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Abstract A smart grid is an electric power system with
high levels of automation, dispersed generation, intelligent
monitoring and control; however, because the distribution
networks in operation today do not have these characteris-
tics, studies concerning the control, planning and operation
of the smart grid are difficult to perform. To overcome these
practical difficulties, studies investigating the smart grid can
be conducted in computational environments that are able to
reproduce meticulously the electrical and communicational
behaviors expected by the smart grid. Therefore, in this paper,
the development of a platform to simulate the advanced dis-
tribution management system from a reference model for
smart grid, which has seven layers, is proposed. Part I of
this paper is dedicated to formulating mathematically the
three lower layers that make up the electrical devices simu-
lator. The analysis of the results revealed the capability of the
simulator to generate scenarios with a wide range of power
demand that is ideal for developing new operation, planning
and control tools for a smart grid.

Keywords Smart grid · Advanced distribution
management system (DMS) · Reference model

1 Introduction

A smart grid is characterized by two-way flows of electric-
ity and information enabled by the integration of the power
grid with information and communications technologies and

J. B. Leite (B) · J. R. S. Mantovani
Electrical Engineering Department, UNESP/FEIS, Ilha Solteira,
São Paulo, Brazil
e-mail: jonatasboasleite@gmail.com

J. R. S. Mantovani
e-mail: mant@dee.feis.unesp.br

by the use of the demand response management that coor-
dinates the distributed energy resources, the electrical loads
and the charging of plug-in electric vehicles (Deilami et al.
2011). Real-time active operations, such as self-healing and
plug-and-play support, are also expected features of a smart
grid, which enable the active participation of the end cus-
tomers in the energy markets and the creation of new prod-
ucts and services. In this way, the energy reliability, qual-
ity and efficiency can be maximized. Therefore, the major
challenges to the smart grid researchers are related to smart
devices, communication systems, cybersecurity, data man-
agement and software application.

Smart meters are important smart devices in the smart grid
structure because smart meters support the automatic read-
ing operations, facilitate the management of the home appli-
ances and are essential components of the advanced metering
infrastructure (AMI) (Cho and Yamazaki 2009). The AMI
communication network is hierarchical and has many smart
meters arranged through the neighborhood area networks at
the bottom of the hierarchy. The units of the data aggrega-
tion receive the data from the smart meters and send them,
via a wide-area network, to the meter data management sys-
tem (MDMS) that is located at the top of the hierarchy. The
MDMS data can be used to forecast the power grid load-
ing and to help with the decisions of the protection system.
Moreover, the metering data are processed with market data
to perform operations such as the economic dispatch (Niyato
and Wang 2012). The same optimistic results verified in the
smart devices area have been obtained in the communication
systems area.

The typical SCADA communication system has a low data
rate, which is not suitable for smart grid operations; in con-
trast, a wide-area monitoring system (WAMS) uses a high-
speed Internet communication system and represents the next
generation of the sensor network that is suitable for the smart
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grid architecture. The WAMS can monitor the power system
infrastructure and detect mechanical failures, such as conduc-
tor failure, tower collapse, hot spots and extreme mechanical
conditions (Qiu et al. 2011; Leon et al. 2007). The phasor
measurement unit (PMU) is the most important component of
a WAMS and provides time-synchronized data of the power
system that are useful to the real-time operations. In essence,
the PMU was created to measure the phasors of voltage and
current, the frequency, and the real/reactive power in real-
time with global positioning system timer tagging. Another
important aspect of a smart grid is data safety.

Several smart grid devices use an Internet connection to
exchange information; thus, cyber security becomes a crucial
resource that ensures the integrity and resiliency of smart grid
operations. An Internet-based load altering attack, for exam-
ple, might be a common cyber-attack that damages the power
system by the circuit overflow or disruption of the balance
between power supply and demand. This vulnerability can
exist because the system operator transmits messages of mon-
itoring and control to the smart meters or to the home energy
management systems via the Internet-hosted servers. In this
way, a set of defense mechanisms, such as the protection of
command and price signals, protection of smart meters and
data centers, attack detection and learning demand patterns,
load shedding, and load relocating, must help in blocking
or minimizing Internet-based attacks (Palensky and Dietrich
2011; Mohsenian-Rad and Leon-Garcia 2011). Cyber secu-
rity must be present in all levels of the smart grid structure,
primarily in the management systems.

In the top of the smart grid structure, there are the data
management and the software applications representing the
administrative core of the DMS that require a distributed
architecture, provisioning of the intelligent service, ability
to address complex and dynamics events and support to the
several energy sources, such as the new-renewable energy
and distributed energy, to coordinate conventional produc-
tion units with nonconventional units to form the micro-
grid (Byun et al. 2011; Kanchev et al. 2011). A multi-
platform architecture applied on the DMS must enable the
interfacing with other applications, such as the geographic
information system, via the standardized Web-based user
interfaces. Consequently, two or more networks, systems,
devices, applications, or components can exchange infor-
mation between them and use it (Lightner and Widergren
2010). Other resources, such as data filtering and visualiza-
tion, should enable rapid analysis of the network conditions
and improve the decision-making process, for example, the
tools of dynamic coloring of the network graph improves the
answer in stressful situations (Singh et al. 1998).

