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Abstract - In this article, a fractional-order proportional integral- differential (FOPID)
controller and its modified structure, called a Hybrid FOPID controller, are presented. To
guarantee optimal system performance, the gains of the proposed Hybrid FOPID controllers
are well-tuned. The proposed controllers are assessed in a hybrid system with two domains,
where each domain contains a DC Grid and AC grid. This paper introduces a new adaptive
control strategy for power-sharing in a hybrid AC/DC Microgrid (HMG).The existing
interlink converter (ILC) control methods exhibit limitations under heavy load and
contingency conditions. To overcome this limitation, a bidirectional control strategy is
proposed for the ILC, which effectively coordinates battery energy storage systems (BESSs)
in both sub-grids while justifying stress on the ILC and BESSs. The control strategy utilizes
the state of charge (SoC) and instantaneous power of the BESSs to stabilize frequency and
DC voltage on the AC and DC sub-grids, respectively, enabling autonomous operation and
plug-and-play capability. Stability analysis employing root locus and a stress level
relaxation index for BESSs are presented. Performance evaluation based on the moving
mean square error criterion validates the effectiveness of the control strategy. Simulation
results using MATLAB/SIMULINK demonstrate the superior performance of the proposed
strategy in regulating both voltage and frequency within the system over the existing control
approaches. Furthermore, the proposed approach significantly reduces stress levels on the
BESSs in different operation conditions.

1. INTRODUCTION

A microgrid is a small-scale network comprising controllable distributed generation units,
loads, and battery energy storage systems (BESSs) that can operate in grid-connected or
islanded mode [1]. A hybrid microgrid (HMG) includes AC and DC microgrids with loads and
one or more interlinking devices as a tie between subsystems [2].

HMGs bring excellent advantages from both the grid perspective and the customers’
point of view. A HMG eliminates several successive power converters to convert the AC
power to DC and vice versa, reducing overall system costs and losses. In addition, by
reducing the required number of power converters, the reliability and efficiency of the
microgrid will be boosted because the number of switches is reduced [3-5]. However,
choosing a suitable approach for interlinking and adopting the most effective and efficient
power-sharing between sub-grids and each unit is challenging. An inappropriate strategy
may increase the stress level on the interlink converter, leading to HMG instability and
resulting in a complete network outage [6,7]. Bidirectional converters, commonly called
interlink converters (ILCs), are used to couple the AC and DC sub-grids, seamlessly
exchanging the power between the two subsystems with the aim of voltage and frequency
regulation [§].
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In both AC and DC sub-grids, the power or load should be shared proportionally
among generation units according to their nominal capacities in an effective manner. In AC
microgrids (ACMGs), active and reactive power-sharing should be associated with frequency
and voltage regulation [9,10]. The voltage stability in DC microgrids (DCMGs) is achieved
through effective real power sharing [11,12]. In [13], a finite-state-machine-based controller
was proposed instead of the conventional inner controller layer of the DC micro grid with a
faster response. The plug-and play reflects the capability of the micro grid to regulate its
voltage and frequency under different operating conditions, such as generation units
disconnections/connections and load changes [14]|. The droop control method with plug-
and-play capability has been vastly used for load-sharing in ACMGs and DCMGs [15-17].
The ILC links AC and DC sub-grids to maintain the power balance. To achieve this goal, the
voltage at the DC terminal and frequency at the AC terminal of the ILC are utilized to
compare the status of the sub-grids, which is then used to implement a power-sharing
strategy between them [18,19]. Different strategies and devices for interfacing the ACMG
and the DCMG were discussed in [20], and it was concluded that using a single ILC may
outweigh the other methods in terms of economic consideration, reliability improvement,
and feasibility.

