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Energy Storage Control System of a
Remote Islanded Microgrid
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Abstract—This paper presents a novel power flow control strat-
egy, combined with an economic analysis, for an energy manage-
ment system (EMS) involving a hybrid energy storage. The EMS
operates a remote microgrid and directs the power flow to either
batteries or supercapacitors to increase the life of the batteries. This
paper demonstrates how the use of supercapacitors increases the
lifetime of the batteries and ultimately how it affects the economics
of the system. The proposed EMS controller also compensates for
the 120-Hz ripple on the dc bus. Modeling, simulations, and ex-
perimental verification are presented together with the procedure
to perform the assessment of the battery lifetime, according to the
tuning parameters of the controller.

Index Terms—Battery lifetime, energy management, hybrid en-
ergy storage, power converters, supercapacitors (SCs).

1. INTRODUCTION

ICROGRID technology has been developed and closely
M investigated as one of the solutions to increase energy
security. Solid-state power converters are instrumental to micro-
grid operations [1]. Power-electronics-based energy manage-
ment systems (EMS) have been recently explored (see [2]—[8])
to control loads and distributed energy resources (DERs), to
detect grid failure, and to enable the microgrid islanding mode
of operation. Although an EMS is sometimes used to define
the software or controller that manages the energy in a power
system or microgrid, in this paper, it is used to define a system,
which includes one or more power converters that interface to
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a microgrid and different DERs. In addition to the hardware,
the EMS includes several layers of control to manage currents
and voltages, as well as loads and sources. An EMS has been
recently proposed to optimize operations in remote military mi-
crogrids, where continuous service to critical power loads is
essential [5], [8]. In this paper, we focus on the EMS ability
to control the power flow when a hybrid energy storage system
(HESS) is added to the architecture because the real load profile,
showing sudden peaks, is considered [9]. The goal of the pro-
posed HESS is to divert the 120-Hz ripple and the peak current
ripple away from the batteries by adding supercapacitors (SCs)
controlled by a buck—boost converter, thus increasing the life-
time expectation of the batteries available in the microgrid. A
novel study to tune the controllers parameters is carried out for a
remote military microgrid model. Recent publications [10]-[19]
have addressed hybrid storage systems with batteries and SCs in
different configurations. Some HESS configurations have used
different power converter topologies and controllers [10], [11],
[15], or they do not show a thorough analysis of the control sys-
tem [6]. In [20], the focus is exclusively the energy management
of a light rail vehicle; therefore, the power electronics controller
is not addressed.

Other HESS do not control the 120-Hz ripple on the dc
bus either because they are applied to three-phase systems
[16] or because they service loads that are not single-phase ac
[12], [21]. Papers [17] and [18] present HESS controllers that
are very similar to the one proposed in this paper, but they do
not include the battery lifetime analysis nor the application to
the economics of a microgrid as they are presented in this pa-
per. In [19], although a similar HESS controller was used, the
power management strategy used has a different scope than the
one proposed in this paper; losses and state of charge (SoC)
of the SCs are weighted to be optimized, but the authors do
not quantify how this procedure affects the expectation of bat-
tery lifetime extension. In [22], an interesting application of
optimal power flow problem with the HESS is considered, but
time steps are bigger (30 s versus our 0.1 s), and no consid-
eration on investments is included: the economic is based on
the cost of the saved energy, thus neglecting the role of sizing,
which we show is also a key issue when dealing with the HESS.
Here, we evaluate how the different controller strategies, imple-
mented with a proper number of SCs, can increase the battery
lifetime.
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Fig. 1.

To the knowledge of these authors, the proposed combination
of a buck—boost converter, a control architecture, and a tight
link with the battery lifetime presented in this paper has not
been previously presented. Furthermore, the application to a re-
mote microgrid introduces peculiarities in the economics of the
considered case study. In this paper, the EMS architecture is pre-
sented in Section II. The proposed HESS controller is described
in Section III. In Section IV, the procedure, involving the bat-
tery lifetime and its link with a specific controller parameter, is
presented for a typical power profile of a remote military micro-
grid. Experimental measurements and conclusions are reported
in Sections V and VI, respectively.

II. EMS FUNCTIONALITY AND MICROGRID SETUP

A schematic of the EMS’ architecture is provided in Fig. 1
together with the remote military microgrid power system. Also
shown in Fig. 1 are critical and noncritical loads and two diesel
generator sets (gensets). Critical loads are those loads, including
computers, radars, and some air conditioning systems, which are
critical to the military operations success and must be powered
at all times. Thus, they are hard wired to the ac power bus,
while noncritical loads are connected to the ac bus through a
solid-state switch controlled by the EMS to enable shedding
when necessary. In this setup, the noncritical loads are grouped
together for ease of laboratory demonstration; however, an EMS
can control multiple noncritical load switches.

The EMS consists of five inverter legs, a field-programmable
gate array (FPGA)-based control system, photovoltaic (PV) pan-
els, battery pack, and SCs. Lead—acid batteries are used for the
work presented in this paper; however, any other type of bat-
tery could be used, and this is true as far as the methodology
concerns. However, lead—acid batteries are presently the tech-
nology of choice in remote military camps because they fail
without catching fire, unlike Li-ion batteries. The FPGA-based
controller includes the dc-bus voltage controller, the ac-bus

EMS architecture and its connection to a remote military microgrid with two diesel generators, hybrid energy storage, and PV panels.

voltage control during islanding operations, and the EMS ac
current in the grid-connected mode. This paper focuses on a
new dc-bus voltage controller, while the ac current and voltage
control systems are the same as presented in [7]. The FPGA
also houses the controls for the HESS and the energy manage-
ment logic such as load scheduling and grid connect/disconnect.
Two legs of the power module are employed as a single-phase
bidirectional H-bridge converter, which can be controlled as a
current source to inject power from the battery pack to the mi-
crogrid or as a voltage source when the gensets are OFF. The
third leg of the power module is operated as a bidirectional
buck—boost converter to either charge the battery bank or draw
energy from it. The fourth leg of the power module is operated
as a bidirectional buck—boost converter to either charge the SCs
or draw energy from them. Batteries and SCs form the HESS,
which is controlled by the EMS. A fifth inverter leg is used as a
boost converter that is the interface to the PV panels.

III. HESS CONTROL SYSTEM

In this section, the HESS control system architecture is pre-
sented, and its functionality is demonstrated with analysis in the
frequency-domain as well as time-domain simulations.

A. Controller Architecture and Functionality

The dc-bus voltage is held constant by the HESS controller
shown in Fig. 2. In addition to regulating the dc bus, the goal
of this controller is to distribute the load current between the
battery and the SCs. Specifically, the load current is the current
that the EMS injects into the ac bus to supplement the power
provided by the generators. The peak current demanded by the
loads is provided by the SCs instead of the battery to reduce the
ac current stress on the battery. The low-pass filter commands
the battery current to be absent of abrupt changes. The bandpass
filter (BPF) is added to extract the 120-Hz signal, which has a
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Fig. 3. Bode plots of battery current and SC current transfer functions.

frequency equal to twice the 60-Hz output frequency. The goal
of the BPF is to reduce the second harmonic voltage ripple on
the dc bus and ac current in the battery. The BPF is analyzed in
the next section.

From the control diagram in Fig. 2, the transfer function of
the battery current over the dc voltage error can be derived as

i a(sK,+ K;)

R S BV 1
e s(s+a) )
The dc voltage error leads to an SC current that is
isc (SKP -+ Kq) OZ(SKP + Kz) ﬂs
— = - + - @
e s 5(s + ) 2+ K+ 0

The Bode plots of the transfer functions (1) and (2) are shown
in Fig. 3. The battery current 73 contains only low-frequency
components, while the SCs provide the current for any ac dis-
turbances in the dc bus, especially at 120 Hz. In fact, the top
plot in Fig. 3 shows that the gain of the transfer function (2) is
high at 120 Hz. The parameters used for this analysis are shown
in Table I.

B. Contribution and Analysis of the BPF

It is well known that a 120-Hz component is drawn from the
dc bus by a single-phase inverter delivering 60-Hz ac power,
so that pulsating power flows from the dc bus in addition to dc
power. The role of the BPF in Fig. 3 is to ensure that the 120-Hz
current is drawn from the SCs, not the batteries. The following
analysis clarifies the contribution of the BPF.

The equivalent circuit in Fig. 4 represents the currents that
are flowing to/from the EMS dc bus, which are the SC current

TABLE I
PARAMETERS OF THE CONTROLLER
Description Symbol Value
DC bus capacitor Chus 100 pF
Proportional gain K, 0.8
Integral gain K; 8
BPF coefficient 15} 754
BPF coefficient K 57
BPF coefficient 0 568,000
Low-pass filter coefficient o 0.005 rad/s

, &ibus isc in ip
FHEG

Fig. 4.

EMS equivalent circuit for analysis and simulations.

isc, the battery current ¢z, and a disturbance current ¢, which
is equal to Zemsac 10 Fig. 1.

For the equivalent circuit in Fig. 4, the following equations
can be written using basic circuit analysis:

3

First, let us analyze the HESS controller, when there is no
BPF. This is accomplished by removing the BPF block from
Fig. 3 and then rewriting (3) by substituting igc

isc + i +ip = sCUpys.

