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ABSTRACT

Due to their variable and intermittent nature, the integration of renewable energy sources
poses control challenges related to voltage and frequency stability in isolated microgrids.
This paper proposes an enhanced dynamic droop control strategy optimized in active time
along with a Hybrid Energy Storage System (HESS) comprising Battery Energy Storage
System (BESS), supercapacitors (SUPCA), and Superconducting Magnetic Energy Storage
(SMES) to improve microgrid stability. The Dynamic Droop Gains (DDG) are continuously
tuned using the rapid-converging SECANT numerical method to enhance transient response
and steady-state performance, this was achieved using MATLAB/Simulink. The HESS
combines the complementary characteristics of BESS, SUPCA and SMES to balance steady
power supply and temporary overload capacity. Detailed simulation studies on a microgrid
test system verify that the proposed control strategy significantly enhances
voltage/frequency regulation, power sharing accuracy, BESS lifespan and overall stability
compared to conventional droop techniques. The SUPCA further improves the transient
performance and power quality by mitigating fluctuations. The research demonstrates an
innovative way to harness advanced control algorithms and emerging storage technologies
for next-generation resilient and sustainable microgrids.

Keywords: Microgrid, Energy storage systems, Battery energy storage, Superconducting
magnetic energy storage, Super-capacitors.

1. INTRODUCTION

Small-scale energy distribution systems also known as microgrids (MGs) can provide a
localized area with continuous electricity (Li et al., 2017). The concept of MGs has raised a
lot of interest in recent times as a feasible way to improve the efficiency and pliability of
power distribution networks (Fu etal., 2015; Ibrahim etal., 2017). Their capacity to lower
greenhouse gas emissions and carbon emissions while improving power system flexibility
mostly in the event of disruptions or outages is what is driving the increasing interest
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(Oguntosin and Ogbechie, 2023). Their capacity to function either independently or in
collaboration with a central power grid distinguishes them and provides a dynamic and
decentralized method of energy production and distribution (Serban and Marinescu,
2014).

Synchronous generators, wind turbines, and photovoltaic (PV) systems are examples of
Distributed Energy Resources (DERs) that can be included into a MG. Local electric power
generation is made possible by these DERs taken together (Marzebali et al., 2020; Saeed
et al., 2021). Storage of energy is indispensable in MGs; in that, it gives room for excess
energy produced in time of surplus generation to be stored, and then released in time of crest
power demand (Aghamohammadi and Abdolahinia, 2014; Oguntosin and Ogbechie,
2023). The Hybrid Energy Storage System (HESS); which includes Battery Energy Storage
System (BESS), Superconducting Magnetic Energy Storage (SMES), and Super-capacitors
(SUPCA) has been looked into in MG research; so as to extend the life of BESS, lower outlays,
and ameliorate overall efficiency of the MGs (Hajiaghasi et al., 2019).

In MGs, the consolidation of HESS is very crucial; because it puts up massively to the effective
use of renewable energy sources, stability of the grids, and reduces dependence on fossil
fuels (Marzebali et al., 2020). Notwithstanding, the high penetration of DERs in MGs has
several issues and problems associated with frequency and voltage stability because of their
unpredictable attributes.

Formal methods of droop control are already being utilized for sharing and allocating loads
among DERs in MGs. All the same, they experience problems such as load-sharing issues,
erratic sharing, and unstableness under some stipulations (Li et al.,, 2017). Several
enhanced techniques for droop control are already proposed to resolve these problems
using techniques such as adaptive and dynamic droop gains, simulated impedances,
organised control loops etc.

An organised control technique for battery-super-capacitor HESS in a complete Alternating
Current MG was proposed in (Ren et al., 2020). SUPCA resolves the issues concerning high-
frequency fluctuation of power, while BESS resolves issues concerning low-frequency parts;
thereby bringing down the tension on BESS and also prolonging lifespan of BESS. Adaptive
droop control techniques showed better load sharing capabilities compared to traditional
droop control methods. The model was validated with PSCAD/EMTDC software, and
simulation was conducted to test the operation performance of the HESS under disturbance.
In another study by (Lin and Lei, 2017), an organised control technique for HESS which
comprises of SMES and BESS was proposed. The technique was targeted at enhancing
performance of HESS and to attain efficient connection for wind farm. The model was
established on Proportional-Integral (PI) and Energy Shaping (ES) controls using port-
controlled Hamiltonian model. The results of this simulation showed that the ES control
showed better robustness compared to conventional PI control and massively reduces the
issues of parameter tuning. A control method for standalone MGs with high unpredictable
renewable generation system penetration was presented by (Kim et al.,, 2016). This
technique comprises of BESS used to generate nominal frequency and make the system
frequency independent of a synchronous generator’s mechanical inertia. Diesel Generator
(DG) was used to maintain State of Charge (SOC) of the BESS at a certain value, and Q/P
droop control was introduced to the renewable system to check fluctuations of generated
voltage. This technique was simulated, and the results revealed that the technique effectively
resolved the issues presented by unpredictable power output. The model for this system was
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based on data from the Ulleungdo power plant, and it was modeled and simulated in the
MATLAB environment.

