Indonesian Journal of Electrical Engineering and Computer Science

Vol. 43, No. 1, July 2026, pp. 63~77

ISSN: 2502-4752, DOI: 10.11591/ijeecs.v43.il.pp63-77 a 63

Advanced state machine-sliding mode current control
energy management for multi-source DC microgrid

Hamza Rezigue!, Mabrouk Khemliche!, Samia Latreche!, Badreddine Kanouni!, Hamza Khemliche?
!Department of Automatic Laboratory, Automatic and Intelligent Systems, Setif-1 University, Sétif, Algeria
2CRTI Centre in Industrial Technologies- Cheraga 16014, Algiers, Algeria

Article Info

ABSTRACT

Article history:

Received Jan 6, 2026
Revised Jun 2, 2026
Accepted Jun 27, 2026

Keywords:

DC microgrids

Energy management
Proton exchange membrane
fuel cell

Sliding mode control

State machine control

This work addresses effective power management in a multi-source DC
microgrid. An innovative energy management technique utilizing a state
machine control (SMC) integrated with a sliding mode current control
(SMCC) has been developed. This approach offers advantages through its
equitable distribution of power among sources, storage devices, and demand
loads, thereby optimizing the flow rate, discharge, and charge cycles of
energy storage devices; additionally, it improves the response time of
PEMFC power across various states in comparison to a conventional Pl
controller. The SMC-SMCC has proposed nine scenarios, categorized into
three state of charge (SOC) situations, to fulfill a predetermined set of
parameters for the operation of the DC microgrid. Simulation studies
conducted with a precise model in MATLAB/Simulink have demonstrated
that the proposed SMC-SMCC is proficient in achieving effective power
sharing, rapid DC link voltage control in terms of stability, and maintaining
the SOC within its constraints; additionally, the SMC-SMCC exhibits a

quicker response time compared to conventional SMC-PI.
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1. INTRODUCTION

Microgrids utilizing energy from renewable resources (RERS) are garnering heightened interest
across multiple industries, including industry, automotive applications, maritime vessels, seaports, and
satellites. This curiosity is propelled by technological innovations, elevated efficiency in renewable energy,
the creation of novel hybrid storage components, and proficient power balancing facilitated by powerful
power control techniques [1]-[3]. A centralized production system with interconnected microgrids can
facilitate the utility grid’s operation as a smart grid. These MGs deliver agile power generation, effectively
mitigating grid uncertainty and peak demands [4]. Moreover, microgrids can enable decentralized smart
power generation, either as AC microgrids that deliver AC power compatible with the utility grid, or as DC
microgrids that provide DC power for DC loads or energy storage systems.

Most DC MGs get their energy from renewable sources, such as photovoltaic, wind, and generators,
and provide it to DC loads and storage devices. These systems use modern power electronic converters,
strong controllers, and better power management methods to make sure that power is always available.

The architecture of DC microgrids offers advantages such as a reduced number of converters,
enhanced efficiency, diminished losses, absence of skin effect, and simplified control, as reactive power and
frequency fluctuations are not concerns within the system [5]. Atmospheric variations influence the
substantial nonlinear power produced by solar and wind energy systems. Maintaining a reliable power supply
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is problematic due to the unpredictability of renewable energy sources such as wind and solar, compounded
by the irregular patterns of energy demand throughout the hour, day, and season.

In the event of power outages, energy storage devices might provide renewable electricity, reducing
the severity of these problems. Due to the wide variety of energy storage systems (ESS) features and
characteristics, no single technology can address all of the important application requirements. This includes
things like electric power and energy densities, discharge rate, load profile, and more. Consequently, batteries
emerge as a favorable choice, and exhibit a high energy storage density; however, they demonstrate a low
power density.

Although they are essential, deep charge-discharge cycles actually reduce the lifespan of batteries
when used frequently [6]. An increasing number of people are considering merging fuel cells with
contemporary energy storage technologies in order to increase the systems’ power density and dynamics.
Because the hybridization technique optimizes the fuel-cell system, the ultimate result is better fuel
efficiency and overall performance. It uses the supplementary properties of batteries to its advantage.

