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Abstract— Power supply systems built upon multiple renewable energy sources can provide reliable power. By using an efficient control
method along with suitable converters can improve the power quality as well as can be able to supply stable power to various loads. Multiple
renewable sources connected to DC-Microgrid are becoming popular and require an efficient control method to make both energy management
as well as maintain power quality at load bus. Since many renewable energy-based power generating units, battery bank and loads are connected,
a multiport DC to DC converter is selected in this paper. Solar plant, wind power plant, hydrogen-based power units (AE and FC) and battery
bank are connected to a common DC bus. A novel control unit is developed in this paper on multiport DC to DC circuit to maintain both energy
management system as well as constant voltage at DC bus. Super twisting sliding mode controllers are used in the proposed control methodology
to improve the performance of proposed system under rapid changes in the system including wind speed, solar irradiance and load current.
Hardware - in the - Loop is developed by using OPAL-RT modules to present various results under different operating conditions.
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I. INTRODUCTION

Electric power supply systems powered by RESs are becoming famous and establishing at many places worldwide [1], [12]. Among many,
SPP and WPP are major power production units at many places. Generally, PVS are used to generate electrical power from solar irradiance.
Permanent magnet synchronous generators are used to generate electrical supply through mechanical power of wind turbines for medium power
applications [13], [14]. Nevertheless, multiple converters are required to integrate all these power sources into a common DC bus. Moreover,
both wind speed and solar irradiances are depending on nature and even there is no irradiance during night and cloudy days. Hence, energy
storage modules like batteries must be integrated to the power supply system to maintain EMS [15]. However, batteries require regular
maintenance and required replacements since having only few years of lifetime [16]-[19]. Therefore, hydrogen-based energy storage devices
are considered in this paper. An AE is used to produce hydrogen when there is high power generation than load and FC is used to produce
electricity by using stored hydrogen and oxygen during high load demand than generation.

In general, DCMG is popular and established at many places worldwide. Hence, a DCMG is established by integrating SPP, WPP, AE, FC,
Battery bank and various loads. Normally, many converters are required to integrate all these comments to establish a DC bus [20], [21]. There
will be an option to interconnect DCMG to AC Microgrid by using an inverter with an appropriate control model. In this paper, a multiport DC
to DC circuit is selected and connected all components to DC bus through this multiport DC to DC converter. Among many controllers, STSM
controller can be able to produce accurate output under rapid variations in the DCMG under various operating conditions. Therefore, STSM
controllers are used while designing the control methodology for the multiport DC to DC circuit [2]. The proposed control method of the
multiport converter includes the operation of MPPTs of wind turbine and PV'S under variations in wind speed and solar irradiances respectively,
operation coordination among battery bank, AE and FC by regulating voltage at DC bus effectively. Hence, a common control methodology is
proposed to drive the multiport DC to DC convert to perform various tasks.

Various DC loads can be connected at DC bus by using their respective converting devices, hence a constant voltage at DC bus must be
produced by using proposed control methodology. The rest of the paper is organized by incorporating details about DCMG in Section-II,
modeling of various components in Section-I11, proposed control methodology along with STSM controllers in Section-1V. Results based on
HIL under various operating conditions are presented in Section-V and conclusion prepared in Section-VI.

Il. OVERVIEW OF DCMG

A simple layout of various components connected to DCMG is depicted in Fig. 1 by using multiport converter. The EMS must be developed
among all components integrated to establish a DCMG to manage energy flow. There will be an option to connect AC Microgrid by using
simple DC to AC converter (i.e., an inverter). A detailed connection (generalized block diagram) among various components along with their
respective converters is depicted in Fig. 2, is a commonly existing network of a DCMG powered by various RESs based power production units.
Authors in [3] proposed a hierarchical control method for super capacitor based DCMG. Power processing of RESs based DCMG is developed
by authors in [4]. High efficiency DC to DC converters are designed by authors in [5] for RESs powered DCMG. Significance of battery energy
storage in DCMG and control strategy is proposed for protection by authors in [6]. Authors in [7] presented high gains DC to DC converters for
DCMGs. Control and design of DCMG is discussed by authors in [8]. A smooth operation of standalone DCMG is developed by authors in [9]
under high and low penetration of RESs. However, author [3-9] did not consider multiport DC to DC converter as well as STSM controllers in
their control methodologies.
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Figure 1: Layout of DCMG with multiport converter.
Source: Own elaboration.
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Figure 2: Conventional configuration of a DCMG.
Source: Own elaboration.

