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ABSTRACT In this paper, a novel approach to assess the power demand of distribution networks during
a restoration process following an outage is presented. The possibility of correctly estimating such power
demand represents a very important support in the choice andmanagement of reliable restoration paths which
significantly contributes to increase the resilience of the power system. In fact, due to the ever-growing
penetration of renewable energy sources in the worldwide networks, electrical systems are often pushed
to operate closer to their design limits and so, in particular conditions, black outs can be more frequent
compared to the past. In this context, the aim of this work is to develop a general expression which can
consider and represent all the key elements which affect the active and reactive power demand of distribution
grids during the restoration process. The proposedmethod considers also the relationship between distributed
generation and frequency behaviour in the power demand estimation. This aspect is generally neglected in
literature although it has a significative impact. The effectiveness of the present approach is experimentally
demonstrated on field. More specifically, the developed tool is applied to estimate the power demand of
two real distribution networks and the tool results are compared with on-field recordings. This comparison
demonstrates that the proposed approach represents a promising tool which, together with the restoration
tests, could be an important ally in the design and management of the restoration plan of electrical networks.

INDEX TERMS Load modelling, cold load pick up, black start, power system restoration, modelling of
distributed generation.

NOMENCLATURE
Symbol Meaning
BS Black Start.
c p.u.l. line capacity [nF/km].
CLPU Cold load pick up.
cp DG performance ratio.
DG Distributed generation.
DN Distribution network.
DSO Distribution system operator.
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1PDG1 DG active power provided
by PFR [W].

1PDG2 DG active power provided by inertial
response [W].

1PDL Load active power dynamic
deviations [W].

1PS Load active power static
deviations [W].

1QS Load reactive power static
deviation [VAr].

f (t) Grid frequency [Hz].
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fn Nominal grid frequency [Hz].
fmin, fmax Min and max DG frequency

threshold [Hz].
f1, f2, f3, f4 frequency limits for the activation of

the PFR [Hz].
ϕ Load power factor.
ϕDG DG power factor.
GLME General load modelling expression.
k1 Max value for exponential rise [pu].
k2 Max value for exponential decay [pu].
krec Share of load recovery [pu].
k1,2 Max value for exponential rise and

decay [pu].
kpu, kpf , kqu, kqf Exponents for load static deviations.
kc Current distribution coefficient.
l p.u.l. line inductance [mH/km].
` Line length [km].
L2 Commercial load category.
L3 Artisan load category.
L4 Industrial load category.
LME Load modelling equation.
LV Low voltage.
MV Medium voltage.
nDG Number of DG types.
OHL Over head line.
Pss Load steady state power [W].
Pinst DG nominal power [W].
Pcont Load contractual power [W].
Ppeak Peak power of CLPU [W].
ppeak Peak power of CLPU [pu].
pmin Power when CLPU ends [pu].
PNDG Active power of DG in nominal

condition [W].
pr DG reconnection power ramp [pu/s].
Pmax maximum power deliverable by

DG [W].
PFR Primary frequency regulation.
PJ Joule losses [W].
Pm Active power on-field

measurement [W].
p.u.l. Per unit length.
QL Reactive power exchanged by the

load [VAr].
QLME LME for the reactive power.
QDG Reactive power provided by

DG [VAr].
QL , QC Inductive and capacitive reactive

power exchanged by lines [VAr].
Qm Reactive power on-field

measurement [VAr].
r p.u.l. line resistance [m� /km].
σo DG over-frequency droop.
σu DG under-frequency droop.
τ1 Time constant for exponential rise [s].
τ2 Time constant for exponential

decay [s].

t0 DN re-supply instant [s].
t1 CLPU rise time [s].
t2 CLPU decay time [s].
Ta Load start-up time [s].
TN DG start up time [s].
TN Transmission network.
tp time at which ppeak occurs [s].
trec Recovery time [s].
tr time at which pmin occurs [s].
tss time at which pss is settled [s].
TSO Transmission System Operator.
tps DG reconnection time [s].
tout Outage time [s].
u(t) Voltage at the point of

connection [pu].
umin, umax Min and max DG voltage

threshold [pu].

I. INTRODUCTION
The identification of suitable restoration paths is a funda-
mental step to increase the resilience of electrical networks
in order to deal with black out occurrences. In fact, due to
the ever-growing penetration of renewable energy sources in
the worldwide networks, electrical systems are often pushed
to operate closer to their design limits and so, in particular
conditions, black outs can be more frequent compared to the
past.

Real restoration tests play a key role to verify the relia-
bility of the network restoration plans because they make it
possible to know not only the behaviour of the generators
involved in the Black Start (BS), but also the active and
reactive power absorbed by the electric load supplied by the
restoration path as a function of both the grid frequency and
voltage [1], [2], [3].

In this context, the possibility of having reliable tools
to forecast the behaviour of the active and reactive power
absorbed by the Distribution Network (DN) under a primary
sub-station after an outage, significantly helps in the optimal
setting of the restoration process. Moreover, although the dis-
tribution grid is traditionally considered as a passive electrical
system, it is becoming more and more an active one. Hence,
this aspect deserves to be considered in the power demand
estimation of distribution grids. In technical literature, several
efforts have been made to represent and to try to predict
the load power demand of distribution networks during a re-
energization.

A. LITERATURE REVIEW
Most of the authors concentrated their researches on the
modelling and evaluation of the Cold Load Pick Up (CLPU).
Based on this phenomenon, electric load aggregates charac-
terized by a high penetration of thermostatically-controlled
devices, in the first instants after a re-energization following
an outage, absorb a power which is much higher than the one
absorbed in the steady state condition [4], [5].
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Hence, it is very important to be able to foresee the trend
of the CLPU to correctly manage the restoration of DNs.

