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Abstract: The paper presents a summary of different double second-order generalized integrator
(DSOGI)-based phase-locked loop (PLL) algorithms for synchronization with three-phase weak grids.
The different methods are compared through simulation under a variety of grid conditions, such as
unbalanced phase voltages, high low-order harmonics distortion, frequency steps, phase jumps, and
voltage sags. Following the simulation results, the three methods that have shown the overall best
results are compared through an experimental setup for further results validation under operation
with a voltage-source converter. Based on the obtained results, a benchmark table is presented that
allows ranking the performance of the tested methods for different expected grid conditions.

Keywords: synchronism; PLL; DSOGI; positive sequence; fundamental frequency; weak grids;
frequency; phase

1. Introduction

Microgrids are currently an extensive topic of discussion since such a concept presents
a viable solution to allow the integration of distributed energy resources near loads without
disturbing or contributing to the stability of the main grid. Those microgrids can operate
either when connected to the main grid or disconnected (island mode). During island mode
operation, the inertia provided from the main grid is no longer available, and the local grid
becomes very sensitive to power changes (weak grid). To guarantee the adequate operation
of the connected power converters, one of the key aspects is to ensure synchronization
under the mentioned conditions.

The power converters control loop is normally fully or partially performed as in the
synchronous reference frame (SRF), where voltage estimation becomes even more critical
as the phase estimation errors are propagated to the synchronous voltage and current
measurements through the Park transform. Additionally, methods such as droop control
or the virtual synchronous generator demand stable frequency measurement/estimation
to achieve robust and proper power-sharing. The phase-locked loop (PLL) is designed
primarily to estimate the phase of the voltage fundamental frequency positive sequence,
but it also allows to obtain a stable voltage amplitude and frequency as discussed in this
paper. The importance of the phase angle estimation is addressed in [1], where it is studied
the dynamic impact of phase jumps in synchronous generators and power converters,
which may be caused by the estimation error during the connection with the grid.

There are currently several techniques to achieve grid synchronization, though it is
not possible to point to a single synchronization algorithm that can simultaneously be the
most accurate, fastest, most robust and lightest for every grid condition. Therefore, it is
naturally necessary to establish a compromise between different goal objectives or grid
conditions before choosing a particular synchronization algorithm.

In accordance with [2], there are two main methods to achieve grid synchronization:
open-loop or closed-loop. In an open-loop approach, the phase angle is directly estimated
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Electricity 2021, 2

from a filtered signal. In the closed-loop, there may exist a filtering stage but angle
estimation is obtained through a closed-loop structure.

An open-loop and simple technique for grid synchronization is zero cross-detection,
which allows synchronizing with the grid at every instant that the grid voltage crosses a
reference zero. The synchronization is achieved through the detection of the zero-cross
events and the generation of a rectangular waveform, accordingly. The resulting waveform
allows to estimate the phase and frequency but only during the zero-cross instants; for
that reason, it presents phase tracking slow dynamics and it is susceptible to external
interference, leading to phase tracking errors [3,4]. With such a technique, synchronization
is achieved for a single-phase system, twice per cycle. Additionally, voltage harmonics or
measurement noise may lead to undesired zero-crossing detection if no filters are added.
Another open-loop approach is the use of filters in the αβ frame and prior angle calculation
through a trigonometric relationship. Some of those filters include the Butterworth low-
pass filter, space vector filter, adaptive notch filter, etc. As an alternative to digital filters,
there can be found methods that suggest the use of discrete Fourier transform, Kalman
filters, least mean square [5], or sliding mode control [6].

Another method, and the most common synchronization technique in grid-tied power
converters, is the closed-loop approach known as the synchronous reference frame phase-
locked loop (SRF-PLL). The SRF-PLL presents fast dynamics with a very low steady-state
error when no low order harmonics exist and balanced conditions are considered [7]. Such
assumptions are unrealistic in most real cases, especially when considering weak grids.
Hence, most of the advanced PLL algorithms consist of the application of techniques to
extract the fundamental frequency positive sequence (FFPS) of the grid voltage and further
phase tracking through the SRF-PLL [8–10].

To extract the FFPS, the authors in [11] suggest the application of a double synchronous
reference frame: one rotating with the positive frequency and another in the opposite
direction (negative sequence). A decoupling network is presented that allows the extraction
of the positive sequence from the double SRF. Furthermore, a second-order low pass
filter is applied at the output to reduce harmonics interference in the positive sequence
synchronous voltage estimation.

Another method is based on the single-phase enhanced PLL (EPLL). In this method,
it is applied a quadrature signal generator based on the second-order generalized inte-
grator (SOGI-QSG) to obtain a lagging 90 degrees phase shift of the input signal, offering
simultaneously a filtering capability at frequencies beyond the filter central frequency [12].
An extension of this method [13] consists of considering a double SOGI-QSG (DSOGI-
QSG), i.e., two SOGI-QSG are used to obtain the direct and quadrature signals of the
alpha and beta components, respectively, for further positive sequence calculation. This
method allows obtaining the positive sequence with intrinsic filtering capability. Since
the DSOGI-QSG central frequency is adjusted accordingly with the PLL frequency, the
DSOGI is a frequency-adaptive filter. Additionally, in [10], it is shown that the DSOGI-PLL
is equivalent to the DSRF-PLL under certain conditions; therefore, the analysis on this
paper disregards the second. The DSOGI-QSG can be applied with phase tracking (PLL) or
frequency tracking, becoming a frequency-locked loop (FLL).

In [10,14–18] different PLL methods, including the DSOGI-based PLL, are compared
and qualified where the DSOGI is highlighted as one of the most performant. Though it
does not discriminate the performance of different DSOGI-based methods and in most of
the tests, it lacks numerical performance quantification.

The paper is separated into eight sections. In Section 2 it is introduced the basic
principle of work of the closed-loop PLLs, based on the synchronous reference frame (SRF-
PLL). The generation of the quadrature signal, its extension to form the double second-order
generalized integrator, and the extraction of the positive and negative phases sequence are
presented in Section 3. In Section 4, it is presented the complete structure of the PLLs for
synchronization with the grid-positive sequence and in Section 5, synchronization through
the frequency-locked loop (FLL). Section 6 presents the simulation and experimental
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results and the respective discussion. Finally, in Section 7, it is discussed the main chapter
conclusions and the PLL implementation chosen for the thesis is justified.

2. Synchronous Reference Frame Phase-Locked Loop

The SRF-PLL is based on the dq0 frame, and it is illustrated in Figure 1. The principle of
operation consists of orienting the voltage vector in the dq0 frame to be aligned with a refer-
ence phase of the three-phase voltage system. To achieve this, the quadrature component of
the voltage in the dq0 frame is controlled to zero, typically through a proportional-integral
(PI) controller. It is important to notice that in the synchronous frame (dq0 frame), all
vectors rotating at synchronous speed are represented in a steady state by a constant, direct
and quadrature component. The output of the PI is further integrated to obtain the phase
angle that is used as feedback for the calculation of the dq0 transformation matrix. In the
steady state, the PI output and the forward compensation represent the grid frequency ω′.

Figure 1. Block diagram of the SRF-PLL.

The Clarke and Park (1) transformation matrix, presented in Figure 1, are in the power
invariant form and aligned with the cosine of phase va. Notably, the zero component
is disregarded since it does not influence the synchronization loop. Additionally, the PI
gains kp and ki are tuned in accordance with [3] and synthesized in Equation (2), where ωc
represents the filter natural (or controller) frequency, ζ the damping, and Eg the grid peak
voltage amplitude.

Tabc→αβ =

√
2
3

⎡⎢⎣1 −1
2

−1
2

0

√
3

2
−
√

3
2

⎤⎥⎦, Tαβ→dq =

[
cos(ωt) sin(ωt)
− sin(ωt) cos(ωt)

]
(1)

⎧⎪⎪⎨⎪⎪⎩
kp =

2ωnζ

Eg

ki =
Eg

4ζ2

(2)

3. Fundamental Frequency Positive Sequence Extraction

This section reviews the principle of operation of the SOGI filter, its extension to the
DSOGI, and the decoupling network that allows extracting the positive and negative grid
phase sequence.

3.1. Second-Order Generalized Integrator-Quadrature Signal Generator

The SOGI-QSG is based on a band-pass filter tuned at a center frequency ω0 and
quality factor k (= 1/Q). There are two main particularities on this filter: one is that it
presents at the center frequency two outputs with unitary gain (the input signal with 0◦
and with 90◦ phase delay); the second is that allows to adapt the center frequency. Hence,
at the center frequency, the SOGI-QSG generates the direct and quadrature signals of the
input filtered signal. Such behavior can be further understood by analyzing the filter block
diagram of Figure 2, the transfer functions (3) and the respective bode plots as illustrated
in Figure 3.
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Figure 2. SOGI-QSG block diagram.

D(s) =
v
′

v
(s) =

kω
′
s

s2 + kω
′ s + ω

′2

Q(s) =
qv

′

v
(s) =

kω
′2

s2 + kω
′ s + ω

′2

(3)

Figure 3. SOGI-QSG bode plot for a centre frequency of 50 Hz and a quality factor k =
√

2.

In Figure 3, it can be noticed that at the center frequency, the gain of both direct
D(s) and quadrature Q(s) is unitary, while the phase of Q(s) is lagging 90◦. Another
interesting feature of this filter, highlighted in [13], is the fact that, independent of the input
signal frequency, the output qv

′
always lags 90◦ from v

′
; therefore, when the frequency

of the input signal deviates from the center frequency, the filter output signals differ only
in magnitude.

The SOGI-QSG, as shown before, allows to filter the input signal with an attenuation
of 20 dB/dec and simultaneously generates the direct and quadrature component of the
filtered signal. Additionally, it is possible to ensure unitary gain if the filter center frequency
is properly adjusted.

3.2. Double SOGI-QSG and Positive Sequence Extraction

The SOGI-QSG can be extended to extract the fundamental frequency of an unbalanced
phase system. To achieve it, we consider the symmetrical components method (4) to extract
both positive and negative sequences of the unbalance three-phase system. As suggested
in [12], the DSOGI consists of two SOGI-QSG (one for each component of the Clarke
transform), which allows extracting the positive sequence of the three-phase voltage
through the positive sequence calculator (PSC) (5), where qvα and qvβ are obtained through
two different SOGI-QSGs. In Figure 4, it is represented the DSOGI-QSG block diagram.
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v+abc = Tpvabc

v−abc = Tnvabc
, Tp =

1
3

⎡⎣ 1 a a2

a2 1 a
a a2 1

⎤⎦, Tn =
1
3

⎡⎣ 1 a2 a
a 1 a2

a2 a 1

⎤⎦, a = ej 2π
3 (4)

v+αβ =
[
Tαβ

]
v+abc =

[
Tαβ

][
Tp
]
vabc =

[
Tαβ

][
Tp
][

Tαβ

]Tvαβ ⇔

⇔ v+αβ =
1
2

[
1 −q
q 1

]
vαβ, q = e−j π

2
(5)

Figure 4. DSOGI-QSG block diagram.

As shown before, it is possible to extract the FFPS of the three-phase voltages repre-
sented in the static orthogonal frame (Clarke). Furthermore, the same procedure can be
applied to obtain the negative sequence (6), despite its omission in Figure 4. It is worth
noting that vαβ is obtained directly from the three-phase voltage measurement, while ω0
must be set or estimated in accordance with the grid conditions.

v−αβ =
1
2

[
1 q
−q 1

]
vαβ (6)

4. DSOGI Based Phase-Locked Loop

In previous sections, it was presented the base of the DSOGI filter and it was shown
how it can be used for extraction of the three-phase voltage FFPS.

In the current section, it is discussed two methods for the filter center frequency
feedback: the DSOGI-PLL with a low pass filter in the frequency feedback (here simply
called DSOGI-PLL) and the frequency-fixed DSOGI-PLL (FFDSOGI-PLL). Both algorithms
consist of adding the SRF-PLL to the positive sequence obtained from the DSOGI-QSG,
for frequency and phase estimation. The methods differ in how the DSOGI-QSG center
frequency is adapted.

4.1. DSOGI-PLL

In the DSOGI-PLL, the estimated frequency of the SRF-PLL is added as a feedback
path to the DSOGI filter center frequency. Furthermore, to smooth the frequency feedback
from the PLL estimated frequency transients, it is proposed to add a low-pass filter to
the frequency feedback path. The estimated frequency is provided by the SRF-PLL as a
result of the PI controller keeping the phase angle error to zero. During voltage transients,
such as phase jumps, the frequency estimation spikes to bring the phase error back to
zero, independent of whether the actual grid frequency changed or not. The added LPF
attenuates the interference of such transients as well the normal ripple produced by the PI
controller. This scheme is represented in Figure 5, where the SRF-PLL estimated frequency
ω′′ is filtered by the LPF (ω′) before being fed to the DSOGI-QSG. Hence, there are four
tunable parameters: DSOGI damping (k), SRF-PLL gains (kp, ki), and the LPF cut-off
frequency (ωc).

5



Electricity 2021, 2

Figure 5. DSOGI-PLL with LPF block diagram.

4.2. FFDSOGI-PLL

A more recent approach, suggested in [19,20], considers a SOGI filter with a fixed
center frequency (ω0 = ωn) for single-phase systems (FFSOGI). The method was further
extended in [21] to a double SOGI, becoming an FFDSOGI. Contrary to the DSOGI, the
FFDSOGI operates with a fixed frequency (there is no frequency feedback path to the
SOGIs). Instead, any frequency deviance (ω′ − ω0) is further compensated in the filter
output magnitude and phase. To achieve so, the authors present a linearized small-signal
model of the DSOGI filter, considering small deviance |ω2

0 − ω′2| << kω′ω0. Under
these circumstances, deviance can be compensated for by adding a gain correction to the
quadrature signal of both αβ component SOGIs and adding an angle correction to the
estimated angle of the SRF-PLL (7). These changes result in the schematic of Figure 6,
where grey areas highlight the amplitude and angle compensations. Comparing it with
the previous method, the FFDSOGI-PLL has one less tunable parameter (the LPF time
constant), as it is suggested to extract the frequency from the PI error integral [19]. Notably,
in a steady-state, the error is zero and the frequency is given by the PI error integrative
component. Furthermore, without frequency filtering, the estimated frequency oscillations
are feed-forward to both frequency and angle compensations. In the paper, it is proposed
to filter the estimated frequency as in the case of the DSOGI-PLL before feeding it to the
compensation blocks, as shown in Figure 7. The option of adding the LPF, instead of using
the PI error integral output, allows decoupling the synchronization dynamics (angle) from
the frequency estimation. With this change, the FFSDOGI-PLL and DSOGI-PLL present the
same number of tunable parameters, tuned with the same parameters for a fair comparison
of both methods. ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

qv′ = ω′

ω0
qv′

ωt′ = ωt′ + δ

δ =
ω′2 − ω2

0
kω′ω0

(7)

Figure 6. FFDSOGI-PLL block diagram.
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Figure 7. FFDSOGI with frequency LPF.

5. DSOGI Based Frequency-Locked Loop

Another approach to adapt the DSOGI-QSG center frequency ω0, is proposed and
well described in [22]. The author suggests an extension of the EPLL frequency adaptive
structure to be applied in the SOGI-QSG. Such modifications result in the block diagram
presented in Figure 8, where ωN is the nominal grid frequency, and the grey area represents
the gain normalization GN (9). The input error εαβ is given by (8), considering the SOGI-
QSG nomenclature shown in Figure 2). To highlight that the ∑ εαβ is negative for ω′ < ω,
zero for ω′ = ω and positive for ω′ > ω. Hence, it is possible to obtain zero steady-state
errors (ω′ = ω) with an error integral and gain −Γ.{

εα = (vα − v′α)qvα

εβ = (vβ − v′β)qvβ
(8)

GN =
kω′

(v′+α )2 + (v′+β )2 (9)

Figure 8. FLL block diagram.

Taking into account the FLL block diagram of Figure 8, it can be noticed that the FLL
has only one tuning parameter, Γ, since k is the DSOGI-QSG filter quality factor and ωN is
a known constant. Furthermore, it is shown in [22] that with the gain normalization, the
FLL presents a first-order transfer function (10), which allows tuning Γ in accordance with
the desired system response settling time ts.

ω′

ω
=

Γ
s + Γ

⇒ Γ ≈ 5
ts

(10)

In [23], it is presented an improved frequency locked-loop (IFLL) that differs from the
previous FLL, in a slight change on how the gain is normalized. Instead of considering only
the positive sequence, the negative sequence is also considered (11). Such modification
only improves the method, when the negative sequence becomes significant compared
to the positive sequence (very high unbalancing). Another method variation is presented
in [24], where a third-order generalized integrator (TOGI) is combined with an FLL for the
elimination of the DC component. Such an approach is suited for single-phase systems,
where the DC component is not eliminated by the Clarke transform. Additionally, any

7



Electricity 2021, 2

SOGI referred on this work can be turned into a TOGI for further implementation in a
single-phase system.

The DSOGI-FLL (or the DSOGI-IFLL) has only two tunable parameters: the DSOGI-
QSG damping k and the FLL gain Γ.

GN =
kω′

(v′+α )2 + (v′+β )2 + (v′−α )2 + (v′−β )2 (11)

To compare the synchronization of both PLL and FLL, it is suggested to add a phase
estimation stage to the previously discussed FLL scheme. To achieve so, it is suggested to
use the FFPS (v′+αβ) filtered by the DSOGI-FLL to estimate the phase angle. Three different
approaches are considered: zero-cross detection, SRF-PLL, and the arc-tangent function.
Notice that, contrary to the PLL schemes, in the FLL, both the frequency and phase
are tracked independently, despite the phase tracking accuracy being dependent on the
FLL performance.

5.1. DSOGI-FLL with Zero-Cross Detection

The zero-cross detection method employed here consists of integrating the frequency
estimated by the FLL, but with an angle reset at every zero-cross detected, i.e., when v′+α or
v′+β crosses zero, the frequency integral is reset to the known angle. This way, it is possible
to correct the estimated phase four times per period. Every time a zero-cross occurs, a flag
is triggered (δtr,α or δtr,β) and feeds into a lookup table (LUT) to obtain the respective reset
angle value accordingly with Table 1. Though it only allows synchronizing during four
instants per wave period, this method is simple with a low processing demand, though
it may lead to significant phase deviations during transients. This method does not add
tunable parameters to the DSOGI-FLL.

Table 1. Zero-cross detection: angle reset LUT.

v′+
α > v′+

β v′+
α < v′+

β

δtr,α > 0 3π
2

π
2

δtr,β > 0 0 π

5.2. DSOGI-FLL with SRF-PLL

The SRF-PLL can be added to the DSOGI-FLL to further estimate the phase frequency.
Different from the PLL methods, in the FLL, the PI dynamics of the SRF-PLL do not
influence the positive sequence extraction since the center frequency feedback of the
DSOGI-FLL does not depend on the PI but on the FLL block diagram instead.

This scheme is here called the DSOGI frequency and phase-locked loop (DSOGI-FPLL).
The method adds two tunable parameters to the original DSOGI-FLL (kp and ki), resulting
in a total of four tunable parameters.

5.3. DSOGI-FLL with Atan2

The last considered method consists of calculating the arc-tangent of v′+αβ to obtain
the respective angle at any time instant. To reduce the processing burden associated with
the typical arc-tangent methods, the fast arc-tangent suggested in [25] is employed. The
proposed function is implemented through a LUT (or array) with limited angle represen-
tation, i.e., ωt′ = arctan (u) ∧ u ∈ [0, 1] or ωt′ ∈ [0, π/4]. To extend its operation for the
four quadrants, the functional properties (12) and (13) are considered.⎧⎪⎪⎨⎪⎪⎩

arctan(−u) = − arctan(u)

arctan(u) + arctan
(

1
u

)
= π

2 , u > 0

arctan(u) + arctan
(

1
u

)
= −π

2 , u < 0

(12)
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atan2(y, x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

arctan( y
x ), x > 0

π + arctan( y
x ), y ≥ 0, x < 0

−π + arctan( y
x ), y < 0, x < 0

π
2 , y > 0, x = 0
−π

2 , y < 0, x = 0
NaN, y = 0, x = 0

(13)

6. Results and Discussion

To compare the different SOGI-based PLL performance under severe grid conditions
of a weak grid, several simulations are performed in Matlab/Simulink. Furthermore, all
aforementioned methods were implemented in the discrete-time domain with a sampling
rate of 10 kHz to emulate the micro-controller behavior. Discretization was performed
considering the forward Euler integration method.

The performed tests are divided into three different subgroups: unbalancing and har-
monics (test #1), frequency and phase jumps (test #2), and voltage sags (test #3). However,
in the last two, harmonics and unbalancing are also considered but with a smaller impact.
In Table 2, it is shown the harmonic content considered in the different tests as a percentage
of the FFPS voltage.

The grid voltage is generated directly from pre-defined positive and negative se-
quences, while harmonics are posteriorly added. Hence, at any instant, it is possible to
know the exact frequency, phase, and magnitude of the fundamental positive (and negative)
sequence and the harmonics magnitude.

Additionally, it is considered that the PLL is locked when the estimated frequency
reaches a steady state. Therefore, if both the FLL and PLL dynamic responses present the
same frequency settling time, it is possible to carry a fair comparison between the methods.
Hence, PI was tuned (2) considering ωc = 314 rad/s and ζ = 1/

√
2, while the FLL gain

was tuned (10) with ts = 0.1 s. The SOGI damping, in all different methods, was set as
k =

√
2. The tuned gains are summarized in Table 3.

Table 2. Harmonics magnitude (%V+).

h Highly Polluted [23] (Test #1) Limits in EN 50160 [26] (Tests #2 and #3)

5th 20% 6%

7th 15% 5%

11th 10% 3.5%

13th 8% 3%

Table 3. Tuned gains.

kp ki ωc Γ k

1.37 163 78.5 40
√

2

6.1. Test #1—Unbalancing and Harmonics

This test considers balanced three phases (positive sequence only) at 50 Hz, with all
the methods already in a steady state at the simulation start. Unbalancing is achieved by
injecting a negative sequence component, followed by harmonics with an amplitude, as
presented in Table 2. Moreover, for the phase estimation, the results in this test are first
applied to the FLL (DSOGI-IFLL) and further compared with the PLL (DSOGI-PLL and
FFDSOGI-PLL).

The analysis of the three-phase voltages are illustrated in Figure 9, where t1 to t4
are the time instants that mark the added changes to the subsequent conditions listed in
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Table 4. The estimated frequency ω′ and the respective errors (ω − ω′) are illustrated in
Figures 10 and 11, respectively. In Figure 10, it can be noticed that all methods remain near
the nominal frequency with the exception of the SRF-PLL. Its performance is significantly
poor when facing unbalanced conditions and further deteriorates when high low-order
harmonics are present in the three-phase voltage. For these reasons, the following analysis
disregards the SRF-PLL and justifies the need for methods capable of extracting the FFPS.

Table 4. Introduced voltage unbalancing and harmonics during test #1.

t = 0 Positive sequence only with v+αβ = [325 0] V (balanced three phases)

t1 Negative sequence is added with v−αβ = [25 12] V

t2 Injection of the 5th and 7th order harmonics (highly polluted)

t3 Injection of the 11th and 13th order harmonics (highly polluted)

t4 Negative sequence is changed to v−αβ = [100 0] V

0.1 0.12 0.14
100

200

300

400

0.25 0.29 0.33
-500

-300

-100

100

300

500

0.4 0.42 0.44
-500

-300

-100

100

300

500

Figure 9. Three-phase voltage and the respective changes introduced during test #1.

Figure 10. Estimated frequency for the different methods during test #1.
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Figure 11. Estimated frequency errors for the different methods during test #1.

In Figure 11 it is noticeable that the DSOGI and FFDSOGI (PLL) presents similar
behavior, both with lower estimated frequency steady-state oscillations when compared
with the FLL methods. Furthermore, both FLL and IFLL perform very similarly, mostly
until t4, where the negative sequence is reduced. After t4, unbalancing is more noticeable
and the IFLL presents lower oscillations than the FLL, though such a difference may be
neglected. To allow a quantification analysis of the results, in Table 5, it is presented the
root mean square error (RMSE) as a measure of the error oscillations, and the mean error
(ME) as its DC value during steady-state stages. In Table 5, TN = 0.02 s and refers to the
FFPS voltage waveform time period.

Table 5. Steady-state estimated frequency RMSE and ME obtained during test #1.

SRF DSOGI FFDSOGI FLL IFLL

RMSE ME RMSE ME RMSE ME RMSE ME RMSE ME
t1 − 2TN ⇒

t1
8.3 × 10−13 1.8 × 10−9 1.1 × 10−10 1.8 × 10−9 1.2 × 10−10 1.9 × 10−9 4.9 × 10−14 90 × 10−3 5.2 × 10−14 90 × 10−3

t2 − 2TN ⇒
t2

26 −54 × 10−3 27 × 10−3 6.1 × 10−4 25 × 10−3 −2.5 ×
10−3 78 × 10−3 0.10 78 × 10−3 0.10

t3 − 2TN ⇒
t3

56 −2.5 ×
10−3 0.26 −7.2 ×

10−3 0.26 −6.5 ×
10−3 1.1 −0.56 1.1 −0.56

t4 − 2TN ⇒
t4

56 −2.5 ×
10−3 0.26 −7.1 ×

10−3 0.26 −7.2 ×
10−3 1.1 −0.56 1.1 −0.56

t5 − 2TN ⇒
t5

105 33 × 10−3 0.27 −9.0 ×
10−3 0.27 −14 × 10−3 1.3 −0.40 1.2 −0.40

Analyzing data from Table 5, it can be noticed that under ideal conditions t = [0; t1]
the FLL and IFLL present a higher steady-state error (ME) when compared with the DSOGI-
based PLL structures, though under such conditions, all methods perform very well. With
the introduction of the three-phase unbalancing and harmonics, oscillations are more
noticeable in the FLL methods than in the PLL. An interesting behavior of the FLL methods
is in the change of the steady-state frequency ME with the changes in grid conditions.
Observing the integral error of the FLL, it is concluded that the integral error gain is high
enough to guarantee zero steady-state error, which indicates that the small ME is caused
by the FLL structure, particularly in the way that the error εαβ is generated for adapting
the frequency.

Since both the FLL and IFLL performance are similar, only the IFLL is considered in
the following performance evaluation.

