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Abstract—This paper develops a hierarchical control frame-
work to aggregate and to manage behind-the-meter distributed
energy resources (DERs), which will be ubiquitous in future
distribution systems. In the proposed framework, firstly, each
controller in the hierarchy determines the flexibility of the DERs
such that the obtained flexibility is feasible with respect to its
operational purview. For example, the operational purview of a
home energy management system may only consider consumer
comfort preferences, while that for an aggregator or a grid
controller may consider network voltage management as well.
Based on the feasible flexibility, optimal setpoints for the DERs
is then determined by the hierarchical controllers to help the
distribution power network in voltage regulation, coordination
issues with existing transmission-level conventional generators,
etc. Therefore, the proposed strategy, which is based on model-
predictive control, can be effectively utilized by the distribution
network to coordinate several DERs to provide grid regulation
services. Numerical simulations performed on the IEEE 37-bus
test system demonstrate the efficacy of the proposed approach.

Keywords—Flexibility, hierarchical control, model-predictive,
distributed energy resource, behind-the-meter.

I. INTRODUCTION

The power system landscape is presently undergoing a
dramatic change with the rapid integration of numerous
distributed energy resources (DERs), mainly in medium- to
low-voltage distribution networks. The increased adoption of
distribution-level DERs will strain the distribution systems in
terms of increased difficulty in network voltage regulation,
increased power losses, and coordination issues with existing
transmission-level  conventional generators [1]. But
distribution systems will also be able to provide a certain level
of dispatchability or flexibility in their (re)active power in
conjunction with DERs, such as electric water heaters
(EWHs) and energy storage systems (ESSs). This will ensure
that distribution systems will be able to participate in grid
regulation services by aggregating several DERs, thereby
providing cost savings to the DER owners[2]-[3].

Several researchers have focused on controlling
distribution system DERs by considering their aggregated
flexibility. Flexibility can be characterized in terms of the set
of all the power trajectories that a DER can have, and the
strategies developed to obtain flexibility can be divided into
three main categories—power nodes [4]—[5], generalized
batteries [6]—[7], and resource polytopes [8]—[10]. The
flexibility thus obtained of each DER can then be aggregated
to obtain the net flexibility of the distribution system. Most
studies, however, do not consider the constraints of the
distribution power network itself when -calculating the
aggregated distribution system flexibility. Thus, the optimal
solution obtained for DER setpoints considering DER
flexibility might not be feasible with respect to the distribution
power system.

Therefore, in this paper, we first identify the flexibility of
each DER considering behind-the-meter DER owners’
(customers”) comfort requirements based on model-predictive
control. This flexibility information is then sent to an
Aggregator, which aggregates the information sent by the
DER owners and identifies the net flexibility information for
the distribution network under its purview while considering
unbalanced power flow solution and network voltage
constraints. This enables small-scale DERs to participate in
grid services and gain economic benefits. The main
contributions of this paper are as follows:

1) A model-predictive strategy is proposed to determine
the flexibility as well as the preferred setpoints of the DERs
based on a convex optimization model.

2) An aggregation and a disaggregation strategy are
proposed considering the unbalanced power flows in
distribution systems and their network constraints.

The rest of this paper is organized as follows. Section II
presents the envisioned information and control flow; sections
III and IV present models for the home energy management
system (HEMS) and the Aggregator, respectively; section V
presents simulation results; and section VI concludes.

II. INFORMATION AND CONTROL FLOW

Fig. 1 depicts the envisioned architecture and it is
assumed that the distribution network is divided into several
communities, each of which is controlled by an Aggregator.
In this paper, we focus on developing the control strategy for
a single community, and this strategy can be easily extended
to multiple communities. Each community consists of
multiple smart homes, and each home is assumed to be
managed by a HEMS, which gathers information from and
controls the set-points of the DERs present in that home. The
HEMS of all the homes also share information with the
Aggregator, which determines suitable set-points for each
HEMS by considering the network power flow and its
constraints.

substation u
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Fig. 1. A general representation of the power system architecture.

