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Abstract—Battery energy storage systems (BESS) are oftenigsp  Averaged current (over a switching cycle) flowing
adopted to buffer the difference between the intermittent slar from the DC-link of the ES converter to the grid side.
power and the Io_ad demand in power_grlds. The costs of _such PV-, Current of the shifted PV module.
battery systems increase as the required energy storage imases. " o
In this paper, a new configuration comprising the photovoltac Pe,Puc Power of critical and nor_1-cr|t|cal loads.

(PV) panels, a series DC electric spring (series ES) and a non Fes Power of the electric spring.
critical load is proposed to reduce the battery storage capaity Ps_max Ps_ max Power limits of the main DC source and bat-
of DC microgrids that have substantial PV installations. Ths tery, respectively.

arrangement forms a PV-embedded series DC electric spring Ps Generated power of the main DC source.

(PVES). An optimization method considering the minimizaton - .
of electricity bills of the DC microgrids is included to size the Pos Power difference between the total generation and

storage capacity and to determine the rating of the PV that ae load.

connected to the series ES. Experiments on a 48 V isolated DCPs Power of the smart load.

grid and simulations on a 400 kVA grid-connected DC microgrd Py, ., Generated power of the PV panels.
have been conducted to verify the storage reduction featuref ; ;

the PVES. Both sets of results show that the PVES can tackle ¢h pCC Pomt of common co_up_llng_.
intermittency of the solar power with a smaller storage capaity R ReS!Stance of the d'Str'bl_Jt_'on cable.
than that typically required in DC grids with PV installatio ns. Rnc  Resistance of the non-critical load.

Index Terms—Smart load, power electronics, PV system, elec- =es R?qu"e.d storage capacity of the BESS integrated DC
tric springs, storage reduction, DC grids. microgrid. . _
SPVES Required storage capacity of the PVES integrated DC
microgrid.
NOMENCLATURE Vg \oltage of the battery.

1-x Shifting coefficient, which denotes the proportion ot  Output voltage of the electric spring.
PVs being shifted from the mains to the DC-link of/occ  Voltage at PCC.
the ES. Vief Reference voltage at PCC.

a Proportion of total NCL energy consumption. In this paper, unless otherwise specifiéd,” denotes the

B Penetration depth of the solar power. discretized value of variablg- | at n's time step.
Ne,Ns Power conversion efficiency of the main DC source

and battery, respectively.

K Absolute ratio of theP=g over the power change of
smart load &Ps). I. INTRODUCTION
PB,Pc Ramping rate oPs and Pg, respectively. The DC distribution grid is a promising grid infrastructure
€ The tolerable deviation of the smart load energy aftéiiterfacing a range of electronic loads including plug-jihd
a cycle ofN. electric vehicles (PHEVs) [1] and distributed renewabla-ge
3 The tolerable deviation of the battery energy after @rations. For a DC grid installed with PV generations, lygitte
cycle of N. energy storage system (BESS) is usually applied to bufter th
B Real-time electricity price. intermittent solar generations. This PV-battery combamat
Ceesscc Accumulated electric bill of the BESS-integratectan bring the benefits of peak load shaving, reduction of
grid-connected DC microgrids. electric bills [2], and improvement in energy efficiency of
Cpvescc Accumulated electric bill of the PVES-integratedhe grid [3]. Nevertheless, the use of BESS will increase
grid-connected DC microgrids. the infrastructure cost and introduce potential environime
Gag  Duty ratio to ES output voltage transfer function.  problems [4]. Thus, it is desirable to minimize the instiédia
iB Battery current flowing from the cathode to the anodeapacity of the battery while achieving a satisfactory grid

regulation.
The authors are with Department of Electrical and Electrdmgineering, QIIE . hnologies f h ducti fb .
The University of Hong Kong, Hong Kong. S. Y. R. Hui is also lwibe- Xisting technologies for the reduction ot battery capacit

partment of Electrical and Electronic Engineering, Imae€ollege London, can be generally categorized into (i) optimum sizing and

U.K. This work was supported by the Hong Kong Research Grantn@l  contro| of BESS, (ii) generation side management (GSM)
under the Theme-based Project T23-701/14-N. This paperpnesented in

part at the IEEE Applied Power Electronics Conference angbEition 2016, and (iii) demand side ma”?‘geme”t (DSM)- In IEEE Standard
Long Beach, CA, USA. 1013-2007 [5], a battery sizing procedure for standalone PV



systems is provided. In [6], an optimization method of ggera longer comes solely from the storage unit, the size of the
sizing for grid-connected PV systems with consideratiohs battery can be significantly reduced. This paper is an extens
the electric bills reduction and time-of-use (TOU) tariff i of [19]. The detailed optimization formulae considering th
reported. In [7], a cascaded coordinative control method nsinimization of electricity bills of the DC microgrids are
introduced for the reduction of storage capacity. A shargulovided. The impacts of PVES on the required storage
energy storage scheme is proposed in [8] to maximize thapacity in both isolated and grid-connected DC microgrids
usage of the storage capacity. However, these technologes analyzed. Experimental and simulation results shothiag
do not fundamentally reduce the mismatch between sothe new combination of PV-ES-NCL unit requires less storage
generation and users’ load profile. Thus, the capacity of thapacity to buffer the intermittent solar generation thhe t
BESS is inevitably increasing with the scales of PVs [9]. traditional BESS (PV-battery unit), will be provided.