The study conducted by (Opiyo, 2018) exhibited droop control techniques for PV-based
mini-grids with different line impedances. The model comprises of PV-array, BESS, and load.
The following droop control techniques were studied; active power-frequency and reactive
power-voltage. The results revealed that active power frequency control is more effective
for low X/R ratio, while reactive power voltage is better for high X/R ratios. It was also noted
in the study that a shunt-connected inverter controlled the power flow in the grid effectively.
The study conducted by (Li et al., 2017) developed and tested HESS for main frequency
control in a detached MG power plant. The study proposed a dynamic droop control
technique for HESS; and compared its performance with the preceding control technique.
The proposed model was simulated in the PSCAD/EMTDC environment with the MG and
SMES/BESS/HESS. The simulated results revealed that the dynamic droop control technique
substantially improved the frequency regulation features of HESS and also prolonged the
usable lifetime of the BESS part.

Lately, (Marzebali et al., 2020) developed an adaptive droop-based control technique for
fuel cell-battery HESS; for holding up primary frequency for stand-alone MGs. In the study,
the system comprises of wind turbine (WT), Photovoltaic (PV) system, fuel-cell, BESS, and a
suited system for supervising energy. The technique allowed power sharing between fuel
cell and BESS using a droop controller in upholding primary frequency in a preset guarantee
range. The simulated results disclosed that the proposed technique stabilized the voltage
and frequency of MG effectively. This shows that dynamic drop control technique that
occasionally updates droop gains has promising enhancement performance among more
advanced techniques for system control. But optimally tuning the droop gains in active-time
is complex. Therefore, this current study proposes a new technique by combining dynamic
droop control and HESS to improve stability of MG. Dynamic Droop Gains (DDGs) were
optimized using SECANT technique because it provides fast convergence for occasional on-
line gain tuning. The BESS and SUPCA are incorporated as an HESS in order to synergize their
attributes; and also to sustain the MG during disturbances.

Detailed simulations are presented to demonstrate the effectiveness of this proposed
technique compared to the usual droop control. The results exhibited substantially enhanced
stability under differentload conditions. The HESS handled fluctuations of power effortlessly
while dynamic droop control ensured optimal system response. This study offers forward-
thinking direction towards advanced control methods and BESS for next-generation MGs.

2. MATERIAL AND METHODS

An MG is formulated to enable continuous changeover between grid-connected and islanded
modes, provide resilience against grid disturbances, and enhance sustainability of energy
(Cortes et al., 2017). The main parts of MG are: PV systems (Kumar et al., 2019), WT
(Abdulwahab et al., 2022; Jibril etal., 2019; Dreidy et al., 2017; Babatunde et al., 2020),
and Synchronous DG needed to supplement renewable sources like PV and WTs (Sen and
Bhattacharyya, 2014).
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2.1 Energy Storage Systems

Energy storage systems such as BESS (Lukman et al,, 2020), SUPCAs (Ali et al., 2023;
Cabrane et al., 2016; Kamel et al., 2019), and SMES (Li et al., 2017) play a crucial role in
MGs (Ali et al, 2023). They help maintain power balance by charging during excess
generation and discharging when required. Storage provides frequency regulation, and
voltage support, smoothens output of renewables and enhances reliability (Datta et al.,,
2021).

2.1.1 Modeling of the BESS

Fig. 1 presents an equivalent model of BESS.

Ro Rts RTL

4
— > Voe(SOC)
R self- discharge ™~ Iness

Figure 1. The BESS model

The BESS model includes the BESS voltage and SOC equations. The power output of the BESS
is defined by Eq. (1).

Pgrss = Vpgss X Ipgss €Y

where, Pgggs is the BESS output power, Vpggs is the BESS voltage and Igzggs is the BESS
current.
Thus, the voltage equation for the BESS in the dynamic droop control strategy is given by Eq.