The overall information and control flow for each time
step of a certain duration can be summarized as follows:
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Step 1: HEMS Optimization A: The HEMS for each
smart home takes information from the DERs and other
uncontrollable loads in the home. It then solves an
optimization problem to determine the feasible set of DER
powers such that they always satisfy the bounds of comfort
requirements set by the homeowner. This feasible set consists
of the feasible power bounds and the nominal power
corresponding to maximum cost efficiency. Such feasible
power bounds and the nominal power for each home are then
sent to the Aggregator.

Step 2: Aggregator Optimization A: The power bounds
and the nominal power received from each HEMS are fed to
an optimization framework in the Aggregator so that their
feasibility with respect to the power network as well can be
determined. The Aggregator solves this optimization
considering the power network constraints, the nominal
power sent by each HEMS, and the grid service requests, and
it outputs a feasible power bound at the point of common
coupling (PCC) along with a nominal PCC power to be sent
to the grid controller so that the aggregated DERs can
participate in the grid services market. Note that the grid
controller and how the grid services market is cleared are not
handled by this work.

Step 3: Aggregator Optimization B: Once the grid
controller clears the market, it sends power request signals to
the Aggregator to be maintained at the PCC. The Aggregator
then performs an economic disaggregation optimization such
that the grid power request signals are tracked closely in an
efficient manner, and it outputs the power setpoints for each
HEMS.

Step 4: HEMS Optimization B: Like the Aggregator
disaggregation algorithm, the HEMS of each smart home
performs a disaggregation optimization of the setpoints given
by Aggregator Optimization B, and it outputs the setpoints to
be implemented by each DER.

The proposed control strategy is based on the
development of convex optimization models for (i) a HEMS,
which manages various DERs in a smart home, and (ii) an
Aggregator, which coordinates multiple homes in a
community subnetwork and fulfills grid service requests from
the grid controller. The optimization models for the HEMSs
and the Aggregator are elaborated in the following sections.

III. HOME ENERGY MANAGEMENT SYSTEM
A. DER Models

For ease of exposition, we consider a representative case
where every home has PV; a battery ESS; a heating,
ventilating, and air conditioning (HVAC) appliance; an
EWH; and an aggregated uncontrollable load (aggregated
lighting, television, plug loads, etc.). In this section, we use i
to index homes and t to index time slots at which power
dispatch is carried out. Typically, each time slot is assumed
as 15 mins. The models for individual DERs are presented
next (see [11], [12] for details).
1) The PV unit can be modeled as:
0 < pit,pv < 5:_171; ; (pit,pv)z + (qit.IJV)Z = (Ei.PV)Z

Upo < VipPipo 5 Qipy = VipPipw  ¥oVE (D)
where pf,, and ¢, are (re)active power injections; 5;,;”; is
the maximum available PV active power injection; s;,,, is the

rating of the PV unit; and ¥, ,,, limits the operating power
factor—in other words, 1/ |1+7;,, is the minimum power
factor allowed for this PV unit, in both leading and lagging
directions.
2) The battery state of charge, Bf, is modeled based on
[11], with the following additions for reactive power control:
Qit,c 2 _71"6 plF,C ; Qit,d < 7[@ pit,d
(@fa—ate) + (pla—ple)" < Gip)”  vive @)
where pf., pf4. qf. and q{4 are the active/reactive charging
and discharging power; and the constants y; . and ¥, , limit
the operating power factor of the battery.
3) The HVAC system is modeled based on [11], with the
following additions for reactive power control:
q;hvac = 7i,hvac (Iit,htﬁi,ht + Iit.clﬁi,cl) Vi, vt (3)
where If,, and If, are the heating and cooling control
signals in duty-cycle forms; p,,, and p, , are delivered
maximum heating and cooling power; and y, .. indicates

constant power factor 1/ /1 + 7 vac-

4) The water heater is modeled based on [11], with the
following additions for reactive power control:

qit.wh = 7i,wh(lit.low + Iit,up) 5i,wh vi, vt (4)

where If},,, If,,, are duty cycles (control decisions) of the

lower and upper nodes of the heater; p, ,, is the delivered

maximum power; qf,,, is the reactive power load; and Yiwn

indicates constant power factor 1/ [1+7.,,.