With the GSM approach, the energy imbalance between the
generations and loads can be reduced by ative control Il. PV-INTEGRATED DC MICROGRIDS
of both the renewable energy sources (RES) and the primary
generators [10]. Consequently, the required battery dgpac
for energy buffering will be smaller. In [11], both utility-
interfaced converter and the RES are controlled to follow
an hours-ahead power reference, which thereby reduces the
size of the battery storage. In [12], [13], a peak solar power
curtailment control is adopted to prevent over-generatibn
power so as to achieve a reduced storage size. However, an
immediate drawback of these GSM approaches is the wastage
of PV generation capacities [12].

The DSM approaches are based on the principle of varying
the load to follow the generation profile to achieve a smaller
storage size. Typical methods of remote on/off control afl®
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<

and adopting the TOU tariff cannot realize real-time power x2,, V (1-x)Boiar ot water
. Lee ot water &
balance and smooth load transition. In [14], a concept g D DC Refrigeration

8%

controllable loads is introduced. The heat pump air coodér | PV
can be operated as an energy buffer to reduce the stor D
capacity. In [15], it is reported that loads can be operasdulia
voltage regulating units to compensate the power fluctoatio
in DC grids. The utilization of the controllable load capgci

. . D
can reduce the mismatch of generation and demand, whEl:
allowing the RES to be operated at maximum power point_ +
Therefore, the DSM approaches can be considered as co@ .
effective means for the reduction ehergy storageapacity.

In [16], series DC electric springs (series ES) are pro- © @

posed to regulate bus voltages for DC grid systems. It #%. 1. Equivalent circuits of PV-integrated DC microgridader various

a power-electronic-based distributed DSM technology.hEaéth(?][tage Confffi_gwationﬁ} %a) BES_fS_, (b)h series ES, ?nr? (%WEC? is the F’Vd
. . . . " ifting coefficient, which quantifies the amount of the grid-connecte
ES is connected in series with a non-critical load (NCL;VS that is shifted to the series ES< < 1. (d) Proportions of commercial

to form a smart load. It can (i) regulate the bus voltagéergy end-use in Hong Kong [20].
variation, (ii) compensate the harmonics [17] and (iii) ro
vide fault-ride-through services in the DC grids [18]. The
series ES distinguishes itself from other DSM technologies _
with its independency of communication networks, the regf- Main DC Source
time manipulation of NCL and the on-site voltage support. The schematic diagrams of the typical PV-integrated DC
Though the series ES can balance the generation and loaidrogrids installed with BESS, series ES and PVES, are
profiles through the manipulation of NCL, it has to outputespectively shown in Fig. 1(a), 1(b) and 1(c). The main
a significant amount of energy when suppressing the syst®® source delivers a base powes to the grid through the
voltage. Hence, a sufficiently large energy storage is rebeddistribution cables with a resistanceR(f. In a grid-connected
if the power imbalance prolongs. microgrid, the DC source, which is typically a bi-directa@n

In this paper, a new configuration of PV-embedded serié€—-DC converter, can exchange power with the AC utility
DC electric spring (PVES) is proposed to reduce the storagdd to engage the users in energy market trading.
capacity of PV-integrated DC grids. Some of the PV panelsIn an isolated microgrid, the DC source, which can be a DC
are shifted from the grid to the DC-link of the series ES tgenerator, will provide a well-regulated terminal voltage
form a PV-ES-NCL unit. The shifted part of the PV panels caFor both cases, the bus voltage-c will be regulated toviet
help the series ES to output energy when the ES is operabgdthe voltage regulation mechanisms. In this paper, they ar
to suppress the system’s voltage. Since the output power mamely the BESS, the series ES and the PVES.
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B. PV Generation System and Solar Power Profile The power flow paths of a BESS integrated DC microgrid

As shown in Fig. 1, the modular structure is often adoptd@" Poth cases of isolated and grid-connected configuration
in PV generation for its high efficiency, scalability and giu @ré shown in Fig. 3. For an isolated DC microgrid (Fig. 3(a)),
and-play feature [21], [22]. The DC-DC converters operafés ¢an be calculated by
the PVs at the maximum power point (MPP) via a maximum Vg — Viet
power point tracking (MPPT) control. Thus, the time profiles Pe= TR x
of solar powerPsq 5 Will follow the pattern of the irradiance
profiles as shown in Fig. 2(a). To evaluate the scales of t
integrated PVs in the microgrids, we define the penetratigﬁ
depth of the solar power as

Ve (4)

Ege BESS will store or deliver energy to balance the genera-
ns and the loads.
In grid-connected DC microgrids (Fig. 3(b)), based on the
real-time electricity prices, the users will determine tites to
Total Generated Solar Energy fOTD Psolardt sell (Ps < 0) or purchaseRs > 0) energy from the AC utility
Total Load Consumption = fOTD(PNCJrPC)dt @) grid. In the meantirr_1e, Fhe BESS will compensate_the power
imbalancePos to maintain a stabl®pcc. Thus, the microgrid
can be operated according to tluscretized optimization
formulae shown in (5) and (6) to minimize the electric bills.

B=

whereTp is the evaluation perioddc and R are the power
of the NCLs and CLs.

