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Abstract: A frequency-decoupling-based power split was used in this study to manage a direct-
current microgrid (DC-MG)-based PV and hybridized energy storage system (HESS), which consisted
of a battery and a supercapacitor. The HESS control integrated a dual-loop structure for bus voltage
regulation and recovery and HESS charge/discharge control. Hysteresis current control (HCC)
tracked the supercapacitor setpoint current using low-pass filtering (LPF) control. The system
reliability was assessed using pulsing, smooth, and disturbed PV and load waveforms with standard
and advanced LPF methods. The Matlab simulation results confirmed a superior HESS control
performance under varying resource waveforms. Key performance indexes (KPIs) were used to
evaluate the bus voltage, HESS current management, loading efficiency, and loading mismatch.

Keywords: DC microgrids; battery; supercapacitor; hybrid energy storage system; frequency
decoupling; energy management strategy

1. Introduction

The world'’s electricity services are improved daily due to the implementation of ad-
vanced communication technologies, intelligent control, and energy management strategies
(EMSs) to tackle resource uncertainties or unpredicted failures of system supply.

Several power systems combine conventional and renewable energy resources (RERs),
energy storage system (ESS) technologies, and backup resources to ensure reliable power
systems with a continuous and efficient supply.

Among the known micro-power systems with a low operating voltage and power,
MGs or nanogrids (NGS) are currently being adopted in isolated zones and for remote
applications, especially those lacking main grid lines. Such advanced power systems
are potential solutions for linking several consumers with clean, renewable, and secure
power [1,2].

According to the ANSI C84.1 standard [3], the low-voltage class of MGs (LV-MGs)
is below <1000 V, which offers numerous advantages for reducing power distribution
losses (consumers are near the production system) and connecting with other nearby MGs,
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forming a cluster of MGs to improve the overall reliability and autonomy [2,4]. Using the
clean energy of MGs reduces greenhouse gas emissions that cause environmental pollution.

As vital components in power systems, various energy storage technologies are essen-
tial resources to ensure the autonomy of stationary power systems such as MGs [5,6] and
advanced vehicles [7,8], including terrestrial, marine, and air automobiles [6,9,10].

ESS technologies vary based on their maturity, performance in different weather
conditions (mainly temperature), lifespan or life cycles, energy/power densities, weight,
and cost-effectiveness. In this regard, electrochemical lead—acid (LA) batteries represent the
oldest and most mature technology on the market, and they are more suitable for stationary
power systems due to their low cost and availability [2].

Instead, lithium-ion (Li-ion) battery technology is among the latest energy storage
technologies, and they outperform LA batteries with their lightweight property, high energy
density, high cell voltage, and reduced charge losses [1,11]. In contrast, Li-ion batteries are
highly cost-effective, sensitive to high temperatures, and suffer from the risk of bursting.

Supercapacitors (SCs) [12] are charge storage devices that function due to their electro-
chemical and electrostatic operation processes. SCs are adopted for PV systems to smooth
their outputs and overcome the limitations of alternative batteries, especially the limitations
of a low power density and a sensitivity to high temperatures [13].

Such SCs have reduced sizes with high capacitances, offer high power densities
compared to LA and Li-ion batteries, enable fast charging/discharging, and are eco-friendly
without producing polluting gas emissions. However, SCs suffer from a low energy density
(3-5 Wh/Kg), a higher self-discharge rate compared with above battery technologies, and
a low cell voltage, requiring series connections to adapt to higher voltage systems.

Power systems require supply voltage stability to enable smooth power exchange
among resources and load requirements. Thus, using controllable devices, power electronic
devices, or DC-DC power converters is inevitable for adapting resource outputs with the
setpoint voltage of the load.

In battery applications, DC-DC bidirectional converters (BDC) allow the charge/discharge
of energy and a reversed current circulation between batteries and the load DC bus bar. In [14,15],
several topologies and control methods of non-isolated DC-DC converters in RE applications
were reviewed. Numerous contributions are addressed in the literature for HESS control and
EMS [16], including model predictive control (MPC) [17-19], a fuzzy logic controller (FLC) [20],
optimal LQR [21], and CPI versus super-twisting sliding mode controllers (ST-SMCs) [5].

In light of this short overview, this paper proposes a DC-MG-based PV and HESS
combining a Li-ion battery with SCs to supply a pulsing load demand, as seen in Figure 1.
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Figure 1. The configuration of the HESS under study.
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The DC-MG adopts a DC-coupling configuration with a single-point-of-failure or DC
bus rated at 250 (V) with a peak sharing of power of 30 (Kwp).

