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Abstract

The emerging of enewable distributed energy
resourcegDER)in the residential communitpens the
door to forning a residential community microgrid
However, traditional microgrid controé via the
hierarchical feedforward tertiary, secondaryand
primary controlframeworkmay nobe effective for such
residential community microgrids, because tagh
volatility, low inertia, and insufficiercy of DERsThis
paper discusses naonline feedbackscheme which
cooperats the three control layerin real time to
improve operational stabiity of the microgrid. In
addition to economially dispatch scarceeserve this
paper deducesan incrementcost model of battery
storage assetshased ontheir degradationcoss and
depth of discharge The models oflow computational
complexity thus can be naturally embedded ithe
proposed online cooperative feedback cordobleméo
calculate marginal price in reaktime Smalisignal
analysis and Simulink simulatioare conducted to
illustrate the performancesof the proposed online
cooperative feedback control scheme

1. Introduction
1.1. Residentialtcommunity microgrid

In the smart grid eragnewabledistributed energy
resources (DER) emezdon theconsumeside present
a great potentialin regulaing local electric energy
consumptionsAs a matter of fagtit is promising to
leveragethese DERsand form an islandedesidential
communitymicrogrid during emerging situationsrhis
could improve energy resiliencewhenthe main grid
outageoccurs durinqaturalor manmade disasters

Unlike bulk systems or sophisticated microgrid
equipped with sufficient resources to adequately supply

local loads inthe islanded model]-[2], a residential

community microgrid with low inertial (i.e., lack of
synchronous generators) may lead to large frequency

and voltage deviations. In additiohetlimitedDERS in

regulations 8]-[4]. To this end, a more responsive and
interactive control schemeb online cooperative
feedback control, ineeded to meet practical needs.

1.2.0nline cooperative feedbackcontrol

In existinghierarchicalcontrol schemedesignsor
sophisticatednicrogrids p], the three contrdayers are
connected rather loosehAs shown in Figure ,1the
primary, secondangndtertiary control arectivatedat
differenttime scalesn a feedforward loogSpecifically,
tertiary controlis activated every 5 minutes poovide
economic operating points of DERsecondary control
is triggered every 2-6 seconds to regulate
frequency/voltage back to the nominal vatuesd
primary controlacts promptly againsupplydemand
imbalancd6].

However, the hierarchical feedforwardcontrol
scheme as shown in Figure 1 mapt guarantee
operatiorl stability of the renewable DERJominated
residential community microgridbecauseit cannot
provide timely and effective feedbackntrol actiongo
promptly adjust DER outputs against reaktime
variabilities Moreover even a relatively small
disturbanceor measuementerror could easily induce
noticeablesteadystate errorsn such a small system
leading tosuboptimality [].
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Figure 1. Hierarchical feedforward control of

microgrid in islanded mode  (PC: Primary Control,
SC: Secondary Control, TC: Tertiary Control)

In order to improvethe respond speed and
optimality, reference [8] adopted a partial prirchial

residential community microgrid would be operated out gradient method to solve the tertiary control problem,

of safe states more frequently in order to meet microgrid



and embedded each step of the iterative procedure intsupplies majority ofelectric energy needsof the

the seondary control, forming a reéime secondary

commuity, while DERs are used to supplement the

tertiary control scheme. Similarly, reference [9] adopted main gridto achieveeconomic anr environmental
the alternative direction method of multipliers (ADMM) benefits.To this engd whenthe main grid is dowrthe
approach to decompose the AC optimal power flow residential communitymay not have enough DER

problem, and integrated each step of the adjests
into theprimarycontrol. Moreover, references [1[1]1]

realized the redime reception and execution of control

capacities to supply all residential I@amh islanded
mode Neverthelescertainresidentsnay bewilling to
pay higher pricesin return for electricity. Thus, it is

signals by promptly changing frequency and power practicallyviableto dispatch scaraesourceshrough a

reference of the primary control.
It is clearly shown in references {gl1] that,

compared with the hierarchical feedforward control, the

price-driven tertiary controschemefor the residential
communitymicrogrid in islanded wde
The pricedriven tertiary controladoptsdemand

hierarchical feedback control can better coordinate curve and supply curveo dispatch scarce resources

control actions of the three layers based on-tiesd

Demand curvean be formulated by means of trece

information. That is, it could adjust outputs of DERs elasticityof demand12]. Reference [3] modelled the

