3 which is proportional
to the SOC of ;G2 and G3. The SOC of the ©G3 is higher
than the SOC of ©G2; therefore, the magnitude of the power
flow P, G1,2 is higher than the power flow between P, 7,3,
which is consistent with the derived equations in (5), (6), and (7).
As the power exchange between the ©Gs is used to charge the
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battery storages in respective 1Gs, the SOCs of battery storage in
1G2 and 1G3 increase correspondingly, as justified in Fig. 9(c).
The stability of the dc bus voltage in different ;Gs is shown in
Fig. 9(d). The transient variations in the dc bus voltage in Gl
correspond to the transient power imbalance. In Fig. 9(e), the
magnitude of the current flowing i,, ¢, » and i,, o1, 3 between the
1Gs is proportional to the corresponding values of the power
exchange P, q1,2 and P, q;, 3, respectively. This can be seen as
the proposed unified control facilitates the stable operation of all
the 1Gs during all the conditions of the power imbalances. The
waveforms of the ac current flowing between the different Gs
are shown in Fig. 9(e). Fig. 9(f) shows the zoom-in view of ac
current waveforms in the tie-lines among the different 1 Gs. The
output voltage waveforms of the VSIs in different ;/Gs are shown
in Fig. 9(g). Based on the power reference signals generated by
the tertiary layer control, the secondary layer control adjusts
the relative phase angles of the respective VSIs. The VSI in the
#G1 (VSI,q1) functions as a reference voltage node while the
magnitude and phase of the VSIs in G2 and uG3 (VSI,q2
and VSI,,g3) are adjusted according to the VSI, g;. The phase
of the VSI,, g2 and VSI,, g3 are lagged compared to the VSI,, 1
depending on the power exported from the Gl to G2 and uG1
to 1G3. As the power exchange P, 7,2 is higher compared to
P, c1,s, the phase difference between V¢, ¢r and Vacugse is
greater than that between the V¢, g7 and V4 cs. It is worth
mentioning that small capacities of ESS are used for showing
reasonable variations in the SOC and MHL in a short time
duration.

B. Scenario 2: unG1 Has Deficit Power and Battery Storage in
uG2, and pG3 is in the Functional Range (40%—80%)

The working of the unified controller in Scenario 2 is shown
in Fig. 10. In this scenario, the battery SOCs in uG2 and pG3
are in the working range; however, power is in deficit (mode 1,
selection of the operating modes in the tertiary layer algorithm).
Therefore, to maintain the power balance in the uGl, deficit
power needs to be imported from the G2 and ;G3. Fig. 10(a)
shows the transient power imbalance due to variation in solar
irradiance at the instants f4, g, s, t;, t5, and ¢4, respectively.
The power exchange at these instants is shown in Fig. 10(b).
The magnitude of the power is negative which shows the power
is imported from G2 and pG3 to uG1 [the sign convention
has been taken reverse as compared to algorithm; selection of
the operating modes in the tertiary layer in Fig. 10(b) for better
illustration]. The power exchange is inversely proportional to
the PV power because lower PV output requires more power
to be imported from the other Gs to balance the supply and
demand in the ;1Gs cluster. The value of the SOC in ;1G3 is higher
compared to that in the ©G2; therefore, power flow P, ¢z, 3 is
higher compared to the P,, g1, 2, which is in accordance with (2),
(3), and (4). The SOC values decrease in the respective uGs,
as shown in Fig. 10(c), which is justified by the discharge of
battery storages in G2 and pG3. The stability of the dc bus in
the 11Gs cluster is shown in Fig. 10(d). It represents the transient
variation in the dc bus voltage of ©G1 due to power imbalance
[Fig. 10(d)]. It can be seen that the dc bus remains stable in all
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the instants of the power transients. The waveforms of the ac
current in the tie-lines between ;1G1,2 and ;4G1,3 are shown in
Fig. 10(e). The magnitude of the current following i, ¢;,» and
iuc1,3 between the uGs is proportional to the power exchange
P, c1,2 and P, g, 3, respectively, as shown in Fig. 10(e).
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The zoomed-in view of the waveforms of the VSIs in all
three ;Gs at a given instant is provided in Fig. 10(f). Follow-
ing the power reference signals by the tertiary layer control,
the secondary layer controls the relative phase angles of the
respective VSIs. As it can be seen that the power is imported
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to the G1 from pG2 and pG3; therefore, the phase of VSI, g1
lagged compared to the VSI,q2 and VSI, g 3. As the power
exchange P, 1, 2 is lower compared to P, ¢, 3, the phase differ-
ence between V. ;g1 and Vi, g is higher (lagging) than that
between V. a1 and Vi, go. Fig. 10(b) instant #,,,, represents
the transition from mode 1 to mode 7 (selection of the operating
modes in the tertiary layer algorithm). In this case (mode 7), the
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power exchange occurs only between G 1 and 3, and P, q; 2
decreases to zero because the SOC of the G3 decreases to
a lower value (nearly 40%). This is achieved by assigning a
higher value in MC1 as compared to MC2 in the selection of the
operating modes in the tertiary layer algorithm.