K; . ) .
(Vbus — Ubus) = <K;n + S) —ip+ig+ip. “)

From (4), when the disturbance ¢p is zero, the dc voltage
transfer function can be derived
Vbus sK, + K;

Yous | o SHp T i 5
Ugus|lD 0 SZC+SKP+Ki ( )

The dc voltage due to the disturbance current, when the ref-
erence dc-bus voltage is zero, is

Ubus S

ip w0 GO SK, T K,

(6)

The dc-bus voltage transfer function vys/vy,, and the dc-bus
voltage transfer function with the disturbance current as the
input vyys/ip are plotted in Fig. 5.

The gain for wvy/ip is greater than 1, which will cause a
lot of ripple if there is any ac current present in the disturbance
current. The second harmonic current flowing from the dc bus to
the ac load is significant and causes dc-bus ripple. This problem
can be mitigated by adding a BPF to identify and close a control
loop on the second harmonic voltage error.

In contrast to the previous analysis, let us analyze the com-
plete HESS shown in the block diagram of Fig. 3. With the BPF,
the dc voltage transfer function becomes

%| . SSKP+82K2+SK1+5KZ-
v P T G0+ SR + 2Ky + 00) + sK + 0K;

bus
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and the dc voltage due to the disturbance current is

Vbus B $ + ks? + s

i T FE TSR § s2(Kp + 6C) + sK; + 0K,

The coefficients for the transfer functions (7) and (8) are ©
Ky =6K, +0K; 9
K> = kK, +0K; + (10)
K3 = 0K, + kC. (11)

Fig. 6 shows the Bode plots of the transfer functions (7) and
(8), where the BPF was added to the control architecture. In
contrast with Fig. 5, it can be observed that the addition of the
BPF reduces the second harmonic voltage ripple in the dc bus.
The BPF has very high gain at 120 Hz, and it reduces the transfer
function vy, /7p significantly at 120 Hz. The BPF has a minimal
effect on the transfer function vpys/vp-

A time-domain simulation of the system represented in Fig. 1
is shown in Fig. 7. The 120-Hz component of the dc-bus ripple is
reduced by the BPF. Also, as shown in Fig. 7, the step response
to an increase in the dc load current is reduced. The disturbance
current used in the simulation of Fig. 7 is a 10-A sinewave at
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BPF for an injected disturbance current i (vpys error is shown here).

Fig. 8. Load power consumption profile of a remote microgrid, real

(DASHED) versus linearized (SOLID) (2-min resolution).

120 Hz plus a 10-A step change in the load currentatt = 1 s
ip(t) = 10u(t — 1) + 10sin(2760t). (12)

IV. LIFETIME EXTENSION AND ECONOMICS
OF AN OPTIMIZED HESS

In this section, the proposed HESS is used in a remote military
microgrid to demonstrate how the above control increases the
battery lifetime compared to the same microgrid, where only
batteries are used for energy storage. A HESS shows its potential
when sudden spikes, not negligible because of the same order of
magnitude than the base load, occur. The analysis in this section
proves that, when the HESS draws the load transient currents
from the SCs, the batteries will last longer. The battery lifetime
extension is quantified for different values of the low-pass filter
coefficient, and the overall microgrid economics is analyzed.

The power profile of Fig. 8 (dashed line) represents the typical
daily consumption in a remote military microgrid, where sudden
peaks occur and seriously affect the lifetime of the batteries.
This profile is used for the following analysis and case study
in contrast to the simplified profile (solid) also plotted in Fig. 8
and used for the study reported in [8].

A. A Few Considerations on the Role of the Optimization

Fuel consumption is one of the parameters that are worth
minimizing in a remote military microgrid because fuel
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+ CFvs. DOD
| = Double Exponential

Fig. 9. Reference fitting curve for the lead—acid batteries of the experimental
test (CF versus DOD) [26].

transportation to remote sites can result in casualties. In a pre-
vious study, the optimization model and its constraints were
thoroughly discussed [23]. The results of that optimization are
based on 2-min intervals, and it provides the rules for the power
sharing among the various sources, taking into account how
fast the response from SCs can arrive. These sources include
two diesel generators (5 and 15 kW), the PV source (3 kWp,
which is deterministic in the proposed example), and the HESS.
In addition, the optimization algorithm ensures that the batter-
ies operate within safe SoC limits, and the generators operate
within their range of operation and efficiency. The power as-
sociated with HESS, Pygss, is thus obtained and is being used
in this novel analysis, where the focus is the evaluation of the
lifetime of the batteries and the economics of the system, when
the controller parameter « varies.

B. Link Between the Controller and the Battery Lifetime

Different battery and SC currents can be obtained by changing
the low-pass filter coefficient «, still keeping Pygss constant.
With these currents as inputs, we can evaluate the SoC for both
devices and find which is the best SoC, to support the optimized
rules

P.(t)At
SoC.(t) = SoC,(t = 1) ASE

With SoC,, P., and ASE,, we identify the SoC, the active
power (positive when storage is feeding the load, and negative
when is charging), and the storage capacity of each specific
device (either the battery or the SCs)

(13)

P, (t) = Paar(t) = vpus(t)-ip (t) but also
P* (t) = PSC(t) SN Ubus(t)-iSC (t)
Pygss (t) = Pgar(t) + Psc(t).

The currents i and isc must have the same sign, or being 0,
meaning that when one device is charging or discharging, the
other must act accordingly or it must be OFF.

The battery lifetime is thus assessed by using the Rainflow
counting method [24], [25], which needs the results of the SoC
over time to provide the number and typology of cycles char-
acterizing the charge and discharge of the battery over a typical
horizon. Each kind of battery shows its own cycle to failure
(CF) versus depth of discharge (DoD). In Fig. 9, such data
for the lead—acid batteries used in the laboratory prototype are

(14)
5)

reported. We recall that the use of lead—acid batteries is due to
safety reasons. Nevertheless, this methodology applies to any
kind of battery technology, as long as the CF versus DoD curve
can be obtained.

The Rainflow counting algorithm provides information on
amplitude (related to the DoD) and frequency of cycles pre-
senting the same amplitude on a set time horizon. The life ex-
pectancy of the battery is related to the CF, with 1/CF being the
life fraction. We can assess D, the inverse of the lifetime, as

m Ni
b= Z} CF,

where m is the number of different DoD;, occurring in the set
horizon, N; is the frequency associated with DoD;, and CF;
is the corresponding number of cycles at DoD;. For a fully
functional battery, D has to be less than 1. When D = 1, the
battery is considered dead; its unit measure depends on how the
number of cycles N; is counted: if /V; are counted over a day,
then the lifetime of the battery (inverse of D) counts the days to
failure (DF).

An exemplification: if in a typical day, a battery experiences
10 cycles/day (IV'), where DoD (the amplitude of the equivalent
charge/discharge cycle) is equal to 0.2, then that battery can
ideally survive for up to 200 equivalent days, before being con-
sidered dead. In fact, CFQp,p_ » is 2000; hence, the lifetime in
days 1/D = CF/N = 200. When multiple cycles occur, the life-
time is the composition of each single assessment. D depends
on N, which relates to DoD; DoD depends on SoCgar and SoC
depends on the low-pass filter coefficient «; thus, D depends
on q.

To sum up the analysis: the higher «, the less current on SC;
thus, the lower the lifetime of the battery. To achieve a certain
lifetime, we tune the « value, accordingly.

The overall implemented procedure ensures minimum fuel
consumption, while suitably tuning the battery lifetime, at the
same time. This last objective is achieved by tuning the HESS
controller. In the following subsection, we will show how « will
also affect the HESS investments and its economics.

(16)

C. Case Study Results

In Fig. 10, input and output data, from the optimization proce-
dure described in [23], are reported for the case study: a remote
military microgrid. Case A is the reference case when storage is
made up only by batteries (no SCs), while case B represents the
case when the HESS is present (with SCs). The needed data for
both cases, regarding the features of the optimized considered
system, deal with the battery, the gensets, and the load profile
on a set horizon. In particular, for the battery, the parameters are
the following:

1) SoCin and SoCiyax;

2) charging/discharging efficiency 7;

3) rated power Ppax;

4) discharging/charging time at P ,y;

5) available capacity.