The system operates with two levels of decentralized energy management and moni-
toring strategies (EMMSs). The first treats the output measurements of distributed energy
resources (DERs), including currents, voltages, powers, and states of charge (SoCs), and
specifies the operation of the PV plant (maximum power point tracking (MPPT) control),
the batterycharge—discharge control (dual-loop control), and the SC charge/discharge
control (HCC with LPF control). Then, the second level receives setpoints from the first
level above and includes the local controllers (LCs) of DERs, which control the DC-DC
converters and generate their PWM signal commands.

Equation (1) expresses the total powers of the system resources APpc.pmg collected at
the DC bus and delivered to the load using Kirchhoff’s current and voltage rules.

APpcmc = (Ppy £ Pggss = Psc) — Proap = Vbe-sus X Ipc-sus 1)

The bus voltage and current are noted by Vpc.pus and Ipc.pus, while the powers of the
load, the PV, the SC, and the battery are noted by P oap, Ppy, Psc, and Pggss, respectively.

2. System Control Structure

The control framework in Figure 2 consists of the FD-SP control, adopting CPI with
the LQR-I controllers in the battery’s dual-loop control, while a hysteresis current controller
(HCC) is used to track the SC setpoint currents.
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Figure 2. The classical and advanced FD-PS control of the HESS banks.

To achieve the proper allocation of HESS banks with the suitable part of the load
demand, a frequency-decoupling-based power-split (FD-PS) control is used in this paper.
The FD-PS allows for preserving the life cycles of HESS banks and reducing stress on the
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slow battery dynamic. The FD-PS includes a classical low-pass filter (C-LPF) approach
with a first-order continuous-time filter to disaggregate the load setpoint power into a slow
part for steady-states and fast parts during transients.

AVpc = (VDCREf - VDC(t))
Ref 1 _

I—v ) }
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The errors in the outer voltage AVpc and inner current loops Aij _pgss are presented
in Equation (2) using CPI, with the setpoint currents of the battery iL_BESSRef 1 the SC
i _scRef1, and the duty cycle Duty cycleRef using the C-LPF control.

The advanced method (A-LPF) aims to solve the issue of slow bus voltage recovery

and applied stress on the battery due to its slow response and low dynamic. The SC
provides uncompensated battery power ngggmp in Equation (3) using the new setpoint
current i _scR 2 to improve the load convergence and bus voltage recovery speed.

. Ref2 _ - Ref1 , [V
ip_sc @ =irL_sc +( Ve N BESS)

Uncomp V;
Pppss = = VBESS-( \'?ESS-AILfBEss)

®)

Equation (4) explains the CPI controller design using the voltage and current band-
widths wv = wi/10 and wi = sampling frequency/10; D denotes the steady-state duty cycle;
L and C are the converter inductance and capacitance, respectively; n varies between 0.1
and 0.2; and VpcREF is the setpoint DC bus voltage [20].

{Kp vdc = wv.C/(1-D), Ki—vde = Kp_vde-n-wvpc @)
Kp_ir = w;.L/VpcREF, Ki_iL = Kp—iL-n-wjL

Otherwise, Kp and Kj are computed using the ‘SISOTOOL’ feature in the Matlab
control system toolbox for single-input-single-output (SISO) systems.

To control the CPI gains of the DC-DC bidirectional converter, the transfer functions
(TFs) of the converter’s linearized modes are required. Equation (5) presents the outer
loop TF Gypc—iLg,r, from iLpat to Vpc, and the inner current loop Gip,, —dg,p- from the
average duty-cycle values (dpar) to the average current values (iLgar):

G . _ Vpc(s) _ _—Lpat-Rioap-iLpaT-5+VpcRioap-(1 =Dpat)

VDC—ilpat — iLgar(s) ~ Vpc. RLOAD Cpc-s+Vpc+(1 —Dpat)-RLoap-iLBAT (5)
G doen = iLgat(s) _ VpcRroap-Cpcs+Vpc+(1 —Dpar). RLOAD iLgaT

T-BATTAGBAT — dpat () Lgar.Cpc.Rioap-s2+Lpat-s+(1 —Dpat)  Rioap

Lgat, Cpbc, RLoap, and Dpar denote the battery inductance (H), bus bar capacitance
(F), the equivalent load impedance ((), and the BDC averaged duty cycle (%), respectively.