In Figure 12, it is presented the errors obtained for the phase estimation ωt′. Note that
the different methods presented in Section 5 for phase estimation are applied to the IFLL
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(FLL is not shown since it presents similar results). Furthermore, the RMSE and ME were
obtained under steady-state conditions for the same intervals of Table 5 and are shown in
Table 6.

0.1 0.12 0.14
-0.005

0.01

0.025

0.04

0.4 0.42 0.44
-0.05

0

0.05

0.1

0.1 0.12 0.14
0.001

0.013

0.025

0.037

0.4 0.42 0.44
-0.02

0.02

0.06

0.1

Figure 12. Estimated phase errors for the different methods during test #1. In the top figure, it is shown the different phase
estimation methods applied to the IFLL, and in the bottom, the estimated phase by the PLL methods.

Table 6. Steady-state estimated phase angle RMSE and ME obtained during test #1.

IFLL-Atan2 IFLL-ZCD IFLL-SRF DSOGI FFDSOGI

RMSE ME RMSE ME RMSE ME RMSE ME RMSE ME
t1 − 2TN ⇒

t1
4.4 × 10−6 8.2 × 10−3 1.3 × 10−4 2.3 × 10−4 8.3 × 10−15 8.2 × 10−3 9.0 × 10−13 7.8 × 10−3 5.8 × 10−13 7.8 × 10−3

t2 − 2TN ⇒
t2

5.0 × 10−4 8.2 × 10−3 2.4 × 10−4 2.6 × 10−4 4.6 × 10−4 8.2 × 10−3 3.4 × 10−4 7.8 × 10−3 4.4 × 10−4 7.8 × 10−3

t3 − 2TN ⇒
t3

13 × 10−3 5.6 × 10−3 17 × 10−3 −18 × 10−3 4.0 × 10−3 5.3 × 10−3 3.3 × 10−3 7.9 × 10−3 4.5 × 10−3 7.8 × 10−3

t4 − 2TN ⇒
t4

13 × 10−3 5.6 × 10−3 17 × 10−3 −18 × 10−3 4.0 × 10−3 5.3 × 10−3 3.3 × 10−3 7.9 × 10−3 4.5 × 10−3 7.8 × 10−3

t5 − 2TN ⇒
t5

13 × 10−3 6.1 × 10−3 17 × 10−3 −18 × 10−3 4.2 × 10−3 5.7 × 10−3 3.5 × 10−3 7.9 × 10−3 4.7 × 10−3 7.8 × 10−3
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Through analysis of Figure 12, it is clear that the IFLL-SRF results in the most stable
angle estimation when compared with the IFLL-atan2 and IFLL-ZCD. Hence, the non-
linearity on phase reset at every grid period quarter (IFLL-ZCD) and the high oscillations
in the IFLL-atan2 indicate that the v+αβ components resulting from the DSOGI-FLL are not
strictly sinusoidal nor do they present a phase difference of exactly 90◦. Such distortions
are introduced mostly by the low order harmonics as already concluded before in the
frequency analysis. In [7,23], it is suggested to add multiple DSOGIs tuned at different
harmonic frequencies for the elimination of the respective low order harmonics; however,
such an extension is not explored in this paper.

The PLL methods perform very similarly as expected, though the DSOGI-PLL out-
performs all the other methods in terms of overall performance as it can be concluded by
analyzing the RMSE during steady states, presented in Table 6.

For the test #1 conditions, it can be concluded that the performance of both PLL
methods is superior to the FLL. Where the FFDSOGI presents the best results in frequency
estimation and the DSOGI in the phase angle, both perform very similarly in both es-
timations. Despite the differences, as far as harmonics and unbalancing conditions are
considered, all methods based in the SOGI-QSG show great performance under unbalanc-
ing conditions and good harmonics filtering capability.

To qualify the obtained results for the different methods during test #1, it is considered
only the steady-state oscillations (RMSE). During test #1, the ME remains practically
constant for both frequency and phase estimations, making it more meaningful to analyze
the ME with the results obtained during test #2. Furthermore, the RMSE is applied to the
frequency estimation since in the case of the phase angle estimation, the differences can be
disregarded. The final classification is shown later in Table 12, where the mark is defined by
the averaged ratio of the method RMSE by the minimum RMSE obtained for the different
grid distortion intervals.

6.2. Test #2—Frequency Steps and Phase Jump

Test #2 consists of applying frequency steps followed by a phase jump. The test, as
already stated before, also considers unbalancing and low-order harmonics in accordance
with Table 2. The frequency and phase profile is equally applied to the three phases and is
summarized in Table 7.

Table 7. Frequency steps and phase jump applied during test #2.

t = 0 Nominal frequency of 50 Hz

t1 Frequency step change to 55 Hz

t2 Frequency step change to 45 Hz

t3 Frequency step change back to 50 Hz

t4 Phase jump of π/4 rad

The results obtained for the estimated frequency and respective frequency errors
during test #2 are shown in Figure 13.
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Figure 13. Estimated frequency errors for the different methods during test #2.

In Figure 13, the steady state of the different methods is coherent with the results
obtained during test #1, and, therefore, it is not analyzed again. The frequency steps at
(t1) and (t3) are the same (Δω = 5 Hz), and it can be seen that the transient response of the
FFDSOGI and IFLL are very similar, both in terms of overshoot and settling time. During
this step, the DSOGI takes almost 20 ms more to reach the steady state. At (t2) occurs
the biggest frequency step (Δω = 10 Hz) and during this transient, the FFDSOGI presents
a slightly faster response. Finally, at (t4) occurs the 45◦ phase shift, and the results, in
terms of the response time, follow the same behavior as during (t1). Nevertheless, the
IFLL presents significantly less overshoot than other methods, which indicates that the FLL
scheme is less sensitive to phase jumps when compared with the PLL.

To evaluate the performance in terms of phase estimation, the results in Figure 14 are
presented. In terms of phase estimation, during frequency step changes, the differences
are more obvious, where the FFDSOGI performance is better than the others, both in
terms of overshoot and settling time. The FFDSOGI reaches its steady state in ≈ 0.03 s,
with the following taking 0.02 s more. Still, during the phase jump, the FLL presents
less overshoot and takes the same time to reach the steady state, which corroborates the
estimated frequency results.
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Figure 14. Estimated phase errors for the different methods during test #2.

In Tables 8 and 9, the results are summarized for the methods that presented the
best performance during test #2. In Table 8, OS is the overshoot and ts the settling time.
In Table 9, it is shown the ME for estimation of the steady-state frequency and phase at
different grid frequencies.

Table 8. Results summary obtained for test #2—overshoot (OS) and settling time (ts).

DSOGI FFDSOGI IFLL

Δω =
5 Hz

Δω =
10 Hz

Δωt =
π/4

Δω =
5 Hz

Δω =
10 Hz

Δωt =
π/4

Δω =
5 Hz

Δω =
10 Hz

Δωt =
π/4

ω′ ts (ms) 45.0 45.0 45.0 30.0 30.0 30.0 30.0 33.0 33.0

OS
(rad/s) 31.4 62.8 52.0 31.4 62.8 59.0 31.4 62.8 34.0

ωt′ ts (ms) 60.0 60.0 65.0 38.0 38.0 40.0 60.0 60.0 65.0

OS (rad) 0.16 0.36 0.79 0.13 0.27 0.79 0.14 0.32 0.79

Table 9. Results summary obtained for test #2—steady state ME.

DSOGI FFDSOGI IFLL

ω =
45 Hz

ω =
55 Hz

ω =
50 Hz

ω =
45 Hz

ω =
55 Hz

ω =
50 Hz

ω =
45 Hz

ω =
55 Hz

ω =
50 Hz

ω′ ME
(rad/s) 4.8 m 25 m 0.3 m 14 m 6.4 m 0.9 m 22 m 46 m 46 m

ωt′ ME
(rad/s) 6.8 m 8.4 m 7.8 m 5.0 m 11 m 7.8 m 6.9 m 8.8 m 8.0 m

Based on the results summarized in Tables 8 and 9, the final classification is presented
later in Table 12. The classification is based in the average ratio of each evaluated value
with the minimum value obtained during that test for the different conditions. Hence, the
best result corresponds to the smaller classification value 1.0.

6.3. Test #3—Voltage Sags

During test #3 the grid frequency is kept constant (nominal value), while harmonics
and unbalancing are the same as those applied in test #2 (Tables 2 and 4). Hence, the
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changes applied during the present test focus on the voltage amplitude, i.e., the sags are
applied to the symmetrical voltage components and also the harmonics.

The voltage sags periods and amplitudes are summarized in Table 10 and the resulting
grid voltage waveforms are shown in Figure 15.

Table 10. Voltage sags applied during test #3.

t = 0 No voltage sag

t1 Voltage sag of 30% with 75 ms duration

t2 Voltage sag of 60% with 150 ms duration

t3 Voltage sag of 90% (permanent)

Figure 15. Voltage sags applied during test #3.

The errors associated with frequency and phase estimations, obtained during test #3,
are shown in Figure 16, where the top plots refer to the frequency and the bottom ones to
the phase.

Analyzing the frequency dynamic response of Figure 16 allows concluding that all
methods respond very similarly to the 30% voltage sag (t1). During the 60% voltage sag
(at t2), both FFDSOGI and IFLL-SRF also perform with the same settling time, despite
the first response with larger oscillations. In the same interval, it is noticeable the weaker
performance of the DSOGI, which takes ≈20 ms more to reach a steady state. The 90%
voltage sag is the perturbation with a higher impact of all the analyzed tests, where it can
be seen the long settling time of both FFDSOGI and DSOGI, with both taking, respectively,
200 ms and 350 ms to reach a steady state. On the other hand, the IFLL-SRF presents a
significantly faster response time, taking 100 ms to reach the steady state.

In terms of phase dynamic response, the results are coherent with the aforementioned
comments for the estimated frequency. The only exception is during (t3), where the IFLL-
SRF presents a phase response, similar to the FFDSOGI, of ≈200 ms.

The summary of the voltage sag results is presented in Table 11, where the steady-state
ME is not shown since it remains approximately constant for all methods.
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Figure 16. Estimated frequency and phase errors for the different methods during test #3.

Table 11. Results summary obtained for test #3- voltage sags.

DSOGI FFDSOGI IFLL

VS =
30%

VS =
60%

VS =
90%

VS =
30%

VS =
60%

VS =
90%

VS =
30%

VS =
60%

VS =
90%

ω′ ts (ms) 42.0 70.0 360 38.0 60.0 160 38.0 60.0 90.0

OS
(rad/s) 3.81 10.4 25.6 4.94 12.8 30.1 5.15 12.0 22.6

ωt′
ts (ms) 51.0 113 500 41.0 75.0 280 48.0 75.0 280

OS (rad) 0.061 0.200 0.635 0.087 0.230 0.627 0.090 0.240 0.827

6.4. Tests Benchmark

Taking into account Tables 5, 8, 9 and 11, classification Table 12 is presented. For
classification purposes, the marks were calculated by considering the ratio of the averaged
registered values (per method of each test transition) by the minimum average obtained
from all tests for each test transition. Therefore, the best result (minimum value) for
each test/transition is 1.0 and the choice of the suitable method should be based on the
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minimum classification value obtained. The table classifications are divided into two
categories (frequency and phase), where for each category, the methods are classified in
terms of the steady-state performance SS (RMSE or ME), dynamic response to frequency
step changes Δω, phase jumps (p.j.), and voltage sags VS (evaluating both the overshoot
and settling time). It can be noticed that the steady state is based only on the average of the
RMSE for the frequency and the average of the ME for the phase angle estimations (both
from test #1). The choice of the steady-state error indicators was based on its significance,
i.e., the RMSE in the case of the frequency, and ME in the phase estimation.

Table 12. Classification table of the methods’ performance during different tests.

DSOGI FFDSOGI IFLL Description

ω

RMSE 1.0 1.0 4.3 Steady-state frequency oscillations—test #1

Δω
OS 1.0 1.0 1.0 Overshoot during frequency step—test #2
ts 1.9 1.0 1.6 Settling time during frequency step—test #2

p.j. OS 1.5 1.7 1.0 Overshoot during phase jump—test #2
ts 2.0 1.0 1.7 Settling time during phase jump—test #2

VS OS 1.0 1.3 1.2 Overshoot during voltage sag—test #3
ts 2.1 1.3 1.0 Settling time during voltage sag—test #3

ωt

ME 1.0 3.9 * 1.2 Steady-state phase deviance—test #2

Δω
OS 1.3 1.0 1.2 Overshoot during frequency step—test #2
ts 1.6 1.0 1.6 Settling time during frequency step—test #2

p.j. OS 1.0 1.0 1.0 Overshoot during phase jump—test #2
ts 1.6 1.0 1.6 Settling time during phase jump—test #2

VS OS 1.0 1.2 1.3 Overshoot during voltage sag—test #3
ts 1.5 1.0 1.1 Settling time during voltage sag—test #3

MCU execution time 1.0 1.0 1.3 MCU processing time— experimental result
∗ for operation frequency of ω = ωn ± 5%, consider 1.3 for the FFDSOGI.

For the grid-following operation with the main grid (strong grid) sudden changes
are not expected, such as voltage sags or frequency steps, since the grid voltage transients
are slow and smooth when compared with the converter and PLL dynamics. Hence, in
this case, it is recommended to consider the steady-state phase and frequency estimation
(RMSE and ME) and the MCU burden as the selection criteria. In such conditions, the
DSOGI-PLL is the best choice by a marginal difference when compared with the FFDSOGI
(selection based on the method simplicity and MCU execution time of Figure 23). The
IFLL is only recommended if fast-tracking of frequency is important during voltage sags
or phase jumps, where mostly because of its gain normalization, a smoother and faster
response is achieved when compared with the other methods but at the cost of a higher
MCU burden. Such a requirement can be considered in power converters operating with
reactive power compensation in inductive weak grids. The FFDSOGI outperforms the
other methods in the overall results of the test, making it the most suitable choice when
uncertain conditions are expected. The only constraint with high impact in its selection is
related to the grid frequency variation, which must be small (ωn ± 5%).

Through the presented classification table, it is possible to apply weights to the
different marks and select the best method based on the minimum value obtained.

As an example, in this paper, the choice of a PLL to be applied on a power converter
control loop is considered, operating in a low-voltage microgrid as described in [27]. In
such conditions, the grid can be either weak (island) or strong (grid connected). In the grid
connected (strong grid) condition, the most important requirements are as discussed in
the previous paragraph. When operating in island mode (weak grid), the lack of inertia
may result in the occurrence of any of the earlier mentioned perturbations. Since the phase
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angle estimation is the crucial variable of interest, in the operation of the power converter,
the following weights (applied to each component in parenthesis) are suggested:

• Phase angle steady-state estimation is of high importance since controllers are de-
signed to operate in the SRF (25%);

• Frequency should be according to EN 50438, i.e., deviance inside the limit ωn ± 3%;
• Phase jumps may occur during re-connection with the main grid (25%);
• Voltage sags may occur during overload conditions or heavy-load connection (25%);
• Low MCU processor burden (25%).

Following the marks and listed criteria in Table 12, the best choice is FFDSOGI-PLL
(1.03 pts), followed by DSOGI (1.25 pts), and IFLL (1.30 pts).

6.5. Experimental Results

To evaluate and confirm the synchronistic performance of the methods discussed in
the previous section, a voltage source converter (VSC) is configured to generate a local
grid voltage (instead of a DAC board) so that the switching EMI can be present in the
measurements. The VSC operates in an open-loop as a programmable voltage source with
a filter inductance supplying a resistive load that is y-connected. Hence, it is possible to
generate any three-phase voltage through VSC modulation signal manipulation.

Additionally, voltage measurements are taken at filter output; therefore, the modula-
tion phase angle leads the measured phase voltage, due to the load angle. As a consequence,
the estimated phase angle presents a DC error resulting from the load angle when the
modulation phase angle is taken as reference. The resulting setup is presented in Figure 17.
The harmonics injected in the modulation are also adjusted so that the voltage, measured
at inductance output, contains the harmonics as indicated in Table 2.

(a) (b)

Figure 17. Laboratory setup for three-phase voltage generation and evaluation of the PLL’s performance. (a) shows the full
setup and (b) the acquisition board, conditioning board, and MCUs.

For evaluation of the methods, three identical MCUs (Infineon XMC 4500) were
programmed, each with a different method. The sensed three-phase voltage was fed
into each of the MCU boards and the two DACs available per board were tuned for
further evaluation of the results. The PLL MCU DACs generated signals according to
the estimated frequency and phase angle of each method and were compared with the
VSC MCU modulation frequency and phase. The generated voltages were limited below
70 Vrms, though MCU readings were amplified by a factor of 3 so that the measured voltage
approached near nominal grid conditions. Notably, the presented setup does not allow to
apply steps as applied during the simulation, due to the RL time constant.

In Figure 18 are shown the results obtained for test #1 considering conditions similar
to t3 of Table 4. In the figure, it is shown the voltage waveforms at filter inductance output
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with unbalanced phase voltages and harmonic content, measured through the oscilloscope
FFT function.

(a)

(b)

(c)

Figure 18. Experimental results for test #1. (a) Measured voltages with the FFT of phase vc, (b) esti-
mated frequency and (c) estimated phase angle.

Analysis of the results obtained for test #1 allows concluding that, as discussed
in Section 6.1, the DSOGI and FFDSOGI methods perform very similarly in terms of
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frequency estimation. The IFLL presents higher oscillations than the other two, though
such differences are not as noticeable in practice as the ones obtained during simulation.
The phase estimation of the IFLL presents a higher ME (DC error) than the other methods,
as also discussed in Section 6.1. Despite not being noticeable in Figure 18, the steady-state
phase estimation oscillations are identical in all three methods. Such a fact was concluded
by monitoring the PI outputs of all methods.

For test #2, it was applied a frequency step (45 → 55 Hz), as shown in Figure 19, and a
phase jump of 45◦ at nominal frequency (Figure 20). Additionally it is shown in Figure 21
the estimated angle in a steady state for both limit frequencies.

(a) (b)

(c)

Figure 19. Experimental results for test #2 frequency step. (a) Measured voltages, (b) estimated frequency, and (c) estimated
phase angle.
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(a)

(b)

(c)

Figure 20. Experimental results for test #2 phase jump. (a) Measured voltages, (b) estimated
frequency, and (c) estimated phase angle.
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(a)

(b)

(c)

Figure 21. Steady state angle estimation for different frequencies. (a) 45 Hz, (b) 50 Hz and (c) 55 Hz.

The obtained results agree with the discussion in Section 6.2. The estimated frequency
of both tests (Figures 19 and 20) follows the results already discussed. The only exception
is for the phase estimation by the FFDSOGI during limit frequencies, i.e., there is a DC
error of the phase estimation that changes depending on the frequency. Such behavior
is justified by the method linearization for the phase estimation and can be visualized in
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Figure 21 by checking the change in the phase difference between the modulation phase
angle (VSC) and the FFDSOGI.

For the voltage sag of test #3, a 90% sag is applied since it corresponds to the simulated
worst case, and the respective obtained results are presented in Figure 22.

(a)

(b)

(c)

Figure 22. Experimental results for test #3. (a) Measured voltages, (b) estimated frequency and
(c) estimated phase angle.
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From Figure 22, it can be noticed that the IFLL is the method that responds faster,
although it presents significantly higher steady-state oscillations and a change in the
average frequency estimation value. The FFDSOGI takes 1.5× more than the IFLL to
reach a steady state, though it presents significantly fewer oscillations and the steady-state
average error can be neglected. The DSOGI behavior follows the FFDSOGI one with the
difference of taking longer, by 4×, to reach a steady state.

The last test is related to the MCU processing times and it is shown in Figure 23. In the
figure, it is shown the execution times of each method, i.e., the pulse width of each square
wave represents the execution time of the algorithm, including the ADCs acquisition time.

Figure 23. Algorithms process time, including ADCs acquisition time.

7. Conclusions

In the paper, different DSOGI PLL implementations for grid synchronization in weak
grids were analyzed. Based on the obtained simulation and experimental results it is
possible to conclude that all the DSOGI-based PLL allow to track the three-phase voltage
amplitude, frequency, and phase, but show different dynamic and steady-state responses.
Based on such results, a benchmark table is presented.

The benchmark table aims to ease the DSOGI-based PLL selection, considering the
performance of each implementation for different grid conditions, or events such as low-
order harmonics, unbalanced phases, voltage sags, and frequency or phase-step changes.
Through the selection of expected individual expected disturbances, it was possible to
identify particular scenarios that would result in the choice of each method. The DSOGI is
suitable for connection with strong grids, the IFLL in applications where it is required a
fast-tracking of the grid frequency during voltage sags or phase jumps, and the FFDSOGI
is the most suitable when the phase and/or frequency estimation is required and any of the
disturbances can be expected, as far as the grid frequency variations are within the interval
of ωn ± 5%.

Criteria based on expected weak-grid disturbances were applied, resulting in the
choice of a suitable DSOGI implementation. Therefore, the FFDSOGI-PLL is adopted as
the most performant, according to the requirements within the scope of a weak grid.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog to digital converter
DSOGI Double second-order generalized integrator
FFPS Fundamental frequency positive sequence
FFDSOGI Frequency-fixed double second-order generalized integrator
FLL Frequency-locked loop
MCU Micro-controller unit
ME Mean error
PLL Phase-locked loop
RMSE Root-mean-square error
SOGI Second-order generalized integrator
TOGI Third-order generalized integrator
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Abstract: This article proposes a novel methodology to evaluate the visual impact of high-voltage
lines in urban areas based on photographic images. The use of photographs allows for calculating
the overall aesthetic impact while eliminating the subjective factors of the observer. To apply the
proposed methodology based on photographs, the impact of the position and angle where the
photograph was taken was analyzed, and a sensibility analysis was carried out. Moreover, it was
applied to an application case, and a comparison with results from a previous study of a visual impact
was performed. The methodology shows good performance and a better resolution of the indicator.

Keywords: high voltage lines; environmental impact; urban landscape; social impact

1. Introduction

The work presented here proposes a methodology to assess the visual impact of
existing overhead transmission lines on the environment. Its main objective is a reduction
of subjective influences in the assessment procedure. The proposed approach is combinable
with the general impact assessment methodology by Sumper et al. [1] and aims to enhance
the aesthetic impact assessment of this methodology.

Electricity is a prerequisite for social, industrial, and commercial development [2],
and the transmission of electricity is of extreme importance to a proper electricity supply.
However, the lack of social and public acceptance of the transmission line infrastructure [3]
manifests the need for a deep analysis of the impact of transmission lines. Public opinion
is dominated by social syndromes such as ’Not In My Backyard’ (NIMBY) [4], ’Build
Absolutely Nothing Anywhere Near Anything’ (BANANA) [5], and ’Not In My Term of
Office’ [6], which makes necessary more active participation of stakeholders in the decision
processes to prevent and solve conflicts. Mediation techniques are powerful tools to involve
the conflicting parties and to find a common, self-provided ‘win–win’ solution [7]. They
often require us to include in the process expert opinion or an external evaluation of the
situation by an objective impact analysis or indicators [8].

The measurement of the widespread and diverse impacts presents analytical chal-
lenges in developed countries [9]. Transmission lines have several types of impacts on
the environment as stated by Bickel and Friedrich [10] and Doukas et al. [11]. The most
common impacts are influences on the health of residents, urban development, flora and
fauna, and the aesthetics of the landscape. The latter are often controversially discussed
because of their highly subjective nature. An assessment of all these impacts is not trivial.
Therefore, pairing systematically analytical and experiential methodologies is fundamental
to ecological design to include intentional changes of landscapes in cities, their megare-
gions, and resource hinterlands as shown by Nassauer [12]. The literature commonly
contains studies that focus only on a single aspect, such as Torres-Sibille et al. in [13,14].
Hadrian et al. [15] present an automated mapping method enabling us to choose corridors
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to minimize visual impacts depending on the surrounding landscape. Luken et al. [16]
analyze the visual perception on forest edges of power line corridors by surveys and
make recommendations to reduce the visual impact by camouflaging corridors in forests.
Tempesta et al. [17] show the willingness-to-pay of the Italian population to eliminate the
landscape impact of high-voltage overhead transmission lines in rural areas, and it was
estimated for the entire national territory for four different landscape contexts. A similar
result was shown by Frontuto et al. [18] for agricultural sheds, where residents are willing
to pay for mitigation solutions.

A methodology for an environmental impact assessment of existing overhead lines
was developed by Sumper et al. [1]. It includes all the above-mentioned impact types and
is the first attempt to also account for the aesthetic impact of overhead lines. The approach
supports the development of mitigation strategies by identifying the most critical sectors of
the transmission line. The aesthetic impact is evaluated by experts. A lack of information
can lead to conflicts with residents and lobby groups. Therefore, this work develops
a transparent and comprehensive methodology for the aesthetic impact assessment of
overhead lines. It reduces the subjective influences of the examiners during the evaluation
procedure and aims to improve the acceptance of the assessment.

The contribution of this paper is a methodology for the determination of the aesthetic
impact of overhead lines by using images of such lines. For the use of an image processing
methodology, the range of observer distances and angles was determined to guarantee
comparable results. The proposed methodology improves the overall impact assessment of
existing overhead lines presented by Sumper et al. [1] by eliminating the subjective criteria
of the observer for the aesthetic impact, which is part of the overall assessment.

2. Environmental Impact of Overhead Power Lines

Sumper et al. [1] propose an overall assessment methodology for the environmental
impact of overhead transmission lines in urban areas. The aim of this methodology is to
support a decision process for mitigation actions that include not only public authorities
but also experts and citizens. The first group is small and usually legitimated by elections.
The second group often represents interest groups such as companies or organizations.
They are often supposed to act as impartial advisors that provide all necessary information
required for the decision process. However, often they are linked to one group with
individual interests. The latter group includes residents and other involved citizens. They
are considered to be active or common. ‘Active’ means that these citizens contribute
actively to the discussion process. This group is usually very critical and a relatively small
group among the population. The ‘common’ citizens are usually a very heterogeneous
group that behaves rather passively. It can include people from all social backgrounds.
Therefore, this group often has very diverse interests and opinions. Furthermore, these
interests are commonly difficult to gather because of the small willingness to contribute to
this group. This is possibly linked to the heterogeneous character of this group and the
small perception of common interests.