more rapid and accurately, enabling bestability and
economicefficiency of the entire system. However,

supply curve viaguadraticcostfunctiors of fossitfuel
generatorsin comparisonin the residential community

existing researches present and validate such a feedbaakicrogrid dominated by renewable DER$&attery

coordination for only two control layers (i.e., primary
secondary coordination  or primarytertiary

storage assets would be the only sotine¢ canset the
supply curve.Levelizedcost of energy(LCOE) is a

coordination, lacking acomprehensive understanding general approach tmodel the cost of a battery storage
on systematic performance of the cooperative feedbackoy averagng the life cycle cost(includingcapital cost,
control among all three layers. In this paper, we aim atoperation costand maintenance cagsinto each hour
establishing an online cooperative feedback control[14]. However, it is a constant value thatannot

schemewhichcovers all three layers to realize réiate

interactions and adjustments of the DERs in the

residential community microgrid in islanded mods,
shown in Figure 2.
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Figure 2. Online cooperative feedback control
of microgrid in islanded mode

1.3. Marginal cost model of battery storageto
enableprice-driven tertiary control

A comprehensively designed microgrid is usually

equipped with heterogeneous resourcesdequately
supplyall local (critical) loads 1]-[2] in islandedmode
However for aresidential communitynicrogrid with
100% renewableDERs and limited battery storage
assetsjt is challengingto maintain reatime supply
demandbalance The reasons aré) Supply islimited
and volatile;and(ii) It is hard tocategorizepriorities of
demandgi.e.,it maybepossible to categorize priorities
of loadswithin each resident, howevel, is hard to
justify a residentods
Indeed,underthe normal situationthe main grid

accurately reflect the energy scarcitysituations at

different time periodgwith respect tahe availability

and fluctuation of renewable DERS) atig dynamic

degradation process o& battery storage through
multiple charginedischarging cycles.

To this end,a degradation costnodel of battey
storageassetsvas studied in [@] to quantify the cost of
each chargelischarge cyclaccording tdats impacson
the life cycle coss. This model however,is only
suitablefor quantifying battery storage costluring a
certain time period via a centraked optimization
framework but cannot offer incremental cost of
batteresfor reattime price-driventertial control In this
paper, we will refine and extend this model to dedme
incrementatost model obatteres, andderivea supply
curve to price electricityn the tertiary control of the
residential community grid in islanded mode.

1.4. Contributions

This paper discussesnaonline cooperative
feedback control scheme&o improve operational
stability and economics of residential community
microgrid in islanded modeSpecifically, he proposed
feedback control schenig constructedby coordinating
three controllers in real time via feedback loop, as
shown in Figure 2.The proposed control scheme
includesa novel pice-driven tertiary control tensure
economic performanagf all DERs,a secondary control

| 0 a dto rhathtaimeniinglfreguency dnd wltagedlubstand anot he

a primary control to achieve supptiemand balance



Besides tertiary controlinteracs with primary control

in real time byproviding updates omctive/reactive
power set poins; Mearwhile, secondary control
cooperates wittprimary control in real timeto drive
frequency/voltagdack toreferencepoints. Therefore
each controller presents a feedbacktireand isalso
embedded in the entire feedbadontrol scheme
guaranteeing their individual and collaborative
performance to pursue operational stabilignd
economicof theresidential community microgrid

Moreover the smaltsignal analysid16] and the
Simulink Simscape Electricddased simulatiofiLl7] are
conductedto verify anddemonstrate the stability and
economicefficiency of the proposeadnline cooperative
feedback control schemBpecifically, the mall-signal
analysis determirewhether the system converges by
calculating eigenvalues of system characteristic
equatiors, andthe Simscape Electrical platforfarther
simulates the dynamic performancef the proposed
online cooperative feedback control schesiaga smak
scale residential community microgrid setup

The main contributions of the paper include:

1) An online cooperative feedback control
schemas proposed tenhanceoperationaktability and
economicsof the residential community microgrid in
islanded modewhich is dominated byenewableDERs
and limitedbatterystorage assets

2) The proposed incremental cost model of
batteresis used to enablthe automaticprice response
of DERs and loads through a prigkiven tertiary
control, achieving thdecentralize@&conomic operation
of residential communjtmicrogridin islanded mode;

3) Smallsignal analysis and control loop
simulation areconducted to verifpperationaktability
and ewmonomic efficiency of the proposedonline
cooperative feedback control scheme

The restof the paper is organized as follows.
Section 2 describes the three conteglers in detail
Section 3 presents thenline cooperative feedback
control structureandthe smaltlsignal stability analysis.
Simscape Electricélased simulatiofor the community
microgrid in islanded modis conductedn Section4.
The paper is concluded Sectionb.