C. Scenario 3: uG1 Has Deficit Power, and Hydrogen Storage
is in the Functional Range in nG2 and pG3 (20%—-90%)

In this scenario, the hydrogen storage in G2 and pG3 is
active, which means both SOCs of battery storage in 4G2 and
1G3 have achieved lower limits of SOC. Therefore, the deficit
power in ©G1 needs to be provided by the FCs from the ;4G2 and
1G3. In this case, the magnitude of the power exchange among
the pGs is inversely proportional to the PV power because a
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TABLE IV
THD PERFORMANCE OF THE VSI IN A GIVEN MICROGRID CLUSTER

Inverter voltage THD (%) for f=0.01 tuning weight in (28)

Np N,=1 N,=2 N,=3
2 3.1 3.12 3.11
4 2.89 2.81 2.82
6 2.81 2.81 2.81
8 2.6 2.5 2.5
10 2.5 24 2.4
15 2.6 2.7 2.8
20 2.7 2.7 2.9

lower value of PV power needs more power to be imported to
make the balance in supply and demand. This power exchange is
made by the FCs of respective ;1Gs; therefore, the corresponding
values of the MHL in pG2 and puG3 decrease, as shown in
Fig. 11(c). The SOC values in G2 and ;G3 remain stable as
they are dormant and do not operate in this scenario [Fig. 11(c)].

As FC has a slow response, the power output of the FC varied
in a controlled way as mentioned in Table III. The different
weight factors and constraints are used in the case of FC mode.

As the value of the MHL in 1/G2 is higher as compared to that
in uG3, power flow P, gy 2 is higher as compared to P, 1,3,
which is in good agreement with the design formulation in
Section III-A (8), (9), and (10). The power curve in this scenario
is shown in Fig. 11(b), while the status of MHLs is shown in
Fig. 11(c). Fig. 11(d) depicts the transient variations in the dc
bus voltage of the uG1 during the power imbalance conditions
which is justified.

D. Performance Analysis of the Proposed Controller for
Voltage Source Inverter and DC-DC Converter

As a case study (Scenario 1) in a given uGs cluster, it is found
that the proposed method decreases the inverter voltage THD
and rms error by 23.04% and 34.87%, respectively, compared
to the conventional PID-based method. In the given microgrid
cluster, the THD of the VSI inverter current and grid current
are found to be 3.85% and 3.24%, respectively. The MPC is
applied to track the reference inductor current of the dc—dc
converter in the primary layer of the uGs cluster; it is found
that maximum overshoot decreases by 5.23% and the setting
time reduces to 1 from 10 ms compared to the conventional PI
method. A comparative study is performed in the present article
to evaluate the performance of PI-MPC and deadbeat-MPC in
the secondary layer and their effect on the system performance. It
is found that the dc bus overshoot increases by 1.2% in deadbeat
MPC as compared to the proposed PI-MPC. However, the setting
time decreased to 0.85% in the deadbeat MPC as compared to the
proposed method. Table IV shows the THD at the output voltage
of the inverter for different values of the prediction and control
horizons. It is found that the THD value does not vary signifi-
cantly by increasing the control horizon; however, it increases
the computational requirements. THD value increases for the
lower and higher values of the prediction horizon. For example,
Table IV shows that the THD value is higher for N, = 2 and
reduced for N, = 10. Therefore, there is a tradeoff between the
accuracy and computational requirement, and a suitable value
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TABLE V
RMS ERROR ANALYSIS OF THE VSI IN A GIVEN MICROGRID CLUSTER

Inverter voltage rms error (%) for f=0.01 tuning weight in (28)
N,=1 N,=2 N,=3

N, u u u
2 0.47 0.46 0.46
4 0.46 0.46 0.46
6 0.44 0.43 0.42
8 0.42 0.42 0.42
10 0.41 0.40 0.40
15 0.43 0.42 0.42
20 0.45 0.45 0.45

of the prediction and control horizon is selected considering
the required accuracy and computational requirement. Table V
shows the rms error at the inverter output for different values of
the control and prediction horizons.

