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Abstract

This work proposes a control technique for the operation of the
proposed DC microgrid (DCMG) consisting of a Hybrid Energy
Storage System (HESS). The dynamic performance analysis of
DCMG for the developed control scheme has been carried out
in islanded mode under several operating conditions. In DCMG,
the HESS consists of Battery Energy Storage System (BESS) and
Hydrogen Storage System (H2SS). The bidirectional dc-dc converter
and dc-dc buck converter have been used to integrate BESS and
H»>SS, respectively, into DCMG. In the islanded mode, during power
mismatch in DCMG, the proposed control scheme allows to control
the operation of BESS to fulfil the power mismatch, and beyond
the capacity of BESS, the surplus generated power is stored in the
H2SS. The proposed control scheme is aimed to manage the power
and rated voltage of DCMG for all cases.
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1. Introduction

For underdeveloped and developing countries, the remote
rural areas may not have access to the electric power supply
from the main grid. The Renewable Energy Sources (RESs)
such as Wind Turbine (WT), solar Photovoltaic (PV), and
fuel cell Distributed Generations (DGs) have an important
role in the remote rural areas, which are developing fast
and have attracted increased interests of the researchers
and utilities due to various environmental, economical, and
technical advantages offered by them [1]. Due to the inter-
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mittent nature of renewable sources, the direct connection
of the renewable sources to the main grid would create sev-
eral issues such as voltage fluctuations, frequency variation,
and protection and stability issues [2], [3]. However, the
utility grid may not be available in the remote rural areas.
Therefore, the microgrid (AC or DC) provides the facility
for the connections of various DGs and Energy Storage
Systems (ESSs). The DC Microgrid (DCMG) has many
advantages over the AC microgrid as follows: (1) better
reliability; (2) ease control of each DG by controlling only
DCMG voltage; (3) higher efficiency due to lower losses; (4)
no synchronization required for interconnecting many DGs;
and (5) better controllability due to the absence of reactive
power, phase, and frequency control [4], [5]. The Hybrid
Energy Storage System (HESS) based DCMG is designed
for feeding the power supply to the remote rural areas,
independently.

The Pulse-Width Modulation (PWM)-based Voltage
Source Converters (VSCs) provide rated voltage, high-
quality power conversion, power flow control, fault pro-
tection, system balancing, and maximum power point
tracking of various DGs [1]-[4]. In [6], a control strat-
egy of three-phase back-to-back PWM VSC is presented
for a doubly fed induction generator for controlling the
power generation in the WT DG. The same control strat-
egy has been implemented in the proposed DCMG in
this work. The demonstrated DCMG consists of various
renewable DGs such as Solid-Oxide Fuel Cell (SOFC),
WT, PV, and ESSs along with the loads. In [7], a
control strategy of single-phase voltage controlled Volt-
age Source Inverter (VSI) based on two revolving field
theory principle is presented for integrating single-phase
AC static as well as dynamic loads into the DCMG. The
same control strategy is implemented for integrating the
single-phase AC loads into the proposed DCMG in this
work.

For maintaining the stability of DCMG, the power
should be balanced at all times in the DCMG. Due to
intermittent nature of the renewable sources because of
variable generations and loads of the DCMG in islanded
mode, the controllable DGs, i.e., SOFC and ESSs, are



necessary for balancing the power in the DCMG. Various e The proposed control strategy uses three voltage con-

