
IEEE SIGNAL PROCESSING MAGAZINE   [55]   SEPTEMBER 2012

 Digital Object Identifier 10.1109/MSP.2012.2192951

[Mahnoosh Alizadeh, Xiao Li, Zhifang Wang, 

 Anna Scaglione, and Ronald Melton]

 Date of publication: 20 August 2012

1053-5888/12/$31.00©2012IEEE

O
ver the course of several decades after their 
introduction, power systems merged into large 
interconnected grids to introduce redundancy 
and to leverage on a wider pool of generation 
resources and reserves. As the system grew in 

size and complexity, a cyberphysical infrastructure was pro-
gressively developed to manage it. Traditionally, general-pur-
pose computing and communication resources have been used 
in power systems, specifically to serve two needs: 1) that of moni-
toring the safe operation of the grid and logistics of power delivery, 
and 2) that of gathering information required to dispatch the gener-
ation optimally and, later on, to operate the energy market. 

Enhanced sensory measurement systems under development 
today can help utilize the existing transmission infrastructure more 
efficiently, thereby reducing the current wide margins of operations. This 
is clearly of great interest to the present stakeholders: the utilities, who may 
spend less in upgrading infrastructures as well as the generation providers, whose 
competitive prices are affected by congestion costs. However, investing in fewer trans-
mission lines and transformers is not going to produce a fundamental shift in the portfolio of energy resources 
used to meet the demand of electricity. Hence, ultimately, advances in measurement systems will just help contain 
costs, without paving the way for greener energy use. 

A GREEN FUTURE FOR THE GRID
Wind and solar power cannot be easily thrown into the mix of generation resources due to their limited dispatch-
ability and intermittent nature when compared to fuel combustion. Two essential factors make delivering green 
electrons especially complex: 1) the need for the demand and generation to be continuously balanced with limited 
energy reserve and storage; 2) the fact that in the retail energy market the tariffs are fixed, and the demand of ener-
gy is not responsive to grid conditions or, in other words, is treated as inelastic. This state of things favors fossil 
fuel generation, which can be dispatched at will to follow the demand. 

[Information processing 

 for the power switch]
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Fossil fuels not only support 
the major part of our electricity 
generation needs but also pro-
vide energy for our transporta-
tion systems. This may change 
in the near future, as electric ve-
hicles (EVs) enter the market. 
EVs have higher energy conversion efficiency, produce little or 
no CO2  emissions, and allow, in principle, to reduce the depen-
dency on foreign oil imports. While this is an enticing future to 
look forward to, the main technical concern is whether the 
grid can support a widespread adoption of EVs, as these vehi-
cles will act as a great number of high-wattage, long-duration 
loads in the system [1]. Even with full observability of this vola-
tile load, there is the increasing consensus that EV demand 
should be managed differently, or else it will require increasing 
energy generation, reserves, and substantial spending on distri-
bution infrastructure, with adverse effects on energy bills. 
Fortunately, unlike many appliances that are already manufac-
tured on a commercial scale today, EVs are still in their intro-
ductory stage and do not have many fixed standards. In the past 
few years, many researchers have focused on studying possible 
ways of predicting and smartly managing the battery charge of 
EVs. The mobility of EVs adds another level of complexity to 
these management techniques but offers new research oppor-
tunities as well. For example, some researchers are working 
on helping mobile customers find appropriate charging spots 
or help the grid forecast demand via traffic information post-
ed online. 

WHY GREEN ENERGY REQUIRES 
INFORMATION PROCESSING
There are two opposite approaches to integrate more intermittent 
resources into wholesale energy markets while ensuring that the 
generation and demand balance holds at all times: 1) generation 
reserves and 2) demand-side management (DSM) and demand 
response (DR).

The first approach requires volatile and nondispatchable 
plants like wind and solar to be backed up by clean and con-
trollable resources, like hydro or natural gas units, which can 
start up whenever the intermittent resources fail to meet their 
scheduled generation dispatch, or by large scale storage. A 
serious challenge is to be able to find reserves with rapid 
ramping rates to overcome frequency variations that threaten 
the system stability. Hence, the main problem in this 
approach lies in the limited availability of clean and dispatch-
able plants and the high cost of storage. One view is that more 
of these resources can be provided by merging independently 
operating markets of electricity to cover larger areas (like the 
common markets in Europe), thus providing larger-scale bal-
ancing options.

In the second approach, the volatility introduced by intermit-
tent resources on the generation side will be compensated for by a 
more responsive and controllable consumption behavior. DSM and 
DR programs, among other options, can make market rules for 

generators more flexible so that 
more renewables can participate 
in the wholesale market.

The first approach is more 
traditional while the second one 
may prevail in this century as 
automated solutions for the EV 

charging problem advance and become increasingly ubiqui-
tous. In fact, it is very likely that other appliances will follow 
suit, and provide, as an aggregate, the large-scale inertia need-
ed to cope with volatile generation. Specifically, applications 
and interfaces to thermostatically controlled (TC) appliances 
that already are in the DSM domain are likely to spark new 
inventions, software, and protocols for their control. These 
protocols will fuse specifications that are at the intersection of 
power, communication, signal processing, computation, 
and control. 

In fact, load management through DSM and DR can be 
realized only if electrical appliances and systems become 
responsive, which in turn makes the inclusion of communica-
tion and embedded intelligence in electrical devices essential. 
Ubiquitous network connectivity and embedded processing is 
becoming commonplace; in fact, several sensor networking 
communication protocols were developed in the past decade, 
promising to give machines a voice. We are also witnessing an 
increasing number of complex human transactions that are 
carried out in real time over wide areas. Can inelastic end-use 
loads become responsive to the cost and impact of the energy 
they get? In other words, can cheap bits and flops make the 
demand become elastic, so that greener and cheaper watts can 
flow in the electric grid? 

The ideas of DSM and of DR are not new. DSM and DR sys-
tems emerged in the 1970s and have evolved over the past 
three decades through systematic activities of researchers, 
power utilities, and government policies, designed to change 
the amount and the timing of electricity consumption. Such 
DSM measures have been implemented for load management, 
enhancing energy efficiency, and electrification (i.e., the stra-
tegic increase of electricity use). 