A powerful energy management strategy (EMS) that intelligently distributes power loads across
multiple energy sources is pivotal to the successful implementation of this optimization process. Developing
an EMS necessitates a meticulous equilibrium between enhancing fuel efficiency and ensuring the optimal
operation of each energy source within its designated parameters. Furthermore, reducing the EMS’s influence
on the hybrid power system’s entire life cycle is essential. Extensive research literature exists on energy
management solutions for fuel-cell hybrid power systems. State machine control (SMC) is a methodology
employed in the electrical domain, recognized for its direct, rule-based framework. SMC depends on the
information and insights derived from heuristic or empirical prior experiences. The effectiveness of this
approach depends on your familiarity with how the various parts of the system work [7]. Another method is
named the rule-based fuzzy logic energy management system. This system efficiently allocates power using
membership functions and IF-THEN rules. This technique is easy to tune for optimal operation and robust to
measurement imprecision and component fluctuations. However, the fuzzy logic controller’s (FLC)
performance depends on IF-THEN rule development, which requires expertise and experience. The field uses
rule-based fuzzy logic energy management systems extensively. This system distributes power effectively
using membership functions and IF-THEN rules [8].

Recent advancements indicate that energy management utilizing classical Pl controllers has become
a significant strategy. Proportional-integral (PI) controllers monitor critical performance metrics, including
battery state of charge (SOC), supercapacitor voltage, and DC-bus voltage [9]. In contrast to various other
strategies, the implementation of PI controllers does not require specialized expertise, and they can be easily
tuned in real-time to improve tracking performance, effectively addressing steady-state load demands.
Sliding mode current controllers (SMCC) have recently garnered interest as a viable alternative to
conventional PID controllers for the design of stabilizers aimed at mitigating power oscillations. The SMCC
ler exhibits notable advantages, including robustness and ease of implementation. Furthermore, it exhibits
superior performance, characterized by rapid response and minimal current ripples, when compared to the Pl
controller. Additionally, it does not necessitate a load voltage sensor, unlike the predictive controller [10].

The topic of energy management for hybrid systems has advanced significantly in recent years.
Numerous strategies have been put forth to improve these systems’ dependability and efficiency.
Li et al. [11] combine Q learning with deterministic rules to mitigate current fluctuations; however, the
extensive training requirements and model dependency pose challenges for real-time applications. A
fuzzy rule-based strategy employs fuzzy logic to address uncertainties and imprecise information [12].
Cui et al. [13] presents an approach utilizing fuzzy logic to maintain the fuel cell within a high-efficiency
zone while accommodating rapid demand changes. In their comparison of several control systems, Luciani
and Tonoli [14] single out fuzzy logic as the one that can increase fuel cell efficiency for low-load cycles by
as much as 33%. For a hybrid system that incorporates fuel cells, batteries, and supercapacitors, a type-2
fuzzy technique is employed in [15]. Stability and efficiency are both enhanced by this method’s rigorous
control. In order to optimize the distribution of energy in real time, Zhang et al. [16] combine fuzzy adaptive
management with driving mode recognition through a neural network. Using the prairie dog optimizer
(PDO), a novel load frequency control (LFC) methodology that combines FLC with tilted fractional order
integral derivative with fractional filter (TFOIDFF) controllers was presented in [17]. A two-area hybrid
power grid that incorporates electric vehicles (EVs), superconducting magnetic energy storage (SMES), and
a unified power flow controller (UPFC) is used in the study to assess the controller’s performance This paper
offers a novel contribution to overcoming the limitations in existing research on microgrid energy
management, specifically addressing challenges related to complexity, scalability, and the need for real-
world validation. Table 1 summarized comparative of various existing control methods and the proposed
state machine sliding mode current control (SMC-SMCC) approach. Form above the shortcomings of
existing EMS approaches are listed as follows: Pl controllers: the authors thank the reviewer for this
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recommendation in response. Insufficient dynamic performance for quick load transients. A rigid gain
arrangement demonstrates insufficient robustness to parameter variability. Degradation of performance in
nonlinear operational conditions. Both overshoot and settling time are aspects that require consideration.

FLC ttechnical deficiencies: substantial dependence on regulations defined by experts and
membership functions, lack of a methodical tuning strategy, performance sensitive to variations in
operational conditions. As the system becomes increasingly complex, the rule base expands significantly.

