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Abstract— The evolution of traditional electricity grid into a
state-of-the-art Smart Grid will need innovation in a number of
dimensions: seamless integration of renewable energy sources,
management of intermittent power supplies, realtime demand
response, energy pricing strategy etc. The grid configuration will
change from the central broadcasting network into a more dis-
tributed and dynamic network with two-way energy transmission.
Information network is another necessary component that will
be built on the power grid, which will measure the status of the
whole power grid and control the energy flow. In this perspective
of unsolved problems, we have designed SmartGridLab, an
efficient Smart Grid testbed to help the research community
analyze their designs and protocols in lab environment. This
will foster the Smart Grid researchers to develop, analyze and
compare different designs conveniently and efficiently. Our de-
signed testbed consists of following major components: Intelligent
Power Switch, power supply (main supply and renewable energy
supply), energy demander (e.g. appliance), and an information
network containing Power Meter. We have validated the usage
of our designed testbed for greater research problems in Smart
Grid. 1

I. INTRODUCTION

Fig. 1. Trend of energy production and consumption in United States
(Source: Energy Information Administration, Energy Perspectives, Figure 1
(June 2009))

In United States and also in other parts of the world the
demand of energy is growing faster than the generation of
energy. This has often caused peak energy demand approach
the energy grid capacity, thus causing frequent blackout. [1]
shows the historical outage statistics of United States form
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1991 to 2005. Figure 1 reveals the trend of faster growth
of energy demand with respect to energy supply in United
States from 1950 to 2008. In existing power grid, the basic
princicple of transferring energy from power plant to a large
number of users can’t often meet the increasing demand. There
have been five massive blackouts over the past 40 years, three
of which have occurred in the past nine years [2]. Northeast
Blackout of 2003 is one of the worst, and it shows that the
traditional electricity grid’s self healing ability is not robust
enough. Because of these problems, a national trend is to
seamlessly integrate the sources of renewable energy supply,
and allow distributed power generation. This will not only
reduce peak load, but will also reduce important factors like
CO2 emission, green house effect and energy consumption.
One more advantage of such intergration is quicker recovery
of community in disaster scenario as it need not rely on the
recovery of main power grid. In 2008 11.8% of electricity was
generated from renewable energy sources in California U.S.
[3]. According to California’s Renewable Energy Programs,
by 2020 33% of electricity will be generated from renewable
energy resources. In Europe, 8.5% electricity is generated from
renewable source in 2005, and their goal is to increase this
number to 20% by 2020 [4].

Traditional grid is only a one-way energy broadcasting net-
work. However, in the future more renewable energy sources
will be used and the power grid should have two-way energy
transmission to support users to upload their extra energy to
the grid and share energy with others.

In smart grid research community, simulation is widely
used. The work in [5] have designed a simulator based on
software agents that attempts to create the dynamic behavior
of a smart grid city. [6] is a grid simulation laborartory,
working on Tests and validation of computer simulations with
system dynamics when renewable generation sources and other
forms of distributed generation and loads are integrated into
the electric power grid. But simulated environments lack real
scenario and platform to conduct experimental research in
laboratory environment. In this aspect, to foster the ecosystem
of smart grid research, we have developed a smart grid
testbed for laboratory research environment. This testbed will
allow researchers and educators to effectively study and teach
smart grid technology. It has following main components: (i)
Intelligent Power Switch, (ii) power supply (with main supply
as well as renewable energy sources), (iii) energy demander
(e.g. appliance), and (iv) Power Meter. The intelligent power



switch can dynamically configure power route from a set of
energy supply to a set of users. The power meter can measure
the amount of energy that is flowing through the line.

This paper is organized as follow. The motivation is dis-
cussed in section II. The detailed design of the developed
SmartGridLab testbed is pesented in section III. The valida-
tion of SmartGridLab for smart grid research is presented in
section IV. Finally in section V we conclude with discussion
on future work.

