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Abstract: This paper proposes an active-reactive power collaborative scheduling model with cluster
division for the flexible distributed energy resources (DERs) of smart-building systems to resolve the
high complexity of the centralized optimal scheduling of massive dispersed DERs in the distribution
network. Specifically, the optimization objective of each cluster is to minimize the operational cost,
the power-loss cost, and the penalty cost for flexibility deficiency, and the second-order cone-based
branch flow method is utilized to convert the power-flow equations into linearized cone constraints,
reducing the nonlinearity and heavy computation burden of the scheduling model. Customized
virtual battery models for building-integrated flexible DERs are developed to aggregate the power
characteristics of flexible resources while quantifying their regulation capacities with time-shifting
power and energy boundaries. Moreover, a cluster division algorithm considering the module degree
index based on the electrical distance and the flexible balance contribution index is formulated for
cluster division to achieve information exchange and energy interaction in the distribution network
with a high proportion of building-integrated flexible DERs. Comparative studies have demonstrated
the superior performance of the proposed methodology in economic merits and voltage regulation.

Keywords: building-integrated flexible DERs; virtual battery model; cluster division; module degree
index; flexible balance contribution index; renewable energy

1. Introduction
1.1. Relevant Background

The construction sector is the third-largest energy consumer, accounting for 33% of
global energy demand and 16% of global CO, emissions in 2022 [1]. Considering the
growing tendency of urbanization progress and the continuous development of the power
industry, the proportion of construction energy consumption is expected to increase by
40% in 2030 and even 50% in 2050 [2]. The aggregation of flexible DERs in buildings
is recognized as a promising alternative method to reduce CO, emissions and energy
consumption, promoting the profound integration of distributed energy resources (DERs)
and building energy supply [3]. Smart-building systems equipped with power-access points
could achieve flexible resource aggregation and exploit the regulation capacity of these
resources sufficiently, intensifying the interdependency between buildings and electricity
networks [3,4]. Nevertheless, the location of building-integrated photovoltaics (BIPVs),
building-integrated electric vehicles (BIEVs), building-integrated energy storage (BIES),
building-integrated temperature-controlled load (BITC), and other types of comprehensive
energy production and storage equipment in smart-building systems are generally scattered,
resulting in the high complexity of centralized optimization scheduling due to the lack
of information exchange and energy interaction [4-6]. Consequently, the optimization
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scheduling of a distribution network with cluster division for flexible resources integrated
into smart-building systems would be ideal for the high-penetrated deployment of DERs
to meet carbon-neutral targets.

One typical method studied in [7] for cluster optimization scheduling is to use the
second-order neighborhood similarity matrix and modular matrix to extract relatively
more comprehensive complex network feature information for network division. Another
example is a chromosome-encoding method considering the modular index based on
the electrical design to satisfy the demand of distribution network programmers [8]. In
further research, a K-means clustering algorithm based on the variation sensitivity of
voltage to power between nodes to solve the voltage overlimit and voltage fluctuations is
used [9]. Moreover, to tackle difficulties in uncertainty and centralized control, a multi-time
rolling dynamic cluster division method with the equilibrium degree of reactive power for
active distribution networks was developed [10]. However, the cluster division in these
studies only involves a single index without considering comprehensive indexes, including
flexibility regulation capacity and electrical connection. In addition, the active-reactive
power collaborative optimization scheduling of distribution networks is acknowledged
as an effective strategy for handling the uncertainties from dispersive DERs. A method
for the coordinated optimal operation scheduling of active distribution networks was
developed to meet the electricity demand of the building itself with interconnected electric
vehicles and integrated RESs [11]. To implement optimal power dispatch and significantly
reduce the overall operation cost of the microgrid, a method for optimal energy and
power management of microgrids consisting of mega buildings, plug-in electric vehicles
(PEVs), and renewable energy sources (RESs) was designed [12]. Furthermore, an energy
management system (EMS) for microgrids of building prosumers based on a hierarchical
multi-agent system (MAS) was studied in [13] to minimize the operation cost of a microgrid,
considering many operation and technical constraints.

Integration and quantification for the regulation capacity of flexible resources are
regarded as effective means to take advantage of the flexibility of smart-building sys-
tems [4,14-18]. Several important investigations have been reported on the virtual battery
model [14], virtual synchronous machine model [15], flexible supply-and-demand bal-
ance model [16], and node power model [17] for the aggregation of flexible resources. A
generic and scalable approach considering zonotopic sets for flexible energy systems was
studied in [18] to describe their flexibility quantitatively. The authors use a constraint
space-superposition method based on Minkowski Sum to seek the maximal inner cube
constraints for the virtual synchronous machine of a heat pump cluster [19]. Moreover, the
authors in [20] developed a day-ahead optimal scheduling model based on the generalized
virtual battery model to determine the energy schedule and reserve capacity of electric
vehicles and air conditioning. Additionally, a flexibility assessment can represent the
abundance of flexible resources in a distribution network and has been comprehensively
investigated with the insufficient ramping resource expectation index [21], the network
flexibility index [22], the technical uncertain scenario flexibility index [23], and the technical—-
economic uncertainty scenario flexibility index [24]. A quantitative assessment method
for power system flexibility based on probabilistic optimal power flow was developed to
improve system flexibility and operating economy [21,22]. The authors in [23] studied a
new distribution system flexibility evaluation method based on cloud models to address
the difficulty in fully characterizing the flexibility status of a system. Furthermore, to
quantify the transmission capacity of power grids and effectively improve the flexibility of
power systems, an evaluation method of supply-and-demand balance considering flexible
carrying capacity was studied in [24]. However, the comprehensive effect of the indexes on
the flexibility state of the system is usually neglected in these studies.