N n N
C. Load Classification and Load Profile min Cgesscc = Z F;G + Z nePGB (5)
According to Fig. 1(d), the loads can be classified into (i) P50 116 P=o0
critical load (CL), which demands a tightly regulated Slypplsubjected to
voltage and (ii) non-critical load (NCL), which has a centai 0 0
tolerance to a variable supply voltage. In this work, the NCL Pos=Ps (6a)
is considered to be purely resistive and passive (e.g.,rwate N PO <& 6b
heater). Fig. 1(d) illustrates the proportions of commerci Z B = (6b)
energy end-use in Hong Kong. The NCL proportionis |P” P”‘l\ <
. - B < P8 (60)
defined as ; P 1| < e (60)
~ Total NCL Energy  [5° Pncdt o -
a=c - = (2) PG| < Ps_max (6e)
otal Load Consumption [®(Pyc+ Pc)dt .
P3| < Po_max (6)

For the examples shown in Fig. 1(dj,is around 50%. . . .
Fig. 2(b) illustrates the scaled-down hourly-averagedydai whereB andng represent the real-time electricity prices and

load profiles of a microgrid in Denmark [24]. Comparingi;e conversion efficiency of the AC—DC converter, respeetiv

Fig. 2(a) and 2(b), the power generation does not match _eHere, ||" denotes the d|§crete value of yarlabl¢ at the
load consumption. Thus, a sufficiently large storage Symmﬂmgqiggo?]fqég)oir;nﬁ:g’(Ia\lqijvelxlllitsof\:/c?rrnst?r;rﬁ)teg??hzfge:ezr;tion
needed to buffer the supply-demand imbalance. demand balance. In (6b§, is the tolerable deviation of the
battery energy after a cycle df. The state of charge (SOC) of
the battery should be close to the initial SOC after a cycle of
N. In inequality constraints of (6c) and (6d), the rampingerat

By neglecting the power loss on the distribution Cabl%f the battery powePB and the DC source pow% cannot
the difference between the total generation and load can &geed the the limits opg and pg, respectively. In (6e) and
calculated as (6f), Po_max and Ps_max are the power limits of the DC source
3) and battery, respectively.

In both the grid-connected arigolatedoperation, the bat-
wherePRc_nom andPyc_nom are the nominal time profiles of thetery capacity must be sufficient to ensure a stable operafion
CL and NCL, respectively. the grid for a given period of time. Therefore, the minimum

battery capacity requirement can be calculated as

IIl. ENERGY MANAGEMENT ANALYSIS IN DC
MICROGRIDS

POS = PG + I:>solar - I:)C_nom— F)NC_nom 5

A. DC Microgrids with the BESS N pn N
PESS_ max o5y nePls
rz<o e P(géo

PVs PVs os
(7)
» QP,W,"P o~ p }PWI,,,P N pog N
H n
B e (D s ) uity )4 (DC bus )8 —min| 5 =+ 5> nefos|. ne(ON)
souce, grid, Pos<0 N8 POS>0
P C nom ' NC_nom P C nom ' * NC nom
where ng is the energy conversion efficiency of the BESS.

According to (7), if the stored energy and delivered enefgy o

the battery can be reduced, the required capacity of theryatt
Fig. 3. lllustrations of power flow paths of BESS integrate@ Bicrogrids. can be reduced.

(a) Isolated DC microgrids (b) Grid-connected DC microgrids
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(a) Recorded solar irradiance patterns [23p) Scaled-down daily load profiles of a mifc) TOU electricity price in Denmark [24].
crogrid in Denmark [24].

Fig. 2. Solar irradiance profiles, hourly-averaged loadile® and TOU electricity price profiles.

B. DC Microgrids with the Series ES the NCL. In this way, the required storage capacity to store
As shown in Fig. 1(b), the series ES and the N@institute the energy will be reducedNeverthelesswhen the series ES

a smart load unit to regulatépcc againstthe variation of 1S suppressinypcc, k > 100%. The series ES delivers more

Pos The series ES adjust4c to manipulate the NCL current POWer than theboosted powenf the smart load. Thiswill

Inc to reshape the profile diyc accordingly. WherVpcc is increasethe battery capacity to deliver the energy. Therefore,

regulated aWer, Pos is fully compensated by the smart loach large storagecapacityis needed for the voltage suppression

branch. Thus, operation.

Pos=Vret X (Inc — | 8
os = Vret  (Inc = INC._nom) ® C. DC Microgrids with the PV-Embedded Series ES

and Pes= Vesx Inc According to the analysisn Subsection IlI-B it is the
Viet —Ves . 9) voltage suppression mode that increatfes required storage
Inc= T Re capacity of the series ES. Nevertheledise series ES is

. . ) discharged during over-voltage conditioPp§ > 0), which is
By combining (8) and (9), the correspondifigs is opposite to that of the BESS. This feature offers the pdityibi

Pec— (R Ry (Pos+ PNc_nom)2 10 to the PVES in facilitating the buffering of excess solarrgye

s= (Pos+ Puc_nom) — 4PNC_nom (10) through a smaller storage capacity. Fig. 1(c) shows the PVES

Fig. 4(a)i||ustrates the pOWEI’Fés) and voltage‘(Es) profiles system, !n which 1—X- of the total PV panels belng shifted to
of the series ES with respect to the ES curreBased on the DC-link of ES. Fig. 5 illustrates the power flow paths of
whether the series ES is boosting (wHess < 0, Ves> 0) or  the PVES integrated DC grids.
suppressing (whelRos > 0, Ves < 0) Vpce, and whether its
battery ischarged or dischargedhe series E®anbe oper-

ated correspondingly in boosting-discharging (BD), bimgst P
ety

H

;o i
i Wae,!  /ACN P
Ces dp (wiy <
i H grid

charging (BC), and suppressing-discharging (SD) mode. T
absoluteratio of the ES powerRgg) over the power change
of smart load £Ps)) can be defined as