In order to reduce the number of individual converters and size of the system, the proposed configuration of DCMG by using a single
multiport converter is depicted in Fig. 3. A bidirectional DC to DC circuit is employed to regulate the discharging and charging current of the
battery bank, which is contingent upon the power disparity between the overall generation and load. Hence, two switches Q1 and Q2 are used
to obtain bidirectional power flow of the battery bank. In order to consume power from DC bus during high generation as compared with load,
AE is integrated through switch Q3. The FC needs to be supply load demand during steady state, hence switch Q4 is used which can be able to
inject FC current into DC bus. Switches Q5 and Q6 are used to integrate WPP and SPP to DC bus as well as working as respective MPPT
devices. Voltage at DC bus (\Vdc) is obtained at output terminals of the multiport DC to DC converter.
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Figure 3: Proposed DCMG with multiport convert.
Source: Own elaboration.

1. MODELING OF VARIOUS COMPONENTS IN DCMG

Modeling of various components involved in proposed DCMG is prepared in this section. The PMSG is simulated utilizing an arbitrary d-
q reference frame [10]. This paper presents a wind turbine's drive train model with improved accuracy, focusing on a two-mass system. The
mechanical dynamics of the WPP are described by the following differential equations.

d
2Bt =Ty = Ton 1)
1 dbpy _ _
oo dt = Wy — Wy 2
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dw,

ZBg F = Tsh - Tg (3)

Where, inertia constants of the turbine and PMSG are denoted by B; and By, respectively. 8y, represents shaft twist angle, rotor speed of the
PMSG is w, in p.u., angular speed of the turbine is denoted by w, in p.u., we, represents electrical base speed. The shaft torque Ty, is

Tsh = RspOw + D¢ dziw 4
Where, Ry, is the shaft rigidity and D, is the damping coefficient. Various coefficients of the drive train and wind turbine are listed in Table
1.
Table 1: Parameters of Wind system.
B (S) 4
By (S) 0.1
Rsh (p.u./electrical rad) 0.3
D. (p.u./electrical rad) 0.7
Pole pairs 5
Armature resistance () 0.425
Magnetic flux linkage (Wb) 0.433
Inductance in stator (mH) 8.4
Operating torque (Nm) 40
Maximum power (KW) 6
Rated speed (rad/s) 153

Source: Own elaboration.

The implementation of a lead acid battery’s electrochemical model is achieved with the assistance of [1]. The modeling is performed by
employing a basic CV'S with a consistent resistor, as depicted in Fig. 4. The CVS is characterized by equations (5) to (10).

Vi = Vo — K5(273 4+ 0)(1 — SOC) (5)
Qe(t) = Qe,init + fot It dr (6)
— Ven _ 6
Ip = VPNGPO eXp(ino(TpS+1) + Ap(]. Gf)) (7)
— KcCoKe _
0 = eng e =0T 8)
_ _ Qe — _ Qe
S0C=1=70g P0C=1 Clavg®) ©)
p._0=0a
t s
Q(t) = einit + fo CGRG dr (10)

where, 1, and V;,,o are the open-circuit voltage and open circuit voltage at full charge, 6 is electrolyte temperature in °C, Q. ;¢ is the initial
extracted charge, I,,, is the main branch current in A and Q. is the extracted charge in Ampere seconds.

The 10 KW rating of the FC model has been developed by setting the operating voltage at 300 V, which the boost converter then converts
to V.. The output voltage from the stack in the MATLAB simulation is subsequently linked to a controlled voltage source as illustrated in Fig.
5. The boost converter interfaces the FC dynamic model to the DC link. The paper examines the operating voltage of SOFC as 300 V, which is
then boosted to 660 V by the boost converter. Important parameters of FC are listed in Table 2.
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Figure 4: Lead acid battery’s electrochemical model.
Source: Own elaboration.
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Figure 5: FC stack dynamic model.
Source: Own elaboration.
Table 2: Parameters of FC.
Absolute temperature (K) 1273
Faraday’s value (C/mol) 96487
Number of cells in series in stack No 325
Constant Ki=Ny/4F (Kmol/(A.s)) 0.842*10°
Molar constant for H, (Kmol/(s.atm)) 8.43*10*
Molar constant for H,O (Kmol/(s.atm)) 2.81*10*
Molar constant for O, (Kmol/(s.atm)) 2.52*10°
H, response time flow 7y, (s) 26.1
H,0 response time flow 7, , (s) 78.3
0O response time flow 7, (s) 291
Ohmic loss (Q) 32813*10°
Universal gas constant (J/Kmol.K) 8314

Source: Own elaboration.

The paper outlines the design of an AE rated at 10 KW while maintaining a current rating of 120 A. Consequently, the voltage across the
AE is set to 86 V, the buck circuit is utilized to reduce the voltage from V. to 86 V.