DC voltage to compare the ACMG and DCMG statuses and control the power-
sharing between them [21]. However, this strategy has some drawbacks, such as a complex
control strategy, challenges in voltage regulation and power quality issues [22]. In [23-25],
the authors proposed a global power- sharing approach by distributing the loads equally
between AC and DC subgrids even though their generation capacities were different. This
approach increases pressure on the ILC as it is not a capacity- oriented power-sharing
strategy. Also, a fault in each sub-grid may lead to the instability in the whole system. A
master-slave control method for load-sharing and harmonic mitigation was proposed in
[26], which requires high bandwidth communication for data acquisition and the exchange
information between parallel ILCs. Authors in [27] considered both AC and DC side voltages
as the decision parameters for power exchange. Furthermore, a line impedance estimation
technique was used to realize the dynamic condition of the network. However, the ILC had
unidirectional power exchangeability. Therefore, optimal power- sharing was not achievable.
Common bus technique was proposed in [28]. In this technique, each generation source
tries to regulate the voltage at the point of common coupling (PCC) bus rather than its local
bus voltage, employing a decentralized approach through the utilization of the droop control
method. While this approach improved voltage regulation under normal load conditions, its
performance under heavy load conditions is unsatisfactory. In [29], capacity-based power-
sharing in a HMG was investigated, but the control strategy was not adaptive as it was only
working based on the AC frequency and DC voltage. In other words, the performance of the
control system was not evaluated in contingency and heavy load conditions. Similarly, the
authors in [30] proposed a master-slave control strategy where the accuracy of power
sharing has been improved, especially when a communication failure occurs, by
introducing a coordination factor into the system. However, the loads were not shared
based on each subsystem generation capacity. A central energy storage system was utilized
in [31] to support both AC and DC subsystems. However, the voltage and frequency
regulation control strategy resulted in high over- shoots or undershoots. A global power-
sharing strategy was proposed in [32] which adopts a superimposed AC voltage onto the
nominal voltage of the DC sub-grid, despite the nominal capacities of the AC and DC
microgrids being different, which may increase the stress level on the ILC. A unidirectional,
centralized secondary control layer for reducing the error of voltage and frequency
regulation was proposed in [33]. However, the control system was only designed to transfer
power from the DC subsystem to the AC side to compensate for the power deficit in the AC
microgrids. A cost-based, multi-mode power- sharing strategy was proposed in [34].
However, its performance was not evaluated under heavy load conditions when the control
strategy is required to make a decision based on system regulation or cost. Similarly, an
efficiency-improved and cost-effective approach for power-sharing in normal load conditions
was considered in [35]. An adaptive control of the ILC based on the continuous mixed
Pnorm algorithm was proposed in [36]. However, the performance of the adaptive control in
overload conditions to regulate the voltage and frequency is not satisfactory. A nonlinear
exponential droop control strategy for controlling power-sharing between AC and DC
subsystems was proposed in [37]. The mathematical expressions of this method are
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discussed in Appendix. While this method enhanced the accuracy of power sharing and
improved voltage and frequency stability within the system, its performance in regulating
voltage and frequency under heavy load conditions is not desirable.

Although optimal capacity-oriented power-sharing was discussed in the literature,
there is a need for further attention on adaptive power-sharing strategies that can increase
system stability during heavy load conditions and reduce stress on the ILC. This paper
proposes and investigates a new autonomous adaptive control strategy that considers the
state of charge (SoC) level of the BESS and the amount of power available for power
sharing. This strategy aims to improve HMG stability and enhance frequency and voltage
regulation. The contributions of this research can be summarized as follows:

(A) Supporting the sub-grids of the HMG in high load and medium load conditions by
importing power from the other side in an adaptive manner by considering the
characteristics of batteries, including instantaneous power and SOC level to mitigate
the stress on the BESS and reduce the likelihood of losing system stability.

(B) Enhancing voltage and frequency regulation of the HMG in high load conditions by
adopting the proposed adaptive control loop.

(C) Proposing an index for evaluating the stress level on BESS based on its SoC and
instantaneous discharge power.

The rest of this paper is structured as follows. In Section 2, the pro- posed adaptive

control strategy is presented. Section 3 investigates the stability of the proposed control
system.

1. Proposed adaptive control strategy
The topology of the proposed control strategy is depicted in Fig. 2.1. This proposed control
architecture works based on the SoC level and instantaneous power of the sub-grid’s BESS.
The proposed adaptive control strategy is autonomous. In other words, it operates based on
the status of the BESSs of the subsystems without any concern about the type and number
of the generation sources and loads, as long as the planning and design criteria of the HMG
have been met. The concept of the sug%(gsted contrc})\lcsystem is illustrated in Fig. 2.2.
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Fig. 2.2 Conceptual illustration of the proposed control strategy.