ESSs such as battery, supercapacitor, and flywheel are trollers and one current controller, in which a current
being used. Generally, Battery Energy Storage System controller and two voltage controllers are used for the
(BESS) is preferred amongst several ESSs due to its fast re- converter of the BESS, and a third voltage controller
sponse and long-term output power [8]. However, the BESS is used for the converter of HoSS.
has limited storage capacity. Beyond the rated capacity e [EEE-1547 standard is in compliance with the devel-
of the BESS, under islanded mode, there may be deficit oped control technique.
or surplus power in the DCMG, and then another ESS is
needed. 2. Modelling and Configuration of DCMG
To resolve this problem, an additional ESS such as ) ) .
hydrogen storage can be used along with the BESS in an 2.1 Configuration of DC Microgrid
islanded mode microgrid. The Hydrogen Storage System . . .
(H3SS) is a good option for energy storage for long term. The archltectgre of a H.ESSjbased DCMG with various re-
Therefore, an HESS consisting of the BESS and H»SS, has newable DGS.IS shown in Fig. 1: In t.he PYOPOSGd. DCMGH
been suggested for overcoming the problem of the power the decentralized control technique is used, which elim-
balance at the proposed DCMG under islanded mode. The inates the circulating current between the various DGs
BESS and H,SS are interconnected to the DCMG through of t.he DCMG..The decentralized control scheme can be
the Bidirectional DC-DC Converter (BDC) and DC-DC achieved by using the constant rated DCMG voltage as
buck converter, respectively. common reference signals for controlling all DGs, without
In this paper, a control technique of the HESS, inte- any communication link. From the study of several litera-
grated into the DCMG, is proposed for maintaining the jcure [3]'» (4], [7]_7 [9]-{11], a 750 V DC Vol‘Fage O}C the DCMG
power mismatch at the islanded DCMG under various op- is considered in the present study, which eliminates the
erating conditions. A power control algorithm has also transformer on the load side VSCs. . .
been developed for the operation of the DCMG along with In the developed.DCMG, a 200 kW, W_lnd Turb¥ne
the HESS in islanded mode. The developed control scheme Qenerator (WTG) using a do.ubly fed induction machine
allows to control the operation of the BESS up to its rated is connected to the DCMG using the three-phase VSC. A
capacity, and thereafter store the generated surplus power '100 kW PV system and a 50 kW SOFC DG have been
in the HySS. The main contribution and the novelty in this interconnected to the DCMG using the DC-DC boost
paper are expressed as follows: converters for boosting the low generated DC voltage. The
e A HESS has been considered for managing the power HESS consisting of the BESS and H»SS is integrated into
mismatch in a single DCMG. the DCMG through the BDC and DC-DC buck converter,
e Developed a control strategy of HESS integrated into respectively. Beyond the charging capacity of the BESS,
the DCMG for controlling the operation of the BESS as the continuously generated surplus power is being used to
well as the HySS for power management in the DCMG store in hydrogen form in the HySS for a long time. The
under islanded mode for all cases. electrical energy is converted into hydrogen by using the
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Figure 1. Architecture of hybrid energy storage system-based DC microgrid.
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electrolysis process through the electrolyzer [9], [12], [13].
If the WT and PV DGs along with the BESS, are unable
to fulfil the load demand, then the stored hydrogen will
be used to regenerate the electricity using the SOFC DG
and electrolyzer. The HySS along with the battery has
been considered in the HESS, because the surplus power
storage capacity in the HsSS with the consideration of
large storage tank does not have any limitations.

The electrochemical reactions in the electrolyzer, using
the electricity, are expressed in [12], [13].

Anode : 20H™ — %02 T 4+H0 + 2e~
Cathode : HO +2e~ — Hy T +20H™

The valve regulated lead acid battery of 100 kW, 375V,
550 Ah for 2 h is considered for the BESS. Under maximum
power generation and minimum load demand case in the
DCMG, considering BESS fully charged, the continuously
generated maximum surplus power may be 216 kW. Thus,
the power rating of the DC-DC buck converter, used for
integrating HSS including electrolyzer and storage tank
into the DCMG, is considered as 270 kW. The parameters
used for an electrolyzer (40 kW rating) of the HoSS are
taken from [12]. For the available current rating (735
A) of the DC cable, based on maximum current in the
DCMG, the parameters of DC cables like DC resistance
(0.047 Q/km) and overall diameter (33.9 mm) are taken
from [14]. The parameters used for the proposed DCMG
are given in Table 3, in Appendix.