(2);
Veess = Rpess X Ipess + VeEessgoc (2)

where, Rpggsis the BESS internal resistance and Vgggs,,. is the additional voltage
component related SOC of the BESS.

The capacity model produces energy quantity Cpgss that the BESS could restore based on
mean discharging current. Corresponding expressions are established starting from Imp
current, as compared to operation mode Cmp in which AT represent accumulated heating as
shown in Eq. (3) (Cabrane et.al, 2016).

C 1.67
C?ESS = g5 X (1+0.005A7) (3)
P 140,67 (BESS)
MD

The SOC is represented by Eq. (4) which is derived from Eq. (3):
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dSOCppss 1
= X (Pinggss — Press) (4)
dt CpEss

where, SOCggss is the BESS SOC, P;yggss is the BESS power input and Pgggs is the BESS power
output

2.1.2 Control Systems

Advanced hierarchical control systems are required to maintain voltage, frequency stability
and ensure proper load sharing between DERs in the MG (Ali et al., 2023). Droop control,
virtual impedance methods, and power management schemes are implemented through fast

local controllers.
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Figure 2. PQ-Model of 3-Phase Inverter

The DC-bus voltage is control based on principle shown in Fig. 2. PI corrector evaluates
reference current /;.,.; needed to sustain DC-bus voltage at referred voltage V;..r. An EMS

delivers reference currents for static-converters Iggss o BESS, SUPCA Isypcy rer and SMES
IspEgs ref- These currents make sure that voltage for DC-bus is fixed not minding the load

attitude and the value of power removed from hybrid connected systems whose operation
is a factor of Droop loop. When any issue arises on any BESS, SUPCA or SMES ensure that DC-

5
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bus voltage is regulated. At all times, the sum of all referred currents, Iggss ref, Isupca rey and
IsyEs rep, must be equal to Iger.r using Eq. (5) which is modified version of the model in the
work of (Cabrane et al., 2016).

Licres = Ipessrer + Isupcares + Ismes ref (5)

The DC-bus voltage could be modeled using Eq. (6);

Cac w7 ipac + igessdc T lsupcadc + lsmEs dc — lLoad (6)

In Eq. (6), Ipgc, Igess de Lsupca ac and Isygs ae» represent the DC current of DERs, BESS,
SUPCA and SMES respectively, I;,,4 represents load current. C,4. represents the capacity of
central bus which would allow impressive voltage for DC-bus to load and other index Current
control system provide reference for stored current for DC-bus. This signal moves by low
passage to BESS, SMES or SUPCA BESS current which is in exponential form.

2.1.3 Power Balance and Load Demand Analysis

The power balance in the islanded MG is governed by output power as shown in Eq. (7). It
provides the correlation between the power output of the DG, wind turbine, and PV systems
within the MG.

Py¢ = Ppg + Pwr + Ppy + Ppgss + Psyes + Psupca — Proaa — Pross (7)

In Eq. (7), Py¢ represents the total power output of the MG, P,,,4 represents total power
consumed by the load within the MG, P, ¢ represents any power losses within the MG.
The system losses are approximated as Eq. (8):

Pross = k X Pyg (8)

where, k is the loss factor. Losses include transmission, converter and other load flow losses.
For this work, the losses are about 3% of total output power. The relationship between
power and current for any element is given by Eq. (9):

P=VxI 9)

where, P is power, V is voltage, and I is current. This applies to all generators, storage
systems, and loads.

By coordinating the BESS, SUPCA, and SMES, the HESS optimally balances steady-state and
dynamic power requirements. The HESS is interfaced to the AC MG through a PQ 3-phase
inverter, shown in Fig. 2. The proposed HESS MG model is shown in Fig. 3.