Aggregation techniques, such as the k-order approximate model [25], the multi-time-
scale approximate model [26], the real-time aggregation flexibility feedback method [27],
and the Minkowski Sum [19] have been exploited to simplify the constraints of the ag-
gregation feasible domains and realize the flexibility of the system. The authors studied
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a virtual power plant aggregation and operation mechanism to effectively guarantee the
stability of the aggregation results [14]. An adaptive and robust optimization algorithm
was adopted to accurately quantify the maximum power support range of the heat grid
to the power grid [17]. After the aggregation of the flexible resources, the coordination
and optimization of the distribution network with cluster division based on the flexible
resources in the smart-building system can be achieved. Nevertheless, the potential active
and reactive power support capacitates from the clusters of building-integrated flexible
DER:s for distribution networks are not involved.

1.2. Contribution

In this paper, an active-reactive power collaborative scheduling model with clus-
ter division is proposed for the flexible DERs of smart-building systems to resolve the
high complexity of centralized optimal scheduling for massively dispersed DERs in the
distribution network. The detailed contributions of this paper are summarized as follows:

1. The customized virtual battery models are developed for building-integrated flexible
DERs to aggregate the power characteristics while quantifying the operation and
regulation capacity with the time-shifting energy state, the energy boundary, and the
power boundary. A constrained space-superposition method with Minkowski Sum is
exploited to derive the summation of the regulation capacity of building-integrated
flexible DERSs.

2. A cluster division algorithm considering the structural and functional cluster division
indexes for the building-integrated flexible DERs is proposed to automatically divide
the distribution network with a high proportion of renewable energy and flexible
DERs into the optimal clusters. The structural cluster division index refers to the
module degree index based on the electrical distance, which can ensure the close
electrical connection of the nodes within the clusters, and the functional cluster
division index represents the flexible balance contribution index, measuring the
matching degree between the distributed power consumption demands and the
supply of building-integrated flexible DERs.

3. An optimal active-reactive power collaborative scheduling model for the clusters of
building-integrated flexible DERs is formulated to minimize the operational cost, the
power-loss cost, and the penalty cost for flexibility deficiency, in which the second-
order cone-based branch flow method is exploited to decompose the nonlinearity and
nonconvexity of the power-flow equation and the nodal voltage magnitude constraint
into the linearized cone model by introducing the intermediate variable.

2. Flexible Regulation Capacity of Flexible DERs in a Smart-Building System
2.1. Smart-Building System

Figure 1 depicts the typical modality of a smart-building system among a highly
renewable-penetrated distribution network. The smart-building system is generally equipped
with cogeneration systems, distributed photovoltaics, electric vehicles, heat pumps, and
energy storage to satisfy the demand for electricity and the cold and heat load in the
building [5]. To fully utilize the space and time flexibility of building-integrated flexible
DERs, the establishment of a virtual battery model for flexible DERs is necessary, which
can quantify and integrate the flexibility and regulation capacity of these resources.



Buildings 2023, 13, 2854 40f21

Electricity / T .
(«-m -

T .

Ak J))

B

@

R\

BIPVs

G [

-------- » Information flow h;
Electric line ‘

Figure 1. Typical modalities of a smart-building system.

2.2. Battery Model of ES in a Smart-Building System

BIES can transfer the electricity generated by BIPVs to balance the energy of the
power system, improving the reliability of system operation and power supply quality. A
battery model of ES in a smart-building system (1), consisting of charge power constraints,
discharge power constraints, and energy state constraints, is developed to describe the
operating characteristic mathematically:

ES ES
ch,i,t,min — Pchz t = Pchz t,max (13)
PdlSltm1n—Pd1szt—Pdlsltmax (1b)
ES ES .~ pES
El tmin — Ei, —= Ez t,max (1C)
PES t
ES ES ES ES i,
v, = Eif + PIPAt = EF + (Uch T o )At (1d)
d1s

where PEhSl ,and Pgli ; 1 are the charging and discharging power of BIES connected at node

ES ES ES ES
i and time ¢; Pchztmln’ Pchztmax’ PdlSltl’nln’ and Pdlsltmax denote the lower and upper

bounds of the charging and discharging power of BIES; EES and PES are the operation
EES EES
i,t,;max i,t,mim
capacity of BIES; 175? and ﬂgiss are the charge and discharge efficiency coefficients of BIES,

and At is the time interval.
The flexible regulation capacity of ES in smart-building systems with energy time-shift

capacity and power regulation capacity can be expressed as

capacity and the actual power of BIES; and are the threshold of the operation

ES,sup,up _ ES
F; it =P 1,t,max

— P (2a)

ESsup,dn __ ES ES
Fi,t - P' Pl t,min

(2b)
where F;; ESSUPIP and FES SUPAN denote the upgraded flexible energy supply and the down-
graded ﬂex1ble energy supply of BIES connected at node i and time t, deriving from the

lower and upper bounds of the actual power PlEtSmm and PlEtSmaX of BIES.
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2.3. Virtual Battery (VB) Model in a Smart-Building System

The VB model can accurately describe the operation and regulation characteristics of
flexible DERs by constraining energy state, energy boundary, and power boundary, which
can be expressed as

G G G
Pi,t,min < Pi,t < Pi,t,max (33)

G G G
Ei,t,min < Ei,t < Ei,t,max (3b)

G G G G

Bty = Ei} + PiAt + AR} (3c)
where P§ and EJ, are the regulation power and the flexibility reserve energy of flexible
DERs in a smart-building system connected at node i and time £; Pﬁ min’ PZ.Gt max’ EiGt min
and EiGt max denote the lower and upper bounds of the regulation power and the flexibility

reserve energy; (3c) represents the state of the flexibility reserve energy for the flexible
DERs, and AEY, is the effect of other factors on the electric energy of the VB model.