The challenges related to the smart grid are under investi-
gation, and solutions have been proposed; however, currently,
only a few devices in operation in distribution networks have
the expected smartness that allows for performing signifi-

cant research on the smart grid functionalities. Therefore,
this paper presents a methodology to develop a simulation
platform for an energy management system in the smart grid
environment, where all components of the DMS architec-
ture are designed in accordance with the smart grid concepts
(EPRI 2009; Cespedes 2012). Currently, some electrical sys-
tem simulation platforms are being developed, for example,
the platform developed by Sucic et al. (2011) requires pro-
prietary software, such as DigSilent Power Factory and Mat-
Lab, which increases the project cost. Other platforms use
a dedicated computer, limiting the researcher to a restricted
physical area (Montenegro et al. 2012). In contrast, the pro-
posed platform uses open-source software and mathemati-
cal models that can be compiled by any program language,
which guarantees low cost and high efficiency. The pro-
posed platform also supports Web-based simulations, where
the researcher can experience and work with dynamic and
interactive simulations (Granlund et al. 2000); as a result,
the researcher is able to test hypotheses and perform experi-
mentation and exploration to develop new smart process and
products. In this way, the proposed platform contributes to the
integration of the simulation, design, operation and analysis
processes that represents a major challenge to the engineer-
ing of a smart grid system (zu Eissen and Stein 2006).

2 Smart Grid Reference Models

The challenges to deploy the smart grid are numerous, and
many proposed solutions have been presented, creating a
scenario of uncertainties and non-uniformity. To clarify the
scenario, some study groups are developing smart grid stan-
dards. The International Telecommunication Union estab-
lished the Focus Group on Smart Grid (FG-Smart), which
developed the simplified reference smart grid architecture,
as shown in Fig. 1, where the service provider, grid and
customer domains are connected through a communication
network that exchanges the information between them. The
SCADA supervisory system at operation domain, for exam-
ple, can control and collect data in real-time from the field
devices in the grid domain via the communication network
(Lee and Su 2013). The FG-Smart obtained the reference
architecture by the division of the smart grid in three large
areas: smart grid services/applications, communication and
physical equipment that are linked to the layers 1, 2 and 3,
respectively, in Fig. 1. This proposal of the smart grid archi-
tecture is layered similarly to the SCADA system design and
the open system interconnection (OSI) model that also influ-
enced the development of the complete reference model for
the smart grid (Cespedes 2013).

Figure 2 presents the seven layers of the complete refer-
ence model for the smart grid:
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Fig. 1 Simplified smart grid
reference architecture

Fig. 2 Complete smart grid reference model

(1) Physical (P): includes all physical devices of the power
system and equipment that provide the analog variables
related to the operational state of the generators, lines,
transformers, etc.;

(2) Interface (If): allows the connection and data transfer
among the physical elements and the upper layers, and
also includes all equipment that execute the analog-to-
digital conversion;

(3) Communication (C): includes all components that allow
for the data exchange among the smart grid devices and
supports several types of data transfer, for example, fiber
optics, power line carrier and wireless;

(4) System (S): corresponds to the devices and applications
of computational programs that collect and process the
data from the communication, interface and physical lay-
ers;

(5) Model (M): is an abstract mathematical model that aims
to represent the elements from the system, communica-
tion, interface and physical layers;

(6) Analysis (A): is a set of computational programs that has
all the functions and applications to support the operator

decisions and uses the real-time data or historical data
from the system layer;

(7) Intelligence (I): constitutes the highest layer and has the
advanced data processing applications that eliminate or
minimize human intervention;

The complete reference model for the smart grid is a high
level conception that allows for differentiation of the smart
grid projects from the traditional power system projects. Fig-
ure 3 shows a design example of an advanced DMS where
all resources required by the tool of dynamic coloring are
exposed.

In the physical layer, there is a distribution system where
the medium- and low-voltage networks are connected by a
distribution transformer that is monitored by the PMU #1.
Similarly, the circuit breaker is monitored and controlled
by the intelligent electrical device (IED) #1 and the auto-
matic switch by the IED #2, while the loads are monitored
by the smart meters (SM) #1 and #2. All monitoring and
controlling devices are located in the interface layer, where
there are also the data aggregator units that transfer meter-
ing data via a wide-area network (WAN), represented by a
cloud in the communication layer. The system layer primar-
ily has the computational hardware, such as servers (market,
geographical information system (GIS), database (DB), web)
and clients (operator), that collect and process the data from
the communication system. The four described layers have
all the equipment of the electrical, communication and infor-
mation systems. The three upper layers are logic layers and
have computational programming applications that are the
target of the many smart grid research studies, for exam-
ple, the state estimation in the analysis layer is fundamental
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Fig. 3 The design of the
advanced DMS using the
complete reference model

to operation of the advanced DMS and provides support to
many of the automated operations of the intelligence layer,
such as self-healing and load scheduling.