The empirical current-voltage relationship can be utilized to model the kinetics of electrode reactions in an AE cell, which also incorporates
a temperature parameter. The voltage of AE is denoted by the following equation:

r+7,T

V =nle + 2

e + sy + 55T + 5572 log(1+ (& + 2+ 2) . (%) (12)

Where, important parameters are: n that represents the number of cells, .., is the reversible cell potential, T is the temperature in °C and
I, /A is the current density in A/m2.

The electrochemical AE model has been created in Simulink and linked to a buck converter through a CVS as illustrated in Fig. 6. Important
parameters of AE are listed in Table 3.

Electro-chemical Controlled

Voltage V
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representation of
AE by
Eq.{11)

Figure 6: Aqua-electrolyzer model.
Source: Own elaboration.
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Table 3: Parameters of Aqua Electrolyzer.

I (Q.m?) 0.00015
r2 (m2oCT) -6.019%10°
51 (V) 2.427
52(V.°CY) -0.0307
55 (V.°C?) 3.9%107
t(ALm?) 0.214

1, (ALm2.°C) 0.87

t: (AT.m2°C?) 119.1

N 64

T (°C) 70

A (cm?) 873

Source: Own elaboration.

The modeling of PVS was examined by [2]. The modeling is conducted in (12), where Ipv and Vpv represent the current and voltage of the
PVS respectively. The following equation is used to modeling the PVS:

Ipy = Ly, — Iy [exp (—q(lmﬁi;vw)) - 1] - —VP";SI:"RS (12)
Where

Ipn = lse + k(T = T)] 705

lo = bl Pexpe [ = 7D

The design of MPPT of wind turbine is attempted by the following procedure, the wind turbine’s power output is determined by the amount
of power it captures.

1
P, = EpACp(/'{,/?)v3 (13)
Where p is air density, A is blade’s swept area, v is wind speed.
P
Ty = w—ft (14)
And 1 =2t
v
For MPPT operation 4 = A,,; = constant,
)
a= (15)

Moreover, if wind turbine is operating under steady-state conditions with MPPT: Cp=constant=1 p.u.
R (16)
By inserting (15) into (16) and calculating the torque ratio at two different wind speeds, we obtain:

T, viv v?
Tm2 vzV1 V)

Similarly, MPPT of PVS is developed by using IC method.

V. PROPOSED CONTROL METHOD OF DCMG

The STSM control possesses the capability to minimize chattering and is also resilient to changes in parameters [11]. The sample model of
STSM controller is depicted in Fig. 7. The error signal is considered as ed in Fig. 7.

Figure 7: Sample of a STSM controller model.
Source: Own elaboration.

Well-designed STSM controllers are used while designing the proposed control method of the DCMG in place of conventional P1 controllers.
The combination of battery bank, FC and AE is considered to regulate voltage at DC bus since these are working as energy storage devices in
the proposed DCMG. Hence, the error obtained from V. and its reference V. is given to both STSM controllers 1 and 2 to obtain reference
hydrogen current I;; and battery current I;,. These are further compared with actual hydrogen current ij, and battery bank current i, respectively
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to produce required pulses for Q; to Q. by using hysteresis current controller loops. The boost converter switches of Qs and Qg are used to
work as MPPT devices of PVS and wind system respectively.
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Figure 8: Proposed control method.
Source: Own elaboration.
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V. RESULTS

To ensure optimal visualization, the results of different case studies will be presented using a single PVS and a single WPP. The HIL system
has been designed to evaluate the effectiveness of the proposed approach outlined in this section. Two OPAL-RT devices are used to stablish

the HIL configuration through appropriate connections.

The RTS has the capability to operate in real time and produce outcomes that closely resemble real life situations, considering different
conditions. The HIL system is created by linking two OPAL-RT modules that have the capability to host the MATLAB model via a computer.
The modules are connected in a loop by utilizing connecting cards. The plant is controlled by the computer housed in OPAL-RT unit 1;
meanwhile, the proposed controller is set up within OPAL-RT unit 2. Fig. 9 illustrates the comprehensive laboratory configuration for the HIL
model. The analog signals are transmitted from model of the dynamic plant to the unit controller. However, the proposed system’s controller
unit is transmitting digital signals to the plant. Various scenarios are being examined to showcase the efficiency and validate the functionality

of the controller that has been suggested.

OPAL-RT unit: | 6é——

Host system

Host system

[ensiq
0] Sojeuy

\\ﬂ/é f

OPAL-RT unit:2 6é—

Figure 9: System diagram for the real-time simulation setup.
Source: Own elaboration.