Voes — Vi (a) Isolated DC microgrids (b) Grid-connected DC microgrids
k= | TES | 10006= |Vt VES| 10006 (11) , _ o
APs ref Fig. 5. lllustrations of power flow paths of PVES integrate@ Bicrogrids.
The graph ofk versusVgs in per-unit (P. U.) under the base ) ] ]
of Vet can be plotted as shown in Fig. 4(b). The power balancing relationship can be formulated as
ijagllt;age e Po;;;arl\ 200% P& + XPsolar = Pc_nom+ PsL (12)
o~ D 5o P“,’,'.“)“.’_,’,’f’-,“:" wherePs| is the power of the smart load and the variakle
\\ N N N 9 4—&.—; . . . , .
Vieth - ;.V‘.H;K‘.EHS 0 denoteghe proportion of the grid-tied PVs’ generation on the
Veer| l:x_f‘ ES ““““ « 100% left of Fig. 1(c). The corresponding operating modes of BESS
2 | ‘g\\ S0% L/‘)’:}(’j:’({ﬁf\';“[’j‘ and PVES integrated microgrids are compared and analyzed
0r '-"if'-'-‘?'-‘-“}s‘;' ‘ - as shown in Table I.
N S S I, e v e i The battery power of the PVES can be derived using
0 Inc_nom!NC_nom I5 v, (P.U)
( )2 © Ps = Pes+ (1 —X)Psolar
a,
— (Ps + Psolar— R )— (Ps + XPsolar — I:’C_nom)z (13)
Fig. 4. (a) Operating curves of the series ES and (b) powenamge ratio — \FG™ Fsolar — FC_nom PG nom

of series ES with respect ¥:s.
Therefore, the battery powdds of the PVES system be-

When the series ES is boostiNgcc, K < 100%. Therefore, comes an adjustable variabl&ince some PVs are shifted
the series ES will procegmartial power with the ability to shed from the PCC to the DC-link of the ES, the power generation



TABLE | . . .
OPERATING MODES OF A INTEGRATEDDC MICROGRID WITH BESSanp D~ Numerical Calculation of Optimurt — x

PVES Considering that (i) the load and irradiance data can be
SESST PVES obtained from load estimation and weather forecasting laaid t
=N Pos | Poess PoL (i) the shifted amount of the PV modules are finite discrete
Isolated constant >0 | >0 | > Puc.nom values, the optimum % x and minimum required storage
microgrids constant <0 | <0 | <P\cnom capacityS"VES can be numerically and iteratively calculated.

<0 <0 <0 < PNc_nom : . L
Grid-connected Z0 S0 =0 | >R Fig. 6 shows the flowchart of a possible way of optimizing
microgrids >0 <0 | <0 | <Pucnom 1-x

>0 >0 >0 > PNG nom

Shifting Predicted Solar || Predicted Critical Power
Coefficient Power Profile Load Profile Generation
at the PCC is reduced. As a restlie ES will be operated 1;‘ Peoier(t) P Pold)
frequently in the BC mode and process partial power to reduce [{ i ii-ation
the storage requirement. Meanwhile, the shifted PV parsels c x1=1
supplement the ES with energy in SD and BD mode to reduce v Y \
the battery power output. Nevertheless, the ES battery mugt Isolated mode: Equation (13) s.t. (15)
store energy from both the shifted PVs and the grid in the BC G“d'r’n“e“ed mode: Equation (16) s.t. (12), (13), (15) and (17)
mode, which increases the storage capacity. Thereforeg the Update x [Battery Power Profile] [Battery Energy Profild
will be an optimum shifting coefficient of 2 x which can lead Xire1 =Xn-Step P ™ Ewn=[rw®
to the minimum required storage capacity. 4 I 7

In an isolated DC microgrid, the minimum storage capacity No W Ml}ggalsir?ersntgrrélge
can be achieved by minimizing the maximum stored or de- 5" = max| E/(t)|
livered energy of the battery. Therefore, the optimum sigft
coefficient can be derived by solving the followidgscretized s
Minimax problem Xetopal = Xy

N pn N N Yes Output
B n 0 p
Z — + Z rIBPB (14) @ S giovr a0 1- Xglobal
=018 pfso

subjected to (12), (13) and Fig. 6. Flow chart of deriving + x

—

minmtaxSfSVES:
X

%pg <& (15a) At the initialization step, the shifting coefficient is set a
0 (i.e., X = 1). Based on the inputs of the generation and
load profiles, the battery power profiRg(t) corresponding to
<&  (15h) the shifting coefficient +x; can be derived using equation
(13) (for isolated-mode) or (16) (for grid-connected mode)

N
Z [PQL* (1 - X) Ps?olarf P“C_noni

|PSL—PIY < psL (15¢) By integration, the required minimum storage capa&fy’
|PE] < Ps_max (15d) corresponding to * x; can be derived. The global opti-
0<x<1 (15e) Mum solutions will be temporarily set agjopa = X1 and

0<n<N 15¢ Syiobal = SN At the second step, the shifting coefficient will
=Nn= i . (150) be updated to + x, by adding one step, which equals the

Condition (15b) implies that the difference between thaltOtproportion of the single PV module among the PV system.