H " VOLUME: 11, Special Issue 10, (IC-RITSEHM-2024) Paper id-IJIERM-XI-X, November 2024 "




| | INTERNATIONAL JOURNAL OF INNOVATION IN ENGINEERING RESEARCH & MANAGEMENT ISSN: 2348-4918 | |
Peer Reviewed and Refereed Joumal

Based on Fig. 2, six general operation scenarios may happen:

1. Green-Green Operation Regions:

When both BESSs operate in the green region it is interpreted that both ACMG and DCMG
are in a light load condition, and each BESS can be in charge mode or discharge mode. As a
result, there is no need to exchange power between them, and therefore, the ILC works at
the minimum exchange power rate condition. However, due to the interconnected nature of
the ACMG and DCMG, there may still be a slight power exchange between them, although it
is considered insignificant. This minimal power exchange rate can be regarded as the
minimum value of power transfer between the two sub-grids. Also, the stress level on the
ILC is at the minimum. The mathematical expression of this scenario is as below:

PAC (1) < PAC
{ BESS Lps (1)

DC DC
PBESS(I) <P

LDf.s‘

2. Green-Red Operation Regions:

In this scenario, one of the BESSs works in the green area, while the other operates in the
red region. This condition indicates that one of the microgrids is working in a light load
condition. In contrast, another sub-grid is in a high load condition, so the ILC should
transfer power from the microgrid with surplus power to the MG in the red zone to reduce
the stress level on the BESS operating in the red region. This scenario can be expressed as:

AC AC AC AC

PBESS(I) < PLD,-S or PBESS(I) > PLD.:, (2)
DC DC DC DC

PBESS(I) > PLD,-_Y PBESS(I) < PLD.-.,

3. Green Region-Maximum Discharge Rate:

This scenario is one of the critical situations for the HMG. One of the BESSs operates in the
green region while the other BESS is discharging with its maximum rating power. In this
condition, according to the proposed adaptive control strategy, the ILC plays a considerable
role in maintaining the system in its stable operation boundaries. The sub-grid with the
battery operating in the red zone imports power to alleviate the pressure on its BESS.
Otherwise, by continuously discharging the battery, the microgrid moves towards collapse.
The mathematical expression of this scenario is as follows:

AC AC AC _ pAC

{ PBESS(I) < PLD,—_\. or { PBESS(I) - Pmaxu.:; (3)
DC _ pDbC DC DC
Prpss(D) = PmaxD,-_\. Pppss) = PLD,._,

where PAC and PPC are the maximum discharge power of
Dis *Dis
AC and DC BESSs, respectively.

4. Red-Red Regions:

The term “Red-Red Regions” refers to a specific operating condition in the HMG where both
the ACMG and the DCMG experience a high-power demand that exceeds the capacity of
their respective BESSs. As a result, the BESS s are force d to discharge power beyond their
discharging power limit to meet the load demand. This situation can occur when there is a
simultaneous surge in power demand from both subgrids or when the available renewable
energy generation is insufficient to meet the collective load demand. In such scenarios, the
BESSs are subjected to high-stress levels, operating at their maximum dis charge capacity,
and may face challenges in maintaining voltage and frequency stability. Although both sub-
grid BESSs operate at a lower rate than their maximum discharge power rate, the HMG is
prone to instability because subgrids cannot support each other. This condition is not a
control system weakness, but it should be considered as a system constraint at the design
and sizing stage in order to have a broader range of operation. Therefore, the ILC should not
exchange power to exacerbate the situation. The below equation denotes this severe
scenario.

PDC (> PDC

PAC (f) > PAC
{ BESS Ly (4)
BESS

LD[.\‘
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5. Maximum-Maximum Discharge Rate:

Both ACMG and DCMG BESSs operate at their maximum dis- charge power rate in this
scenario. This is the most severe condition of the HMG, and the ILC cannot compensate for
the power deficit. The chance of system collapse is very high. Inappropriate sizing of the
batteries or other generation units and severe contingency may be the reasons for this
scenario. Thus, the ILC should not transfer power between subsystems. This worst case
scenario is described as:

AC — pAC
{PBESS(I) - PmaxD” (5)
DC — pDbC
PBESS(I) - PmaxD”

6. Red Region-Maximum Discharge Rate: In the last scenario, one of the BESSs is in the
red region, and its counter part is discharging at the maximum rate. Whilst the severity of
the contingency is less thancaseS5, the ILC should not exchange power. This is also a
limitation of the system at the design and planning stage. This scenario can be formulated
as below