2.4. VB Model of EV in a Smart-Building System

In general, the power battery of BIEV can achieve power interaction with the grid
through flexibly switching between charging, placing, and discharging states. The grid-
connected operation status of BIEV is illustrated in Figure 2, where BIEV with an initial
operating capacity of EF}S are connected to the grid with the maximum charge and discharge

EV EV
power of P ch,i,t,max P dis,i,t,max

EFtV when off the grid at time #;.

and at time #(, reaching the expected operating capacity of

Discharging state
Charging state Places state

¥

Time 1

Figure 2. VB model and the grid-connected operation status of BIEV.

Thus, the virtual battery model of BIEV can be formulated as follows:

EV EV EV

P ch,i,t,min < ch,i,t <P ch,i,t,max (43)
EV EV EV

Pisitmin < Pais,it < Pdis,it,max (4b)
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EV _ pEV EV EV | pEV
Ei,to - Pdis,i,t,max(t - tO) < Ei,t < Ei,to + Pch,i,t,max(t - tO) (4C)
PEY
EV _ pEV | pEVA, _ pEV EV pEV is,i,t
Eippn =Ejf + Py At=E;; + (ﬂch Penit — —pv ) At (4d)
dis
where Pfh\,]i,t,min and Pgi\; i ¢ min are the minimum thresholds of the charging and discharging

power of BIEV connected at node i and time ¢; ng 4 PE;S/ I PlEtV , and EFtV denote the
charging power, discharging power, actual power, and operation capacity; 75" and 7Y
are the charge and discharge efficiency coefficients of BIEV. (4c) and (4d) represent the

boundary of operation capacity and the operation state.

Then, considering that the power boundary Pft\,/max and Pft\’lmin of BIEV are affected by
the operation capacity, the upgraded flexible energy supply F; tv’sup "'P and the downgraded
flexible energy supply FlEtV’sup’dn of EV in a smart-building system can be expressed as

EV,sup,u EV EV EEtV - EEly
,Sup, . 1,t,max i
Fi,t PP — mln{pi,t,max - Pi,t ’ At } (Sa)
EV,sup.d ESY — Efpmi
,sup,dn . , A,
Fyp WP = min{ PR — P P, = ) (5b)

2.5. VB Model of TCL in a Smart-Building System

The equivalent thermal parameter model is adopted to describe the thermal dynamics
characteristics of TCL, which equates the internal environment, external environment, and
heating (cooling) capacity to circuit devices to analyze the dynamic change relationship of
the indoor temperature and power [28,29]. As illustrated in Figure 3, the heating capacity
Q}, ; of the temperature control load can be defined as the sum of the heat absorbed by the
room le,t and the air convection heat Q?’, I

TCL
+ Theat,i t

TCL
<+— ;
Tout,l t

Figure 3. VB model principle of TCL in a smart-building system.

(1d) shows that the energy of the BIES is equal to the superposition of the energy in
the past state, the storage energy, and the release energy in the current state. Similarly, the
indoor temperature TESI; of the TCL is equal to the summation of the indoor temperature
in the past state, warming, and cooling in the current state. When ambient temperature
TguCth ; is higher than indoor temperature, the temperature of the heating equipment ngt“ it
and the ambient temperature together transfers the heat quantity from high temperature
to low temperature, increasing indoor temperature and the energy of the VB model. On

the contrary, when the indoor temperature is higher in the summer, the cooling capacity of
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TCL works to reduce the indoor temperature, which is equivalent to the decrease in the
energy of the VB model, as follows:

1 _ 2 3
Qﬁ't _ Qi’t }'_cg i TCL TCL
Qi,t = A117 (Theat,i,t - Tin,i,t)

12,t — pCV(TTCL o TTCL)

3 Wall/Aer L (6a)
_ a
Qi,t - AZ’lZCL (Tin,i,t - Tout,i,t)
yCOP — Pt
Qi
TCL TCL TCL
Pi,t,min S Pz',t S Pi,t,max (6b)
Tbase —0 S TEI(?_E S Tbase + i (6C)
Wall Wall TCL
1 = A e A e | i (6d)
in,it+1 in,i,t pCV out,i,t pCVi’]COP

ocV

where A; and A; are the heat-dissipation area of BITC connected at node i and time ¢
and the wall; #TCL, yWall and 4COF denote the heating efficiency, wall surface thermal
radiation rate, and energy conversion efficiency; p, ¢, and V are the indoor air density, air
heat capacity, and room volume. (6b) and (6¢) represent the boundary of actual power and
indoor temperature, where T??¢ and ¢ are the indoor temperature baseline and the dead

zone value, respectively.

The upgraded flexible energy supply FiTtCL’Sup’up and the downgraded flexible energy
supply FZ.TtCL’Sup’dn of TCL in smart-building systems can be expressed as
TCL,sup,u TCL TCL
Fi,t PAP = Pi,t,max - Pit (7a)
TCL,sup,dn TCL TCL
E P =PI — Pl (7b)

3. Active-Reactive Power Collaborative Optimization Scheduling of a Distribution
Network Cluster with the Aggregation of Flexible DERs in a Smart-Building System

3.1. Cluster Division Index of Building-Integrated Flexible DERs

Structural and functional cluster division indexes of building-integrated flexible DERs
are designed for a distribution network with a high penetration of renewable energy to
achieve independent autonomy within clusters and coordinated interaction among clusters.
To ensure the close electrical connection of nodes within the clusters, the module degree
index based on electrical distance is adopted to describe the connection strength of nodes
in the structure [8]. The functional index refers to the flexible balance contribution index,
which can evaluate the regulation capacity of building-integrated flexible DERs to ensure
the power balance under a high penetration rate of distributed energy access.