A parametric uncertainty analysis is performed for the inverter
system using the adaptive MPC in the present article, to evaluate
the robustness of the proposed MPC controller for the inverter
system. LC parameters uncertainty can happen in the inverter
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PHIL analysis of the proposed controller in Scenario 1. (a) Power exchange among the ¢Gs. (b) SOCs in uGs. (¢) DC bus voltage in the p4Gs. (d) Current

system due to temperature effects and aging of components.
Multiple simulations have been carried out to evaluate the LC
parameter uncertainty on the grid power. In the simulation, the
plant model of the voltage source converter is kept similar, while
the values of the LC filter parameters in the physical circuit
are varied. The effect of the LC parameters on the inverter
current is analyzed. It is found that the present controller is
robust against the reasonable uncertainty in the LC param-
eters (—60% to 80%). It is found that the inverter current
remains stable and its THD varies from 4.2% to 4.8% for —60%
to 80% variation in the uncertainty in L and C values of the in-
verter system. The inverter current THD is 3.24% at the original
values of the L and C (considering negligible uncertainty) in
the inverter system. The adaptive MPC-based tertiary layer also
handles the uncertainties in hybrid storage’s SOC and facilitates
the desired power sharing.

1G 1 is connected to the main grid using the grid-connected
inverter. This grid-connected inverter is controlled using the
MPC controller. The MPC for the inverter enables the robust
performance of the inverter during the changes in the grid
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Fig. 20.
exchange among the uGs. (e) AC bus voltage in the pGs.

conditions such as variation in the grid frequency and voltage.
It is found that the power exchange with the grid remains stable
concerning the 0.5% and 5% variations in the grid frequency
and amplitude of the grid voltage, respectively.

E. Plug-and-Play of nGs

The plug-and-play performance of the proposed controller is
validated in this section. The #G1 and G2 are disconnected and
reconnected at certain instants (¢, o) and (¢3, t;), respectively,
as shown in Fig. 12. The operation of the /G remains stable and
power balance is achieved. During the events of disconnection
of the G2 and pG3, the surplus power is supplied to the grid to
provide the balance in the supply and demand in the ;1Gs cluster.
As soon as given G1 or G2 is reconnected to the ©G1, the grid
power becomes zero. Therefore, itis concluded that the proposed
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unified controller is fully capable of handling the plug-and-play
characteristics of the uGs.

F. Effect of Time Delay

The effect of the delay in the tertiary layer on the overall
system stability was observed. It was found that the proposed
control scheme worked satisfactorily for a considerable range of
the delay and the dc bus for 4G1 remained stable showing stable
behavior of the overall system. However, for a large value of the
delay the dc bus voltage started showing unstable behavior as
shown in Fig. 13.

G. Comparison With Existing Benchmark Methods

The proposed power-sharing scheme has been compared
with existing/conventional methods [1], [17]. In conventional
1 (Conl), the power-sharing among pGs is achieved by a
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TABLE VI
COMPREHENSIVE ANALYSIS OF DIFFERENT CONTROL STRATEGIES
Parameters Con 1 Con 2 NMPC Propos
ed
Max. AP, (W/s) 6693 100 110 100
Max. AP, (W/s) 7246 100 100 100
. 1G]
Min. AP, (WIs) —5215 —100 —115 —100
Min AP,;,,(WJs) —3728 —100 —100 —100
AMHL (%) 591 434 5.70 4.05
Max. dc bus voltage (V) 1.67 0.91 1.62 0.92
Max. overshoot dc bus (%) 15.02 9.02 14.88 9.02