The methodology presented by Sumper et al. [1] includes eight steps as shown in
Figure 1. The first step is the delimitation of the evolution area. In other words, the area that
is influenced by the overhead line is defined, which consequently requires the acceptance
of all involved parties, such as public authorities, companies, and citizens. In the second
step, the area to be studied is defined. This is done by experts from the public side and
the utility side. Subsequently, all involved groups determine the impact parameters of
the study. This includes three steps. First, the impact types are defined, and then the
scale and the weight of each impact parameter are determined. These three steps are very
important for the evaluation and, consequently, for the acceptance of the final decision.
Once the impact parameters are defined, experts can elaborate on the evaluation. This
includes the determination of the individual impacts as well as an analysis of the results.
Finally, the results are presented to the other involved parties, and possible mitigation
strategies for identified problems can be discussed. Therefore, it is necessary to also agree
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on mitigation measures to ensure an impartial decision process. A detailed description of
the methodology can be found in [1].

Figure 1. Methodology to evaluate the overall impact of overhead lines in urban areas.

The above-described methodology for impact assessment of transmission lines ac-
counts for several impacts that transmission lines can have on their environment. One
important impact type is the visual impact assessment. Three indicators determine this
visual impact, as shown in

Ivisual =
3
√

V ·F ·IQ (1)

where V is the visibility of the line, F is the fragility of the landscape, and IQ is the intrinsic
quality of the area. The visibility accounts for the dimensions of the line. Overhead trans-
mission lines with higher and wider pylons have a larger impact than small distribution
lines. The fragility describes the effect the overhead line has on the area. For example,
trees of a forest may partially hide the pylon, which consequently reduces the impact the
structure has on this area. The intrinsic quality accounts for the characteristics or usage of
the area. Obviously, an overhead line that passes through an industrial area is less critically
observed than a similar line that passes through a residential area or a singular landscape.

A drawback of the indicators presented above is their subjective nature. This is because
of the fact that the presented factors V, F, and IQ are determined by experts, and the values
depend on the experience of those experts. The contribution of this paper is to implement a
methodology to ensure an objective evaluation of the visual impact by using photographs.
Torres-Sibille et al. used the objective aesthetic impact of a wind farm [13] and solar
plants [14] located in a defined landscape by a combination of visibility, color, fractality, and
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continuity, which can be obtained from photographs. Torres-Sibille et al. [14] demonstrated
that the calculated indicator correctly represents the order of preference resulting from the
perception of impact determined by experts. The present paper adopts the methodology
for the objective visual impact assessment of overhead lines and determines the conditions
under which the photographs have to be taken.

3. Methodology to Evaluate the Visual Impact of Overhead Power Lines

To create a methodology for the assessment of visual impacts of a structure on the
environment it is necessary to identify parameters that influence the aesthetic impression.
In order to develop an advanced approach for the visual impact assessment of overhead
lines, methodologies from other fields were examined. The new methodology for visual
impact assessment was derived from the methodology by Torres-Sibille et al. [13,14]. It
aims to extend to the methodology by Sumper et al. presented in [1]. The approach
uses four indicators: visibility, color, factuality, and quality of the landscape. As the
original approach was used to determine the visual impact of wind turbines and solar
power plants, these indicators had to be modified in order to apply this methodology to
the evaluation of overhead power lines. A major difference compared with solar power
plants and wind turbines, as considered by Torres-Sibille et al., is the influence of color on
visibility. The visibility is significantly reduced when the contrast of the overhead line and
the environment is small. This is due to the lattice structure of transmission line pylons
and the small cross-section of conductors. On the other hand, a solar power plant is not
easily overseen, even when its color matches the color of the environment. Consequently,
visibility and color are not as independent as in the case of overhead lines. Furthermore,
the indicators concurrence and continuity were not included in the presented methodology.
Variance in the concurrence and continuity of overhead lines is negligible because the
homogeneity and extension of the structure do not vary. Hence, there is no reason to
include them in the assessment. Instead of these indicators, the quality of the landscape
is accounted for. The new methodology and indicators presented here were developed
in [19] and are explained in the following sections.

3.1. The Overall Aesthetic Impact Value

The overall aesthetic impact value (OAIV) is the parameter that quantifies the visual
impact of an overhead line on a certain area. In order to assess the transmission line, the
study zone is divided into sectors. The enhancement reduces subjective effects on the
evaluation process. For each sector, an individual OAIV is computed. Hence, it is possible
to compare different sectors and identify critical sections. Sectors do not overlap and
are evaluated based on photos. The overall aesthetic impact value includes the quality
of the landscape, the visibility impact, and the fragility impact. The first accounts for
the relevance of the environment where the overhead line is built. The visibility impact
includes all effects originating from the structure itself, and the fragility impact allows for
an evaluation of the vulnerability of the landscape to a disturbance by a transmission line.
In order to allow for an approach consistent with the methodology in [1], these impacts are
determined by indicators. Thus, the overall aesthetic impact value is defined by

OAIV = Iquali·
[
α·
(

β·
(

Ivis−pylon + Icolour·Ivis−wire

))
+ γ·I f ra

]
(2)

where OAIV is between 0 and 1, Iquali is the quality indicator, β is the climatology coefficient,
Ivis-pylon is the visibility indicator for the pylon, Ivis-wire is the visibility indicator for the wires,
Icolor is the color indicator, Ifra is the fragility indicator, and α and γ the weighting factors for
the fragility and visibility indicators, respectively. All indicators are between 0 and 1, and
the sum of the weighting factors α and γ is 1. The OAIV does not exceed a value of 1 due
to the small contrast between the grey color of the overhead line and the sky. In some cases,
conductors are marked with signal orbs; for example, in the vicinity of airports. Then, the
color indicator is given a value of 1, which could lead to an OAIV larger than 1. In order to
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make this methodology compatible with the assessment methodology presented in [1], the
equation is limited to a maximum value of 1.

3.2. Quality of the Landscape

The quality of the landscape evaluates the relevance of the environment around the
overhead line, in particular when the landscape is changing by crossing the overhead line,
for example, in urban areas. The perception that people have about the landscape changes
according to the way the landscape is used and shaped [20]. Obviously, a residential area is
more vulnerable than an industrial area, and this has to be accounted for in the assessment
procedure. This issue is addressed by the quality of the landscape indicator. However, this
assessment is difficult to realize.

For example, consider an overhead line that passes over a historical building. The
quality of the landscape should allow for the number of spectators and the time period of
their presence. Above that, their personal perception may vary significantly. To account
for all this is obviously not trivial. Another approach could use the monetary value
of the area around the historical building before and after the construction of the line.
Unfortunately, other events could also affect the monetary value, which needs to be
considered. Furthermore, such a case is probably not trivial to generalize. Moreover, there
are probably other aspects that have yet to be identified.

Due to the complexity of this issue, the methodology presented here uses a robust
and rather simple approach. The quality of the landscape is based on photos of the sectors
evaluated by a group of experts. In order to guarantee the independence of the indicator
value, these people have to be neutral regarding the possible impacts of the line, e.g.,
neither residents of the zone nor workers of the utility should participate. Each of them
classifies the sector into strong, medium, light, and no impact, as depicted in Table 1,
following a linear approach. In this study, the approach proposed by Torres-Sibille in [13]
was followed, where four different values for the impact measurement are introduced. A
higher number of values would increase the granularity of the impact.

Table 1. Strength of the landscape approach.

Strength of the Impact Indicator Value

Strong impact 1
Medium impact 0.75

Light impact 0.25
No impact 0

Finally, the average of all examiners gives the quality of the landscape of a certain
sector. The evaluation of each sector includes the relevance of the area, such as an industrial
or a residential area. Furthermore, the density of the population in the area is accounted
for. The limitation of this method is that it includes a subjective factor of the criteria of
the group of experts. The previous definition of landscape types and their associated
values limits this subjective factor, as similar landscape types will be treated the same.
Different approaches to assess the quality of the landscape are discussed in [21,22], where
a systemized approach to landscape evaluation is discussed for Poland and Alpine regions.
Moreover, the findings in [23] argue for the necessity of distinguishing between different
ratings and landscape types. For the sake of simplicity, this paper uses the expert approach,
as an evaluation of the quality of a landscape is not the primary aim of this paper.

3.3. Visual Impact

The visibility of an object depends on two aspects: the area it occupies in the field
of view of a spectator and the contrast between the object and the environment. As
mentioned above, they are not independent, especially in the case of slender structures
such as overhead lines. Therefore, the indicators visibility and color are presented here
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together. The visibility indicator considers the occupied area in the field of view, and the
indicator color considers the contrast between the line and the environment.

Visibility Indicator

The visibility indicator is proportional to the ratio of the area occupied by the overhead
line to the whole area of the field of view. Even though this definition is rather elementary,
it is difficult to give an exact value for this indicator. In order to do so, the occupied area and
the field of view are examined using photos. The overhead line is divided into sectors, and
photos are taken. Software packages such as Datinf, Coreldraw, and Photoshop can be used
to compute the area of the overhead line in the pictures. This procedure is straightforward
in the case of wind turbines or solar power plants. For example, a wind turbine occupies
the area of the pylon and the circular area where the turbine blades move. In the presented
method, this concept is transferred to transmission line pylons, which usually have a lattice
structure. To do so, the occupied area is defined as a polygon of the most extreme points
of the structure following the approach of [13] to wind turbines. The resulting surface
appears larger than the actual steel surface of the beams and bracings as shown in Figure 2.

Figure 2. The occupied area of a pylon.

In our case, overhead lines and wind turbines are considered comparable structures.
Therefore, the function defining the visibility indicator for wind turbines is considered to
also be valid for overhead lines. Obviously, a validation similar to the one performed by
Torres-Sibille et al. is desirable; however, at this point, it is a reasonable assumption. The
indicator is separately computed for the pylons and the conductors by the following equation

Ivis(x) =

⎧⎨⎩
0.184 · x 0 < x ≤ 0.7,
−0.003 · x2 + 0.114 ·x + 0.051 0.7 < x ≤ 12.3,
1 12.3 < x ≤ 20,

(3)

where

x = 100·S f a

Sba
, (4)
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Sfa is the occupied area, and Sba is the whole area of the field of view. Figure 3 shows a
graphical representation of this function.

Figure 3. The value function Ivis, adopted from [13].

3.4. Color Indicator

The color and the area of the structure have an influence on the visual impact, as
already mentioned. In the case of wind turbines and solar power plants with large con-
tinuous surfaces, it is reasonable to use separate indicators for color and occupied area.
The occupied area of a structure affects only the visual impact if it is noticeable. A grey
transmission line pylon in front of a grey sky is still visible, but the conductor’s small
cross-section is likely to be overseen. Therefore, the color indicator is applied as a factor for
the visibility indicator of the conductors. The equation defining the color indicator follows
the methodology of Torres-Sibille et al. [14].

Icolour(μ) =

⎧⎨⎩
0 0 < μ ≤ 5,
−356 · 10−9 · μ2 + 12 ·10−4 · μ − 56 · 10−4 5 < μ ≤ 1563,
1 1563 < μ ≤ 1700,

(5)

where μ is the difference in the color of the structure and the environment. The parameter
μ is defined by

μ =ΔEf a/ba =

√
(L f a − Lba

)2
+ (a f a − aba

)2
+ (b f a − bba

)2
(6)

where ΔEf a/ba is the color difference, Lfa is the hue of the structure, Lba is the hue of the
background, afa is the saturation of the structure, aba is the saturation of the background, bfa
is the brightness of the structure, and bba is the brightness of the background [14].

3.5. Climatology Coefficient

The visibility of an overhead line also depends on climatology conditions. A cloudy
day can reduce the difference in the color of the structure and the sky, for example. Conse-
quently, the visibility of a line will be significantly reduced. This influence is accounted for
by an atmospheric coefficient. It reflects the average atmospheric condition in the region
where the overhead line is built. Climatology conditions are well documented by weather
stations and usually easy to examine. Following the methodology in [14], the weather
conditions are classified into four groups: clear, precipitation, fog, and cloudy days. These
conditions are a measure of the average atmospheric conditions of a region. Calculation
of the climatology coefficient requires the use of a group of experts [14]. Each group is
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considered to have a certain impact on the visibility. The climatology coefficient determines
the average of these weather impacts by

β =
n

∑
i=1

Pi(mi) ·mi (7)

where Pi is the relative frequency of the weather condition, and mi is the impact value of
the weather condition. Table 2 states the values for mi.

Table 2. Climatology coefficient values [4].

Climatology Climatology Value mi

Clear day 1
Cloudy day 0.75
Precipitation 0.5

Fog 0.25

The methodology of Torres-Sibille et al. [13] weights the indicators of the visual impact
and the fragility impact because studies showed that they do not have the same influence
on the result. In the case of the visual impact of (1), the weighting factor α is 0.83.

3.6. Fragility Indicator

The fragility aims to allow for an evaluation of the degree of disturbance of the
landscape due to the structure. It is difficult to define and to give an exact value for this
effect. Therefore, four levels of disturbance are determined: strong, medium, light, and no
impact. Their values vary from 0 to 1 with a linear relationship, as shown in Table 3.

Table 3. Fragility impact values.

Strength of the Impact Indicator Value

Strong impact 1
Medium impact 0.75

Light impact 0.25
No impact 0

As already mentioned, the indicators of the visual impact and the fragility impact
are weighted because studies showed that they do not have the same influence on the
result [13]. In the case of the fragility impact of (1), the weighting factor γ is 0.17.

4. Impact of the Observation Angle on the Visibility Index

One of the most important drawbacks of the methodology presented in [19] is the fact
that the shape of an overhead line has a strong relationship with the angle of vision and
the distance of the observation point. With a given distance to the pylon, d, the distance
of the camera to the earth, a, and the angle between the horizontal plane and the highest
point of the pylon, α, the height, h, of the pylon can be determined by

h = (d·tg(α)) + a (8)

Once the height of the pylon is known, the observation distance interval can be defined by

h ≤ d ≤ 2.5 h (9)

For each distance, the photographs can be made in relation to the distance and the
angle in the intervals shown in Figure 4.
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Figure 4. Observation points in the relationship between the height and observation angle intervals.

In order to realize a sensibility analysis to determine how the angle and the observation
distance impact upon the visual impact calculation, a 110 kV line pylon of the Castell d’Aro
to Vall Llobregat line (Figure 5) was analyzed in Girona Province, Spain [24]. As shown
in Figure 4, 16 photographs need to be taken; however, for each photograph, there is
the option to take it horizontally or vertically. So, finally, 32 photographs of the pylon
were taken. The post analysis was performed by the software Adobe Photoshop CS5®

to determine the number of pixels in the photograph and the evolution of the surface of
the pylon and the cables, as shown as an example in Table 4. Table 5 shows the resulting
percentage of occupation of the pylon and the cables of the photographs in relation to the
angle and the height of the pylon for the horizontal and vertical cases.

Figure 5. Pilon T-91 of the 110 kV Castell d’Aro overhead line. The photograph was taken from the
observation point at 1.5 h, −45◦, horizontal.
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Table 4. Example of the values of pixels obtained by the analysis of the photographs for 0◦ and −45◦ for the horizontal and
vertical cases.

Num. of Pixels
−45◦ 0◦

Photograph Pylon Cables Photograph Pylon Cables

HORIZONTAL

1 h 13,996,800 718,094 3,701,337 13,996,800 907,989 1,648,112
1.5 h 13,996,800 340,411 2,520,078 13,996,800 451,266 1,822,646
2 h 13,996,800 196,106 1,781,716 13,996,800 260,529 1,863,753

2.5 h 13,996,800 133,522 1,229,322 13,996,800 168,982 1,881,785

Num. of Pixels
−45◦ 0◦

Photograph Pylon Cables Photograph Pylon Cables

VERTICAL

1 h 13,996,800 684,329 2,838,625 13,996,800 928,726 3,168,071
1.5 h 13,996,800 337,139 2,006,036 13,996,800 488,690 3,649,559
2 h 13,996,800 201,857 1,446,967 13,996,800 278,209 3,264,157

2.5 h 13,996,800 140,260 1,045,124 13,996,800 185,107 3,002,302

Table 5. Percentage of occupation of the pylon and the cables of the photographs in relation to the angle and the height of
the pylon for the horizontal and vertical cases.

%
−45◦ 0◦ 45◦ 90◦

Pylon Cables Pylon Cables Pylon Cables Pylon Cables

HORIZONTAL

1 h 5.130 26.444 6.487 11.775 5.759 21.194 2.796 28.922
1.5 h 2.432 18.005 3.224 13.022 2.860 18.780 1.296 20.636
2 h 1.401 12.729 1.861 13.316 1.718 15.475 0.762 16.130

2.5 h 0.954 8.783 1.207 13.444 1.145 11.981 0.528 13.023

%
−45◦ 0◦ 45◦ 90◦

Pylon Cables Pylon Cables Pylon Cables Pylon Cables

VERTICAL

1 h 4.889 20.281 6.635 22.634 5.932 19.387 2.800 21.557
1.5 h 2.409 14.332 3.491 26.074 2.800 13.991 1.186 15.414
2 h 1.442 10.338 1.988 23.321 1.744 10.523 0.756 12.000

2.5 h 1.002 7.467 1.322 21.450 1.147 8.290 0.533 9.857

By using Table 4, the visibility index Ivis was calculated by using (3). In order to
perform a sensibility analysis between the same observation point distance and the different
angles and possible orientations, the following equation was applied

Δ (%) =
Ivis(x) − Ivisre f

Ivisre f
·100 (10)

where Ivis(x) is the visibility index, and Ivisref represents the reference visibility index.
Table 6 shows the differences between the visibility index photographs taken hori-

zontally and vertically using (9). Different angles and pylon and cable visibilities were
also analyzed. On the one hand, the pylon visibility suffers from differences of less than
±6.6%, which shows that its influence is low. On the other hand, the cable visibility varies
significantly with the distance and angle, with a maximum of 11.7%. Table 7 shows the
sensibility analysis of the influence of the angle with respect to the 0◦ angle. We can observe
the high impact of the angle of the photograph taken on the visibility index. We can observe
differences of up to 56% in the case of photographs taken vertically at 90◦. Tables 8 and 9
show the influence of the angle in relation to the −45◦ angle and the 45◦ angle, respectively.
On the one hand, we can observe that the comparison between −45◦ and 45◦ shows similar
values in both tables; on the other hand, some values vary by over 10% depending on the
distance and the way the photograph was taken.
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Table 6. Sensibility analysis for photographs taken horizontally (H) or vertically (V).

−45◦ 0◦ 45◦ 90◦
Pylon Cables Pylon Cables Pylon Cables Pylon Cables

H vs. V

1 h 3.64 −3.33 −1.66 −2.31 −2.24 0.00 −0.11 0.00
1.5 h 0.75 0.00 −6.48 0.00 1.64 0.00 6.05 0.00
2 h −2.12 9.11 −5.12 0.00 −1.16 8.16 0.46 1.30

2.5 h −3.32 10.46 −6.65 0.00 −0.11 19.91 −0.51 11.68

Table 7. Sensibility analysis of the influence of the angle to the 0◦ position.

Differences to 0◦ in %

0◦ and −45◦ 0◦ and 45◦ 0◦ and 90◦
Pylon Cables Pylon Cables Pylon Cables

HORIZONTAL

1 h 16.16 0.99 8.47 −2.31 47.87 −2.31
1.5 h 19.84 0.00 9.01 0.00 49.99 0.00
2 h 18.97 −1.60 5.87 0.00 46.15 0.00

2.5 h 14.78 17.92 3.62 1.38 40.12 0.00

Differences to 0◦ in %

0◦ and −45◦ 0◦ and 45◦ 0◦ and 90◦
Pylon Cables Pylon Cables Pylon Cables

VERTICAL

1 h 20.54 0.00 7.95 0.00 48.67 0.00
1.5 h 25.28 0.00 15.94 0.00 55.87 0.00
2 h 21.29 9.11 9.42 8.16 49.01 1.30

2.5 h 17.45 26.50 9.54 21.01 43.57 11.68

Table 8. Sensibility analysis of the influence of the angle to the −45◦ position.

Differences to −45◦ in %

45◦ and −45◦ 90◦ and −45◦

Pylon Cables Pylon Cables

HORIZONTAL

−9.18 −3.33 37.82 −3.33
−13.51 0.00 37.61 11.58
−16.18 0.00 33.54 1.58
−13.10 −20.15 29.73 −21.83

Differences to −45◦ in %

45◦ and −45◦ 45◦ and −45◦

Pylon Cables Pylon Cables

VERTICAL

−15.84 0.00 35.41 0.00
−12.50 0.00 40.94 0.00
−15.08 −1.04 35.22 −8.59
−9.59 −7.47 31.64 −20.17

Table 9. Sensibility analysis of the influence of the angle to the 45◦ position.

Differences to 45◦ in %

45◦ and −45◦ 45◦ and 90◦

Pylon Cables Pylon Cables

HORIZONTAL

8.41 3.22 43.05 0.00
11.90 0.00 45.04 0.00
13.92 0.00 42.80 0.00
11.58 16.77 37.87 −1.40
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Table 9. Cont.

Differences to 45◦ in %

45◦ and −45◦ 45◦ and 90◦

Pylon Cables Pylon Cables

VERTICAL

13.67 0.00 44.24 0.00
11.11 0.00 47.50 0.00
13.11 1.03 43.71 −7.47
8.75 6.95 37.62 −11.81

Analyzing the results of the sensibility analysis, we can highlight the most stable
orientation of 0◦ and 45◦ of the horizontal case. This case has an average error of 7.17% for
the pylons, while the average is zero for the cables. Choosing 0◦ and 45◦ as the preferred
angles for taking photographs, the worst case was the distance of 1 h. For this reason, we
propose to eliminate this distance.

In conclusion, the recommendation after performing the sensibility analysis is that
photographs should be taken horizontally at a distance of 1.5 h, 2 h, and 2.5 h with
an angle of 0◦ or 45◦. Choosing these six positions in order to take photographs, the
position will not influence significantly the result of the visibility index. Figure 6 shows the
selected positions.

Figure 6. Positions selected for taking photographs.

5. Application Case and Comparison with Previous Results

In this section, the objective is to apply the improvement proposed in this paper of
finding the visual impact to tree transmission lines based in Spain. After that, the results
are compared with the results of the previous studies [1,25]. The references present a
methodology for the assessment of the impact of existing high-voltage lines in urban areas.
The impact of transmission lines in urban areas was evaluated by a weighted combination
of different factors. One of these factors is the visual impact, which was calculated by
following (1). The drawback of this methodology is the subjective nature of the value
obtained, as the different input factors of this formula are obtained by the estimations
of experts. In this section, we analyze the following transmission lines located in Rubí
(Barcelona, Spain) using the proposed methodology:
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• the 110 kV transmission line Can Jardí-Collblanc (R1), located at the Avinguda Pep Ventura;
• the 220 kV transmission line Can Jardí-Sant Andreu-Canyet (R2), located at the

turnaround Avinguda Electricitat and Passeig de les Torres; and
• the 220 kV transmission line Foix-Mas Figueres (R3), located in the zone Can Fatjó.

Figure 7 shows the transmission line located in the Avinguda Electricitat as an example
of the photographs taken. In the above-described locations, the visibility index was
determined using (2), and the obtained results are depicted in Tables 10–12.

Figure 7. Photograph taken of the 220 kV transmission line Can Jardí-Sant Andreu-Canyet (R2),
located at the turnaround Avinguda Electricitat and Passeig de les Torres.

Table 10. Visibility index of the Pep Ventura (R1) application case.

(I vis) Pep Ventura R1

Angle Distance Pylons Cables
0◦ 1.5 h 0.512 0.908

Table 11. Visibility index of the Avinguda Electricitat application case.

(I vis) Av. Electricitat R2

Angle Distance Pylons Cables
0◦ 1.5 h 1.000 1.000

Table 12. Visibility index of the Can Fatjó application case.

(I vis) Can Fatjó R3

Angle Distance Pylons Cables
0◦ 1.5 h 0.607 1.000

The OAIV was calculated by using (1). The values of the OAIV of the three transmis-
sion lines are shown in Table 13. The results of the visual impact assessment [1] and [25]
were calculated on a scale from 0 to 27. In order to compare the results obtained using the
novel methodology, the resulting OAIV was multiplied by 27. The comparison between
the results of both methods is described in Table 14.
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Table 13. The evaluation result of the proposed methodology.

Indicator 27 OAIV 1

Index β Color Visibility of Pylons Visibility of Wires Quality Fragility Total

R1 0.827 0.02 0.512 0.908 0.50 0.611 6.283
R2 0.827 0.02 1.000 1.000 0.25 0.792 5.616
R3 0.827 0.02 0.607 1.000 1.00 0.639 14.480

1 The OAIV calculated in study [1] is on the scale from 0 to 27.

Table 14. Comparison of the impact ranking of the methodology used in [1] and the proposed methodology.

The Methodology Used in [1] Proposed Methodology
Index Result Ranking Result Ranking

R1 6.24 2 6.283 2
R2 6.24 2 5.616 3
R3 18.72 1 14.480 1

It can be seen that the novel methodology provides a similar result in terms of the
absolute value of the impact. That means that the expert opinion and the results of the
presented methodology lead to similar results, and it validates the proposed methodology
for the presented case study. However, the situations R1 and R2 are, in the methodology
described in [1], evaluated equally, e.g., in the same position of the ranking, while the novel
methodology provides a higher resolution and, therefore, better differentiation between
both cases. The presented methodology shows a higher granularity and enables us to
differentiate better between the two cases. The application of the methodology is not
limited to the specific conditions in Spain, and it is applicable in other countries. The
limitation of the methodology lies in the possibility of taking photographs at the distances
and angles indicated.

6. Conclusions

The presented paper contributes to the improvement of the calculation of the overall
aesthetic impact value (OAIV) for the assessment of the visual impact of high-voltage
overhead lines. The proposed methodology is based on the systematic analysis of pho-
tographs taken of the impacted area to eliminate the subjective aspects of methods used in
previous studies. The observer’s position and angle have an impact on the results of the
visual impact calculation, and therefore a sensibility analysis was performed. The analysis
showed that photographs that were taken horizontally at a distance of 1.5 h, 2 h, and 2.5 h
with an angle of 0◦ or 45◦ would not influence the result of the visibility index signifi-
cantly. The methodology was applied to a study case near Barcelona, and results of the
visual impact calculation show a higher resolution and better differentiation between the
cases as compared with the previous methodologies used in the literature. The proposed
methodology is not limited to the specific conditions in Spain and can be applied in the
international context. It can improve the overall assessment of overhead lines and present
an objective evaluation of their impact. This could improve the management of impacted
areas by better public acceptance by using a scientific method.
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Abstract: This paper presents a stochastic approach to single-phase and three-phase EV charge
hosting capacity for distribution networks. The method includes the two types of uncertainties,
aleatory and epistemic, and is developed from an equivalent method that was applied to solar PV
hosting capacity estimation. The method is applied to two existing low-voltage networks in Northern
Sweden, with six and 83 customers. The lowest background voltage and highest consumption
per customer are obtained from measurements. It is shown that both have a big impact on the
hosting capacity. The hosting capacity also depends strongly on the charging size, within the range
of charging size expected in the near future. The large range in hosting capacity found from this
study—between 0% and 100% of customers can simultaneously charge their EV car—means that
such hosting capacity studies are needed for each individual distribution network. The highest
hosting capacity for the illustrative distribution networks was obtained for the 3.7 kW single-phase
and 11 kW three-phase EV charging power.