3.1.1. Module Degree Index

Generally, electrical distance L;; is exploited to measure the tightness of electrical
coupling between nodes in the distribution network based on the sensitivity relationship
of node power variation and node voltage [8], and thus the module degree index ¢ for the
cluster division structure strength of complex networks is formulated as follows:

1 o .
¢= %ZZ;JZ (VZJ 2m>5(1/]) (8a)
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pij=1- mex
m= L1 pij (8b)
r]
ri = L Hij
1
2 2 2
L= \/(dil —djn)"+ (dip —djp)” + o + (din — dj) (8¢)
dij = (SF = SF) + (S5 —57) (8d)
AU = SPAP + SCAQ (8e)

where pi;;, m, and r; denote the edge weight connecting node i and j, the sum of the edge
weight in the network, and the edge weight connecting node i; 6(i, ), a 0-1 variable, equals
1if Node 1 and Node 2 are in the same cluster. Since there is a coupling relationship between
the two nodes and the surrounding nodes, Ll-]- can be formulated with the combined effect
d;; of the power change in node i and j as shown in (8c) and (8d); L;j max is the maximum
threshold of electrical distance; (8e) indicates the sensitivity relationship between node
voltage and node-injected power; AU, AP, and AQ are the variation of voltage amplitude,
active power, and reactive power; S” and S€ are the sensitivity matrix of voltage-active
power and voltage-reactive power.

3.1.2. Flexible Balance Contribution Index

The regulation capacity of building-integrated flexible DERs refers to the flexible
energy supply capacity required to satisfy the flexible demands of net load in smart-
building systems, which can be divided into upgraded flexible energy supply capacity and
downgraded flexible energy supply capacity. The flexible balance contribution index ¢ can
measure the matching degree between distributed power consumption demands and the
supply of the building-integrated flexible DERs by calculating the equilibrium proportion
of flexible DERs bearing node flexibility demands at a certain moment as follows:

2 ,XG P Z {XG dn 9a)
G,up F’i,sup,up
it ~ pdem
G Sltlp dn Ge {ES, EV, TCL} (9b)
Gdn _ Fy
ai,t —  pdem
it
Flg,item — Pl]jtoad o PzI,)tV (9C)
where oc P and ocG dn Jenote the upgraded and downgraded flexible balance contribution

degree. (9c) represents the flexible demands of net load in smart-building systems, deriving
from the difference between load demands PLoad and BIPV generation.

Then, the cluster division index 7 of bulldmg integrated flexible DERs considering
the module degree index and the flexible balance contribution index with different weights
aq and 4, can be calculated from Formulas (8a) and (9a),

Yy=mC+ ¢ (10)

The critical procedures of the cluster division process of building-integrated flexible
DERs are summarized as follows:
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1.  Each node in the distribution network is regarded as a separate cluster initially to
calculate the cluster division index <y of building-integrated flexible DERs based on
Formula (10);

2. Node j is randomly selected from the remaining nodes to merge with node i, forming a
new cluster k(i, j), and then the variation of the cluster division index Ay= v’ — 7 can
be derived from the division index of cluster k(i, j). When A<y reaches the maximum
positive value, the two nodes can be divided into the same cluster;

3. The new cluster k(i, j) will be regarded as a new node to repeat the second procedure.
The division procedures will continue until the nodes in the network cannot merge
and the cluster division index -y of building-integrated flexible DERs reaches the
maximum.

3.2. Active-Reactive Power Collaborative Optimization Scheduling within Clusters
3.2.1. Optimization Objective

The active-reactive power collaborative optimization scheduling within clusters can
be formulated as a multi-object optimization model based on the flexibility of building-
integrated flexible DERs, while the uncertainties in PV outputs, ES performance, EV parking
behaviors, TCL heating/cooling behaviors, and SVC regulation capacity are considered and
represented by various stochastic scenarios based on historical data in [3,30,31]. Specifically,
each cluster k aims to minimize operational cost f}, power-loss cost fZ, and penalty cost
for flexibility deficiency flf’, as shown in (11a), (12), and (13a). fkl is composed of the
maintenance cost C,I:Vt of BIPVs due to the renewable generation curtailment, the lifetime
Kits iits Of BIEVs and BITCs stemmed

from power regulation and the operation cost CSVC of static var compensator (SVC) under

degradation cost CFS, _of BIESs, the compensation cost CS-

scenario s. fk can be derived from the power—ﬂow calculation during the scheduling
circulation, where Uy ; s, G,it,s, Bi,it,s, and d jjs represent the nodal voltage magnitudes,
the conductance, the susceptance, and the phase angle of line ij at time ¢ within cluster k
under scenario s; )\L"SS is the compensation price of the network loss. The penalty cost fk

for the flexibility def1c1ency is introduced when the flexibility supply cannot satisfy the

load demands within the clusters, including upgraded flexibility deficiency F ;. defiuP and

Fdeﬁ dn

fois under scenario s, as follows:

downgraded flexibility deficiency

Ns N
ZZZnS.< Z Chits + Z Cionts T Z Cois + 2 C,EXES)\ﬁ,Vk,vs (11a)

tel's=1 icQPv icQES iceQCL icQsve
Cklts )L kzts /\ ( lfzvtos Aszt‘s) (11b)

Ckzts /\ kzts (11¢)

Chtys = MY | PEY, | + ATSH PG (11d)

CRYs, = A8YC| Qi (11e)