NCL consumption with the PVES throughoNtand the case Following the same procedurs'g“” corresponding to * x,

without the PVES cannot exceed the limit of i.e., the gn pe derived. By comparin@f“" and gﬂn, Sylobar Will

adoption of PVES cannot change the total power consumptigg updated to the smaller value between the two. In every

of the NCL. Condition (15c) is the ramping rate constraint Qferation, 1- %, will be increased by one step aSgopal Will

the smart load. _ be repetitively evaluated until all possible—Ix have been
Fig. 5(b) illustrates the power flow paths of a grid-connéctgyxamined. In this way, the global minimum storage capacity

DC microgrid with PVES. In grid-connected operation, for Qiglobal and the corresponding optimum-Ix can be derived.

specific 1—x, the optimum battery power flowRg§) and the

corresponding required storage capacity can be derived frqv_ CIRCUIT ANALYSIS AND PRACTICAL CONSIDERATION

the equation OF PVES

N
+ Z necPlB (16) A. Circuit Analysis of PVES
PI>0 N pfzo The shifted PV module connected to a DC-link battery is
subjected to (12), (13), (15) and shown in Fig. 7. Considering that the voltage dynamics of
Nt the battery can be negligible [25], the DC-link voltage can b
{ ‘PG —P ‘ < Pc (17a) approximated to be a DC voltayg. iesp denotes the averaged

NopPeB

min CpvEsce =

IPE| < Ps_max (17b) current (over a switching cycle) flowing from the DC-link to
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Fig. 7. Shifted PV module connected to a DC-link battery.

the grid side. With the MPPT control, the averaged injected
currentig of the shifted PV module can be calculated as

. 1-x)P.
is= ( ) solar (18)
Ve (d) SD mod (e) SC mod
modade e moae
The battery current flowing from the cathode to the anode can
be calculated by using Fig. 9. lllustration of circuit power flows in different oming modes.
iB=igsp—Iis (19)

is is dependent on the solar irradiance and independent of ffg mode Ves> Vecc andinc < 0. Thus, battery is discharged
state 2 and the smart load injects power to the grid to boost

operation of ES converter (H-bridge). Two in-phase sawto fpcc. In BC-1 modeVes > Vee and the DC-link is delivering

carriers are adopted for the modulations of the two brid rav to the arid in state 2. With the supplementary ener
branches and the switching states of the ES are analyze Ea}fng)s/sed frmg the shifted PV modules thpep battery isyctiargiy
Fig. 8(a) to 8(d). The state 1 and 4 are the freewheelingsstat f BC-2 mode, 0< Vies < Vece. Both the shifted PV modules
and grid are charging the battery. NCL is shed to b&bst.

There are two suppression modes, namely, SD and SC mod-
e. In the suppression modes, the switching state combirgatio
are the freewheeling states and state 3. For all suppression
modes,Ves < 0 and the DC-link is delivering energy to the
system in state 3. In SD mode, the shifted PV modules, grid
and battery are boosting the NCL. In SC mode, the shifted PV
modules deliver energy to both the NCL and the battery.

By averaging the ES converter over a switching cycle, the
equivalent circuit can be plotted as shown in Fig. 10(a). The
duty ratio of switchS, and S3 are denoted adp and dy.

s e L dPVB
(&
v T v
(c) State 3 (d) State 4 * e Ic * S
. - . Rne L 2y
Fig. 8.  Switching states of the ES converter. (Red arrowscate the n'B

referenced current directions.) (a) Averaged equivalent cir-

cuit of the smart load.

TABLE || | Controller 1t
E
%

OPERATING MODES OFPVES

Modes  Switching State Inc VEs iESD iB

idle T&4 >0 =0 =0 =0 i = , ;

BD 1&2&4 <0 >Vpcc >0 >0

BC-1 1&2&4 <0 >Vpcce >0 <O (b) Control block diagram of the smart load

BC-2 1&2¢&4 >0 <Vpcc <0 <O

SD 1&3&4 >0 <0 >0 >0 Fig. 10. Averaged circuit model and control block diagramtioé smart
SC 1&3&4 >0 <0 >0 <0 load.

) . o Based on Fig. 10(a), the state-space averaged model of the
The operating modes with respect to the switching stateg,4rt |0ad branch can be derived as

are analyzed in Table Il. With the inclusion of PV modules

to the DC-link, the PVES can be operated in six modes. In Ad =dp—dn
idle mode Ves= 0. The converter is switching in freewheeling dic _ Ves— AdVe
states and the battery is electrically isolated from thd.grhe dévE 2L (20)
other five operating modes are illustrated in Fig. 9. Cd—S =ic
There are three boosting modes, namely, BD, BC-1 and BC- vPcct— VES

2. The combinations of switching states are state 1, 2 aml 4. | R e +ic



Thus,Ad to ves small-signal transfer function can be derivedrrom (12) to (15), around 31% of the total solar generation
as is shifted to the series ES. With the ES activat¥fec is
Gad = VES _ VeRnc (21) regulated at 48 V. The corresponding measured voltage and
Ad  2LCRycs*+2Ls+ Rne power data of both types of E&re recorded and plotted
Gag is a typical second-order system. Fig. 10(b) shows against the variation of solar power in Fig. 12, along with th
possible control scheme of the ES converter using the @dlculated curves obtained using equation (10) and (13. Th

control. measured experimental data fits the mathematically catulila
curves with small deviations (around 10%), which are mainly
B. Practical Considerations introduced by sensing errors.