For gensets 1 and 2, the parameters are the rated powers P,
and P,, and the related relationships between the load factor

258
259
260
261
262
263
264
265
266

267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

293

294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309



310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 00, NO. 00, 2018

TABLE 11
L. Case A unit note or SC MAXWELL DATA [27]
Description Case B
(Reference) measure symbol
‘ Product name BMODO0130P056 B03
o aS:ag-er%Lge el o S‘l’c min-max| Rated Capacity (F) 130
B e o Rt e ‘_‘es ‘ Rated Voltage (V) 56
SoC(t=0)=SoC(t=end of the day) ;Vs‘s’f;'pd;gn \ ESR (m(2) 8.1
- : ] ‘ Leakage current (mA) 120
charge | \ :
. | Absolute maximum current (A) 1,900
dls.cl'.large 02028 BN0205 i 1 max continuous current (A) 61 = 99
Efficiency| | Weight (kg) 18
> amum : ‘ Stored Energy (Wh) 56.6
g available E i PSCmax (kW) 96.79
3 s 3 3 kW  Pbat max | t @ Psc,,, (5) 2.11
battery = ‘ cost of single unit ($) 1,300
power \
B (rated) | TABLE III
duration ! ‘ CASE STUDY: MAIN RESULTS FOR THE THREE SCENARIOS
time @ Pbat 6 6 hours T \ (B1, B2, AND B3) AND THE REFERENCE CASE A
BN j |
Battery | ; Description| a—  0.005 0.003 0.001 Ref.
capacity| 18 18 kWh |ASE \ Bl B2 B3 case A
k] » ‘ SCs capacitance F 650 910 1300  no SC
5 d el e W e : set SoC in 0.5 0.5 0.5 0.2
o pate Ip‘f’;"g ; - L The lowest SoOC % 69.9 67.53 67.06 30
| pRfomiot/ / - , ‘ Cycles 20 18 16 51
o gt pe”VF’('j:a 22 minutes JEstep Lifetime days 274 282 363 122
< E . ; : — Invest. on SC  k$ 6.5 9.1 13 N.S.
=g loadinal pog Fig. 8 W pL \ Invest. on BAT.  k$ 108 108 9. 25.2
typical day Tot. Inv. (5y) k$ 173 199 22. 25.2
power| Phess
. Pbat=
from/to the|=200*(iB+ . W 15000 7
] . i 200*iB —Load
5 | storage| iSC) » —Bateny 36 6
§ power shares 1000~ Genset 15k 5 =
among| Fig.14 Fig.11 g —Consumption [gall 4 g
sources $ s000b., oy & z s
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mation coming from the previous optimization. 4
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and the fuel consumption [8]. Furthermore, the time step ¢ and hours [hh:mm]
the load profile Py, shall be established.
Fig. 11. Case A (only with batteries): from the optimization [23]: power

Also, Fig. 10 reports in the last row the indication to the result-
ing output, the balancing of powers to feed the load, meaning the
sequence of powers from gensets and to/from the storage unit.

Additionally, for case B, in Table II, technical data of the used
basic SC module are reported.

When the DASHED load profile of Fig. 8 is considered for a
typical day, the optimized procedure identifies the best Pygss (t)
(or Ppar if no SCs are present) for each time step of the day and
for the given conditions.

For case B, we consider three scenarios, cases B1, B2, and B3,
identified by different values of the low-pass filter coefficient c,
equal to 0.005 (B1), 0.003 (B2), and 0.001 (B3). Once the opti-
mization has produced the power share among the gensets and
the storage, then different alphas determine a different sequence
for igl’BZ’m(t) and iSBCl"Bz’m(t) and thus Socgl’Bz’m(t): su-
perscripts identify the respective scenarios. Similarly, when no
SCs are considered, then we will have i% () and SoC* (¢).

profile and consumption (resolution step 2 min; SOCpyin = 0.2).

For each of the four SoC sequences, a new series of
DoD? 182534 i5 derived, and different lifetimes are expected.

In Table III, the main results are reported for the three scenar-
ios [increasing SCs number from 5 (B1) to 10 (B3)], after the
optimization and the tuning of «, as well as for the Reference
case A, optimized but without SCs.

The investment (INV?) in each ith scenario/case is thus eval-
uated as in the following, depending on the DF of the batteries,
which ultimately depends on alpha:

INV' (DF (a)) = INVie + Y INV} (DF ().  (17)

DF

The change in ip and isc sequences can be visualized when
simulating the battery current with and without SCs. In Figs. 11
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Fig. 12. Case A: Enlargement between 1:00 A.M. and 6:00 A.M. (resolution

step 2 min; SoCpin = 0.2).
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Fig. 13.  Case A: Optimal Ppar and consequent SoC on batteries (resolution

step 2 min; SoCpin = 0.2).
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Fig. 14. Case B (with the HESS): from the optimization [23]: power profile

and consumption (resolution step 2 min; SOCin = 0.5) .

and 14, the optimization results are reported for case A (Ref-
erence) and for case B: what is referred as HESS profile is the
active power associated with what is coming from/to the storage
unit (no transient considered, resolution step 2 min).

For a better understanding of the battery dynamic, in terms of
charging/discharging cycles and consequent SoC, Figs. 12 and
13 for case A and Figs. 15 and 16 for case B are reported.

They show an enlargement of Figs. 11 and 14, respectively,
when SCs are not included (case A) and when they are included
(case B).

A Simulink model produced the simulated plots in Figs. 17—
19. Omitting the switching behavior of the EMS power
converters lead to shorter simulation times for the battery
current over a 24-h period (resolution 0.1 s). In Fig 17, the
battery current is plotted (upper), when yet the SCs are to be
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Fig. 17.  Case B: battery current when the HESS control system is in place but

is disabled (with transient, resolution step 0.1 s). SC current is zero.

turned ON, the transient is considered, and the resolution step
is 0.1 s. In Figs. 18 and 19, battery and SC currents are shown,
respectively, when the HESS controller is operational with the
low-pass filter coefficient o« = 0.005 (B1) and o = 0.001 (B3).
It can be observed that the battery current is much smoother
when the HESS controller is used to redirect the peak currents
to the SCs, and we can also notice how the « value affects the
1 profile (upper graph of Figs. 17-19).

InFig. 20 (Scenario B1) and Fig. 21 (Scenario B3), the battery
cycles are reported for v equal to 0.005 (smaller SCs) and 0.001
(bigger SCs). The main results are reported in Table III, where
the increase in DF (122 estimated days with no SCs, 274 for o
= 0.005 up to 363 for o = 0.001), the assessment of the lowest
SoC, and investments are assessed with respect to the illustrated
procedure.
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Fig. 18.  Scenario B1: battery and SC current when the HESS control system

is enable. SCs takes the peaks of the load current (a«=.005, resolution step 0.1 s).
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Fig. 19.  Scenario B3: battery and SC current with the HESS control system.

SCs take the peaks of the load current (v = 0.001, resolution step 0.1 s).

The plots in Fig. 22 and the results in Table III demonstrate
how the battery lifetime is extended when the HESS controller
is used, realizing the least investment over five years, when «
is lower, thus finding the suitable tradeoff between increasing
SCs size and the battery wearing out. We can also notice that
below ~900 operating days, even only five SCs modules are
not convenient against batteries, but above 900 days, the HESS
becomes cost effective. Over ~1500 days, every investigated
HESS is more cost effective than batteries alone.

Depending on the size of the SC and batteries, thus on the
deriving cycles to failure, we can infer that the daily power
consumption is a key parameter for the economic evaluation.
Therefore, careful microgrid load analysis should be done to
create a reliable load profile. A sensitivity analysis can also be
performed to identify not only the actual optimum, but also the
proper range of validity for the current assessment and link it
to the controller parameters. This will be illustrated in a future
work.
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Our methodology makes easily evident how those battery
technologies with higher CF versus DoD (for instance, the
lithium ones) can positively affect the lifetime assessment be-
cause higher CF values directly influence (16). On the other
hand, they cost more; thus, again, another sensitivity analysis,
focusing on prices, can help in investigating how far our con-
siderations can be stretched.

V. EXPERIMENTAL MEASUREMENTS

To verify the functionality of the proposed HESS controller, a
laboratory experiment was conducted with a scaled-down EMS
prototype. The laboratory setup is represented in Fig. 23, where
the EMS is included inside the blue box. Note that instead of
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Fig. 23.  Schematic of the laboratory setup for the experimental validation.

Fig. 24.  Photograph of the laboratory setup.

a diesel generator, the ac 120-V 60-Hz power available in the
laboratory was used.

A photograph of the prototype on the laboratory bench is
shown in Fig. 24. A 130-F Maxwell SC [27] and six Genesis
12-V lead—acid batteries [26] connected in series are visible
in the photograph, together with the EMS hardware, which in-
cludes several printed circuit boards (PCBs) and external pas-
sive components. The EMS controller is embedded on an FPGA,
which is part of a Xilinx developed board [28]. The other PCBs
are custom made, with the bottom one comprising the power
electronics and passive components and the top PCB includ-
ing A/D converters, USB interface to communicate with a per-
sonal computer, and other electronic components that interface
with the FPGA board. The code for the FPGA is developed
in Simulink with the additional Xilinx System Generator [29]
blocks. Further details of the EMS hardware and FPGA software
implementation are available in [7] and [9].

The first set of experiments produced the steady-state plots in
Figs. 25 and 26 with an without the proposed HESS controller,
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L
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Fig. 25. Case B without HESS controller steady-state experimental wave-
forms. From the top: ac voltage, battery current, and SC current.
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Fig. 26. Case B with HESS controller steady-state experimental waveforms.

From the top: ac voltage, battery current, and SC current.

respectively. The two figures include, from the top, the ac source
voltage, the battery current, and the SC current. The contrast
between the battery current in Fig. 25 and the battery current
in Fig. 26 validates the effectiveness of the HESS controller in
removing the 120-Hz frequency component from the battery and
sending it to the SC. Harmonic analysis of the battery current
from Fig. 25 shows that the amplitude of the 120-Hz harmonic
is 158 mA. In contrast, the 120-Hz harmonic of ¢5 in Fig. 26 is
45.5mA, a substantial reduction.

A second set of experiments is shown in Figs. 27 and 28,
where the dynamic performance of the system is contrasted
without and with the HESS controller, respectively. As discussed
in previous sections, in order to reduce the charge and discharge
cycles on the batteries, the SC is commanded to absorb or deliver
currents that are suddenly needed by the microgrid. One example
is just before 3:00 PM. (or 15:00 hours; see Fig. 14); when a
large amount of energy is being sent to the HESS and, as shown
in Fig. 18, the SC absorbs the initial peak. Fig. 27 demonstrates
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Fig. 28. Battery charge current increase from 1 to 2 A with the HESS con-
troller. Upper ip and lower igc,

what happens when the current sent to the battery is doubled
from 1 to 2 A: the surge is evident in the battery current, ip, as
well as the 120-Hz ripple. In contrast, the di/dt on the battery
current 75 is reduced when the HESS controller is turned ON,
and also, its ripple is noticeably reduced. Note that « = SHz
for this experiment.