In [6], the authors described a measurement-based
approach to evaluate the CLPU after an outage bymeans of an
exponential formulation which is parametrized by exploiting
experimental data.

This method is very useful and versatile to reproduce spe-
cific scenarios for which a set of measurement is available,
but it cannot be considered a general approach to foresee
the power demand of scenarios which are different from the
parametrization ones.

In [7], the harmonic model theory to predict the CLPU
of the load supplied by a given feeder after an outage is
described. This approach is based on experimental measure-
ments performed on a feeder to derive several parameters
representing its power demand during the re-energization of
the load. The method proven to be precise, but the needed
parameters are many and they are specific for each feeder of
a grid.

In [8], the Multi-State Load Models have been applied
to foresee the CLPU on distribution feeders. The described
approach is able to assess the CLPU magnitude and duration
with high penetration of heat pumps but does not consider the
possibility of having a mix of different load type categories.

In [9], [10], and [11], complex physical models to represent
thermostatically-controlled loads are described. In particular,
in [9], the information obtained regarding the thermal mass
and thermal insulation of buildings together with meteorolog-
ical data, is exploited to develop a thermic model to estimate
the winter power demand of heating loads. In [10], a similar
approach is used but a more simplified linear dynamic system
model is applied, so to obtain a reasonable approximation of
the heat flow which characterizes thermo-controlled loads.
Such approaches are very detailed but they are tailored for
only one load category and require parameters and data that
may not always be available. In this regard, [11] highlights
some negative effects that may occur when control param-
eters are not set properly by presenting a model capable of
simulating the effect of various control parameters which
affect the control strategy of water heater physical models.

In [12], an analytical procedure to assess the restoration
of distribution systems is described, where the CLPU is rep-
resented by means of a delayed exponential model together
with a thermodynamic model of the supplying transformer.
The approach is interesting since it is completely analytical,
but it is very simplified and it does not allow representing a
mix of different load categories.

In [13], the load power demand of residential systems
is modelled stochastically by using time-of-use curves pub-
lished in several countries for research purposes. The model
is not very detailed but, in this case, the aim of the model is
to define reliability indices of residential loads including the
CLPU rather than estimating in detail the power behaviour
during the restoration process. In [14], an important issue
is investigated, i.e. the time dependence of CLPU. A time
dependent CLPU model is developed by analysing the

operating state evolution of thermostatically controlled loads
after an outage to characterize the time dependent behaviour
of CLPU. The proposed method is very detailed but, from the
other hand, is quite complex and it needs a numerical solution.

Another very important issue to consider in the modelling
of the power demand of DNs during their restoration is the
influence of the Distributed Generation (DG), which is more
and more present nowadays due to the energy transition from
fossil fuel to renewable energy sources.

From this standpoint, in [15] a model which considers
both the CLPU effect and the DG plants disconnection as
a function of the frequency is described. The contribution
is valuable, but several aspects are neglected, such as the
involving of DG in Primary Frequency Regulation (PFR)
service and the possibility of having a mix of different load
categories supplied by a DN.

In the power systems restoration field, also the study and
development of innovative and effective load restoration algo-
rithms represent an important area of research. In this context,
the possibility of estimating the load power demand is an
essential point and it is usually faced by applying numerical
algorithms. In [16], the possibility of exploiting wind storage
systems to support the restoration process is proposed, by pre-
senting a numerical method which considers as input data
the parameters of generating units, restored loads blocks, and
their restoration time as well as the restored lines. The load
power demand and in particular the CLPU effect aremodelled
by applying an exponential delayed model whose parameters
are difficult to know for any scenario, especially in presence
of a mix of load categories. Hence, it is difficult to apply such
approach to foresee the power demand in a generic scenario.
In [17], a heuristic technique based on breadth first-traversal
search is employed in the determination of the switching
sequence that leads the power grid to the restorative state.
Although suchmethod is able to indicate the best load restora-
tion strategy, it does not propose a general method to estimate
the power demand of DNs. In [18], a numerical methodwhich
indicates the formed de-energized islands and their loads after
fault occurrence in the network is presented. This method can
also check the radiality constraint of the network and evaluate
the best load pickup sequence by considering the priorities of
the loads, but it does not propose a general power demand
estimation method.

B. CONTRIBUTION OF THE PAPER
Hence, from the literature review, it emerges that the restora-
tion of DNs after an outage is widely investigated in the scien-
tific community and faced by exploiting different approaches.
The estimation of the absorbed power demand is a key point
in this process and there is not an analytical procedure which
is able to consider all the fundamental aspects which affect
the behaviour of the power absorbed by a DN during its re-
energization following an outage. Such key aspects are:
• the presence of a mix of different load categories;
• the presence of DG, by taking into account its behaviour
as a function of time, voltage and frequency also
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considering the PFR service together with the DG
inertia;

• the static and dynamic behaviour of electric loads as a
function of time, frequency and voltage;

• the power absorbed by the distribution lines.
The purpose of the research presented in this paper is

the identification of a unique analytical and General Load
Modelling Expression, (GLME in the following) to assess
the power exchanged by DNs during their re-energization
including the presence of DG during a restoration process.
The necessary input parameters are relatively simple to iden-
tify and the procedural approach to derive them is presented.
Despite the ease of use of the proposed formulation, all
the variables of influence which affect the power demand
behaviour as a function of the grid voltage and frequency are
considered. Moreover, differently from the physical models
described in literature, the proposed approach is able to cor-
rectly estimate the CLPU during the load restoration phase
without the need of considering the physical variables which
characterize the behaviour of thermostatically-controlled
loads as an input. Hence, it needs a lower number of input
variables.