2. Three control layers of microgrid

A microgrid in islanded mode is operateda a
threelayerhierarchical controschemePrimarycontiol
sustainsthe instantaneousupply-demandbalance.lt,
however,induces deviations on microgrid frequency
and voltageConsequentlysecondary contrakgulates
frequency and voltage back to the reference walue
Moreover,tertiary control is responsible faperating
theoverallmicrogridin an economienanner

2.1. Primary control

In the traditional primary control, when the supply
demand imbalance occurs, the rotation speed of rotors
in synchronous generators will be altered with respect to
their inertia. The altered rotation speed changes the

system frequency, which drives syndmwas
generators, in coordination with other frequency
responsive devices, to reinstall power balance.

However, a residential community microgrid dominated
by renewable DERs is lack of power inertia, which
potentially induces poor transient stability penfiance.

To this end, a common technique is to apply the droop
control on voltage sources (e.g., chemical battery) and
controllable inverters to imitate the frequency change of
synchronous generators and coordinate their responses
to mitigate supplydemandmbalance.

Threetypes of primarydroop control strategiesan
be designed corresponding wistinct R/X ratie of
distribution lines: (i) R X; (i) Rl X; and(iii) R X.
Under different situations, real and reactive power flows
are dominated bylistinct driven factors. To this end,
three droop control strategiean bedesignedagainst
distinct R/X ratiosSpecifically, with . X, the primary
control can be achieved 1B+ droop while P-V droop
and virtual frame transformation droop are respectively
used in the second and the third situations.

We take the first situation for the detailed
explanation.With RL X, active power flowd on
branchij can be calculated as in (I18]. & is
impedanceof branchij; —and® Tmarephasor angle
and voltage magnitude ohodei; andD is the set of
nodesin amicrogrid
0 Wi Q& —jd; "G 0 (1)

As w andw are close to the per unit value under
normal operatiopwith fixed & , active power flowd
isdominatedy thephaseangledifference — —.To
this engactivepowerinjectiond of DERs at nodecan
be controlledby changing—with reference te— This
is realizedvia the active power droop control which
changs— (i.e."Q "Q) accordingto the differece
between measutleoperating statué and set point)*
(i,e.,0° 0), as shown in (2)&  Ttis the droop
coefficient "Q is the nominal frequencyd denotes the
set of controllable batteriesequipped withprimary
controlers Hereby thenegative feedbadkop between
(1) and (2) can in principal achieve convergei@}.
yo '@ Q a 0 0 ; o0 (2

Moreover, acording to thepower sharing rule (3)
among multipleDERs under the droop control, the
unified frequencydeviationY"Q  after convergence
can becalculatecasin (4).

yQ a Yo & Yo; D0 (3)



yQ B.y 0 7B,y pHa ; (4)
In terms of reactive power droop contralith
RL X, reactive power flowd on branchij can be
calculated as in (5). Similarly, assumiedg +— —
p, reactive poweflow 0 is dominated by the voltage
difference® @ @ [18]. That is, adjustingo with
reference tao can controlreactive power injectiod
at nodd. Thus thecontrol signal is givemsin (6).
0 WO Ooéi— — TN "G 0 (5)
Yo o w & 0° 0 ; Q0 (6)
It is notevorthy that active droop control acbn
frequency—instead ofphasor angle— The reasons
are (1) frequencyis a globe signatat caneffectively
coordinate droop control actions afl DERs and(ii)
modifying — can yield smoothernodal profiles than
modifying phasor angle—in a sine systemMotivated
by this, [20] adoptsw instead ofw for reactive power
droop control.However, it does notpresentsimilar
advantagess using—for active power droop control
One major reason is thai varies over nodesand
individual DER controllers cannot simpl set their
voltage targetto auniformed value aglobal frequency.
Therefore w droop for reactive powe(6), asa direct
and effective control methodemains the main trend

2.2. Secondarycontrol

As the droopbased primary control induces
deviations on frequency and voltagmainst their
nominal valuesthe secondary contras furtherused to
regulatesuch deviations