VI. CONCLUSION

This paper presents a novel HESS controller focused on
increasing the lifetime of the batteries by using SCs with a
buck-boost converter to control their charge and discharge, thus
maximizing their utilization. A realistic load profile is used, and
several scenarios are compared to link the controller parameter
« with the battery lifetime extension and to the economic eval-
uations. Therefore, the economic evaluation is performed on a
five-year period, time needed to show when the HESS may be-
come cost effective for the case study. The SCs are sized to take
the stress off the load power transients from the battery pack,
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so that the batteries only “see” an idealized load profile and can
perform at better conditions.

Experimental measurements demonstrate the ability of the
proposed HESS controller to suppress the 120-Hz ripple from
the battery as well as reduce the di/dt when higher currents
are commanded. This result proves that the HESS controller
redirects higher frequency currents to the SC and leave for the
batteries only slow current changes in order to increase the
battery lifetime.

Future work will focus on optimizing the number of SCs in
order to reduce their economic impact on the microgrid.
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Novel Economic Analysis to Design the
Energy Storage Control System of a
Remote Islanded Microgrid

Giovanna Oriti ©, Senior Member, IEEE, Alexander L. Julian, Senior Member, IEEE,
Norma Anglani ® Member: IEEFE, and Gabriel D. Hernandez

Abstract—This paper presents a novel power flow control strat-
egy, combined with an economic analysis, for an energy manage-
ment system (EMS) involving a hybrid energy storage. The EMS
operates a remote microgrid and directs the power flow to either
batteries or supercapacitors to increase the life of the batteries. This
paper demonstrates how the use of supercapacitors increases the
lifetime of the batteries and ultimately how it affects the economics
of the system. The proposed EMS controller also compensates for
the 120-Hz ripple on the dc bus. Modeling, simulations, and ex-
perimental verification are presented together with the procedure
to perform the assessment of the battery lifetime, according to the
tuning parameters of the controller.

Index Terms—Battery lifetime, energy management, hybrid en-
ergy storage, power converters, supercapacitors (SCs).

I. INTRODUCTION

ICROGRID technology has been developed and closely
M investigated as one of the solutions to increase energy
security. Solid-state power converters are instrumental to micro-
grid operations [1]. Power-electronics-based energy manage-
ment systems (EMS) have been recently explored (see [2]-[8])
to control loads and distributed energy resources (DERs), to
detect grid failure, and to enable the microgrid islanding mode
of operation. Although an EMS is sometimes used to define
the software or controller that manages the energy in a power
system or microgrid, in this paper, it is used to define a system,
which includes one or more power converters that interface to
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a microgrid and different DERs. In addition to the hardware,
the EMS includes several layers of control to manage currents
and voltages, as well as loads and sources. An EMS has been
recently proposed to optimize operations in remote military mi-
crogrids, where continuous service to critical power loads is
essential [5], [8]. In this paper, we focus on the EMS ability
to control the power flow when a hybrid energy storage system
(HESS) is added to the architecture because the real load profile,
showing sudden peaks, is considered [9]. The goal of the pro-
posed HESS is to divert the 120-Hz ripple and the peak current
ripple away from the batteries by adding supercapacitors (SCs)
controlled by a buck—boost converter, thus increasing the life-
time expectation of the batteries available in the microgrid. A
novel study to tune the controllers parameters is carried out for a
remote military microgrid model. Recent publications [10]-[19]
have addressed hybrid storage systems with batteries and SCs in
different configurations. Some HESS configurations have used
different power converter topologies and controllers [10], [11],
[15], or they do not show a thorough analysis of the control sys-
tem [6]. In [20], the focus is exclusively the energy management
of a light rail vehicle; therefore, the power electronics controller
is not addressed.

Other HESS do not control the 120-Hz ripple on the dc
bus either because they are applied to three-phase systems
[16] or because they service loads that are not single-phase ac
[12], [21]. Papers [17] and [18] present HESS controllers that
are very similar to the one proposed in this paper, but they do
not include the battery lifetime analysis nor the application to
the economics of a microgrid as they are presented in this pa-
per. In [19], although a similar HESS controller was used, the
power management strategy used has a different scope than the
one proposed in this paper; losses and state of charge (SoC)
of the SCs are weighted to be optimized, but the authors do
not quantify how this procedure affects the expectation of bat-
tery lifetime extension. In [22], an interesting application of
optimal power flow problem with the HESS is considered, but
time steps are bigger (30 s versus our 0.1 s), and no consid-
eration on investments is included: the economic is based on
the cost of the saved energy, thus neglecting the role of sizing,
which we show is also a key issue when dealing with the HESS.
Here, we evaluate how the different controller strategies, imple-
mented with a proper number of SCs, can increase the battery
lifetime.

0093-9994 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1.

To the knowledge of these authors, the proposed combination
of a buck—boost converter, a control architecture, and a tight
link with the battery lifetime presented in this paper has not
been previously presented. Furthermore, the application to a re-
mote microgrid introduces peculiarities in the economics of the
considered case study. In this paper, the EMS architecture is pre-
sented in Section II. The proposed HESS controller is described
in Section III. In Section IV, the procedure, involving the bat-
tery lifetime and its link with a specific controller parameter, is
presented for a typical power profile of a remote military micro-
grid. Experimental measurements and conclusions are reported
in Sections V and VI, respectively.

II. EMS FUNCTIONALITY AND MICROGRID SETUP

A schematic of the EMS’ architecture is provided in Fig. 1
together with the remote military microgrid power system. Also
shown in Fig. 1 are critical and noncritical loads and two diesel
generator sets (gensets). Critical loads are those loads, including
computers, radars, and some air conditioning systems, which are
critical to the military operations success and must be powered
at all times. Thus, they are hard wired to the ac power bus,
while noncritical loads are connected to the ac bus through a
solid-state switch controlled by the EMS to enable shedding
when necessary. In this setup, the noncritical loads are grouped
together for ease of laboratory demonstration; however, an EMS
can control multiple noncritical load switches.

The EMS consists of five inverter legs, a field-programmable
gate array (FPGA)-based control system, photovoltaic (PV) pan-
els, battery pack, and SCs. Lead—acid batteries are used for the
work presented in this paper; however, any other type of bat-
tery could be used, and this is true as far as the methodology
concerns. However, lead—acid batteries are presently the tech-
nology of choice in remote military camps because they fail
without catching fire, unlike Li-ion batteries. The FPGA-based
controller includes the dc-bus voltage controller, the ac-bus

EMS architecture and its connection to a remote military microgrid with two diesel generators, hybrid energy storage, and PV panels.

voltage control during islanding operations, and the EMS ac
current in the grid-connected mode. This paper focuses on a
new dc-bus voltage controller, while the ac current and voltage
control systems are the same as presented in [7]. The FPGA
also houses the controls for the HESS and the energy manage-
ment logic such as load scheduling and grid connect/disconnect.
Two legs of the power module are employed as a single-phase
bidirectional H-bridge converter, which can be controlled as a
current source to inject power from the battery pack to the mi-
crogrid or as a voltage source when the gensets are OFF. The
third leg of the power module is operated as a bidirectional
buck—boost converter to either charge the battery bank or draw
energy from it. The fourth leg of the power module is operated
as a bidirectional buck—boost converter to either charge the SCs
or draw energy from them. Batteries and SCs form the HESS,
which is controlled by the EMS. A fifth inverter leg is used as a
boost converter that is the interface to the PV panels.

III. HESS CONTROL SYSTEM

In this section, the HESS control system architecture is pre-
sented, and its functionality is demonstrated with analysis in the
frequency-domain as well as time-domain simulations.

A. Controller Architecture and Functionality

The dc-bus voltage is held constant by the HESS controller
shown in Fig. 2. In addition to regulating the dc bus, the goal
of this controller is to distribute the load current between the
battery and the SCs. Specifically, the load current is the current
that the EMS injects into the ac bus to supplement the power
provided by the generators. The peak current demanded by the
loads is provided by the SCs instead of the battery to reduce the
ac current stress on the battery. The low-pass filter commands
the battery current to be absent of abrupt changes. The bandpass
filter (BPF) is added to extract the 120-Hz signal, which has a
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Fig. 3. Bode plots of battery current and SC current transfer functions.

frequency equal to twice the 60-Hz output frequency. The goal
of the BPF is to reduce the second harmonic voltage ripple on
the dc bus and ac current in the battery. The BPF is analyzed in
the next section.

From the control diagram in Fig. 2, the transfer function of
the battery current over the dc voltage error can be derived as

ip a(sK,+ K;)

— = ———=" 1
e s(s+a) M
The dc voltage error leads to an SC current that is
isc  (sK,+K;) osK,+K,;) Os
— = - + N )
e s s(s+ «) s>+ KS+0

The Bode plots of the transfer functions (1) and (2) are shown
in Fig. 3. The battery current ¢z contains only low-frequency
components, while the SCs provide the current for any ac dis-
turbances in the dc bus, especially at 120 Hz. In fact, the top
plot in Fig. 3 shows that the gain of the transfer function (2) is
high at 120 Hz. The parameters used for this analysis are shown
in Table I.