Keywords: hosting capacity; Monte Carlo methods; stochastic; uncertainty; undervoltage; electric vehicle

1. Introduction

The transportation sector accounts for the emission of greenhouse gases responsible
for global warming due to the use of fossil fuels. The increasing use of electric vehicles
(EVs) reduces the emission of carbon dioxide when the electricity comes from clean and
renewable energy sources [1–4]. The sale of EVs increased by 43% globally and 137% in the
European Union in 2020 [5]. During December 2020, almost half of the new passenger cars
registered in Sweden were fully electric or plug-in hybrid [6]. The increase in the share of
electric vehicles will increase EV charging in distribution networks.

This increase will result in an expected increase in energy and peak power consump-
tion [2,7]. The former is a challenge for the power generation side, while the latter is a
challenge for the power distribution side. The increase in peak power consumption and
other changes in consumption patterns will depend strongly on the charging pattern, which
remains one of the unknowns [1,8]. The largest impact on the power consumption will
occur when there is simultaneous charging of multiple EVs.

An alternative approach, independent of the actual charging pattern, is to estimate how
much charging is possible as a function of days, weeks, and years. This amount of charging
is referred to as the hosting capacity (HC). The hosting capacity is generally defined as
the amount of new power consumption or generation that does not risk other customers’
reliability or power quality [9–11]. This paper applies the hosting capacity approach to
new power consumption, specifically simultaneous EV charging in distribution networks.

EV charging can be single-phase or three-phase. Larger penetration of EV charging
can affect the distribution networks in different ways [12,13]. An increase in power demand
beyond the thermal capacity of cables, lines, or transformers will cause an overload [2,14],
which can result in accelerated ageing, component failure, or customers’ supply fuse to
blow. Other impacts caused by single-phase or three-phase chargers include harmonics,
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voltage unbalance, undervoltage, flicker or fast voltage fluctuations, and overvoltage in
rare cases of single-phase chargers [2,13,14].

There are similarities concerning grid impact between EV charging and solar pho-
tovoltaic (PV) units. Both solar PV and EV charging were not initially planned by the
distribution network operators (DSOs). Designing distribution grids that can cope with
large amounts of solar PV and EV charging is technically possible, but such grids will be
significantly more expensive than existing grids. Both solar PV and EV charging show
fast and largely unpredictable growth, especially at a local level. The rapid growth and
uncertainty result in several challenges to DSOs [12–15]. There is a need to determine the
ability of the distribution network to cope with further growth [12,15], in this case growth
in consumption due to EV charging. All impacts caused by EV charging on the distribution
network should be considered to estimate the hosting capacity [15].

EVs can be charged at the home (residential charging), workplace, or public charging
stations [16,17]. The charging behaviour will be a determining factor for the impact of
EV charging on the distribution grid. The most common time of charging for residential
customers is before work, around 8 am, and typically around 6 pm after arriving home
from work [18]. This increased charging of EVs at home will impact the distribution
network [19].

The uncertainties in EV charging have been addressed in hosting capacity studies by
using a stochastic or time-series method. A Monte Carlo based simulation for EV charging
assessment is proposed because of the stochastic elements it contains [20]. A Monte Carlo
based stochastic approach was used for solar PV hosting capacity estimation in [21]. The
method proposed and used in [21] is adapted for EV charging in this paper. The resulting
approach is applied to obtain the hosting capacity for EV charging of a number of existing
low-voltage networks in Sweden. The contributions and innovations of the study presented
in this paper are as follows:

• A stochastic method is proposed for estimating the hosting capacity of the distribution
grid for EV charging.

• The development of models to quantify the uncertainties associated with hosting
capacity estimation for EV charging.

• The proposed method is non-specific and is applicable for estimating the EV charge
hosting capacity for any time of the day, week, and year. None or only limited
information of the charging pattern is needed to estimate the hosting capacity.

• The planning risk taken is one of the inputs to the method. This allows the method
to be used in the trade-off between the risk of insufficient investment and the risk of
overinvestment (stranded assets).

• Application of the method to a number of existing distribution networks.

The paper is divided into six sections. Section 1 introduces the paper, and Section 2
presents the state of the art in stochastic hosting capacity estimations. Section 3 presents the
adaptation of the PV-HC stochastic method for EV charging estimation. Section 4 presents
the results, and their discussion is given in Section 5. Finally, the conclusion is presented in
Section 6.

2. Review on EV Stochastic Hosting Capacity

The hosting capacity estimation for EV can be performed using a deterministic, stochas-
tic, or time-series method [19]. Simple deterministic methods can be used to assess the
impact of either mean or maximum power consumption [14]. In addition, stochastic and
time-series models can be used to include some of the uncertainties associated with EV
charging and its grid impact [3,14,19].

Several EV charge hosting capacity methods using stochastic methods have been
proposed, including some of the uncertainties [3,7,10,12,16,17,19–22]. There are two types
of uncertainties, aleatory, and epistemic uncertainties [22]. Being aware of the difference
between these is important; A detailed description of these two types of uncertainties and
their application to solar PV hosting capacity is given in [21].
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A study was undertaken to quantify power quality problems due to EV charging
in [3]. A 3.7 kW EV was used with a Gaussian model for the harmonic currents. In [14], a
method was implemented using survey and measurement data. The voltage and conges-
tion indicators were applied for the charging cycle, mostly occurring between 6 pm and
10 pm. The hosting capacity for EVs was evaluated by considering the random distribution
of EVs among households in [23]. Single-phase charging power of 3.7 kW and 7.4 kW
was used for the study. Experimental results were applied in [19] with smart charging
aspects, considering phenomena including undervoltage. The stochastic analysis is recom-
mended to correctly quantify the likelihood and severity of EV charging in distribution
networks [19]. The approach in [24,25] quantifies the risk of overloading by modelling the
EV and customer loading with Poisson and Gaussian models. The presence of solar PV was
considered in that study as well. In [9], combined EV charging and solar PV is considered
with smart charging. It was shown that there is a small positive correlation between EV
charging and production from solar PV. A stochastic model for EV charging was developed
in [26]. In [27], a kernel distribution is applied to destination surveys. It was shown that
the charging location was the most critical variable and that EV hosting capacity is very
much restricted by the minimum voltage [27]. Charging time was modelled with a uniform
distribution and occurring between 6 pm and 9 pm in [27]. None of the above-mentioned
publications identifies the aleatory and epistemic uncertainties. Characterisation of the
probability distribution function from measurements was also not addressed in any of
the previous studies. Moreover, none of the studies develop a stochastic approach for EV
charge hosting capacity from a successful approach for solar PV. These gaps motivated the
approach to estimating EV charge hosting capacity presented in this paper.

Brief Description of Aleatory and Epistemic Uncertainties

The aleatory uncertainties emerge from the variables’ natural randomness and built-in
variability. Information on aleatory uncertainties can be obtained by statistical analysis
of measurement data. The uncertainty of the variables can be characterised by means of
probabilities or a probability distribution function [21,28]. Those can in turn be used as
input in stochastic studies where aleatory uncertainties affect the outcome.

The epistemic uncertainties emerge from the lack of knowledge or information on
a variable. The modelling of the variable is performed with either interval analysis or
possibilistic and evidence theory. Gathering more information or built-up knowledge on
the variable can reduce the variability [28]. Obtaining the data for the epistemic uncertainty
may take a long time and obtaining statistical information from measurements is often
not possible.

The application of the two types of uncertainties begins with recognizing them and
their influence. By distinguishing between the aleatory from the epistemic, appropriate
models can be developed and used for the stochastic hosting capacity approach.

In the context of EV charging, aleatory uncertainties are the voltage and consumption
before the connection of EV charging. Examples of epistemic uncertainties are the number
of customers that will charge their car simultaneously, their charging power, and the phase
to which the charger is connected.

3. Stochastic EV Charge Hosting Capacity Approach

The hosting capacity method used in this paper is adapted from the stochastic ap-
proach developed and applied in [21]. In [21], the approach was used to estimate the
hosting capacity of distribution networks for solar PV. The stochastic model used to es-
timate the hosting capacity in [18] used a probability distribution of the highest voltage
during the hours of the day and year with high production from solar PV. This paper’s
approach instead uses a probability distribution of the lowest voltage resulting during
those hours that EV charging is most likely to occur.

In [21], the method evaluated the combination of epistemic and aleatory uncertainties
during the time-of-day (ToD) from 10 am to 2 pm and the time-of-year (ToY) with the
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highest solar PV power production. The obtained voltage rise leading to an overvoltage
was due to solar power production during the sunny hours of the day and the year. EV
charging can take place at any time of the day, week, or year. Contrary to solar PV, there
is no defined ToD and ToY with EV charging. The approach developed for solar PV
in [21] contributes to the probability distribution of a voltage rise compared to the “highest
background voltage”. The “background voltage” is the voltage with the customer in a low-
voltage distribution network for zero local consumption and zero local production [29,30].
The background voltage used in the stochastic hosting capacity method for solar PV is the
highest background that can be expected during the sunny hours of the day and year. The
method adapted and applied to EVs causes a decrease compared to the lowest background
voltage. When applied to EV charge hosting capacity, the ‘background voltage’ to be used
in the stochastic hosting capacity method is the lowest value during the time of highest
consumption, and when EV charging is expected to take place [31].

Both methods, the one in this paper and [20], include uncertainties in estimating the
hosting capacity. Both epistemic and aleatory uncertainties associated with EV charging
are considered. The probability distribution of the worst-case voltage due to a magnitude
drop resulting from single-phase or three-phase EV charging is obtained.

3.1. Overall Stochastic Approach

The approach applied in this paper, treating aleatory and epistemic uncertainties
differently as in [21], is used to obtain the worst-case undervoltage values as a probability
distribution function (pdf). The worst-case undervoltage values are the minimum values
of the voltage calculations described in Section 3.2.

The fundamental assumption for the aleatory uncertainties entails that the probability
distribution functions (pdf) must be considered when there is high EV charging. High
charging occurs when many customers with EVs are charging. The likelihood of an
undervoltage occurring is highest for a combination of low background voltage and
high consumption.

The severe impact of epistemic uncertainties on the hosting capacity is underlined
by how many customers will purchase EVs, their charging location, and their charging
pattern. None of these is known beforehand. The possible locations and interval range of
EV charging for customers are evaluated in this paper. The overall approach is summarised
in the flow chart shown in Figure 1.

3.2. Lowest Background Voltage and Undervoltage

The voltage magnitude in three-phase low-voltage networks with a contribution of
solar PV was given in [21]. The customers’ lowest consumption and solar PV injection
were used in [21] to obtain the voltage rise. Using the equations in [21], Equation (1) is
formulated to estimate the voltage at location a due to a customer power consumption and
EV charging at location b [21].

U(a) = U0(a) +
[

Zt f (a, b)× (−Icons(b)− IEV(b))
]

(1)

where U0(a) is the lowest background voltage, Zt f (a, b) is the transfer impedance, Icons(b)
is the current at the customer during the highest consumption, and IEV(b) is the current
due to EV charging.

In Equation (1), the highest customer consumption and EV charging power are added.
It is also important to determine the lowest voltage occurring at the customer. In a dis-
tribution network with multiple customers, simultaneous EV charging at more than one
location is possible. All the contributions of EV charging are superimposed, resulting in
Equation (2).

U(a) = U0(a) +
Ncust

∑
b=1

Zt f (a, b)× (−Icons(b)− IEV(b)) (2)
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Equation (2) is used in this study to obtain the probability distribution of the lowest
voltage due to EV charging. The obtained voltage, applying Equation (2) which is an
extension of Equation (1), is the worst-case undervoltage distribution for the customers.

 

Figure 1. The flow chart for the stochastic hosting capacity approach for EV charging in a distribution network.
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3.3. Uncertainties

In this paper, the adapted stochastic approach similar to [21] considers both aleatory
and epistemic uncertainties.

The aleatory uncertainties considered are the background voltage and highest cus-
tomer power consumption. They are modelled with their probability distribution functions
(pdf). The difference with those applied in [21] is what matters most and how they are
obtained. The background voltage obtained is the distribution of the lowest value during
the time of highest consumption. The distribution of such values is characterised and a
goodness-fit-applied to obtain the pdf, in a similar way as in [26].

The epistemic uncertainties considered are phase-type and connection (single-phase
or three-phase), EV charger size, customer location with EV charging, and the number of
customers charging simultaneously. Models are applied to estimate future occurrences. The
data needed are obtained based on the possibilities, interval, or evidence of the occurrence.
The possible future cases, possibilities, and interval ranges that can occur are applied in the
stochastic approach.

3.4. EV Charging Power Size

The hosting capacity is first estimated for the charging power of 3.7 kW single-phase
and 11 kW three-phase, corresponding to a 16-A fuse. The 3.7 kW and 11 kW are mentioned
in [32] as the most popular charging power sizes and are also used in [9,32].

Other single-phase charging power sizes of 4.6, 5.75, 8, and 9.2 kW have been studied.
The three-phase charging power sizes of 13.8, 17.3, 24.2, and 27.6 kW are applied too. The
two sets of single-phase and three-phase charging power sizes correspond to 20, 25, 35,
and 40-A fuse.

3.5. Study Distribution Networks

Two illustrative distribution networks have been used in this paper, with 6 and
83 customers. A 100 kVA, 10/0.4 kV, and Dyn11 (vector group) transformer with a 4%
impedance supplies power to the 6-customer network [33]. The 83 customers are supplied
by a 500 kVA, 10/0.4 kV, Dyn11 transformer with a 4.9% impedance [21].

The customers in both distribution networks are supplied with three-phase cables,
including the 10-mm2 service cable between the last cable cabinet and the customer. The
service cable can supply 13 kW single-phase and 38 kW three-phase power.

3.6. Applied Highest Consumption and Lowest Background Voltage

The approach requires the input of the highest customer consumption and lowest
background voltages. Measurements and DSO given data on consumption used in [29,34]
have been applied in this paper. Measurements from 8 distribution transformers were
used to obtain a distribution of the highest consumption per customer: transformers with
4–8 customers for 100 kVA and 76–94 customers for 500 kVA. The obtained probability
distribution of the highest consumption per customer is shown in Figure 2.

The lower value obtained for both transformer sizes is 1 kW per phase. The upper
value is higher for the 100-kVA transformer. The lower and upper limits of each transformer
size are applied as input data for the hosting capacity estimation. The highest consumption
per customer obtained and applied for the 6-customer network is in the range of 1–2.2 kW.
It is 1–1.5 kW for the 83-customer distribution network. An approach is applied to the
voltage measurements for the distribution network in Northern Sweden, also used in [29].
The daily lowest 10-min voltage measurement is obtained for a distribution network with
6 customers and one with 83 customers. These are voltages as measured at the low-voltage
side of the distribution transformer. The results for 365 days of measurements during 2017
are shown in Figure 3.
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Figure 2. The highest consumption per customer per phase for 100 kVA and 500 kVA rated transformers.

Figure 3. The measured background voltage for the 6-customers (100 kVA, top) and 83-customers
(500 kVA, bottom) distribution network for 365 days of 2017.

The daily lowest voltages for the 6-customer distribution network show higher values
during the summer and lower values in winter. The 83-customer network shows a few
higher values in winter. In addition, the lowest values for an additional 31 transformers
were obtained. The method used in [26] for the characterization of probability distribution
functions was also applied to all the obtained measurements. The generalised extreme
value (GEV) distribution was the one that most often fitted best to the background voltage
that should be used for EV charging. The same was observed for the background voltage
used for solar PV in [29]. The obtained lowest background voltage for the 6-customer
distribution network is in the range of 230–234 V and the range of 232–235 V for the
83-customer distribution network. The parameters for the GED distribution used for
the background voltage in the hosting-capacity estimation of the networks presented in
Section 3.5 are shown in Table 1.

49



Electricity 2021, 2

Table 1. The background voltage input parameter for the characterised GEV pdf for the 6-customers
and 83-customers distribution networks was applied to estimate EV charge hosting capacity.

Distribution Network 6-Customers 83-Customers

k −0.3228 −0.0309
Sigma (σ) 1.1491 0.3250

mu (μ) 231.55 232.88

In Table 1, k is the shape parameter of the GEV distribution. The value of k also
describes any of the three types (Type 1: Gumbel, Type 2: Fréchet, or Type 3: Weibull)
of a GEV distribution. The GEV in Table 1 is a Weibull distribution function. Sigma (σ)
describes the scale parameter (standard deviation), and mu (μ) describes the location
parameter of the GEV distribution (mean). The general representation of the GEV with
location parameter (μ), scale parameter (σ), and the shape parameter (k �= 0) is given by
Equation (3).

y (x) =
(

1
σ

)
exp

(
−
(

1 + k
(

x − μ

σ

)− 1
k
)(

1 + k
(

x − μ

σ

)−1− 1
k
)

(3)

The GEV is described as a Gumbel distribution for a zero value of k, Fréchet for k
greater than zero, and Weibull for k less than zero [35].

3.7. Hosting Capacity Calculation, Limit and Performance Index

The EV hosting capacity in this paper refers to the number of customers connected to
an LV distribution network that can charge their EV simultaneously without causing the
voltage magnitude to go below the undervoltage limit. The hosting capacity is exceeded
when at least one of the customers’ voltages is below the limit.

The stochastic approach initially results in a probability distribution of each customer’s
worst-case voltage magnitude. To estimate the hosting capacity, a performance index and a
limit are needed. The 10th percentile of the worst-case voltage distribution is used in this
paper as a performance index, and 90% of the nominal voltage is used as a limit.

Distribution network operators often consider planning risk in one way or another
for their networks. What is typically not explicitly known is the percentage risk they take,
which, in mathematical terms, would be a percentile. The 10th percentile voltage values
are used in this paper to estimate the hosting capacity for EV. This corresponds to what
could be called a “planning risk” of 10%. An illustration of the approach described in
Sections 3.1–3.6 is shown in Figures 4 and 5 for a 6-customer distribution network. The
implementation is done with the following:

• The 6-customer distribution network input data and source impedance.
• The obtained background voltage of 230–234 V obtained in Figure 3 and GEV pdf was

applied (k = −0.3228, sigma = 1.1491, mu = 231.55).
• The EV charging power of 4.6 kW single-phase [31].
• The highest power consumption per phase of 1–2.2 kW and its pdf (uniform).
• The interval and the possible number of customers with EV chargers applied. The

interval range is from 1 to 6 customers (the total number of customers).
• All possible combinations and locations from 1 customer to 6 customers are assessed.
• The customers can install the charger in any of the three phases.
• Monte-Carlo is applied (100,000 to 1,000,000). The probability distribution of the

customers’ voltage magnitude is obtained.
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Figure 4. The customers’ voltage probability distribution functions for the 6-customers distribution
network. Each of the curves in the figure represents the voltage distribution of a single customer.

Figure 5. The 10th percentile voltage magnitude for the six customers is obtained from Figure 4
(colored dots) and the 90% undervoltage limit (solid red line).

The probability distributions for the voltage with the customers in the 6-customer
network with EV chargers are shown in Figure 4.

In Figure 4, the horizontal blue line (solid and dotted) crossing the distributions
indicates the 10th percentile. The vertical red line crossing the distributions indicates the
probability that the voltage is less than the 90% undervoltage limit. Estimating the hosting
capacity involves repeating the calculation of Figure 4 from one customer to the maximum
(six). The 10th percentiles of the voltage (the performance index used), as obtained from
Figure 4, and the limit are used to obtain Figure 5.

The results in Figure 5 include the possibilities of having 1 customer charging an EV up
to all the customers (6) charging simultaneously. The blue vertical lines (solid and dotted)
in Figure 5 show the highest number of customers charging simultaneously without any of
the voltages falling below the undervoltage limit.

When one customer is charging, the 10th percentile values of the customers are above
90%. The index does not violate the limit. The increase in the number of customers
charging shows the 10th percentile approaching 90%. The undervoltage limit is violated
for 6-customer charging. At most, 5 customers can charge without the limit being violated.
The hosting capacity in this case is 5 customers (83% of the total number of customers). The
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estimation procedure has been repeated for different distribution networks and different
charging powers. The results are shown in Section 4.

4. EV Hosting Capacity Results

The approach in Section 3 and the steps outlined were applied to the six-customer and
83-customer distribution networks described in Section 3.

In the first step, the hosting capacity for single-phase EV simultaneous charging
was assessed. In the second step, the assessment was performed for three-phase EV
charging. Furthermore, the influence of the background voltage, highest customer power
consumption, and the planning risk on the hosting capacity were also evaluated. The
results obtained for the stochastic hosting capacity results applied to EVs are given in
this section.

4.1. Single-Phase Hosting Capacity

The capacity of the six-customer and 83-customer distribution networks for single-
phase EV charging of different power is shown in Figure 6.

(a) 

(b) 

Figure 6. Single-phase hosting capacity results for 3.7, 4.6, 5.75, 8.05, 9.2 and 11.5 kW: (a) 6-customers
distribution network; (b) 83-customers distribution network.

The results in Figure 6a show that for EV charging power of 9.2 and 11.5 kW, none of
the six customers can charge their EV. The hosting capacity is zero customers. The hosting
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capacity is one customer for 8.05 kW charging power and becomes six customers when the
charging power is 3.7 kW.

In Figure 6b, only a few customers can charge simultaneously with 11.5 kW. The
hosting capacity is 5% (four customers). The hosting capacity increases to 8% at 9.2 kW
charging power. It is 52% for the charging power of 3.7 kW. Over half the customers can
have single-phase EV chargers with 3.7 kW.

4.2. Three-Phase Hosting Capacity

The three-phase hosting capacity for the six-customer and 83-customer distribution
networks considering different EV charging powers are shown in Figure 7.

(a) 

(b) 

Figure 7. Three-phase hosting capacity results for 11, 13.8, 17.25, 24.15, 27.6 and 34.5 kW:
(a) 6-customers distribution network; (b) 83-customers distribution network.

The results in Figure 7 show a similar pattern for single-phase charging, whereby more
customers can simultaneously charge for smaller charging power per customer. The current
per phase is the same for the single-phase and three-phase charging powers considered,
but the hosting capacity is generally higher for three-phase charging. However, there is
no clear relation between the two. Separate calculations are needed for single-phase and
three-phase charging. The three-phase hosting capacity is one-sixth for the six-customer
distribution network, at 34.5 kW of charging power needed. It is 14% (12 customers)
for the 83-customer distribution network. In the six-customer distribution network, all
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customers can charge their EV simultaneously for 13.8 kW and below power needs. The
hosting capacity for the 83-customer distribution network is 73% for the 11 kW three-phase
charging power need.

4.3. Influence of Lowest Background Voltage

The obtained measured background voltage has been changed by 1.25%, 2.5%, 3.75%,
and 5% of the nominal voltage. The GEV distribution function, which characterised mea-
surements, was fitted to the increased voltage measurements. The input lowest background
voltages applied to assess their influence on the hosting capacity are given in Table 2.

Table 2. The change in background voltage input parameters showing the standard deviation and
mean for the GEV with the same shape (k = −0.0309).

Change in Background Voltage U (%) GEV Sigma GEV mu

−Δ5 0.3087 221.24
−3.75 0.3128 224.15
−2.5 0.3169 227.06

−Δ1.25 0.3209 229.97
0 (base case) 0.3250 232.88

+1.25 0.3291 235.79
+2.5 0.3331 238.70

+3.75 0.3372 241.61
+5 0.3412 244.52

The stochastic hosting capacity assessment, performed for the different background
voltages shown in Table 2, resulted in Figure 8.

Figure 8. EV hosting capacity change for single-phase (3.7 kW) and three-phase (11 kW) charging
with change in the lowest background voltage from +5% to −5%.

Again, the behaviour is similar for single-phase and three-phase charging, with
the hosting capacity being generally higher for three-phase charging. Compared to the
reference case, a decrease of 5% in the lowest background voltage results in a large decrease
in hosting capacity. A similar increase in background voltage results in the hosting capacity
reaching 100% of customers for both single-phase and three-phase charging.

4.4. Influence of Customer Highest Consumption

The highest customer consumption is changed for the 83-customer distribution net-
work. The consumption ranges of 0–0.5, 0.5–1, 1.5–2, and 2–2.5 kW are applied. A stochas-
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tic approach is applied for each consumption range in addition to the reference case of
1–1.5 kW for single-phase and three-phase EV charging. The results are shown in Figure 9.

Figure 9. The 83-customers distribution network three-phase hosting capacity for EV charging power
11, 13.8, 17.25, 24.15, 27.6 and 34.5 kW.

The customers’ highest consumption also has a significant impact on the hosting
capacity. The smallest consumption range of 0–500 W in Figure 9 caused an increase in
the hosting capacity by 36% for three-phase and 65% for single-phase EV charging. As
the highest consumption is increased, there is a corresponding decrease in the hosting
capacity. The hosting capacity decreases by 69% for single-phase EV charging and 44% for
three-phase EV charging.

4.5. Influence of Planning Risk

The study applied before used the 10th percentile of the lowest voltage as a perfor-
mance indicator. This can be interpreted as a 10% planning risk. The effect of selecting
the 1st, 5th, 15th, or 20th percentiles on the hosting capacity for EV charging was studied.
The results for single-phase (3.7 kW) and three-phase (11 kW) charging power is shown in
Figure 10.

Figure 10. The planning risk (percentile) impact on the EV charge hosting capacity for the
83-customers distribution network.
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The 10th percentile in Figure 10 is the reference case. The figure clearly shows that
stricter planning risk decreases the hosting capacity. There is an 18% and 49% decrease in
the EV hosting capacity for three-phase and single-phase when the planning is reduced
from 10% to 1%. Higher planning risk increases hosting capacity, but the effect is lower
than for lower-risk, especially three-phase charging.

The planning risk has a bigger influence on the single-phase hosting capacity (blue line).