Frequency regulation is realized vipm@portional
integral(P1) controller B] usingfrequency deviation as
the input a shown in (7).Q; and Q; denote
proportional and integral coefficienBo this endY"Q,

the regulationcommand calculated by the secondary

control, is sent to the governor ¢ontinuouslymodify
the frequency referené@. Consequentlyit gradually
adjusts outpwtof DERSsto restore the frequency.
YyQ Qp¥Q Q. YQo'Qd) Q0 (7)
Voltageregulation can bsimilarly implemented as
in (8), whereY¥o & @, andQ;, and'Q; arethe
proportional and integral coefficient¥he secondary
control signal Yo , in a feedback fashion is
continuously added on the voltage referesgicewhich
graduallydrives® back to the nominaloltagevalue.
Yo o QpYe Q. Yo 0'Qd) ‘O 0 (8)

2.3. Tertiary control

Tertiary control ans at optimally dispatcling
flexible loads and battaes in the residential community

microgrid to purseheeconomic operation.

The demand responsgharacteristicsof flexible
loadsareformulatedvia the price elasticity of demand
[12] as in Q). - describegprice elasticity olemand”
and”* are the marginal price and normal electricity
priceof demandp and0® areactualdispatch level and
normal load level of demand.

K (R 9)

In this paper, we usa degradation cosinodelto
calculatethe marginal costof batteries The battery
degradation cogs related to chargg and dischariagg
actiors,and can be modeld viathedepth of discharge
(DOD) [21] as in (0)-(12). A large DOD would
acceleratdatteryaging,thuscorresponding to a higin
degradation cost.

¢ Q w Q (10
®Q & Q& ; (11
sn el 02

Equation(10) calculateghe lifetime cycleg of
a batterywhereQ is the DOD of thebattery candc
are battenspecific parament®arametedis related to
capital cost of a battery, anais usually set in the range
of 1.9 to 2.1 [21]22]. With this, the lifetimewof a
batterycan be calculated by the lifetime cyctiigided
by theannualcycles¢ as in(11). Finally, the capital
cost of thebatterydg, ¢, p@dHe spread out over the
lifetime with a given discount rate deriving the cost
6 perdischarge cycleWith the setting ofo ¢ and
r=0, (10)-(12) can besquivalentlyconvertednto (13).
0 Q Q0 i & (13
The relationship betweenet power dispatchd
(i.e., discharging minus charging) of thatteryand the
average DODover a short time period of Yo is
formulatedas in (4)."Y andO are theinitial state of
charge (SOC) and thenergyof the batteryfor time
interval Yo. Thus, the initial DOD isp "Y, and the
terminal DOD isp Y -0 Y&FO . With this, the
average DODduring intervalYo is calculated aghe
meanof initial and terminal DODs am (14), where
— and- arechardng and dischargg efficiendes
@ p Y bvacon - T 0 ’;”n(14)
Consequently combining (@3) and (@4), the
incrementalcost for chargg/dischargng (a negative/
positive value) can bealculated as in16), whered
6 Yo j ¢&o and 6 0o -Yop
Y ¥ GO .
"0 6 6 (15
In islanded mode considering limited on-site
DERs the residential community microgrid is operated
ata relatively low load levelThus, network congestion
may not be amajor concern.In addition voltage and
frequencyvalues are regulated llye secondary control

0] —_—



to meet their corresponding limitsloreower, mmping
limits of DERscan be reflectedia the time constantsf
the control loops. Thus, the optnsolution of the
tertiary controlfor minimizing the total operation cost
can bedescribed bythe equilibrium pointas in (6),
where” is the marginal priceof the microgrid It

controlwill actively droop theutputfrequencyof this
voltage sourcaode Thus, he difference between the
modified frequency and the system frequerafgrence
graduallydrivesthe phaseangledifference between the
voltage sourceode and theest of the systenAs the
phasedifference emerges part of theactive power

describes that all nodes equilibrate at the same marginatompensated bthis voltage source will be taken over

price with the suppldemand balance.
"D "nBO Q0 (16)
The equilibrium point as described in (16) is
achieved viathe interaction between decentralized
tertiary control (I7) of individual DERs and the
centralizednicrogridclearingto calculaté (18). The
tertiary controlof DERsis designed as in (17), which is
a feedback entrol to drive flexible loads (9) and
batteries (15) towards the microgrid marginal pfice
Y0 is adjustmenbn power referencef dispatchable
resourcei, 'Q; and'Q denote the proportional and
integral coefficients otthe tertiary control. Equation
(18) continuously calculates the microgrid marginal
price” as the mean value of marginal prices for all
nodes. It offers the price guidance for the DERs to
convergeowards the optimal point as described in (16).
Yoo o v o7 7 Qb (1)
“ aQnt ; ‘O D (18)

3. Online cooperative feedback control
3.1.0nline cooperative feedback controtesign

The hierarchical feedforward control schemeis
widely adopted in power system contrgl which
executes the three control layers in a queutffarent
time scales, as shown in Figure ©One major

by voltage sourcesn other nodestriggering power
flow redistributionof the microgridasshownin (1).