The application of DSM and DR today is still quite limited 
in scope, and it is mostly applied to large industrial and com-
mercial customers. However, experiments like the GridWise 
Olympic Peninsula project [2] have shown that, intrinsically, 
households demand is far more elastic than previously 
thought. What makes the time ripe now for introducing DSM 
more broadly is the maturity of IT and the rising cost of meet-
ing the demand of electricity. However, DSM techniques them-
selves require further research to be the cornerstone for the 
integration of more renewable energy. 

The goal of this article is to first survey the evolution of 
DSM and DR approaches over the years and the current 
research trends. We also showcase a new paradigm for holding 
back demand, mimicking the effect of managing fuel reserves 
by queuing load requests, which we coin as digital direct load 
scheduling (DDLS). DDLS provides a first concrete mapping 

WHAT MAKES THE TIME RIPE NOW 
FOR INTRODUCING DSM MORE 

BROADLY IS THE MATURITY OF IT 
AND THE RISING COST OF MEETING 

THE DEMAND OF ELECTRICITY.
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between switching jobs and the 
physical shape of the load injec-
tion, which allows us to view 
the access to power as a network 
service model. Interestingly, 
quantization principles and fil-
terbank reconstruction are the key ingredients of this 
 mapping; in this sense DDLS is a clear example of how old sig-
nal processing tools can be used to create new concepts and 
technologies for optimizing the power switching of networked 
smart devices. 

Efficient demand management techniques will be essential 
for the grid to integrate considerable amounts of renewables, 
however, they are only one side of the coin. The other side, 
which is equally important, is the development of architec-
tures that accrue information about the availability of these 
resources and manage their physical and financial interaction 
with the generation and transmission assets. These two sides 
cannot be treated separately. Motivated by the need to define 
scalable information processing architectures through which 
these two types of resources (renewable energy and volatile 
demand) can be appropriately managed, this article is going to 
cover not only the most recent developments in the area of 
demand management, but it will also consider possible appli-
cations of DSM techniques by entities that own distributed 
energy resources (DER), e.g., microgrids, aggregators, and 
commercial and residential buildings. 

Finally, as we mentioned, two-way communications and 
embedded intelligence are essential ingredients for DSM and 
DR. The application layers that describe them should gain 
research prominence compared to other media applications, 
as our energy supply infrastructure will increasingly need to 
shift some level of control from the generation side to the 
demand side. The interface between the physical world and 
the application layers offer great opportunities for research 
in signal processing, as the analog world of the machine 
actions, and the service and satisfaction they provide to the 
end user, will need to be described in a digitized form, to be 
ingested by software that determines the optimum action to 
take, or predicts parameters to make the future decisions. 
The thread that links signal processing to DSM is quite clear 
in DDLS, but the DSM and DR ideas that we generally 
described along with the DER architectures can considerably 
benefit from efforts in digitally describing the end-use service 
DSM and DR need to deliver and the volatile resources avail-
able from DER. These are discussed as future research direc-
tions in the “Conclusions” section. 

LOAD MANAGEMENT MODELS 
AND INFRASTRUCTURES
Initially, DSM programs mainly comprised reliability-driven 
load management measures, used occasionally to manage 
emergency situations. Over time, more sophisticated and rapid 
forms of DSM emerged, extending the level of consumer inter-
action for this services through appropriate incentives [3]. The 

most popular topic of research 
today is the inclusion of pro-
grams that enable direct price 
responsiveness, even of individ-
ual loads. 

One of the main concerns in 
DSM and DR is the overall value of the service provided, 
which is largely dependent on the deployment cost, a lot of 
which is in the sensory and telemetry costs necessary to real-
ize a responsive load behavior. Today, demonstrations and 
pilot programs are retrofitting systems that do not have the 
built-in intelligence to become a smart load. However, the 
vision of the Internet of things that emerged in the last 
decade of sensor networking may find in the smart grid its 
killer application. 

In this section, we will discuss in detail the two most popu-
lar trends of DSM, which lie at the two opposite sides of the 
control spectrum, illustrated in Figure 1. At one end are 
dynamic and real-time pricing (RTP) strategies, discussed in 
the section “Price-Based Load Control Strategies,” while at the 
other end are direct load control (DLC) strategies, presented 
in the section “Load Control Through Curtailment.” 

TWO-WAY COMMUNICATIONS 
AND EMBEDDED INTELLIGENCE 
ARE ESSENTIAL INGREDIENTS 

FOR DSM AND DR.
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[FIG1] Contending DSM strategies: (a) DLC and (b) RTP. RTPs will 
have an average value similar to fixed rate tariffs but exhibit a 
diurnal pattern that is correlated with the daily load pattern and 
incentivizes load shifting from peak to off-peak periods. 
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DSM advances, and dynamic pricing in particular, are possi-
ble thanks to technological progress in data processing and 
communications technology. But the network and processing 
infrastructure for DSM is clearly best defined by knowing what 
the right DSM application is. As this article outlines, this is still 
a subject of heated debate and research. As we will see, DLC 
programs lack a sufficiently good interface to the consumer 
that can gauge the impact of 
interruptions on the overall ser-
vice while RTP programs, although 
very appealing since consumers 
can define their own preferences, 
face the very challenging problem 
of determining what these price 
signals should be to have efficient 
and secure grid operation. One 
invention that can help strike the right balance between these two 
ends of the design spectrum is the digital direct load scheduling 
(DDLS) scheme we propose, for its ability to categorize and place 
the jobs in queues, which can be served using basic quality of ser-
vice (QoS) requirements.