Reinforcement learning (RL) EMS: substantial computational requirements during training,
significant data requirements for convergence, assurances of stability are complex., Constraints on the
deployment of real-time systems within embedded systems. The proposed SMC-SMCC method ensures
swift finite-time convergence, considerable resilience to system nonlinearities and parameter uncertainties,
reduced computational requirements, and minimized chattering, making it highly suitable for real-time
energy management in DC micro grid systems. To enhance power flow in the hybrid DC microgrid and
overcome the limitations of the PI controller, we propose a new SMCC. A comparative analysis between the
proposed controller and the PI controller will be performed to verify effectiveness.

2. CONTRIBUTION AND SIGNIFICANCE

This is the inaugural combination of SMC with SMCC for PEMFC-based DC microgrids, resulting
in enhanced dynamic responsiveness and superior SOC regulation. This work primarily contributes by
introducing a state machine sliding mode current control (SMC-SMCC) to address the issues associated with
control approaches for DC-MG applications, which is presented as follows:

— The SMC-SMCC technique enhances the performance and efficacy of the examined DC-MG system.

— The implementation of EMS utilizes SMC-SMCC for the regulation of the DC-DC boost in the PEMFC
system.

— The SMC-SMCC represents a novel strategy that diverges from the conventional SMC-PI methodology
and demonstrates remarkable efficiency.

— The SMC SMCC guarantees efficient power-flow regulation between the generator and the load under
various operational conditions.

— Substantially enhanced the response time relative to the utilization of PI control, also substantially
enhancing the resilience of the control system.

This paper is organized as follows: section 3 delineates the system architecture and the modelling of
various sources. In section 4 delineates energy management solutions employing the state machine in
conjunction with SMCC. In section 5 analyses the simulation outcomes, while section 6 represents the
conclusion of his study.

Table 1. Comparison between different methods and the proposed SCM-SMCC

Advantages Drawbacks Comparison with SCM-SMCC
P1 control Elementary execution; Parameter adjustments Improved robustness and faster convergence
minimal computational costs affect sensitivity are two benefits offered by SMCC.
Fuzzy logic control Deals with nonlinearities in Heuristic rule design; SMCC provides stability through
the absence of a clear model;  tuning intricacy; potential mathematics, whereas fuzzy logic depends
adaptive actions steady-state error on principles derived from experience.
Predictive control Optimizes performance while Relies on precise While SMCC is quicker and uses less
(MPC) handling restrictions and prediction models; heavy computing power, it does not handle
future forecasts computational constraints or optimization explicitly.
SCM-SMCC Reaction time is minimal, Chattering and potential Improves dynamic response and disturbance
(Proposed) robustness against switching losses; needed rejection but requires mitigation of practical
uncertainty is high, and model-based uncertainty implementation issues
convergence is time bound. limits

3. CONFIGURATION OF THE MULTISOURCE SYSTEM

Figure 1 shows the design of the DC microgrid. The photovoltaic (PV) system, proton exchange membrane
fuel cell (PEMFC), and battery connect to the DC bus through DC-DC converters, while DC loads connect
directly. A (DC-DC) buck-boost converter links the solar panel to the DC bus, a (DC-DC) boost converter
connects the PEMFC to the DC bus, and a bidirectional DC-DC converter connects the battery.

3.1. Photovoltaic modelling

Various mathematical models of photovoltaic systems were developed to clarify the properties and
behaviors arising from the physical manufacturing of photovoltaic cells. The P-V and |-V characteristics of
the PV system show fluctuations depending on external variables. The photovoltaic module is assembled by
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connecting many individual cells in parallel, and this same construction process is used to create a
photovoltaic generator or array. The current generated by a specific cell can be obtained from the electrical
circuit shown in Figure 2 which is represents by (1) [18], [19].
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Figure 1. Architecture of the multi-source system
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Figure 2. Solar cell circuit

According to (1), constructing a photovoltaic (PV) module involves connecting many PV cells in
series (Ns) and parallel (Np); the PV module’s configuration is described in (2) [20]:

N N
Q(va_(N_s)IpvRs) va+(N_s)'pvRs
Lyy = Ny — Nyl [exp———2 2220 q| - 2 N PP @

NsnkT (RRsh

3.2. Modelling of PEMFC

The intricate, nonlinear behavior of PEMFCs is influenced by cell temperature, pressure, humidity,
and current density. The performance, economic viability, and stability of PEMFCs in many applications rely
on accurate modelling of these characteristics. PEMFCs transform hydrogen and oxygen into electrical
energy via electrochemical reactions within the cell membrane. The resultant voltage-current (V-I)
characteristics are nonlinear and influenced by activation, ohmic, and concentration losses, necessitating
specialist modeling techniques for accurate representation. The total output voltage of the PEMFC stack (1),
the electrical circuit of PEMFC is shown in Figure 3 [21].