II. MOTIVATION

In this section we discuss the motivation behind our work.
There are many open research problems that need to be solved
for achieving a state-of-the-art Smart Grid for real world to
use (discussed in [2]). Motivating development and enabling
analysis of solutions to open research problems in smart grid
has motivated the design of SmartGridLab testbed. Later we
have conducted experiments related to these open problems for
showing the usefulness of the testbed.

Management of Intermittent Power Supplies: Various
renewable energy supplies such as solar or wind are being
used in Smart Grid. For example, California’s Renewable
Energy Program is going to increase their usage of renewable
energy resource to 33% by 2020. The inclusion of various
renewable energy sources will enrich the Smart Grid. One
challenge is how to manage the intermittent availability of
different energy supplies in Smart Grid so that consumers can
get continuous energy supply. Size and capacity of renewable
energy source generators are relatively small, so consumers
can use them locally. These small capacity supplies can not
only provide energy to these consumers, but also can be
viewed as a virtual power plant to provide energy to grid.
Control and communication algorithms need to be developed
to make renewable energy network more efficient and reliable.

Price Driven Real-time Demand Response: Demand re-
sponse (DR) is the ability of users to dynamically change their
electricity loads. The change can be according to price signal,
which may reflect the total demand of user side. DR is one of
the most important capability to enable smart grid. To enable
DR, several techniques need to be developed. Users need smart
meter to report their current or future energy consumption
and appliances can adjust their behaviors according to price
signal. Sensing of renewable energy production and changing
price are also important issues. Protocols of sending price
signal and algorithms to control appliances behavior have to
be developed.

Disruption Resilience with Self Healing: Traditional
power grid mostly doesn’t have the self healing capability. The
failure of one link in power line may result in loss of electricity
in consumers in large scale. However, smart grid will have a
monitoring system that will learn the status of whole power
grid. The goal is to dynamically optimize the performance and
robustness of the system, and quickly react to disturbances in
order to minimize impact (like cascaded failure). MicroGrid
and Virtual Power Plant will also potentially provide such
capability to smat grid.

III. SMART GRID TESTBED DESIGN

SmartGridLab smart grid testbed consists of four main
components: (i) Intelligent Power Switch (IPS), (ii) energy
supplier (main supply, and renewable energy source as solar
panel and wind turbine), (iii) energy demander (e.g. appli-
ance), and (iv) an information network containing Power
Meter. In our testbed, there are two networks that co-exist.
One is power network with energy flow, the other one is
information network with sensing and control data flow. The
information network can collect status of power network and
can also control it.

A. Architecture of Power Network

Fig 2 illustrates the overview of a power grid by using IPS
(as discussed in [7]). IPS can be connected to energy sources
(including renewable energy and power grid), smart appliance,
energy storage, power meter and also to more IPS. So IPS
is a critically important component for achieving smart grid
structure. Based on this feature, the grid that contains IPS can
be configured into different topologies. IPS can be connected
as mesh, tree or ring, and the configuration can be changed as
desired. Figure 2 shows a distributed structure of power grid.
The distributed power suppliers and consumers are connected
to the cloud of IPS. By connecting to IPS, a new component
can easily be added into the power grid. In this power network
no centralized control is needed, rather it’s like a peer-to-peer
network. IPS can be connected to current power grid system.
IPS can also act like a microgrid. It can group the devices
which are connected to it and can isolate from main power
grid if any disturbance is detected.