In the implementation of the PVES, there can be four
failure conditions, namely, (i) failure of the NCL, (ii) fare . JFxtendéd boosling
of the battery, (iii) failure of the shifted PV modules and 20fRg g R

(iv) failure of the ES converter. For case (i), when NCL is _ 0 st degy g .
faulted, the filtering inductors of the ES converter will vee %’—ZOLimitcéi-boost-éing-----g-w b0 29,000 g

the inrush fault current. Besides, the ES converter can sict a 5"_4 région | Ry : :

a circuit breaker to trip the NCL from the grid by ceasing the 2 X Experimental V¢ :

switching actions. Therefore, a circuit breaker can be dave %) © Experimental V¢

in this configuration. For case (ii), when the faulted batisr -8 ga}w}aieg II?ES B

. . — Lalculate . H H H H H
_tnp_ped from the DC-link, the_ES converter can be operated -10 T 9 TS Ta 0 T40 e T80
in idle mode and the battery is electrically isolated frora th otar (W)

smart load. In the maintenance pf batteries, the NCL will ljot (a) Voltage curves of the series ES and PVES with respect do th
be affected. However, the ES will lose the voltage regufatio change ofPsgiar

capability at PCC. For case (iii), the PVES will be reduced to
a series ES. For case (iv), the PVES will be dissembled into an :
isolated NCL and a PV module connected to a battery. The PV DR
module will keep charging the battery. Therefore, the failu 10 Limitéd.charging RS
of ES converter will be critical and a reliable ES converter i reton:
required.

100[ Extended chargingiregion:

_30d X Experimental P
O Experimental P, ..
V. EXPERIMENT RESULTS OF ISOLATEDDC MICROGRIDS 40 —— Calculated P,

WITH BESS,SERIESESAND PVES —— Caleulated P,

PVES i i i i i
The circuit schematic diagrams of the BESS, series ES, * 2000 80‘ . VIOO 120140160180
and PVES integrated systems in the experimental work are o .
shown in Fig. 11. A full-bridge converter is used for both the g?)Psocl’;’rver curves of the series ES and PVES with respect tdéage
BESS and ES applications. The solar generation is emulated
via a grid-interfaced full-bridge converter. The converie Fig. 12. Voltage and power curves of ES with respect to thegaafPsojar.
controlled to inject a variable power, which is proportibna
to the solar irradiance, into the grid. The corresponding As shown in Fig. 12(a), the operating voltage of the PVES
specifications are shown in Table III. is always greater than that of the series ES. The shiftingvof P
TABLE Il reduces the solar poweeing injectednto the PCC and_ tends _
PARAMETERS OF THE VARIABLE CRITICAL LOAD INTEGRATED sysTEM [0 CAUSe more voltage sag. Thus, the voltage boosting region
(Ves> 0) increases as shown in Fig. 12(a) and the PVES is

Description Parameter _ Value more likely to be operated in BC mode. This means that the
Stable power source Ve 503V ES has more possibility to use small storage capacity totboos
Nominal PCC voltage Viet 48V h | Besid . | . bel
Distribution cable resistance R, 080 the system voltage. Besides, in voltage suppression mhee, t
IGBT switches S1234 IRG4PC30FDPBF PVES generates a smaller compensating voltage than series
Filter capacitor Ces 21 uF ES. It means that the PVES discharges less power than series
Fiter capacitor CoL,Cev 1 ur ES. In addition, since the voltage operation range of PVES is
DC-link capacitor Coc 150 uF : ’ . g p 3 g

Filter inductor Ly 3.3 mH smaller than that of the series B&g applied voltage of NCL

DSP controller TMS320F28069 will have a smaller variation

Maximum solar power Psolar max 18933 W

By comparing the power curve of the series ES with that
of the PVES shown in Fig. 12(b), it can be seen that the
. ) PVES enables a more even charging and discharging region
A. Operating Curves of the PVES and the Series ES than that of the series ES. This can lead to (i) a prolonged

In this experiment, both the NCL and CL are set to battery lifetime due to the reduced discharging rate anda(ii
254 Q. The peak solar generation is set at B®W. The balanced charging and discharging curve of the PVES against
series ES and PVES are activated to buffer the solar powttie variation of solar power generation.
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Fig. 11. Experiment setup of (a) BESS, (b) series ES and (€ $Wwtegrated DC grid.
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(d) BC-2 mode g =514 V andls =500 mA). (e) SD modeVs =534 V andls =500 mA). (f) SC mode {s =534 V andls = 1500 mA).