) 2
227@ iy Gk,ij,s( (Uiigs)” + (uk'f't's) ) Vi, Vk,Vs  (12)

teT s= (i,j)ENg —2Up it sUg j 1,5 COS S jj s
£=Y Z o (MRS (B + Fgiam) ) vi, Wk, Vs (13a)

tel s=
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G,sup,up d up
) F’ —F¥™MIAF S, <0
defiup up Z ‘ k,its ki t,s kits —
Fors = L ARy = <N - (13b)
FeNk 0 AR =0
G,sup,dn dem dn
. v | — Fdem | Apdn <
defi,dn __ dn __ . k,its ki t,s kits —
Fere ™= ) AR =4 il . (13¢)
ieN 0 AR >

ki ts

where OV, QES, QCL, and O°VC are the node sets of BIPV, BIES, BIEV, BITC, and SVC; N
and K indicate the k-th distributed resource cluster and the total number of divided clusters;
N is the number of scenarios for stochastic optimization; 7t; is the probability of scenario s,
and the sum of probabilities for all scenarios is equal to 1. Due to the uncertainties in the
balancing market prices, the unit operation prices Afv, AES, AEV, AECL, and )\%VC of BIPV,
BIES, BIEV, BITC, and SVC connected at node i and time ¢ within cluster k are also uncertain
and can be represented by stochastic scenarios with associated occurrence probabilities;
P]E th o P,E 1\',785’ and AP]E ths denote the actual generation, predicted generation, and generation
curtailment of BIPV. Because of the frequent charging—discharging behaviors of building-
integrated flexible DERs, the aging of these resources is inevitable where PE;S bsr PEYt s and
pIcL represent the actual power of BIES, BIEV, and BITC; Qg‘{fs is the reactive power
odfp;ut of SVC. (13b) and (13c) indicate the upgraded and downgfé&ed flexibility deficiency
deriving from the flexibility margin AF; F ;s and AF,Sf/‘t, , of the negative value, and )\,‘i‘;ﬁ is
the penalty factor for flexibility deficiency.

Considering operational cost, power-loss cost, and penalty cost for flexibility deficiency
comprehensively, the multi-objective function with different weights A1, A, and A3 can be
represented as

minfy = Ay fl + AofE + Asfy (14)

3.2.2. Operation Constraints

The Newton-Raphson method is adopted to describe power flows within the clusters,
as shown in (15a). Constraint (15b) represents the active and reactive power balance at
each bus, and constraint (15c) imposes the upper and lower limits on the nodal voltage
magnitudes, Uy ; t max and Uy ; ¢ min-

APpits — uk,i,t,s( )Z Ukjts (Gk,ij,s €08 8 jj s + By ijs SIn 5k,ij,s> =0
1,j) €Ny

AQkits — uk,i,t,s( )Z Ug,jt,s (Gk,ij,s sin 8y jjs — By ij,s COS 5k,z‘j,s) =0
i,j €Nk

(15a)

k,its kits — Tkits kits ki ts (l5b)

APk,i/t/s = PPV + PES PEV _ PTCL o PLoad
_ NPV ES S/
AQk,i,t,S = Qk,i,t,s + Qk,i,t,s + Qk,i,t,s

Ukitmin < Ugkits < Ukt max (15¢)

The power output curtailment of BIPV is supposed to be lower than the specified
maximum thresholds of active and reactive power, AP,E Xt,max and AQE}{t,max. Moreover, the
sufficient power factor cosfl; under scenario s for the operation of a photovoltaic inverter is
needed to limit the reactive power circulation, where the amount of reactive power injected

or absorbed is constrained by the bounds in (16a) and (16b),

(%) + (@) < (sh4.)’ (162)

A\

o8 GS\/(P ’EXLJZ + (QE{t,s)z < P (16b)
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0<APk1ts<Asztmax (16C)

0< AQEYﬁs < Aletmax (16d)

Also, the states of reactive power of SVC should be constrained within their lower and
upper bounds Q3YE . and QPVC as follows:

k,i,t,min k,i,t,max’
SVC SVC SVC
katmm — ka t,s < Qk ,1,1,max (17)

In addition, the sum of the regulation capacity of building-integrated flexible DERs
based on the constrained space-superposition method with Minkowski Sum & can be
expressed as Formula (18a), and the state of the total sum of the regulation capacity P]f ltesx
under scenario s should always be limited within the allowable lower and upper bounds

PFlex and PFlex

k,t,min k,t,max’
Flex __ TCL TCL
Pkts kts@ kts kts Z klts Z kzts Z ki t,s (18a)
1eNk ZENk leNk
Flex Flex Flex
Pktmmgpkts <Pktmax (18b)
Flex _ ES EV TCL
pk,t,max_,Z Pztmax Z Pztmax—i_,Z Pltmax
ieEN, ieEN, iEN, (18C)
Flex __ ES EV TCL
Pk,t,min_,z Pztm1n+,2 Pztmln+,z Pztmm
i€Ng i€EN] i€EN]

3.2.3. Solution Methodology

Due to the nonlinearity and nonconvexity of the power-flow equations increasing the
heavy computation burden of the optimization model, the second-order cone-based branch
flow method is exploited to decompose this challenging problem into the linearized cone
model by introducing intermediate variable Xj ;;, Yy s, and Z ;; ; under scenario s and
rotary cone constraint, as shown in (19).

Xiits = Ukis)? (19a)

Yiits = UpitsUkjts €OS 8 jijs (19b)
Zyits = Ui sUgjt,s SIN S jj s (19¢)
XiitsXijts = Yeins)” + (Ziigs)? (19d)

Then, the power-loss cost function (12a), the power-flow Equation (15a), and the nodal
voltage magnitudes constraint (15c) can be reformulated as follows:

=) Z s | AR Y Grjs (Xk,i,t,s + Xkjts — ZYk,i,t,s) Vi, Vk, Vs (20)
tel s= (i,j) €Nk
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n
APyits — | GriisXkits + L (Gk,ij,sYk,i,t,s + Bk,ij,sZk,i,t,s> =0
(i,]) € Nk
i £ 1
j# 1)
n
AQuits — | —BriisXkits — L (Bk,ij,sYk,i,t,s - Gk,ij,sZk,z',t,s> =0
(i,]) € N
j#1
2 2
(uk,i,t,min) < Xk,i,t,s < (uk,i,t,max) (22)

When solving the mixed-integer second-order cone programming, a polyhedral ap-
proximate description of the second-order cone relaxation is exploited to describe formula
(19d), and the original problem with a non-convex feasible domain is relaxed into a con-
vex second-order cone-feasible domain using second-order cone relaxation, which can be
solved quickly and effectively using a common solver, as follows:

Xiips Xijis < Yiins) + (Ziins) (23a)

\/ (Yeins) + (Zeins) + (Xklts;Xk]ts)z < M (23b)
\/ (Yeits) + (Ziits)” < Wit (23¢)

¢ (wWiips)” + (W)Z < W (23d)

As depicted in Figure 4, assuming that all feasible solutions of the non-convex feasible
domain are on the second-order cone plane, the feasible domain is enlarged to convex
cones after relaxation. Therefore, the solution within both the convex second-order cone
and the original feasible domain is the optimal solution to the original problem.