3. Results and Discussion

In this section, the HESS system was simulated using Matlab Simulink to assess the
performance of the proposed control structure. The results are presented and discussed,
where Table 1 below presents the main scenarios for the simulations.



Phys. Sci. Forum 2023, 6, 6 50f12

Table 1. System and control structure parameters for simulation tests.

Scenarios Waveform Quality LPF Control
1 Pulsin A-LPF
2 & C-LPF
3 A-LPF
4 Smooth C-LPF
5 A-LPF
6 Perturbed C-LPF

The proposed scenarios highlight the contribution of the HESS in enhancing sup-
ply stability and reliability, adopting the C-LPF and A-LPF under pulsing, smooth, and
perturbed waveforms of PV generation and load demand.

The first result shows the power balance profiles of the DC-MG system using pulsing,
smooth, and perturbed waveforms, as seen in Figure 3.
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Figure 3. The system power balance under the proposed scenarios.

As shown, the stability of the load supply varied when using the pulsing, smooth,
or perturbed PV generation and the load demand. The HESS compensated for the power
imbalances between the PV and the load, while the SC dealt with transients or high-
frequency parts of the load, and the battery flattened steady-state load parts. The resulting
power imbalances and the load divergence on its setpoints affected the system’s bus voltage
stability regarding the transient overshoot/undershoot settling time and recovery speed.
Stability metrics reflect the status of clustered powers feeding load requirements.

Figure 4A—C showcases the system’s bus voltage profiles compared to the SC power
and the overall system power losses using the C-LPF and A-LPF control methods.
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Figure 4. System power losses, SC power, and bus voltage under proposed scenarios; (a) Pulsing
waveforms; (b) Smooth waveforms; (c) Perturbing waveforms.

As a comparison, the system’s stability and reliability were higher under smooth
and seamless waveforms of PV generation and load demand compared to the pulsing
waveforms, which required higher SC peaks of power to mitigate the spikes in the current
and power for the battery and the load. Instead, the system was more destabilized when
using perturbed waveforms with high-frequency issues, causing more stress on HESS and
load supply, although the bus voltage was maintained within its standardized limits (£5%).
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In other words, the system’s transient and steady-state stabilities were examined,
and the results showed superior stability for smooth profiles, while lower stability and
reliability were attained when using an uncertain power quality.

Table 2 summarizes the approximated operation thresholds of the power losses, SC
power, and bus voltage under the proposed power quality waveforms.

Table 2. Approximated thresholds of transient and steady-state stability.

Scenarios Waveform Quality Power Losses (KW) DC B(ups:/;)ltage
land 2 Pulsing +1.5 +0.1
3and 4 Smooth +0.5 +0.025
5and 6 Perturbed +2 +0.05

As seen in the highlighted periods [1-1.35], [7.99-8.1], and [8.99-9.1] (sec), the bus
voltage stability was proportionally affected by the SC outputs using the two LPF technics.
The bus voltage was smoother with reduced overshoots and rapid recovery when using
the A-LPF, which minimized power losses and enhanced the load supply efficiency.

The HESS current control using the C-LPF and A-LPF revealed different performances
regarding transient (SC current) and steady-state (battery current) regimes. As seen in
Figure 5A-C, the control robustness was evaluated based on the accuracy and precision of
tracking the battery’s and SC’s setpoint currents. The control accuracy was observed in
banks’ current profiles, with varying performances during transient and steady states, as
emphasized during same periods, [1-1.35], [7.99-8.1], and [8.99-9.1] (sec).
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Figure 5. Cont.
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Figure 5. The HESS current control: (a)—pulsing, (b)—smooth, and (c)—perturbed waveforms.

The resulting power imbalances were covered by the transient SC spikes of currents
and then flattened by battery-lagged currents using LPF technics. The rapid bus voltage
recovery was controlled by the amplitude of the SC current peaks using the A-LPF, enabling
rapid loading convergence to its setpoints with minimized power losses.

In contrast, the C-LPF resulted in a less accurate current control, a slower bus voltage
recovery, and more power losses. For steady states, the battery current illustrated the stress
on the battery to compensate for power imbalances using normal and abnormal power
waveforms.

Using the A-LPF, the SC improved the control dynamic and system reliability by
dealing with the uncompensated battery power.

To highlight the control robustness, Figure 6 presents the duty cycles obtained from
the dual-loop control structure (inner current loop) during the six proposed scenarios. The
influence of the LPF control methods was highly observed in the SC converter duty cycle,
reducing the battery’s stress and supplying a stable and reliable load demand.
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Figure 6. The HESS duty cycles under pulsing, smooth, and perturbed waveforms.