PRICE-BASED LOAD CONTROL STRATEGIES
One of the most fundamental operational problems in power 
systems is keeping the produced and consumed power bal-
anced at all times. In the bulk power system, multisettlement 
markets are used as an integral element of balancing the sys-
tem—consisting of at least a day-ahead and a spot market. 
Today, electricity is traded in a central wholesale market 
through which utilities purchase electricity from generators 
and sell it to end-use customers, who are shielded from mak-
ing short-term market decisions. There has been, in fact, a bar-
rier between wholesale (bulk power) and retail. Retail electric 
service providers in most areas operate as natural monopolies 
and thus lack the basis for free market trading of electricity as 
an element of providing that commodity to their customers. 

From time to time, several operational issues, such as lack 
of storage options, generator and transmission line failures, 
and the ignorance of customers about the real cost of the elec-
tricity they consume, all contribute to cause the wholesale 
price of electricity experience spikes. The purpose of price-
based load control strategies is to introduce economic elastici-
ty to consumption, with a side effect of transferring part of the 
risks of buying electricity through this volatile market from 
the utility company to the customers. However, as will be dis-
cussed next, dynamic pricing tariffs have the challenge of 
identifying a basis for further refining the dynamic prices from 
the wholesale level, to be supportive of the distribution utili-
ties need to recover their costs, provide reliable service, and 
make a profit. 

Different techniques, like time of use (TOU), critical peak 
pricing (CPP), or RTP all expose end-use customers to the 
risks of managing wholesale prices to different extents. 

In TOU pricing strategies, the price is usually decided 
months or years before the actual TOU. There have been sever-

al studies on determining these rates, which requires a 
dynamic model for the price response of customers, based on 
experiments [4]. Due to their slow update rate, TOU rates do 
not require substantial communication with customers. One 
of the problems with TOU rates is that they are not dynamic, 
so they only enable a response to the gross diurnal differences 
in peak load and not to specific circumstances occurring in 

real time. Recently, more com-
plex nonflat billing rates have 
been made possible through 
the deployment of the so-called 
advanced metering infrastruc-
ture (AMI), with smart meters 
in the homes. An example of 
this includes CPP programs, 
which use TOU rates except for 

the duration of a number of emergency and peak events. 
One of the most serious contenders and a popular research 

topic in the DSM research arena is RTP. The concept of real-
time prices has been around for about three decades now: 
instead of shielding the customer completely from the real fluc-
tuations of energy costs in the spot market (as it is done when 
using flat rates and TOU tariffs), in RTP, price signals delivered 
to the customers will act as an economic incentive to modify 
their demand and alleviate the pressure on the grid, with the 
reward of lowering their bill. The key difference in the RTP 
model, as the name suggests, is that the price is updated and 
provided only hours/minutes before consumption, so that the 
signal can reflect actual grid congestion. Clearly, under RTP, 
the decisions on how to consume electricity should be mostly 
automated. There is, in fact, an extensive literature emerging 
on home energy management systems (HEMS) (e.g., [5] and 
[6]), which encompass the software and hardware at home that 
would respond to the price signal (see Figure 2). The idea is 
that the HEMS software will run a control program that opti-
mally plans the use of appliances, based on their power con-
sumption, price data, job deadlines, and customer preferences. 

The HEMS control objective is, typically, to minimize the 
total cost of energy consumption by all the controllable appli-
ances, given certain constraints on each appliance that 
describes job deadlines, required energy profile, and consump-
tion limits. Generally, HEMS optimizations over a horizon T
can be cast in the following form: 

 C ,min p
P t T

t n t
n A

,n t
d!

c m
/ /  

 , { } , ,n P t ds.t. A L,n t t T n n
f

n6 ! ! #!   (1)

where the cost function (.)Ct  describes the cost of consuming 
electricity at time t  and is a function of the real-time prices, 
received from the price setting entity. Real-time prices after 
the announced period can be predicted using price predictor 
units by applying a weighted averaging filter to past prices 
[5]. A  represents the set of appliances that can be managed. 
P ,n t  represents the power consumed by appliance n at time t . 

DSM ADVANCES, AND DYNAMIC 
PRICING IN PARTICULAR, ARE POSSIBLE 

THANKS TO TECHNOLOGICAL 
PROGRESS IN DATA PROCESSING AND 

COMMUNICATIONS TECHNOLOGY. 
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Ln represents the set of all the accept-
able consumption profiles of appliance 
n, and tn

f  represents the time at which 
appliance n finishes its job, required to 
be before its deadline, dn . 

What is not obvious is how the utili-
ty  should calculate and post price sig-
nals to attain a stable operating point 
for the system, balancing generation 
and demand and avoiding transients 
that can cause grid instability. To dis-
cuss this issue, we first present a simpli-
fied model for how electricity is priced 
in today’s market. The power grid, 
through which electricity is traded, is 
operated under several reliability and 
operational constraints. Thus, the price 
of electricity at any time instant is a 
function of the congestion status of this 
interconnected system. Theoretically, the price of electricity 
at each node in the power grid is the shadow price obtained 
from solving the optimization for the spot market security 
constrained generation dispatch [7], [8], which minimizes 
the cost that retailers pay to generators under operational 
constraints. More specifically, in a system with N  generator 
and L  load buses, each generating Gi  or consuming Di  
units of power respectively, and W  transmission lines, the 
dispatch optimization in one of its simplest forms is given by 
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where ( )Ci $ is the generation cost function and H is a matrix 
that relates power flow on transmission lines to nodal power 
inputs. The first constraint ensures power balance; the second 
ensures that flows on all the transmission lines lie within their 
limit, given by the vector Fmaxr ; and the third one defines gen-
eration capacity limits. The Lagrangian of (2) is 

 
L

i

N

i1 1= =i 1=

N

( )C G G D LossL i i i ii= - - -e o/ / /  

 [ ]H G G D D FmaxT
N L

T
1 1f fn- -r r^ h 

 [ ( ) ( )],G G G Gmax max min min
i i i i i i

i

N

1
o o+ - - -

=

/   (3)

where i , [ , , ]W
T

1 fn n n=r , max
io , and min

io are the Lagrange 
multipliers at the optimal solution. The locational marginal 
price (LMP) for load bus i  is 
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D
L
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which represents the marginal cost of providing one additional 
unit of power at that bus under the optimal generation dis-
patch. In real scenarios, the optimization in (2) usually 
includes many more constraints to take into account as many 
known facts as possible when dispatching the generation and 
to ensure grid reliability and security. Examples include reli-
ability constraints like ( 1)N -  contingency analysis and tem-
porally variable generation capacities. Also, potential transient 
stability issues are not accounted for in this model [9]. LMPs 
mirror the true cost of serving the next increment of load, 
which includes the cost of generation, grid losses, and conges-
tion. Theoretically, one could calculate these prices before 
real-time operation and by releasing them the system should 
converge to its optimal operation point. But this will only hap-
pen if the following takes place:

 ■ Perfect forecasts of demand values Di s are available.
 ■ The customers are shielded from this true cost and do 

not react to fluctuations of the their associated LMP (like 
what happens in most of the power grid today). 