In this paper, the control strategies for three-phase
VSC of WTG, and for DC-DC boost converters of SOFC
and PV systems, are considered the same as proposed in
[4]. The DCMG voltage has been maintained constant
through the control strategy of three-phase VSC of WTG
for all operating conditions. The loads integrated into the
DCMG are: (1) 100 kW single-phase AC load; (2) 40 kW
DC load operating at 220 V; (3) 10 kW telecommunication
load operating at 48 V DC voltage; and (4) 50 kW three-
phase load connected in the local area of WT'G. Thus, the
total rated load is 200 kW.

2.2 Modelling of DC Microgrid
2.2.1 Modelling of the Distributed Generations

The dynamic modelling equations for SOFC, PV, and WT
DGs, BESS, and various converters are taken from [4], [12],
[15]-[18].

2.2.2 Modelling of Hydrogen Energy Storage System

The modelling of an alkaline-type electrolyzer has been
described below. The reversible voltage (V) or thermo-
dynamic cell voltage (Vp) solely depends on Gibb’s energy
(AG) and is given in (1) [12], [13].
AG

Vtrev = TM = Vb and VElz,O = VO X Ncell,Elz} ) (1)
where F' is the constant of Faraday, Vg, o is the no-load
voltage of electrolyzer, N, is the number of electrons in one

reaction, and Ny, g1. is the number of cells connected in
series in one stack.

The Faraday efficiency (n7) of the electrolyzer is ex-
pressed by (2). The volumetric flow rate of hydrogen (U ),
hydrogen molar production rate (Mg proq) as a function
of current, and V-I relationship of the electrolyzer are
expressed by (3), (4), and (5), respectively [12], [13].

_ _Jh. . _ Ipi _ _Pri
nr = Ki+JZ,. Ky; Where, I, = Api Ig, = Veiz.0

, K, =50+25Tg;,, K=1-0.00075TE;,

and

Ust = Mz prod X v; X 3600 (Ltr/hr), (3)

N
MH7p7‘od = nIIElz F]%Za and

I, = Nstack,Eilz * IEI2,Stack

— +roT
‘/cell,Elz = ‘/0 + ]Elz,stack (rl f(2 Elz)

Elz

4V log <m1+<m2/TEZZ)+(m3/T,%LZ>IEIZ tack & 1) . (5)

AElz

and, Vg, = Veen, Eiz * Neell,Elz,stack

where Jg;, is the current density of electrolyzer, Ig;, is
the total rated current of electrolyzer, Ag;. is the area of a
stack of electrolyzer, Pg;. is the rated power of electrolyzer,
K7 and K are the parameters related to Faraday efficiency,
vy is the molar volume of ideal gas, Vi, gi. is the voltage
across one cell of electrolyzer, I stact is the current in
one stack of electrolyzer, Ngiqck,m1- is number of parallel
stacks of electrolyzer, Tg;, is electrolyzer temperature,
Vg1 is the rated load voltage of electrolyzer, 1 and ro are
the parameters of Ohmic resistances, V; is overvoltage of
electrolyzer, and my, mso, mg3 are overvoltage coefficients
of electrolyzer.

2.2.3 Modelling of DC-DC Converters

The BDC and DC-DC buck converter are shown in
Fig. 2(a) and (b), respectively [1], [4]. The average voltage
of inductor and average capacitor current equations of DC—
DC buck converter, as shown in Fig. 2(b), are expressed
by (6) and (7), and are as follows:

d . <Uznd> <’Uo,buck>

@ — _ d

dt (i) Liyex Liyex o (6)
d <'LL> <Uo,buck> ’

—_ <U b k> = —
dt o-buc Coibu(:k RL,cho,buck

Ly lo, ._1_1’2 ) .
+ L X/ + o+ Lo 7| 7% +
| el D)
C, s

= = s L
Voar SUGCoF Vg Vi EK Covuck T Vo buck

(@) (b)

Figure 2. (a) DC-DC bidirectional converter and (b) DC-
DC buck converter.



d DVin _ Vobuer o

—_ = - an

dt"" " Lpuk  Lbuck (7)
i V. = IL _ Vofbuck ’

i o_buck Cofbuck RL,chObeCk

where V,,_puck and Vg, are output and input DC voltage, re-
spectively, D is the average value of duty cycle, C,_pucx and
Ly, are output capacitor and inductor of buck converter,

respectively, I, is the average value of output current, Iy,
is current through the inductor, and Ry, pc is the resistive
DC load across the output terminals.