AC AC AC — pAC

PBESS(I) > PLD,—J oF PBESS(I) - Pmaxﬂ,-j. 6)
DC — pDC DC DC

Perss® = Praxy, Pprss®> P -

The block diagram of the proposed control strategy is represented in Fig. 2.3. The control
block can be divided into conventional and adaptive control subsystems. The adaptive
control loop includes adaptive per- unit (pu.) and state estimation loops for calculating the
value of the adaptive factor based on the characteristics of the BESSs
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Fig. 2.3 The block diagram of the proposed control strategy

the control strategy to calculate the ILC active power reference maintains the voltage and
frequency of the sub grid operating in the steady-state condition. The steady-state condition
means insignificant changes in voltage and frequency when the HMG encounters slight
variations in its generation or load levels. Nevertheless, this control system cannot regulate
the frequency and voltage within their permissible ranges in contingency and heavy load
conditions. In this paper, this control strategy is considered as the conventional or Flow
tuning interlinking control method [18], and its performance in different study scenarios is
demonstrated in the simulations and results section. In order to overcome the shortcoming
above, whilst also reducing the stress level on the ILC, a new control approach that
adaptively calculates the reference active power for the ILC is proposed. By measuring the
instantaneous power of the BESS and comparing it with its maximum rating, the utilization
factor, t) for each sub grid is calculated in (7) and (8).
DC DC 0]

Lpis T BESS

DC AC
M ax(‘Pmux Dis’ PMU-\'D;.\
AC _ pAC
PLD!.; PBESSU)
Max(PPC  pAC )

maxpjg’~ Maxpg

(7)

apc(t) =

(8)

ayc(t) =
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Where P;P is is the discharge rate threshold for the independent operation of each
sub-grid and reduces the stress level on the ILC and the BESSs. PAC,,Pis and PP, Dis are
the maximum discharging or charging rates of the AC and DC BESSs. PDC BES(t) and PAC
BESS(t) are the instantaneous discharging or charging power of DC and AC BESSs,
respectively. ap(t) and aac(t) represent the normalised values of the available power of DC
and AC BESSs which can participate in the adaptive power sharing control loop. Utilising
normalised values offers a more comprehensive understanding of the battery’s status and
conditions, as the nominal capacities and specifications, such as charging and discharging
power, can vary between the AC and DC sides’ BESS.

When the discharge rate is below P;?is, each microgrid can meet its load without
relying on power imports from other sub-systems, thus reducing the stress on the ILC by
minimizing the power exchange rate. However, if the discharge rate exceeds this threshold,
the ILC needs to exchange power adaptively to compensate for power deficits in heavy load
conditions. The determination of this threshold depends on several criteria, including the
required demand for critical loads, such as hospitals, and the penetration rate of the BESS
to maintain system stability and regulation. If the utilisation factor, (t), is positive, it shows
that the sub-grid is operating in the normal condition and can export power to the other
subgrid. In contrast, when the utilisation factor is negative, it indicates that the sub-grid is
operating in a heavy load condition, or a contingency has occurred, and therefore, the
subsystem needs to import power (provided that the other side has surplus power) to
regulate the voltage or frequency of the system depending on which sub-grid is facing power
deficit. In addition to the discharging/ charging power rate of the BESSs, the proposed
control strategy considers the SoC of batteries. The SoC denotes the rate of the remaining
energy of the battery at a specific time over the maximum energy of the battery [43]. Hence,
an adaptive coefficient, (t), regarding the SoC is considered in this study. If the SoC level of
the BESS is less than the predefined minimum value of that, the BESS cannot support the
other sub-grid, as discharging the BESS further below the threshold reduces its lifespan.
Similarly, if the SoC level exceeds the maximum predefined limit, the upper limit for the
discharge power is set to the maximum nominal discharge power rating. Otherwise, the
discharge power is limited to the SoC level according to (9).

Vimin SOC(?) < SOCW-“
}’(” = Sg(}:llm:g":;; {SOC(I) - SOCH:HJ) + Ymin SOCmJJr < SGC(I} < SOCﬁmN ( 9 )
Vmas SoC(1) > SoC,,,

where S0Cmin and SoCme are the minimum and maximum levels of the SoC. These values
should be determined based on the type of battery. ymm and yma represent the minimum and
maximum coefficients regarding the SoC level impact on the proposed adaptive control
strategy. The normalised value of exchanging power and its direction is determined in (10).
If the power is imported from the AC to the DC side, its sign is negative, and it is positive
when transferring power from the DC to the AC subgrid.

B(t) = Sign(apc(t) — ayc(D) X Min(lapc ).y pe O], lagc @)y 4 @) (10)

It is clear that the maximum transferable power is limited to the nominal power of the ILC,
according to (11).