Furthermore, in the estimation approaches described in
literature, an analytical and complete description of the influ-
ence that the DG PFR service has in the power demand
variations is missing, although it has a significative impact.
Eventually, the proposed approach is completely general
since it does not just work for a specific scenario, but it can be
applied to any situation, as it is demonstrated in the reminder
of the paper.

The developed procedure is experimentally validated by
exploiting two on-field measurement campaigns carried
out on two DNs characterized by different levels of DG
penetration.

Tab. 1 summarizes the main pros and cons of the present
GLME approach compared to other methods proposed in
literature.

It is worth noting that the proposed method could be
integrated in a distribution automation infrastructure. In fact,
distribution automation approaches related to the restoration
of power systems are investigated in technical literature.

In [19], a complete numerical tool for implementation and
evaluation for fault location, isolation, and service restora-
tion system for MV distribution network is presented. The
result of this study shows how such method has a remarkable
benefit observed by enhancing customers’ satisfaction and
reducing penalties from industry regulators. In [20], a heuris-
tic service restoration algorithm is proposed in the form of
a Bi-Stage algorithm that at the first stage quickly restore
energy to some loads using remote controlled switches and in
the second stage, all types of switches are used to complete
the process. In [21], an integrated optimization model for
unbalanced distribution system restoration after large-scale
power outages caused by extreme events is presented.
The model can coordinate the control actions of multiple
types of distributed energy resources and also considers

TABLE 1. Comparative table with pros and cons of GLME compared with
other load modelling approaches.

FIGURE 1. Logic scheme of the model.

topology flexibility by forming dynamic islands through
reconfiguration.

II. METHOD
A. THE IDEA BEHIND THE MODEL
As summarized in Fig. 1, the considered input data for the
model are:
• the steady state powerPSS absorbed by the loads, obtain-
able by starting from the load contractual power Pcont by
applying a suitable utilization factor. It is worth noting
that, in this context, the steady state power PSS is meant
as the power absorbed by the load if no contingencies
are occurring in the Transmission Network (TN) which
is supplying it.

• the frequency f (t) and the voltage u(t) of the network
on the point of connection between the TN and the DN;

• the installed power Pinst of the DG subdivided according
to the type of source, the power capacity and the voltage
level of the point of connection;

• the resistance r , inductance l, capacitance c and length
` of the feeder lines (OHLs or Cables);

• The contractual power Pcont of the different load
categories.

The electrical loads are divided in four main categories as
follows:
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• L1: residential electric loads related to residential energy
contracts;

• L2: commercial electric loads related to commer-
cial energy contract with a power consumption lower
than 6 kW;

• L3: artisanal electric loads related to commercial energy
contract with a power consumption between 6 kW and
100 kW;

• L4: industrial electric load related to commercial energy
contract with a power consumption higher than 100 kW.

The L1 category is typically characterized by a strong
presence of thermostatically-controlled loads.

In technical literature [4], [5], [6], [7], it is established that
for such loads, in the first instants after a re-energization
following an outage, the absorbed power is much higher
than the power PSS absorbed in the steady state condition,
which is gradually reached after some time with a monoton-
ically decreasing trend. This is the above mentioned CLPU
phenomenon.

The categories from L2 to L4 behave differently com-
pared to the L1 ones. In fact, from the technical literature
[22] and from the experimental measurements shown in the
reminder of this paper, it is possible to infer that for such load
categories, following a re-energization, the absorbed power
tends to be lower than the PSS one, and then the steady-state
condition is gradually reached in a given recovery time trec.
Hence, the peak power Ppeak for these load categories can

be considered equal to PSS , i.e. Ppeak L2−L4 = PSS .
Under these assumptions, a general equation called Load

Modelling Equation (LME in the following), which is able
to represent any electric load category at the nominal voltage
and frequency, is developed. If the parameters of the LME
are properly set, it is able to model the absorbed active power
and the exchanged reactive one by any electric load aggregate.
Moreover, the paper aims to provide a procedural approach to
evaluate experimentally the parameters of the LME.

The LME is then combined with:

• an exponential approach to represent the static and the
dynamic variations of electric loads as a function of
voltage and frequency;

• the modelling of DG;
• the modelling of the line power losses.

The result of such combination is the GLME analytical
expression to assess the power exchanged by DNs during
their re-energization.

B. MODELLING OF THE LOADS IN NOMINAL CONDITIONS
THOROUGH THE LME
The graphical representation of the LME in per unit is shown
in Fig. 2. Let us assume that for t = 0 the DN is switched-
off. At the time t = t0 the network is re-energized and
it is possible to note the presence of a power peak ppeak
at the time tp followed by an undershoot that brings the
power at the value pmin and then, after the recovery time trec,
the power reaches the pSS value. Through this curve, it is

FIGURE 2. Graphical representation of the LME.

possible to describe the active power absorbed by an electric
load following a re-energization by identifying a general
load trend containing the characteristic behaviours of all the
electric load categories. In the time frame t1 + t2, such curve
presents the characteristics of residential loads, and it can
be represented as the joining of two exponential functions,
characterized by the time constants τ1 and τ2.
Hence, differently from the common approaches in litera-

ture, in this paper the CLPU effect is described by means of
the sum of two exponential functions instead of a single expo-
nential function. In the time frame from t2 and trec, the curve
can be described by exploiting an integral function which
represents the characteristics of the load categories L2-L4.