By considering small perturbations for all quantities
as, Vip = Vin + Uin, Vo_buck = Vobuck + Vo_buck> d=D + d7
i, + 145, and i, = I, + i,, and by solving (6) and (7),
the small-signal state-space model of DC-DC converter in
buck mode is represented by (8).

d iL 0 —1/Lpuck
dt | B 1 -1
Vo_buck Co_buck RL,dcCo_buck
. i
OU-tPU-t(Ybuck> = [Uo,buck] = |:O ].i|

i D Vin
} L + Lyuck @zn + Lyuck d
Vo_buck 0 0

) where, Vo,buck = VElz and V;n = Vdc

'Eo,buck

The quantities represented as vin, Vo_buck, L, %0, and
d are instantaneous values. The quantities represented
as Vin, Vo buek, Iz, Io, and D are average values. The
quantities represented with tilde, ¥;n, Uo_buck, Vde, VELz,

iL, i, and d are perturbations in the various quantities.
The controlled transfer function, G¢_yyck(s), of DC-DC
buck converter is expressed using (8), and is given by

(9)-

Vdc

G _buck (3) =
dc=0

N LbuckCo,bucks2 + (Lbuck/RL,dc) S+ 1 '

9)

The equations (10) and (11) represent the small-

Fig. 2(a), for the buck as well as the boost mode,

signal state-space model of the BDC, as shown in respectively.
i —R,/L —1/L i Va/L| - | D/L 0 .
% L _ 1/ / L dc/ d+ / ﬁdc i io
UBatt 1/Cy 0 UBatt 0 0 -1/C4
i 10 . ; (10)
1
output(YBpc_buck) = | U541 01 v ,  where, V, = Vgax and Vi, = Vg
~ 'DBatt
Lo 10
ir —-R//L —-(1-D)/L| | it ~Vae/L | -~ |1/L| _ 0 -
& = ! ( )/ / d+ / UBatt + io
Bae (1-D)/Cy 0 Bae —1,/Cs 0 —1/C
i 1 0 } 0 (11)
(29 ~
output(YBpC boost) = | Te 0 1 } + | 0 |d, where, Vi, =Vpau and V, = Vg,
~ Vd.
o (1-D) 0 ‘ —Ip

The controllable transfer functions of the BDC in buck
mode have been expressed using (10) and are given by
(12). The controllable transfer functions of the BDC in

boost mode have been derived from (11) and are expressed
by (13).

iL(s) VicCis io(5)
G uck(S) = —= = - =¢ ekt

€,1-buck($) d(s) l;, sy LC12+RiCis+1 d(s) |, s €,3_buck(5) 12
Copmals) = Zu| Ve |

C,2_buck d(s) saioms LC1s?2 4+ R1Cis+1
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GC,l,boost(s) - d(s)

’Ddc(s)

VBatt=%0=0

GC,Q,boost (3) =

(Z(S) DBatt=1o=0

io(S
GC,iLboost(S): ?()

A(8) 15, =i,=0

VdCCQS + (1 — D)IL

- LC5s%2 + R1Cys + (1 — D)2

(1

— D)Wy — I (Ls + Ry)

" LCys% + Ry Cys + (1 — D)2 ’
(1-

(13)

D)VdCOQS + (1 — D)QIL

- LC5s%2 4+ R1Cos + (1 — D)2

where V,, and V;,, are the output and input average voltage
of the BDC, respectively; L is the inductor of the BDC; C
and Cs are the capacitors of the BDC; Vg4 is the battery
voltage; R; is the internal resistance of the battery. The
quantities with tilde, 9., UBatt, i1, t0, and d represent the
perturbations in various quantities.