Fig. 13. Experiment waveforms of the operating modes of ME$

B. Operating Modes of PVES BD mode has an extra state 2, which allows the battery to

In this experiment, both the NCL and CL are set to b%lscharge. The battery is delivering a current of 318A to

254 Q. The experimental waveforms of the six operatinalJppIy both the system and the NCL.
modes are shown in Fig. 13. The IGBT switches are turned!n BC-1 mode (Fig. 13(c)), the ES converter is switching
on at low voltage and turned off at high voltage (15 V). ~ among states 1, 2 and 4. As the NCL current is negative, the
In the idle mode (Fig. 13(a)), the battery is removed frorR C-link is_d?scharging power in state 2. However, with the_ PV
the DC-link. Since the PVES is switching between state 1 affulator injecting a DC current of 500 mA to the DC-link,
4, the NCL current is commutating between the upper switché¥ battery is charged at a DC current of 210 mA.
(S and S3) and lower switchesS, and &) without flowing  In BC-2 mode (Fig. 13(d)), the ES outputs a DC voltage
through the DC-link. Therefore, the DC-link curreégtis 0 A. of 26.6 V (< 48 V) to boostVpcc. Since the NCL current
The waveforms of BD mode are shown in Fig. 13(b). Wheis positive, the ES battery is charged in state 2. Thus, the PV
Ve =50V, the ES outputs a DC voltage of 86 V to boost emulator and the DC grid are charging the battery with aB50
Vpcc to 48 V. SinceVes> Vpce, the NCL voltage and current mA DC current. For all boosting modes, the combinations of
will become negative. Besides the freewheeling states, thwitching states are state 1, 2 and 4.



WhenVg =534 V, the PVES will output a DC voltage of period from 49 s to 193 s and the CL is programmed to be
—18 V to suppres¥pcc. In the suppressing mode, the NCLfluctuating between 28 W and 967 W. We use a timescale of
current is greater than the nominal value and the combimatidlO seconds to represent 1 hour. The experiment is conducted
of switching states are state 1, 3 and 4. In state 3, the durréar 240 s to simulate a day. The shifting coefficient is set at
flows from the cathode to the anode of the DC-link to delive834% and another full-bridge converter is used to emulate the
power from the DC-link to the system. Therefore, when thehifted PV modules.
injected currentls is not large (500 mA) as shown in Fig. As shown in Fig. 15(b), without any load control, the BESS
13(e), the battery is discharged at 755 mA and the PVESissoperated to store energy in the period from 62 s to 163 s and
operated in SD mode. Whegis large (1500 mA) as shown in to deliver energy from 160 s to 240 s. The maximum charging
Fig. 13(f), the battery is charged at 237mA and the PVES and discharging power can be found as 171W and 9628
is operated in SC mode. W, respectively. Meanwhile, the power profile of the PVES is
fluctuating between 50 W and50 W. With 34% of the solar
power being shifted to the ES, it can be observed that the
discharging power of the PVES between 80 s and 160 s is not
R TR mo oy s large (-18.8 W at most). This means the PVES system does
not require the battery to be charged or discharged as fast as

C. Transient Responses of PVES

| OO0 mAM i, =0 mA the BESS system in the same system configuration. This can
! e Lk i extend the lifetime for the installed batteries [26].

= > 1 Mo The energy profiles of both the BESS and PVES are shown
| S@ovdiv - Tms in Fig. 15(c), the maximum values of the energy profiles for

the BESS and the PVES are respectivelg67kJ and 179
kJ. Thus, it can be concluded that the use of the PVES can
effectively reduce the storage capacity required in a D@ gri

5,20 Vidiv)”

(a) Transient waveforms of the start-up of the with a variable CL (around 78%’s reduction).
PVES.
1 200¥ 2 200 3 1.0047 - -36.002 50.002/ Stop
Vocc@Vidivyy, AV=088V VI. SYSTEM SIMULATIONS OF DC MICROGRIDS WITH
e BESSAND PVES

84.2 ms 2585V ] )
Vi COVIdV) | 7y w--“-"‘*‘” A. Isolated DC Microgrids

“I.( Adiv) 5 The simulations are repeated with different setsooénd
B to evaluate the variation of-1x and the storage reduction
capacity of PVES insolated DC microgridsWe set the value
of a within the section of 20% to 90% an@ between 0%

i

0,
(b) Transient waveforms of PVES regulatiNgcc. and 100%.
Fig. 14. Experiment waveforms of transient response of PVES 809 [ 80%
80%
The transient waveforms of the PVES in the start-up process " B oo
are shown in Fig. 14(a). The PVES is operated from OFF T N
state to idle state. Instead of stepping directly to the lbdld » L %,

current, it takes around 1 ms for thgc to rise from 0 A to
1.76 A. In the meantime, the battery current is 0 A. _ _ N N
The transient waveforms of the PVES in voltage regulation(® Relative storage capacity of (b) Shifting coefficient 1-x
. . . . PVES against the storage capacity
operation are shown in Fig. 14(b). Wh¥pcc is stepped down o gess
by 0.88V, it takes the PVES 82 ms to reach an output voltage

. Fig. 16. Relative storage capacity of PVES and shifting fadeft 1— x
Zf t25.(§3g6VA:[o restoréVpcc to 48 V. Thelyc is shed from 19 with respect to the change of and .
o 0. .