 ■ Most importantly, all generators should be price taking 
rational agents, so that posting the calculated LMP prices 
will make the generators choose the dispatched value 
obtained from (2).
If, however, the customers are exposed to even limited infor-

mation about these true costs, like what all RTP techniques aim 
to do, there will be an extra feedback loop added to the equa-
tion, i.e., the demand at the i th load bus, Di  will be a function 
of im  and thus, (4) has to be modified to 

 ( , , , , )

D
L 1

i
i

i Lf f
m

m m m
2

2
= .  (5)

A diagram of the system is shown in Figure 3. Calculating the 
true cost of serving the demand if the customers react to real-
time market fluctuations will require perfect knowledge of 
customer behavior in reacting to price signals for every differ-
ent load bus in the system at the time the LMPs are being 

Internet

AMI
Network

RTP Signal

HEMS

DER

[FIG2] HEMS control based on RTP data received from smart meters, through the AMI 
network. The computer represents the local utility’s demand control server. 
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 calculated. Reference [10] provides a dynamic model to ana-
lyze the dynamics of supply, demand, and clearing prices in a 
power grid with real-time retail pricing and information asym-
metry. It shows that the power market under RTP may possi-
bly experience volatile prices and loads, or even lose its 
stability. Although proven with major simplifying assump-
tions, the important point made is that stability should be 
taken into account when designing a load control system with 
an unknown and highly variable element in the feedback loop. 
The authors in [10] conclude that more intricate models for 
demand in each area, knowledge about consumer behavior in 
response to dynamic prices, and a thorough understanding of 
the implications of different market mechanisms and system 
architectures are needed before RTP techniques can be imple-
mented in large-scale networks. 

Currently, power system operators have two major 
approaches to calculate LMPs for the real-time market. 
Ex-anté prices indicate the value of the LMPs before the true 
value of the demand is released, using predicted values of the 
stochastic variables like the demand and intermittent renew-
able resources. Ex-post values, on the other hand, are calculat-
ed after the load is served and with deterministic knowledge of 
all the values for demand and generation. 

Since real-time price signals need to be delivered to custom-
ers beforehand to allow some planning time, they should be of 
the same nature as ex-anté LMPs. Also, it is very unlikely that 
ex-post adjustments will be allowed to affect how customers are 
billed, since this would expose the public to unacceptable risks. 
The same approach just described is adopted by most RTP 
researchers in the literature. The real-time price sent to cus-
tomers is derived either from a direct ex-anté analysis of whole-
sale market prices, or by adding some modifications to account 
for consumer satisfaction. To do so, either a term representing 
the benefit of customers from consuming electricity is added to 
the cost function in (2) or, a cap on the variations of the price 
signal in enforced. For example, in [11], the authors maximize 
the social benefit, which includes known cost functions ( )Ci $

representing the cost of production of energy and known bene-
fit functions ( )Bi $ representing the consumers 

 ( ) ( )max B D C Gi i
i

L

i i
i

N

1 1
-

= =

/ / . (6)

To calculate the price, the authors assume that both genera-
tion units and customers are price taking agents with known 
limits on their consumption and generation values and declare 
the price at each bus as the marginal value of the objective 
function in (6) under various capacity and transmission con-
straints. References [12]–[14] follow a similar approach. The 
gap caused by the difference between ex-anté and ex-post pric-
es should be compensated by the utility, similar to what is 
done today for the gap between flat or TOU rates and the 
LMPs. Some of the problems that can arise from this approach 
are as follows: 

 ■ Perfect knowledge of the utility of the customers is 
assumed at every load bus (usually assumed to be simple 
analytic functions), which is unrealistic, at least in the cur-
rent situation. 

 ■ If the price is set using an incorrect prediction of the 
customers usage behavior, prices that are posted may lead 
to system instability. 

 ■ Demand is only assumed to be dependent on the current 
price. This assumption is not valid because energy is not 
delivered instantly in packets and appliances need time to 
finish their jobs. 

 ■ Generation owners may try to arbitrage the market. 
 ■ For a market that incorporates RTP techniques to be 

safely operated, at least the major part of generation 
assets should have a fully deterministic and controllable 
nature. This assumption no longer holds with the addi-
tion of a considerable amount of intermittent resources 
to the grid as their capacities are highly stochastic and 
thus, they add more uncertainties to the real-time price 
calculations. 
This is why the socioeconomic feedback of the energy mar-

ket, with all the uncertainty it carries, cannot be closed in 
actual real time and some degree of direct control may prove 
necessary, blurring the boundary between RTP and DLC. 
Unlike pricing techniques, which require an active participa-
tion from users to make price-aware decisions, direct control 
strategies assume a more passive behavior on the user side. 
For example, a fleet of EVs will be available to an entity (aggre-
gator/utility) that will be in charge of controlling the charging 
of vehicles, as long as they will receive full charge in a reason-
able time (specified by the user or based on a QoS agreement). 
Next, we will discuss how these DLC programs traditionally 
work. 

LOAD CONTROL THROUGH CURTAILMENT
Unlike RTP, DLC, or interruptible load programs, have been 
widely and successfully practiced for over two decades now. 
During peak load hours, the ISO or the utilities have the 
option to curtail the load due to certain appliances like air con-
ditioners or water heaters, belonging to participating custom-
ers, for a predetermined duration of time (usually, 15–30 min). 