3. Proposed Control Strategy For HESS

A control strategy for the HESS based DCMG under
islanded mode has been proposed, as shown in Fig. 3. In
the developed control strategy, the power generations by
both the WT and the PV DGs (Pg1) are continuously
compared with the total load demand (Pp 7o) in the
DCMG. When the generated power (Pg1) is less than the
load demand, this power mismatch is initially fulfilled by
the controllable SOFC DG, and then by discharging the
BESS. During the surplus power generation, the developed
control strategy of the HESS allows to control the charging
of the BESS up to its full charging capacity first, and then
store the continuously generated surplus power in the HoSS
in islanded mode for all operating conditions. The full
charging capacity of the battery means that the battery
voltage (Vat) becomes equal to the maximum voltage of
the battery (Vaatt,mr)-

In the developed control technique of the HESS, one
PI current controller and a pair of PI voltage controllers
are suggested for the controlling the operation of the BDC
of the BESS. For deficit power case, the power mismatch
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Vie El= ref
P 01
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Figure 3.
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is initially met by the SOFC DG, and then by discharging
the BESS. During discharging of the BESS, the measured
DCMG voltage (Vg.) has been compared with the reference
voltage (Vic_ref), and this error is sent to the PI controller-
1, which generates a reference current signal (I4.p,) for the
battery current controller. In case of surplus power gen-
eration, the measured voltage of the battery is compared
with its high-voltage reference setting (Vpatt_mr_res). This
difference of the battery voltage is sent to the PI volt-
age controller-2 for controlling the charging of the BESS,
which provides another reference current signal (I.,) for
the battery current controller. This signal will be high
(I.p) or zero depending on the charging status of the BESS
(VBatt.maz). The combination of these two reference cur-
rent signals (Ig.p, and I.;) provides a reference current
signal (Ipgy_rer) for the battery current controller and is
compared with the measured current of the BESS (Ipgst)-
This current difference is sent to the PI current controller,
which generates a controlled reference voltage signal. This
controlled reference voltage signal is sent to the PWM gen-
erator for providing the controlled duty ratio (Dpgss) of
the BDC for controlling the operation of the BESS under
various operating scenarios.

When the battery has been fully charged, and still the
DGs continuously generate the surplus power, the HoSS
is turned on to store this surplus power. For this, the
measured DC voltage of the electrolyzer (Vy._gi.) has been
compared with the reference voltage (Vyc_giz_ref), and this
error is controlled by the PI controller-3 of the HaSS.

Proposed control strategy of a hybrid energy storage system integrated into the DC microgrid.



Table 1

Values of PI Controllers of DC-DC Converters for the HESS

PI controllers

Proportional gain (Kp)

Integral gain (K7)

Voltage controllers for BDC

Kpy =246.2 x 1076

Kry=9848 x 1073 s7!

Current controllers for BDC

Kp, =353 x 1076

Kj, =89.72 x 1073 s~

Voltage controller for buck converter

Kp v = 2.5427 x 10-3

Kr v =40.68 x 1073 571

The output of this PI controller generates a reference
signal, which has been passed through the PWM generator
to generate the controlled duty ratio (Dpgags) for the
converter of the HySS.

The PI controllers’ parameters of the DC-DC convert-
ers, using the controllable transfer functions given in (9),
(12), and (13), have been determined for stable closed-loop
system of the HESS, using Bode plot-based technique. The
controllers’ parameters of the BDC for the BESS with volt-
age rating 750 V/375 V, and those of the DC-DC buck
converter for the HoSS with voltage rating 750 V/340 V
are shown in Table 1.

4. Flowchart for Operation of HESS Based
DCMG

A flowchart for the operation of the HESS, connected to the
DCMG, is shown in Fig. 4. Initially, the power generations
by both WT and PV DGs (Pg1), and total load demand of
the DCMG are obtained and compared. When the power
generated (Pg1) is more than the load demand, and the
battery is not fully charged, the surplus generated power
by WT and PV DGs is used to charge the BESS up to its
full charging capacity. When the battery is fully charged,
the H5SS is turned on to store the continuously generated
surplus power. When load demand is exactly met by the
power generation, the HESS has been turned off. However,
during the deficit power case, the load demand is fulfilled
by the controllable DG (SOFC), and then by the BESS.
If the load is fully met by the BESS, then check for any
change in the load and/or the generation. If so, then repeat
the process, otherwise, repeat this loop continuously.