rule-based approach as shown in Fig. 14. The conventional 2
(Con2) strategy does not use adaptive MPC features in power
sharing as shown in Fig. 15. The proposed adaptive MPC is
suitable for handling the constraints on the rate of power ex-
change among ©Gs. Therefore, a smooth variation in the power
exchange among 11Gs can be ensured during the FC operations
using the proposed tertiary control as shown in Fig. 16. This is
very helpful for the durability improvement of the FC device
whose lifespan can be adversely affected by the high-frequency
operating power. It is worth mentioning that the rate of power
exchange among 1Gs is strictly regulated [using high weight
factors in (19) compared to Scenario 3]. Conventional 1 is
ineffective for conventional 2 facilitates equal power-sharing
irrespective of the SOC. The difference in MHL for different
1Gs is shown in Fig. 16(b). The difference in the MHL between
1G2 and pG3 can be reduced significantly using the proposed
method compared to the conventional 2. However, a higher value
of difference in the MHL is obtained using the conventional 1
power scheme. This can be due to the high-power output of
FC in both uGs. However, this uncontrolled FC output is not
desirable for FC considering its slow response and tendency to
performance decline at high fluctuating power. Therefore, the
proposed method is more effective considering the controlled
(smooth) power exchange as well as minimizing the difference in
the MHL between pGs. The effect of the dc bus regulation using
the proposed and conventional methods is shown in Fig. 16(d). It
can be seen that the proposed method is effective in minimizing
the maximum overshoot in the dc bus as compared to conven-
tional 1. A comprehensive comparison of the performance of
1Gs in different cases is provided in Table VI. In the present
article, the steady-state error for tracking the reference dc bus
voltage of microgrids with the complete MPC-based model was
found to be 0.41% while the PI-MPC-based method was found to
be 0.19%. The results demonstrate that the rate of power change
is effectively controlled in the proposed method compared to
the conventional 1. The zoom-in-view of the power exchange is
shown in Fig. 16(a). Fig. 16(d) shows the comparison of power
exchange with the grid for different control strategies. In the
proposed method, the rate of change of FC power is controlled
and restricted, resulting in higher power exchange with the grid
in both the proposed and conventional 2 methods compared to
conventional 1. The maximum overshoot in the dc bus in uGl
decreases by 39.94% while the maximum deviation in the dc bus
isreduced by 42.44% using the proposed method as compared to
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the conventional 1. Table VI provides a comprehensive compar-
ison between the proposed method and existing benchmarks.
One of the major advantages of the proposed method is that
the difference between the SOC of the hybrid ESS for uGs
can be minimized. As the level of the SOC of hybrid ESS
(for given storage for example battery or hydrogen) given uG
indicates the level of surplus renewable energy; therefore, the
SOC-based power-sharing equalizes the level of surplus/deficit
renewable power. In addition, the tertiary layer also provides
energy-efficient operation by enabling the higher power ex-
change with 4G having battery SOC in the working range as
compared to other 4G (where hydrogen storage is working). The
proposed method also considers the rate of power change of the
expensive devices i.e., FC which is helpful for the betterment of
their lifespan. The MPC is also helpful for operating the hybrid
ESS in a safe operating range of SOC; which is better for their
safe and reliable operation. The proposed tertiary controller also
enables the smooth plug-in and plug-out operation of the uGs.

H. Experimental Analysis

For experimental verification, the proposed controller is im-
plemented using PHIL equipment, with the real-time simulator
OPAL-RT4610 and the power amplifier APS2500. The pGs
cluster model is designed on the host computer using MATLAB
2018 and executed on the target computer via the RT-Lab tool.
The RT-Lab interface generates the C code of the plant model
and compiles it on the CPU of the host computer. The description
of the PHIL experimental setup is depicted in Figs. 17 and 18.
One core is used for replicating each uG; therefore, a total of
three cores are used. The inverters’ voltage, current, and power
as well as the ©Gs’ connection points are replicated by three
power amplifiers (APS2500 1-3) connected in parallel as shown
in Fig. 18. In other words, the voltage and current of the VSI
located in each 11G are reproduced through each power amplifier.
In detail, the inverter voltage and current of 4G1 are reproduced
through power amplifier 1, which operates in constant voltage
mode to perform voltage control on the voltage of the uG
interconnection point. The inverter voltage and current of G2
are reproduced through power amplifier 2, which operates in
constant current (CC) mode to perform current control on the
current input and output through ©G2. Similarly, the inverter
voltage and current of ;1G3 are reproduced through power ampli-
fier 3, which operates in CC mode to replicate the current amount
of nG3. As a result, since the power amplifiers are connected
in parallel, the currents flowing into (or going out from) G2
and ¢G3 are combined and output from power amplifier 1. The
combined quantity current is fed into the real-time simulator
device (OP4610) through the analog input port.