Smart 
Appliance

Renewable 
Energy Power 

Grid

Energy 
Storage

Power 
Meter

IPS

IPS

IPS

IPS IPS

IPS

Fig. 2. Power Grid Overview

B. Architecture of Information Network

In smart grid, two-way communication will allow infor-
mation exchange. A variety of communication media could
be used in smart grid, including copper wiring, optical fiber,
power line carrier and wireless. TUNet, the Tantalus Utility
Network, is an end-to-end WAN/LAN/HAN communications



system that operates with both RF and IP-based networks
including Fiber, WiFi, WiMAX and GPRS/cellular, either
individually or in combination [8]. GridComm [9] is based
on Tropos wireless broadband mesh network system. GE has
announced to use WiMAX in a grid pilot program for Michi-
gan utility Consumer Energy [10]. We have used 802.15.4
wireless network (configured as a wireless mesh network) in
this testbed prototype to emulate the network. Although WiFi
or wired media can also be used for communication, 802.15.4
is low power and is more flexible for a testbed. It can be
configured to any topology. This information network is a kind
of sensor network and the power grid is the object it would
sense.

This information network can be configured into a cen-
tralized network or a distributed network. For the centralized
configuration, power meter can send their data to an Energy
Management Center (EMC), EMC can compute the whole
power grid status and send out control signal. In distributed
configuration, each microcontroller on IPS will compute its
own status based on the information it received from other
IPS and power meter. Each IPS and power meter can commu-
nication with each other and exchange their status.

Now we describe the components of our designed testbed
in details.

C. IPS Design

IPS is the critically important component for achieving
distributed and scalable structure, and it needs intelligence to
efficiently control the interconnection of components. The pur-
pose of IPS is to switch power from one port to another port.
So any component connected with IPS should be connected
with the others. At the same time multiple pairs of ports can
be connected together. That means if there are two supplies, A
and B, and two consumers C and D, A can provide power to
C and B can provide power to D parallelly. To achieve these
goals, the IPS uses the design as shown in Figure 3. Ports
can be connected with appliance, power supply or another
IPS. Switches on the intersection of two lines will control the
connection of pair of line. Taking S6 as an example, it is on
the intersection of Port 3 and Port 4. If it closed the two ports
will be connected together, otherwise there is no connection
between them.

This design in Figure 3 is of a six-port IPS. Fifteen switches
are used to control six ports. If more ports are used, there
should be more switches. Assuming that the number of ports
are Np and the number of switches are Ns. Then.

Ns =
Np × (Np − 1)

2
(1)

So if a lot of ports are needed in some application, we
can use two or more IPS and configure them in cascade
connection. The configuration of connection can be of three
types: multiple supplier to single consumer, single supplier
to multiple consumer, and parallel connection. For example
suppose the requirement is: Port 1 only supplies energy to
Port 3, and Port 2 only supplies energy to port 4. To achieve
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Fig. 3. Intelligent Power Switch Design

this, close S11 to connect Port 1 and Port 3, then close S7 to
connect Port 2 and Port 4.
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Fig. 4. Intelligent Power Switch Hardware

The hardware of IPS is shown in Figure 4. This is a six ports
IPS, each outlet can either be connected to a power supply,
an appliance, an energy storage or another IPS. In this design,
TelosW platform [11] is used as controller of IPS. It can send
out control command to shift register. Two shift registers are
used in this design, each of them has 8 output, and each output
can control one of these switches. As power supply it can get
power directly form power line. In this version, the power
supply should be independent from all the six outlets. In next
version of IPS we plan to use a rechargeable battery to supply
power to Telosw and the switches. It can then be charged
whenever one of the six outlets is connected to power supply.

Solid state relays S116S01 are used as power switch.
S116S01 can provide 4.0 kV isolation from input to output
and peak off-state voltage is 400V. By using this device it
is easier to control high voltage AC by low voltage control



signal.