B. Contribution and Analysis of the BPF

It is well known that a 120-Hz component is drawn from the
dc bus by a single-phase inverter delivering 60-Hz ac power,
so that pulsating power flows from the dc bus in addition to dc
power. The role of the BPF in Fig. 3 is to ensure that the 120-Hz
current is drawn from the SCs, not the batteries. The following
analysis clarifies the contribution of the BPF.

The equivalent circuit in Fig. 4 represents the currents that
are flowing to/from the EMS dc bus, which are the SC current

TABLE I
PARAMETERS OF THE CONTROLLER

Description Symbol Value
DC bus capacitor Chus 100 pF
Proportional gain K, 0.8
Integral gain K; 8
BPF coefficient 15} 754
BPF coefficient K 57
BPF coefficient 0 568,000
Low-pass filter coefficient @ 0.005 rad/s

) &ibus isc in ip
g

Fig. 4.

EMS equivalent circuit for analysis and simulations.

isc, the battery current 73, and a disturbance current ¢, which
is equal to %emsdc 1n Fig. 1.

For the equivalent circuit in Fig. 4, the following equations
can be written using basic circuit analysis:

3

First, let us analyze the HESS controller, when there is no
BPF. This is accomplished by removing the BPF block from
Fig. 3 and then rewriting (3) by substituting igc
K,

alall
s

isc + i +ip = SCUpys.

(”Eus—vbus) = (Kp-‘r > —ig +ig +ip. 4)
From (4), when the disturbance ip is zero, the dc voltage
transfer function can be derived

Ubus SKP + Kl
—lin=0= 3 . (5
s 52C+sK, + K;
The dc voltage due to the disturbance current, when the ref-
erence dc-bus voltage is zero, is

Ubus S
ip 0= Zo T sK, + K; ©

The dc-bus voltage transfer function vpys/vyy,, and the dc-bus
voltage transfer function with the disturbance current as the
input vyys/ip are plotted in Fig. 5.

The gain for vy,s/ip is greater than 1, which will cause a
lot of ripple if there is any ac current present in the disturbance
current. The second harmonic current flowing from the dc bus to
the ac load is significant and causes dc-bus ripple. This problem
can be mitigated by adding a BPF to identify and close a control
loop on the second harmonic voltage error.

In contrast to the previous analysis, let us analyze the com-
plete HESS shown in the block diagram of Fig. 3. With the BPF,
the dc voltage transfer function becomes

SSKp + 82K2 =+ SKI =+ 5Kz
$*C 4+ $ K3+ s2(Ky 4+ 0C) + sK| + 0K

Ubus -
* |iD =0 —
bus

(N

164
165
166
167

168
169
170

171
172

173
174

175
176
177
178
179
180
181
182
183
184
185
186



187

188

189
190
191
192
193
194
195
196
197
198
199
200

20 Vbus / Vbus
o Vous/ o
el ——BPF
e 0 i
g N
20+ 1. 8
10” 10° 10" 10? 10° 10*
frequency [Hz]
—v, IV
; 100- vbus/ibUS_
@ 1 bus’ D
b ——BPF
o 0 g
(7]
©
Lo
S 100

107 10° 10’ 102 10° 10
frequency [Hz]

Fig. 5. Bode plots of the transfer functions (5) and (6) without the BPF.
201 vbus / v;us
g vbus / ID
c 0
©
(=)
-20 F
107 10° 10’ 102 10° 10
frequency [Hz]
o Vil v'u
g., 100 vb s i bus
- bus' D
o 0
[72]
©
£
A -100
107 10° 10’ 10? 10° 10
frequency [Hz]
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and the dc voltage due to the disturbance current is

Vbus B $ + ks® +0s

R R Ty o s2(Kp + 6C) + sK; + 0K,

The coefficients for the transfer functions (7) and (8) are ®
K1 = 0K, 4+ 0K, ©)
K> = kK, + 0K; + (10)
K3 =6K, + kC. 11

Fig. 6 shows the Bode plots of the transfer functions (7) and
(8), where the BPF was added to the control architecture. In
contrast with Fig. 5, it can be observed that the addition of the
BPF reduces the second harmonic voltage ripple in the dc bus.
The BPF has very high gain at 120 Hz, and it reduces the transfer
function vy /i p significantly at 120 Hz. The BPF has a minimal
effect on the transfer function vpys /iy

A time-domain simulation of the system represented in Fig. 1
is shown in Fig. 7. The 120-Hz component of the dc-bus ripple is
reduced by the BPF. Also, as shown in Fig. 7, the step response
to an increase in the dc load current is reduced. The disturbance
current used in the simulation of Fig. 7 is a 10-A sinewave at
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Fig. 8. real

Load power consumption profile of a remote microgrid,
(DASHED) versus linearized (SOLID) (2-min resolution).

120 Hz plus a 10-A step change in the load current att = 1 s

ip(t) = 10u(t — 1) + 10sin(2760t). (12)
IV. LIFETIME EXTENSION AND ECONOMICS
OF AN OPTIMIZED HESS

In this section, the proposed HESS is used in a remote military
microgrid to demonstrate how the above control increases the
battery lifetime compared to the same microgrid, where only
batteries are used for energy storage. A HESS shows its potential
when sudden spikes, not negligible because of the same order of
magnitude than the base load, occur. The analysis in this section
proves that, when the HESS draws the load transient currents
from the SCs, the batteries will last longer. The battery lifetime
extension is quantified for different values of the low-pass filter
coefficient, and the overall microgrid economics is analyzed.

The power profile of Fig. 8 (dashed line) represents the typical
daily consumption in a remote military microgrid, where sudden
peaks occur and seriously affect the lifetime of the batteries.
This profile is used for the following analysis and case study
in contrast to the simplified profile (solid) also plotted in Fig. 8
and used for the study reported in [8].

A. A Few Considerations on the Role of the Optimization

Fuel consumption is one of the parameters that are worth
minimizing in a remote military microgrid because fuel
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Fig. 9. Reference fitting curve for the lead—acid batteries of the experimental
test (CF versus DOD) [26].

transportation to remote sites can result in casualties. In a pre-
vious study, the optimization model and its constraints were
thoroughly discussed [23]. The results of that optimization are
based on 2-min intervals, and it provides the rules for the power
sharing among the various sources, taking into account how
fast the response from SCs can arrive. These sources include
two diesel generators (5 and 15 kW), the PV source (3 kWp,
which is deterministic in the proposed example), and the HESS.
In addition, the optimization algorithm ensures that the batter-
ies operate within safe SoC limits, and the generators operate
within their range of operation and efficiency. The power as-
sociated with HESS, Pygss, is thus obtained and is being used
in this novel analysis, where the focus is the evaluation of the
lifetime of the batteries and the economics of the system, when
the controller parameter o varies.

B. Link Between the Controller and the Battery Lifetime

Different battery and SC currents can be obtained by changing
the low-pass filter coefficient «, still keeping Fygss constant.
With these currents as inputs, we can evaluate the SoC for both
devices and find which is the best SoC, to support the optimized
rules

P.(t)At
SoC,(t) = SoC.(t — 1) ASE

With SoC., P., and ASE,, we identify the SoC, the active
power (positive when storage is feeding the load, and negative
when is charging), and the storage capacity of each specific
device (either the battery or the SCs)

(13)

P, (t) = Pgar(t) = vpus(t)-ip (t) but also
P.(t) = Psc(t) = vous(t)-isc(t)
Pugss(t) = Ppar(t) + Psc(t).

The currents i and isc must have the same sign, or being 0,
meaning that when one device is charging or discharging, the
other must act accordingly or it must be OFF.

The battery lifetime is thus assessed by using the Rainflow
counting method [24], [25], which needs the results of the SoC
over time to provide the number and typology of cycles char-
acterizing the charge and discharge of the battery over a typical
horizon. Each kind of battery shows its own cycle to failure
(CF) versus depth of discharge (DoD). In Fig. 9, such data
for the lead—acid batteries used in the laboratory prototype are

(14)
15)

reported. We recall that the use of lead—acid batteries is due to
safety reasons. Nevertheless, this methodology applies to any
kind of battery technology, as long as the CF versus DoD curve
can be obtained.

The Rainflow counting algorithm provides information on
amplitude (related to the DoD) and frequency of cycles pre-
senting the same amplitude on a set time horizon. The life ex-
pectancy of the battery is related to the CF, with 1/CF being the
life fraction. We can assess D, the inverse of the lifetime, as

m

N;

D = 2 CE, (16)
where m is the number of different DoD;, occurring in the set
horizon, N; is the frequency associated with DoD;, and CF;
is the corresponding number of cycles at DoD;. For a fully
functional battery, D has to be less than 1. When D = 1, the
battery is considered dead; its unit measure depends on how the
number of cycles /V; is counted: if V; are counted over a day,
then the lifetime of the battery (inverse of D) counts the days to
failure (DF).

An exemplification: if in a typical day, a battery experiences
10 cycles/day (IN'), where DoD (the amplitude of the equivalent
charge/discharge cycle) is equal to 0.2, then that battery can
ideally survive for up to 200 equivalent days, before being con-
sidered dead. In fact, CFQp,p_ » is 2000; hence, the lifetime in
days 1/D = CF/N = 200. When multiple cycles occur, the life-
time is the composition of each single assessment. D depends
on N, which relates to DoD; DoD depends on SoCgar and SoC
depends on the low-pass filter coefficient «; thus, D depends
on a.