Case A. Performance with AE

In order to assess the system’s performance when operating with AE, the battery bank’s SoC is assumed to have reached its maximum
capacity, while also taking into account the availability of excess power from other sources. Based on the energy management system outlined
in this document, the AE initiates the utilization of excess power as depicted in Fig. 10(a). Fig. 10(b) demonstrates the controlled response of
the voltage at the DC bus, regulated by the buck converter of the AE.
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Figure 10: {Case A} (a) Powers, (b) Voltage.
Source: Own elaboration.

Case B. Performance with FC

The abrupt rise in power demand from 7.5 to 15 KW at t=10 sec. is being analyzed in this scenario to assess the DCMG’s efficiency while
being operated by FC. The battery in the energy management system will respond immediately to fulfill load requirements, while the fuel cell
will gradually begin supplying power because of its slow dynamics. At approximately t=10.95 sec. the battery banks SoC decreases to 20%.
The power supply from the DC stakes commences at t=11.16 sec. because of its sluggish dynamic characteristics and attains the required load
at around t=12.8 sec. as shown in Fig. 11(a) during this procedure. Therefore, as the power supplied by the FC increases the power stored in the
battery decreases until it reaches zero, at which point the FC supplies the entire required power in a stable condition. The proposed control
scheme enables the attainment of intelligent coordination of this nature. The V. corresponding response is depicted in Fig. 11(b).
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Figure 11: {Case B} (a) Powers, (b) Voltage.
Source: Own elaboration.

Case C. Performance under variations of meteorological changes

The evaluation of the DCMG’s performance includes considering meteorological variations in weather patterns. The fluctuations in load,
temperature, solar radiation, and wind velocity are considered as illustrated in Fig. 12. The different powers involved in this research paper are
illustrated in Fig. 13. The AE, FC and battery bank are managing the equilibrium between total power production and load demand in the

DCMG.
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Source: Own elaboration.
14 0 L L] L] L L] L] i

12.0
10.0

- ———
o

Pn-'m:f

Power (kW)
AN
o O O

N
o
S:lﬂ

1
2.0 4.0 6.0 . 8.0 10.0 12.0 14.0
Time (s)

Figure 13: Powers in DCMG.
Source: Own elaboration.

Case D. Performance during changes in load and generation

Fig. 14(a) illustrates the powers of PVS, load, battery, FC and AE; taking into account various load changes. The data clearly shows that
the battery is performing well and is responsive to sudden changes unlike FC and AE which are operating steadily. The AE transforms water
into hydrogen and oxygen when the generation exceeds the load. In case of an abrupt surge in load, the battery initially discharges to stabilize
the DC link voltage. Subsequently, either the AE or FC assumes control to sustain the voltage based on the power mismatch. The battery power
reaches zero in a stable state, suggesting that a small battery bank is adequate. The voltage at the DC bus experiences notable fluctuations due
to sudden changes in both the source and load. However, the variations in the DC bus voltage remain insignificant in comparison to the reference
DC bus voltage of 660 V. Hydrogen pressures, production of hydrogen and voltage DC bus are shown in Fig.s 14(b), (c) and (d) respectively.
The rapid responses observed were made achievable by the implementation of STSM controllers, which exhibit quick reactions to system
changes.


https://doi.org/10.15649/2346030X.4076

100 T T T T T T a0 T T T Y T T

-]
n

40F

A
=
T

(B
L
Y

Power (kW)
Tank Pressure (MPa)
[ =]

e A -
Al I - - -
P——— T

Hydrogen production (kseem)_
: LPUI S

- =)
| 4

)

Time (s)

Figure 14: {Case D} (a) Powers, (b) tank pressure, (c) hydrogen production and (d) voltage.
Source: Own elaboration.

VI. CONCLUSIONS

The proposed DCMG along with control module with the help of STSM controllers is developed on multiport DC to DC converter. The
proposed control methodology is simple and can allow connecting further power generating units to DCMG easily. The coordination between
AE, battery and FC is obtained by using proposed control methodology. Various responses are obtained and analyzed by using HIL configuration
with OPAL-RT modules in this paper. Validating results are obtained and satisfactory responses are presented in this paper.

VII. NOMENCLATURE

STSM: Super Twisting Sliding Mode
HIL: Hardware - in the - Loop.
RES: Renewable Energy Source.
AE: Aqua Electrolyzer.
FC: Fuel Cell.
WPP: Wind Power Plant.
PVS: Photovoltaic System.
DCMG: DC Microgrid.
PMSG: Permanent magnet synchronous generator
MPPT: Maximum Power Point Tracking.
IC: Incremental Conductance.
EMS: Energy Management System.
CVS: Controlled voltage source.
SPP: Solar Power Plant.
RTS: Real-time simulator
MATLAB: MATrix LABoratory Software
SOFC: Solid oxide fuel cell
STSM: Super-Twisting Sliding Mode
SoC: State of Charge
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