Price
Setting
Entity

Demand
Prediction

Constraints

Demand

Error

DelayD (P1, · · · , PL)
P1, · · · , PL

λ1, · · · , λL
Power Grid

[FIG3] Model of the generation market and the demand 
interaction with RTP.
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This is done by sending a curtailment signal to the target 
appliance from a dispatch center. 

Since the 1970s, when DLC was first conceived, several 
researchers have worked on finding an optimum curtailment 
schedule that will maximize the 
benefits of the ISO or the utility 
while avoiding unacceptable dis-
satisfaction for participating 
customers. Typically, an optimi-
zation problem is defined to 
minimize a certain cost func-
tion of the load during a 
 look-ahead horizon. Common 
constraints are maximum curtailment time and a minimum 
payback period between two successive curtailments, during 
which the appliance is allowed to function without interrup-
tions, to catch up on its duty. This type of control is effective 
only for appliances that can be interrupted. The typical formu-
lation of the optimal DLC is based on stochastic dynamic pro-
gramming methods [15], [16]. Alternatively, the optimal DLC 
can be relaxed into a linear program, which is less computa-
tionally intensive. 

DLC decisions are usually made considering sufficiently 
long look-ahead horizons, to avoid rebound peaks due to 
payback periods, since the modified load ' ( )L t  at time t  is 
given by 

 ' ( ) ( )L t L t Curtailed Load from DLC= -  
 .Payback Load from Previous Curtailments+  

Note that DLC schedules are sometimes solved for in coordi-
nation with the unit commitment problem (2) since they will 
affect the demand values Di  [17]. 

Most DLC studies are mainly focused on commercial and 
industrial buildings and business infrastructures because of 
the economy of scales provided by controlling their energy 
consumption that justifies the value of 
the sensing and telemetry network to 
perform the control. However, there are 
several exceptions to this rule, and AMI 
networks deployed in the last several 
years enable DLC for residential custom-
ers. Figure 4 is a schematic representa-
tion of the way DLC can be implemented 
in homes. One of the issues of advancing 
DLC is the fact that most of the AMI net-
works currently being deployed are 
extremely slow, with downlink speeds of 
one minute (though with the ability of 
multicasting), but with a staggering four 
hours delay in the uplink. This is why it 
is possible that Internet connections, as 
well as other communication links, may 
be used in conjunction with the AMI net-
work to further advance DLC methods. 

An important area of research right now is how to market 
DLC, defining what is called an ancillary service model that 
can be incorporated in the energy market [18]. Utilities/aggre-
gators  examine the degree at which they are able to shed load 

in case they are called up on the 
next day and announce this 
capacity to the wholesale elec-
tricity market. 

While interrupting certain 
loads can help alleviate the prob-
lems with high peak demand 
when facing generation short-
age, the drawback of most DLC 

solutions is that they are designed for emergency situations. 
With the addition of a sizable amount of unpredictable renew-
able resources, like wind and solar energy to the grid, the fre-
quency of these emergency situations will increase substantially 
and forced curtailment of the load, even if it is backed by cus-
tomer participation, will no longer be a sufficient measure to 
match volatile and unpredictable generation with mostly inelas-
tic demand. Also, deciding how the customers should be paid 
for these interruptions will become increasingly unclear, bring-
ing about similar complexities as RTP. However, we anticipate 
that this is an area where new applications may emerge as a 
result of capillary information and control of events on the grid, 
as discussed in the section “Information Domains.” 

DEMAND BIDDING PROGRAMS
Another option that has recently regained popularity is 
demand bidding (sometimes referred to as negawatts) pro-
grams, where market participants managing a certain DLC 
customer base, a large industrial load or even single residen-
tial customers directly make an offer to the wholesale market 
to use less electricity during peak hours on the next day. 
According to the Federal Energy Regulatory Commission 
(FERC), demand bidding “will be less costly than a program 

Internet

AMI
Network DLC

DER

[FIG4] Example of DLC architecture for residential users. The computer represents the 
DLC dispatch center of the regional utility.

AN IMPORTANT AREA OF RESEARCH 
RIGHT NOW IS HOW TO MARKET DLC, 

DEFINING WHAT IS CALLED 
AN ANCILLARY SERVICE MODEL 
THAT CAN BE INCORPORATED IN 

THE ENERGY MARKET.



IEEE SIGNAL PROCESSING MAGAZINE   [62]   SEPTEMBER 2012

where an end user receives payments greater than the market-
clearing price to reduce its demand.” This compensation by 
actual market price can happen because, unlike conventional 
DLC, which is mostly regulatory driven, these programs are 
market driven as negative watts are dispatched in a manner 
similar to those offered by conventional generation units. 
Whether this idea is acceptable is still under debate, since the 
amount of energy reduction can only be measured based on 
the consumption history of the bidder and there are market 
design problems that may arise due to this fact. 

EMERGING COORDINATED DR TECHNOLOGIES
Recently, we have observed an emerging body of work that pro-
pose to use the famous concept of network utility maximization 
(NUM) to optimally manage electricity demand under the con-
trol of an aggregator/utility company in a distributed fashion 
(e.g., [18]–[20]). Though there are a few different versions of 
the utility function used to characterize the social benefit of the 
entire population, these approaches share a common merit: 
they can address the previously discussed problems caused by 
unknown customer behavior since in this case, similar to RTP, 
customers can individually tailor their demand based on their 
preferences. However, under NUM, the prices are determined 
by iterating back and forth between the control center and the 
customers, thus allowing the control center to take into 

account individual customer preferences before announcing a 
final price. 