Vs =T (ENrs_cell  Vact_cell — Vohmceu - Vconce”) (3)

The Ey.s con represents the cell’s reversible voltage, defined as the potential measured under open
circuit circumstances when the cell is in thermodynamic equilibrium without any load applied as shown in
4), Furthgrmore Vact_cer Vonmeeyr @0 Veon,,;, Tepresented the activation, ohmic, and concentration losses,
as shown in (5)-(7).
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Eyrs cen = 1.229 — 8.5 x 107*(T}, — 298.15) + 4.3085 x 1075 X T} X

[(n(Py,) + (1/2) In(P,,)] Q)
P
Vact_cell =—|6 + G2 ch + CSchln = _495 + C3ch ln(lfc) (5)
5.08x106exp (T_fc)
Vohm_cell = Ifc (Qc + 'Qm) (6)
Vcon_cell =—fIn (1 - ]m]ax) )

The pressure of hydrogen is denoted as Py, , the pressure of oxygen as P,,, and the temperature of
the cell as Ty.. The operational current is I, and the semi-empirical coefficients are ¢, , 5 ,. Q. represents the
concentration resistance, while ,, denotes the ohmic membrane resistance. While (J) denotes the actual
current density of the cell.

3.3. Modeling of battery storage

The battery demonstrates significant potential for renewable energy storage in multi-source systems,
owing to its low self-discharge rate, rapid dynamic response, and high energy density. Figure 4 depicts a
circuit analogous to the battery employed for the assessment of its functionality. Furthermore, the voltage is
modulated nonlinearly according to the charging method to sustain the battery’s capacity at an acceptable
performance level. When the discharge phase is in progress, the voltage is determined by applying the
formula that is presented below:

VB=V0+in—1<x(ﬁ)i+Axexp(BBxit) )
The SOC of the battery can be calculated using the following equation:

SOC = S0C, — % [idt 9)

In this context, Ry represents the internal resistance of the battery, V, denotes its open-circuit

voltage, i indicates the charging current, K refers to the polarization voltage, Cg signifies its capacity,
Ag corresponds to the exponential voltage, and By is also used to denote the exponential capacity.

Integrator
A
low pass filter
ill'
4 A 2 L
V. ﬁﬂ )VI}/\ tbar +
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VB_dLhu = fa‘ (.':t, i*, [) v =
Eyrs = v
Figure 3. PEMFC electrical circuit Figure 4. Circuit of battery storage

4. ENERGY MANAGEMENT CONTROL FOR MULTI-SOURCE SYSTEM

The design of the DC microgrid presented in this work is seen in Figure 1. The multi-source system
delineated in this study is uncomplicated to create and execute. When power generation fails to meet demand
or exceeds the required power. The photovoltaic power is monitored via a boost converter utilizing the
available solar potential and regulated with maximum power point tracking under standard conditions.
The EMS transitions to chosen modes after addressing the local power balance and determining the
appropriate operating mode.
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The control structure employs current regulation loops for BDCs that connect local buses with
BESS, and utilizes SMCC for the boost converter that links local buses with PEMFC. The load power
discrepancies at the local (10):

avgc
Pia = Vaco X lacp = VacoCacp ( ddt b) (10)

The DC link is suggested to be a capacitor. After defining all the fundamental models, we integrated
the power sources in accordance with the DC bus design. The current is supplied by each source collected on
the bus. The computation for the DC link current is as follows:

Idcb = Ipv + Ipemfc i Ibatt (11)

The BDC monitors the local bus woltage to rectify imbalanced power via the BES’s
charge/discharge mechanism employing a dual-loop configuration. The Pl regulator of the outer bus voltage
loop calculates a current Ip; to assess the precision of the proposed energy management strategies. The BES
converter is designed for local bus voltage management and load demand correction by mitigating power
deficits. In (12) and (13) illustrate how the voltage loop compensates for the reference current IPI during
charge and discharge modes, which is calculated by the MSEMS unit.