Because many research objectives are related to the three
upper logic layers and the distribution networks currently in
operation do not have the smart grid characteristics, the phys-
ical, interface and communication layers can be meticulously
emulated using an electrical devices simulator.

3 Formulation of the Physical Layer

The power flow algorithms are an alternative way to simulate
the behaviors of the electrical distribution networks in the
physical layer.

3.1 Deterministic Power Flow Algorithm

The distribution network is composed by branches and
busses; the branches are the series-connected electrical
devices, such as lines and switches, and the busses are the
shunting-connected electrical devices, such as loads, capac-
itors and generators. In this representation, the distribution

transformer is also a series-connected device that connects
the medium-voltage (MV) network to the low-voltage (LV)
network and often causes a phase-angle deviation due to its
connection type.

The mathematical representation of the distribution net-
work is in the form of a graph tree, G(v, u), where v is a
finite set of nodes that have the shunting-connected devices
parameters, and u is a finite set of edges that have the series-
connected devices parameters. Thus, the deterministic power
flow can be seen as a transference function, H .

G
(
V̇i , J̇i

)= H
(
G
(
Ṡi ,Mi

)) |V̇0=V̇ O P , i = 0, 1, 2, . . . ,m.

(1)

In the deterministic power flow algorithm, first, the nodes
and edges are arranged through the distribution network
topology, where the elements that are more peripheral have
a major index, i , than the elements closer to the substation,
so the most peripheral element has the index equal to m.
Moreover, the algorithm input data are the power apparent
injections, Ṡi , of the shunting-connected devices and the edge
matrix models, Mi , of the series-connected devices. After the
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Fig. 4 Flowchart of the complete deterministic power flow

power flow calculation, the nodes have bus voltage values,
V̇i , and the edges have branch current values, J̇i , in the out-
put graph. If an algorithm of the backward/forward sweep
is used, then the voltage of the root node is equal to the
operating voltage of distribution network, V O P , (Cheng and
Shirmohammadi 1995).

[ [
J̇i
]

3×1[
V̇i
]

3×1

]
=
[

[Ai ]3×3
[
B̄i
]

3×3[
C̄i
]

3×3 [Di ]3×3

]

×
[∑ [

J̇d
]

3×1 +
[(

Ṡi
V̇i

)∗]

3×1[
V̇u
]

3×1

]

. (2)

Equation (2) is a compact representation of H with all the
input and output variables for the three-phase deterministic
power flow calculation. The edge matrix model, [Mi ]6×6,
corresponds to a matrices set where the submatrices [Ai ]3×3

and [Di ]3×3 are dimensionless matrices, [B̄i ]3×3 is an admit-
tance matrix, and [C̄i ]3×3 is an impedance matrix. In the pro-
cedure of the backward sweep, the algorithm calculates the
branch currents, J̇i , using the known values of the adjacent
downstream currents that are tagged by the index d, and, in
the forward sweep, the algorithm calculates bus voltages, V̇i ,
using the known values of adjacent upstream voltages that
are tagged by the index u.

The previous power flow formulation solves a radial dis-
tribution network without any voltage controlled busses. The
algorithm can also use a power compensation routine when
there is a weakly meshed distribution network or a distrib-
uted generator. Figure 4 shows the complete deterministic
power flow with a Si compensation routine that computes
power injection corrections in a bus i until the convergence
is reached.

The different electrical devices are formulated according
to connection type, as presented below.

A Series Connected Devices

(1) Distribution Line: the feeders of the distribution net-
work have either overhead or underground three-phase
branches modeled through their series impedances, Z̄li .

[
[Ai ]3×3

[
B̄i
]

3×3[
C̄i
]

3×3 [Di ]3×3

]
=
[

[I ]3×3
[
0̄
]

3×3
− [Z̄li

]
3×3 [I ]3×3

]
. (3)

The distribution line model was adapted from (Alha-
jri et al. 2010), where [I ]3×3 is the identity matrix,[
0̄
]

3×3 is the zero matrix and
[
Z̄li

]
3×3 is the three-phase

impedance matrix.
(2) Distribution Transformer: is an electrical device very

common in the distribution network and converts MV to
LV.

[
[Ai ]3×3

[
B̄i
]

3×3[
C̄i
]

3×3 [Di ]3×3

]
=
[

K −1
n [�i ]3×3

[
Ymi
]

3×3
− [Z Di

]
3×3 K −1

n [�i ]T
3×3

]

.

(4)

The distribution transformer parameters come from the
information card and from the short- and open-circuit
tests. In (4),

[
Ymi
]

3×3 and
[
Z Di

]
3×3 are diagonal matri-

ces are filled by the magnetization admittance and the
dispersion impedance, respectively, Kn is the transfor-
mation ratio, and [�i ]3×3 is the matrix of phase-angle
deviation resultant of the incidence analysis at the trans-
former terminals for the different types of transformer
connections.