However, although the primary control ceeach
supplydemand balance by activatingpwer sharing
among all nodewith respect to theidroop coefficients,
the frequency value at consensusuld differ from the
nominal valueThus,the secondary control loop (73
further applied omatteres in realtime, to continuously
mitigate frequency deviationand pull the frequency
back to the nominal value.

Moreover, the proposed tertiary contr@d?) is
carried out according to the difference between the
incremental cost of batteries (15nd microgrid
marginal price 18). It generatesontrol signals to adjust
the power reference and interact with the primary
control, until all DERs arrive the optimal point (16).

Hereby, the three control layers are tightly
integrated in feedback losfo form the proposed online
cooperatie feedback control for the residential
community microgrid, which can effectively sustain
supplydemand balance, regulate voltage/frequency,
and track the economic operation point.

3.2. Smaltsignal stability analysis

Smallsignal analysis is used toawze stability of
the active and reactive power control loops in Figure 3.

disadvantage of such a feedforward control scheme isye establish the smadignal state space model of each

that the three control layers are loosely connected,

which may not achieve retime operationabtability
and economic®r theresidential community microgrid.
To this end, this paper propasean online
cooperative feedback control design for residential
community microgrid, sothat each layer catightly
interact with othesin real time Specifically, (i) each of

loop, and calculate eigenvalues of the characteristic
equation. Based on positions of eigenvalues, the
stability and transig performance of the control loops
can be theoretically analyzed.

For the active power control loop of the proposed online
cooperative feedback control scheme, the entire
procedure fromactive power disturbanceo 0 i to

the three control layers is constructed via a feedbackactivepower adjustmerd 0 i of DERs includes a set

structureand executedni real time, as discussed in
Section 2 and (i) the three control layers are tightly
connected andlosely interacing with each otheiin
reattime scaleas shown in Figure. 2

Figure 3 showshte block diagranof the proposed
online cooperative feedback control. The explanations
onsymbolsin Figure 3 can be referred to from equations
(19) and @2). We ke the active power control logpas
shown in the shaded are&Figure 3)for the detailed
discussion With an active power disturtancew) , the
voltage sourca@odewill immediatelyadjustits output
0 to keep supplydemandbalance and its primary

of processes in thstate space, as shown in (1%he
power flow gain (19a) is linearized according to (1).

Powerflow gain:"'0  ww®é +— — T  (19a)
Primary controller'© U  "O, (19b)
Primary control filter’O;,  p¥p Ti (19¢)
Secondary controllefO 0 5 U zji "Of (19d)
Secondary control filtefO;  pfp T (19¢)
Tertiary controller’O & 0 0 ji "Of (19f)
Tertiary controfilter: 'Oy, p¥p T i (190)
Frequency to theta controll€© ¢ (19h)
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Figure 3. Block diagram of the proposed online cooperative feedback control

According totheMasorés gain formula, the transfer
functionof w0 i overw O i can be expressed s
(20). With this, the active powercharacteristic equation
w is presented as ir2Y).

— TP @D @ QU iR (20
) p 0G*3¢ 0 0UugEBE (21)
Similarly, @0 i transfersto w0 i througha

chain of processes as describes ir23). The voltage
outer loop(22h) andthecurrentinner loop(22i) regulate
the nodlvoltage and curren€onsequentlythetransfer
function of@d i overqd i is shownasin (23),
and thereactive powercharacteristic equatio® is
given as in 24).