Alges = (Ipi — Ipss) (12)
Ipi = (Kp + ") (Vsc = Vo) (13)

The BDCs’ supplementary PWM commands are generated by converters> PWM generators, while the inner
current loops monitor the setpoint and provide the averaged duty cycle signals.

4.1. State machine SMCC

The energy management system is seen as the control level for the system in this technique for
managing energy, which involves dividing the net power of the system between the fuel cell system and the
battery pack. Maintaining steady and cost-effective functioning of this DC microgrid requires an energy
management plan. This paper presents an energy management technique utilizing sliding mode control,
which offers numerous advantages: Sliding mode provides enhanced flexibility and reduced variability in
comparison to a Pl controller; Diverse control measures can be utilized; and It improves the inherent
reliability of the system.

4.2. State machine control

The SMC technique is a traditional rule-based approach for managing energy systems within a
microgrid. The SMC strategy in this microgrid has 9 states categorized into three SOC states, as seen in
Table 2. The three SOC states are categorized as high, normal, and low. The reference power of the fuel cell
is established based on the battery SOC range and the system’s net demand power (Pnet). Concurrently, the
following constraints have been taken into account: Pload, Pbatt, and Ppv represent the real-time measured
load demand power and the output power of the photovoltaic generation system, respectively; Pfcmin,
Pfcmid, and Pfcmax denote the minimum, optimum, and maximum output power of the fuel cell system.

Table 2. State machine control decisions

SoC Pt Pfc State
SOCmin Pnet < Pmin Pmid 1
Pminspnet<Pmid Pmid+Pmin 2
PmidSPnet<Pmax Pmax 3
SOC‘mean Pnet < Pmin Pmax 4
Pmin SPne): <Pmid Pmin 5
Pmidgpnet<Pmax Pmid 6
SOCMax Pnet < Pmin Pmax - Pmid - Pmin 7
PminSPnet<Pmid Pmid_Pmin 8
Pmid$Pn9t<Pmax Pmin 9

4.3. Sliding mode current control
The function of SMCC is to implement the 1_fc to monitor the /7 provided by the SMC decisions

table. The control architecture is predicated on a DC-DC boost converter structure [22]-[25]. A boost
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converter is a DC-DC power electrical device that elevates the input voltage to a higher output voltage. This
is seen in the figure. Five The converter’s functionality is comprehended by examining its two switching
states. Figure 5 illustrates the operating modes of the proposed DC-DC boost converter. Specifically, Figure
5(a) shows the switch-on (On) condition, while Figure 5(b) presents the switch-off (Off) condition. The
corresponding equivalent circuits for each operating mode are also illustrated in the respective subfigures.
The following equations describe each operating mode.

L i

iPV iout ._pI;_Nm lou}t .
——— e ¥
Vee ¢ = Vour I{fc — Vour
(@) (b)

Figure 5. DC-DC boost circuit: (a) switch on and (b) switch off

We can describe the boost converter model equations as follows:

LELE = [V = (1= S)Vou
CEe = [(1— $)ige — loue]

(14)

For the SMCC, the surface is specified as follows:
710 = Ifc—ref - Ifc (15)

In order to ensure that the PEMFC current I, follows the SMC decisions I._,.¢, the control S can be
described as [9]:

S = 2(1 — Ksign(y)) (16)

K in the SMC-SMCC law is selected to satisfy the reachability condition and to guarantee finite-time
convergence of the system trajectories to the sliding surface, which is presented in (16).

Its value is determined such that it compensates for the worst-case bound of lumped uncertainties,
including modeling errors, parameter variations, and external disturbances. K is not chosen excessively large,
in order to limit control effort and mitigate chattering effects.