To sum up the analysis: the higher «, the less current on SC;
thus, the lower the lifetime of the battery. To achieve a certain
lifetime, we tune the « value, accordingly.

The overall implemented procedure ensures minimum fuel
consumption, while suitably tuning the battery lifetime, at the
same time. This last objective is achieved by tuning the HESS
controller. In the following subsection, we will show how a will
also affect the HESS investments and its economics.

C. Case Study Results

In Fig. 10, input and output data, from the optimization proce-
dure described in [23], are reported for the case study: a remote
military microgrid. Case A is the reference case when storage is
made up only by batteries (no SCs), while case B represents the
case when the HESS is present (with SCs). The needed data for
both cases, regarding the features of the optimized considered
system, deal with the battery, the gensets, and the load profile
on a set horizon. In particular, for the battery, the parameters are
the following:

1) SoCpin and SoCax;

2) charging/discharging efficiency 7;

3) rated power Ppax;

4) discharging/charging time at Pp,y;

5) available capacity.

For gensets 1 and 2, the parameters are the rated powers P,
and P,, and the related relationships between the load factor
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TABLE II
L. Case A unit note or SC MAXWELL DATA [27]
Description = Case B
(Reference) measure symbol
Product name BMODO0130P056 B03
state of Socmizax Rated Capacity (F) 130
harge: .5- 2- '
charge:rangel 031 | 021 | pu_ e pated Voltage (V) 56
SoC(t=0)=SoC(t=end of the day) Z‘;’fjﬁ'p‘iﬁgﬂ ESR (m) 8.1
charge/ i I Leakage current (mA) 120
. Absolute maximum current (A) 1,900
dltharge L L p-u. max continuous current (A) 61 = 99
EHIEIERCY Weight (kg) 18
> L Stored Energy (Wh) 56.6
E available PSCmaX (kW) 9679
3 O 3 3 kW |Pbat max t @ Psc,, (s) 2.11
battery cost of single unit ($) 1,300
power
duration CASE STUDY: MAIN RESULTS FOR THE THREE SCENARIOS
time @ Pbat 6 6 hours T (B1, B2, AND B3) AND THE REFERENCE CASE A
max
Battery Description| a—  0.005 0.003 0.001 Ref.
capacity| 18 18 kWh |ASE Bl B2 B3  case A
‘é SCs capacitance F 650 910 1300  no SC
5 ted Eo s T set SoC i 0.5 0.5 0.5 0.2
[0 rate Ip?‘;’; & z e L L The lowest SoC % 69.9 6753 67.06 30
L g® oty (- , _ Cycles 20 18 16 51
D g ther typﬁ IS | P Lifetime days 274 282 363 122
-{) - MRNSENE . | S S — Invest. on SC  k$ 6.5 9.1 13 N.S.
® g Lc?ad iNal o g Fig. 8 W PL Invest. on BAT.  k$ 10.8  10.8 9. 25.2
typical day Tot. Inv. (5y) k$ 173 199 22. 25.2
power| Phess
5 Pbat=
from/to the|=200*(iB+ : W 00 ;
@ i - 200*iB —load |
5 storage| iSC) —Batery 3 6
§ power shares 10000 |~ Gensel 15K 5 =
among| Fig.14 Fig.11 g | Comsumetontoal e
sources 8 5000y g el e e . z 5
IS | 2
Fig. 10. Matrix visualization of all the most important input and output infor- 0 S
mation coming from the previous optimization. 4
&
N

and the fuel consumption [8]. Furthermore, the time step ¢ and
the load profile Py, shall be established.

Also, Fig. 10 reports in the last row the indication to the result-
ing output, the balancing of powers to feed the load, meaning the
sequence of powers from gensets and to/from the storage unit.

Additionally, for case B, in Table II, technical data of the used
basic SC module are reported.

When the DASHED load profile of Fig. 8 is considered for a
typical day, the optimized procedure identifies the best Pygss (¢)
(or Ppar if no SCs are present) for each time step of the day and
for the given conditions.

For case B, we consider three scenarios, cases B1, B2, and B3,
identified by different values of the low-pass filter coefficient c,
equal to 0.005 (B1), 0.003 (B2), and 0.001 (B3). Once the opti-
mization has produced the power share among the gensets and
the storage, then different alphas determine a different sequence
for igl’Bz’m(t) and iSBCI’BZ'BS(t) and thus Socg BE2B3 (1) qu-
perscripts identify the respective scenarios. Similarly, when no
SCs are considered, then we will have i4 () and SoC* ().

hours [hh:mm]

Fig. 11. Case A (only with batteries): from the optimization [23]: power
profile and consumption (resolution step 2 min; SOCpin = 0.2).

For each of the four SoC sequences, a new series of
DoDZ1:52.83.4 §q derived, and different lifetimes are expected.

In Table III, the main results are reported for the three scenar-
ios [increasing SCs number from 5 (B1) to 10 (B3)], after the
optimization and the tuning of «, as well as for the Reference
case A, optimized but without SCs.

The investment (INV?) in each ith scenario/case is thus eval-
uated as in the following, depending on the DF of the batteries,
which ultimately depends on alpha:

INV' (DF (a)) = INVie + Y _INV} (DF (). (17)

DF

The change in ¢ and igc sequences can be visualized when
simulating the battery current with and without SCs. In Figs. 11
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T T T T T 7
10000 —Load [ e
— Battery 3kW
-~ Genset 5kW Enlargment 1:00am-6:00am
8000 - Ggenset 15kW 15
— Consumption [gal] 14 5
6000 - 2
R S N 58 R T O P8
g A000p Ty T T A g
o R S R o 3?3
2000 1L o i t i1 6
A R T 4, 8
, i B ;
T o
2000p HH ‘H ED
I 1 1 N 1 L 1
1:00 2:00 3:00 4:00 5:00 6:00
hours [hh:mm]
Fig. 12. Case A: Enlargement between 1:00 A.M. and 6:00 A.M. (resolution

step 2 min; SoCppin = 0.2).

. . .
4000 T S 14
. —e . e
. N o8
3000 = S EERES
~ o - REVAS YN
- .
2000 - -
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£ 1000| 0o
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-2000
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— Battery 3kW.
~3000= ‘ ‘ ‘ = Stale of Charge (S00) ‘ ‘ Jos
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
hours [hh:mm]
Fig. 13. Case A: Optimal Pgar and consequent SoC on batteries (resolution

step 2 min; SoCpin = 0.2).

15000
—Load
—HESS 3kW
-~ Genset 5kW
-—Genset 15kW .
10000~ py giw =
= —Consumption [gal] =2
2 5
£ 5000 g
o >
o «a
<
I S
0
NN
N} Q
K% 3
hours [hh:mm]
Fig. 14. Case B (with the HESS): from the optimization [23]: power profile

and consumption (resolution step 2 min; SOCpin = 0.5) .

and 14, the optimization results are reported for case A (Ref-
erence) and for case B: what is referred as HESS profile is the
active power associated with what is coming from/to the storage
unit (no transient considered, resolution step 2 min).

For a better understanding of the battery dynamic, in terms of
charging/discharging cycles and consequent SoC, Figs. 12 and
13 for case A and Figs. 15 and 16 for case B are reported.

They show an enlargement of Figs. 11 and 14, respectively,
when SCs are not included (case A) and when they are included
(case B).

A Simulink model produced the simulated plots in Figs. 17—
19. Omitting the switching behavior of the EMS power
converters lead to shorter simulation times for the battery
current over a 24-h period (resolution 0.1 s). In Fig 17, the
battery current is plotted (upper), when yet the SCs are to be

6000
5 P
4000 - vt b 5
Enlargment 12:00am - 6:00am L I =
B i =
= 2000 5
— 1
g 0 3
-2000 (- 8
-4000 \ \ | |
o £ E £ £
8 8 8 8
hours [hh:mm] 2 I a2 2
Fig. 15. Case B: Enlargement between 1:00 A.M. and 6:00 A.M. (resolution

step 2 min; SoCpin = 0.5).

03:00 09:00 12:00

hours [ﬁh:mm]

Fig. 16.  Case B: Optimal Pygss and consequent SoC on batteries (resolution
step 2 min; SoCpin = 0.5).

Battery Current [A]

SC Current [A]
o

-20 1
40 . . . . .
0 4 8 12 16 20 24
time [hrs]
Fig. 17.  Case B: battery current when the HESS control system is in place but

is disabled (with transient, resolution step 0.1 s). SC current is zero.

turned ON, the transient is considered, and the resolution step
is 0.1 s. In Figs. 18 and 19, battery and SC currents are shown,
respectively, when the HESS controller is operational with the
low-pass filter coefficient o« = 0.005 (B1) and o = 0.001 (B3).
It can be observed that the battery current is much smoother
when the HESS controller is used to redirect the peak currents
to the SCs, and we can also notice how the « value affects the
1 profile (upper graph of Figs. 17-19).

InFig. 20 (Scenario B1) and Fig. 21 (Scenario B3), the battery
cycles are reported for o equal to 0.005 (smaller SCs) and 0.001
(bigger SCs). The main results are reported in Table III, where
the increase in DF (122 estimated days with no SCs, 274 for o
= 0.005 up to 363 for av = 0.001), the assessment of the lowest
SoC, and investments are assessed with respect to the illustrated
procedure.
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Fig. 18.  Scenario B1: battery and SC current when the HESS control system
is enable. SCs takes the peaks of the load current (a«=.005, resolution step 0.1 s).
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20

Battery Current [A]
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SC Current alpha =0.001 [A]
o

Fig. 19.  Scenario B3: battery and SC current with the HESS control system.
SCs take the peaks of the load current (ov = 0.001, resolution step 0.1 s).