To ensure that the power generated by Fig. 3 is continuously adjusting to the load, and
variation in this balance which can cause frequency alteration in the system, this current
study proposes Dynamic V-F Droop Controller that is exhibited in section 3.2.
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Figure 3. The Proposed HESS MG Model

2.2 Conventional Droop Control Method

Droop controls are de-concentrated comparative power apportioning technique mostly
adopted in power control and load allocation for inverter-based DERs in MGs (Opiyo, 2018).
It permits DERs to allocate power demand proportionately, based on their ratings less the
need for any external linkage (Cortes et al., 2017). Each DER is given a particular droop
feature that specifies the connections between its power output and departure in voltage
and frequency. A droop feature is modeled as slope or droop coefficient. Based on its droop
feature, a DER adjusts its output power in response to the alteration in voltage and
frequency. A DER with positive droop characteristic would reduce its power output with rise
in voltage or frequency; while a DER with negative droop attribute, would increase its power
output. This adjustment is crucial in restoring voltage or frequency to their nominal level.
Droop control technique gives DERs chance to respond to alterations in load in decentralized
way without needing for central control. [t encourages load apportioning between DERs, and
also, sustains stability for MG. In grid-connected MGs, additional control mechanisms are
employed to comply with grid regulations and maintain synchronization with the main grid.
The conventional droop control approach has certain limitations that need to be addressed.
These limitations include load sharing accuracy being affected by line impedances between
DERs, which can result in poor active and reactive power sharing. Additionally, differences
in feeder impedances can degrade the sharing of harmonics between inverters. Large
transient droop during sudden load changes or islanding can cause frequency and voltage

7
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deviations. Furthermore, there may be steady-state errors in maintaining the desired
nominal values of frequency and voltage. Stability issues can arise due to active power-
voltage coupling at high R/X ratio and low system damping. Another limitation is the
occurrence of circulating currents among parallel inverters due to the lack of
synchronization.

3. PROPOSED ENHANCED DROOP CONTROL
3.2 Dynamic Droop Gain Control Strategy

The conventional droop control is enhanced by using dynamic droop gains instead of fixed
gains. The proposed control scheme implements two dynamic droop controllers - one for
voltage control and one for frequency control.

3.2.1 Dynamic Voltage Control

Voltage droop control starts with the voltage reference and adds the voltage droop
component which adjusts the MG voltage based on the frequency deviation from the
reference. Then, it subtracts the voltage droop components related to the BESS, SMES, and
SUPCA currents as given by Eq. (10) which is an improved equation from (Li et al., 2016).
These components account for voltage droop brought about by the current flowing through
each energy storage component of the HESS.

Ving = Vrer + Droopy X (fing = frer) — DT00Py oo X Ippss — Droopyg,.c X Isugs
— Droopygypea X Isupca (10)

In Eq. (10), V4 denotes MG voltage, V. is the voltage reference, Droopy is the voltage
droop coefficient, f,4 is the MG frequency, f;..f is the frequency reference, Droopy . is the
voltage droop factor for BESS, Droopy, .. is voltage droop factor for SMES and
Droopy, ., Tepresents voltage droop factor for SUPCA.

3.2.2 Dynamic Frequency Control

Dynamic Frequency Control starts with frequency reference and adds the frequency droop
component which quickly adjusts the MG frequency according to the power variation from
the reference. It then adds the frequency droop components related to currents of the SMES
(Droopy s X Ismes), and SUPCA (Droopy, ., X Isupca)- The droop components in the

hybrid system account for the frequency droop brought about by the current passing
through each energy storage component. The MG frequency droop control is expressed by
Eq. (11) improved from (Li et al., 2016).

fuc = frer + Droops X (Pyg — Pres) — Droopy, .o X Iggss — DToopse,. X Isus
- DroopfgupCA X ISUPCA (11)

In Eq. (11), Pyg is the MG power, P,..s is the MG power reference, Droopy is the frequency
droop coefficient, Droopy, ... represents frequency droop factor for BESS, Droops.,, . is

8
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frequency droop factor for SMES and Droopy,,,., represent frequency droop factor for
SUPCA.

Fig. 4 shows the proposed dynamic droop V-F controller. This is developed using Eqgs. (10
and 11). The produced power must continually align with load, and fluctuation or alteration
in this balance could trigger frequency alteration in this system. In normal and conventional
power system, short time power misalignment is mostly covered using kinetic energy from
power generators known as main frequency control. Modeling the Primary Frequency-
Control (PFC) system is carried out using Eq. (12) improved from (Li et al., 2016); and
shown in Fig. 4.

af _ fo
dt 2YH;

(Z Pg, — Z PLi) + DsmesAPsyies + DppssAPgess + DsypcalPsypca  (12)

In Eq. (12), the Dsmes, Deess and Dsupca are the droop coefficients of the SMES, BESS and SUPCA
systems respectively. The system voltage is also able to be maintained by regulating the
reactive power using the SMES, BESS, and the SUPCA hybrid energy storage.
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Figure 4. MATLAB SIMULINK Diagram of Proposed Dynamic V-F Droop Controller

Since Dsmes, Dsupca and Dsess represent droop indexes for SMES, SUPCA and BESS
arrangement respectively. The voltage of this system could be maintained and sustained by
controlling reactive power with SMES, SUPCA and BESS. Fig. 5 presents the block diagram

9
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for reactive power control. Based on the reactive power discrepancy, AQ creates Voltage
error for the system and the error is analyzed by controller and then returned as the
referenced reactive component Vqret. Then, Vqref will be employed in generating PWM
signals needed to control the SMES/SUPCA/BESS compensation reactive power.