To confirm the control structure, the stability of the current loop is examined using the Lyapunov
function; the Lyapunov condition is specified as [10]:

V=§¢2>0 ifp#0 17

One way to express the derivative of (14) using (15) is as:

* v (1-5)v, *
ltb = Ifrfref_IfL‘ = _%_%ut_lfc (18)
Furthermore, the expression for the derivative of V' can be calculated using (18).
o (= Yout _ _signSVour | Vrc .
Ve=v ( 2L 2L + L Ifc‘ref) <0 (19)

0 <Vpe = Ll yop < Vour

The use of the signum function to send the control signal S has a big problem: the chattering
phenomenon, which is an infinite switching frequency that is hard to achieve [10]. To solve this problem and
allow for an appropriate frequency change, the signum function must be replaced by a hysteresis band.

The discontinuity of sliding mode control may result in increased switching frequency of power
electronic equipment. An increased switching frequency or more assertive control transitions may result in
heightened switching losses, greater thermal stress, and diminished efficiency.
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5. RESULTS AND DISCUSSION

This section examines the efficacy of the suggested energy management system, SMC-SMCC,
utilized for the regulation of the multisource system. Different load values are applied to the system, and its
performance is assessed in each of the nine modes, which are separated into three scenarios. Throughout the
whole performance analysis, the load profiles and PV irradiance are regarded as being identical in all three
scenarios. While Table 3 presents the global system, parameters utilized in the simulation. The load profile
and the photovoltaic irradiance profiles are depicted in the Figure 6. The load profile fluctuates between
1,000 and 2,000 W, whereas the PV irradiance profile ranges from 700 to 1,000 as presented in Figure 7.

Table 3. Global system parameters

Photovoltaic panel (PV) PEMFC Battery
Maximum power (Pmax) 60 W <) —0.944 Capacity 14 Ah
Maximum voltage (Vmpp) 17.1V I 3.5x107°3 Battery response time  0.1s
Maximum current (Impp) 35A I —4,7.8x107%8, / /
Panel in series (Ns) 5 s ,1.96x107%4 / /
Panel in parallel (Np) 2 A 12 / /
Converters parameters Solver
Boost Buck boost  Bidirectional converter solver type duration
L=0.07H L=40 mH L=0.01 H Fixed-step 7.5 sec
Cin=0.1 mF Cin=0.1mF / /

(

2000 s
B I
5 1500 - -

1000 I I —

Powe

Time (seconds)

Figure 6. Load profile
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Figure 7. Irradiance profile

5.1. Case1l: SOC < S0OC,,;,,

The power that is produced by each source is shown in Figure 8, along with the states that
correspond to the functioning of the system that is shown in Table 2. Figure 8(a) shows the operational
outcomes when the battery’s SOC is below SOCmin, and Figure 8(b) depicts the states produced from case
one. The power generated by the photovoltaic system is less than the power demand. When the SOC drops
below the minimum value, additional charging is needed to restore the battery’s charge level.
The PEMFC must both compensate for the power shortfall and recharge the battery, the initial SCO equal to
20%, State 1, from Os to 1.5s and 6s to 7s, the PV generated a power not satisfied the load demand;
concurrently, the PEMFC driver the rest of the load requirement, while the remainder was used to charge the
battery. State 2 denoted the time interval from 1.5s to 3s and 4.5s to 6s the PEMFC driver provided a total
power that meet the load demanded and charge the battery. During the state 3, occurring within the time
frame of 4.5s to 6s, also the PEMFC charge the battery and meet the load demand.

While the DC bus voltage and the SOC of the battery bank are displayed in Figure 9, Figure 9(a)
depicts the DC link voltage, with the reference value set at 180 W. The bus voltage accurately follows the
reference, with peaks at 1.5s, 3s, 4.5s, and 6s resulting from fluctuations in load demand. A divergence from
the reference is noted, followed by a swift reversion to the reference value. Figure 9(b) illustrates the SOC of
the batteries, indicating that the batteries are charging regardless of the load demand. The power generated by
the PEMFC system provides energy to the load while simultaneously charging the batteries, as their SOC <
SOCmin. Figure 10 displays the power output of the PEMFC utilizing the proposed SMC-SMCC in contrast
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to the conventional SMC-PI; the graphic demonstrates that the recommended energy management technique
yields superior results, which are encapsulated in the accompanying Table 4.