Powerflow gain ™0 cow woéi— — T (229
Primarycontroller 'O 0 ; "0y, (22b)
Primary control filter’Oy, pfp Ti (22¢)
Secondangontroller O 0y U ji Oy (22d)
Secondary control filtefO;, pfp T (22¢)
Tertiarycontroller "O Op Ui (22f)
Tertiary control filter’Oy,  p¥p T i (220)
Voltageouter loop Gy= 0 0 ji (22h)
Currentinner loop Gc= 0 O ji (22i)

p¥ p 0000 ‘0 00000 (23)
() p 0000 O "™OUL 000 (24

The control parameteradopted in case studiase
listed in the Appendix By calculating roat of the
characteristic equatiof21), the five eigenvalues othe
active powercontrol loop are -98.7398,-59.3306, -
3.9627, -1.8866, and -0.0803. All eigenvalues are
locatedon the lefthalf plane (LHP), indicating thahe
active power control loop is stableand with good
convergence performance.

Differentfrom the active power control logphe
reactive power control loopmay be vulnerablein
stability, becausenodal voltages are local signat and
harder to coordinatdRoot locusof the reactive power
control loopis plotted inFigure4. Since the poles/zeros
near the origindominate the system convergence
performance, the blue block igure4 is zoomedn to

havea closer lookThe green and red loci intersect with
the imaginary axis at the gain of 16.8, which is the
critical gain valle for ensuring stability. In our
simulations, thepower flow gain ' is set as 1.
Although the linearized power flow calcuation may
introduce certain errors, the actual gain shall remain
close to 1 and far smaller than 16.8. Thus, the reactive
power coirol loop shall remain stable, which is also
clearly verified via Simulink dynamic simulation in the
next sectionNeverthelessthere is a pair of complex
roots (-1.27, 1.39)) and ¢1.27, -1.39i), with the gain of

1. Thus, the reactive power controloop will show
underdamped oscillatioragainst disturbance before
eventudly convergng to a stable status
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Figure 4. Root locus of the reactive power
control loop
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4. Simulation

A singlephaseresidential community microgrid
with 5 nodes, as shown iRigure5, is usedto verify
effectiveness of our proposednline cooperative
feedback controlscheme The point of common
coupling (PCC) is set as 240\The base value of
3.5kVA is used fomperunit conversion.Solar PV1 is
connected atode 3via a gridfollowing inverter.PV1
is operated under theaximum power point tracking
(MPPT)mode, and its power output depends orr¢iad¢
time solar irradiation and temperature. Two badtgr
BS1 andBS2, are connected at nodes 1 and 2 via grid
forming inverters. Two frequency sensitive loads, L1



and L2, are connected at nodes 4 and 5, and their pricepresents a larger oscillation than B8id BS2, because
sensitive demand response charaaegmodelled asin  its output follows the grid frequency formed by the
(8). Table 1 lists the control functionaéii that batteries, while the phas$eck loop (PLL) error and

individual assets offer in the simulations. filter latency further enlarge the oscillation.
Table 1. DER function alitie s in simulation 05 Ty e—
8 S1 PVl L2
BS1 BS2 PVl L1 L2 BS? L1
Primary control S S X x x 3 2
Frequency respons S S S [ £ 15
Secondary control o X X X X %’ 1 —————————
FeedforwardrC o o X o o & s
Feedback TC o) o X o 0
Equipped & Optional o; Uninstalled x o 01 02 03 04 05 06 07 08 09 Time(s)
) ) Figure 6. Dynamic power outputs during initial
4.1. Analysison performance ofprimary control stage of the islanded mode
‘ ‘ I [ Bs1- Bs2 - ‘PV1I

4.1.1. The initial stageof theislanded mode When the
residential community microgrid is connected to the
main grid during normal operation, DERs operate
according to thenominal residential electricity tariff
0.25%/kWh, as shown in Table 2, where positive/
negative values represent Consumptionlguppl 0 0.‘1 02 ofs o.‘4 0.‘5 0‘.6 of? o.‘s 0.‘9 Time (s)
guantities When the residential community microgrid is
disconnectedrom the main grid instantaneously, DERs
are not sufficient to supply all loads. To this end, the
microgrid controler immediately overwrites the
guidance price at 1.2 $/ kWh, and alERs respond to
this price. Specifically, battery systsmesponse to the
price via the incremental cost function (15), and loads
adjust consumption according to formula (9), where
elastic coefficients of L1 and L 2 are set as 0.4 and 0.5
These setups makbe total supply slightly higher than
the total demand at the instance of islanding
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Figure 7. Dynamic frequency output s during
initial stage of the islanded mode

4.1.2. Response to disturbanceAt t=2s, the solar
irradiation is reducedeading to 50% reduction active
power output of PV1. In order to maintain supply
demand balance, BSand BS2 promptly increase their
activepower outputs through droop control, aeduce
‘the system frequency as shown in Figure 8. With the
decrease in system frequency, frequerasponsive
loads simultaneously reduce their consumptions.
Therefore, the redime supplydemand balance is