While developing techniques that coordinate how controlla-
ble loads owned by different customers respond to fluctuations 
in the price of their shared resource is a crucial step in making 
the demand flexible, optimization models that incorporate 
individual customer preferences (including deadlines) cannot 
be solved centrally due to their inherent computational com-
plexity and massive communication overhead. Consequently, 
they cannot be used to model the aggregate service that a pop-
ulation of controllable loads can offer to the grid, either as a 
price taker or as a DR service provider. Thus, currently, optimi-
zations that need such a model assume that providing electrici-
ty to controllable loads is analogous to filling a tank by a 
certain deadline, which can result in many difficulties and mis-
calculations. To address this issue, we present a method that 
can provide a concrete mapping between switching on individ-
ual energy requests and the aggregate demand imposed on the 
grid by the entire population of controllable appliances. This 
method follows the path of many scalable computing and com-
munication systems existing today that provide best-effort 
scheduling services, optimizing average service metrics rather 
than meeting individual customer constraints. 

FROM PACKET TO POWER SWITCHING: 
DIGITAL DIRECT LOAD SCHEDULING
In the section “Price-Based Load Control Strategies,” we saw 
that the problems with determining appropriate price signals 
to control the load in a decentralized and efficient manner are 
mainly due to the uncertainty in how customers respond to 
variable real-time prices, i.e., an unknown feedback behavior. 
If, however, this feedback loop is somehow opened or its 
responses are based on settings that can be learned by a con-
trol center, the stated problems will no longer exist (or will be 
mitigated). What we propose is to add a certain intermediate 
mechanism to help reshape the original demand subject to a 
mutually agreed-upon level of QoS. 

Holding fuel reserves is much more efficient than storing 
electrical energy. But what would it take to hold back the 
demand, considering its intrinsic elasticity? The key idea we 
proposed in [21] is to unbundle the load from certain appli-
ances and view each contribution like a set of LEGO pieces 
that can be reassembled to follow a desired load profile, by 
delaying appropriately the power delivery to each individual 
appliance (see Figure 5). 

In our model, each arriving smart appliance has an associ-
ated parameter vector Ci  that determines uniquely the time 
evolution of the load contribution when that appliance is 
turned on. In fact, we assume that, if turned on at time zero, 
the load is the complex phasor signal ( ; )g t Ci , one to one with 
Ci . In general, C Ci

N
!  can be the Nyquist samples, or the 

Fourier or Wavelet coefficients of the known load evolution 
after activation. A simple example is that of EVs, for which Ci  
is a two-dimensional vector, representing the charging rate and 
the fraction of battery charge needed by the car upon its 
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 arrival. What makes our model scalable and practical though, 
is the quantization step: the continuous load injection parame-
ters Ci are mapped onto a quantized request Ci

t , with Q  quanti-
zation levels. These quantizations will bundle different 
requests by appliances into a set of discrete load classes. Hence, 
the scheduling design consists of managing the  departures 
from a set of Q  queues, with a 
FIFO discipline, as shown in 
Figure 6. For example, with EVs, 
the charge duration has a maxi-
mum of eight hours and can be 
quantized into 15-min intervals, 
thus requiring 5 B to communi-
cate and resulting in 32 different queues in which EVs can be 
bundled to wait for energy. Solving for an optimal departure 
process from these queues has a considerably lower computa-
tional complexity and communication overhead than solving 
for deadline-constrained schedules, precisely because of the 
described discretization and bundling technique. 

DDLS can be implemented as a voluntary program, similar 
to DLC, through which customers can receive cheap energy in 
return for their patience, since their demand is being modu-
lated to consume green energy opportunistically. The neigh-
borhood scheduler will operate as a local energy retailer, 
which determines the activation time of the requesting smart 
loads such that it can shape the load profile to be as close as 
possible to the available generation supply (the day-ahead bid 
+ the available local intermittent resources), avoiding the 
rebound peak problems that arise in DLC and also accounting 
for the customer service level through its queue management. 
We call this scheme DDLS. 

As previously discussed, prospective DSM strategies (i.e., 
load control via price-induced customer response or load cur-
tailment etc.) will be of substantial importance in the future 
grid for balancing demand and generation. By providing DR 
services to the grid using these strategies, end-use customers 
can get cheaper energy as a reward. However, if these services 
are offered independently by each individual customer, they 
will come in small amounts and have little degrees of freedom 
for transactions in the wholesale electricity market. 
Therefore, to have more bargaining power, these services may 
be pooled together by intermediary businesses responsible for 
planning and scheduling these distributed DR offers, usually 
referred to as energy aggregators (which can be a utility) [22]. 
Furthermore, the idea of “aggregation” can also be employed 
on the generation side to incorporate renewable energy 
resources. Some popular aggregation schemes, such as virtual 
power plant (VPP) and microgrid, are discussed in the follow-
ing section. 

RENEWABLE INTEGRATION 
FROM THE DISTRIBUTION SIDE
The increasing penetration of renewables introduces another 
level of difficulty before the benefits of DSM technologies can 
be fully exploited. As mentioned earlier, electricity generation 

from renewable energy sources (RES), which is a fast growing 
segment in the smart grid implementation, adds to the diffi-
culty of ensuring power grid stability and reliability. It is pro-
jected that by the year 2020, 33% of the U.S. energy supply 
will come from renewable resources. Wind power and solar 
generation can be expected to gain essential penetration in the 

coming years. In particular, RES 
will be integrated in the grid in 
a dispersed fashion because this 
strategy has many potential 
benefits, including lower trans-
mission losses, providing reli-
able power supplies during 

emergencies, reduction in peak power requirement, provision 
of ancillary services and so on [23]. 

The increasing interest in distributed generation (e.g., 
microgeneration) is due to the convergence of two main fac-
tors: the many recent developments in technologies to gener-
ate and control a variety of microscale DER and the fact that 
the electricity business is restructuring. Typical microgenera-
tion systems include, e.g., windmills, photovoltaic (PV) panels, 
fuel cells, microturbines that use fuel such as gas or biofuel, 
and community energy storage (CES) devices (flywheels or 
batteries). With widespread deployment of these resources, the 
cost of expanding and updating the transmission capacity can 
be partly offset by placing assets near the consumer. 
Unfortunately, the limited dispatchability and intermittent 
nature of wind or solar RES may pose severe operational chal-
lenges to the grids, in terms of market performance, transmis-
sion congestion, and system reliability, if the volatility in their 
power outputs is not monitored, managed, or coordinated 
appropriately. 