When the BESS is also not able to fulfil the load
demand, it reduces the load to balance the power in the
DCMG, and then check the loop as stated above. The load
demand and the power generation in the DCMG are given
as follows:

Pg1 = Pwra + Ppv,
Pc 1ot = Pwre + Ppv + Psorc

and, Pr 1ot = Pr3pawrc

+PL,1Ph + PL,DC + PL,Telecom

In the given flowchart and above equation, Psopc,
Ppy, and Py g are power generations by SOFC, PV, and
WT DGs, respectively; Pr 1o is the total load demand;
Pr1pn, Pr,pc, Prspnwra, and Prreccom are single-
phase AC load, DC load, three-phase load in the WTG
area, and telecommunication load, respectively; Pgatt_avail
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PV and WT DGs, and
Total Load Demand

Turn ‘ON’ SOFC DG
(Psorc)

OFF

Reduce Load to
Balance the
Power in DCMG

Generations/ ¥

No P

Loads Change? b
Yes

Figure 4. Flowchart for operation of HESS based DCMG.

is the power available in the battery; Ppattmaz 1S the
maximum charging capacity of the BESS; and Ppatt_min 18
the minimum power in the BESS to avoid the battery from
the deep discharge.

5. Simulation Results and Discussion

The performance analysis of the developed control tech-
nique for the operation of the HESS-based DCMG in is-
landed mode, as shown in Fig. 1, is carried out for different
operating scenarios, for showing its effectiveness.

5.1 Case 1: Variable Loads and Variable
Generations

In this mode, the variable total power generation by all
DGs, variation of total loads, by assuming constant for



Table 2

Residential Load Variation (Case 1)

Time (h) |00:00|2:00 |4:00|6:00 | 8:00| 10:00 | 12:00 | 14:00 | 16:00 | 18:00 | 20:00 | 22:00
Load (p.u.)| 0.6 |[0.51/0.42|0.47(0.64| 0.75 | 0.8 [ 0.85|095| 1.1 | 1.0 | 0.8
Total power generation x 10°
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Figure 6. Output power and voltage of battery (Case 1).

the next 2 h as in [19], as shown in Table 2, and power
mismatch in the DCMG are shown in Fig. 5. During 00:00—
2:00, 4:00-6:00, 10:00-14:00, 16:00-18:00, and 22:00-24:00
h, there is surplus power generation in the DCMG, as
shown in Fig. 5. Initially, the BESS has been charged
and after being fully charged (i.e., when the voltage of
the battery reaches 408.31 V), the remaining generated
surplus power is stored continuously in the HoSS, as shown
in Figs. 6 and 7. During 2:00-4:00 h, there is deficit
power generation in the DCMG, as shown in Fig. 5, which
is met by the controllable SOFC DG up to its peak power
capacity and then by the BESS, as shown in Fig. 6. As
the BESS becomes fully charged at 6:00 h, as shown in
Fig. 6, the continuous surplus power generated is stored in
the HoSS, as shown in Fig. 7. The voltage and current of
the electrolyzer of HySS, and stored hydrogen, are shown
in Fig. 7. Thus, under this mode, the proposed control
strategy of the HESS ensures proper power balance in the
DCMG under islanded mode.

Figure 7. Power to HySS, current and voltage of elec-
trolyzer, and stored hydrogen (Case 1).
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Figure 8. DC voltage of the DCMG (Case 1).

The voltage of DCMG has been established constant,
as shown in Fig. 8. The spikes in DC voltage at the time
of transients are because of change in the loads and/or
generations, as shown in Fig. 8. As we know that as per
Indian standards, the permissible voltage regulation in the
low-voltage distribution system is +5% of rated voltage.
The rated DC voltage of the DCMG system is considered
as 750 V. Therefore, the permissible voltage regulation
in the DCMG system is from 705 to 795 V. Thus, the
magnitudes of DC voltage spikes in the DCMG, as shown
in Fig. 8, are in the allowable regulation range, as given
above.
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Figure 9. (a) Total load demand, total generation, and
power mismatch and (b) BESS output and power to HaSS
during the fault and after the fault (Case 2).