5. Discussion

The EV charge hosting capacity in Section 4 estimates how many simultaneous cus-
tomers can charge in a distribution network, considering undervoltage as the limiting
factor. The method is applicable for any period of interest for the DSO and can bring
out the bottlenecks for EV charging that could instill investment for future growth. The
method presented can be utilized for making planning decisions regarding estimated
hosting capacity without detailed knowledge of the charging patterns of the customers.
DSOs typically take a certain risk when planning distribution networks. The method can
also be used with varying planning risks shown in this paper, to make a trade-off between
the risk of bad voltage quality (insufficient investment) and stranded assets (too much
investment). The planning risk is essential, and efforts are needed to ascertain what the
DSOs apply or a range of values to streamline the approach.

The presented results show that, for both example networks, the hosting capacity is
higher for three-phase than for single-phase charging. It was also found to vary a lot for
the range of the charging powers expected to appear in the coming years. There is a need
to extend the studies to more distribution networks to verify the observations in this paper.
The adapted PV hosting capacity method has been applied to two illustrative distribution
networks. More distribution networks should be studied to obtain more general trends.

The method can be applied as an extension for calculating the hosting capacity as
a function of time of day, week, or year. There is a need to apply the method for such
other applications. In that way, the best periods for charging can be identified and used in
designing smart charging mechanisms.

There are some challenges with the method and uncertainties in the output (not
to be mixed up with the uncertainties in input). The results are stochastic, and their
interpretation can often lead to uncertainties. It was also shown that both background
voltage and consumption have a big impact on the hosting capacity. However, these are
often not known and require detailed measurements. Data collection becomes important
in order to estimate the hosting capacity accurately.

Fast charging in public with electric buses and trucks has not been assessed in this
study. These are expected to be connected to the MV network and will have their main
impact there. Further studies are needed for fast (public) charging, charging of electric
buses and electric trucks. However, similar methods as applied in this paper can be applied
for such studies.

The approach in this paper has considered the undervoltage phenomenon. Stochastic
methods for estimating the hosting capacity of transformer and feeder overload are also
needed. Their addition to the method proposed in this paper can inform the DSO of the two
phenomena that are most likely to limit EV charging penetration in distribution networks.

6. Conclusions

A stochastic approach has been proposed and applied to evaluate distribution net-
works’ hosting capacity for EV charging. An important application of the approach is
relevant to future planning and investment decisions in distribution networks. The ap-
proach is non-specific and can be used for any time of day, week, or year, without detailed
knowledge of the charging patterns.

The results obtained by applying the method to two existing low-voltage networks
showed that the EV charge hosting capacity is sensitive to the lowest background voltage,
highest power consumption, and planning risk. It is recommended to apply the method to
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more distribution networks, including medium-voltage networks, and to commence data
collection to obtain input for stochastic hosting capacity studies.
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Abstract: In contrast to rural distribution grids, which are mostly “feed-in oriented” in terms of
electrical power, urban distribution grids are “load oriented”, as the number of customer connections
and density of loads in urban areas is significantly higher than in rural areas. Taking into account the
progressive electrification of the transport and heating sector, it is necessary to assess the required
grid optimization or expansion measures from a conventional, as well as an innovative point of
view. This is necessary in order to be able to contain the enormous investment volumes needed
for transforming the energy system and aligning the infrastructures to their future requirements
in time. Therefore, this article first explains the methodological approach of allocating scenarios of
the development of electric mobility and heat pumps to analyzed grids. The article continues with
describing which power values need to be applied and which conventional and innovative planning
measures are available for avoiding voltage band violations and equipment overloads within the
framework of strategic grid planning. Subsequently, the results of grid planning studies are outlined
and evaluated with an assessment model that evaluates capital as well as operational costs. On this
basis, planning and operation guidelines for urban low-voltage grids are derived. The main result is
that low-voltage grids can accommodate charging infrastructure for electric mobility, as well as heat
pumps to a certain degree. In addition, it is concluded that conventional planning measures are not
completely avoidable, but can be partially avoided or deferred through dynamic load management.

Keywords: charging infrastructure; grid planning; heat pumps; load management; low-voltage;
planning and operation guidelines

1. Introduction

Technological progress is changing the energy industry, which is currently charac-
terized by the increasing electrification of the mobility and heating sectors. Distribution
system operators (DSOs) in particular are faced with the task of integrating more and
more charging infrastructure (CI) for electric vehicles and electric heat pumps (HPs) for
supplying heat to residential buildings in the future. For grid planning of low-voltage
(LV) grids, DSOs usually apply planning and operation guidelines (POGs). The guidelines
offer the advantage that not each grid has to be planned individually; general planning
principles can be applied for the majority of grids using, for instance, predefined standard
grid equipment. This standard equipment is kept in stock, e.g., a sufficient number of
distribution transformers (DTs) or LV lines for the LV level, in order to be utilized quickly
in the event of a fault. However, due to ever-increasing electrical loads, the planning
guidelines need to be adapted in general and the currently available power classes of DTs
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and LV lines must be reviewed and adjusted specifically. Therefore, based on extensive LV
grid planning, new POGs for urban LV grids are derived in the context of this article.

1.1. Literature Review and Novelty

POGs are not fundamentally new. In most cases, each DSO defines its own, company-
specific POGs and reviews or updates them in fixed time intervals, which can even be
longer than a decade. However, due to the increasing electrification of the mobility and
heating sector, existing POGs must be reviewed in a timely manner, as the current standard
equipment may no longer be sufficient. In publications, POGs have already been updated
and in some cases supplemented, but to the best of our current knowledge, no extensive
grid planning has, to date, been carried out with various grid plans supporting these POGs.

Therefore, this article carries out strategic grid planning with diverse power develop-
ment scenarios for representative LV grids, and then evaluates the results. Subsequently,
POGs are derived based on the evaluations. The diverse power assumptions offer the
advantage that publications [1–7] have not yet considered high charging capacities in LV
grids for public charging points (PuCPs) with a simultaneous consideration of private
charging points (PrCPs). This article also analyses the impact of different load management
systems for private and/or public CI as well as HPs on grid planning. Furthermore, a
sensitivity analysis of the underlying costs for a grid-serving dynamic load management
(DLM) is performed and analyzed. These aspects were not examined at this level of detail
in previous publications, such as [8–10], either.

1.2. Structure and Objective

In this article, first the procedure for strategic grid planning is explained in Section 2.
This includes both the basic planning steps and the handling of new loads (CI and HPs).
For the latter, the development scenarios are selected, and the method for allocation of CI
and HPs at grid level is explained in order to interpret the results accordingly. Section 3
explains the general grid conditions under which the grid planning is performed. In addition
to the basic power assumptions, further planning parameters are determined, such as the
operating points (OPs), the planning perspectives with their associated simultaneity factors
(SFs), and the technical limits for the grid operation. Section 4 explains conventional and
innovative planning measures that are available for applying in the LV level in order to
avoid the expected limit violations. To assess individual planning studies, all grid planning
variants are evaluated in Section 5 based on an assessment model consisting of a primary
and a secondary assessment model. In Section 6, the POGs are derived based on the results
of the primary assessment model and then explained in detail. This article concludes with a
discussion of the results.

2. Strategic Grid Planning

First, this Section explains the basics of strategic grid planning and the steps necessary
for fulfilling the respective planning objective. Based on this, new requirements for grid
planning with regard to new loads are presented. These new requirements need to be taken
into account in the future as part of the energy transition.

2.1. Basic Planning Steps

Starting with the definition of basic planning objectives, it is important to note that
these must comply with the current laws, regulations, standards, ordinances, and directives,
as well as the commonly acknowledged rules of technology and technical guidelines. These
general framework conditions can be supplemented by company-specific requirements,
which must first be identified. It is possible to define the standards, that need to be
taken into account more strictly, such as standard DIN EN 50160 [11] with regard to
the voltage band, if this is necessary from the point of view of grid engineering. In
addition, specifications must be made concerning to the integration of new loads. Once
all the relevant conditions are available, the corresponding information and data must
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be obtained and processed. It should be noted that the greater this information density,
the less robust the respective grid must be in the event of deviations from these forecasts.
Therefore, it is important to derive information that is not available with suitable models, if
necessary, or to approach it in some other way. On the basis of this information, suitable
conventional and innovative planning measures are selected, used to develop various
target grid planning studies, subsequently compared, and finally evaluated on the basis of
various criteria. The result is an optimal target grid planning which is used as the basis for
the implementation [12–16].

2.2. New Loads in Urban Low-Voltage Grids

CI and HPs play an increasingly important role in the dimensioning of urban LV
grids. Furthermore, according to [16], decentralized energy conversion systems such
as photovoltaic systems (PVSs) are particularly relevant for grid planning of rural and
suburban areas.

2.2.1. Charging Infrastructure for Electric Vehicles

Figure 1 shows different development scenarios for electric vehicles (EVs) in Germany.
To create a corridor, a conservative (cons) scenario (Q) from the lower development range
and a progressive (prog) scenario (R) from the upper development range are used for
further grid planning. The corresponding sources are listed in Table 1.

Figure 1. Ramp-up trajectories for EV development scenarios in Germany based on [17].
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Table 1. Researched scenarios for the development of electric vehicles.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3 [18] B-1/B-2 [19]
C-1/C-2 [20] D-1/D-2 [21]
E-1/E-2 [22] F [23]

G-1/G-2/G-3 [24] H-1/H-2/H-3 [25]
J [26] K [27]
L [28] M-1/M-2/M-3/M-4 [29]

N-1/N-2/N-3 [30] I-1/I-2/I-3 [31]
O [32]

According to the apportionment methodology in [17], the values of the scenarios for
Germany are apportioned to city level using various factors and weightings. To apportion
the number of EVs to the LV level, commercial market and geodata from [33,34] are used.
For the distribution at the respective LV grids, an iterative Saint-Laguë technique [35] is
employed for private EVs. Commercial EVs and commuter EVs are allocated based on
building types. The methods apply data available at street level regarding the building
and income structures. A more detailed description of the apportionment methodology
can be found in [17].

2.2.2. Electric Heat Pumps

In accordance with the apportionment methodology for electric mobility, different
scenarios for the development of HPs can be taken from Figure 2 with the sources listed in
Table 2. Scenarios G (cons) and H (prog) are selected for the grid planning.

Figure 2. Ramp-up trajectories of heat pump development scenarios for Germany based on [17].

Table 2. Studies used as a basis for the development of heat pumps.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3 [31] B-1/B-2 [36]
C [37] D-1/D-2 [38]

E-1/E-2/E-3 [39]

Additionally, analogous to EVs, the values of the scenarios are apportioned with
various factors to the city level. A further distribution to the LV grids uses market and
geodata from [33]. A more detailed description of the apportionment methodology can be
found in [17].
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2.2.3. Photovoltaic Systems

This article focuses on new loads. However, as PVSs are also relevant, especially at
the LV level, scenarios of the installed photovoltaic capacity in Germany (analogous to
Figures 1 and 2, see Figure 3 with sources stated in Table 3), in particular scenario (A) and
scenario (E), are assessed. A more detailed description of the apportionment methodology
can be found in [40] and is not part of the present analysis.

Figure 3. Ramp-up trajectories of photovoltaic power development scenarios for Germany based
on [41].

Table 3. Studies used as a basis for the development of heat pumps.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3/A-4 [29] B [42]
C [43] D [44]
E [45] F [46]

G-1/G-2/G-3 [47] H [48]
I [49]

3. General Grid Conditions

In addition to the scenarios for new loads presented in the previous Section, it must
be determined how these loads are taken into account in grid planning in terms of their
power value. The first step is to specify the relevant OPs. These OPs are then valid for
certain planning perspectives, for each of which different SFs are applied. After the LV
grid has been modelled for the specified planning perspectives, the grid limit violations
must be determined on the basis of the permissible limit values for the voltage band and
the equipment loading.

3.1. Power Value Assumptions

For new loads, power values must be assumed for using in strategic grid planning.
Therefore, possible charging capacities of CI are firstly analyzed. Here, a distinction is
made between PrCPs and PuCPs, as the categories are assigned to different power classes.
For example, PrCPs usually have 3.7 kW, 11 kW, or 22 kW, whereas PuCPs also cover
50 kW and 150 kW at LV level. Higher charging capacities or charging parks are generally
connected to the medium-voltage (MV) and high-voltage (HV) levels [50].

For HPs, the assumption of suitable power values is somewhat more challenging, as
each building has a different insulation standard and different heat requirements. As a
result, each HP should be specifically designed. To take into account different configura-
tions, three power values 3.0 kW, 6.5 kW, and 9.0 kW are assumed. HP variant 1 (HP-V1)
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represents a HP without an additional heating element as a minimum power value. HP-V3,
on the other hand, takes into account additional heating elements with an average electrical
output of 6.0 kW as a maximum power value. HP-V2 represents a combination of the two
variants with further assumptions, resulting in 6.5 kW per HP. All three HP variants are
applied to the conservative and progressive scenarios for EVs [50].

Table 4 shows a consolidation of power value assumptions for CPs with the corre-
sponding assumed development over the years 2030, 2040, and 2050.

Table 4. Power value assumptions for private and public charging infrastructure over three years for
grid planning, based on [50], note: Details of the distribution or number of the respective additions
per year.

Private Charging
Points

2030 2040 2050
Public Charging

Points
2030 2040 2050

3.7 kW 10% 0% 0% 3.7 kW 0% 0% 0%
11 kW 60% 65% 65% 11 kW 5% 5% 5%
22 kW 30% 35% 35% 22 kW 75% 20% 20%
50 kW 0% 0% 0% 50 kW 15% 50% 50%

150 kW 0% 0% 0% 150 kW 5% 25% 25%

3.2. Operating Points

In general, LV grids are dimensioned for certain OPs, i.e., certain grid use cases. The
two most common OPs are “peak generation” (PG, or OP-PG) and “peak load” (PL, or OP-
PL) [14–16]. The OP-PG defines a summer day on which, for example, the highest feed-in
from decentralized PVSs and minimum power consumption can be expected at midday. The
OP-PL defines a winter day in the early evening on which there is no feed-in from PVSs with
simultaneous maximum power demand from HPs, CI and conventional loads.

Alternatively, power time series can also be used for grid planning. However, as no
power time series are available for all nine different new loads at the time of the analysis
and these can be taken into account indirectly via SFs, the following two OPs are used:

• Peak load: It is assumed that the loads draw the maximum simultaneous power
demand while grid feed-in is minimal [51].

• Peak generation: Here, it is assumed that the feed-in in the grid area is maximum,
while load demand is minimum [51].

3.3. Planning Perspectives and Simultaneity Factors

Based on both OPs, different planning perspectives must be taken into account in
order to dimension the equipment correctly. Otherwise, either over-dimensioning leads to
unnecessary costs or under-dimensioning leads to overloading of the equipment. Therefore,
the so-called SFs are used for grid planning. The SF is defined as the ratio of the maximum
simultaneous sum reference to the sum of the maximum individual powers [51].

According to Figure 4, two planning perspectives are considered for the subsequent
analyses. For dimensioning the respective DT, all loads in the grid are considered (left
side). For the dimensioning of main feeders, all loads connected per feeder are considered
with the corresponding SF. A feeder is defined as a line that is laid from the DT to the first
load. SF calculations are carried out separately for conventional loads, CI and HPs. The
resulting power is then cumulated, yielding the total load. However, it must be noted with
these two planning perspectives that, depending on the circumstances, there is an over- or
under-dimensioning of the ends of the lines, as the SF is not determined and modelled with
node precision. However, as the feeder, which is important for the fundamental supply
of many end consumers, is correctly dimensioned, this procedure represents a trade-off
between the dimensioning of relevant equipment close to the feeder and the avoidance of
over- or under-dimensioning of distant lines.
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Figure 4. Planning perspectives taking into account the respective simultaneity factor (SF).

3.3.1. Simultaneity Factors for Charging Points

Due to the diverse power values for charging points (CPs), there are different ways to
calculate SFs. Therefore, four different calculations (C1 to C4) with Equations (1)–(4) are
presented below [17].

C1 : PCPi = i·SFPi,nCPi
(1)

C2 : PCPi = i·SFPi,∑ nCP (2)

C3 : PCPi = i·SFP∅,nCPi
(3)

C4 : PCPi = i·SFP∅,∑ nCP (4)

where I = charging power type; PCPi = charging power per charging point type; Pi =
charging power per type; nCPi = number of charging points per charging power; ∑nCP =
number of all charging points; and PØ = average charging power based on the distribution
in the respective grid.

• Calculation 1: The respective charging power multiplied with the SF for the respective
charging power for the number of CPs for this charging power (several SFs per grid
or feeder).

• Calculation 2: The respective charging power multiplied with the SF for the respective
charging power for the number of all CPs and all charging powers (several SFs per
grid or feeder).

• Calculation 3: The respective charging power multiplied with the SF for the average
charging power based on the respective distribution for the number of CPs for this
charging power (several SFs per grid or feeder).

• Calculation 4: The respective charging power multiplied with the SF for the average
charging power based on the respective distribution for the number of all CPs and all
charging powers (one SF per grid or feeder).

The calculation results are shown for three examples in Figure 5. It can be seen that
the calculation methods C1 and C3 may result in an overestimation of simultaneity as
the different charging powers are considered separately from each other. C4 follows an
aggregated approach in which the charging powers are combined in an SF based on an
average charging power per feeder, which is a practicable approach for grid planning and
results in a lower SF. C4 is therefore used in the analyses here. Similarly, it is assumed that
EVs can use either PrCPs or PuCPs for charging.
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Figure 6 shows the SFs for CPs which are used for C4. The SF curves of the main five
charging powers are shown in colors. The figure also shows the SF for charging powers
between 3.7 and 22 kVA in 1 kVA steps, which are later on required for C4.

Figure 5. Example of cumulative charging capacities with a different calculation of simultaneities for
charging points (CPs).

Figure 6. Simultaneity factors for electromobility based on [52].

3.3.2. Simultaneity Factors for Heat Pumps

Figure 7 shows the SFs for HPs. It is apparent that within a grid area, the simultaneity
does not decrease as much with an increasing number of HPs as it does for the CI. The
reason for this is that the same outdoor temperature is present almost everywhere in a grid
area, so that the HPs normally operate simultaneously for heat generation.
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Figure 7. Simultaneity factors for heat pumps based on [53].

3.4. Limit Violations for Grid Planning

In order to identify limit violations after the grid modelling, the voltage band and the
equipment loading capacity must first be defined.

Regarding the voltage band, DIN EN 50160 [11] must always be maintained. It
specifies that slow voltage changes must not exceed ΔUmax/Un = ±10%. Although there
are loading specifications in VDE-AR-N 4100 [54], no specific requirements are made for
the OP-PL. In contrast, VDE-AR-N 4105 [55] recommends that slow voltage changes caused
by decentralized generation and storage facilities with a grid connection point on the LV
level may not exceed 3% of the original voltage level without such generation plants and
energy storages. However, this recommendation may be deviated from according to the
DSOs specifications, e.g., if regulated DTs (RDTs) are used. This is particularly relevant for
the OP-PG. Based on these assumptions, the available voltage band is divided according to
Figure 8 and used for grid planning. On the LV level, a voltage drop of 5% of the nominal
voltage at the OP-PL and a voltage increase of 3% at the OP-PG is allowed.

Figure 8. Assumed voltage band division.
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As for equipment loading, DIN EN 60076-1 [56] specifies that the DTs may be operated
with 100% of their rated apparent power. As for lines, DIN VDE 0276-1000 [57] specifies
that they may be operated with the maximum permissible current capacity Iz (current
carrying capacity). As line installations differ from grid to grid in the type of installation, as
well as the accumulation and degree of loading, standard loading conditions are assumed
for the derivation of general POGs. This ensures that a uniform system is used for all
performed analyses.

4. Planning Measures

After identifying the limit value violations according to the previous Section, the
violations can then be remedied with the following appropriate measures. The conventional
measures correspond to the current state of the art, have been tried and tested, and are
generally accepted. Innovative measures, on the other hand, are already being applied in
isolated cases, yet do not represent the current state of the art as they cannot draw on years
of experience.

4.1. Conventional Measures

Conventional measures are, in many cases, carried out without taking the direct
influence on the other voltage levels into account, such as a subsequent adjustment of the
voltage band. Apart from that, dimensioning takes place for a specific year in the future.
Thus, for example, a transformer is not designed for its current power demand, but for
a specific power demand in the future. This way, it will not have to be replaced over its
lifespan, resulting in cost savings.

Conventional measures are used as a reference planning variant for the subsequent
analyses and are explained in detail below.

4.1.1. Replacement or Reinforcement of Local Distribution Transformers

If, depending on the load development, the power of the installed DT is no longer
sufficient, it must be replaced or reinforced by a second transformer. The latter is possible
only if the corresponding space is available. Normally, an existing DT is replaced without
changes to the substation. However, it must also be checked whether a new local substation
is needed if a larger transformer is to be installed in a compact substation and there is not
enough available space.

4.1.2. Tap Changer (Load or Voltage-Free Switchable Tap Changer)

In most cases, a tap changer can be used to adjust the voltage of conventional DTs.
This is accomplished in the load-free state. For analyses, it is assumed that a tap changer
is always available and that it provides a total of five taps, each with a voltage change of
ΔU/Un = ±2.5%. Depending on the OP, the voltage for the downstream LV grid can thus
be raised or lowered by a total of 5.0% [58].

4.1.3. Replacement of Lines

For many DSOs, line replacements are subject to asset management and thus DSO-
specific strategies. The approach chosen for the analyses is therefore that lines are replaced
if they are overloaded and also have an old insulation type or no longer correspond to the
standard line cross-section q = 150 mm2.

4.1.4. Reinforcement of Lines

If a line with a modern insulation type or with the standard line cross-section
q = 150 mm2 is overloaded, it can be assumed in most cases that, in contrast to lines
with older insulation types, the end of its useful life has not yet been reached and the
asset therefore still has a value for the DSO. Therefore, in this case, it is not replaced in the
analyses but reinforced. There are three different options for reinforcements, which are
briefly explained below.
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1. Minimum Reinforcement If, for example, a feeder in a radial grid is overloaded up
to a certain load, it can be checked to which point a new feeder can be laid as the
shortest route if the existing connection is severed at this connection point.

2. Maximum Reinforcement If the nearest line distribution cabinet (LDC) is only a few
meters away in the case of a line separation, no joints are set up to the connection point
as the shortest route, but a new feeder is laid up to the LDC. In the LDC, the other line
can then be disconnected so that it can continue to be fed from the existing feeder.

3. Parallel Line with Redistribution of Loads A new feeder is laid. The loads are distributed
between the two parallel lines so that both lines are subjected to similar loads.

Figure 9 shows the above-mentioned line and transformer measures. In principle, no
line reduction factors are applied as it is assumed that the lines have been laid at a sufficient
distance from each other and the OPs are not permanently in operation. For assumptions
that deviate from this in practice, grid-specific derating factors must be taken into account.

Figure 9. Conventional planning measures in the low-voltage level.

4.1.5. Separation of Grids

In addition to the transformer and line measures, the existing grid can also be split up.
However, corresponding properties for new local substations must be available for this, as
local DTs are placed in the respective load center based on optimal voltage distribution
and equipment loading. As the respective ownership structures are not available for all
grids, this measure is not considered within the framework of the uniform grid planning.

4.1.6. Topology Change

The last conventional measure is to change the grid topology. For example, a radial
grid is changed to a meshed grid or vice versa. The greatest difficulty with topology
changes is that the existing protection concepts may also have to be affected. For these
reasons, this measure is also not considered for further analysis.

4.2. Innovative Measures

Independent of the conventional measures applied in practice, there are also a number
of innovative measures that are already applied on a small scale, such as RDT, or are cur-
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rently being researched and tested in selected grids, such as DLM. The relevant innovative
measures are shown in Table 5 with effects on all voltage levels (as well as the conventional
measures) and are briefly explained below with their significance for the LV level.

Table 5. Overview of the effects of innovative equipment and technologies on the various voltage levels when used in or for
the low-voltage level as well as for complementary conventional measures based on [41].

Measure
Relocation/Assembly

Influence of the Measure on the Grid Parameters

Voltage (U/Un) Loading (I/Iz)

LV MV HV LV MV HV

Lines A,B � - - ↓ D - -
Distribution transformer with tap changer * � - - ↓ E - -
Voltage regulation at the HV/MV-substation � � - - - -
Regulated distribution transformer � - - ↓ E - -
Line voltage regulator B � - - - - -
Grid-serving energy storage B � - - � F � F � F

Reactive power management C � � - � F � F � F

Dynamic load management C ↑ ↑ - ↓ F ↓ F ↓ F

Grid-serving energy storage � - - � F � F � F

A exchange of equipment. B new equipment. C for low-voltage connected charging infrastructure and heat pumps. D line utilization(s).
E transformer utilization(s) with higher dimensioning. F line utilization(s) and transformer utilization(s). “-” means no or negligible
influence. “↑” means increase. “↓” means decrease. “�” both increase and decrease. * Note: Within the framework of LV grid planning,
the tap changer with two steps is always used first, before conventional line measures or innovative planning measures (except load
management) are applied.

4.2.1. Voltage Regulation at the HV/MV-Substation

Voltage regulation at the HV/MV-substation (VRS) is the permanent voltage ad-
justment at the MV busbar by changing the tap position of the HV/MV-transformer(s).
Depending on the supply task of the MV and the downstream LV grids, the voltage can
thus be increased or reduced. According to Figure 8, the setpoint value is Utarget/Un =
102% and the control tolerance is ΔU/Un = ±2.0%. Within the scope of grid planning, it
is assumed that the setpoint can be adjusted in six steps of ΔU/Un = ±0.5% each. If limit
value violations persist despite VRS, conventional planning measures are carried out.

4.2.2. Regulated Distribution Transformer

An RDT is a transformer in a local substation that is equipped with a switchable
actuator, a so-called on-load tap changer, and a control unit. In contrast to conventional
DTs with a tap changer, voltage adjustments can take place under load and thus lead
to a better decoupling of the MV and LV levels with regard to voltage maintenance and
therefore to a more flexible division of the available voltage band [59].

The modelling considers an RDT that has nine taps including neutral position, each with
a voltage step of ΔU/Un = ±3%, so that a total band of ΔU/Un = ±12.0% is possible. If limit
value violations persist despite RDT, conventional planning measures are carried out.

4.2.3. Dynamic Load Management

A DLM accesses CI and HPs, considering them controllable consumers according to
the DSOs’ specifications. This happens without customer-side load management to ensure
safe grid operation. The active power is controlled or regulated depending on the current
grid status in terms of voltage and current.