B Shunting Connected Devices

(1) Capacitor: the bank of capacitors is used to compensate
the power factor and can reduce the line losses along the
distribution network through the canceling of the reactive
power of the motors or any other low power factor devices
(Grainger and Civanlar 1985). The bank of capacitors can
also regulate the network voltage when its capacitors are
switched, as formulated by (5).

Ṡ p
i (s) = 0 − j

s QN O M

3s M AX
, p = a, b, c. (5)

The specification of the bank capacitors corresponds to
its total three-phase reactive power, QN O M ; thus, each
phase, p, has one-third of the total power. Furthermore,
a switched bank of capacitors depends on the step, s,
which controls the amount of reactive power injected to
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the distribution network. In this way, s must be a positive
integer that can reach a maximum value equal to s M AX .

(2) Distributed Generator: an electrical device that is becom-
ing more common within the distribution system and can
reduce losses, enhance the voltage profile and increase the
reliability. The distributed generator is modeled as either
a PQ or PV bus (Khushalani et al. 2007). If the PV bus
model is adopted, the voltage in the generator bus,

∣
∣V̇ p

i

∣
∣,

is compared to a previously specified voltage,
∣∣V̇ p

S P

∣∣, for
all iterations until convergence occurs; in other words,
until the voltage difference, calculated by (6), becomes
less than a maximum tolerable error of voltage, εGD, as
given by (7).

�V p
i = ∣∣V̇ p

S P

∣
∣− ∣∣V̇ p

i

∣
∣ (6)

max
p=a,b,c

{∣∣�V p
i

∣∣} ≤ εDG (7)

Because the voltage depends strongly on the generator reac-
tive power, the power compensation routine adjusts the reac-
tive power of the distributed generator, Q p

DG , between a max-
imum reactive power, Qmax

DG , and a minimal reactive power,
Qmin

DG , to decrease the voltage difference, �V p
i . The power

compensation method is given by (8), where the reactive
power required to eliminate the voltage difference is added
to the reactive power of the anterior iteration, Q p

DG,anterior .

Q p
DG = img

{
V̇ p

i

(
� İ p

i

)∗}+ Q p
DG, anterior . (8)

Equation (9) states that the current injection, �V̇ p
i , used to

calculate the reactive power correction, depends on the volt-
age difference and the serial short-circuit impedance, Z̄ SC ,
between the distributed generator and the source bus.

� İ p
i =

∣∣�V p
i

∣∣
∣∣Z̄ SC

∣∣ e j
(
sgn
(
�V p

i

)
π
2 +ang(V̇ p

i )
)
. (9)

If the reactive power violates the specified limits during
the power compensation routine, then the reactive power of
the distributed generator is fixed at a limiting value (Qmax

DG or
Qmin

DG ) and its bus is now treated as a PQ bus model.
(3) Load: the end consumer connection point that is mod-

eled by the consumed apparent power and the mixed behavior
resulting from the connection of different electrical appli-
ances.

S p
i = SN O M

i

3

2∑

q=0

[

λq

( ∣∣V̇ p
i

∣∣
∣∣V̇ N O M

i

∣∣

)q]

. (10)

In (10), SN O M
i is the magnitude of the three-phase nom-

inal apparent power, and V N O M
i is the three-phase nominal

Fig. 5 Flowchart of the probabilistic power flow

voltage of the bus i . The index q indicates the load behav-
ior: q = 0 (constant power), q = 1(constant current), and
q = 2 (constant impedance). Moreover, the load can simul-
taneously have the three behaviors weighted by a factor of
value λq , whose sum is equal to one. This load model, also
known as the ZIP model, is deterministic and fixed over time,
thus, the multiplication of the value of S p

i by a time function
produces a load model, where the load power value, S p

i (ts),
is closer to the real behavior.

Ṡ p
i (ts) = S p

i Ė p
i (ts) . (11)

The time function, Ė p
i (ts), is the percentage of energy

consumption over time and has a non-deterministic feature
that is required by the probabilistic power flow algorithm.

3.2 Probabilistic Power Flow Algorithm

The percentage of energy consumption is expressed either
as the ratio between the installed and consumed power or
as the power demand over time that is measured hourly. The
proposed methodology uses a discrete time interval, T , which
is the simulated metering interval and can be adjusted by the
operator during the performance of the probabilistic power
flow algorithm, Fig. 5.
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Fig. 6 Fluctuation range of the power magnitude over time

The electrical devices simulator reproduces the distribu-
tion system behavior using the probabilistic power flow algo-
rithm that generates the current and voltage values until the
operator stops it. In each iteration, x , the algorithm increases
one T in ts , calculates the percentage of the energy consump-
tion and performs the computation of a deterministic power
flow; in this way, the load fluctuates over time continuously.

A Function of the Percentage of Energy Consumption

The function of the percentage of energy consumption is a
complex number because it represents the power demand of
the load that is just specified by the magnitude of the apparent
power.