D. Power Meter

Power meter is another important component in this testbed.
It can measure how much current is flowing in the test
line. Plug node [12] uses a current transformer as current
sensor, and uses an ADC to sample this sensor. ACme [13]
is an IP based wireless AC energy meter. It uses ADE7753
as current sensor. The design of power meter is shown in
Figure 6. This power meter is built with four parts: TelosW
sensor mote, Hall effect current sensor, resistor network and
power supply. TelosW is the controller of power meter. Hall
effect current sensor converts current value to voltage. In this
design, ACS714 5A version is used. It has 1.2 mΩ internal
conductor resistance, so its energy consumption is negligible.
The output of ACS714 is linear according with current change
on the test line. The output of ACS714 can be converted to
digital numbers by a analog digital convertor (ADC), so the
current value can be processed by microcontroller. However,
the output voltage of ACS714 varies from 1.5 V to 3.5 V,
while the ADC on TelosW can only allow maximum 2.5 V
input. So a resistor network is needed to regulate the input
below 2.5V. It can get power supply directly from power line,
and output is stable 5V to ACS714 and TelosW. The hardware
of our power meter is shown in Figure 5.
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Fig. 5. Power Meter Hardware
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Fig. 6. Power Meter Design

First, 512 samples are taken from ADC in each 0.1mS. After
this is done, root mean square(RMS) is computed based on
these samples. In AC signal, RMS can indicate the average
current. Once this is done, the final result is sent to EMC
though radio communication. One problem in this flow is : to
compute RMS will take a lot of time. However, the energy
consumption of appliance will not change very quickly, so the

computation of RMS can be taken at a low rate. In our test
bed, we take 1 second interval between two computation of
RMS.

E. Energy Supply and Energy Demander

In this testbed either wall outlet power, or renewable energy
source can be used as power supply. They can be connected to
IPS to provide energy to the rest of power network. Figure 7
shows two micro renewable energy generator. They are small
enough to be used in laboratory experiments to evaluate
smart grid protocols and algorithms. As energy demander
(i.e. consumer) we have used lamps, computers and other
appliance. We have also designed a smart appliance that can
intelligently control the energy usage according to price signal
of supplied power.

WindTurbine

Solar Panel

Fig. 7. Renewable Energy Source

IV. TESTBED VALIDATION

In this section, we have demonstrated smart grid experi-
ments with SmartGridLab. Six IPS are used here and the
connection between them is shown as in Figure 9. In our
experiment we configure these IPS into a mesh power network,
however other kinds of topology could also be formed by
IPS. On the connection of each IPS there is a power meter
to measure power flow between them. Two power supplies,
P1 and P2 (shown in figures), provide power to the network.
They are connected to switches S1 and S4. We use three lamps
to simulate appliance. They are indicated as A1, A2 and A3
in the figure. A1 and A2 are connected with S5, while A3 is
connected with S6. In the figures, the real power meter reading
is shown.

A. Real-time Demand Response

We have conducted experiments related to two demand
response strategies: (i) reliable energy supply with multiple
intermittent sources, and (ii) price driven demand response
with multiple flow.

1) Management of Intermittent Power Supplies: One issue
with using varied sources of energy in smart grid is intermittent
availability. The output of some energy supplies may not be
stable. However, if we used multiple such supplies to form
a virtual power plant, the whole output of them will become
better. In this experiment, we simulate two renewable energy
sources with intermittence on each of them but the intermit-
tence doesn’t happen at the same time, and the appliance still
gets a continuous power supply. In Figure 8, the first two plots



Fig. 8. Management of Intermittent Power Supplies: A1 getting continuous
power from two intermittent sources of power supply

are two power supplies with intermittence. We simulate them
by turning on and turn off the connection of switch connected
to power supply. From these two plots, it can be observed
that none of them has continuous output. The third plot is the
energy consumption of appliance (A1, 100watt is used), and
the energy supply has been stable.

P1

P2

S1 S2

S6S5

S4S3

0 w

A1 A3A2

Power 
Meter
Power 
Source

IPSM1

M2 M3

M4

M5
M6

M7

M8

0 w

34 w

0 w

0 w

34 w

98 w

97 w

Fig. 9. Multiple Flow: A1 (100 watt) gets energy flow from P2, while
simultaneously A3 (40 watt) gets energy flow from P1. The real energy flow
measured across lines are also shown.