Z ¢ AQ ol AV External larer | Internal Voret
T controller g controller "
Qur Qtess
SMES/SUPCA/BESS PWM
. generator

Figure 5. Block diagram of Reactive Power Regulation using SMES/SUPCA/BESS as a HESS.

3.3 The Controlled Mechanism of the Modified HESS

Fig. 6 is a modification of that used by (Li et al., 2017). But at this time, SUPCA was
introduced in the control system. Control technique represented in Fig. 6 is accomplished in
two sections, AC-end voltage control and DC-end droop control. Based on this schematic,
HESS is arranged as voltage source to recompense for system change and variation. Three

DC/DC converters were utilized to cover this battery, SUPCA and SMES in DC-bus, so that
their droop features could be designed.

AC CONTRL
DC CONTROL
NN
400 Grid AC - JI—\VdC
A
e PWM sinal Broop
lac | | PLL control
Y Y
abc abg PWM

qd qd Generator
U L | e A R I R I |
abc_ref | |

|
DC DC '
b 125 DC DC | |
fov AL qd ) IR IO [ I
l l g 'd y y
Y y V re
fre—{ Current qurg Current e SMES SUPCA BESS
Ve, reference I"—fe; controller | Va_ref
Generator Internal control

external control

Figure 6. Control system for proposed MG along with HESS.
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3.4 Proposed SECANT Dynamic Droop Control Algorithm

The active and reactive power are controlled using the proposed SECANT dynamic droop
control algorithm. The algorithm dynamically predicts the active and reactive set-point for
each of the generating and storage resources. The algorithm also ensures and improved
system stability via a dynamic droop sensitive factor. The dynamic droop control (DDC)
algorithm is developed using a discrete approach that employs the SECANT fixed-point
iteration numerical approximation method (Hasija et.al, 2023). The algorithm uses a set of
present and past, active and reactive power set-points (Py (k) and Qg .5 (k)) to estimate
the future power generation schedule (Py,.r(k+1) and Qg.,.r(k+1)) of the
generating/storage resource (GS). The pseudocode for the proposed DDC algorithm is
represented in Fig. 7. In the approach, once the present and past measurements of active
and reactive power are measured, together with the respective microgrid frequency and
voltage. The microgrid p.u frequency deviations can be estimated using Eq. (13).

_ f(k—1)dPnet(k)_f(k)dPnet(k—1) _ _
df(k +1) = {1 (dPnet(kK)=dPnet(k=1))fn |dPree (k) = dPree (ke = DI > 0 (13)
0 |dPnet(k)_dPnet(k_1)| =0
APyec (k) = PLK) = )" Pyyes (K) (14)

gEeGS
where df(k+1) represents the future normalized frequency deviation estimate of the
microgrid, k represents the index of sample, f and f» represent the microgrid actual and
nominal operating frequency vectors respectively, dPret represents the total active power
deviation vector of the microgrid, P. represents the total network active load. Whereas, the
microgrid p.u voltage deviations can be estimated using Eq. (15).

_ v(k=1)dQnet(k)—v(k)dQnet(k—1) _ _
dv(k +1) = {1 (@t (9-aGeeti- 1)y 19 0net(K) = dCner(k = 1) > 0 (15)
0 |dQnet (k) — dQpec(k — 1) =0
AQnee () = QL0 = D Qgrer () (16)
geGS

where dv(k+1) represents the future normalized voltage deviation estimate of the microgrid,
k represents the index of sample, vand vi represents microgrid actual and nominal operating
voltage vectors respectively, dQnet represents the total reactive power deviation vector of the
microgrid. Q. represents the total network reactive load.