)

Relaxation domain

Second-order cone

g

relaxation

Optimal solution

Original feasible
domain

//‘!’/

Figure 4. Principle of second-order cone relaxation.

In conclusion, the flowchart of the active-reactive power collaborative scheduling
model with cluster division is shown in Figure 5.
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Structural cluster division

v ¥
[ Customized VB model of ES, EV, TCL in the Functional cluster division

smart building system index index
I
v v ) l
Energy Power . Flexible balance contribution
[ Energy state [ boundary ‘ [ boundary ‘ Module degree index index
[ l | [ |
Flexible regulation capacity of building-integrated Cluster division algorithm for building-integrated
flexible DERs flexible DERs

[ ]

Optimal active-reactive power collaborative scheduling for the clusters of the building-
integrated flexible DERs

[ Optimization objective {
)\
) v

[ Minimize the operational cost [ Minimize power loss
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[ I
v
[ Operation constraints ‘
[

Minimize penalty cost of
flexibility deficiency
|

!

[ Power flow equations

Power output constraints of Reactive power constraints
BIPV of SVC

[ [ [
i

[ Second-order cone-based branch flow method {

Flexible regulation capacity
constraints

Outperformances of the proposed optimization scheduling in economic merits,
network loss and voltage regulation

End

Figure 5. Flowchart of the proposed method.

4. Discussion
4.1. System Data

The proposed active-reactive power collaborative optimization scheduling model
with cluster division is tested on a modified IEEE 33-bus distribution system, as depicted
in Figure 6.

Figure 6. Modified IEEE 33-bus distribution system with building-integrated flexible DERs.

The installed capacities of BIPVs in nodes 1, 6, 13, 17, 18, 24, and 29 are set as 0.5 MW,
1.0 MW, 0.2 MW, 1.5 MW, 0.8 MW, 1.2 MW, and 0.4 MW to simulate the diverse PV endow-
ments. The predicted energy outputs of BIPVs derived from the actual values in [6,30,31],
as well as the estimated 24 h loads from [32,33], are utilized to generate possible scenarios.
The random operation scenario is exploited to represent the uncertainty of PV output, ES
performance, EV behavior, and TCL heating/cooling behaviors [34]. The initial random
scenario tree has 5000 scenarios, and a scenario-reduction method is applied to decrease
the number of scenarios to 50 to maintain the uncertainty approximation of the system
while accelerating the calculation speed of the stochastic model. The prediction errors of
BIPV generation and node load follow Gaussian distributions with zero means and a 10%
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standard deviation of the prediction values [31,32,35]. The detailed technical specifications
of the building-integrated equipment and the distribution network are summarized in
Table 1 [3,4,35].

Table 1. Technical specifications of building-integrated equipment and distribution network.

BIES PC]}jl;i,f,maX =300 kW PEES% irmax = 300 kKW qgls =095
EEP o =1200kWh  EE> o =200 kWh nis =095
BIEV P max = 400kW PRV =400 kW nkY =095
EfY =800 kWh niy =095
BITCL Ay =816m? Ay =35m? pcV =125Kk]/°C
nTt =0.80 pWall =0.85 ncOr =095
Unit prices APV =12USD/KW  AES =05USD/KkW  AfY = 0.8 USD/kW

AJCE =08USD/KW  ALoS =1.1USD/kW  Adefi = 0.9 USD/kW

The appropriate weights for the cluster division index of building-integrated DERs
and the multi-object function are set as 0.41, 0.29, 0.63, 0.48, and 0.25 after many simulation
tests. The optimization scheduling of the distribution network with cluster division for
flexible DERs integrated into a smart-building system is implemented on an hourly basis
over a 24 h horizon and solved by the CPLEX Optimizer on the MATLAB platform.

4.2. Simulation Results of the Random Scenarios

For the uncertainty problem in the active-reactive power collaborative optimization
scheduling within clusters, multiple possible scenarios are derived from the basis values
of forecasting results. Based on the sampling of forecasting errors on PV output, ES
performance, EV behaviors, TCL heating/cooling behaviors, and electric load, a set of
scenarios can be formed through Monte Carlo simulations. Taking the PV output at
node 24 as an example, it can be found from Figure 7a that the initial random scenario is
densely distributed around the predicted values. After the removal of similar scenarios
by the scenario-reduction method, the scenarios retaining essential properties of the initial
scenarios can be depicted in Figure 7b.

1000 ‘ ‘ ‘ ‘ —
800
S 600

x

=

PV output

400

200
@)

0
800
600

400

PV output
(kw)

200

~ (b)

. L L L N S E A

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hour)

Figure 7. Scenario generation and reduction results of PV outputs at node 24: (a) initial scenarios;
(b) reduced scenarios.
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Division index

4.3. Comparative Results and Analysis

Three comparative schemes are performed for in-depth analysis of the effectiveness of
the proposed methodology.

1. Scheme 1 performs the proposed optimization scheduling of the distribution network
with cluster division for flexible DERs integrated into smart-building systems in
Section 3.

2. Scheme 2 adopts the centralized optimization scheduling of the distribution network
without considering the cluster division.

