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Design and Operation of DC Home Grid with PV-Battery—-Ultracapacitor

Nur A. Heryanto' and Dong-Choon Lee™

Abstract

In this study, the design and operating strategy of DC home grid with PV, battery, and ultracapacitor have
been discussed, The proposed sizing method can find the optimum size of the battery and PV which can

reduce yearly utility energy consumption, whereas the control scheme can maintain the DC-bus voltage level of
the DC home grid under different operating conditions, where day or night time operation, load and PV power
levels, and the maximum current and state—of—-charge of batter are considered. In addition, a supervisory power

management strategy has been suggested, and its validity has been verified by HILS (hardware in-the-loop

simulation) results.
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1. Introduction

The increasing use of solar energy for modern
electricity has put DC power at the forefront of
systems with integrated grid, energy storage and
renewable energy sources. Future homes with rooftop
PV and behind-the-meter storage are expected to be
DC powered™ !,

A home powered by DC can be regarded as a DC
home. In the literature, a DC home with its own
renewable energy sources, storage, and load connected
to a common DC bus has been oftenly mentioned as

d¥® In this regard, a DC home grid

a DC nanogri
can therefore be defined as the DC nanogrid that
comprises a DC home.

Meanwhile, hybrid energy storage system has been
introduced recently to DC microgrids to

performances”. Combination of battery and ultracap
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provides an approach to supply pulsating loads
effectively. This idea can be brought into application
within the DC home grid.

In the literature, the design of the DC home grid
can be classified into converter design'”, controller
designm and sizing of the energy Storagew. The
design approach of the DC home grid is inherently
unique to the design targets and problems as different
design targets and problems lead to different design
approaches and solutions.

In this paper, a design approach for a DC home
grid is proposed as in Fig. 1, in which the design
output is the optimal battery size to reduce yearly
energy consumption from utility. In contrast to the

6 the selection of battery chemistry is not

literature
discussed in this paper which provides a more general
sizing rule of the battery regardless of the chemistry.

Moreover, as load profile and PV generation profile
is considered in this paper, the optimal battery size is
sensitive to both parameters. This results in different
battery size in respect to different load profiles and
PV generation profiles.

This paper is the extended version of previous
work®. For a DC home grid with PV, battery and
ultracap, the system profile is described and the

sizing of energy storage is elaborated. Basic converter
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Fig. 3. Circuit models.

circuits are considered as more attention is given to
the operating strategy of the whole system. The
battery is sized so as to minimize the need of utility
power. Finally, by implementing supervisory power
management  system'”
verified by HILS.

, the operating strategy is

2. Modeling of DC Home Grid

Fig. 2 shows the layout of the DC home grid, in
which an AC/DC converter interfaces with utility and
three DC/DC converters interface with PV, battery
and ultracap. A single microcontroller unit (MCU)
controls all converters entirely.

Fig. 3(a)-(b) show the converter circuits, and Fig.
3(c)-(e) show the equivalent circuits of PV, battery
and ultracap® ™. Advanced converter circuits and
in the [41(51012}13)

controller are available literature
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TABLE 1
LOAD TYPES FOR DC HOME GRID
Power Description Power Description
1x 2000W | Washing machine| 1x 100W | Electric rice cooker
1x 2000W | Electric iron | 1x 100W LED TV
1x 1500W Hair dryer 1x 50W Electric fan
1x 1000W Microwave 2x 50W |Smart phone charger
1x 200W Refrigerator 4x 40W LED Lighting
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Fig. 4. Load profiles. (a) Weekday, (bh) Weekend.

2.1 Load profiles

Load profiles are essential to derive a proper
system size, avoiding oversize and undersize cases.
Typical loads"™™  for a home with electricity
consumption below 200 kWh per month are listed in
Table I. Fig. 4(a)-(b) show the load profile of typical
weekday and weekend, respectively,

2.2 PV generation profile

Solar irradiance (&) is given based on actual
measurement™® and PV output power (Ppy) is related
by[lﬂ

P, (t)=nAG 1)
where 1, is efficiency and A is the area of PV. Fig.