Ė p
i (ts) = r p

i (ts) e j cos−1 f p
i (ts ). (12)

The monitoring of the traditional existing distribution sys-
tems is performed at the substation, where the hourly mea-
surements of the normalized magnitude, R(th), and power
factor, F(th), of the power consumed for each phase are col-
lected. The proposed methodology calculates the normalized
magnitude, r p

i (th), and power factor, f p
i (th), of the power

consumed by each load using a normal probability density
function, N (y).

N (y) = 1

σ
√

2π
e− (y−μ)2

2σ2 . (13)

In (13), the random variable is y, while μ and σ are the
mean and standard deviation, respectively, of the variable
y, which can have the values of either R(th) or F(th). If
y(th) is an hourly function with a specific behavior for each
hour, th , then the variance of hourly normalized magnitude,
σR(th)2, and the variance of hourly power factor, σF (th)2,

can be expressed by (14) and (15), respectively.

σR(th)
2 =

∑n
k=1 (Rk(th))2 − (

∑n
k=1 Rk (th))

2

n

n − 1
(14)

σF (th)
2 =

∑n
k=1 (Fk(th))2 − (

∑n
k=1 Fk (th))

2

n

n − 1
. (15)

In the variance calculation, n is the total amount of meter-
ing days and k is the metering day. As the probability density
function strongly depends on the calculated variance, a point
at the normal curve can be easily chosen.

N p
R,i (ts) =

(
ω + α

p
R,i (ts) (1 − ω)

)

σR (th)
√

2π
(16)

N p
F,i (ts) =

(
ω + α

p
F,i (ts) (1 − ω)

)

σF (th)
√

2π
. (17)

In (16) and (17), α p
R,i (ts) and α p

F,i (ts) are the random
real variables, from 0 to 1, and the projections of the points
N p

R,i (ts) and N p
F,i (ts) over the abscissa indicate the values

of r p
i (ts) and f p

i (ts), respectively. Hence, the variable ω
limits the fluctuation range between the maximum and min-
imum projection. For example, Fig. 6 shows a normal curve,
where ω limits the value of r p

i (ts) between rM AX,k(th) and
rM I N ,k(th).

r p
i (ts)=±

√√
√√2σR (th)2 ln

(
1

N p
R,i (ts) σR (th)

√
2π

)

+ Rk (th)

(18)

f p
i (ts)=±

√√
√√2σF (th)2 ln

(
1

N p
F,i (ts) σF (th)

√
2π

)

+ Fk(th).

(19)
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In (18), the operator ± before the square root symbol can
be replaced by sgn(β−1/2), where β is a random real vari-
able, from 0 to 1, and sgn(.) is the signal function that returns
the value of -1 in the case that β-1/2 is negative or the value of
1 in the case that β-1/2 is positive. This equation is the inverse
to the normal distribution, where the mean is replaced by the
hourly measurement of the normalized magnitude, Rk(th).
For example, Fig. 6 shows the behavior of the normalized
power magnitude over time, where the value of r p

i (ts) is ran-
domly calculated for each time interval and whose the result
is inside of the fluctuation range that surrounds the measure-
ment Rk(th); thereby, a continuous magnitude variation is
reproduced by the electrical devices simulator. In the same
way, the simulator reproduces the power factor variation by
(19).

Until now, issues involving the time of the algorithm were
not clearly explained; one of these issues is the relationship
between the simulation time, ts , and the measurement time,
th . In (20), the value of th is the hour of the day when one
measurement is taken; the floor operator, �.�, always returns
the largest previous integer, and the value of ts is the simula-
tion time in minutes. As ts is increased by step T , if T = 15
min, for example, then the algorithm produces four simulated
measurements for each taken measurement.

th =
⌊

ts
60

⌋
− 24k. (20)

Similar to the measurement time, the variable k represents
the day when the measurement is taken and is calculated by:
k = ts/1440.

B Consumption Influenced by the Market

There is a substantial amount of information that flows
between the electrical, monitoring and controlling devices
in the modern distribution system. Thus, the end consumer
can have a home energy management system (HEMS) that
receives information from the market and sends information
to the advanced DMS.

Table 1 outlines the typical distributed energy resource
(DER) units, which include the distributed generation (DG)
and storage (DS) units, and the possibility of power flow
control; thereby, the end consumer can have a combination
of DG, DS and consumption units, as shown in Fig. 7, that
are controlled and monitored by the HEMS; consequently,
during the periods of high energy cost, the generation unit
is activated, reducing the power demand consumed from the
distribution network and, during the periods when the energy
costs are low, the storing and consumption units are activated,
increasing the power demand consumed from the distrib-
ution network. That operation becomes possible due to the
exchange of information of the energy cost variation between

Table 1 Typical DER units into the smart grid (Katiraei et al. 2008)

Device type Primary energy
source

Power flow
control

Conventional DG Reciprocating
engines small
hydro

+P, ±Q

Fixed-speed wind
turbine

+P, −Q

Nonconventional DG Variable-speed wind
turbine

+P, ±Q

Microtubine +P, ±Q

Solar PV +P, ±Q

Fuel cell

Long-term DS Battery storage ±P,±Q

Short-term DS Super capacitor ±P,±Q

Flywheel ±P,±Q

Fig. 7 Diagram of the communication structure and energy cost fluc-
tuation

the energy market and the HEMS; hence, the percentage of
energy consumption should be a function of energy cost,
Ck(th).