Additionally, the total active and reactive power deviations can be estimated using Eqgs. (17)
and (18) respectively.

dPpet (k)
df (k + 1)m |fu = f(I >0

0 |fo = f()I =0

dp(k +1) = (17)

And:

11
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dQnec (k)
dq(k +1) = { kT D255 v — vl >0

0 [vn —v(k)| =0

(18)

where dp(k+1) and dq(k+1) represents the future active and reactive power deviation
estimates of the microgrid respectively. To ensure improved performance, active and
reactive power droop sensitivity factors (Kpgpsr and Kqgpsr ) are designed using Egs. (19)
and (20) for each of the generating/storage resource, to minimize the system'’s voltage and
frequency settling time.

Kpgpsr =
ldf (k+1)| _ 4y _
|(Pgref (k) =P g re(k=1)=PL(k)+PL(k=1))] | Poires () = Byrep(k = 1) = Pk + P = 1))] > 0 (19)
1 |(Pg,ref(k)_Pg,ref(k_l)_PL(k)+PL(k_1))| =0
Similarly:
Kqgpsr =
|dv(k+1)| _ _ _ _
|Qgrer (K)=Qg,ref(k=1)=Qr()+Q(k=1)))| |Qrer (k) = Qrer (ke = 1) = Q) + Qu (ke = 1) > 0 (20)
1 |(Qg,ref(k) - Qg,ref(k - 1) - QL(k) + QL(k - 1))| =0

Lastly, the future active and reactive power schedule of each generating/storage unit can be
estimated using Eqgs. (21) and (22) respectively.

Pg,Tef(k + 1) =

( dp-Kpg,psF
Pg,ref (k) —Ugyp Kpg,DSF"'ZiEgGSKpi,DSF f(k) > fn & Pg,ref(k) > Pg,min
izg
Pg,min f(RY>f & Pg,ref(k) = Pg,min 21
dp-Kpg,
Pg,ref (k) + ag,p Kpg DSF+EiEgGDSS;piDSF f(k) < fn & Pg,ref(k) < Rq,max
izg '
\ Pg,max fRY<fn & Pg,ref(k) = Rg,max
Also:
Qg,ref(k + 1) =
dq-Kqg,
(Qg,ref(k) - ag,q Kqg DSF+2iegGZSII;QiDSF U(k) > Un & Qg,ref(k) > Qg,min
itg '
) Qg,min vk) >v, & Qg,ref(k) = Qg,min 22)
dq-Kqg,
Qg,ref(k) + Ag,q Kag DSF+2iegGZSII;qiDSF U(k) <V & Qg,ref(k) < Qg,max
itg '
\ Qg,max vk)<v, & Qg,ref(k) = Qg,max

12
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Finally, the future power generation schedule (Pj,.r(k + 1) and Qgr.r(k + 1)) of the
generating/storage, serves as the reference set-point for next simulation time step. The
parameters a4, and a4, are the constant active and reactive power dynamic droop

coefficients which can be optimally determined using any meta-heuristic optimization
technique. However, in this paper, their value was selected to be 1p.u. In general, the

proposed SECANT dynamic droop control algorithm is presented in Fig. 7.

XN WD

13
14.
15.
16.
17.
18.
19.
20.

Input: f, fn, v, v, P, QL, Py rer, Qgrefs Qg ps Agq, and GS

Read f(k-1), Pu(k-1), Py rer(k-1)

Evaluate f(k), P(k), Py ref(K)

Evaluate the total active power deviations dPnet(k) and dPnet(k-1) using Eq. (14)
Forecast the next frequency deviation df(k+1) using Eq. (13)

Forecast the next total active power deviation dp(k+1) using Eq. (17)

Forg € GS

Forecast the active power dynamic droop sensitivity Kq, psrusing Eq. (20)
Forecast the next active power schedule Py ,..r(k + 1) Eq. (21)

.End

. Evaluate v(k), Qu(k), Qg ref (k)

. Evaluate v(k-1), Qu(k-1), Qg rer(k-1)

. Evaluate the total reactive power deviations dQnet(k) and dQnet(k-1) using Eq. (16)

Forecast the next voltage deviation dv(k+1) using Eq. (15)

Forecast the next total reactive power deviation dq(k+1) using Eq. (18)
Forall g € GS

Evaluate the reactive power dynamic droop sensitivity Kq,4 psrusing Eq. (20)
Forecast the next reactive power schedule Qg .r(k + 1) using Eq. (22)