Min(lapc@®).ypcOls lasc(D.yac@®]) — 1
<P < 1= Min(lapc(®).ypcD, lasc@).y 40 (D) (11)

The positive value for (t) shows the direction of adaptive power sharing from the DC sub-
grid to the AC sub-grid. In contrast, the negative value denotes the direction of adaptive
power exchange from the AC microgrid to the DC microgrid. The direction of power sharing
in the adaptive control loop complies with the conventional control loop power exchange
direction and is constrained within the normalised value corresponding to the nominal
capacity of the interlink converter. The value of the adaptive exchanged power is defined in

(12).
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AC Si
Py = {ﬂ(t) X PmaxDl-l\_ ign(f()) <0 )

B(t) x PPC Sign(p(1) >0

max pis

PACmaxDis, PPmaxPis are the maximum discharging rate of the AC and DC side BESSs.

(Measuring BESSs Parameters
L SoC, Pgéss(t), Phgss(t)

Set Controller Parameters
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B(E) = Pygp()
PAdp(t) = ﬁ(t) X Pmaxms

Fig. 2.4 Proposed control strategy conceptual flowchart.

v
( Calculate Adaptive Power J

the reference power of the ILC is obtained as expressed in (13)
P+ Ref (t) = PRe(t) + PAdp(t) (13)

The exchanged power between subsystems based on the conventional control loop is
denoted as PRe(t), while PAdp(t) represents the contribution of the adaptive power-sharing
scheme in the overall control strategy. These parameters play a crucial role in regulating
voltage and frequency and reducing the stress level on BESSs. It is important to note that
the adaptive control loop does not transfer power when both sides operate under normal
conditions or are in their red zone. The value of this new reference is limited to the nominal
capacity of the ILC. In other words, the capacity of the ILC constrains the transferable
power between sub-grids.

The conceptual framework of the proposed control strategy is illustrated in Fig. 2.4.
The switching frequency of the ILC is 10 kHz. Therefore, the sampling time is (4t 2 1 fsw =
10 ms). The proposed adaptive control strategy is implemented in a decentralized manner,
with one individual BESS connected to the point of common coupling of each subsystem.
Additionally, the ILC is connected between the point of common coupling of the AC and DC
microgrids. This allows the control systems of the ILC and BESSs to interact in a
decentralized approach. The proposed control strategy relies on BESSs located near the
PCC for their characteristics, including SoC level and instantaneous power. However, a low
bandwidth communication link is required between the BESSs on both sides and the
interlink converter to facilitate the coordination of the required power exchange. This
communication is specifically utilised to transmit data related to the SOC and
instantaneous power of the BESSs.

2. Stress intensity index:
To evaluate the performance of the proposed control strategy and quantify the reduction of
stress level on the BESS, the stress intensity index is proposed in (20) and takes into
account the discharge rate and life cycle loss of the BESS [44]. By measuring this index, the
effective ness of the proposed control strategy can be assessed in reducing stress on the
BESS.

This is important because excessive stress can shorten the lifespan of the BESS and
reduce its overall performance.

T Ppis (1)

SoC, -

SI](”.‘ = l ﬂe Prax py; dt (14)
7T ), SoC(r)
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where Sllavg stands for average stress intensity index and T is the total study period. This
index shows that the stress level has a reverse relationship with the SoC level, whilst a high
discharge power rate exacerbates the intensity of stress level on the BESS. The lower Sllavg
represents a lower stress level on the BESS.

3. Stability control:
Small signal stability analysis is crucial for evaluating the stability of the proposed control
system. The eigenvalue method is used for this analysis. In this method, the state space
model of the system is derived and linearized at the operating point, and system stability is
evaluated by looking at the system roots locus [45,46]. The influence of the adaptive
coefficient on the stability of the proposed control strategy is analyzed using (15).

KSTB = | (t) | (15)

Ksrp represents stability gain, changing between O and 1.
Ksrp = 1 represents the maximum capacity of the ILC.

The droop control and the proposed control loops are considered for stability analysis, The
response time of inner voltage and current control loops are quick, and their influences on
the stability analysis are not dominant. Therefore their impacts on stability analysis are not
considered, and this simplification does not affect the accuracy of analysis [47,48]. For this
reason, the aggregated droop coefficients for ACMG sources and DCMG sources are defined

in (16) and (17) to represent each sub-grid as a single generation unit.

k= 1/(Y, ) (16)
Pi

i=1

m
K€ = 1/(Y, ) (17)
=1k
where i andndenote the ith generation unit and their total number on the AC sub-grid,
respectively. Similarly, j andmindicate the jth generation unit and their total number on the
DC sub-grid, respectively.