As explained later, electricity storage incurs prohibitive 
costs and options. For instance, curtailing wind or solar gen-
eration or further adding additional gas turbines to compen-
sate for the variability of renewables are imperfect solutions, 
since they essentially counteract the benefits and purpose of 
deploying renewables. Therefore, a scalable and robust inte-
gration coordination architecture, in addition to the intelli-
gence of DSM technologies, is vital for connecting these 
distributed resources to the power grid. 

INTEGRATION ARCHITECTURES 
FOR DISTRIBUTED RESOURCES
To integrate renewable resources from the distribution side 
into the power grid, three main concepts have been proposed, 
centering on the idea of aggregation of either the DER, the 
loads, or both. 

1) VPP: A VPP [24] is an aggregated group of distributed 
generation units. The concept of VPP is mainly proposed to 
allow DER to bid more effectively in the market, because 
distributed sources come in small quantities and experi-
ence large fluctuations and uncertainty, which makes par-
ticipation of any single source unit in the wholesale market 
impossible. VPP is comparable to a power plant connected 
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to the transmission grid, which pools together available 
distributed resources. With this intermediary entity, DER 
participation in the energy market is facilitated and the 
balance between distributed generation and demand is bet-
ter managed and coordinated. 
2) Energy Hub: The energy hub is a market-driven concept 
[25] of input/output relationship of energy, where multiple 
energy carriers/resources can be converted, conditioned, 
and stored as one comprehensive unit. Energy hubs 
 consume power at their input ports connecting to, e.g., 
electricity and natural gas infrastructures, and provide cer-
tain required energy services such as electricity, heating, 
cooling, and compressed air at the output ports. Within the 
hub, energy is converted and conditioned using, e.g., CHP 
technology, transformers, power-electronic devices, 
 compressors, heat exchangers, and other equipment. Real 
facilities that can be consid-
ered as energy hubs are, for 
example, industrial plants 
(steel works, paper mills, 
data centers), big building 
complexes (airports, hospi-
tals, shopping malls), rural 
and urban districts, and 
smal l  i so lated  systems 
(trains, ships, aircrafts). 
3) Microgrid: A microgrid [26] is a coordinated cluster of 
DER units, loads and storage with appropriately designed 
intelligence for management and control. The microgrid 
can cover an urban area, or serve the subnetwork connect-
ed to a transformer, which can be a conglomerate of indus-
try, retail, or other and it operates in essentially in two 
modes: the grid-connected and autonomous island modes. 
The first is the normal interconnected mode, in which the 
load is served by both drawing power from the medium 
voltage (MV) grid, as well as from the microgrid generation 
resources, which can inject power back in the MV network. 
The second one is usually only adopted in emergencies, 
when the microgrid does not receive power from the MV 
network and relies only on local generation to meet the 
local demand. 
It is noteworthy to remark that microgrid sources cannot 

be interconnected and provide energy in the MV pool, because 
they are not synchronous and sometimes they do not produce 
energy in the form of ac voltage. In fact, fuel cells and PV 
panels produce dc current. The control of the microgrid 
needs therefore to include an electronic interface (dc/ac or 
ac/dc/ac) to operate. At a small scale the microgrid is a micro-
cosm that replicates, and somewhat exacerbates, the commu-
nication and control needs of the power grid. To be able to 
operate in the emergency model, typically, microgrid load 
control (e.g., load curtailment mechanisms) and operational 
strategies are vital to provide sufficient generation capacity, 
and maintain the possible level of service in the emergency 
mode. On the other hand, with the increasing penetration of 

DER units, sufficient provisions for both island and grid-con-
nected modes of operations and smooth transition between 
the two (i.e., fast response) are also necessary to enable 
exploiting microgrid resources. Apart from its resilience and 
flexibility, microgrid technology is considered as a promising 
candidate in future power grid to use distributed resources 
[27] because it serves as a comprehensive aggregator of both 
distributed generation and loads to optimally implement DSM 
technologies, balance demand with generation, and operate as 
an intelligent entity in parallel with or connected to the 
transmission grid. 

PHYSICAL INTERFACE FOR RENEWABLE INTEGRATION
With all the above concepts proposed for renewable integra-
tion (e.g., VPP and microgrid), a fundamental issue is how the 
distributed units (including microgeneration, loads, and stor-

age) interact with the current 
grid. The interfaces for such 
interactions span from maker 
participation to physical inter-
faces that coordinate the gener-
ation sources, information 
processing and control units as 
well as electrical configuration. 

The key for incorporating 
renewable generation is to have 

intelligent controllers inside each bundled structure to gather 
and process local information (e.g., DER bids, local market 
prices for the renewables, demand/renewable forecast, network 
security constraints [26]) to optimize the DER unit produc-
tions, determine the set points of loads to be served or shed, 
and issue market prices for the next local bidding process. 
This can be implemented in both centralized and decentral-
ized fashions [24]. 

In a centralized scheme, the DER units are monitored and 
coordinated by a central controller (CC). Local demand infor-
mation is collected by the CC, where the distributed genera-
tion and demand scheduling are optimized under network and 
resource constraints. Then the decisions are fed to the DER 
units for outputs. The centralized deployment is able to incor-
porate both technical and economical functions in the optimi-
zation, to gain benefit of aggregating distributed resources. 
For decentralized systems, each DER unit or cluster has its 
own local controller (LC). The communication topology 
between the LCs is similar to a mesh network, where the opti-
mization is carried out at the LCs jointly via communicating 
with one and another in a multiagent fashion. Different than 
the centralized scheme, the decentralized scheme is more 
resilient to communication failures and more flexible for 
reconfiguration and integration. 