Equations (21) and (22) express an alternative way to cal-
culate the normalized power magnitude and power factor of
the consumption influenced by the market, respectively.

r p
i (ts) = r0 − δRCk(th) (21)

f p
i (ts) = f0 + δF Ck(th). (22)

Both equations are linear functions of the HEMS power
controller. In (21), r0 is the consumer’s total installed power,
and δR is a conversion coefficient that is calculated by the
mean of ratio between the amount of consumed power and
the energy cost. Similarly, in (22), f0 is the minimum power
factor value acceptable in the distribution network, and δF

is a conversion coefficient that makes the load power fac-
tor equals to one when the energy cost is maximal because
the power demand from the distribution network must be
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minimal according to (21). Equations (21) and (22) are used
as controllers of consumed power; they are also examples
of the application of the proposed method of probabilistic
power flow.

4 Formulation and Virtualization of the Interface Layer

The interface layer has several types of electrical sensors
located along the distribution network that convert analog
measurements to digital values. In this way, the emulations of
the IEDs, PMUs and SMs are performed by the addition of the
quantization error into the monitored electrical parameters
and by the virtualization of the data exchange structure.

4.1 Quantization Error

The probabilistic power flow algorithm uses a double-
precision floating-point to calculate the electrical parame-
ters, such as voltage and current; thus its accuracy is of 53
bits, approximately 16 decimal digits. However, the devices
of interface layer have analog-to-digital converters (ADC)
of minor precision, for example, a smart meter typically has
an accuracy of 12 bits (STMicroelectronics 2012), while the
resolution of modern IED and PMU usually is 16 bits (Dutta
and Guan 2008). The difference of accuracy causes the quan-
tization error that is a form of noise of uniform distribution
introduced by the ADC and can be simulated through the
rounding of the magnitudes of the voltage and current.

∣∣∣V̇ p
ADC,i (ts)

∣∣∣ = 2(1−b)Vre f

⌊ ∣∣V̇ p
i (ts)

∣∣

2(1−b)Vref
+ 1

2

⌋

(23)

∣∣∣ İ p
ADC,i (ts)

∣∣∣ = 2(1−b) Ire f

⌊ ∣∣ İ p
i (ts)

∣∣

2(1−b) Ire f
+ 1

2

⌋

. (24)

In (23), Vre f is the reference voltage of the electrical net-

work and
∣∣∣V̇ p

ADC,i (ts)
∣∣∣ is the rounded value of the voltage

magnitude that simulates the output signal of an ADC with
b bits of precision. In the same way, Eq. (24) expresses the
rounded value of the current magnitude.

The quantization error only affects the magnitude val-
ues because the frequency of electrical signal is low; conse-
quently, the phase distortion caused by the ADC is insignif-
icant.

4.2 Gateway Network Simulation

The probabilistic power flow algorithm calculates the voltage
and current values for the entire distribution network; how-
ever, in the real world, the management system only knows
the set of electrical parameters, ψi (ts), metered by the mon-
itoring units, as given by (25). Thus, the emulation of the

Fig. 8 Access structure to the monitoring units

Fig. 9 Links level in the hierarchical view of communication systems

interface layer also requires the individualization of moni-
toring units.

ψi (ts) =

⎧
⎪⎪⎨

⎪⎪⎩

V̇ p
ADC,i (ts)∪ İ p

ADC,i (ts) if i th bus has SM
V̇ p

ADC,i (ts)∪ J̇ p
ADC,i (ts) if i th bus has PMU

V̇ p
ADC,i (ts)∪ J̇ p

ADC,i (ts) if i th bus has IED
∅ otherwise

(25)

A feasible solution is obtained by the use of any object ori-
ented programming language, where the monitoring units can
be built as objects and following the design specifications. In
addition, the information exchange with external world can
be performed through a gateway, as shown in Fig. 8.
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Fig. 10 Topologic diagram of a real distribution network

Fig. 11 Voltage profile from the substation to bus #832
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Fig. 12 Cumulative frequency curve of the load #001 at noon

The management system connects to the electrical devices
simulator (EDSIM) through the number of the IP address and
of an opened access port. After the connection confirmation,
one identification number (ID) is required to connect to the
monitoring unit and, thus, insert or collect data.