B. HEMS Optimization A

With these DER models, we get the net active and

reactive power consumptions of home i at time t:

pf = —pipy + (pfc —Pla) + (Iit,htﬁi,nt + Iit,czﬁi,cl)

+ (Itp.low + Iit,up) 5i,wh + pit.l (5a)

i = —ipy + (aic — dia) + Ginvac + diwn +air  (5b)
where pf, and ¢}, are the aggregate active and reactive power
consumption of uncontrollable loads. For convenience, we
denote the vector of all the control and state variables at home
iattimet as zf.

At time t,, given the predictions and aggregate active and
reactive power consumptions of uncontrollable loads over
t={ts,ts; +1..,t; +T — 1}, every HEMS i (which manages
home i) calculates a trajectory of upper bound (p{,, qf,) and
lower bound (p}y, gf,) for its net active and reactive power
consumptions. These two trajectories define the flexibility of
home i in providing active and reactive power regulation
services to the grid. In addition, a nominal/preferred
trajectory z{, is determined that aims to maximize economic
efficiency and the user comfort level of home i. All three
trajectories can be solved together using the following
optimization problem:
max[mtin {bzp,flex,p (pf/\ - pztv) + mtin bit,flex,q (qlt/\ - qfv)}

_Z(bit,ppit,o + bit,qqit,o + bit,cpit,c,o + bit,dpit,d,o)
t

2 2
_bLF,hvac(Tifin,o - Ti?in,ref) - bit,wh (Ti?up,o - Tifup,ref) ](6(,1)

over  z{n zly, z{,, Vt
subject to (1) — (5) for z{,, z{\, z{, Vt (6b)
Pin 2 Plo 2 Piv:qin = Qip = iy Yt (60)
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The objective function (6a) rewards the flexibility of
home i in its net active and reactive power consumptions,
measured by the weighted sum (with weighting factors
bf f1exp and bf g0y o). Also, b{,pf, and b{ ,qf , are the costs for
net active and reactive power consumptions of home i,
respectively; and bf.p{., and b{,pf;, are the costs
associated with battery charging and discharging, e.g., for
battery life reduction. The last two terms in (6a) penalize
deviations of indoor air temperature and upper-node water
temperature from their preset reference values, or user-
preferred values, T}y, or and T, .. The constraints ensure
the feasibility of DER operating points in upper, lower, and
nominal cases.

C. HEMS Optimization B

After each HEMS receives the setpoints from the
Aggregator at Step 4, it performs an economic disaggregation
optimization to determine the setpoints of its DERs. For the
time-step t;, this disaggregation is performed using the
following optimization problem:

. 2 2
mmz [ﬁit,p (pit,d,* - pit,d,o) + :Bit,q (qf,d,* - qf,a,o) ] (7a)
T
0<e«k1l; ()—(5)forzy,,vt (7b)
pit,ayy —&= Z[pit,d,*] = plF,agg te, Vt (7¢)
a

subject to

qit,agg —&= Z[qu,*] = qf,agg te, Vt (7d)
a

where the subscript d denotes power for the DER d controlled
by HEMS i, and (*) represents the final optimal value to be
implemented by the DER d.

IV. AGGREGATOR

The Aggregator of a community manages the smart homes
in that community while considering network constraints, and
acts as a cyber interface between the HEMS and the grid
controller, thereby enabling the home DERs to participate in
the grid services markets. The network constraints are handled
by using a linearized unbalanced power flow model of the
distribution network.