End

Output: Py rer(k + 1), Qgref(k+ 1)) forallg € GS

Figure 7. SCANT Dynamic Droop Control Algorithm

3.5 The Flow Chart of the Designed MATLAB/Simulink Model

Fig. 8 is a flow chart for a microgrid system arrangement in MATLAB/SIMULINK, which will
generate Power ),PG and },QG. The generated P and Q are used to control the voltage and
frequency of this designed model, respectively. In the constant droop gain (CDG) method, an
initial value is assigned, while the dynamic droop gain (DDG) control is set to 1 for both

frequency and voltage control processes.
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Figure 8. Flow chart of the proposed microgrid system
4. RESULTS AND DISCUSSION
In order to study and validate the effects of the proposed enhanced Dynamic Droop Control
for MG Frequency and Voltage Stabilization, the load profile that was used in (Li et al., 2016)

was adopted and presented in Fig. 9. The proposed scheme is validated using the parameters
in Appendix A.
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Figure 9. Random Load Changes
4.1 BESS State of Charge

This subsection of the paper presents detailed results from simulation studies examining
five cases to demonstrate the effectiveness of the proposed enhanced droop control strategy
using hybrid energy storage to improve BESS SOC in the MG system. The five cases are:
Case 1 - Microgrid with only BESS

When only BESS is used for energy storage without any droop control, the
charging/discharging current fluctuates significantly around 40 A peak as seen in Fig. 10.
The BESS must supply the entire dynamic current demand leading to high oscillations. The
BESS SOC varies widely between 5 % to 92 % as shown in Fig. 11. This indicates excessive
BESS cycling that reduces lifespan. The Total Harmonic Distortion (THD) is very high around
303 % as observed in Fig. 12.
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Figure 10. BESS current changes with time.
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Figure 11. BESS SOC variation with time.
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Figure 12. Harmonic on BESS only system

Case 2 - Microgrid with BESS and SMES Using Constant Droop Gains

Implementing constant droop control for BESS and SMES reduces current fluctuations
compared to Case 1 as seen in Fig. 13. The SOC range improves to 25-82 % in Fig. 14
demonstrating the benefit of coordinated BESS and SMES control. However, the harmonics
are still significant with THD of 290 % in Fig. 15 due to lack of proper correction.

Case 3 - Microgrid with BESS and SMES using Dynamic Droop Gains

The scenario with dynamic droop gain for BESS and SMES demonstrated even better
performance. Adopting dynamic droop gains further smoothens the current profile as shown
in Fig. 16 compared to Case 2.

50

SMES current using constant droop
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Figure 13. Current variation with respect to time in BESS and SMES using constant droop
gain.
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Figure 14. SOC variation with respect time on BESS and SMES using constant droop gain.
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Figure 15. Harmonic on BESS and SMES using constant droop gain.
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Figure 16. Current variation with time on BESS and SMES using Dynamic Droop gain.
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The SOC range in Fig. 17 increases slightly to 28-80 % as the optimization of dynamic gains
reduces BESS cycling. But the harmonics in Fig. 18 are still undesirably high around 289 %
THD.
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Figure 17. SOC variation with time on BESS and SMES using constant droop gain.
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Figure 18. Harmonic on BESS and SMES using Dynamic Droop gain

Case 4 - Microgrid with BESS, SMES and SUPCA using Constant Droop Gains

Adding a SUPCA to the HESS configuration improves results compared to Cases 1-3. The
currents in Fig. 19 are more stable. The SOC operation range expands notably to 29-72 % in
Fig. 20 due to SUPCA handling power fluctuations. The THD also reduces to 287 % in Fig. 21
as the SUPCA provides reactive power support.
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Figure 19. SOC variation with time on BESS, SMES and SUPCA using Constant Droop gain.
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Figure 20. SOC variation with time on BESS, SMES and SUPCA using Constant Droop gain.
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Figure 21. Harmonic on BESS, SMES and SUPCA using Constant Droop gain

Case 5 - Microgrid with BESS, SMES and SUPCA using Dynamic Droop Gains

Further improvements are achieved by using dynamic gains for the SUPCA-enhanced HESS
system. The SOC is tightly regulated between 48-74 % in Fig. 23 owing to the optimized
coordination of BESS, SMES and SUPCA. The current profile in Fig. 22 is smooth with no
distortions while the THD reduces by 277 % as seen in Fig. 24.