Therefore, the power absorption described by the curve of
Fig. 2 can be modelled by (1), in absolute values, for a given
voltage and frequency (1), as shown at the bottom of the next
page, where:

u1(t) = H (t − t0)

with, by referring to Fig. 2:
u1(t) = H(t-t0) the Heaviside function centred in t0;
k1 and k2 are the maximum values of the two exponential

functions;
τ1 = t1/ln(10) and τ2 = t2/ln(10);
krec = pSS − pmin;
Pss is active power in steady state in absolute value (MW);
tr = t0 + t1 + t2 and tss = t0 + t1 + t2 + trec.
Since for p(tss) = 1, it yields that k2 = k1 + krec.
Since residential loads do not present a recovery time, for

such category krec = 0 and consequently k2 = k1 = k1,2.
Regarding the load categories from L2 to L4, since it is
assumed that ppeak_L2−L4 = 1, (1) can be rewritten, in steady
state condition and in per unit, as (2):

1+ k1(1− e−(t−t0)/τ1 )− k2(1− e−(t−t0)/τ2 )+ krec=1

(2)

where (2) is verified for k1 = 0, k2 = krec and τ1 = τ2 = 0.
The parameter krec can assume different values depend-

ing on the type of industrial, artisanal, or commercial load
category. Typical values of krec and trec are reported in [22]
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based on the specific activity and on the type of industrial
process.

The ranges of such values are:
• 0,6< krec < 0,7 and 300s< trec < 1000s for the L2 and
L3 category;

• 0,6 < krec < 1, e 3000s < trec < 10800s for the L4
category.

With regard to the parameter k1,2, its value has to be
assessed experimentally. It is possible to infer it by starting
from the assumption that k1,2, τ1 and τ2 have a narrow
range of variation for residential loads. In other words, the
shape of the CLPU is considered almost the same for the L1
load category, irrespective of the analysed scenario, with an
acceptable margin of error. What changes is the magnitude
of the phenomenon, which is related to the PSS value as
described by (1). The consistency of such assumption is
experimentally demonstrated in the model validation section.
Hence, by measuring the Ppeak = ppeak · Pss of a given
residential load during its re-energization following an outage
together with the times t1+t2, it is possible to deduce the value
of k1,2 and to apply (1) to represent any electric load.
In fact, the Ppeak value is reached for the time tp where

the derivative of the two exponential functions is null,
as described by (3) and (4)

d
dt

[
k1(1− e−tp

/
τ1 )
]
=

k1
τ1
e−tp

/
τ1 = 0 (3)

d
dt

[
k2(1− e−tp

/
τ2 )
]
=

k2
τ2
e−tp

/
τ2 = 0 (4)

The time tp can be then expressed by means of (5):

tp =
ln
(
k2
τ2

)
− ln

(
k1
τ1

)
1
τ2
−

1
τ1

(5)

By substituting (5) in (1) for t = tp, and by posing
u2(t) = 0, it yields that LME(t)= p(t) = ppeak . Hence, (1)
can be expressed in per unit by (6):

ppeak = 1+ k1

1− e
−

ln
(
k2
τ2

)
−ln

(
k1
τ1

)
τ1
(

1
τ2
−

1
τ1

)


− k2

1− e
−

ln
(
k2
τ2

)
−ln

(
k1
τ1

)
τ2
(

1
τ2
−

1
τ1

)
 (6)

By considering that k2 = k1 = k1,2 for residential loads,
(6) can be rewritten as in (7) with k1,2 as the only unknown
parameter. (7) can be solved numerically to obtain k1,2.

In order to assess the active power absorption for several
electric load categories supplied by the same feeder, (1) can
be rewritten and applied as in (8), by properly setting the
values of the coefficients based on the load category.

ppeak = k1,2

[
1−

(
k1,2
τ2

)− 1
τ1
(

1
τ2
−

1
τ1

) (
k1,2
τ1

)− 1
τ1
(

1
τ2
−

1
τ1

)]

+ − k1,2

[
1−

(
k1,2
τ2

)− 1
τ2
(

1
τ2
−

1
τ1

) (
k1,2
τ1

)− 1
τ2
(

1
τ2
−

1
τ1

)]
+1

(7)

LME tot (t) =
4∑
i=1

(LMELi) (8)

Since the power factor ϕi of each load category assumes
typical values which are quite simple to estimate by knowing
the supplied load types, the reactive power QtotL (t) absorbed
in nominal conditions can be computed by means of (9):

QLME tot (t) =
4∑
i=1

(LMELi) tanϕLi =
4∑
i=1

(QLMELi) (9)

C. MODELLING OF THE DISTRIBUTED GENERATION
With the aim of modelling correctly the reconnection of the
DG units to the DN, the following aspects are considered:

• The type of the DG source;
• The performance ratio for each DG source type;
• The operating time before a DG unit can start to supply
power again once the voltage is restored on its connec-
tion bus;

• The power slope to restore the pre-contingency active
power production;

• The participation of DG sources to the PFR;
• The variation of the power production as a function
of the frequency fluctuations;

• The frequency and the voltage thresholds which deter-
mine the intervention of the network interface relays,
by disconnecting the DG plants;

By taking into account the performance ratio cpk , the
total active power PNDG provided by DG sources in nominal

LME(t) =



PSS
(
1+ k1(1− e−(t−t0)/τ1 )− k2(1− e−(t−t0)/τ2 )

)
u1(t) if t0 < t < (t1 + t2)

PSS


(
1+ k1(1− e−(t−t0)/τ1 )− k2(1− e−(t−t0)/τ2 )

)
u1(t)+

+

t−tr∫
tr

krec
trec
dt

 if tr < t < tss

PSS if t > tss

(1)
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TABLE 2. Typical reconnection times and production ramps of different
DG sources.