A. Linear Power-Flow Model of the Distribution Network

We use i € N to index multiphase buses in the considered
network. Assume that the considered network has only one
PCC with the upstream network, and let the PCC be indexed
as bus 0 € N. Let the set of non-PCC buses be denoted as
Nt := N\{0}, and let a, b, c denote the three phases, and ®; the

set of phases of bus i. Denote by v := vf’,d) ED,i € N+],

pi= [p?,d) ED,iENT], q:= [CI?.¢ € ®;,i € N*] the vectors
of the squared voltage magnitudes and of the active and
reactive power consumptions, respectively, at all the phases
of all the non-PCC buses. With this notation, we use a
linearized distribution power flow model [13] for the
multiphase unbalanced distribution network as shown in (8a),
where vector 7, = [vg’ ] collects squared voltage magnitudes
at different phases of the PCC bus. The elements of the
matrices R and X are defined in (8b)-(8d) (a =0,b=1,c =2
are used to calculate phase differences):

v=Rp+Xq+ 7D, (8a)
_ i2nW-¢)
6p¢viw = —2Re {Z;’;(pe_T (8b)
J
o _i2n(—0)
6q<_pvl.w = +21m{Z;/;-¢e_ 3 } (80)
J

3

where * denotes complex conjugate, and

wo _ V0
Zjj = Zgg
(E,Z)GEiﬁE}

(8d)

B. Aggregator Optimization A

After the Aggregator receives the power bounds and
nominal power from each HEMS at time ¢, it performs an
optimization to determine the feasible bounds and nominal
power at the PCC considering the power network constraints
using the optimization problem developed here.

The active and reactive power flows at the PCC are:

=Y pveed, s qf = ) qfvped, (O

iENY ieENT

The Aggregator also receives grid service commands
DL s Aoy @ € @) OVEr t = {t, ts+ 1. tg+T =1},
which are the net active and reactive power consumptions of
the considered network. The following optimization aims to
solve for the upper trajectory (p§ »., g5 1.) and lower trajectory
(P& qby.) for the net power consumption at the PCC as well

as the nominal dispatch decisions (pl * ,ql L €D i ENY:

2
¢t b, ot Pt ,
miny >N [ (vt - wts) + v (aft - )]

t IEN* Pped;
2
bt bt Pt
+ Z [VOp Do, _pO,Comm) + ]/ (qO* — 4y comm) ]
PED,
ot (it ot
_Z Z [yo,flex,p mtm (po,/\* Po V*)

t ¢PeED;

it . t t
+ V(;I_)ﬂex,q mtln (q((f/\* - qg),v»‘)] (10(1)
Uf; pf, qi; U(‘;,*; P(t),*, q(t),*. U/t\w p/t\*v q/t\m Ué,/\*: pé,/\*' qé,/\*'
U\‘;*' P@*» q\t/*' 17(€,v*' p(g,vw q(t],V*' vt
subject to (8) — (9) for vf,pt, gL, v§ ., p§ .. 45 .. V't (10b)
(8) — (9) for vi., Dher Qi V6 per P& pwr G5 4w VE (10€)

over

(8) — (9) for vi., pl., q5*, vé,vt. Déver Qb yver VE (10d)
pi<pi<pk qi<q<qivt (10e)
Py < Pie < P qv < Q/\* < qi vt (10f)
Py <Pl <ph @i < gl <qivt (109)

v<vf<y, Vo <U0*SUO,Vt (10h)
Vv <V, vy S v ST VE (100)
v<vl. <V, vy <vhy. STVt (105)
Py S Do S Popw Qoye < Q6 < Gope VE (10K)

The objective (10a) aims to minimize the deviation of the
power dispatch commands from their nominal/preferred
values submitted by the HEMS as well as the deviation of the
resulting net power consumptions at the PCC from the grid
service requests (P§comm> Q6,comm) - It also rewards the
flexibility of the net active and reactive power consumption
at the PCC. The constraints ensure feasibility in terms of
network power flow, and available power bounds of HEMS.