The basic mode of operation of the employed DLM is shown in Figure 10. Limit
violations are first identified for each planning perspective. These can be voltage band
violations and/or equipment overloads. To ensure that the end consumer does not feel
any loss of comfort, HPs are switched off before CPs, as the HPs usually have a heat
storage to bypass the so-called blocking periods. Blocking periods are defined as periods
in which an electrical system is temporarily, automatically and actively disconnected
(switched off/blocked) from the distribution grid by the DSO and is not (fully) available to

70



Electricity 2021, 2

be connected by the consumer during this time [60]. If limit violations persist, the charging
power of the CPs are reduced gradually to a minimum of 3.7 kW. If limit violations are still
present despite the use of a DLM, additional conventional planning measures are carried
out [61].

Figure 10. Basic operating principle of dynamic load management.

Within the framework of the DLM, three different variants are considered as use cases
according to Table 6. DLM-V1 regulates HPs and PrCPs, DLM-V2 only PrCPs, and DLM-V3
only PuCPs. It should be noted that DLM-V1 and DLM-V3 are rather theoretical scenarios.
On the one hand, HPs usually switch back on with full power after the blocking period is
over, and on the other hand, there are currently no large-scale efforts to regulate PuCPs.
Nevertheless, the three DLM variants span a relevant corridor for grid planning and offer
tendencies for the grid-serving use of a DLM with the inclusion of various loads [61].

Table 6. Control of the loads within the DLM variants (DLM-V1, DLM-V2, and DLM-V3) [61].

Controllable Loads DLM-V1 DLM-V2 DLM-V3

3.7 kW PrCPs No No No
11 kW PrCPs Yes Yes No
22 kW PrCPs Yes Yes No
11 kW PuCPs No No Yes
22 kW PuCPs No No Yes
50 kW PuCPs No No Yes

150 kW PuCPs No No Yes
HPs Yes No No

In addition to the proposed DLM variants, a sensitivity analysis is carried out for the
measurement, information, and communication technology (MICT) to be used and is taken
into account in the evaluation as part of the economic efficiency analysis.

Figure 11 therefore shows the measuring equipment to be used for radial grids (a.1
and a.2) and meshed grids (b.1 and b.2). Each measuring device can take up to four
measurements.

71



Electricity 2021, 2

Figure 11. Examples of consideration of a grid automation system for different topologies with (A-1)
radial grid with five overloaded feeders, (A-2) radial grid with four overloaded feeders, (B-1) meshed
grid with one overloaded mesh and three feeders, and (B-2) meshed grid with one overloaded mesh
and five feeders.

The following four variants are calculated for the economic efficiency analysis:

• Full equipment (F): Basic amount (remote terminal unit)

+ feeder measurement (current)
+ worst node measurement (voltage)

• Reduced measuring sensors (M): Basic amount (remote terminal unit)

+ feeder measurement (current)

• Basic amount (B): Basic amount (remote terminal unit)

• No costs (0): no MICT

The basic amount represents the remote terminal unit (RTU) as well as the hardware
and software integration into the local substation. Feeder measurements are current
measurements and worst node measurements are voltage measurements. The latter are
not included in (M), as it is assumed that these values will be made available in the future
via existing smart metering systems at the end consumers.

4.2.4. Grid-Serving Energy Storages

A grid-serving energy storage (ES) can act as a source or load in order to decrease or
remedy limit violations. Its position and dimensioning depends on the type and extent of
the identified violations. For this purpose, the necessary active power is determined and
used as the basis for the ES dimensioning.

4.2.5. Measures Not Considered

In Table 5, all identified measures were presented for reasons of complete equipment
and technology research. Similarly, all innovative planning measures were taken into
account in the grid planning. However, for certain operating equipment and technologies,
it was foreseeable at an early stage that they would have no relevance for grid planning.
Hence, corresponding planning measures, described below, are no longer taken into
account.

Line Voltage Regulator

Line voltage regulators (LVRs) were not used for the LV grid studies here for two basic
reasons. First: for meshed LV grids that were also part of the assessment sample aside from
grids with radial topology, LVRs have only very limited applications. Second: for radial
grids, mostly line overloads could be identified in almost all feeders depending on the

72



Electricity 2021, 2

scenario and could not be eliminated with an LVR. Consequently, the use of an LVR was in
any case more expensive than conventional grid expansion.

Reactive Power Management

Reactive power management was applied for the LV level. As the adjustment of the
power factor cos(ϕ) in the majority of cases made it possible to eliminate voltage band
violations at certain nodes, however, equipment overloads were intensified and, in some
cases, increased, reactive power management is not considered further.

5. Assessment Model

To compare all planning variants, they must be evaluated using a uniform approach.
According to the development in [41], an assessment model is used for this purpose. This
model consists of a primary and a secondary assessment model.

In both models, only equipment is taken into account that was newly introduced into
the grid compared to the base year 2021. Thus, no maintenance, renewal, and equipment
costs for the existing grid are considered in the assessment. The basic structure of the
assessment model is shown in Figure 12 and is explained below.

Figure 12. Assessment model with different assessment criteria.

5.1. Primary Assessment Model

The primary assessment model is used to derive the POGs. The costs (Appendix A) for
equipment are used as the main criterion, consisting of both capital expenditures (CapEx)
and operational expenditures (OpEx) and the residual values for the period between year
2021 and year 2050. The resulting total costs are calculated using the net present value
method. Figure 13 illustrates the basic principle of discounting, which makes it possible to
objectively compare different planning variants on the basis of net present values despite
different investment dates. The equipment costs are taken into account annually and also
discounted to the year 2021. For the DSOs, the resulting total costs are in most cases a
decisive factor, as they intend to plan the grid in a cost-optimal, and thus economical, way
as much as possible.

5.2. Secondary Assessment Model

If DSOs want to focus on additional parameters rather than solely on costs, a secondary
assessment model can be used that takes four other criteria into account and applies
different weightings.
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Figure 13. Method of the primary assessment model based on the determination of the net present
value.

5.2.1. Secondary Criteria and Weightings

Equipment costs, which represent the investment costs in euros, are again the basic
criterion of the secondary assessment model. These are supplemented by the grid losses
as an additional secondary criterion and are described as the increase in annual energy in
relation to the original grid as percentage. They represent a technical criterion that evaluates
the efficiency of the grid and must be borne permanently by the DSO as equipment costs.
The attractiveness of a planning variant decreases with increasing grid loss energy in the
respective grid.

The third secondary criterion is the failure rate based on a simplified reliability cal-
culation which indirectly estimates the maintenance effort. The failure rate is calculated
using Equation (5).

H = ∑ nk·Hk (5)

where H = failure rate per grid in 1/a; nk = number of affected assets in pieces or meters
per equipment type; and Hk = failure rate per equipment type.

The failure rate H per grid for the respective quantity structure nk in pieces or meters
per equipment type in the grid is determined with the respective failure rate Hk per
equipment type. The mean value of the years 2013 [62], 2014 [63], 2016 [64], and 2018 [65]
of stochastic failures for the LV level is used for calculation.

The fourth secondary criterion is defined as voltage stability and represents the
robustness of a planning variant to a change in the supply task, where ΔU/Un corresponds
to the largest voltage drop in percent from the grid interconnection to the upstream grid to
the furthest point in the grid without occurring voltage band violations.

The fifth secondary criterion reflects the extent of resource expenditures, i.e., the
expenditure for construction activities. Here, the length of a line’s route, in which several
lines can be located, is determined. This criterion is relevant as, especially in urban LV
grids, construction work causes noise and road closures, so that the attractiveness of a
planning variant decreases with the length of the necessary construction work.

To be able to carry out different assessments with the five secondary criteria, five
different weightings are introduced with the addition of a sixth weighting, whose percent-
age distribution can be seen in Table 7. In the weighting “Equally weighted”, all criteria
have the same importance in determining the optimal planning variant. In the weighting
“Cost-oriented”, the equipment costs play the greatest role in identifying an optimal plan-
ning variant. For the weighting “Grid resilience”, the failure rate and the voltage stability
against unpredictable grid conditions have the greatest importance. In a “Technically
oriented” weighting, technical aspects of grid operation are given greater relevance than
non-technical criteria. In the “Resource-saving” weighting, a resource-saving measure
is rated highly in terms of both grid losses and resource expenditures. The weighting
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“Use of primary equipment” focuses on the equipment costs and the resource expenditure,
aiming at evaluating each planning variant with regard to the share of required primary
equipment.

Table 7. Six different weightings for the secondary criteria.

Secondary Criterion
Equally

Weighted
Cost-

Oriented
Grid

Resilience
Technically

Oriented
Resource-

Saving
Use of Primary

Equipment

Equipment costs 20% 60% 10% 5% 10% 35%
Grid losses 20% 10% 10% 30% 35% 10%
Failure rate 20% 10% 35% 30% 10% 10%

Voltage stability 20% 10% 35% 30% 10% 10%
Resource expenditure 20% 10% 10% 5% 35% 35%

5.2.2. Scoring System

Methodically, the input parameters per planning measure are first determined, as they
can be taken from Table 8 for a hypothetical example.

Table 8. Exemplary input parameters of six planning variants (PV) for the secondary assessment model.

Secondary Criterion PV1 PV2 PV3 PV4 PV5 PV6 “Worst” “Best”

Equipment costs A 12,500 EUR 17,750 EUR 15,000 EUR 35,500 EUR 4500 EUR 42,000 EUR 42,000 EUR 4500 EUR
Grid losses B 7.1% 4.5% 2.3% 1.0% 2.8% 0.1% 7.1% 0.1%
Failure rate C 0.087 1

a 0.080 1
a 0.092 1

a 0.082 1
a 0.094 1

a 0.083 1
a 0.094 1

a 0.080 1
a

Voltage stability D 4.9% 3.5% 0.8% 3.3% 4.7% 1.2% 4.9% 0.8%
Resource expenditure E 550 m 425 m 410 m 260 m 375 m 75 m 550 m 75 m

A Results of the primary assessment model. B Grid losses in year 2050. C Total failure rate in year 2050. D Voltage value of the feed-in minus
voltage loss value in percent. E Resource expenditure (length) in meters on which the results of the primary assessment model are based.

Subsequently, the value range per secondary criterion is identified. Here, either the
highest value can correspond to the “worst” result (e.g., equipment costs) or the lowest
value to the “best” result (e.g., grid losses). Afterwards, the score (“baselining”) per
secondary criterion (SC) and planning variant (PV) is determined in the form of a point
system according to Equation (6):

ScoreSCn,PVm = TopScore − ValueSCn,PVm

Worst Value SCn over all PVs
·TopScore (6)

The TopScore is defined for all assessments and used for all secondary criteria.
The respective planning variants are then calculated with the weighting factors (WF)

to an overall result ScoreΣ according to Equation (7):

Score∑ = WFSC1 ·ScoreSC1 + WFSC2 ·ScoreSC2 + WFSC3 ·ScoreSC3 + WFSC4 ·ScoreSC4 + WFSC5 ·ScoreSC5 (7)

Finally, the evaluation of the planning alternatives is carried out depending on the
overall result. Here, the planning measure with the highest ScoreΣ represents the optimal
overall result for the respective weighting.

The scoring result of the “baselining”, based on the input parameters, can be found in
Table 9. On the one hand, it can be seen that the “worst” planning measure per secondary
criterion receives no points (e.g., PV1 voltage stability). Furthermore, a value close to the
optimum shows that the respective score is approaching the top score and the top score
is almost reached (e.g., PV1 grid losses). The values of the other planning measures are
calculated according to the equation.
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Table 9. Exemplary “baselining” for six planning variants (PV) in the secondary assessment model with a defined TopScore

of 6 (without taking weightings into account).

Secondary Criterion PV1 PV2 PV3 PV4 PV5 PV6 “Max”

Equipment costs 4.21 3.46 3.86 0.93 5.36 0.00 5.36
Grid losses 0.00 2.20 4.06 5.15 3.63 5.92 5.92
Failure rate 0.45 0.89 0.13 0.80 0.00 0.70 0.89

Voltage stability 0.00 1.71 5.08 2.02 0.24 3.86 5.08
Resource expenditure 0.00 1.36 1.53 3.16 1.91 5.18 5.18

Sum 4.66 9.63 14.65 12.07 11.14 15.66 15.66

Figure 14 shows the respective total scores (ScoreΣ) of the planning measures per weight-
ing. The example of planning variant PV5 shows that it performs best in the weighting in
“Cost-oriented” due to the high score for equipment costs, among other things. Within the
weighting “Resource saving”, on the other hand, PV5 has the most points for equipment costs,
but PV6 has significantly more points for grid losses and resource expenditures, which is why
PV6 can be identified here as the optimal planning variant.

Figure 14. Exemplary overall results of different weightings of the secondary assessment model for
six planning variants (PV).

6. New Planning and Operation Guidelines for Urban Low-Voltage Grids

For the LV level, there is generally a reactive and short-term need for planning mea-
sures in the case of acute problems, which can largely be defined in standardized POGs, as
this involves a large number of similar planning and construction measures. The challenge
here is usually the variety of necessary measures over time and the reconciliation with
the equipment available at the DSO and its subcontractors. These measures are driven,
especially in the area of CI and HPs, by the corresponding political subsidies and are
regulated by the use of public transport routes for local general supply via route utilization
contracts within the framework of concession awards.

6.1. Load Development

In order to derive POGs, grids are first required to which the methodology described
in Section 2 can be applied. For this purpose, 20 representative LV grids (Appendix B) have
been selected from 4200 grids on the basis of [66], and are shown in Figure 15.

Based on the scenarios and apportionment methodology, Figure 16 shows the respec-
tive load development for all 20 LV grids from the perspective of the DTs. The currently
installed transformer capacity is also indicated (horizontal black dotted lines). The grey
bars represent the conventional household and commercial loads. Building on this, the
private charging power is shown in purple and the public charging power in turquoise.
The continuous green bar then shows the power for the 3.0-kW-HP variant. The bar on
top of this (green left hatched line) represents the power increase that must be considered
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if the 6.5-kW-HP variant is adopted. As for the 9.0-kW-HP variant (green right hatched
line), the same applies to the last green hatched bar accordingly. It can be seen that more
suburban grids with a correspondingly higher proportion of HPs are reaching their limits
from the perspective of the DTs (e.g., G11). In contrast, more inner-city grids show a
higher robustness against the integration of new loads (e.g., G01), which are comparatively
fewer than in suburban grids. It can be seen that a significantly higher utilization of the
transformers by new loads can be assumed in the future, a factor that must be taken into
account in the grid planning. As an alternative calculation of SFs for calculation method
C4, the last blue dotted bar shows the additional power results when private and public CI
is determined with calculation method 4 and on the assumption of a simultaneity factor of
1 separate to each other (C4s).

Figure 15. Results of a clustering for the low-voltage level and grid selection based on [66].

6.2. Technical-Economic Evaluation

Applying the relevant conventional and innovative planning variants for the LV
grids described in Sections 4.1 and 4.2 results in the consolidated line measures shown in
Figure 17 across all analyzed planning variants for each scenario, HP variant, and year.
It can be seen that the line measures decrease from the VRS through the RDT to the ES.
There are also differences within the DLM variants. As for the resulting costs, Figure 18
shows that conventional grid expansion is the most economical planning variant next to
the VRS. One should keep in mind that, if full equipment is necessary for the DLM due to
shorter useful lives of the MICT components, renewals are necessary at least once during
the lifetime of conventional equipment of these same components. The use of RDT is
also partly more expensive as it primarily resolves voltage band violations, so that further
measures are necessary in the event of line overloads. ES is the most expensive planning
measure. As an alternative cost representation, Figure 19 shows the respective saving
potential compared to conventional planning representing the 0-%-line. It can be seen
that the DLM-V1 with necessary full equipment is less expensive than the conventional
grid expansion in approximately 23% of all planning variants. ES is also cheaper than
conventional expansion, but only in very few planning variants.
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Figure 16. Load development and installed capacity from the perspective of local distribution
transformers for 20 low-voltage grids.

Figure 17. Necessary line measures consolidated across all conventional and innovative planning
variants from the perspective of the feeders for 18 low-voltage grids.

Figure 18. Resulting costs (CapEx + OpEx—residual values) consolidated across all conventional
and innovative planning variants for 18 low-voltage grids.

78



Electricity 2021, 2

Figure 19. Savings potential related to the conventional planning variant as a reference variant
consolidated across all innovative planning variants for 18 low-voltage grids, note: not shown further
than −100%.

6.3. Derivation of New Planning and Operation Guidelines

Based on the findings of the individual grid planning variants as well as the corre-
sponding technical-economic assessment from Section 5, seven new POGs for urban LV
grids are defined (in italics) in Sections 6.4–6.10 and explained.

The first guideline provides power value assumptions for different (new) loads, which
can be used for grid planning if no own reliable findings are available. Following these
assumptions, the relevant OP for the design of urban LV grids is identified. Afterwards,
recommendations for standard equipment are made for lines and DTs. Subsequently,
innovative measures, primarily voltage regulating measures, are discussed with regard to
their effects on grid planning. Based on this, the different DLM variants are thoroughly
investigated. The last guideline then discusses the grid structures and where there is a
need for grid reinforcement. Thus, all strategically important topics are dealt with within
the framework of the principles for the LV level, which can be supplemented by DSO-
specific POGs.

Note: The LV grids G02 and G12 can integrate the new loads without limit violations.
so that some evaluations include only 18 LV grids instead of 20. Likewise, G10 has only
one transformer overload, which is why only 17 instead of 20 grids are considered for the
secondary assessment model in Section 6.12.

6.4. First Planning and Operation Guideline

For the dimensioning of local distribution transformers, an average effective power for private
charging points per building connection of PPrCP,DT,BC = [1.7; 2.9] kW or alternatively PPrCP,DT,MP
= [0.4; 0.8] kW per metering point plus Pconv,DT,OTFH = 2.0 kW for conventional loads of one- and
two-family detached houses or Pconv,DT,MFH = 1.0 kW per metering point for multi-family houses in
the grid is recommended.

For the dimensioning of the low-voltage feeders, PPrCP,Feeder,BC = [8.2; 12.0] kW or alternatively
PPrCP,Feeder,MP = [3.2; 4.3] kW per metering point plus Pconv,Feeder,OTFH = 2.7 kW for conventional
loads of one- and two-family detached houses or Pconv,Feeder,MFH = 1.3 kW per metering point for
multi-family houses are recommended.
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If additional electric heat pumps are to be considered, it is recommended to add an additional
power of PHP = [3; 9] kW per heat pump, which is equally valid for local distribution transformers
and low-voltage feeders [41].

For the future development and planning of urban LV grids, it is important to plan
with appropriate power value assumptions. The first POG therefore aims to provide
the grid planner with power values that can be used for conventional loads, PrCPs and
HPs. Taking into account the scenarios used and the apportionment methodology and SF
calculation carried out (further explanations in [41]), the power values for PrCPs given
in Figures 20–25 are developed for different planning perspectives (DT, feeder, building
connection, metering point, and CP) for 20 LV grids. The public CI is not shown here, as it
can be assumed that the DSO can plan them much better than the private CI. Due to the
applied SF calculation method, it should be noted that public CI is indirectly taken into
account. For the predominant share of the grids, the presented power value assumptions
represent applicable values that reflect a balanced distribution of charging services.

Figure 20. Average effective charging power of private charging points per building connection from
the perspective of local distribution transformers for 20 low-voltage grids based on [41].

Figure 21. Average effective charging capacity of private charging points per building connection
from the perspective of feeders (not including feeders without private charging infrastructure) for 20
low-voltage grids based on [41].
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Figure 22. Average effective charging power of private charging points per metering point from the
perspective of local distribution transformers for 20 low-voltage grids based on [41].

Figure 23. Average effective charging capacity of private charging points per metering point
from the perspective of feeders (not including feeders without private charging infrastructure) for
20 low-voltage grids based on [41].

Figure 24. Average effective charging power per private charging point from the perspective of local
distribution transformers for 20 low-voltage grids based on [41].
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Figure 25. Average effective charging capacity per private charging point from the perspective of
feeders (not including feeders without private charging infrastructure) for 20 low-voltage grids based
on [41].

As the DSOs do not always have all grid parameters for each grid, the values neces-
sary for strategic grid planning is displayed for different grid parameters. In particular,
in analogy to Section 3.3 regarding the dimensioning of DTs and feeders, different SFs
in the area of the CI are applied, which accordingly result in different power value as-
sumptions. Furthermore, the power value assumptions currently represent the greatest
uncertainty as, to date, only limited reliable knowledge is available for the grid-wide load
behavior. Hence, the following six figures show different value assumptions for private CI
depending on the considered grid parameter. Figure 20 shows both the detailed results
and, among other values, the average values for private CI from the perspective of the
DT based on the building connections per grid. Figure 21 shows corresponding values to
Figure 20, however from the perspective of the feeders. Figures 22 and 23 represent, analog
to Figures 20 and 21, respectively, the values for private CI but on the basis of the metering
points, and Figures 24 and 25 per CP. These evaluations form the basis of the power value
assumptions for private CI in Table 10.

Figures 26–28 show evaluations of conventional loads. Although they represent the
smallest share of future impacts according to Figure 16, these must also be differentiated
for different building types and taken into account in grid planning.

If HPs are to be taken into account, an additional value of 3 to 9 kW must be applied in
the grid planning, which hardly differs between the planning perspectives DTs and feeders
due to the SF shown in Figure 7 and can therefore be used for both planning perspectives.

An overview and summary of all power value assumptions can be seen in Table 10.

Figure 26. Performance ranges of conventional loads per building type and planning perspective
based on [41].
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Figure 27. Distribution of conventional loads per building type and planning perspective based
on [41].

Figure 28. Maximum simultaneous conventional power consumption per household metering point
based on [41].

Table 10. Power value assumptions for different loads in the low-voltage level.

Load Local Distribution Transformer Feeder

kW/BC 5 kW/MP 6 kW/PrCP * kW/BC 5 kW/MP 6 kW/PrCP *

PrCP 1,A,B [1.7 D; 2.9 E] [0.4 D; 0.8 E] [5.1 D; 1.8 E] [8.2 D; 12.0 E] [3.2 D; 4.3 E] [11.1 D; 7.1 E]
OTFH 2,B,C - 2.0 - - 2.7 -
MFH 3,B,C - 1.0 - - 1.3 -

HP 4 [3; 9] (no differentiation for HPs, as SF 7 is almost 1)
1 Private charging point. 2 One- and two-family house (per metering point). 3 Multi-family house (per metering
point). 4 Heat pump. 5 Building connection. 6 Metering point. 7 Simultaneity factor. A 3.7 kW, 11 kW, and
22 kW. B Arithmetic mean values per building connection, metering point, or charging points in the grid or feeder.
C There is no distinction for electric water heating. D Conservative scenario in 2030. E Progressive scenario in
2050. * Note: The charging capacity per PrCP decreases over the years as the number of PrCPs increases. Building
connections and metering points of OTFH and MFH, however, remain constant.

6.5. Second Planning and Operation Guideline

For urban low-voltage grids, the operating point “peak load” is the relevant operating point
for grid dimensioning.

To determine the relevant OP for urban LV grids, it is necessary to investigate the extent
to which limit value violations are caused by loads and feed-ins in both analyzed OPs. For
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this purpose, Figure 29 shows an evaluation for the conservative and progressive scenario
with 9.0 kW HPs. Equipment overloads are not shown here, as equipment overloads do
not occur in the OP-PG, neither from the perspective of the DT, nor from the perspective of
the feeders. With regard to the voltage band being respected according to [11], it is clear
that the OP-PL is more important for grid planning. Voltage band violations occur due
to feed-ins (progressive scenario) in only four suburban grids. Voltage band violations,
however, occur in 17 of 20 grids due to new loads, some of which are severe (progressive
scenario). In addition, Figure 30 shows the year in which limit violations occur for the first
time. Figures 29 and 30 should therefore be considered in combination, as they also show
that the OP-PL is relevant for the planning of urban LV grids.

Figure 29. Maximum voltage change for the operating points “peak generation” and “peak load”
for 20 low-voltage grids at the year 2050 in the progressive scenario with 9.0 kW heat pumps for the
conservative (cons.) and progressive (prog.) scenario.
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Figure 30. First occurrence of limit value violations for low-voltage lines for the operating points
“peak generation“ and “peak load” consolidated for 20 low-voltage grids based on [41].

6.6. Third Planning and Operation Guideline

It is recommended to supplement the current standard line cross-section q = 150 mm2 (Al)
with a second new standard line cross-section q = 240 mm2 (Al) for urban low-voltage grids.

Standard line cross-sections are another essential component of POGs. They are kept
in stock for short-term line measures, so that a restriction of line cross-sections is intended
here in order to keep storage costs at a minimum. Figure 31 therefore shows an evaluation
that essentially recommends the cross-sections q = 150 mm2 (Aluminum, short: Al) and
q = 240 mm2 (Al). Among the different line measures given in Section 4.1, the cross-section
q = 150 mm2 (Al) is sufficient for line reinforcement in approximately 83% of all line mea-
sures. On the other hand, in the case of a line replacement, a cross-section of
q = 240 mm2 (Al) is necessary in a quarter of all the cases, which also covers q = 185 mm2

(Al). In the case of a “forced” replacement, i.e., if no parallel q = 150 mm2 (Al) line is
installed to redistribute the loads, but rather is replaced by a higher dimensioned line, a
line cross-section q = 240 mm2 (Al) is already necessary in one third of all the cases.

Figure 31. Shares of line measures by cross-section for 18 consolidated grids.

It is therefore recommended to introduce a further cross-section of q = 240 mm2 (Al)
in addition to the current standard line cross-section of q = 150 mm2 (Al), which equally
covers q = 185 mm2 (Al).
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6.7. Fourth Planning and Operation Guideline

Regarding standard transformer classes, it is recommended to increase the respective existing
dimension by one power class in relation to the rated power.

In addition to lines, standard DTs, which are also kept in stock in order to react quickly
as a DSO, must also be defined. Figure 32 shows the necessary power classes of DTs
that result from the respective planning variants. It can be seen that the standard size of
630 kVA—used by most DSOs—is still significantly important to be kept in stock. However,
it then replaces lower power classes such as 400 kVA and below. Furthermore, it can be
seen that 800 kVA DTs and 1000 kVA DTs will also become necessary in some grids, despite
the application of the DLM described in Section 4.2.3. It is therefore recommended to define
a standard size of 800 kVA in addition to the current standard size of 630 kVA, which is
henceforth to be defined as the smallest size. Alternatively, it can be examined whether two
630 kVA DTs can be used instead of one 1000 kVA DT if an 800 kVA DT is not sufficient.