FIGURE 3. DG active power behaviour following a disconnection.

condition can be expressed as:

PNDG =
nDG∑
k=1

PNDGk =
nDG∑
k=1

cpkPinst_k (10)

where:
Pinst_k is the sum of the nominal power of each single

installed DG unit of the source type k;
nDG is the number of DG source types;
PNDGk is the active power provided by the k-th DG source

in nominal condition.
The operating time before the reconnection depends on the

DG source characteristics, on the prescriptions of the Grid
Code and on the TSO requirements. In fact, the minimum
reconnection time is needed to perform the start-up sequence
and to prevent a sudden disconnection, but it could be higher
based on the nation grid code prescriptions [23], [24], [25].

The typical reconnection times tps considered in this paper
are reported in Table 2. The steady state power PNDGk of each
DG source is not reached instantaneously. A linear behaviour
is assumed, as it is shown in Fig. 3. Table 2 reports the slopes
of the curve based on the DG source type.

For the inverter-based generation, the starting times sug-
gested by [26] are adopted, whereas for the rotating-machine
based generation, they are set in accordance with the type of
DG source [27].

With the aim of considering the participation of the
DG to the PFR, it is necessary to model the variation of
the power supplied by each DG source as a function of
the network frequency. In this context, both the maximum
action time of the frequency regulation and the regula-
tion mode in case of underfrequency or over frequency are
considered.

The DG frequency regulation mode can be described
by (11) [26], [27].

1PDG1k (f , t) =



0 if f (t) < f1 and
f2 < f (t) < f3

Pmax ·
f2 − f (t)
fn · σo

if f1 < f (t) < f2(
Pmax −

f2 − f1
fn · σu

)
·
f (t)− f3
fn · σo

if f3 < f (t) < f4

(11)

where:
1PDG1k is the power contribution provided by the k-th DG

source;
σo and σu are the droops in over-frequency and under-

frequency respectively;
Pmax is the maximum power deliverable by the DG source

which differs respect to PNDGk because a certain amount of
reserve power is considered, in order to perform the PFR;
f1, f2, f3,f4 are the frequency limits for the activation of

the PFR;
fn is the nominal frequency. Eq. (11) can be represented

graphically as in Fig. 4. It is important to note that the DG
power increase following the underfrequency has to be kept
constant during the restoration of the nominal frequency,
as represented by the red line in Fig. 4.

FIGURE 4. Power contribution of DG plants during the PFR service.

Regarding rotating DG generators, their inertial behaviour
during the frequency fluctuations can be assessed by exploit-
ing the concept of start-up time TN of the generator, by means
of (12) [28]:

1PDG2k (f , t) =
Pinst_k · TN

fn
·
d
dt

(
fn − f (t)

fn

)
(12)

with fn the nominal frequency.
Hence, by identifying the maximum and minimum volt-

ages umax and umin and frequencies fmax and fmin for which
the DG sources are disconnected, it is possible to consider the
DG power contribution as a function of voltage and frequency
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as in (13), as shown at the bottom of the page, where PGDk
is defined as in (14). The values of umin, umax , fmin, fmax are
different according to the type of source, its power capacity,
the voltage level at the point of connection and the year of
connection.

PDGk (t) =



0 if t < t0 + tps
PNDGk · pr · (t − t0 − tps) if t0 + tps < t

< t0+tps+
cpk
pr

PNDGk if t > t0 + tps
+

cpk
pr

(14)

As regards the reactive power control of each DG, the
constant power factor mode is adopted, since it is one of the
most widespread operationmodes for the DG [23]. Therefore,
the reactive power QDGk (f, u) can be derived by knowing the
power factor imposed for each DG source [24], [25] bymeans
of (15).

QDG(t) =
nDG∑
k=1

PDGk (t) · tan(cos
−1(cosϕDGk )) (15)

D. STATIC AND DYNAMIC LOAD POWER VARIATIONS
In order to define a general expression describing the
behaviour of electric loads, also the static and dynamic vari-
ations as a function of voltage and frequency have to be
considered.

Regarding the static variation of the active power 1PsLi
and the reactive one 1QsLi for the i-th load category,
the exponential models described by (16) and (17) are
considered [29]:

1PSLi(U , f )= LMELi

((
U (t)
Un

)kpu ( f (t)
fn

)kpf
−1

)
(16)

1QSLi(U , f )=QLMELi(t)

((
U (t)
Un

)kqu ( f (t)
fn

)kqf
−1

)
(17)

where:
LMEi is obtained by (8)
QLMEi is obtained by (9);
Un is the nominal voltage;
kpu, kpf , kqu, kqf , are coefficients experimentally obtainable

for each load category and also reported in literature [30].

The dynamic variations 1PDLi of the active power are
related to rotating machines which change their power
absorption based on the frequency of the network.

They can be assessed by means of (12), by applying the
start-up time of the considered load category TaLi instead
of TN . TaLi can be assessed experimentally from load
power measurement as a function of the network frequency
variations by means of (18):

TaLi =
1P · fn

PL ·
1f
1t

∣∣∣
t0

(18)

where 1P is the power variation following the frequency
variation 1f .

E. MODELLING OF THE LINE POWER LOSSES
In order to consider both the absorbed reactive power and
power losses of the lines in the assessment of the power
required by a DN during its re-energization, (19), (20), (21)
and (22) can be applied for a given feeder j:

PJ_j =
r · lj
U2 · kC

( 4∑
i=1

(LMELi)j − PGDj

)2

+

(
4∑
i=1

(QLMELi)j − QGDj

)2
(19)

QL_j =
2π f (t) · ` · lj

U (t)2
· kc

·


(

4∑
i=1

(LMELi)j − PGDj(t)

)2

+

(
4∑
i=1

(QLMELi)j − QGDj(t)

)2

 (20)

QC_j = −U2
n 2π f · c · lj

(
U (t)
Un

)2 ( f (t)
fn

)
(21)

QJ_j = QL_j − QC_j (22)

with
PJ_j the joule losses absorbed by the line j;
QL_j the inductive reactive power exchanged by the line j;
QC_j the capacitive reactive power exchanged by the line j;
`j the length of the line j;
r the kilometric resistance of the line;
f (t) the instantaneous frequency;

PDG(f , u) =



nGD∑
k=1

(PDGk +1PDG1k +1PDG2k) if umin < u < umaxand

fmin < f < fmax

0 if u < umin or u > umax or
f < fmin or f > fmax

(13)
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l the kilometric inductance of the line;
c the kilometric capacitance of the line.
In this context, it is also necessary to define which is the

distribution of the load and of the DG along the line and,
consequently, to define the current distribution.