The plots in Fig. 22 and the results in Table III demonstrate
how the battery lifetime is extended when the HESS controller
is used, realizing the least investment over five years, when o
is lower, thus finding the suitable tradeoff between increasing
SCs size and the battery wearing out. We can also notice that
below «~900 operating days, even only five SCs modules are
not convenient against batteries, but above 900 days, the HESS
becomes cost effective. Over ~~1500 days, every investigated
HESS is more cost effective than batteries alone.

Depending on the size of the SC and batteries, thus on the
deriving cycles to failure, we can infer that the daily power
consumption is a key parameter for the economic evaluation.
Therefore, careful microgrid load analysis should be done to
create a reliable load profile. A sensitivity analysis can also be
performed to identify not only the actual optimum, but also the
proper range of validity for the current assessment and link it
to the controller parameters. This will be illustrated in a future
work.
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11 Rainflow cycles extracted from signal (alpha=.005)
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31 16. Half-cycle, down
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0.7
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Fig. 20.  Scenario B1: Counting cycles at different DoD (a = 0.005).
g |
0.95 | 14. Half-cycle, up |
09| ,
\ 13. Cycle, down
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0.75 e A \
.
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0.65
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peaks, counted from 0
Fig. 21.  Scenario B3: Counting cycles at different DoD (v = 0.001).
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Fig. 22. Investment over five years (o« = 0.005 blue triangle; o = 0.003

orange circle; « = 0.001 gray square; yellow star = Reference—NO SCs).

Our methodology makes easily evident how those battery
technologies with higher CF versus DoD (for instance, the
lithium ones) can positively affect the lifetime assessment be-
cause higher CF values directly influence (16). On the other
hand, they cost more; thus, again, another sensitivity analysis,
focusing on prices, can help in investigating how far our con-
siderations can be stretched.

V. EXPERIMENTAL MEASUREMENTS

To verify the functionality of the proposed HESS controller, a
laboratory experiment was conducted with a scaled-down EMS
prototype. The laboratory setup is represented in Fig. 23, where
the EMS is included inside the blue box. Note that instead of
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Fig. 23.  Schematic of the laboratory setup for the experimental validation.

Fig. 24.  Photograph of the laboratory setup.

a diesel generator, the ac 120-V 60-Hz power available in the
laboratory was used.

A photograph of the prototype on the laboratory bench is
shown in Fig. 24. A 130-F Maxwell SC [27] and six Genesis
12-V lead—acid batteries [26] connected in series are visible
in the photograph, together with the EMS hardware, which in-
cludes several printed circuit boards (PCBs) and external pas-
sive components. The EMS controller is embedded on an FPGA,
which is part of a Xilinx developed board [28]. The other PCBs
are custom made, with the bottom one comprising the power
electronics and passive components and the top PCB includ-
ing A/D converters, USB interface to communicate with a per-
sonal computer, and other electronic components that interface
with the FPGA board. The code for the FPGA is developed
in Simulink with the additional Xilinx System Generator [29]
blocks. Further details of the EMS hardware and FPGA software
implementation are available in [7] and [9].

The first set of experiments produced the steady-state plots in
Figs. 25 and 26 with an without the proposed HESS controller,

0.03

-0.03  -0.02

25 T T

Amps
N

0.03

-0.03  -0.02

-0.01 0 0.01  0.02

I I I
-0.01 0 0.01
time [s]

I 1 I I I
-0.04 -0.03 -0.02 0.02 0.03

Fig. 25. Case B without HESS controller steady-state experimental wave-
forms. From the top: ac voltage, battery current, and SC current.

Volts

-200
-0.05

-0.02  -0.01 0

T T

-0.04 -0.03 -0.02 -0.01 0 0.01 002 0.03

L L I

-0.04 -003 -0.02 -0.01 0

time [s]

0.01 0.02 003

Fig. 26. Case B with HESS controller steady-state experimental waveforms.
From the top: ac voltage, battery current, and SC current.

respectively. The two figures include, from the top, the ac source
voltage, the battery current, and the SC current. The contrast
between the battery current in Fig. 25 and the battery current
in Fig. 26 validates the effectiveness of the HESS controller in
removing the 120-Hz frequency component from the battery and
sending it to the SC. Harmonic analysis of the battery current
from Fig. 25 shows that the amplitude of the 120-Hz harmonic
is 158 mA. In contrast, the 120-Hz harmonic of ¢z in Fig. 26 is
45.5mA, a substantial reduction.

A second set of experiments is shown in Figs. 27 and 28,
where the dynamic performance of the system is contrasted
without and with the HESS controller, respectively. As discussed
in previous sections, in order to reduce the charge and discharge
cycles on the batteries, the SC is commanded to absorb or deliver
currents that are suddenly needed by the microgrid. One example
is just before 3:00 PM. (or 15:00 hours; see Fig. 14); when a
large amount of energy is being sent to the HESS and, as shown
in Fig. 18, the SC absorbs the initial peak. Fig. 27 demonstrates
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Fig. 27. Battery charge current increase from 1 to 2 A without the HESS
controller. Upper i and lower igc.
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Fig. 28. Battery charge current increase from 1 to 2 A with the HESS con-

troller. Upper ip and lower igc.

what happens when the current sent to the battery is doubled
from 1 to 2 A: the surge is evident in the battery current, ip, as
well as the 120-Hz ripple. In contrast, the di/dt on the battery
current 7 is reduced when the HESS controller is turned ON,
and also, its ripple is noticeably reduced. Note that « = SHz
for this experiment.

VI. CONCLUSION

This paper presents a novel HESS controller focused on
increasing the lifetime of the batteries by using SCs with a
buck—boost converter to control their charge and discharge, thus
maximizing their utilization. A realistic load profile is used, and
several scenarios are compared to link the controller parameter
« with the battery lifetime extension and to the economic eval-
uations. Therefore, the economic evaluation is performed on a
five-year period, time needed to show when the HESS may be-
come cost effective for the case study. The SCs are sized to take
the stress off the load power transients from the battery pack,
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so that the batteries only “see” an idealized load profile and can
perform at better conditions.

Experimental measurements demonstrate the ability of the
proposed HESS controller to suppress the 120-Hz ripple from
the battery as well as reduce the di/dt when higher currents
are commanded. This result proves that the HESS controller
redirects higher frequency currents to the SC and leave for the
batteries only slow current changes in order to increase the
battery lifetime.

Future work will focus on optimizing the number of SCs in
order to reduce their economic impact on the microgrid.

ACKNOWLEDGMENT

The authors are grateful to V. Catania for his help with the
SC verification and the preceding optimization.

REFERENCES

[1] G. Quartarone, M. Liserre, F. Fuchs, N. Anglani, and G. Buticchi, “Impact
of the modularity on the efficiency of smart transformer solutions,” in Proc.
40th Annu. Conf. IEEE Ind. Electron. Soc., 2014, pp. 1512-1518.

[2] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control of power
converters in ac microgrids,” I[EEE Trans. Power Electron., vol.27,no. 11,
pp. 47344749, Nov. 2012.

[3] A.A. Ferreira, J. A. Pomilio, G. Spiazzi, and L. de Araujo Silva, “Energy
management fuzzy logic supervisory for electric vehicle power supplies
system,” IEEE Trans. Power Electron., vol. 23, no. 1, pp. 107-115, Jan.
2008.

[4] H. Kanchev, D. Lu, F. Colas, V. Lazarov, and B. Francois, “Energy man-
agement and operational planning of a microgrid with a PV-based active
generator for smart grid applications,” IEEE Trans. Ind. Electron., vol. 58,
no. 10, pp. 4583-4592, Oct. 2011.

[5] R. Kelly, G. Oriti, and A. Julian, “Reducing fuel consumption at a re-
mote military base: Introducing an energy management system.” /[EEE
Electrific. Mag., vol. 1, no. 2, pp. 30-37, Dec. 2013.

[6] N.R.Tummuru, M. K. Mishra, and S. Srinivas,“Dynamic energy manage-
ment of renewable grid integrated hybrid energy storage system,” IEEE
Trans. Ind. Electron., vol. 62, no. 12, pp. 7728-7737, Dec. 2015.

[7]1 G. Oriti, A. Julian, and N. Peck, “Power-electronics-based energy man-
agement system with storage,” IEEE Trans. Power Electron., vol.31,no. 1,
pp. 452-460, Jan. 2016.

[8] N. Anglani, G. Oriti, and M. Colombini, “Optimized energy management
system to reduce fuel consumption in remote military microgrids,” IEEE
Trans. Ind. Appl., vol. 53, no. 6, pp. 5777-5785, Nov./Dec. 2017.

[9] G. Oriti, A. Julian, N. Anglani, and G. Hernandez, “Novel hybrid energy

storage control for a single phase energy management system in a remote

islanded microgrid,” in Proc. IEEE Energy Convers. Congr. Expo., Oct.

2017, pp. 1-8.

A. M. van Voorden, L. M. R. Elizondo, G. C. Paap, J. Verboomen, and

L. van der Sluis, “The application of super capacitors to relieve battery-

storage systems in autonomous renewable energy systems,” in Proc. [IEEE

Lausanne Power Tech, Jul. 2007, pp. 479-484.