5(a)-(b) shows G and Ppy respectively in the case of
n=11.25% and A=30m".
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Fig. 5. PV output profile. (a) G, (b) Ppy.
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2000

E 1500
1000
2 I L
a 5 0 lI 4 } Jod }
g -500 N[ I
-1000
A 1500
0 2 4 6 8 10 12 14 16 18 20 2 24

Time [h]
2000
— 1500
= 1000
=500
b) 5
= -500
S -1000
A~ _1500
-2000

0 2 4 6 8 10 12 14 16 18 20 2 24
Time [h]

Fig. 7. Profile of Prsur. (a) Weekday, (b) Weekend.
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Fig. 8. Profile of Pggir (a) Weekday, (b) Weekend.

2.3 Energy storage profile
The energy storage profile is derived from load and
PV profiles of which the power, Pgs, is expressed as

Frs =_(PPV_Pload) @)
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Fig. 9. Profile of Epgur. (a) Weekday, (b) Weekend.
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Fig. 10. Profile of Eggzr. (a) Weekday, (h) Weekend.

where the negative sign implies that the excess of
PV output power is charged into the energy storage.
Fig. 6 shows the profile of Pgs for weekday and
weekend, based on (2), P (Fig. 4) and Ppy (Fig. 5).
The profile of Prs in Fig. 6 can be split into two
components, the high-frequency (Pgsyr) and the
low-frequency (Prsrr), related by

PES,HF = HPF(Fy) @)
PES,LF = PES - PES,HF “)
HPF in (3) is a discrete high-pass filter, given as!®
1
Y, = W(YH (2-0,T)+2(U,-U,.)) 6

where Y'is output, U is input, 7" is sampling time, a.
is cutoff frequency and % is number of the sampled

data. In theorym

, the battery delivers Ppgsrr, Whereas
the ultracap supplies Pgsur.

Fig. 7-8 show Pggpr and Pggir for weekday and
weekend, using Eq. (3)-(5), Pgs (Fig. 6) and setting
7T=60s, w. = 001 rad/s.

The stored energy, is described by
Eyg = Epgo— [ Prodlt ®)

where Egsp is an initial value. By using Eq. (6), Pgs
(Fig. 7-8) and setting Ersuro = 20 Wh, Egsiro = 4
kWh, the profiles of Egrs are shown in Fig. 9 and 10.
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2.4 Utility power profile
When considering power from utility, Py, Eq. (2)
1s modified into
utility + PE = _(PPV _Boad) )
By introducing P in Eq. (7), the required power
of energy storage can be decreased, which reduces
the required capacity, and resultantly, the size of the
energy storage. The following section will further
develop the sizing of energy storage by considering

Pulﬂim
3. Sizing of Energy Storage

The energy storage of the DC home grid consists
of battery and ultracap. Since the energy capacity of
the ultracap is very small compared to that of the
battery, energy of the ultracap is negligible in the
subsequent equations. However, special
consideration will be given to the size of ultracap in
the end of this section. A flowchart for sizing the
energy storage is shown in Fig. 11.

sizing

A cost function is needed to select an optimum size
of energy storage in the DC home grid. In this work,
the cost function fis defined as

. va + Cbatt
f = min T (8)

u

where C,y is the PV costs, Cpy is the battery costs,
and AE, is the yearly utility energy reduction.
Eq. (8) can be described in more detail as follows:

Co =4 L iy ©)
Coar = ZparrEpan 10
AE, = Eu,O _Eu,pv+b (11)
Eu,pv+b = Eu,dewd + Eu,were 12)

where A, and Apy are the prices of PV and battery,
P,xmp 18 the peak power capacity of PV, Epy is the
energy capacity of battery, £,y and E,,» are the
yearly utility energy consumption without and with
PV and battery, £,w and E, . are the utility energy
consumption with PV and battery for weekday and
weekend, N,y and N, are the number of weekdays
and weekends in a year, subscripts . and . relate
the variables to weekday and weekend, respectively.
In Eq. (12), E, 4w is calculated from (13)-(18) as

v A% F oz A4 2 29

v v
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Fig. 11. Flowchart for sizing the energy storage.

E, i =EviatEiin 13)
E, .44 =max (Eload,wd,d —E,, qu> 0) (14)
Eu,wd,n =max (Elaad,wd,n - Ebatt,out,wd 5 0) (15)
Ebatt,out,wd = Naischarge min (Ebatt,usable > Ebatt,stored,wd ) (16)
E oy ssasie = 0-8E,, an
E it stored wa = MAX (ncharge (E ovdaity ~ Eload wa.a )’ O) (18)

where E,wq and Ej,uu, are E,u in respect to day
and night, FEpagwia and Epsquwin are the energy
consumed by load during day and night, respectively,
Epvany 18 the daily generated energy from PV,
Erarouewa 18 the discharged energy from the battery
during the night, Zdsarge and Ieparge are the
discharging and charging efficiency, FEpatusane 1S the
usable capacity of the battery and Epusiored 1S the
energy stored into the battery. £, . is then calculated
similarly to Eq. (13)-(18).