5.2 Case 2: Three-Phase Fault at WT DG Output
AC Terminals

In this mode, the output power of the WT DG (at 16.5 and
7.5 m/s wind speed) and PV system are enough to fulfil
the load demand. So, SOFC DG is kept in off condition.
The total load demand, total power generation, and power
mismatch are shown in Fig. 9(a). Duringt =0tot =15,
as shown in Fig. 9(a), there is surplus power generation in
the DCMG, which is initially used for charging the BESS,
and as at t = 1 s, the battery is fully charged. The
rest of the surplus power is stored in the HySS, as shown
in Fig. 9(b). During ¢t = 1 s to t = 2 s, as shown in
Fig. 9(a), there is surplus power generation in the DCMG.
As, at t = 1 s, the battery is already fully charged, the
whole surplus power has been stored in the HySS, as shown
in Fig. 9(b). The performance analysis of the HESS-
based DCMG, under a three-phase symmetrical fault at
AC terminals of WTGQG, has also been carried out in this
mode.

At t = 1.1 s, a three-phase symmetrical fault, with the
fault resistance (R; = 10 m€2), occurs at AC terminals of
WTG. This reduces AC voltage of the WTG from 415 V,
line-to-line, rms (1.0 pu) to 62.25 V (0.15 pu), as shown
in Figs. 10(b) and 11(b). Under this condition, the output
power of the WTG also reduces from 95.9 to 12.5 kW,
and the power supplied to the three-phase load of the
WTG area also reduces from 25 kW to zero. There is no
adverse impact on the power generations by other DGs
and on the power supply of the other loads, except for
the faulted area load. The total power generation and
total load demand are decreased from 194.3 to 110.9 kW
and 115 to 90 kW, respectively, as shown in Fig. 9(a). A
few part of the surplus power generation (12.5 kW) has
been dissipated through the fault resistance, as shown in
Fig. 11(a), and the rest of the surplus power is stored in
the H5SS, as shown in Fig. 9(b), even during the fault
and after the fault. When the fault has been finished, at
t = 1.3 s, the DCMG obtains the pre-fault conditions and
operates under the normal condition, as shown in Fig. 12.
After finishing the fault, the WT'G obtains the steady state
within the permissible settling time of 40 ms against IEEE-
1547 standard, as shown in Fig. 10(b). During the whole
operation, the controllable SOFC DG remains turned off.

The voltage of DCMG has been established constant
(750 V), under all operating conditions, as shown in

00

N~
N @
S o
~
3
=1
Q
ol

400
i : 200f :
% \,V‘_/\V—V 510 :
g i H Q s 1 11 a2 13 14 15
s 15 Lo =
g gf 400 >
=3
§ S>om N
g z o \\\_//
05 1 15 2 0 05 1 15 2
Time (s) Time (s)
(a) (b)

Figure 10. (a) DC voltage of the microgrid and (b) WTG
output AC rms voltage during the fault and after the fault
(Case 2).
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Figure 11. (a) Fault power and (b) WTG output AC
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Figure 12. Electrolyzer current, electrolyzer voltage, and
hydrogen production during the fault and after the fault
(Case 2).

Fig. 10(a). At the time of occurrence and clearance of
the fault, there are slight transients in the DCMG volt-
age. These transients settle down within the permissible
settling time of 110 ms against IEEE-1547 standard, as
shown in Fig. 10(a). The current of the electrolyzer of the
H>SS, voltage of the electrolyzer, and hydrogen produc-
tion/stored, during the fault, pre-fault, and the post-fault,
are shown in Fig. 12.