3. Scheme 3 is the initial distribution network before the optimization scheduling.

4.3.1. Cluster Division of Building-Integrated Flexible DERs

Considering the differences in node-voltage amplitude, power injection, and load
demands at different times, the detailed data of each node at noon is exploited for cluster
division. Figure 8 depicts the function curves for the cluster division index of building-
integrated DERs corresponding to the number of different clusters. It can be found that
the index function achieves the maximum value ¢y = 0.92 when the number of clusters is
divided into 6. Therefore, the result of the optimal cluster division at K = 6 is shown in
Figure 9.

1 1 1 | | 1 1

p—
N -
W
_b;
[
o =
< -
o
O -

1011 121314151617 18 1920 21 22 23 24 25

Cluster number

Figure 8. Building-integrated resource cluster division index function curves.

Figure 9. Optimal cluster division result for the distribution network with building-integrated
flexible DERs.
4.3.2. Flexible Regulation Capacity Results of Building-Integrated Flexible DERs

Figure 10 illustrates the flexible regulation capacity of building-integrated flexible
DERs based on the flexibility constraint space superimposed by Minkowski Sum. It can be
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Power (kW)

Power (kW)

Power (kW)

observed from Figure 10 that the self-consistent rate is allowed to reflect the contribution of
different flexibility resources to the flexibility balance of the power grid. For instance, the
flexibility power region of building-integrated flexible DERs in Cluster 2 is larger than that
of Cluster 1. In addition, the sum of the total amount of BIPV generation and the regulation
capacity of building-integrated flexible DERSs can satisfy the total load demands within
Cluster 2, indicating that Cluster 2 achieves complete self-consistency of active power.
On the contrary, the total load demands within Cluster 1 are greater than the sum of the
total amount of BIPV generation and the regulation capacity of building-integrated flexible
DERs at time t = 4 and t = 20, thus giving rise to flexibility power deficiency.

1000 T ; T 500 :
Cluster 1 Wl Flcxibility power Cluster 4
800 Load demands || 400 ¥ lexibility power
Load demands
600 - E 300
)
400 - g 200
o
200 f 100
0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hour) Time (hour)
2500 i T 500 T
Cluster 2 WlFicxibility power Cluster 5
2000 - BlLoad demands || 400 | | mFlexibility power
Load demands
1500 ¢ § 300
1000 - £ 200
o
500 100
0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hour) Time (hour)
‘ 1500 : ‘ .
1000} Cluster 3 Wl Fexibility power | Cluster 6
L oad demands [l lexibility power
800 - §1000 r | IlLoad demands
4
600 - =
g
400 - a 500+
200
0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (hour) Time (hour)

Figure 10. Flexible regulation capacity of the clusters of the building-integrated flexible DERs.

4.3.3. Optimization Scheduling Results with Schemes 1-3

The power-loss and the node-voltage amplitude with Schemes 1-3 are illustrated in
Figure 11, where the node-voltage at noon is selected for analysis since the generation of
BIPVs reaches the peak at that time.

It can be found that the optimized system power loss with Scheme 1 is lower than
that with Scheme 2 due to the comprehensive scheduling of the BIPV generation and
the regulation capacity of building-integrated flexible DERs within clusters. In addition,
the voltage-regulation effect of the centralized active power-reactive power cooperative
optimization of the distribution network is unsatisfactory, maintaining the node voltage
over the limit. However, since building-integrated flexible DERs are involved in the cluster
power regulation, the node-voltage amplitude with Scheme 1 is within the specified range.
Table 2 summarizes the statistical data of comparative economic performance results with
Schemes 1 and 2, including the total cost, the operational cost, the power-loss cost, and the
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flexibility deficiency cost. Compared to Scheme 2, Scheme 1, considering the flexibility of
building-integrated flexible DERs, can better estimate the flexibility regulation capacity,
and thus, the operational cost and flexibility deficiency cost can be reduced by 11.69% and
9.21%, respectively. Consequently, Scheme 1 outperforms Schemes 2 and 3 on the economic
merits and voltage regulation.

200 —
150

100

Power (kW)

50

2 4 Sc“eme

T T T T 1T T T T T T T T T 1 3

0 2 4 6 810 12 14 16 18 20 22 24 26 28 30 32 | éc“eme
Nodes

(b)

Figure 11. Comparative results with Schemes 1-3. (a) The 24 h network loss; (b) The node voltage
at noon.

Table 2. Comparative economic performance results.

Operation Cost Network Loss Cost F.l e.x1b111ty
Scheme (USD) (USD) Deficiency Cost
(USD)
1 5697.8 3089.6 2608.2
2 6027.1 3254.3 2872.8
3 6452.6 3438.1 3014.5

5. Conclusions

In this paper, an optimal active-reactive power collaborative scheduling model for
building flexible DER clusters is proposed to resolve the uncertainties from the renewable
energy in the distribution network. The key findings of this study are as follows: (1) The
developed cluster division algorithm considering structural and functional indexes can
achieve independent autonomy within clusters and coordinated interaction among clusters,
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Nomenclature

contributing to decreasing the whole network loss; (2) Since the customized virtual battery
models integrate and quantify the regulation capacity of flexible resources, the flexibility
deficiency cost can be reduced by 9.21%; (3) The developed optimal active-reactive power
collaborative scheduling model can achieve a better performance in economic merits and
voltage regulation than the centralized optimization scheduling of a distribution network
without considering the cluster division, whose operational cost can be decreased by 11.69%.
In this article, the building-integrated flexible DERs, including BIES, BIEV, and BITC, were
acknowledged as the resources on the demand side. Further research will focus on the
collaborative flexibility regulation capacity of building-integrated flexible DERs on the
supply side and demand side.
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Sets, Indices, and Function