To this purpose, the coefficient kc is introduced. The load
and the DG are supposed uniformly distributed along the line,
so that kc = 0,5 whereas a unique concentrated load would
imply kc = 1, as it is shown in Fig. 5.

FIGURE 5. Meaning of the kc coefficient.

F. GENERAL EXPRESSION TO ASSESS THE POWER
DEMAND DURING THE RESTORATION OF A
DISTRIBUTION NETWORK
By combining the above-described equations to model the
electric loads, the DG and the distribution lines, it is possible
to identify the GLME to compute the active power absorbed
by a DN with n feeders as a function of time, voltage and
frequency in the form of (23).

Analogously, a similar expression to assess the exchanged
reactive power can be written in the form of (24).

P(t)=
n∑
j=1

(
4∑
i=1

(LMELi+1PSLi +1PDLi)j

−PGDj + PJ_j

)
(23)

Q(t)=
n∑
j=1

(
4∑
i=1

(QLMELi +1QSLi)j−QGDj+QJ_j

)
(24)

The possibility of having a general expression which con-
sider all the power contributions which affect the power
demand of a DN after an outage, could represent a powerful
and versatile tool in the power system management. The
procedural approach to identify the unknown parameters of
the described formulations together with their experimental
validation are expounded in the following.

G. FIELD MEASUREMENTS CARRIED OUT ON REAL DNs
TO PARAMETRIZE THE MODEL
In order to identify the coefficients of (7), the data related to
the active power measured at the sending-end of two feeders
(A and B) of two real DNs (1 and 2) of the Italian network
are exploited, as it is shown in the scheme of Fig. 6.

The on-field measurements are performed during a real
power system restoration test carried out by the Italian TSO

Terna. During this test the DNs 1 and 2 were totally discon-
nected from transmission grid and then theywere re-supplied.
Fig 7 (blue curve) and Fig. 8 (blue curve) show the active
power measurements Pm_1 and Pm_2 in the points A and B
respectively during the re-supplying process. The optimal
measurement situation in this context should be to identify
lines devoted to supply only one load category but, in practice,
this might not be possible. In fact, the measurement point
indicated with A in Fig. 6 is related to a line which supplies a
load composed of 78% L1, 21% L3 and 1% L4 together with
a certain quantity of DG.

Hence, with the aim of obtaining the parameters k1,2, τ1,
τ2 for the L1 category, it is necessary to subtract from the
power measurement the contributions of the DG, the line
power losses and of the load categories from L2 to L4.

FIGURE 6. Points of measurement on the grid schemes for the model
parametrization (grids highlighted in blue) and for the model validation
(grids highlighted in green).

In Fig. 7, the CLPU effect is clearly visible since most
of the loads belongs to the L1 category, and it is possible
to see that the sum of two exponential functions represents
its shape better than a single exponential one. This exper-
imental evidence can be noted also in the CLPU measure-
ments reported in literature [7], [8]. For this reason, in the
above described CLPU modelling procedure the sum of two
exponential functions is adopted instead of the commonly
used single exponential function. The measurement point B
in Fig. 6 is related to a cable line supplying a pure industrial
load. From Fig. 8, it is possible to note how industrial load
categories do not present the CLPU.

This evidence can be noted also in measurements reported
in literature [22], and so (2) is confirmed.

H. SUBTRACTING THE DISTRIBUTED GENERATION
POWER CONTRIBUTION
At first, the DG contribution has to be subtracted by the
measured active power by exploiting (13), starting from the
data of the DG installed power related to the feeder A and
by applying suitable performance ratios. The yellow line in
Fig. 7 represents the DG active power contribution computed
by means of (13), by considering the prescription of the
Italian grid code.

I. SUBTRACTING THE LINE POWER LOSSES
Once the DG contribution is subtracted from the measured
power, the line power losses can be computed by
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FIGURE 7. Measured active power through the point A of N1 and splitting
in different elements.

FIGURE 8. Measured active power through the point B of N2 and splitting
in different elements.

applying (18), by substituting the measured active power
Pm_1 and the measured reactive one Qm_1(not shown in the
paper for the sake of brevity), and considering PDG = 0, as it
follows:

P(t)loss = r · ` · kc

(
Pm_1(t)2 + Qm_1(t)2

U (t)2

)
(25)

The red lines in Fig. 7 and Fig. 8 represent the power losses
computed by means of (25).

J. INFERRING THE PARAMETERS k1,2, τ1, τ2, trec AND krec
The green line in Fig. 8 represents the power measurements
stripped of the power losses and of the DG contributions by
exploiting (13) and (24), so having only the power Pload_1
absorbed by the electric loads of the network 1. In this specific
case, the green line is almost overlapped with the blue one
(i.e. the measured power) due to the fact that the DG installed
power in the considered DN is significantly less compared
to the one of electric loads. However, the above described
procedure is general and applicable especially to measure-
ments carried out in electrical grids characterized by a high
penetration of DG (as it is shown in the following). From the
green line of Fig. 7 the value of the peak power Ppeak_L1
of the L1 category has to be obtained, by subtracting the
contributions of the L3 and L4 load types. This is necessary

because the power measurement of Fig. 7 is related to a mix
of load categories comprising the load types L1, L3 and L4.