EMERGING STORAGE OPTIONS
With the introduction of battery-based loads such as EVs or 
industrial and CES devices, serving as a buffer or a source of 
energy, the possibility and benefits of storing energy in power 
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systems have been investigated in recent years [28]. Access to 
advanced energy st orage will increase the reliability and secu-
rity of power systems. In the short term, fast-response storage 
has already been demonstrated as a viable means of managi ng 
grid imbalances and volatility through the regulation service. 
In the longer term, storage can be deployed to shift energy in 
time to smooth the out put of renewable generation or reduce 
the peak load on constrained transmission assets. However, the 
option of energy storage should not be viewed as  a panacea to 
all these issues. The main challenge in using storage today is 
the hindering cost of production and maintenance of storage 
devices and their limited conversion  efficiency. If these prob-
lems are solved, storage will be a viable option to modify the 
demand for electricity, with much less consumer interaction. 

INFORMATION DOMAINS
Although there are several models for integrating renewables, 
microgrid solutions are very expensive, and what is still lack-
ing is an abstract model fo r sensing, communication, service 
and actuation (decision making) that would allow a seamless 
integration of microgeneration and local RES technologies 
with DSM a nd DR of loads. In the past, the Manufacturing 
Message Specification (MMS) protocol of ISO9506 provided a 
generic description for networked automation. Today, 
OpenADR (htt p://openadr.lbl.gov/) is emerging as a specifica-
tion protocol to ease the development of DR applications. 
What are the information domai ns around which these new 

applications will gravitate? Due to their considerable share of 
the total electricity consumption, in addition to the transpor-
tation system, buildings will play a vital role in allowing to use 
local renewables opp ortunistically. Within a microgrid, DSM 
and DR are essential tasks to support. However, outside these 
settings, it is only natural to combine RES assets with local 
 DSM and DR, since the idea of using the grid as a stable and 
cheap supply cannot scale. During the past decade, many 
researchers have worked on developing new sensing, network-
ing, and cont rol architectures specifically for demand man-
agement in commercial and residential buildings, creating a 
new domain where DSM and DR can be implanted. If net-
worked tog ether, communities including such buildings can 
actively participate in the energy market by owning DERs and 
managing their energy use smartly. Heating, venti lation, and 
air conditioning (HVAC) systems and smart lighting are con-
sidered as the most important venues for demand manage-
ment on this scale. 

Figure 7 is an abstraction of the network architecture and 
highlights the different information domains. Contrary to the 
traditional model for the grid, to ensure scalability in intelli-
gently dispatching the resources, it is critical to perform a 
number of decisions at the edge of the network. In this vision 
AMI and submetering systems provide information to the local 
HEMS for optimization and feedbac k control, including load 
consumption patterns, renewable generation, storage status 
and other measurements obtained from distributed sensors. At 
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the same time, the HEMS  from 
different households perform DR 
and DSM control actions issued 
by the local demand control 
server. In this vision, machine-
to-machine  communications 
will become the prevalent 
source of traffic for the i nformation infrastructure that will 
support them. This traffic is likely to have very peculiar fea-
tures compared to traditional communication services, sup-
porting voice, or traditional data transmission, since the 
messages will report individual events from heterogeneous user 
devices, with sensitive time requirements and with correlated 
 traffic patterns. 

We can roughly summarize the information [29] that needs 
to be gathered locally for effective planning and design as well 
as efficient operation and management as follows: 

1) Equipment should be capable of communicating context 
information describing the generation of the technology 
and its power and energy capacities, such as the type of 
technology, network location, ownership and responsibili-
ty, range of operations; it should also provide a service 
description in a standardized form, which would enable a 
mapping into standardized actions. 
2) Accurate sensor data, with context information on time, 
location, type of measurement, which will be needed for 
real-time load forecasting, based on proper consumer 
behavior analysis. 
3) Pricing-incentive descriptions should be easily accessi-
ble for the development of HEMS software.
Responsive loads will have to be able to communicate their 

class: for example, if they have large consumption power, long 
job duration, and predictable operation cycles (e.g., EV or 
PHEV, washing machines, dishwasher) if they are interruptible 
(e.g., home cooling/heating/ventilation); if they are delay 
intolerant loads, that exhibit random arrivals and durations 
with some predictable pattern (e.g., TV, computer). 

Signal processing is likely to operate between the physical 
world, to ease the descriptions, or extract them from data, as 
well as in the application layer, where algorithms will use 
information to produce valuable analytics for optimization. 

CONCLUSIONS
In this article, we discussed the most recent developments in 
the area of load management, and considered possible inter-
action schemes of novel architectures with DER. To handle 
the challenges faced by tomorrow’s smart grid, which are 
caused by volatile load and generation profiles (from the large 
number of plug-in EVs and from renewable integration), the 
conventional grid operation principle of load following needs 
to be changed into load shaping or generation following. DSM 
will be a promising and powerful solution to the above chal-
lenges. However, a lot of other issues such as load forecasting, 
pricing structure, market policy, and renewable integration 
interface need to be taken into the design to search for the 

most effective and applicable 
solution. 

A similar fertile ground for new 
inventions happened when com-
munication networks changed 
their access model from circuit 
switched networks, designed to 

follow peak requirements of analog transmission, to packet 
switched network that constantly negotiated how to stream the 
next block of data efficiently. Soon, digital standards emerged that 
could transmit the same information content, albeit with best 
effort services. 

There are many areas where signal processing research can 
contribute to pave the way for a greener future for the grid. At 
the high level, one is in defining the DSM and DR application 
layer, finding new abstractions and digital descriptions of the 
end use of electricity, that can potentially incorporate a cus-
tomer tailored response, much like video compression, which 
uses perception to push the limit of scalable video coding. The 
other is in supporting the wealth of sensing, telemetry, and 
signal processing that is needed to follow uncertain genera-
tion, in particular if the grid will increasingly rely on DER to 
bypass transmission bottlenecks. Rapid sensing and automated 
reconnaissance will be of paramount importance, to serve the 
flexible and responsive demand with greener energy produc-
tion. Last but not least, a number of classic statistical signal 
processing tools can be used to model, learn, and predict sen-
sors data, future demand, and financial signals that will per-
meate the architecture of the future grid. 
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