5 Emulation of the Communication Layer

Communication systems can be evaluated through
simulation-based approaches, where systems can be mod-
eled with almost any level of desired detail, and the design
space can be explored more finely (Jeruchim et al. 2002). A
variety of simulation techniques are used to evaluate the per-
formance of the different levels of the communication system
that can be represented by a hierarchical view, as shown in
Fig. 9. At the network level, the flow of packets and messages

over the network is simulated using an event-driven simula-
tor. In the middle level, the communication links address the
transmission of information over different types of communi-
cation channels (free space, cables, wires, optical fibers, etc.),
and the performance of the communication links is measured
in terms of the bit error characteristics. The communication
link is above components such as analog circuits, digital cir-
cuits, or algorithms implemented on a programmable digital
processor that performs the signal processing operations.

The smart grid interoperability can be achieved through
the standard IEC 61850 that allows for the free exchange
of information among the different equipment independent
from the communication network (Shawkat Ali 2013). In
addition, the communication networks are assumed free of
the congestion failures; hence, the target of the emulation
is the communication channel that is the medium used to
transmit the information and may be perturbed by the noise
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Fig. 13 Hourly power demand of the load #001

or distortion. The noise figure involves statistical and unpre-
dictable perturbations, while the distortion figure is a fixed
operation applied to the signal that can be corrected (Shannon
1984). In this way, the channel is accepted as noisy whenever
the data transmission fails due to a noise level greater than a
superior limit, which is established according to the type of
the employed technology.

ψ t
i (ts) =

⎧
⎪⎨

⎪⎩
ψi (ts)

[
− N 2

0 A4T 2
b ln(γi )

2

] 1
2 ≤ A2Tb

2

∅ otherwise

(26)

The communication channel is emulated by (26), where
ψ t

i (ts) is the set of electrical parameters transmitted to the
system layer and is empty when the maximum noise limit
is violated, that is, the metering data are lost and nothing is
transmitted to the system layer (ψ t

i (ts) = ∅) whenever the
noise energy is greater than half of energy needed to transmit

one bit. The first member of the non-strict inequality refers
to the inverse Gaussian function, where γi is a random real
number, in the range from 0 to 1, that allows for calculation
of the noise level; moreover, Tb is the bit duration, A is the
bit amplitude, and N0 is the noise spectral density.

6 Partial Results and Discussion

The proposed methodology was evaluated over a real distri-
bution network that provides energy to 781 loads at the LV
network and to 53 loads at the MV network; consequently,
there are 47 distribution transformers in the test distribu-
tion network. Figure 10 shows a topologic diagram, which
shows all distribution transformers and loads at the MV net-
work, whereas only one LV network is shown, which has the
loads numbered from #826 to #834. Moreover, four impor-
tant points are highlighted for the analysis: the circuit breaker
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Fig. 14 Hourly power demand of the load #042

indicates the feeder beginning, load #001 is near the main
power source, load #042 is influenced by the market, and
load #832 is connected to the LV network.

6.1 Performance of the Probabilistic Power Flow

Regarding the evaluation of the methodology proposed by
this paper, only the results of phase ‘a’ are shown because the
results of phases, ‘b’ and ‘c’ were similar. The evaluation was
started by the construction of the voltage profile chart along
the network section that begins in the circuit breaker and
ends in the load #832. The presentation of the voltage profile
aims to validate the model of the series-connected devices,
especially the transformer distribution model. Moreover, the
voltage profile chart provides the voltage drop for each bus of
the distribution network that is useful during the evaluation
of the load model.

The voltage profile calculated by the power flow algorithm
is shown in Fig. 11, where the line chart, which has vertical

axis scale in kilovolts (kV), highlights the performance of
the distribution transformer model that attenuated the volt-
age from thousands of volts to some hundreds of volts. The
simulation also achieved a transformation ratio of approxi-
mately 63 that matched the expected ratio once the operating
voltage at the MV network was of 13.8 kV and of 220 V at the
LV network. In contrast, the line chart, which has vertical axis
scale in pu (per-unit), reveals the voltage drop for the mini-
mized behavior of the distribution transformer. In this way,
the voltage of the load #001 was found to be approximately
1 pu, and the voltage of the load #832 exhibited a decrease
of 9 %. These results are important to the understanding of
the load models that will be discussed in the following para-
graphs.

The bus of load #001 is an ideal point to the assessment of
the dependence of the load model upon the factor ω because,
at this bus, the voltage influence on the ZIP load model is
minimized. Thereby, the power demand of the load #001
was simulated at noon for 100 days to build the cumulative
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Fig. 15 Hourly power demand of the load #832

frequency curves, as is presented in Fig. 12. The theoretical
curve was built by (13), where the mean and standard devia-
tion were computed using the measurement data. The curves
for ω = 0.7, ω = 0.8, and ω = 0.9 were obtained using the
simulation results. The cumulative frequency curve for ω =
0.7 was closer to the theoretical curve because the fluctuation
range was large; however, this large fluctuation range must
be avoided once the measurement behavior is lost; as a result,
in this paper, the value of ω equal to 0.8 was used to obtain
the power demand.