It is possible to assume that power absorbed by the L3
and L4 load categories is still at the initial value for the time
tp because of the loads L3 and L4 have a slower dynamic
compared to the L1 one [22]. Therefore, Ppeak_L1 can be
assessed by means of (26):

Ppeak_L1 = Ppeak_mix − (1− krec_L3)

×PSS_L3 − (1− krec_L4)PSS_L4 (26)

Hence, this procedural approach to parametrize the model is
general and applicable even for feeders supplying a mix of
loads. For the estimation of trec and krec related to the L4
category, the measurement of Fig. 8 can be exploited.

It is possible to derive that krec = 0,5 and trec = 3474 s.
Suchmeasured values substantially confirm the ones reported
in [22], which can be used as a reference for the L3 category.

Eventually, by knowing the time instants t1 and t2 high-
lighted in Fig. 7, also the time constants τ1 and τ2 can be
computed and (7) can be numerically solved in order to infer
the parameter k1,2. Table 3 reports the value experimentally
obtained by applying the above described procedure.

TABLE 3. Parameters k1,2, τ1, τ2 experimentally obtained.

K. INFERRING THE START-UP TIME OF LOADS
In order to give an example of the assessment of the load
start-up times, Fig. 9 shows the green line of Fig. 8, i.e.
the measured power of the L1 category, as a function of the
frequency variations. Eq. (17) is applied for different power
variations and the average of the computed start-up times is
considered as a final value. Table 4 shows an example of
such procedure for two power variations. At the end of the
procedure, Ta = 0.44 is obtained.

FIGURE 9. L1 category absorbed active power as a function of the
frequency.

L. CASE STUDIES
The validation of the model is performed by exploiting
the experimental measurements carried by the Italian TSO,
Terna, during two on-field power system restoration tests.
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TABLE 4. L1 load start-up time assessment for two power variations.

In the following, the two restoration tests, namely test a)
and test b), are briefly described. The test a) was performed
on a portion of the TN as represented in Fig. 10, which was
temporary isolated from the rest of the network.

FIGURE 10. Single-phase representation of the TN portion involved in the
restoration test a).

Red lines of Fig. 10 represent the 400 kV TN components,
whereas the blue and black lines represent the 132 kV and
20 kV ones respectively.

The steps of the on-field restoration test a) can be summa-
rized as follows:
• BS of the pilot power plant;
• Energization of the restoration path from the pilot power
plant to the DN1a);

• Energization of the restoration path from the pilot power
plant to the DN2a);

• Re-supply of DN1a);
• Re-supply of DN2a);
• Electric parallel between the restoration path and the
target power plant;

• Electric parallel between the restoration path and the rest
of the TN.

The point A in Fig. 10 indicates where the voltage, the
frequency, the active and the reactive power were measured
during the test.

The blue lines in Fig. 13 are the measured active and
reactive power.

The contractual power Pcont under the feeders supplied by
the MV busbar of TR1a), together with the length of the lines
and the amount of DG are reported in Table 5.

TABLE 5. Data related to the feeders supplied by TR2a).

FIGURE 11. Single-phase representation of the TN portion involved in the
restoration test b).

It is worth noting that for this test all the MV feeders
are supplied simultaneously, by a single switching closure.
It is possible to note how such a network is characterized by
a modest amount of DG compared to the to load installed
power.

The test b) was performed on the portion of the TN shown
in Fig. 11.

The line colours of Fig. 11 have the same meaning of the
ones of Fig. 10. The steps of the on-field restoration test b)
can be summarized as follows:
• BS of the pilot power plant;
• Energization of the restoration path from the pilot power
plant to the DN1b);

• Re-supply of DN1b);
• Electric parallel between the restoration path and the rest
of the TN.

The point B in Fig. 11 indicates where the voltage, the
frequency, the active and the reactive power were measured
during the test.

The blue lines in Fig. 14 are the measured active and
reactive power. The contractual power Pcont of the feeders
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TABLE 6. Data related to the feeders supplied by TR1b) and TR2b).

FIGURE 12. DIgSILENT implementation of the GLME for a single feeder.

supplied by TR1b) and TR2b), together with the length of
the lines and the amount of DG are reported in Table 6.
Differently from the previous DN, this one is characterized
by a high penetration of DG with respect to the electric load
installed power. In this case, differently from the test a), the
feeders under TR1b) and TR2b) are supplied step-by-step.

It is worth noting that such DNs are different from the
one on which the model is parametrized. This issue is
extremely important in the model validation context since it
demonstrates the effectiveness of the model itself. Of course,
a validation performed on the same DN exploited for the
parametrization process is useless since it obviously matches
with the measurement records.

III. RESULTS AND DISCUSSION
In order to verify the effectiveness and the accuracy of the
model presented in Sections III, the on-field measurements
carried out on the case studies described in Section IV are
compared with the output of the model. The data reported in
Table 4 and Table 5 serve as input for the model, together
with the voltage and frequency recorded during the two tests.

It is worth noting that all these data are related to the real
DNs and have been collected in coordination with the Italian
TSO and DSO. For this case study, the model is implemented
in the DIgSILENT environment and Fig.12 shows the basic
structure of it for a single feeder. It is worth noting that
the voltage and the frequency inputs of the model are those
measured at point A and B during the on-field restoration
tests a) and b).
Fig. 13 shows the results of the comparison between the

power measured on the point A during the restoration test a)
and the output of the model.

FIGURE 13. Comparison between the active power measured on the
point A of DN1a) and the GLME response (upper figure) and the reactive
power measured on the point A of DN1a) and the GLME response
(bottom figure).