[—Ppv —Pfc — Pbatt —Ploaﬁ\

2000
_l_ s
~ 1500
3 1 g,
= 1000 s
% [t =
500
A= 1
T
- =l 0
500 0 2 4 6
0 2 4 6 Time (seconds)
Time (seconds) (b)
@)

Figure 8. Power generation and operating state of the proposed energy management system under the
condition SOC < SOC,,;,,: (a) power generated by the PV, PEMFC, and battery, and
(b) corresponding operating states
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Figure 9. Electrical performance of the proposed system under the condition SOC < SOC,,;,,:
(a) DC bus voltage response and (b) battery state of charge (SOC)
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Figure 10. Comparison between different controllers (SOC < SOC,,;,)

Table 4. Response time comparison of different controllers
Interval  SMC-PI _ SMC-SMCC

Response time (s)  0-1.5s 0.17 0.06s
1.55 - 3s 0.35 0.07
3s-4.5s 0.2 0.004
4.5s - 6 0.24 0.0045s
Bs - 7.5s 0.25 0.0065

5.2. Case 2: SOC,,;, <SOC < SOC 4
The battery SOC is considered to be above the minimum permissible SOC and below the maximum
SOC. In this case, the surplus energy produced by the photovoltaic system is stored in the battery storage
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system, also feeding the load demand, depending on the state. Regarding the case 2. The output generated by
each source is illustrated in Figure 11, alongside the states corresponding to the system’s operation as
detailed in Table 2. Figures 11(a) and 11(b) illustrates the power generated from the sources, and depicts the
corresponding state for this scenario. The time intervals [0s 1.5s] and [6s 7.5s] correspond to state number
four, the photovoltaic (PV) system produces maximum power, while the PEMFC supplies the load with
maximum power (Pmax), and the surplus power charges the battery. State number five encompasses the time
intervals from 1.5s to 3s and from 4.5s to 6s, the PV does not generate sufficient electricity to meet load
requirements; consequently, the PEMFC compensates for the energy deficit to the load. In state number six,
corresponding to the time interval [3s 4.5s], the photovoltaic system produces insufficient power to meet the
load demand; hence, the PEMFC and the battery supply the deficit power required by the load.

The DC bus woltage and the current SOC of the battery bank are both displayed in
Figure 12. Figure 12(a) illustrates the DC link voltage, with a reference value of 180W. The bus voltage
closely tracks the reference, with peaks at 1.5s, 3s, 4.5s, and 6s caused by load demand fluctuations.
A deviation from the reference is observed, followed by a quick return to the reference value. Figure 12(b)
illustrates the SOC from Os to 7s. The battery’s initial values are 66%. The SOC fluctuates between 66.025%
and 65.996%, indicating that battery charging and discharging are contingent upon load demand and the
power output of the PEMFC at the corresponding condition. Figure 13 compares the power output of
PEMFCs utilizing the conventional SMC-PI and the new SMC-SMCC energy management method; the
findings are summarized in the Table 5, and the figure shows that the new strategy produces better responses.
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Figure 11. Power generation and operating state of the proposed energy management system under the
condition SOC,,;,, < SOC < SOC,,.,: (a) power generated by the PV, PEMFC, and battery, and
(b) corresponding operating states
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Figure 12. Electrical performance of the proposed system under the condition SOC,,;;,, < SOC < SOC,,44:
(a) DC bus voltage response and (b) battery state of charge (SOC)

Table 5. Response time comparison of different controllers
Interval  SMC-PI  SMC-SMCC

Response time (s) 0-1.5s 0.34 0.045
1.55-3s 0.45 0.05
3s-4.5s 0.3 0.0015
4.5s- 6s 0.35 0.0061
6s-7.5s 0.345 0.01
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Figure 13. Comparison between different controllers ( SOC,,;, < SOC < SOC,,.5)

5.3. Case 3S0OC > SOC,, .«

This mode activates when the battery is fully charged. The SOC exceeds the maximum value.
Additionally, the battery will deplete, and the PEMFC will operate at minimal power. This indicates that the
system relies on the BEES’ backup. Given the case 3. Figure 14 shows the output from each source, and
Table 2 details the states that correlate to the system’s operation. Figures 14(a) and 14(b) demonstrates the
power produced by the sources and represents the associated state for this situation. The time intervals [0s
1.5s] and [6s 7.5s] pertain to state number seven, during which the photovoltaic (PV) system generates peak
electricity. The PEMFC concurrently provides the load with the minimal power Pmax, while the excess
power drains the battery because the battery’s SOC exceeds the maximum threshold. State number 8
encompasses the time intervals from 1.5s to 3s and from 4.5s to 6s; during this duration, the photovoltaic
system fails to provide sufficient electricity to satisfy load requirements; consequently, the proton exchange
membrane fuel cell provides a little amount of power for compensation, while the battery compensates for
the remainder. In state number 9, throughout the time interval [3s 4.5s], the photovoltaic system generates
inadequate power to satisfy the load demand; hence, the battery compensates for the deficiency,
supplemented by a minimal contribution from the PEMFC, equating to the minimum (Pmin).