Figure 32. Necessary increases in the power classes of local distribution transformers for 18 consoli-
dated grids in the presence of limit violations.

6.8. Fifth Planning and Operation Guideline

Innovative voltage regulation measures do not offer a long-term advantage for the elimination
of limit violations, as in urban low-voltage grids, equipment overloads are the dimensioning factor
for reinforcement measures [41].

Figure 30 has shown that in the years 2030 and 2040, voltage band violations can also
occur without the presence of equipment overloads. These can be remedied almost free of
charge by applying the tap changer. Only negligible costs are incurred by the operating
personnel who have to adjust the tap on site. In the case of voltage band violations and
equipment overloads, the same remedy applies. If voltage band violations persist, they can
almost always be remedied in the same way equipment overloads are remedied.

As, according to the second POG, the OP-PL is relevant to the planning and it is shown
in Figure 30 that line overloads are predominant, these usually cannot be remedied with
innovative voltage regulating measures.

In addition to this fundamental observation, the RDT must be considered for another
reason. According to [17,38,48], this is recommended when the OP-PG also becomes
relevant in suburban grids.

6.9. Sixth Planning and Operation Guideline

Grid-serving load management can defer and partly avoid conventional grid expansion. If the
acquisition of measurement, information and communication technology (MICT) is fully necessary,
conventional planning measures are usually more cost-effective and are therefore recommended.
However, if the MICT is already available or its deployment is independently planned and can
be used for load management, load management is always significantly more cost-efficient and is
therefore recommended [41].
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Figure 17 already shows that, with a DLM, considerable line measures can be saved.
On the other hand, it was evident in Figures 18 and 19 that a DLM is the economical
solution in only very few cases when the MICT has to be built, and that conventional
grid expansion is still necessary to a small extent in most cases. Therefore, a sensitivity
analysis with further cost calculations can be taken from Figures 33 and 34 in relation to
Section 4.2.3. This clearly shows that if existing MICT is used, or if it is already planned and
can be used, a DLM is considerably more cost-effective than conventional grid expansion.
In the case that either reduced measurement sensors or only a RTU is to be considered,
DLM does become more economical in some variants, but at maximum in 49% of the
variants. This proportion is still too low to qualify for a new recommendation. However,
if the necessary MICT equipment is already available in the respective grids, DLM can
be recommended, as it is cheaper in at least 88% of the planning variants and even in
approximately 50% of all variants, in some cases significantly more than 50% in DLM-V2.

Figure 33. Resulting costs (CapEx + OpEx—residual values) consolidated over all analyzed variants
for 18 low-voltage grids in different variants of dynamic load management based on [41].

Figure 34. Savings potential of different variants of dynamic load management related to conven-
tional reference variant based on the conventional reference variant for 18 low-voltage grids based
on [41]; note: not shown further from −100%.

87



Electricity 2021, 2

In principle, it should be noted that the regulation of private CI has a higher effective-
ness, as this outweighs public CI in terms of numbers in the grids. The DLM is also more
successful if in early years, such as in the year 2030, the base load is not yet so high due to
new loads and thus limit violations are avoided.

Furthermore, it is recommended to include HPs in DLM in addition to the private CI,
as the grid load can be temporarily reduced in any peak load time window through the
intelligent use of blocking periods.

6.10. Seventh Planning and Operation Guideline

For inner-city low-voltage grids in which no building renovations or new constructions are
planned and which have an average load density of more than 10 metering points per building
connection, it can be assumed that no significant need for reinforcement of the low-voltage lines is
required [41].

To interpret the results in Figure 35, it should first be noted that there were no under-
ground garages or larger garage yards in any of the analyzed 20 LV grids. In particular,
this leads to the fact that no limit violations were identified in G02 from cluster 2 and G12
from cluster 7. The grids have a load density of approximately 38 and 12 metering points
per building connection, respectively. This is also the case in G09 from cluster 9, with ap-
proximately 19 metering points per building connection, where a negligible reinforcement
due to public CI is identified. Similarly, in grid G07 from cluster 7, with approximately
12 metering points per building connection, the need for expansion is significantly lower
compared to suburban areas with less than 10 metering points per building connection on
average. Accordingly, provided that no building renovations or new buildings are planned,
and no underground parking garages are available, it can be assumed that no significant
expansion is required with an average load density of approximately 10 metering points or
more per building connection.

Figure 35. Analyzed low-voltage grids with more than 10 metering points per building connection
in the cluster evaluation based on [41].

6.11. Overarching New Planning and Operation Guidelines over All Voltage Levels

From the new POGs for LV grids derived in Sections 6.4–6.10, the following three
POGs in Sections 6.11.1–6.11.3 can be derived from the LV level, which basically apply to
all voltage levels.
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6.11.1. First Overarching POG concerning All Voltage Levels

In principle, a cross-voltage level consideration of HV, MV and LV grids should be aimed for.
The first POG concerning all voltage levels addresses the importance of an overarching

and target-oriented consideration of the three voltage levels relevant for distribution grids.
As the LV and MV grids, in particular, are coupled via still largely conventional DTs, a
voltage increase in the MV level results in a voltage increase in the LV level. Thus, voltage
band violations can be solved simultaneously by adjusting the permissible voltage band in
both voltage levels. Vice versa, a DLM in the LV level results in a load reduction in the MV
level and thus also eliminates not only equipment overloads in the LV level but also those
in the MV level.

6.11.2. Second Overarching POG concerning All Voltage Levels

Equipment overloads are the driving factor behind the need for expansion of urban distribution
grids, whereas voltage band violations are not.

The second POG concerning all voltage levels, in combination with the second POG
from the LV level, addresses the fact that the new loads such as CI and HPs, which are
mostly connected in the LV level, also have a considerable impact on the two upstream
voltage levels in the distribution grid. According to Figure 29, Figure 30, and Figure 32,
these power increases primarily result in equipment overloads. Voltage band violations,
on the other hand, can be remedied almost free of charge in most cases, especially via tap
positions in DTs, so that voltage band violations play a subordinate role.

6.11.3. Third Overarching POG concerning All Voltage Levels

Innovative technologies, such as grid-serving load management or energy storages, are the
most economical solution only in some parts of the grids. In the remaining grids, conventional
expansion is recommended.

The third POG concerning all voltage levels is to be understood in combination with
the second POG over all voltage levels and the sixth POG in the LV level. Although the
measures primarily driven by equipment overloads can in principle be remedied by a
grid-serving DLM, conventional measures are still required in many cases in addition
to the DLM. If the MICT then has to be installed, a DLM is usually significantly more
expensive. However, it becomes particularly interesting where the necessary MICT can
already be used or is already in the planning stage. Regardless of this purely economic
consideration, a DLM can make sense wherever there are time or resource bottlenecks for
the grid expansion, grid conversion or renewal requirements.

6.12. Decision Path for Strategic Grid Planning

Based on the new POGs for the LV level, a decision path (see Figure 36) is derived
that takes into account both conventional and innovative planning measures. Based on the
underlying limit value violations (voltage band violations or equipment overloads) for LV
grids, decision-making for suitable planning measures is thus facilitated. It should be noted,
however, that this is a highly simplified flowchart that cannot replace the POGs described in
detail and must be supplemented by the specific requirements of the respective DSO.

6.13. Results from the Perspective of the Secondary Assessment Model

With regard to the secondary assessment model presented in Section 5.2, the results
consolidated over 17 LV grids can be seen in Figures 37 and 38 for the progressive scenario
with 9.0-kW-HPs and year 2050.

Figure 37 shows, in analogy to the primary assessment model, that conventional
planning and VRS perform best when only the secondary criterion “Equipment costs” is
used as a basis for evaluation. They both have a predominantly high rank between 5 and 7,
whereas rank 7 is the best and rank 1 is the worst in terms of the underlying assessment.
VRS and RDT score best regarding the secondary criterion “voltage stability” and DLM on
the secondary criterion “Resource expenditure”.
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If the evaluations of the secondary criteria are combined in the respective weightings,
Figure 38 shows a different picture depending on the weighting to be considered. If,
for example, the weighting “Cost-oriented” is left out, conventional planning no longer
performs as well, as other secondary criteria are assigned a higher relevance. Thus, in all
other weightings, the RDT and DLM-V1 measures are in the lead. In summary, it can be
said that when grid-related criteria are given a higher relevance, other planning measures
come out ahead of conventional planning.

Figure 36. Decision path for strategic grid planning of urban low-voltage grids, with: “ok” =
compliance with the specified limit values, bottleneck = short line section (length and/or small
cross-section), ΔU/Un = additional voltage difference beyond the lower voltage band according
to [11].

Figure 37. Percentage distribution of the ranking consolidated for 17 low-voltage grids in relation to
the individual secondary criteria for the progressive scenario with 9.0-kW-HPs.
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Figure 38. Percentage distribution of the ranking consolidated for 17 low-voltage grids in relation to
the different weightings for the progressive scenario with 9.0-kW-HPs.

7. Discussion

Finally, it should be noted that urban LV grids have a certain capability for integrating
new loads, depending on the area structure, so that the load growth driven by CI and HPs
does not lead to limit violations in every case. The POGs derived for the LV level therefore
enable DSOs to develop, standardize, or supplement DSO-specific POGs, taking into
account conventional and innovative planning and operating variants for a cost-optimal
reinforcement of the grids.

Furthermore, it should be noted that, in many cases and in the near future, volt-
age band violations can be partially or completely eliminated by conventional voltage
regulation measures, such as tap changers, without additional investment costs. On the
other hand, equipment overloads often have to be remedied by conventional means if
measurement, information, and communication technology is not yet available for the
use of load management, even though load management can defer and partially prevent
planning measures in many variants.

If costs are not to be the only criterion to be considered, the secondary assessment
model has shown that other innovative planning measures can also be beneficial in contrast
to conventional planning measures. In any case, the results show that target grid planning
for urban LV grids and the revision or expansion of the company’s own planning and
operation guidelines are urgently needed.
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Appendix A

Table A1. Cost assumptions for low-voltage equipment based on [41].

Cost Position Parameter Value Unit

NAYY cables Service life 45 a
Operating costs 2.5 % 1

Cost increase 0.5 %/a
NAYY 150 single 2 Cables and installation 150 Euro/m

NAYY 150 parallel 3 Cables and installation +20 Euro/m
NAYY 185 single 2 Cables and installation 175 Euro/m

NAYY 185 parallel 3 Cables and installation +40 Euro/m
NAYY 240 single 2 Cables and installation 200 Euro/m

NAYY 240 parallel 3 Cables and installation +60 Euro/m
Distribution transformer (DT) Service life 40 a

Operating costs 2.5 % 1

1.630-kVA-DT Costs 10,000 Euro/Piece
1.800-kVA-DT Costs 12,500 Euro/Piece
1000-kVA-DT Costs 15,000 Euro/Piece
1200-kVA-DT Costs 18,500 Euro/Piece
1600-kVA-DT Costs 25,000 Euro/Piece

Regulated DT (RDT) Service life 40 a
Operating costs 2.5 % 1

1.630-kVA-RDT Costs 21,500 Euro/Piece
1.800-kVA-RDT Costs 24,200 Euro/Piece
1000-kVA-RDT Costs 27,500 Euro/Piece
1200-kVA-RDT Costs 30,000 Euro/Piece
1600-kVA-RDT Costs 36,000 Euro/Piece

Remote terminal unit Basic amount 9500 Euro/Piece
Service life 15 a

Operating costs 2.5 % 1

Measuring sensors (up to 4) Service life 15 a
Operating costs 3500 Euro/Piece

Line cabinet distribution Service life 40 a
Operating costs 2.5 % 1

Installation 5000 Euro/Piece
Line voltage regulator Service life 30 a

Operating costs 2.5 % 1

Installation costs 1000 Euro/Piece
Capacity costs 78 Euro/kVA

Grid-serving energy storage Service life 16 a
Operating costs 2.5 % 1

Basic amount 16,500 Euro/Piece
Capacity costs (2 h) 550 Euro/kW

1 Percent of capital expenditures per anno. 2 These lump-sum cost figures include, among other things, costs for
construction work, joints, etc. 3 For the cost calculation, with parallel cables of different cross-sections, the larger
cross-section is used as the basis for the cost and the smaller cross-section is used for the additional cost of the
parallel cable (cables and installation).
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Appendix B

Table A2. Grid structure parameters of the low-voltage grids (values of the scenarios: first line in
each case conservative, second line in each case progressive, first column in each case 2030, second
column in each case 2040, third column in each case 2050) based on [41].
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G01
C01

630 1233 40 353 4
20 31 66 1 1 2 3 3 5

26 55 94 1 2 2 4 5 8

G02
C02

400 1042 10 382 5
12 16 21 0 0 0 1 1 1

14 21 24 0 0 0 1 1 2

G03
C03

1430 4757 41 94 13
8 18 32 0 0 0 2 2 4

15 39 74 0 0 0 3 4 8

G04
C04

400 2043 40 245 5
15 33 75 2 3 4 4 4 7

29 69 89 3 7 7 5 7 13

G05
C05

1600 2058 59 150 9
24 39 68 5 7 8 8 8 15

36 85 118 7 11 17 10 16 28

G06
C06

630 4017 192 448 4
37 84 180 2 2 4 14 14 25

68 158 327 2 7 10 18 27 47

G07
C07

1200 2173 44 521 14
37 65 97 0 0 1 2 2 4

59 100 112 0 3 4 3 4 8

G08
C08

630 1493 99 226 6
35 67 149 3 5 10 13 13 23

54 136 175 6 17 31 16 25 44

G09
C09

400 2097 29 486 7
9 13 33 0 0 0 2 2 3

10 27 55 0 0 0 2 4 7

G10
C10

630 5054 189 489 6
46 99 214 9 11 14 22 22 39

79 187 303 11 18 26 28 43 75

G11
C05

630 9412 226 289 2
93 180 286 24 37 50 18 18 35

160 299 320 38 79 106 23 35 61

G12
C07

630 2529 26 306 2
11 18 35 0 0 1 1 1 2

18 35 53 0 2 2 2 3 5

G13
C10

630 2486 88 111 4
15 39 87 5 5 6 10 10 18

29 77 137 5 8 11 13 19 34

G14
C05

400 3892 91 119 8
21 44 99 4 5 8 10 10 18

37 87 142 5 9 15 13 20 35

G15
C05

250 1299 27 51 3
4 14 35 0 0 0 3 3 5

13 30 59 0 1 4 4 6 10

G16
C05

1000 3003 88 287 10
9 36 103 6 9 12 7 7 13

43 92 178 9 14 18 9 14 24
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Table A2. Cont.
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G17
C05

315 4010 108 231 6
15 36 92 3 6 6 9 9 15

32 84 178 6 8 16 1 16 29

G18
C05

250 2458 72 301 1
36 63 101 6 7 10 10 10 18

58 115 152 7 14 23 13 19 34

G19
C05

1600 1832 37 140 8
47 75 78 12 19 24 7 7 13

71 81 89 20 26 26 9 14 24

G20
C06

630 4991 231 166 4
35 74 146 5 7 8 77 77 77

65 139 193 7 11 18 77 77 77

Table A3. Classification of building and urban structure based on location and building types for
20 low-voltage grids (with: OTFH = One- and two-family detached house, MFH = multi-family
house, CB = commercial buildings, S = Suburban, U = Urban, I = Inner-city, X = high proportion,
O = low proportion, - = negligible or not present) based on [41].
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Abstract: Conceiving planar magnetic components for power electronic converters is very constrain-
ing, especially in the case of prototype development. Indeed, such making requires skills, specific
appliances as well as human time for setting up the machine tools and the fabrication process. With
the emergence of Fabrication Laboratory (FabLab), conceiving of planar copper foil prototypes be-
comes more feasible in a shortened time process for engineers and researchers. This paper presents a
methodology and process for conceiving power planar transformers with the help of machines and
tools that can be found in the usual FabLab.

Keywords: HF planar transformer; fabrication laboratory; prototype manufacturing

1. Introduction

For some years now, planar transformers have gradually been replacing traditional
high-frequency (HF) wounded transformers in embedded systems and electric vehicles.
Planar components present many advantages like efficiency, power density, small size and
less weight as well as good thermal characteristics [1–3].

Planar transformers are usually made of a printed circuit board (PCB) or copper foil
windings combined with low profile magnetic core. Even if PCB windings present many
advantages in terms of industrialization (manufacturability, cost reduction, repeatability),
making multi-layer PCB transformer prototypes is complex and requires specific machines,
technology and engineers’ time. Planar component prototypes are then difficult to conceive,
expensive and need to be subcontracted to specialists. This drawback was not as important
when developing HF wounded transformers. For power planar components, copper foil
can also be an interesting solution for a transformer’s windings. Regarding prototypes,
with such technology combined with the emergence of Fabrication Laboratory (FabLab)
almost everywhere [4], making planar transformer prototypes becomes more feasible in an
acceptable time, with a do-it-yourself (DIY) conception philosophy.

To address this issue, a complete conception process has been developed in order to
achieve planar transformer prototypes. The process is suitable for any FabLab and creates
opportunities to quickly elaborate affordable components. Therefore, this paper presents
the complete process for the conception of planar transformer prototypes based on tools
that can be found in FabLab. Based on electrical specifications, a planar transformer is
designed, conceived in a FabLab and tested with specific power electronic equipment.

The paper is organized as follows: In Section 2, an introduction to the world of
FabLabs is undertaken. In Section 3, technical considerations are listed dealing with the
planar transformer design specificities. Then, a complete design of the planar transformer
is performed based on models from the literature and finite element analysis (FEA). In
Section 4, the full process to make a copper foil planar transformer prototype is described.
The focus is on the key points and difficulties encountered in the prototype’s development.
In Section 5, the planar prototype is tested and characterized to validate its functioning.
Finally, the process is discussed and potential improvements are highlighted.
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2. FabLab

The first FabLabs were opened in the 2000s. These laboratories are dedicated to open-
source creation, co-creation and local production [5] based on modern equipment and
software. In 2016, 490 FabLabs were referenced in 72 countries [5]. In 2018, this number
reached 650 in 80 countries [6] and it is still increasing quickly. That has led to a worldwide
network of fabrication laboratories where almost everything can be made everywhere [4].
FabLabs are made for prototyping, making, learning, meeting and contributing to the
maker community [7]. A lot of universities have created their own FabLab to form a new
generation of high-tech FabLab-oriented makers [8].

The emergence of FabLabs is linked to the development of new philosophy of concep-
tion as well as the growth of new practical tools such as 3-D printers; 3-D printing, also
called additive manufacturing, consists of machines that are able to add material layer-by-
layer to create an object from 3D CAD (computer aided design) models. This topical subject
concerns a lot of application domains from micro-systems [9] to aerospace and automotive
industries [10] as well as education [11]. In 2020, during the health crisis, the makers’
community, FabLabs and 3D-printing have played an important role in manufacturing
personal protective equipment and ventilator replacement parts that could not be satisfied
by regular suppliers [12–14]. Regarding power electronics, 3-D printing technology is now
applied to magnetics, dealing with 3-D printed air-core inductors [15], low power planar
inductors [16], shaped profile windings [17], cool fins for planar inductors [18] and wireless
power transfer system [19].

The FabLab (Figure 1) involved in this study hosts a laser-cutter, four types of 3-D
printers, a milling machine, wood-cutter, embroiderer, sewing machine and other more
classical tools that can be found in electronic labs and workshop manufacturing.

 

Figure 1. FabLab “Make” at Centrale Lille Institut.

3. Technological Considerations for the High-Frequency (HF) Planar
Transformer Prototype

3.1. Conceiving Planar Transformer: Printed Circuit Board (PCB) vs. Copper Foil

Planar transformer windings can be made with PCB (rigid or flex technology), copper
foil and more rarely with Litz wires [20–25]. PCB technology is the most widespread,
offering many advantages like mass production, repeatability, reliability or low leakage
inductance [26]. PCB planar transformers can be connected as stand-alone or embedded
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within a PCB-assembled converter to save space [27] or to increase power integration.
On the other hand, the main drawback of PCB planar transformers is their parasitic
capacitances [23] that can cause electro-magnetic interference (EMI) problems. Other limits
deal with costs, especially in the case of prototypes, and technological limitations linked to
the manufacturing capabilities.

With PCB technology, copper tracks are a real issue. Indeed, PCB copper thicknesses
are limited to standard values: 17.5 μm, 35 μm, 70 μm, 105 μm, 210 μm and 435 μm. Due to
these small values, paralleling layers is necessary to carry power electronic high current
values. As a consequence, vias are needed to connect different layers of the same winding.
Connections between layers is a known problem for multi-layer PCB. It can increase cost as
well as track’s equivalent resistance and can lead to hot spots, especially in HF.

PCB Flex technology is a solution to reduce vias in windings. A Flex PCB is adequate
for 3D power electronics [28]. Even if it is more suitable for medium series and prototypes
than traditional multi-layer PCB, Flex PCB copper tracks are not optimal in the case of HF
power electronic magnetic components [21,22]. Such windings are more dedicated to low
power HF transformers or specific devices like bendable transformers [29].

Regarding leakage inductances, distance between PCB layers and interleaving for
reducing HF copper losses are factors that limit the leakage inductance values [26]. For
some converters operating in soft-switching, it is interesting to increase the leakage value
of a transformer to avoid the use of an additional inductance [30]. With a planar PCB
transformer, this increase is limited due to PCB technological constraints and traditional
available cores.

For an HF power planar transformer, copper foil windings appear like an interesting
alternative to PCB windings. Some benefits can be highlighted:

• Copper track thicknesses are not limited. Bigger conductors can be selected in order
to limit or at least reduce complex paralleling layers with respect to skin depth that
is problematic. Moreover, primary and secondary thicknesses can easily be set to
different values.

• Distance between layers can also be set to different values, stacking insulated layers.
Insulation material can also be chosen differently according to layers.

• Leakage values can be increased by spacing primary and secondary windings or by
introducing ferrite polymer composite (FPC) material between layers, like C350 for
example [31].

As a major drawback, connections between layers need to be well thought out in the
design step.

3.2. Transformer Prototype Specifications

The planar transformer developed in this study is defined for an aeronautic application
for a More Electric Aircraft (MEA) [3]. It is designed for a 2 kW DC/DC Dual active bridge
(DAB) power converter [32]. The circuit schematic is presented in Figure 2. The DAB
electrical characteristics are listed in Table 1.

Figure 2. Dual active bridge (DAB) converter.
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Table 1. Planar transformer electrical specifications.

Electrical Parameter Value

Nominal Power Pnom = 2 kW
Primary voltage (rms) Vp = 400 V
Switching frequency fs = 100 kHz

Transformer ratio η = 0.05
Magnetizing inductance Lm = 0.5 mH

Due to the application, the prototype has to be lightweight. In terms of target design,
a maximal temperature rise is fixed to ΔT = 120 ◦C, for a 20 ◦C ambient temperature and
no cooling device (heat transfer by natural convection). The leakage inductance is not a key
parameter for this design. Its value can be low. Indeed, an additional inductor is used to
obtain the DAB maximal series inductance needed in transfer Function (1):

Pout =
VHVDC VLVDC

LDAB fs η
ϕ(

π − |ϕ|
2π2 ) (1)

where ϕ is the phase shift between primary and secondary bridges, VHVDC and VLVDC are
the voltages of the DAB converter (Figure 2) and LDAB is the maximum allowable DAB
inductance value set to 100 μH.

3.3. Transformer Design and Description

The magnetic core is selected based on the product area method [33]. With this method,
the product Ap (2) of the window area Aw and the core cross-section Ac is expressed as a
function of the power and other electrical specifications:

Ap = Aw Ac =
Pmax

K f KrBm fs Jw
(2)

where Pmax is the maximal power, Kf is the waveform coefficient, Kr is the window filling
factor, Bm is the flux density, fs is the switching frequency and Jw is the current density.

Based on design specifications given in [3], the needed product area is calculated:
Ap = 54,000 mm4. The magnetic core, association of an E-shape E64 with a plate PLT64 [34],
is selected according to this value. Indeed, the combination of both have a product area
value of 57,600 mm4. 3C90 ferrite material is selected.

Regarding windings, limitation of leakage inductance and copper loss lead to a so-
lution with a complete interleaving between primary and secondary layers. Then, the
windings are divided on 9 conductive layers of copper foils (Figure 3a). Number of turns
for the primary is set to Np = 20: four layers with five turns connected in series. The
secondary contains only one turn (Ns = 1): five layers of one turn connected in parallel.
Thus, the transformer ratio is 0.05. Primary and secondary layer thicknesses are set dif-
ferently: 200 μm for the primary and 350 μm for the secondary. As mentioned before,
such thicknesses are difficult to realize with PCB technology while keeping constant in-
sulation layer thickness. Primary and secondary track widths are set to fulfill the current
density requirement.

Dimensions and positioning of windings are presented in Figure 3a. Figure 3b shows a
complete 3-D FEA Model made with ANSYS Maxwell 3D [35]. On these figures, insulation
Kapton sheets between layers are not represented.

Magnetizing inductance is adjusted considering a 225 μm gap between the three legs
of the planar E core and the plate one. With this gap value, the magnetizing inductance (3)
should be of 0.53 mH:

Lm = ALN2
p (3)

where Np is the primary turn number and AL is the inductance factor of the ferrite core.
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(a) (b) 

Figure 3. Planar prototype: (a) transformer’s window; (b) three-dimensional finite element analysis
(3-D FEA) model.

Leakage inductance is calculated with the model detailed in [36]. The estimated value
from the primary winding is Llk = 4.45 μH.

In a HF transformer, the general formula for calculating the copper losses in a wind-
ing is:

PCu = RDC × I2
DC +

∞

∑
n=1

RAC(n fs)× I2
rms(n fs) (4)

where RDC is the DC resistance, IDC is the DC current, RAC is the AC resistance depending
on frequency, Irms is the rms value of each current harmonic and n is the harmonic order.

In the design example, the DC part of the current is null. RAC is estimated based on
Dowell model [37] for the primary winding and Ferreira [38] for the secondary winding.
Both applied models are different for the primary and the secondary due to the difference
of winding porosity factors. For the primary, the latter is estimated at 0.73 while for the
secondary it is 0.51. Considering the current fundamental and the first four harmonics (3rd,
5th, 7th and 9th), copper losses are estimated to 21.1 W. As a comparison, the copper losses
due to the current fundamental only are 20.3 W.