G

QPV QES
QCL QSVC

f
f

1
Qi

2
Qi

3
Qi

Set of flexible resources

Index of nodes

Index (set) of clusters
Index (set) of time slots
Index (set) of scenarios

The node sets of BIPV, BIES, BIEV,
BITC, and SVC

Operational cost of the kth cluster

Power-loss cost of the kth cluster

Penalty cost for flexibility deficiency of the
kth cluster

Heating capacity of the temperature control
load

Heat absorbed by the room

Air convection heat

The module degree index

Flexible balance contribution index
Building-integrated flexible resource cluster
division index

Variables
ES
ch,it’
ES
dis,i,t

ES
Ei,t

ES
Ei,t+1

it+1

AES

it

Allowable lower and upper bounds of the regula-
tion capacity

Lower and upper bounds of the reactive power of
SvC

Specified maximum thresholds of the active and re-
active power connected at node i and time ¢ within
cluster k

Charging and discharging power of BIES
connected at node i and time ¢

Operation capacity of BIES connected at node i and
timee ¢

Operation state of BIES connected at node i

and time ¢

Actual power of BIES

Regulation power of the flexible resources con-
nected at node i and time ¢

Flexibility reserve energy of the flexible resources
connected at node i and time ¢

State of the flexibility reserve energy of the flexible
resources connected at node i and time ¢

Effect of other factors on the electric energy of the
VB model
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ES
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TCL
ks’ /\k,s 4

ch,i,t,min”
ES
ch,i,t,max
ES
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ES
dis,i,t,max
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it max’ ~if,mim
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EV
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EV

p ch,i,t,max

EV
dis,i,t,min’
EV
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EV
i,to

PEY

EV
1,t,min’ P;

i,t,max

TCL
out,i,t
TCL

heat,i,t
pICL

i,t,min’

TCL
i,t,max

Upgraded flexible energy supply and down-
graded flexible energy supply of the flexible
resources connected at node i and time ¢

BIEV grid connection time

Off-grid time of BIEV

Interval length of time slot

Charge and discharge efficiency of BIEV

Heat-dissipation area of BITC and the wall

Heating efficiency, wall surface thermal ra-
diation rate, and energy conversion effi-
ciency

Indoor air density

Air heat capacity

Room volume

Temperature baseline

Compensation price of network loss of the
kth cluster

Penalty factor for the flexibility deficiency
of the kth cluster

Unit operation prices of BIPV, BIES, BIEV,
BITC, and SVC of the kth cluster

Lower and upper bounds of the charging
power of BIES

Lower and upper bounds of the discharging
power of BIES

Threshold of the operation capacity of BIES
Lower and upper bounds of the actual
power of BIES

Lower and upper bounds of the regulation
power

Lower and upper bounds of flexibility re-
serve energy

Minimum and maximum charging power
of BIEV

Minimum and maximum discharging
power of BIEV

Initial operating capacity of BIEV at time ¢
Lower and upper bounds of the actual
power of BIEV

Ambient temperature

Temperature of the heating equipment
Lower and upper bounds of the actual
power of BITC

ES,sup,up
F it ’
ES,sup,dn
Fi,t
EV EV
ch,i,t’ Pdis,i,t

EV
Pi,t

EV

Ei,t

EV
Ei,t+1
EV,sup,
F,‘t sup up,
FiEtV,Sup,dn

TCL
in,i,t

TCL
in,i,t+1

TCl
Pi,t

AU

AP

AQ

Upgraded flexible energy supply and downgraded
flexible energy supply of BIES connected at node i
and time ¢

Charging and discharging power of BIEV con-
nected at node i and time ¢

Actual power of BIEV connected at node i and
time ¢

Operation capacity of BIEV connected at node i and
time ¢

Operation state of BIEV connected at node i and
time ¢

Upgraded flexible energy supply and downgraded
flexible energy supply of BIEV connected at node i
and time ¢

Indoor temperature at time ¢

Indoor temperature at time ¢+ 1
Actual power of BITC connected at node i and

time t

The variation of the voltage amplitude

The variation of active power

The variation of reactive power

Combined effect of the power change at node j on
node i

Electrical distance between node i and node j

The edge weight connecting node i and j

Edge weight connecting node i

Upgraded and downgraded flexible balance contri-
bution degree connected at node 7 and time ¢
Flexible demands of net load in the smart-building
system connected at node i and time ¢

Load demands connected at node i and time ¢
BIPV generation connected at node i and time ¢

Maintenance cost of BIPVs

Maintenance cost of BIESs
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log Dead zone value CkC/iL/t s Compensation cost of BIEVs and BITCs
sP, sQ The sensitivity matrix of voltage-active EYFS Operation cost of static var compensator (SVC)
power and voltage-reactive power v
Lijmax Maximum threshold of the electrical dis- U - The nodal voltage magnitudes connected at node i
tance kiks and time t within cluster k under scenario s
o(i, f) A 0-1 variable equals 1 if Node 1 and Node
2 are in the same cluster
ay, ap The module degree index and the flexible ~ Gy s, Byjjs, Conductance, susceptance, and phase angle of line
balance contribution index, respectively ‘5k,ij,s ij within cluster k under scenario s
N The kth distributed resource cluster F,S f/fsl’uP, dejfsi’dn Upgraded flexibility deficiency and downgraded
flexibility deficiency at time ¢ with cluster k under
scenario s
Ns Total number of scenarios P}EEt, o PIE};,S, Actual power of BIES, BIEV, BITC, load demands
kTiCth' I};)?csi connected at node i and time ¢ within cluster k un-
o m der scenario s
A1, Az, As Weighting factor Q%th » QE? bsr Reactive power output of SVC, BIES, and BIEV con-
QE,\iJ,t,S nected at node i and time t within cluster k under
scenario s
Uy i t max Upper and lower limits on the nodal voltage AF; ?t o AF,S]?}L . Flexibility margin of the negative value connected
Uk i t min magnitudes at node i and time ¢ within cluster k under
scenario s
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