Figure 15 shows the DC bus voltage and the battery bank’s charge status. Figure 15(a) shows the
DC link voltage, with a reference value of 180W. The bus voltage closely follows the reference, with peaks
at 1.5s, 3s, 4.5s, and 6s caused by load demand changes. A deviation from the reference occurs, followed by
a quick return to the reference value. Figure 15(b) displays the SOC from Os to 7.5s. The battery initially
starts at 92% charge. The SOC fluctuates between 92% and 91.955%, indicating that battery discharging due
to the initial SOC is above the SOCmax.

The power output of PEMFCs that use the standard SMC-PI energy management approach and the
novel SMC-SMCC energy management method are compared in Figure 16. The response time for each state,
are summarized in Table 6, and the figure demonstrates that the new strategy delivers better responses than
the conventional management method. Finally, Table 7 tables by highlighting key improvements of the
proposed SMC-SMCC time reduction, SOC stability, and overshoot.
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Figure 14. Power generation and operating state of the proposed energy management system under the
condition SOC > SOC,,,,: (a) power generated by the PV, PEMFC, and battery and (b) corresponding
operating states
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Table 6. Response time comparison of different controllers

Interval  SMC-PI  SMC-SMCC

Response time (s) 0 - 1.5s 0.4 0.0417
1.55-3s 0.035 0.0045
3s-4.5s 0.0014 0.0014
45s-6s 0.0018 0.0001645
6s - 7.5s 0.08 0.0053
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Figure 15. Electrical performance of the proposed system under the condition SOC > SOC,,:
(a) DC bus voltage response and (b) battery state of charge (SOC)
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Figure 16. Comparison between different controllers(SOC > SOC,,,.,)

Table 7. Comparison between SMC-Pl and SMC-SMCC

Metric SMC-PI SMC-SMCC
Response time Slow Fast
SOC stability Fluctuating Stable

Overshoot Higher Lower

6. CONCLUSION

This research introduces novel energy management algorithms designed exclusively for DC
microgrids, emphasizing efficient power management and the provision of local loads. In multi-source DC
microgrid settings, integrating SMC-SMCC-based energy management systems with nine states significantly
enhances the stability, efficacy, and responsiveness of the controllers. A comprehensive examination of DC-
DC converters and the optimization of power distribution between sources and loads highlights the efficacy
of these approaches. The suggested SMC-SMCC controller demonstrates superiority over standard SMC-PI
controllers, particularly regarding time response, as evidenced by rigorous comparative analysis. The

proposed energy management controller for mu

Iti-source DC microgrids is an SMC-based SMCC system

that outperforms conventional SMC-PI controllers in terms of response time, efficiency, and stress reduction.

It also provides substantial benefits in improving

system reliability and longevity. The real-world application

of sliding mode control may face issues including chattering, sensitivity to measurement noise, and the
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necessity for meticulous parameter tweaking, despite its high durability and rapid dynamic response. These
concerns are substantial, and they are on top of the operational limitations and deployment considerations.
Future work will focus on a comprehensive sensitivity analysis to quantify the influence of critical design and
control parameters on overall system performance, stability, and robustness. Particular attention will be given
to SOC thresholds (upper/lower bounds and hysteresis margins) to assess their impact on power-sharing
behavior, battery degradation, and cycling stress. Furthermore, the sensitivity of converter-related
parameters—such as switching frequency, passive component values, DC-link voltage reference, and
controller tuning gains—will be systematically evaluated with respect to efficiency, dynamic response, and
stability margins. The outcomes of this study will strengthen the robustness of the proposed EMS and
establish reliable design guidelines under parameter uncertainties and realistic operating conditions.
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