Table II lists the design parameters used in this
work based on load profilem in Fig. 4 and PV
profile"® in Fig. 5. Based on Table II, (G *Crd/AE,
versus K 1s plotted in Fig. 12. The minimum of

the cost function £is found as shown in Fig. 12,
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TABLE II
DESIGN PARAMETERS OF DC HOME GRID
Parameter | Unit | Value | Parameter | Unit | Value
Elagwia | KWh | 048 Epy ity kWh 2.3
E/oad, wd.n kWh 23 Eu,O kWh 1332
E/oad, we,d kWh 29 1 charge 09
and nwe,n kWh 29 1 discharge 09
Py | kWp | 35 Ay $kWp | 770
Ny /Nye 260 /105 Apatt $/kWh 513
o 7.0 \
ﬁ 6.5 K ‘.\.. (PV= SkWp) /'/_/
= — 60 N, ™. P
B (PV=3kWp) Tl e TN -
S w
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Ebatt [kWh]
Fig. 12. Plot of (Cpt Coar)/AE, versus Epa.
TABLE III
SUMMARY OF SIZING RESULTS
Parameters Size Cost
PV 3 kWp $2,310
Battery 2 kWh $1,026
Case 1 Ultracap 160V/21Wh $1,026
Total cost $4,362
AE, 741kWh
PV 5 kWp $3,350
Battery 35 kWh $1,79%
Case I Ultracap 160V/21Wh $1,026
Total cost $6,671
AE, 1250kWh

which its minimum point is the optimal size of the
battery capacity.

Table I lists a summary of the sizing which
stems from Fig. 12. The energy capacity of the
ultracap is selected from the profiles of Prgur
described in section 2.3. The nominal voltage of
ultracap is selected considering a 300-350 Vpc bus

voltage level.

4. Control of DC Home Grid

In this section, the control strategy of the DC home
grid
methods of DC microgrid which can be applied to the

1s discussed. There exist abundant control

i DC bus voltage Filter-based Power . Utility current controller |
i controller transient power sharing | management L Yo +V
[ . algorithm r b -
ok N R wsof it .
[ PI ¥ LPF >
| v el . PV current controller
R . i sV
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1 .
1 i v,
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"
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power point tracker i, D

Pl g b Ve
s ,

Fig. 13. Control structure.
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Fig. 14. Flowchart of PMA.

DC home grid Among them, the newly introduced
supervisory power management system'” is adopted.
Fig. 13 shows the control structure for DC home
grid with PV-battery-ultracap derived from the
supervisory power management system. The DC-bus
voltage controller is a PI controller, of which output
is a reference current that is shared among utility,
PV, battery and ultracap current controller through a
power management algorithm (PMA).
Following the output of the DC-bus

there is a filter-based transient power

voltage
controller,
sharing that produces 7ay; and 77pan. The value of
Iave 1S set as utility, PV or battery reference current
according to the PMA, while the value of 77pany is

considered as the ultracap reference current so that
the wultracap provides or absorbs power during
transient state of DC-bus voltage. Each current
controller is a PI type, except the utility current

controller which is a PR type.

With electricity price and energy arbitrage excluded,
the operating scheme of DC home grid can be
simpler. Fig. 14 shows the flowchart of the PMA
which can be used to operate the DC home grid. By

default, the PMA assigns i7payv to the ultracap



108 dogg-E - e 2

reference current. Then, by considering PV power
(P,), load power (Ppa), Dbattery state-of-charge
(SOCB), battery current limit (ipuwm) and time of
operation (D = 0 for night and D = 1 for day), za1 is
assigned to PV, utility, or battery reference current
according to the flowchart. The PV reference current
is normally set as the output of the PV MPPT
controller, except when the battery is fully charged
(Mode 4) or the battery charges at its current limit
(Mode 6). The battery is charged under Mode 5 and
6 and discharged under Mode 2 and 3. The battery is
idle under Mode 1 as the load is mainly supplied by
utility;
depleted during the night or when Pj.s is higher than
P,, during the day (D = 1).

it happens either when battery SOC is

5. HILS Results

The DC home grid is modeled in NI PXI platform
and simulated in a real time. The simulation setup in
this
configuration™”. The circuit model in Fig. 3 is built in
LabView and compiled into NI PXI hardware. Loads
are lumped into an equivalent constant power load

work is considered using Controller—-HIL

[19]

(CPL), where a dependent current source (.e., fjpm =
P/ Vi) emulates the load profile.
scheme and PMA described in section 4 are
DSP TMS320F28335. The cutoff
frequency of the LPF in the control structure in Fig.
13 is selected as 0.04775 Hz.