The ZIP load model also depends to the weight factors,
λq , that were adjusted with values: λ0=0 and λ1 = λ2=0.5.
Subsequently, the power demand of the load #001 was repro-
duced using a discrete time interval equal to 15 min, during 24
h. The results are shown in Fig. 13, where the measurement
sets (Rk(th) and Fk(th)) are the solid lines, and the results of
the probabilistic power flow are the dashed lines. First, a fluc-
tuation was observed of the values of magnitude and power
factor for each quarter hour; second, the results obtained by

the probabilistic power flow surrounded the measurements
of the magnitude and the power factor. These results, fortu-
nately, corresponded to the expected load behavior; hence,
the simulator can reproduce the power demand fluctuation in
a realistic way.

The market influence on the power demand was evaluated
assuming that the load #042 had a HEMS, and the energy
cost fluctuations were according to the chart in Fig. 7. More-
over, parameters were adjusted to r0=0.95 and δR=0.75 for
the adopted function of the magnitude controller as well as
f0=0.92 and δF =0.08 for the adopted function of the power
factor controller. The collected results of the hourly power
demand of the load #042 are shown in Fig. 14, where the
fluctuations of the power factor obtained by the probabilistic
power flow were directly proportional to the energy cost. In
contrast, the fluctuations of the normalized magnitude were
inversely proportional to the energy cost because the smart
load demands a large amount of power when the total demand
of distribution network and the energy cost are low; in addi-
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Fig. 16 Quantization error
along MV network

tion, the smart load attempts to compensate the power factor
of the distribution network when the total demand of distri-
bution network and the energy cost are high.

The last evaluation point is the bus of the load #832 that is
connected to LV network and had a significant voltage drop
of approximately 9 %. Figure 15 reveals the hourly power
demand of the load #832, where the measurements of the
power factor were surrounded by the fluctuation range of
power factor obtained by the probabilistic power flow. How-
ever, the fluctuation range of the magnitude obtained from
the probabilistic power flow was slightly below the mea-
surements of magnitude, showing the dependence of the ZIP
load model upon the voltage drop, which is an indispensable
characteristic to reproduce the short-circuit behaviors in a
distribution network.

6.2 Measurement of the Quantization Error

The voltage profile is an important electrical parameter of
power system. The quantization error of the voltage was
metered to the analog-digital conversion of voltage using the
devices of 12 and 16 bits of resolution, as shown in Fig. 16.

The quantization noise was measured along the MV net-
work, whence the root mean square (RMS) of the noise value
was dVRM S,12=1.34 V for 12 bits and dV RM S,16=0.07 V for
16 bits of precision; in percentage values, the voltage differ-
ences were dV RM S,12=0.017 % and dV RM S,16=0.001 %, for
12 bits and 16 bits, respectively. The modern PMU has 16 bits
of precision and, according the results, the measured quanti-
zation error is nearly insignificant, but it must be considered
in the posterior analysis.

Table 2 Parameters of the communication channels

Channel Error probability Bandwidth (Hz)

Copper cable 10−6 30 × 106

Microwave 10−4 40 × 106

Fiber-optic cable 10−12 4.38 × 1012

6.3 Communication Channel Parameters

The assessment of the communication channels was per-
formed by the error probability where, initially, typical values
of the bit error rate (BER) were assumed for three differ-
ent channels: microwave, copper cable and fiber-optic cable.
Table 2 summarizes the parameters of the communication
channels required for the determination of the information
transmission.

7 Conclusions

The DMS simulation platform proposed in this paper must
enable the simulation of the distribution network behaviors
and provide an alternative way to develop the resources of
operation, planning and control of the smart grid. In part I of
this work, three layers of the reference model for the smart
grid were mathematically formulated.

The simulator of the physical layer utilized a probabilis-
tic power flow algorithm and was evaluated through a real
distribution network, where the power demand fluctuation
was analyzed in three different points of the network. Thus,
it was verified that the better fluctuation range occurs when
ω is equal to 0.8, the loads with HEMS are highly dependent
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on the energy cost and the load model enables the simulation
of the short-circuit behaviors in the distribution network.

In addition to the provision of the load fluctuations over
time, the proposed methodology provides numerous amounts
of measuring points in the distribution network, where each
point has a unique behavior. The varieties of the load behav-
iors are ideal for the study of new tools that can be used
towards the operation of the modern distribution system. For
example, in Leite and Mantovani (2013) a state estimator
algorithm was developed and evaluated that should work at
the analysis layer from the reference model of the smart grid.

Another important aspect is the simulation of metering
interval; in this paper, the metering interval used was a period
of just one quarter hour, but the metering interval can be
adjusted according to the operator requirements; hence, the
metering interval of the algorithm can be specified on a scale
of minutes to hours.

The interface and communication layers were also formu-
lated and evaluated through the real distribution network. The
results demonstrated the behavior of the quantization noise
and the error probability of the communication channels. In
this way, part II of this work will investigate the development
of the other four upper layers, starting with the system layer.
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