19



S. 0. Adetona and K. U. Udeze Journal of Engineering, 2024, 30(9)

50

SMES current using constant droop
40 - SUPCA current using constant droop
BESS current using constant droop
30 [ b

20 b

A Rat T

-20 |- b

10 |

HESS current (A)
o

-30 - b

-50

. L L L . L L
o 5 10 15 20 25 30 35
Time (hour)

Figure 22. SOC variation with respect to time on BESS, SMES and SUPCA using Dynamic
Droop gain.
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Figure 23. SOC variation with respect to time on BESS, SMES and SUPCA using Dynamic
Droop gain
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Figure 24. Harmonic on BESS, SMES and SUPCA using Dynamic Droop gain

4.2 Frequency and Voltage Control

The impact of the proposed SUPCA/SMES/BESS for frequency and voltage control in the
MG system is shown in Figs. 25 and 26.
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Figure 26. Frequency oscillations in the five cases.

The impact on BESS state of charge (SOC) profile across the five cases is presented in Fig. 27.
Figure 27. State of Charge in the five cases
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The results demonstrate that integrating SUPCA in the HESS configuration and leveraging an
enhanced dynamic droop control strategy significantly improves the PFC, voltage regulation
and SOC compared to conventional approaches. The proposed technique harnessing the
strengths of each storage element provides superior performance in maintaining power
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system stability under varying generation and load conditions. The key findings from this

research are summarized as follows:

1. The mathematical modeling of the MG components including generators, HESSs, and
droop controllers was successfully implemented in MATLAB/Simulink.

2. The introduction of a SUPCA in the hybrid storage configuration along with BESS and
SMES improved the overall system performance compared to using batteries or SMES
alone.

3. The proposed enhanced dynamic droop control strategy optimized using the SECANT
method provided superior voltage and frequency stabilization compared to conventional
fixed droop gains.

4. The coordination of different hybrid storage elements and optimized dynamic gains
extended the BESS lifetime by reducing charge/discharge cycles.

5. Power quality was enhanced with lower total harmonic distortion using the proposed
control approach.

6. Faster transient response and steady-state setpoint regulation were achieved using the
online optimized dynamic droop gains.

7. The SUPCA further improved the transient performance by mitigating power fluctuations
through rapid charging/discharging.

Thus, the integrated control and storage solution effectively addressed key MG stability

challenges under varying renewable generation.

5. CONCLUSIONS

This paper has presented a unique control strategy for MGs by integrating dynamic droop

control optimization with a HESS comprising BESS, SUPCA, and SMES. The DDGs are tuned

in active-time using the rapid-converging SECANT numerical method to provide enhanced

stability under varying conditions. The hybrid storage combines the steady power supply

capacity of BESS with the transient overload handling capability of SUPCA.

Comprehensive simulation studies demonstrate that the proposed approach significantly

enhances the voltage and frequency regulation, power sharing accuracy, BESS lifespan, and

overall control performance compared to conventional droop methods. The SUPCA further

improves the system response by mitigating power fluctuations. This research enables the

effective utilization of renewable energy and distributed generators in resilient MG

networks by leveraging advanced control techniques and emerging storage technologies.

While the developed control strategy showed significant improvements, further studies can

be undertaken:

1. The impact of the proposed approach under different configurations, renewable
penetration levels, and load profiles can be evaluated.

2. Additional studies under grid-connected mode and transition between grid-
connected/islanded modes could be performed.

3. Higher harmonic currents are still present in the system, and as such future researchers
can consider the development of an active power filters to further minimize the harmonic
current in the system.
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NOMENCLATURE
Symbol Description Symbol Description
P-f Power factor Droopy Frequency droop coefficient
AT Temperature gradient df(k+1) | Future normalized frequency deviation
CgEss Capacity model k Index of sample
P oss Power loss fand fn | Microgrid actual and nominal operating
frequency vectors
p loss factor dv(k+1) Future normalized voltage deviation
Droop, | voltage droop coefficient dQnet Total reactive power deviation vector
frer frequency reference K Droop sensitivity factors
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Appendix

The system simulation parameter

MG generator parameters
Diesel generator output power 100 kw
Wind turbine output power 48 kw
Solar PV output power 17 kw
BESS parameters
Type 60 Ah lead acid
Voltage 12V
Matrix size 4x20
Bank terminal voltage 4x12
Max. discharging current 30A
Power rating 10 kW
Max energy 100kWh
The SUPCA parameters
Reactive Power 10 KVAR
Time Constant (t) 1x10”(-4) sec
The SMES Subsystem ratings
Rated power 10 kW
Inductance 1.4 H
Standard current 150 A
Critical current 250 A
Energy capacity 20.23 K]
Highest power 202.3 kW
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