Table IV shows the HILS parameters and scenario
to test the control scheme of the DC home grid with
PV-battery—ultracap. Utility is considered having a
single-phase AC voltage of 220 Vs with frequency
60 Hz. The DC bus rated voltage, Vg, 1s considered
as 350 V, which fulfills V>(/2)Vims. The rated
voltage of the DC-DC converter input interfacing with
PV, V,, is selected as 150 V, which considers five
is 30 V at
maximum power point. The rated voltage of the
battery storage, Vi 1S 120 V considering five 24 V
battery packs in series. Ultracap voltage, Viwp, 1S
selected as 160 V based on 160V/6F ultracap module.

The scenario consists of ten cases;
represents the night scenario (D = 0) and cases VI-X
represents the day scenario (D = 1). The value of
SOCB, Puw and iyppr are varied to test the
operating scheme of the DC home grid as previously

The control

implemented by

PV panels in series, each voltage

cases -V

described in section 4.

v A% F oz A4 2 29

TABLE IV
HILS SCENARIO
Vaditity | Totitity | Vac | Vov | Vaarr | Vaeap
Parameters
220V:ms | 60Hz |350V | 150V | 120V | 160V
Pload imper | Pov | Prart |Putitiry
Case | D |Mode [W] SOCB (al | w7 | rwr | rwr
I |0 1 0 05 0 0 0 0
I |0 3 600 05 0 0 600 0
iar | o 2 2400 05 0 0 1150 | 1250
VA 3 600 05 0 0 600 0
Vo 1 600 0.1 0 0 0 600
VI |1 1 600 0.1 0 0 0 600
VIl | 1 1 600 0.1 4 600 0 0
VI | 1 5 600 0.1 8 | 1200 | -600 0
X |1 1 2400 0.1 8 | 1200 0 1200
X |1 5 600 0.1 8 | 1200 | -600 0

First, the system is tested under night scenario as
in cases I-V. In these cases, Ppy is not available.
Initially, there is no load as in case I. Then, a 600 W
CPL is switched on which is supplied by the battery
as in case II. When Pj.e increases to 2400 W as in
case III, the battery discharges at its limit value and
the utility supplies power to maintain the DC bus
voltage at its reference value. When battery SOC is
depleted as in case V, the load is fully supplied by
utility.

Next, day scenario is considered as shown in cases
VI-X. During the day, when P,, is not available, the
load is supplied by utility as in case VL. When P,
equals to P utility power is no longer needed as in
case VII. When P, is higher than P, the excess of
PV power is charged into battery as in case VIIL
The battery stops charging when P.s is higher than
P, as in case IX.

Fig. 15 shows the power responses and DC bus
voltage of the DC home grid from
simulation for the scenario as listed in Table IV.

real-time

The difference of the power management in this
paper supervisory — power
management system!” is that time-of-use (ToU)

from the conventional
tariffs of electricity pricing scheme is not considered
in this paper, which simplifies the implemented PMA
15. Furthermore, the controller type of
converter interfacing with utility in this paper is a PR
type whereas the conventional scheme uses hysteresis
controller.

in Fig.
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Fig. 15. Responses of power in HILS scenario.
From the HILS result in Fig. 15, it is shown that References

the power management algorithm has worked under
the scenario of Table IV, despite oscillations appear in
case VII and IX, which needs further investigations.

6. Conclusion

In this paper, the design and operating strategy of
a DC home grid with PV-battery-ultracap have been
discussed. The circuit equivalent model, load profile,
PV power, energy storage profile and sizing scheme
have been developed. The control structure based on
supervisory power management scheme has been
applied to the HIL system, where in this paper ToU
pricing is not considered and only essential power
management algorithm is considered. From the HILS
results, the validity of the control scheme has been
verified.
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