20% 40%ﬂ6d%' 80% 100%

) ) - Fig. 16(a) illustrates the plot of relative storage capaoit

D. PV System with Variable Critical Load the PVES system with respect to the changerafnd 8. The

In this experiment, the storage reduction ability of theolor temperature is used to indicate the value of the wati
PVES is verified through a scale-down DC grithe CL is storage capacity of the PVES against that of the BESS system.
set to be a variable load as shown in Fig. 11. The NCL W&hen 0< a < 20% or 0< 3 < 20% (blank space shown in
constant resistive (3% Q). The BESS and PVES are adoptedFig. 16(a)), the storage capacity of the PVES system is great
to regulate the bus voltage respectively. The output of tBe Dhan that of BESS system. Thus, it can be concluded that the
source is set at 49 V and it delivers a constant power of 6 7/PVES is ineffective in reducing the energy storage with alsma
W to the grid whenVpcc is regulated to 48 V. As shown in a or a small3. As shown in Fig. 16(a), when botin and 8
Fig. 15(a), the solar generation generates the power inrttee t increase, the relative storage capacity reduces. Thissrthah
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(a) Power profiles of stable power supply, PV panel (b) Power profiles of BESS and PVES (c) Energy profiles of BESS and PVES

and critical load

Fig. 15. Experiment waveforms of the BESS and PVES with aatei critical load.

higher values ofr and 3 will lead to a larger reduction of the power and energy profiles of the batteries in BESS and PVES
storage capacity. integrated system are respectively shown in Fig. 17(c) égd F
Fig. 16(b) illustrates the optimum shifting coefficient it 17(d). As shown in Fig. 17(d), the required minimum storage
respect to the change af and 3. Judging from the color capacity for the BESS integrated system is 550Wh, while
temperature, it can be seen that & is within the section of the required storage capacity for the PVES integrated syiste
0.3 to 0.4 for most cases. This means thatxlis not sensitive 3907 kWh, which is 698% of the case of the BESS integrated

to the change ofr and 8 for most cases. system.
. . . 500 400
B. Grid-connected DC Microgrids 400 350 KX +E§§§'
Simulations of a 400 kVA DC microgrid have been per- Z 300 ' ?:;ggof\ ) / \

formed to compare the impacts of PVES and BESS on the (i)5 200

5200
storage capacity, (ii) electric bills and (iii) power losse grid- 2 100 . 2 150 >ese
. e . . —— ‘ga-d
connected operations. The specifications of the correspgnd 7102 — BESS| b/ 100]
parameters are listed in Table IV. The profiles of the solar 0 4 8 12 16 20 24 %0 4 8 12 16 20 24
. . . . . . Time (hour) Time (hour)
irradiance, load and TOU electricity prices are shown in. Fig
2. Here, the data in July is used for the case study. \(/";)rtgrzwer profiles of AC-DC con-  (b) Power profiles of NCLs
TABLE IV 159 —pves| %= pvEs
SPECIFICATIONS OF THE VARIABLE CRITICAL LOAD INTEGRATED SYSEM £ 100 # | —=—BESS| =500| = BESS
< 50 - X o 7| ——

Description | Parameter [ BESS | PVES § 0 e Z3000 %

Battery energy deviation tolerance & 60 kWh £ 50 ) %Dzoo

NCL energy deviation tolerance £ 1 kWh ~100l" = ool A oY

Smart load ramping rate limit PsL NA T 100 kW/h 150 Y TN

Ramping rate of battery power 0B 100 kW/h 0 4 8 12 16 20 24 4 8 12 16 20 24

Ramping rate of source power oG 100 kW/h Time (hour) Time (hour)

Power limit of the source Po_max 430 kW (c) Power profiles of batteries  (d) Energy profiles of batteries

Power limit of the battery Ps_max 430 kKW

Battery efficiency ne 90% Fig. 17. Simulation waveforms of DC grids wh¢h= 50%.

AC-DC converter efficiency Ne 90%

NCL proportion o 50%

Solar penetration depth B 50% The capacity of the solar generation are set as 30%, 50%

shifting coefficient 1-x 4%

and 70% of the total generation respectively to represent a
microgrid with small, medium and large solar generation.
As shown in Fig. 17(a), the profiles &% are similar for Fig. 18 illustrated the simulated results of shifting cazéint,
both BESS and PVES integrated DC grids. The microgridequired storage capacitgistribution of conversion losses
purchase power in midnight when both the load and price aaad electric bills The shifting coefficient is shown in Fig.
low, and sells power at noon when both the solar generatid8(a). Compared with the cases of the isolated microgtigs, t

and price are highComparing the NCL profiles of the PVESshifting coefficient of PVES integrated system is much semall
integrated system with that of the BESS integrated systemlasgrid-connected operations, the excessive solar geoprat
shown in Fig. 17(b), the NCL is rescheduled from 08 : 00 toan be transferred to the utility grid. Thus, small amount of
22:00 (when both CL and price are high) to 00: 00 to 07 : 0BVs are required to support the ES with the operation of
(when both the CL is low) and 12 :00 to 15: 00 (when theoltage suppression. As shown in Fig. 18(b), the PVES can
solar generation is high). Besides, when both the CL and thelp reduce storage capacity in grids with mediyni=«50%)
price are high (16: 00 to 21 :00), the NCL with the PVES (rednd large 8 = 70%) solar generation. It requires .B%
trace) is shed to around 50 kW. Consequently, the NCL profifed 635% of the capacity of the BESS integrated system.
is tamed to fill the valley and cut the peak, which reducéd$owever, wher3 = 30%, the storage requirement of PVES is
both the electric bills and storage capacitiie corresponding 1136% of that of the BESS. Similar to the case of isolated DC
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microgrids, the PVES cannot help reduce the required storagsults validate that the PVES can regulate the PCC voltage

capacity wherg is low. with less storage capacity against the variation of thersola
generation and the critical load. The PVES is found to be a
5 10% cost-effective measure for tackling the intermittency ofas
= 8% power using a significantly smaller energy storage capacity
S 6% DC grids.
£ 4% .
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