C. Aggregator Optimization B

Once the grid controller clears the market, it sends request
signals for active/reactive power to the Aggregator to be
maintained at the PCC. The Aggregator then performs an
economic disaggregation optimization using the following
optimization problem and sends the signals pf,,, and gf 4,
to each HEMS i for tracking.
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2
. ,t ,t
mmz Z Z [Vf; (Pit.agg - pg)o )
t \iENT ¢ped;

.t ¢.t)?

* Vig (qit,agg ~bio ) ]

subject to 0<ekl ; 8-, (11b)

ot

,t
Po.comm — €= Z[pit,agg] = Pffcomm +¢&, Vt (11lc)
i

(11a)

vt

t ;t
qgfcomm —&=s Z[qgagg] = q(‘)p,comm +te, vt (11d)

L

V. SIMULATION RESULTS AND DISCUSSION

Numerical tests of the proposed control strategy are
performed on an IEEE 37-bus test system, which is a three-
phase distribution test feeder widely used for numerical
simulations. The optimization solver ECOS [14] with error
tolerance of 1e-6 was used to solve the convex optimization
models presented in Section-IV. It is assumed that the entire
37-bus system is a single community and is controlled by a
single Aggregator. Further, each node (each of the three
phases of each bus) is assumed to be a smart home managed
by a HEMS.

Bus: 736, Phose: I
b | Upper limit-HEMS Il/
Proferred trajectory HEMS
L3 | Lower limit HEMS
—— Upper limit-Aggregator
04 \ —— Optimal trajectory-Aggregator
Lower limit Aggregqatar

Active Power (kW)

0 12 "
Time (hours)
Bus: 738, Phase: A
250 Upper limit- HEMS
Preferred trajectory- HEMS
Lower limit-HEMS
—— Upper limit-Aggregator
—— Optimal trajectory-Aggregator
—— Lower limit-Aggregator

Active Power (kW)

[ ] 10 12 u 16 18

Time (hours)

Fig. 2. Power profiles for two HEMS.

To demonstrate the effectiveness of the proposed control
strategy, first, at the beginning of each time step 7s=15 min,
the upper (p{, q},) and lower bounds (p,, ¢f,) and nominal
power (pf,, qf,) are obtained by each HEMS i using HEMS
Optimization A based on arbitrary but realistic parameter
values for the DERs (Step 1). These bounds and nominal
power are calculated and shown for two representative
HEMS at two nodes—Bus 736 Phase B and Bus 738 Phase
A—in Fig. 2 using dashed lines for a 12-hour duration from
6 a.m. to 6 p.m. These two nodes are chosen such that they
are representative of both ends of the load spectrum: Bus 736
Phase B belongs to the set of nodes with the lowest net-loads,
and Bus 738 Phase A belongs to the set of nodes with the
highest net loads. Fig. 2 shows that the flexible bands for both
nodes (dashed lines) are quite uniform in width throughout
the time horizon because each HEMS considers only their
comfort requirements and not the power network constraints
in Step 1.

These bounds and nominal powers from the HEMSs are
then sent to the Aggregator, which performs its own
optimization using Aggregator Optimization A to determine
the new feasible bounds and nominal power based on
unbalanced power flows and network voltage constraints of
+ 5%. The new network-feasible power bounds obtained by
the Aggregator are shown in Fig. 2 for the two nodes using
green and magenta solid lines. As shown in Fig. 2, for both
nodes, the new power bounds obtained by the Aggregator
might not overlap exactly with those provided by the HEMS;
instead, they are usually narrower. It is noticed that the
feasible band provided by the Aggregator for Bus 736 Phase
B is similar to that provided by the HEMS at that node. On
the other hand, the feasible band provided by the Aggregator
for Bus 738 Phase A is much narrower than that provided by
the HEMS at that node. This is because Bus 738 has a much
higher net load compared to Bus 736, and the Aggregator
optimizes them such that there are no voltage violations along
with other constraints as in (10). This is also visible in Fig. 3,
which shows the minimum and maximum voltages at the
nodes to be inside the chosen limit of + 5% for the optimal,
upper and lower trajectories provided by the Aggregator.