Since low-frequency filters affect the performance of the outer droop control layers,
their effects are noted in the stability analysis [49]. AC frequency, the DC voltage, and the
ILC active power as a result of small signal perturbations can be Model Led as in Egs. (18),
(19), and(20):

_ _gAC_ % AC
Af =k s+, (AP 504 — APrrc) (18)
AV = —kPC P _(4pDC APy ) (19)
P+ w, Load
# @ %
APpy o = S_'_Cw ((AV = Af) + KsrpdPy; ) (20)
c

Where wc is the cut-off frequency of filters and 4 stands for the corresponding variable
deviation. The small signal equations that are obtained from the(18)—(20)can be formulated
as below

Af = —w Af + k) @ AP c = k) w0 AP, (21)
; ! DC bC DC

AV = -0 AV = kX0 AP o — kDCw APC (22)

AP}, = 0.(Ksrp — DAP}, - + 0 AV — o Af (23)

Finally, the state space equation for evaluating the stability of the system can be obtained
as follow.
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X = AX +BU (24)
Af -0, 0 ko, Af
41’/ = 0 -o ~kC o, 4
AP c —o, o, o(Kgp-1) 4P
—k;}‘cw( 0 4pAC
+ 0 —kfcwc [AP%gd]
0 0 Load

Table 1
HMG parameters.

Parameter Value Unit
[, (Nominal frequency) 50 Hz
foui 49.7 Hz

} 50.3 Hz
S [Switching frequency) 10 kHz
Vac au s 380 Volt
Ve, (DC bus voltage) 700 Vol
Ve in 0.95 P
Foe. ax 1.05 pL
) 31.4 rad/s
k;" 2wl Hz/W
b 1.2 %10~ V/W
k3t 0.85 =10 V/Var
L 0.7 pu.
SoC,, 20 U
SoC,,, 80 %
8oC - 70 B
5oCp 55 i
.F':I‘"'i'h. 56 kw
F:;'I'"‘;n“ 63 kw
Fiite 20 kW

4. CASE STUDIES AND DISCUSSION

4.1. AC/DC HMG modelling and parameters: The single-line diagram of the under-study
HMG depicted in Fig. 7 includes a PV system, a BESS, and AC and DC loads on each sub
grid.

The HMG parameters are listed in Table 1. The HMG operates in the islanded mode,
and the PV systems operate in the maximum power point tracking (MPPT) condition. As
described in Section 2, the proposed autonomous control strategy operates on the basis of
the AC sub-grid frequency, DC sub-grid voltage, and SoC and instantaneous
charging/discharging power of two buffer BESSs. As a result, the system does not have any
limitations on expandability. The nominal capacities of the AC and DC batteries are 100 Ah
and 80 Ah, respectively. In this paper, the actual data obtained from PV systems and
accumulated loads of a building at Griffith University, which are presented in Fig. 8 are
used. The main contribution of this paper is adopting an adaptive power-sharing scheme in
heavy load conditions to regulate the voltage and frequency of the HMG. To this end, the
performance of the proposed control strategy is demonstrated in instances where the
system experiences heavy loading.
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4.2. Scenarios

In the following scenarios, the performance of the proposed control strategy is compared
with existing methods. The Flow tuning method presented in Eq. (12) [18], the Common bus
approach [28], and the Nonlinear exponential droop control method [37], which its
mathematical expression discussed in Appendix, are three existing approaches that are
adopted to evaluate the effectiveness of the proposed method.