J. M. Blanes, R. Gutiérrez, A. Garrigés, J. L. Lizan, and J. M. Cuadrado,

“Electric vehicle battery life extension using ultracapacitors and an FPGA

controlled interleaved buck-boost converter,” IEEE Trans. Power Elec-

tron., vol. 28, no. 12, pp. 5940-5948, Dec. 2013.

B. Hredzak, V. G. Agelidis, and M. Jang, “A model predictive control

system for a hybrid battery-ultracapacitor power source,” IEEE Trans.

Power Electron., vol. 29, no. 3, pp. 1469-1479, Mar. 2014.

D. B. W. Abeywardana, B. Hredzak, and V. G. Agelidis, ‘“Battery-

supercapacitor hybrid energy storage system with reduced low frequency

input current ripple,” in Proc. Int. Conf. Renew. Energy Res. Appl., Nov.

2015, pp. 328-332.

D. B. W. Abeywardana, B. Hredzak, V. G. Agelidis, and G. D. Deme-

triades, “Supercapacitor sizing method for energy-controlled filter-based

hybrid energy storage systems,” I[EEE Trans. Power Electron., vol. 32,

no. 2, pp. 1626-1637, Feb. 2017.

W. Wei and W. Ping, “A novel power decoupling technique for single-

phase photovoltaic grid-connected inverter,” in Proc. 5th Int. Conf. Power

Electron. Syst. Appl., Dec. 2013, pp. 1-6.

[10]

[11]

[12]

[13]

[14]

[15]

454
455
456
457
458
459
460
461
462
463
464

465

466
467

468

469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520



521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

ORITI et al.: NOVEL ECONOMIC ANALYSIS TO DESIGN THE ENERGY STORAGE CONTROL SYSTEM OF A REMOTE 11

[16] A.M.Gee,F. V.P.Robinson, and R. W. Dunn, “Analysis of battery lifetime
extension in a small-scale wind-energy system using supercapacitors,”
IEEE Trans. Energy Convers., vol. 28, no. 1, pp. 24-33, Mar. 2013.

H. Zhou, T. Bhattacharya, D. Tran, T. Siew, and A. Khambadkone, “Com-
posite energy storage system involving battery and ultracapacitor with
dynamic energy management in microgrid applications,” IEEE Trans.
Power Electron., vol. 26, no. 3, pp. 923-930, Mar. 2011.

S. K. Kollimalla, M. K. Mishra, and N. L. Narasamma, “Design and
analysis of novel control strategy for battery and supercapacitor storage
system,” IEEE Trans. Sustain. Energy, vol. 5, no. 4, pp. 1137-1144, Oct.
2014.

W. Jiang, L. Zhang, H. Zhao, H. Huang, and R. Hu, “Research on power
sharing strategy of hybrid energy storage system in photovoltaic power
station based on multi-objective optimisation,” IET Renew. Power Gener.,
vol. 10, no. 5, pp. 575-583, 2016.

V. 1. Herrera, H. Gaztanaga, A. Milo, A. S. de Ibarra, I. Etxeberria-Otadui,
and T. Nieva, “Optimal energy management and sizing of a battery-
supercapacitor-based light rail vehicle with a multiobjective approach,”
IEEE Trans. Ind. Appl., vol. 52, no. 4, pp. 3367-3377, Jul./Aug. 2016.
A. Tani, M. B. Camara, and B. Dakyo, “Energy management in the de-
centralized generation systems based on renewable energy, ultracapacitors
and battery to compensate the wind/load power fluctuations,” IEEE Trans.
Ind. Appl., vol. 51, no. 2, pp. 1817-1827, Mar./Apr. 2015.

J. Aguado, A. J. Sanchez-Racero, and S. de la Torre, “Optimal operation
of electric railways with renewable energy and electric storage systems,”
IEEE Trans. Smart Grid, vol. 9, no. 2, pp. 993-1001, Mar. 2018.

N. Anglani, G. Oriti, A. Julian, and V. Catania, “How to control superca-
pacitors and to account for the consequent extension of battery lifetime
in an isolated ac microgrid,” in Proc. IEEE Int. Conf. Environ. Elect.
Eng/IEEE Ind. Commercial Power Syst. Eur., Jun. 2017, pp. 1-6.

S. Downing and D. Socie, “Simple rainflow counting algorithms,” Int.
J. Fatigue, vol. 4, no. 1, pp. 31-40, Jan. 1982. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0142112382900184

A. Nieslony, MATLAB central-rainflow counting algorithm, 2010.
[Online]. Available: http:/scholar.google.it/scholar?hl=it&q=adam+
nieslony+Rainflow+Counti ng+Algorithm&btnG=&lr=#2

Genesis 150 NP12-12 batteries—specifications. [Online]. Available:
http://datasheet.octopart.com/NP12-12-EnerSys-datasheet-10655.pdf.
Accessed on: Jun. 5, 2018.

All ultracapacitor Maxwell documents, Nov. 2017. [Online]. Available:
http://www.maxwell.com/products/ultracapacitors/downloads

“Xilinx® ‘Avnet Virtex-4 LC development board’,” Feb. 2018. [Online].
Available: http://www.xilinx.com/products/devkits/DS-KIT-4VLX25LC.
htm

System Generator for DSP—Getting Started Guide, release 10.1, Xilinx,
San Jose, CA, USA, Mar. 2008.

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Giovanna Oriti (S’94-M’97-SM’04) received the
Laurea (Hons.) and Ph.D. degrees in electrical engi-
neering from the University of Catania, Catania, Italy,
in 1993 and 1997, respectively.

She was a Research Intern with the University
of Wisconsin, Madison, for two years. After gradua-
tion, she joined the United Technology Research Cen-
ter, where she developed innovative power converter
topologies and control. In 2000, she launched her
own consulting business developing physics-based
models of power converters and drives for electro-
magnetic interference analysis, stability analysis, and development of control
algorithms. In April 2008, she joined the faculty of the Electrical and Computer
Engineering (ECE) Department, Naval Postgraduate School (NPS), Monterey,
CA, USA, where she is currently a tenured Associate Professor. She holds one
U.S. patent and has coauthored 50 papers published in IEEE Transactions or
IEEE conference proceedings. Her research interests include power electronic
converters for electric ship systems, energy management, microgrids, and re-
newable energy interface.

Dr. Oriti was the Chair of the Industrial Power Conversion System Depart-
ment of the IEEE Industry Application Society (IAS) in 2011-2012. She was
the recipient of the 2002 IEEE IAS Outstanding Young Member Award. In
2012, she was the recipient of the NPS ECE Service Award in recognition of
her contribution to the development of the new NPS EE Energy curriculum.
In 2016 and 2017, she was the recipient of the NPS ECE Research Award in
recognition of her contributions, through her research, to the U.S. Navy’s goal
of energy efficiency.

Alexander L. Julian (S’91-M’98-SM’xx) received
the B.S.E.E. and M.S.E.E. degrees from the Univer-
sity of Missouri, Columbia, MO, USA, in 1991 and
1992, respectively, and the Ph.D. degree in electri-
cal engineering from the University of Wisconsin—
Madison, Madison, WI, USA, in 1998.

After working for two years at the United Tech-
nologies Research Center, developing novel power
converters for different industrial applications, he
contributed to shipboard electronic designs and re-
search for many years as a consultant to Navy vendors
by designing, modeling, and prototyping power electronics and motion control
systems. From 2004 to 2017, he was a faculty member of the Department of
Electrical and Computer Engineering, Naval Postgraduate School, Monterey,
CA, USA, being awarded Tenure in 201 1. He is currently a consultant. He holds
four U.S. patents and has coauthored more than 40 papers in IEEE Transac-
tions or IEEE conference proceedings. His research interests include solid-state
power converter design and control, motor drives, electromagnetic interference,
reliability and stability analysis for distributed power systems, power converters
for renewable energy interface, and microgrids.

Norma Anglani (S’93-M’99) received the Laurea
(Hons.) and Ph.D. degrees in electrical engineering
from the University of Pavia, Pavia, Italy, in 1993 and
1999, respectively.

After graduating, she worked for a consulting com-
pany in the energy efficiency area. Later, she was a
Postdoctoral Fellow with the Energy Analysis Group
and with the Energy Efficiency Standards Group,
Lawrence Berkeley National Laboratory, Berkeley,
CA, USA. She is currently an Assistant Professor
with the Department of Electrical, Computer and
Biomedical Engineering, University of Pavia, Pavia, where she currently teaches
and does research in the field of energy management, energy planning, mod-
eling, and efficient compressed air systems. She set up the Labac laboratory, a
joint effort between academia and industry. She has been responsible for several
research contracts with public and private bodies and has coauthored more than
60 scientific papers.

Dr. Anglani has been a Chartered Engineer since 1995.

Gabriel D. Hernandez received the B.S.E.E. degree
from the University of California at Davis, Davis,
CA, USA,in 2004, and the M.S.E.E. and E.E. degrees
from the Naval Postgraduate School, Monterey, CA,
in 2016.

As a U.S. Navy Submarine Officer, he has served
aboard the submarine USS OHIO (SSGN 726) and
is currently an Engineering Duty Officer managing
a submarine-engineered overhaul with Portsmouth
Naval Shipyard, Kittery, ME, USA.

595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634

635
636
637
638
639
640
641
642
643
644
645