Laiadd Lanad Sevge, e, %y * Min voltage for Lower limit-Aggregator  ®
1.04 L .. 104 - Lo 4 & Max voltage for Lower limit-Aggregator  ®
— e o —_ . * - - .
T ¥ = im *e * :'f_“ . LI .
. . . = . a " *es
& o, e % ..-"...' . .c' e, "-.. N oo’ ° — . o LA R .
® et t o D 100 e ndl ) Yo e eyt
o 100 o Ll X PN = -
L o & - e%eess * Ug® Sog, 0 e 0,0,
o o o o . oe ] o . poy o - o, Lot %
=] o s oq000 e, = os o . = - ..o.";'. *
O oo o o * O oo .
- - Ces - oo * = B
. - . " »
06 ® e Min voltage for Optimal trajectory-Aggregator 0.96 « ® Min voltage for Upper limit-Aggregator * 4 -
) ® Max voltage for Optimal trajectory-Aggregator e’ ® Maxvoltage for Upper limit-Aggregator ® o LECR B

6 8 0 12 14 16 18 6 B 10 12

Time (hours)

Time (hours)

14 16 18 & B 10 12 u % it}

Time (hours)

Fig. 3. Node voltages corresponding to the Aggregator’s /) optimal trajectory, 2) upper limit trajectory, and 3) lower limit trajectory.
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Fig. 4. Net power profiles at the PCC.

Further, the weight factors y can be tuned to make the
Aggregator prefer the trajectories given by the HEMS more
closely than the trajectory requested by the grid controller, or
vice versa. Fig. 4 shows the preferred power dispatch of the
Aggregator compared to that requested by the grid controller,

for two different sets of weight factors. When the weight

factors yg"t and y&t are reduced, the preferred dispatch

trajectory of the Aggregator deviates away from the grid-
requested trajectory while deviating toward the trajectory
preferred by HEMS, as shown in Fig. 5.

Bus: 736, Phase: B

Upper limit-HEMS
Preferred trajectory-HEMS
Lower limit-HEMS

—— Upper limit-Aggregator

04 —— Optimal trajectory-Aggregator

Lower limit-Aggregator

Active Power (kW)

6 8 10 12 " 16 18
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—— Optimal trajectory-Aggregator
— Lower limit-Aggregator

Active Power (kW)

-150

1] 8 10 12 14 16 18
Time (hours)

Fig. 5. Power profiles for two HEMS for different weights.

The next step involves the Aggregator transmitting the
PCC feasible flexibility information along with nominal
power to the grid controller, which then clears the market and
gives p(‘f " m and qg’_ i mm t0 be tracked by the Aggregator at
the community PCC. Therefore, the Aggregator performs
Aggregator Optimization B to economically disaggregate the

grid request signals to be sent to each HEMS. These are
shown as blue solid lines for the two nodes in Fig. 2. Finally,
each HEMS performs HEMS Optimization B to disaggregate
the Aggregator signal to be sent to each DER for set-point
implementation. It is noted that the combined simulation
runtime for HEMS as well as Aggregator Optimizations A
and B was less than 8 seconds for a Python implementation
running on a 4 GHz Intel processor.

VI. CONCLUSIONS AND FUTURE WORK

This paper introduced a hierarchical control framework to
determine the available power flexibility of the smart homes
in a distribution system as well as of the distribution system
itself, considering unbalanced power flow formulation and
network voltage constraints. The bi-directional flow of
information and control ensures that the distribution-level
DERs are also able to participate in the grid services markets,
thereby helping the power network use the DER flexibility
while earning cost savings for the DER owner. Simulation
studies performed on the IEEE 37-bus test system showed
that the proposed approach can be effectively used for
coordination of distribution-system DERs with the upstream
power network while taking full consideration of the
distribution system topology and constraints.

The proposed framework is well suited to accommodate
other DER types, such as electric vehicles, as well as cost
benefit maximization of individual controllers in the
hierarchy, which will be studied extensively in our future
work.
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