4.2.1. Heavy load condition in AC sub-grid

In this scenario, the DC sub-grid operates under the light load condition, while the ACMG
experiences a high load condition with maximum BESS discharge power. The initial total
load of the DCMG is 4.9 kW. At t = 1 s, the 2.5 kW DC load is disconnected, and att =2 s,
it is reconnected. The AC subsystem load is 60 kW, which is halved at t = 3 s. The load
demand then increases to its previous amount at t= 5 s. The simulation results of this
scenario are illustrated in Figs. 9 and 10. The existing interlinking control methods only
take into account the pu. error value of the AC side frequency and the DC side voltage.
However, as shown in Fig. 9, these methods cause the AC side battery to discharge with its
maximum capacity to supply the loads, while the DC side BESS remains in charging or idle
mode. Consequently, the DC BESS does not adequately contribute to the ACMG power-
sharing, resulting in some volatility in the power profile of the AC sub-grid. In this scenario,
the stress level on the BESS of the ACMG is high, which could potentially result in system
instability. The fluctuations in voltages and frequency are particularly severe when applying
the Flow tuning control system, as shown in Fig. 9(i) and Fig. 10. Even though both the
Common bus technique [28] and Nonlinear method [37] aim to enhance power-sharing
accuracy and voltage and frequency regulation, their performance during the heavy load
switching is not satisfactory. However, with the proposed adaptive control strategy, the DC
sub-grid BESS can support the ACMG by participating in power-sharing. Fig. 9(a) and Fig.
9(b) demonstrate that the DCMG can reduce the stress level on the AC BESS by decreasing
its discharge power rate. The proposed control strategy regulates the voltage and frequency
of the system, thus improving its stability as shown in Fig. 10. By applying the proposed
control strategy, the ILC does not transfer power when both sub-grids operate in the light
load condition. The result of the proposed adaptive control strategy in Fig. 10(c) shows that
during the time period between t = 3s and t = S5s, when both subgrids are in light load
condition, the ILC does not exchange power between the subsystems, which proves the
effectiveness of the proposed control strategy in reducing the stress on the ILC.

4.2.2. Heavy load condition in DC sub-grid

In this case study, it has been assumed the ACMG operates in a light load condition while
the DC subsystem is under a high load condition. The load on the DCMG is 73.5 kW. At t =
1 s, a load demand reduction of 49 kW occurs, which is reconnected to the system at t = 2
s. The total load of the AC subsystem includes a fixed load with a capacity of 20 kW, and a
dynamic load of 10 kW is disconnected and reconnected at t = 3 s and t = 5 s, respectively.
The HMG characteristic profiles, including the ACMG voltage and frequency, the DCMG
voltage, their loads and generations, and the ILC exchange power, are presented in Figs. 11
and 12. Figs. 11 and 12 demonstrate that the proposed control strategy outperforms the
existing strategies in regulating the DCMG voltage. Additionally, the proposed adaptive
control strategy results in less voltage fluctuations. By using the proposed adaptive control
strategy, the DCMG imports more power from the AC side to compensate for its generation
deficit and also reduces the stress level on its BESS while maintaining the stability of the
ACMG. The event occurs on the DCMG while the AC side is operating under a light load
condition. No fluctuations are observed in the voltage and frequency of the ACMG,
indicating that the system is designed properly to reduce the impact of an event on the
performance of the other sub-grid. The effectiveness of the proposed control strategy for
regulating the voltage of the DCMG is demonstrated in Fig. 12(a). While both the Common
bus technique and the Nonlinear method are more effective than the Flow tuning approach
in regulating the DC subsystem voltage, it is evident that their performance is inferior to
that of the proposed control system. Similar to the previous scenario, in cases where both
sub-grids operate in a light load condition (between t = 1 s and t = 2 s), the ILC does not
exchange power. This is an important consideration for the proposed control strategy, as it
helps to avoid unnecessary stress on the ILC.
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Fig.8. Real data for case study and system modelling.

4.2.3. Medium load condition in AC sub-grid

Two scenarios are considered for evaluating the proposed adaptive control strategy
performance in medium load conditions. The objectives of these two scenarios are to lessen
the stress level on the BESSs and maintain the reserve capacity for critical loads or sudden
load changes. The simulation results for ACMG with medium load, which does not impact
the HMG voltages and frequency regulation, are depicted in Fig. 13. The results shown in
Fig. 13 indicate that the proposed control strategy performs comparably to the existing
methods in terms of voltage and frequency regulation. These findings confirm that the con
trol strategies are well-designed and modelled, and their performances are compared fairly.
Fig. 13(f) reveals that power is transferred from the DCMG to the AC sub-grid through the
ILC in the medium load condition period of the HMG. This transfer reduces the stress level
on the BESS, which is a key objective of the proposed control strategy. Furthermore, the
efficiency of Common bus and Nonlinear techniques is better than the Flow tuning
approach in mitigating the stress level on the BESS. However, the proposed control
algorithm demonstrates superior performance in the reduction of stress level. As long as the
load demands do not exceed the BESS maximum discharging capacity, there are no
disturbances in the HMG voltage and frequency profiles, regardless of the control method
used. Hence, the adaptive control strategy aims to reduce the stress level on the AC side
BESS and provide free capacity for potential load increase conditions.
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Fig. 9 High load demand in ACMG. (a)-(h): ACMG and DCMG load and generation
profiles. (i): Comparing ACMG voltage profiles across different control strategies

4.2.4. Medium load condition in DC sub-grid

This scenario is similar to the previous case study, but in this case, the ACMG is in light
load condition, and the DC subsystem supplies the loads within the boundary of its BESS
discharge power rate. Fig. 14 represents the results of this study. The results in Fig. 14 are
similar to Scenario 3, but according to Fig. 14(f), the direction of exchanged power is
reversed, and the ACMG.
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Table 2 Comparing the stress levels of BESSs in the proposed control strategy with
the existing approaches.