Table 2. Disc;onnect State__s of DERs : ensured by increasing supply and reducing deiamd
Grid Conneced _ Initial Status of Islanding the system frequency is stabilized 0.219s after

Price ($/kwh) 0.25 1.2 disturbance, as shown in Figure 9.
L1 (p.u.) 291 1.9
L2 (p.u.) 2.19 1.1 e e ———
BS1(p.u.) 0.35 1.1 ' s o L2
BS2(p.u.) 0.18 1.1 = % 1
PV (p.u.) -0.8 -1 S 151
Main grid (p.u.) -4.83 E =
¢ 0.5 -
With the above setup, the dynamic performance of |

I | I I I I | I I
1.9 2 21 22 23 2.4 25 2.6 27 Time (s)

the microgrid duringthe islandingstageis shown in i ) )
Figures 67. Figure 6 shows that, when the droop control Figure 8. Power outputs against disturbance
begins to takactions on balancing supply and demand, [
both battery storage reduce their active power
discharges from 1.1 p.u to around 1.05 p.u. Téwally
share active powesupply through frequencydroop
control, and finally settle the system frequencg@1
Hz 50 mHz at 0.243s3], as shown in Figure 7. As o
droop settings of the two battery storage systems are the o192 21 22 23 24 25 26 27 Time (s)
same, their dynamic behavior in Figures7 6are Figure 9. Frequency outputs against
identical. It is also noteworthy thétequency ofPV1 disturbance
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Figure 5. Topology of the residential community —microgrid

4.2. Analysis on performance of online primary 1.4p.u. due to accumulated secondary control effects.
secondary cooperative feedback control [ BS1 BS2 pvi]

In this subsection, we further add the secondary
control loop to BS1, forming an online primary
secondary cooperative feedback control scheme. Figureg
10 shows the dynamic outputs of all system assets.

2.5 BS1 PV1 L2 [ Time (s)
L with

) | ——Bs2 ] Figure 11. Dynamic frequency outputs
] primary -secondary cooperative control
—

quency (Hz)

33
T

Power (p.u.)

4.3.Analysison performanceof online primary -
secondarytertiary cooperativefeedback control

o
3
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Figure 10. Dynamic power outputs with Using the samesystem setup as the previous
primary -secondary cooperative control subsections, his subsection comparahe traditional

Before the disturbance occurs at t=2s, the secondaryhierarchicalfeedforwardcontrol scheme (in Figure 1)
control has successfully restored the system frequencyand the proposednline cooperative feedback control
to 60 Hz, and changes on power outputs induced by thescheme (in Figure 2)Specifically, control signals
primary control has been released. Thaadsivepower generated byhe tertiary controlayerandperformance
output of BS2 igecovered to its original set point 1.1 of the entire control scheme a@mpared and analyzed.
p.u., after it is initially reduced to 1.06 p.u. by the
primary control to achieve instant supglgmand  4.3.1. Control signasfrom the tertiary control layer.
balance. In comparison, the accumulated frequencyln the hierarchical feedforward control scheme
deviation in the secondary PI controller drives BS1 to consideringthat it takes time to solve the centralized
take aver the imbalance, reducing its output to 0.9 p.u. optimization problem, we activate the tertiary control at

When the disturbance occurs at t=2s with 50% 1s and 3s. That is, thtertiary control signak, namely
reduction in PV106s power thepewselpairisof BS1, BS2, L1danadl@are assignedt r o |
responds promptly to increase power outputs of BS1 andat 1s andagain at3s as shown irFigure12.

BS2 for ensuring power balancéleanwhile the In comparison, the proposed online cooperative
secondey control also works in redime to gradually  feedback control schemegenerates tertiarycontrol
restore the frequency, as shown in Figure 11. To thissignak in real time based orinstantaneouslifference
end, BS1 actively regulates the frequency deviation by betweerincrementatostof batteries andcharginal price
continuously increasing its output, to bring system of pricesensitive loads It is computationdy
frequency back to the nominal value. When feoey inexpensive,and can provide continuousadjustment

is restored to 60 Hz, BS2 releases all its primary command for battefes to pursue their economic
compensation and returns to 1.1 p.u., and BS1 stays abperating pointin reattime. As shown ifFigurel13, the