Figure 7 shows the SoC profiles of HESS banks, highlighting the influence of the LPF
on the banks’ energy usage. Similar to Figure 6, the battery SoC was less affected due to its
low power density (LPD), avoiding rapid charges/discharges compared with the SC.



Phys. Sci. Forum 2023, 6, 6

9of 12

T T |
- - -Caset with ALPF
73 0.6 -|— Caserwith CLPF 1
d. - - -Case2 with A LPF
~ — Case2 with CLPF
v - - -Case3 with A LPF
o Case3 with C LPF
Y 0.55 1
>
-
[
-
=
3]
0 o5k ]
5 053] :
"
& B e i i Lt s SN IR = "\
v P SR e \ PP
005255,,,_:'/ T R 4 -d §
a0 it N
v
w
0.52 ‘ 1
| |
0 2 4 6
TIME (SEC)

Figure 7. The HESS SoCs under pulsing, smooth, and perturbed waveforms.

Thus, the SC SoC was more stressed when using the A-LPF method. The additional
drained SC power improved the load supply and the battery’s slow dynamic. Besides, the
stress applied to the SC was represented in duty cycle and SoC profiles due to its high-power

density (HPD), enabling a fast charge/discharge to meet high-frequency load parts.

Finally, an assessment of DC-MG reliability was achieved under the proposed wave-

forms and the LPF control method.

To summarize, the tabulated numerical values of the key performance indexes (KPIs)
in Figure 8 consist of the root mean square error (RMSE), the mean absolute error (MAE),
and the integral square error (ISE), representing the precision, accuracy, and robustness of

the HESS control, respectively.
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Figure 8. A chart of the system variables using the KPIs of the RMSE, MAE, and ISE.

The KPIs analyzed the system’s bus voltage regulation and recovery, the battery/SC
current control, the minimization of the overall power loss, and the loading divergence to
its setpoints.

To conclude, the KPIs of the revealed results confirmed the following:

1.  The proposed system is feasible with the control and energy management strategies.

The system has good reliability against proposed waveforms of PV and load powers.

3. The high HESS control performance compensated for loading mismatch under differ-
ent power quality waveforms.

4. The superior operation and control accuracy of the HESS using the A-LPF improved
the loading efficiency, conserved the battery dynamics, and extended the overall HESS
lifespan.

5. Since the system control revealed a superior performance under smooth waveforms,
the system reliability was enhanced using the A-LPF compared to the C-LPF method.

6. The use of the A-LPF method improved the bus voltage stability by 1.39% and in-
creased the control accuracy by 0.378 and 0.09% for the battery and SC, respectively,
while the system supply efficiency was raised by 1.2% and the load convergence was
enhanced by 0.04%.

7. Compared to the pulsing waveforms (scenarios 1 and 2), the use of smooth waveforms
(scenarios 3 and 4) revealed advances of 1.62% for the bus voltage and 0.68 and 0.25%
for the battery and SC current control, respectively, while system power losses were
reduced by 1.29% and the loading convergence was improved by 0.09%.

8. In contrast, the perturbing waveforms (scenarios 5 and 6) disturbed the bus voltage
by 1.61% and the battery and SC current control by 0.62 and 0.25%, respectively, while
the system power losses increased by 1.28% and the loading convergence dropped
by 0.09%.

N

4. Conclusions

This brief paper presented frequency decoupling based on classical and advanced LPF
technics and discussed HESS for DC-MG applications. The bidirectional battery power-
sharing was controlled via a dual-loop control structure using CPI controllers, while the
charge/discharge of the SC was managed by an HCC in a single-current closed loop using
LPF techniques.

During simulations, the A-LPF and C-LPF were compared regarding the transient and
steady-state performance of the HESS control, considering the stability of the system’s bus
voltage, the banks’ current control, the overall power losses, and the divergence on load
setpoints.

The analyses of the Matlab results revealed a superior control performance when
using the LPF methods, as illustrated by the KPIs in terms of the RMSE, MAE, and ISE.

The obtained improvements were due to the robustness of the HESS control, consid-
ering that the uncompensated battery power was covered by the SC. Thus, the improved
operation and control precision of the HESS utilizing the A-LPF enhanced the loading
efficiency, conserved the battery dynamics, and prolonged the HESS's overall lifespan.
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