2) Price Driven Demand Response with Multiple Flow:
Demand response is an important issue with smart grid.
Users will change their energy consumption level according
to the price information. The price can increase if the demand
becomes higher. In smart grid, there could be many energy
suppliers. Different sources of energy supply may have differ-
ent price, based on the energy quality, and different users may
have different preference. Some users may want the price to
be lowest, while other users may take energy quality as their
first consideration. So in smart grid, multiple power flow may
exist in network at the same time. Our experiment is to show
multiple power flow can co-exist by using IPS. In Figure 9,
A3 is a 40 watt lamp which gets energy from Supply P1
through path P1→S1→M1→S2→M6→S6→A3, while A1 is

a 100 watt lamp which gets energy from Supply P2 with path
P2→S4→M7→S6→M8→S5→A1. The two path can co-exist
in this network according to the reading of power meter. Even
they have an intersection in S6, they will not affect each other.

B. Disruption Resilience with Self Healing
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Fig. 10. Self Healing: A2 (60 watt) initially gets energy flow from P1. When
the link from S2 to M6 is broken, self healing smart grid assigns a new path
from P1 to A2. The real energy flow measured across lines are also shown.

Disruption resilience is one of smart grid’s key features.
The link from supply to consumer may be broken at some
point. Smart grid should have the ability to switch path from
the broken link to another one. In this experiment appliance
A2 and supply P1 are used. First, A2 is connected with P1
through path P1→S1→M1→S2→M6→S6→M8→S5→A2.
The link between S2 and M6 is broken. Then the path from
P1 to A2 is switched from original path to a new path
P1→S1→M2→S3→M5→S5→A2.

C. Flow Balance using Multiple Path
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assigns another path for maintaining balance in energy flow through lines. The
real energy flow measured across lines are also shown. Power Meter readings
shown: (1) is before flow balance, (2) is after flow balance.



In power grid, the load of each line is limited. So it may
require to balance the power flow in the power grid to make
sure none of load is higher than the limit of electric line.
The mesh power grid platform can achieve the balance by
setting configuration of different switches in the network. In
this experiment, A1 (100 watt) and A2 (60 watt) are connected
into the network, and they get energy from P1. However,
all flow is coming from path P1→S1→M2→S3→M5→S5,
and the other part of the network has no flow. Assuming
that each line’s limit becomes 100 watt, so this path is
overloaded. To meet the limit, we still connect A1 to P1
with the same path as before, but switch A2 to another
path P1→S1→M1→S2→M6→S6→M8→S5→A2. Figure 11
shows the flow (1) before balance and (2) after balance.

D. Power Meter
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Fig. 12. Validation of Power Meter

To validate power meter, we set have up two experiments.
In the first experiment we use three lamps (130V, 40W; 120V,
60W; 120V, 100W) as load. We turn them on one by one and
get readings from power meter. Form Figure 12, we can see
that our power meter can precisely reflect the changing power
consumption.
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MacBook during different operations

In the second experiment, a laptop has been connected with
the power meter. The energy consumption is measured for

more than an hour as shown in Figure 13. We first charged
the battery from 85% to 100%. In the middle of this process,
we run a graphic editor software, so there is a spike at 1000
second. After charging battery, we made the computer go to
sleep mode, therefore energy consumption drops to about 15
Watt. In the last part of this figure, we turn on video processor
software which uses about 80 Watt.

V. CONCLUSION AND FUTURE WORK

This paper presents SmartGridLab, a laboratory envi-
ronment testbed for smart grid research. In this testbed, the
main components are: IPS, different sources of power supply,
energy demander, and Power Meter. IPS enables the power
grid to be configured as any kind of topology, and power
meter senses the energy flow on each line and reports the
data. The information network is co-designed with power
network. SmartGridLab can significantly help researchers to
analyze and compare various algorithms and protocols. Several
experiments are performed to show the applicability of this
testbed for research community in Smart Grid. Currently the
IPS has to be plugged into another power supply. We plan
to replace it with a rechargeable battery. The power meter
cannot measure active and reactive energy consumption yet.
In the next effort we plan to add this feature.
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