6. Conclusion

In this paper, a control technique of the HESS-based
DCMG is developed and tested under islanded mode for
all operating conditions. The HESS consists of the BESS
and H,SS, which have been interconnected to the DCMG
using the BDC and DC-DC buck converter, respectively.
A power control algorithm for power management in the
HESS-based DCMG is also proposed. The performance
analysis of the HESS-based DCMG along with the devel-
oped control schemes has also been presented to show its
effectiveness and the robustness for all cases including the
fault condition.



The simulation results suggest that the proposed con-
trol strategy of the HESS has maintained the power bal-
ance at the DCMG in islanded mode, by controlling the
operation of the battery up to its full charging capacity,
and thereafter to store the continuously generated sur-
plus power in HySS for all cases. The proposed control
scheme has not allowed any adverse impacts on the loads
and/or the generations during fault periods, except slight
transients. As the fault is cleared, the DCMG operates
under normal mode as in pre-fault conditions. After any
disturbance, the system has reached steady state within
a permissible settling time of 40 ms — 110 ms against
the IEEE-1547 standard. Therefore, the developed HESS-
based DCMG along with the developed control technique
offers the opportunity of electrification of remote rural
areas.

Appendix

The parameters used for the proposed DCMG are shown
in Table 3, which have been taken from [1], [3], [7], [9].

Table 3
Main Parameters of the Proposed DCMG

DG Parameter Value

WT Generator | Wind Turbine:
Number of units, N, 4
Power of one unit, Prqeq (kW) 50
Diameter of rotor,Dy(m) 15
Swept area, A(m?) 177
DFIG:
Rated output power, Pr.qteqa(kVA)| 55
Rated voltage, Viatea(V) 415
Nominal frequency, f,(Hz) 50
Number of poles, P 6
Turns ratio of stator to rotor, n | 0.3806
Resistance /phase of 0.0071
stator, Ry (pu)
Leakage reactance/phase 0.171
of stator, X5 (pu)
Resistance/phase of 0.005
rotor, R, (pu)
Leakage reactance/phase 0.156
of rotor, Xj, (pu)
Mutual reactance, 2.9
X (pu)

Photovoltaic | Maximum power, P4, (kW) 100

System Number of units in 4
parallel, Np, ynit
Maximum power of one 25.5
unit, Prazunit (kW)
Maximum voltage, Viaz (V) 480
Maximum current, 4,4, (A) 53.2
Voltage across open 552
circuit, Voo (V)

Table 3
(Continued)

DG Parameter Value
Current across short 59.2
circuit, is.(A)

Series modules in one 28
stack, Nse,m

Stacks connected in 13
parallel, Np stack

Series PV cells in one 36
module, Nse,cell

Solid-Oxide | Rated power, Prqteq (KW) 50

Fuel Cells Rated voltage, Vigtea (V) 340
Series cells in one stack, 380
Ncell,fc
Temperature, T' (K) 1273
Ideal potential, Ey (V) 1.18
Ratio (Hydrogen 1.145
to Oxygen), rg_o
Ohmic losses, r) 0.126
Peak power capacity, 90
Ppeak (kW)

Electrolyzer |Rated power of a 40

for Hydrogen | stack of electrolyzer,

Production PElz,stack,rated (kW)

Series cells in one 280
stack of electrolyzer,

Ncell,Elz,stack

Number of parallel 6
stack in an electrolyzer,

Nstacks,Elz

Reversible voltage V (V) 1.22
No-load voltage of the 341.6
electrolyzer, Vg, 0 (V)

Total rated power of the 240
electrolyzer,

PElz,Tated (kW)

Area of one stack of 0.25
electrolyzer, Agi, stack (m?)
Overvoltage of the 0.185
electrolyzer per cell, V7 (V)
Electrolyzer temperature, 80
Tei. (OC)

Number of electrons 2
transferred in each

reaction, IV,

Parameter of Ohmic 8.05 x 107°
resistance, r1( — m?)

Parameter of Ohmic —2.5x 107°
resistance, ro(Q2m?2°C)

Overvoltage coefficient-1, —1.002
my (A=t —m?)

Overvoltage coefficient-2, 8.424
ma(A~tm?2°C)

Overvoltage coefficient-3, 247.3

ms(A~1m?°C?)
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