Scenario 5 lang Stress _ compared
relaxation fo:
Ref. [18]: Ref. [28]: Ref. [37]: Proposed Ref [18] Ref. Ref.
Flow tuning |[Common  Nonlinear method [28] [37]
bus
1 2.3 222 212 1.19 12.6% 9.46% 5.19%
2 3 2.86 2.81 2.2 10% 5.59% 3.91%
3 222 2.13 2.04 1.4 14.41% 10.8% 6.86%
-4 2.95 2.79 2.68 1.45 17% 12.19% 8.6%
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Fig. 15 Plug-and-Play capability evaluation of the proposed control strategy.
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Table 3 Comparing MRMSE applying different methods.

Scema I MRMSE
10
Proposed Ref Ref. Ref
[12]: [28]: [37]:
method Flow Common Neonlin
funing bus ear
1 JAC 9010 1.20 0.98 0.74
2 Vpe 4.19 21.04 18.47 14.65

4.3. Voltage and frequency control performance evaluation

The Moving Root Mean Square Error (MRMSE) is a derived index from the Root Mean
Square Error (RMSE) [50] and is used to compare the performance of the proposed control
strategy with the existing approaches in voltage and frequency regulation, as shown in (31).
MRMSE is only applied to scenarios 1 and 2, as the performance of both control systems in
maintaining voltage and frequency is similar in light and medium load conditions. In
scenarios 3 and 4, the focus of the proposed control strategy is to reduce the stress levels
on batteries and maintain reserve capacity for critical loads.

tll
MRMSE = \/l (X, — X,)? (26)
¥ Jo

In this equation,

¥ is sliding window,

X, and Xn are measured and nominal values, respectively.

Also, X denotes the AC sub-grid frequency and the DCMG voltage. The control schemes are
compared based on the MRMSE index in Table 3. Lower MRMSE values indicate lower system
frequency and voltage deviations from their nominal values. By comparing the obtained
results, it can be concluded that the proposed approach can significantly reduce HMG
frequency and voltage fluctuations in severe operating conditions. In light load and medium
load conditions, each subgrid should be capable of operating independently and regulating
its voltage and frequency. Therefore, this index is calculated in heavy load conditions.

4.4. Plug-and-play capability Ref.

The proposed control strategy is plug-and-play compliant. To demonstrate this feature, the
effects of PV panel shading and retrieval are modelled to analyse the response of the control
strategy to a generation source outage and reconnection. To this end, the AC side PV panel
is shaded at t = 1s, retrieved at t = 3s, and then shaded again at t = 5s. This sequence of
generation unit outage and reconnection may affect the voltage and frequency regulation of
the HMG if the control strategy is unable to address it by adjusting the operating point of
the ILC. Fig. 15 illustrates that, in the event of shading on the AC side PV system, the ILC
transfers additional power from the DC side to the AC sub-grid to offset the power deficit.
Furthermore, Fig. 15(a) demonstrates that the control strategy maintains perfect regulation
of the voltage and frequency of the HMG during switching instants.

5. CONCLUSION

This paper proposes a new adaptive control strategy for power management in HMG that
incorporates BESS characteristics. Simulation results confirm the efficacy of the proposed
control strategy in heavy and medium load conditions. Specifically, in heavy load
conditions, the proposed control strategy improves system stability by regulating the
frequency and voltage of the HMG. In medium load conditions, the stress level on the BESS
is reduced through the application of the proposed control strategy, which also keeps a
reserve capacity for critical loads or potential load increase scenarios. Furthermore, the
proposed control strategy delivers excellent performance in light load conditions, resulting
in a reduction in stress levels on the ILC. Additionally, the proposed approach establishes
an autonomous control strategy based on the SoC and instantaneous power of the BESSs,
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providing the plug-and-play capability to increase the scalability of the proposed control
system. The functionality and performance of the proposed control strategy were extensively
examined through five case scenarios, employing real PV data. This comprehensive
investigation provides insights into the effectiveness of the proposed control strategy.
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