As shown in Fig. 13, by means of the correct parametriza-
tion procedure, the GLME is able to correctly identify the
peak power required by the electric loads due to the CLPU
phenomenon and also its dynamic.

Moreover, the active and reactive power variations as a
function of the voltage and frequency are correctly assessed.
Hence, even for DNs which are different with respect to
the ones where the modelling equation is parametrized, this
approach proven to be effective.

Fig. 14 shows the results of the comparison between the
power measured on the point B during the restoration test b)
and the output of the model.

From Fig. 14, the effect of the high penetration of DG
in the DN is clearly visible. More specifically, after the
re-connection of each feeder, the combination of two events
influences the power behaviour. From one hand, the active
power which transits through the point B decreases since the
DG gradually supply the loads.

On the other hand, the frequency deviations following each
step trigger the under-frequency relays of the DG units.

From both Fig. 13 and Fig. 14, it is possible to note that
the DNs feature a resistive-capacitive behaviour, contrary to
the expected. The proposed model correctly forecasts such
behaviour due to the presence of the Cable line model. The
ever-increasing penetration of cable installations on MV and
LV side is thus the explanation of such unexpected behaviour.
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FIGURE 14. Comparison between the active power measured on the
point B and the GLME response (upper figure) and the reactive power
measured on the point B and the GLME response (bottom figure).

A. SIMPLIFYING ASSUMPTIONS APPLIED TO THE MODEL
In this section, the simplifying assumptions applied to the
model are discussed. The first assumption deals with the
utilization factors which are considered with a narrow range
of variation for each load category. It is likely that such factors
can be further refined by deriving them not only for load
typologies, but also for the times of the year.

A second important consideration is that, in the model,
it assumed that all the DG units perfectly comply with the
grid code prescriptions regarding the protection settings. This
might be not always verified in the complexity of the real
network.

Another assumption is that the load categories from L2 to
L4 behave in the same way after the re-energization. This
behaviour has been inferred from literature [22]. However,
if more data were available, it would be possible to better
represent such load categories by refining the coefficients
k1,2, τ1, τ2, trec, krec.

Moreover, the influence of the outage time on the load
behaviour has not been considered. Further researches are
ongoing to consider also this phenomenon by maintaining the
same approach.

As it is possible to infer from Figs. 13 and 14 the agree-
ment between on-filed measurement and simulation is good.
Despite the simplifying hypotheses adopted in the present
paper, the comparison between predictive simulations and on
field recordings on scenarios which are different from the
ones adopted in the parametrization phase are promising.

The gap between measurements and simulation outputs
can be allocated to the assumptions listed above.

The average percentage errors for the two tests are reported
in Table 7.

Errors up to 19% might suggest a low precision of the
present modelling approach, but it is necessary to high-
light the challenging target of this study compared to
the relative simplicity of the method. In particular, the
higher displacement between the simulated power behaviour
and the measured one is due to the lack of retrofit by

TABLE 7. Percentage average errors on active and reactive power.

some DG units regarding the frequency protection setting
prescriptions.

As already mentioned, a higher data availability should
improve the parametrization process and refine the dis-
placements. This kind of approach is in tune with the
ever-increasing availability of data in the DNs by means of
the presence of smart meters.

IV. CONCLUSION
In this paper, a general procedural approach to foresee the
power demand of a distribution network during a restoration
process is presented and experimentally validated. The com-
parison between the on-field measurements and simulation
results performed in two different distribution networks is
encouraging. The adopted simplifying hypotheses are dis-
cussed in detail so that who wants to apply this method
can overcome them if more data are available. Hence, by
combining the novel approach described in this paper with the
big data philosophy, it is possible to foresee the electric load
behaviour very precisely for an optimal black start assessment
of power systems.

The good agreement between the simulation results and the
experimental measurements demonstrates that it is possible to
exploit a unique and general expression to correctly foresee
the active and reactive power demand of electrical networks
as a function of the grid voltage and frequency. Moreover, the
presented results also highlight that the cold load pick up phe-
nomenon can be correctly assessed by properly parametrizing
the load modelling equation. This avoids the implementation
of physical models which require several input parameters
that could be unknown, so that the presented approach over-
comes the limitations of such physical methods. As it is
described in detail in the paper, the presented method requires
an initial parametrization starting from measurement data.
In this regard, it is worth noting how the proposed formu-
lation overcomes the main limitations of the measurement-
based approaches, since it works not only for the specific
scenarios where the model has been parametrized, but for
any scenario, as demonstrated by the experimental validation
of the method. Moreover, the analytical description of the
dynamics based on which the distributed generation affects
the power demand variation, allows estimating the power
demand of both active and passive distribution networks.
In particular, the analysed scenario characterized by a high
penetration of distributed generation clearly shows how the
frequency deviations following each restoration step trig-
ger the under-frequency relays of the distributed generation
units, by significantly influencing the active and reactive
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power behaviour as a function of the grid voltage and
frequency.

From the other hand, a limitation of the described approach
is that in order to identify an optimal restoration path,
it should be applied time after time since it is able to esti-
mate the power demand of a specific distribution network.
However, by combining the proposed estimation tool with
black-start mock drills on the electrical network, it is possible
to have a simple and very versatile tool to verify the perfor-
mances of a chosen restoration path in order to increase the
resilience of the electrical networks. Moreover, the proposed
formulation could be combined with algorithms related to the
automation distribution system approach, in order to try to
make their structure easier and to reduce the computational
burden of numerical algorithms. It is worth noting that the
influence of the outage time on the load behaviour has not
been considered in the CLPU estimation. Researches are
ongoing to try to consider the CLPU outage time dependence
by maintaining, on the same time, an analytical approach to
estimate the power demand of distribution networks. This
could increase the accuracy of the method.
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