Experimental verification using PHIL is performed based on
the three scenarios applied in the simulation verification. The
experimental verification results are measured from the (Topset)
to the scenario end time using an oscilloscope. Fig. 19 shows
the experimental validation results of the proposed controller in
Scenario 1 using PHIL. As can be seen, the power exchange
between the uGs is proportional to the SOCs of the storage.
The variations in SOCs of the respective ©Gs are shown in
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Fig. 19(b). The 20 V in Fig. 19(b) in SOC represents 20% of
SOC. The variations in the dc bus voltages of the given uGs are
demonstrated in Fig. 19(c) using the PHIL experiments. The dc
bus voltages of uG1 (V,q1), G2 (V,ag2), and uG3 (V,q3) are
shown to remain stable under all power imbalance conditions
through the proposed unified control. Fig. 19(d) depicts the
flowing of the ac current exchange among the 1tGs. As designed
in the PHIL experimental setup, the current exchange between
p#G1 and pG2 (iyq1,2) and the current exchange between pGl
and uG3 (i,,g1,3) are reproduced by the power amplifier.

The current flowing among G1, G2, and pG3 (inet) is the
sum of i,,g1,2 and i,, 1,3, Which is also reproduced by the power
amplifier. It is found that the variations in the current PHIL
experiments are similar to those expected in the simulation. The
voltage of VSI in the different ;4Gs is shown in Fig. 19(e). The
VOItHgCS of VSI[J,Gl (Vac,/LG1)7 VSI/LG2 (Vac,,uGQ), and VSI/LG3
(Vac,uc ) are shown to be stable under the conditions of chang-
ing power exchange between 11Gs. The operation of the proposed
control strategy in Scenario 2 is shown in Fig. 20. Similar to
those expected in the simulation results, the power exchange is
inversely proportional to the SOCs of the respective ;tGs. The
variations in the Vg1, Vg2, and Vg3 are demonstrated in
Fig. 20(c) and are similar to those in the simulation study. The
variations in the SOCs and current waveforms are also shown
in Fig. 20(b) and (e), respectively. The 20 V in Fig. 20(b) in
SOC denotes 20% of SOC. Fig. 21 depicts the operation of the
proposed controller in Scenario 3 using PHIL experiments. The
power exchange between the /Gs is shown in Fig. 21(a). P, 1,2
and P, 1,3 are inversely proportional to the SOC value of the
ESS and the MHL level of the hydrogen tank in the ©Gs. The
10 V in Fig. 21(b) for MHL denotes 10% of MHL, and the 20 V
in Fig. 21(b) for SOC denotes 20% of SOC. Fig. 21(d) depicts
the variations in current flowing through each ;G in Scenario 3,
which are similar to those expected in the simulation. Fig. 21(e)
represents the VSI voltages for different ;Gs, and the enlarged
figures demonstrate that the ac voltage waveforms are properly
output through the power amplifier.

V. CONCLUSION

This article addresses a hierarchical (primary, secondary, and
tertiary) power-sharing scheme in the puGs cluster especially
based on the hybrid ESS. An adaptive MPC-based unified ter-
tiary controller is proposed for the hybrid ESS-based ;:Gs cluster
for facilitating the SOC-based power distribution. All three
hierarchical control layers (i.e., primary, secondary, and tertiary)
are solved simultaneously, and the overall dynamic performance
is presented. It was found that it is capable of facilitating all
the set objectives while taking care of all operating conditions
i.e., SOC limitations, rate of power change of power devices,
and maximization of renewable power. The proposed control
strategy provided the maximum overshoot of 9.02% in the dc bus
which was found to be 15.02% using the conventional approach.
In addition, using the proposed tertiary control method, the rate
of power exchange among :Gs can be smoothly controlled (100
W/s) corresponding to the FC operating modes in the respective
1Gs which is better for the FC lifetime. An interesting future
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research proposal can be developing and testing new variants
of MPC such as hybrid models that can combine physics-based
models with data-driven techniques to improve the accuracy and
reduce the model complexity.
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