Core losses are calculated with the Mulder model [39] at ambient temperature:

Pf = k × f α
s × B̂β ×

(
ct0 − ct1 × T + ct2 × T2

)
(5)

where k, α, β, ct0, ct1 and ct2 are parameters for the magnetic material [39], B̂ is the peak
flux density and T is the temperature.

With this formula, for an ambient temperature of 25 ◦C and a peak flux density of
100 mT, the core losses are 4.84 W. This calculation corresponds to the worst case for
core losses. Soft ferrite materials are usually optimized to have low losses between 80 ◦C
and 100 ◦C.

In [40], McLyman gives an expression for the calculation of temperature rise in mag-
netics:

ΔT = 450
(

PΣ

At

)0.826
(6)

where ΔT is the temperature rise, At is the effective surface area in cm2 and PΣ is the total
dissipated power.

Based on (6), the thermal resistance of the transformer becomes:

Rth =
450

P0.174
Σ

(
1
At

)0.826
(7)

Finally, copper and core loss values lead to an estimated increased temperature
ΔT = 106.1 ◦C with a thermal resistance Rth = 4.09 ◦C/W for the E/PLT64 planar core.
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4. Prototype Achievement in FabLab Environment

Based on the FabLab platform, the prototype described in the previous section is now
developed. After the process overview, each step is detailed, highlighting difficulties and
precautions that have to be taken to obtain good and functional transformer.

4.1. Manufacturing Process Overview

Figure 4 presents the process overview, introducing all the equipment that has to
be used. Firstly, all the elements are modeled using Onshape Software [41]. Then, the
numerical files are transferred to specific tools that allow the different transformer’s parts
to be made: copper windings for primary and secondary units, insulating Kapton and
add-ons for the assembling parts. Finally, all these elements are assembled together on a
planar magnetic core.

 

Figure 4. Process overview.

4.2. Parts Production

Three steps can be differentiated for the manufacturing of the different planar trans-
former’s parts:

1. Copper windings: after their shape design, primary and secondary winding cop-
per tracks are carved using a computer numerical control (CNC) machine Stepcraft
420 CK [42]. Figure 5 shows the milling process for two primary layers. During this
process, lubricant is sprayed regularly. This provides two benefits: the drill run cooler
and copper filings do not hang up. As a consequence, the drill’s lifetime is extended.
Then, endpoints of copper tracks are tined to ease connections between layers. Finally,
winding layers are ready for assembling. One can note that all the secondary tracks
are identical due to the parallel winding. On the opposite, primary layers are different
in order to make possible series connections between the layers.

2. Kapton insulation: insulation between layers is made with Kapton film. Elementary
75 μm Kapton layers are then cut using the laser cutting machine Trotec Speedy
400 [43] to consider magnetic core and central leg size. Distances between winding
layers will be set adding more or less of these elementary layers.

3. Add-ons: in order to assemble the transformer prototype, some supplementary el-
ements have to be developed. Firstly, plexiglass clamps and secondary winding
centering pins have to be cut with the laser cutting machine. All these elements are
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made of polymethyl methacrylate (PMMA) material. Secondly, clips and central leg
shim are printed in 3-D [44]. They are made of polylactic acid (PLA) material. Clips
are used for maintaining both magnetic core parts together while the central leg shim
is used for centering and spacing primary winding from the central core leg.

 

Figure 5. Milling windings.

4.3. Assembly Operations

Once all the parts have been made, everything is assembled layer by layer (Figure 6).

• Step 1: The plinth, including bottom clamps and centering pins is set around the
E-part core.

• Step 2: Kapton insulated layers are added. Insulating thickness is adjusted adding
more or less elementary layers.

• Step 3: First secondary layer is positioned using centering pins.
• Step 4: Kapton layers are added.
• Step 5: First primary winding is added. As can be seen in Figure 6, primary pins are

located on the opposite side of the secondary winding. The biggest one corresponds
to the winding connecting pin, while the smallest one, located close to the ferrite core,
is used for connecting this layer to the next one. The primary winding’s centering is
ensured by the central leg shim that locks its positioning.

• Step 6: Stacking takes place, interleaving insulating layers, secondary winding layers
and primary layers, respecting the layout introduced in Figure 3a. During this step,
primary winding layers have to be soldered for setting the 20 turns of the winding.

• Step 7: When the last secondary layer is added, the stacking is almost over. Some
insulated layers are inserted before the magnetic core to be closed with the ferrite PLT
core part. The air gap is tuned adding some Kapton between E and PLT core parts.
Then, the upper side of the plexiglass clamps is screwed to the bottom one to fix layers’
stack. Clips are tightened around the magnetic core while the plinth with centering
pins is removed.

The obtained final prototype is presented in Figure 7. This 2 kW planar transformer
prototype weigh 295 g in a volume lower than 0.1 L.

It could be interesting to compare the obtained transformer to components that can
be found in the manufacturer’s catalogue. This benchmark comparison is quite difficult
to realize because an HF transformer is usually designed for specific electrical constraints
and cooling systems. Then, the comparison must be made with the same characteristics to
be suitable.
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Figure 6. Assembling process layer by layer.

 

Figure 7. Planar transformer prototype.

In our case, the transformer is designed for use without a cooling system (heat transfer
by natural convection). As a consequence, volume and weight of the prototype are higher
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than another transformer with the same power, voltage, frequency and cooling system. How-
ever, in general, the manufacturer Payton gives a 10 to 15 g per 100 W [45] for their planar
transformer. In this case, the developed prototype is consistent with their components.

5. Prototype Validation: Characterization and Tests

In this section, the prototype is characterized and tested in order to validate its good
functioning.

5.1. Small Signal Characterization Based on Impedance Measurements

The characterization is performed with impedance analyzer HP4294A [46]. The four
measurements with open and short circuits are shown in Figure 8. The obtained impedances
are typical for an HF transformer. This first characterization step enables us to conclude that
the prototype is working as a transformer. The equivalent circuit parameters (Figure 9) are
extracted from these measurements [47]. It can be noted that the parasitic capacitive effect is
not shown in Figure 9. Table 2 compares some parameter measured values to the theoretical
ones. For a better accuracy, the DC resistances are measured with a micro-ohmmeter
CA 6250 [48].

 
(a) (b) 

 
(c) 

× × × × × ×

−×

−×

×

×

×

× × × × × ×
−
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Figure 8. Planar transformer impedance measurements: (a) modulus; (b) phase; (c) measurement
configurations.

These measurements are consistent with the theoretical ones, except for the low
frequency leakage inductance seen from the primary winding. Indeed, the theoretical
value, calculated with [36], is Llk = 4.45 μH while the measured on is Llk_meas = 16 μH. This
difference can be explained by the short circuit (Figure 10a) used in the characterization
process [49]. Regarding secondary impedance order of magnitude, the 3.2 cm short circuit
copper conductor adds about 32 nH, i.e., 10 nH per centimeter, to the secondary leakage
inductance. Subtracting this value (Lsc) from the measured primary value leads to consistent
low frequency leakage value:

Llk_LF = Llk_meas − Lsc = 16·10−6 − 32·10−9· 1
η2

ps
= 3.2 μH (8)

This lack of precision also could be attributed to the manual assembling process that
prevent a precise positioning of the layers.
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Primary Secondary

Figure 9. Planar transformer equivalent circuit.

Table 2. Planar transformer electrical characteristics.

Parameter Symbol Unit Experimental Value Theoretical Value

Transformer ratio ηps 0.05 0.05
Magnetizing inductance Lm mH 0.56 0.53

Leakage inductance
(low frequency) Llk μH 16 4.45

Primary DC resistance Rp mΩ 111.8 105.6
Secondary DC

resistance Rs mΩ 0.198 0.22

 
(a) (b) 

Figure 10. Planar transformer characterization: (a) short-circuit. (b) alternating current (AC) resis-
tance vs. frequency.

The AC resistance is plotted versus frequency on Figure 10b. For frequency below
1 MHz, these measurements are consistent with FEA simulation performed with Ansys [35].

5.2. Thermal Characterization with Open and Short Circuit Power Measurements

Four power tests were performed for the thermal characterization of the transformer
with a 100 kHz inverter. For each test, the temperature distribution is obtained with a
thermal infra-red camera Fluke Ti95 [50]. Electrical waveforms are also presented.

5.2.1. Open Circuit Test

The primary planar transformer is supplied with a square voltage (±400 V) from full
bridge inverter (Figure 11). Losses are mainly core ones and can be estimated to be 4.6 W.
The temperature of the core is close to 43 ◦C for an ambient temperature of 23.3 ◦C.
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(a) (b) 

Figure 11. Thermal characterization—open circuit test: (a) temperature distribution; (b) voltage,
current and power waveforms.

5.2.2. Short-Circuit Test

For this test (Figure 12), the voltage is reduced to 40 V. At the secondary winding,
the current reaches 100 Arms. The measured losses, mainly copper ones, are 23.7 W. The
temperature rise is 76.9 ◦C with an ambient temperature of 23.4 ◦C. On Figure 12a, one can
note hot spots close to secondary terminations. Due to the current value and the parallel
secondary layers, specific attention must be paid to this winding. Termination soldering
must be done with a highly conductive material in order to solve this issue.

 
 

(a) (b) 

Figure 12. Thermal characterization—short-circuit test: (a) temperature distribution; (b) voltage,
current and power waveforms.

5.2.3. Load Tests

Two load tests were finally performed. For these tests, the output of the planar
transformer is connected to a rectifier and a variable resistor.

The first load test (Figure 13) is performed with a 1 kW resistive load. The primary
rms voltage is 350 V while the secondary current is 53.9 A. The obtained temperature is
59.6 ◦C for 21.4 ◦C ambient temperature. Despite the load being half the nominal power,
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the low temperature rise confirms the transformer capability to transfer power beyond
1 kW in natural convection.

  
 

(a) (b) 

Figure 13. Thermal characterization—350 V (primary)/53.9 A (secondary): (a) temperature distribu-
tion; (b) voltage and current waveforms.

The second load test (Figure 14) is performed with a resistive load closed to nominal
power. The primary rms voltage is 400 V while the secondary current is 90.4 A. The
temperature obtained is 121.7 ◦C for 23.9 ◦C ambient temperature. The temperature rise
confirms the transformer capability to transfer this power. This result is consistent with
the temperature rise computed in the Section 3.3. However, two comments can be made:
firstly, the measured temperature with thermal infra-red camera is questionable and not
so accurate, in particular for the winding temperatures. The use of thermo-couples could
enable more accurate measurements to be made. Secondly, with such temperature, it would
be necessary to use a fan to ensure normal operation for steady state uses. Such a cooling
system will increase the lifetime of the transformer.

 
 

(a) (b) 

Figure 14. Thermal characterization—400 V (primary)/90.4 A (secondary): (a) temperature distribu-
tion; (b) voltage and current waveforms.
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5.3. Comments on Measurements and Process

The measurement results show that the design transformer is operational. Its pa-
rameters are closed to those estimated with analytical calculations and FEA modeling.
Nevertheless, the leakage inductance theoretical value is too far from the measurement.
This parameter must be investigated. This lack of precision could be attributed, in part,
to the manual assembling process that prevent form a precise positioning of the layers.
However, as mentioned in [49], this difference can also be attributed to the characterization
process that must be revised. With such a step-down transformer with high current values
at the output, precise measurements make it difficult to characterize secondary windings.

The described FabLab process has led to a functional planar transformer copper
foil prototype. Compared to the multilayer PCB planar transformer technology, such a
prototype presents benefits such as less complexity in a winding’s connections, different
and bigger copper layer thickness, and more tunable distance between windings as well as
the potential add-on of FPC magnetic layer.

The prototype has been developed using only tools and machines that can be found in a
traditional FabLab. With such an approach, making planar transformer becomes affordable
for quite everybody, without recourse to complex, expensive and specific PCB multilayer
machines. Of course, one can note that the process is only dedicated to power prototypes.
Indeed, with lower power range, PCB solutions are acceptable and more realizable in a
laboratory. Moreover, process time for each step of conception is not negligible and does
not fill with a medium series production. For automated mass production, power planar
transformers made of multilayer PCB remain the most attractive solution.

Regarding methodology improvements, insulated layers could be stuck to improve
mechanical strength. This requires glue that tolerates functioning temperatures with a
good coefficient of thermal expansion. Some good thermal conductor material could also
be added in the windings to enhance thermal behavior of the power planar transformer.

At this stage, it might be interesting to investigate the aging of such planar transformer
as in [51]. Indeed, copper windings and Kapton insulation can be subject to hot spot, as
shown in Figures 13 and 14, that can affect the reliability and the lifetime of the planar
transformer. The ecological impact of such a transformer could also be considered per-
forming an eco-dimensioning study. Results could be compared to a planar PCB based
technology ecological impact [52].

6. Conclusions

In this paper, the process for conceiving HF power planar transformer prototype with
copper foil is described step by step based on machines and tools that can be found in a
FabLab. Each elementary layer (copper windings, insulating Kapton) as well as add-ons
are first realized independently before being stacked and assembled together. The focus is
on difficulties and tricks that enable a functional planar transformer to be realized. A 2 kW
planar transformer prototype is designed, developed and characterized with an impedance
analyzer. Thermal measurements are also made with a HF power full bridge converter. The
method and results are then discussed to highlight the limits of and improvements to the
proposed process.

Author Contributions: Conceptualization, S.T., J.-S.N.T.M. and R.B.; methodology, S.T., J.-S.N.T.M. and
R.B.; validation, X.M., J.-S.N.T.M. and R.B.; investigation, X.M., J.-S.N.T.M. and R.B.; writing—original draft
preparation, X.M.; writing—review and editing, S.T., X.M., J.-S.N.T.M., R.B.; project administration,
X.M. and P.L.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in the study are available in the article.

110



Electricity 2022, 3

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Quirke, M.T.; Barrett, J.J.; Hayes, M. Planar magnetic component technology-a review. IEEE Trans.Compon. Hybrids Manuf. Technol.
1992, 15, 884–892. [CrossRef]

2. Ouyang, Z.; Andersen, M.A.E. Overview of Planar Magnetic Technology–Fundamental Properties. IEEE Trans. Power Electron.
2014, 29, 4888–4900. [CrossRef]

3. Ngoua, T.; Magambo, J.S.; Bakri, R.; Margueron, X.; Le Moigne, P.; Mahe, A.; Guguen, S.; Bensalah, T. Planar Magnetic
Components in More Electric Aircraft: Review of Technology and Key Parameters for DC-DC Power Electronic Converter. IEEE
Trans. Transp. Electrif. 2017, 3, 831–842. [CrossRef]

4. Betts, B. Bringing the factory home [Manufacturing Personal]. Eng. Technol. 2010, 5, 56–58. [CrossRef]
5. Redlich, T.; Buxbaum-Conradi, S.; Basmer-Birkenfeld, S.-V.; Moritz, M.; Krenz, P.; Osunyomi, B.D.; Wulfsberg, J.P.; Heubischl, S.

OpenLabs—Open Source Microfactories Enhancing the FabLab Idea. In Proceedings of the 2016 49th Hawaii International
Conference on System Sciences (HICSS), Koloa, HI, USA, 5–8 January 2016; pp. 707–715. [CrossRef]

6. Fiaidhi, J.; Mohammed, S. Fab Labs: A Platform for Innovation and Extreme Automation. IT Prof. 2018, 20, 83–90. [CrossRef]
7. Stephenson, M.K.; Dow, D.E. The community FabLab platform: Applications and implications in biomedical engineering. In

Proceedings of the 2014 36th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Chicago,
IL, USA, 26–30 August 2014; pp. 1821–1825. [CrossRef]

8. Angrisani, L.; Arpaia, P.; Bonavolonta, F.; Lo Moriello, R.S. Academic FabLabs for industry 4.0: Experience at University of
Naples Federico II. IEEE Instrum. Meas. Mag. 2018, 21, 6–13. [CrossRef]

9. Gendreau, D.; Mohand-Ousaid, A.; Rougeot, P.; Rakotondrabe, M. 3D-Printing: A promising technology to design three-
dimensional microsystems. In Proceedings of the 2016 International Conference on Manipulation, Automation and Robotics at
Small Scales (MARSS), Paris, France, 18–22 July 2016; pp. 1–5. [CrossRef]

10. Lim, C.W.J.; Le, K.Q.; Lu, Q.; Wong, C.H. An Overview of 3-D Printing in Manufacturing, Aerospace, and Automotive Industries.
IEEE Potentials 2016, 35, 18–22. [CrossRef]

11. Dahle, R.; Rasel, R. 3-D Printing as an Effective Educational Tool for MEMS Design and Fabrication. IEEE Trans. Educ. 2016, 59,
210–215. [CrossRef]

12. Fiorillo, L.; Leanza, T. Worldwide 3D Printers against the New Coronavirus. Prosthesis 2020, 2, 87–90. [CrossRef]
13. Tarfaoui, M.; Nachtane, M.; Goda, I.; Qureshi, Y.; Benyahia, H. 3D Printing to Support the Shortage in Personal Protective

Equipment Caused by COVID-19 Pandemic. Materials 2020, 13, 3339. [CrossRef]
14. Rendeki, S.; Nagy, B.; Bene, M.; Pentek, A.; Toth, L.; Szanto, Z.; Told, R.; Maroti, P. An Overview on Personal Protective

Equipment (PPE) Fabricated with Additive Manufacturing Technologies in the Era of COVID-19 Pandemic. Polymers 2020, 12,
2703. [CrossRef]

15. Liang, W.; Raymond, L.; Rivas, J. 3-D-Printed Air-Core Inductors for High-Frequency Power Converters. IEEE Trans. Power
Electron. 2016, 31, 52–64. [CrossRef]

16. Yan, Y.; Ding, C.; Ngo, K.D.T.; Mei, Y.; Lu, G. Additive manufacturing of planar inductor for Power Electronics applications. In
Proceedings of the 2016 International Symposium on 3D Power Electronics Integration and Manufacturing (3D-PEIM), Raleigh,
NC, USA, 13–15 June 2016; pp. 1–16. [CrossRef]

17. Simpson, N.; Tighe, C.; Mellor, P. Design of High Performance Shaped Profile Windings for Additive Manufacture. In Proceedings
of the 2019 IEEE Energy Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 29 September–3 October 2019;
pp. 761–768. [CrossRef]

18. Yu, Z.; Yang, X.; Wei, G.; Wang, L.; Wang, K.; Chen, W.; Wei, J. A Novel High-Current Planar Inductor With Cooling Fins Based on
3-D Printing. IEEE Trans. Power Electron. 2021, 36, 12189–12195. [CrossRef]

19. Hou, T.; Xu, J.; Elkhuizen, W.S.; Wang, C.C.L.; Jiang, J.; Geraedts, J.M.P.; Song, Y. Design of 3D Wireless Power Transfer System
Based on 3D Printed Electronics. IEEE Access 2019, 7, 94793–94805. [CrossRef]

20. Gunewardena, T.R. Manufacturing design considerations for planar magnetics. In Proceedings of the Electrical Insulation
Conference and Electrical Manufacturing and Coil Winding Conference, Rosemont, IL, USA, 25 September 1997; pp. 309–311.
[CrossRef]

21. Zumel, P.; Prieto, R.; Cobos, J.A.; Uceda, J. Comparative study of flex-foil technology in HF planar transformer windings. In
Proceedings of the 2002 IEEE 33rd Annual IEEE Power Electronics Specialists Conference, Cairns, Australia, 23–27 June 2002;
pp. 1248–1253. [CrossRef]

22. de Jong, E.C.W.; Ferreira, B.J.A.; Bauer, P. Toward the Next Level of PCB Usage in Power Electronic Converters. IEEE Trans. Power
Electron. 2008, 23, 3151–3163. [CrossRef]

23. Saket, M.A.; Shafiei, N.; Ordonez, M. LLC Converters with Planar Transformers: Issues and Mitigation. IEEE Trans. Power Electron.
2017, 32, 4524–4542. [CrossRef]

24. Chen, M.; Araghchini, M.; Afridi, K.K.; Lang, J.H.; Sullivan, C.R.; Perreault, D.J. A Systematic Approach to Modeling Impedances
and Current Distribution in Planar Magnetics. IEEE Trans. Power Electron. 2016, 31, 560–580. [CrossRef]

111



Electricity 2022, 3

25. Wang, Y.; Roodenburg, B.; Haan, d.S.W.H. Comparative study of three transformer concepts for high current dual active bridge
converters. In Proceedings of the 5th International Conference on Integrated Power Electronics Systems, Nuremberg, Germany,
11–13 March 2008; pp. 1–4.

26. Carsten, B.W. The low leakage inductance of planar transformers; fact or myth? In Proceedings of the APEC 2001, Sixteenth
Annual IEEE Applied Power Electronics Conference and Exposition (Cat. No.01CH37181), Anaheim, CA, USA, 4–8 March 2001;
pp. 1184–1188. [CrossRef]

27. Planar E Cores. Available online: https://elnamagnetics.com/wp-content/uploads/library/Ferroxcube-Documents/Planar_E_
Cores.pdf (accessed on 10 October 2021).

28. Chen, C.; Huang, Z.; Chen, L.; Tan, Y.; Kang, Y.; Luo, F. Flexible PCB-Based 3-D Integrated SiC Half-Bridge Power Module With
Three-Sided Cooling Using Ultralow Inductive Hybrid Packaging Structure. IEEE Trans. Power Electron. 2019, 34, 5579–5593.
[CrossRef]

29. Ho, G.K.Y.; Zhang, C.; Pong, B.M.H.; Hui, S.Y.R. Modeling and Analysis of the Bendable Transformer. IEEE Trans. Power Electron.
2016, 31, 6450–6460. [CrossRef]

30. Tan, W.; Margueron, X.; Taylor, L.; Idir, N. Leakage Inductance Analytical Calculation for Planar Components with Leakage
Layers. IEEE Trans. Power Electron. 2016, 31, 4462–4473. [CrossRef]

31. TDK. Available online: https://www.tdk-electronics.tdk.com/en (accessed on 30 November 2020).
32. Kheraluwala, M.N.; Gascoigne, R.W.; Divan, D.M.; Baumann, E.D. Performance characterization of a high-power dual active

bridge DC-to-DC converter. IEEE Trans. Ind. Appl. 1992, 28, 1294–1301. [CrossRef]
33. McLymnan, C.W.T. Chapter 5 Transformer Design Trade-Offs. In Transformer and Inductor Design Handbook, 4th ed.; CRC Press:

Boca Raton, FL, USA, 2011.
34. Ferroxcube. Available online: http://www.ferroxcube.com (accessed on 10 October 2021).
35. Ansys. Available online: http://www.ansys.com (accessed on 10 October 2021).
36. Margueron, X.; Besri, A.; Jeannin, P.; Keradec, J.; Parent, G. Complete Analytical Calculation of Static Leakage Parameters: A Step

toward HF Transformer Optimization. IEEE Trans. Ind. Appl. 2010, 46, 1055–1063. [CrossRef]
37. Dowell, P.L. Effects of eddy currents in transformer windings. Proc. Inst. Electr. Eng. 1966, 113, 1387–1394. [CrossRef]
38. Ferreira, J.A. Improved analytical modeling of conductive losses in magnetic components. IEEE Trans. Power Electron. 1994, 9,

127–131. [CrossRef]
39. Design of Planar Power Transformer. Available online: http://ferroxcube.home.pl/appl/info/plandesi.pdf (accessed on

10 October 2021).
40. McLyman, C.W.T. Chapter 6 Transformer-Inductor Efficiency, Regulation, and Temperature Rise. In Transformer and Inductor

Design Handbook, 4th ed.; CRC Press: Boca Raton, FL, USA, 2011.
41. Onshape. Available online: https://www.onshape.com/en/ (accessed on 10 October 2021).
42. Stepcraft. Available online: https://www.stepcraft-systems.com/ (accessed on 10 October 2021).
43. Trotec. Available online: https://www.troteclaser.com/en/ (accessed on 10 October 2021).
44. Zortrax. Available online: https://zortrax.com/ (accessed on 10 October 2021).
45. Payton. Available online: https://www.paytongroup.com/ (accessed on 23 November 2021).
46. Agilent 4294A Precision Impedance Analyzer. Available online: http://literature.cdn.keysight.com/litweb/pdf/04294-90060.pdf

(accessed on 10 October 2021).
47. Margueron, X.; Keradec, J.P. Identifying the Magnetic Part of the Equivalent Circuit of n-Winding Transformers. IEEE Trans.

Instrum. Meas. 2007, 56, 146–152. [CrossRef]
48. Chauvin Arnoux. Available online: https://catalog.chauvin-arnoux.co.uk/uk_en/c-a-6255.html (accessed on 10 October 2021).
49. Skutt, G.; Lee, F.C.; Ridley, R.; Nicol, D. Leakage inductance and termination effects in a high-power planar magnetic structure.

In Proceedings of the 1994 IEEE Applied Power Electronics Conference and Exposition-ASPEC’94, Orlando, FL, USA, 13–
17 February 1994; pp. 295–301. [CrossRef]

50. Ti95. Available online: https://www.myflukestore.com/ (accessed on 10 October 2021).
51. Shen, Z.; Wang, Q.; Wang, H. Degradation Analysis of Planar Magnetics. In Proceedings of the 2020 IEEE Applied Power

Electronics Conference and Exposition (APEC), New Orleans, LA, USA, 15–19 March 2020; pp. 2687–2693. [CrossRef]
52. de Freitas Lima, G.; Rahmani, B.; Rio, M.; Lembeye, Y.; Crebier, J.-C. Eco-Dimensioning Approach for Planar Transformer in a

Dual Active Bridge (DAB) Application. Eng 2021, 2, 544–561. [CrossRef]

112



Citation: Gholami, M.; Pisano, A.

Model Predictive Operation Control

of Islanded Microgrids under

Nonlinear Conversion Losses of

Storage Units. Electricity 2022, 3,

33–50. https://doi.org/10.3390/

electricity3010003

Academic Editors: Pavlos S.

Georgilakis and Philippe Jacquod

Received: 2 October 2021

Accepted: 17 January 2022

Published: 26 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Model Predictive Operation Control of Islanded Microgrids
under Nonlinear Conversion Losses of Storage Units

Milad Gholami * and Alessandro Pisano

Department of Electrical and Electronic Engineering (DIEE), University of Cagliari, 09123 Cagliari, Italy;
apisano@unica.it
* Correspondence: milad.gholami@unica.it; Tel.: +39-3898550651

Abstract: This paper proposes a certainty equivalence model predictive control (MPC) approach for
the operation of islanded microgrids with a very high share of renewable energy sources. First, to
make the MG model more realistic, the conversion losses of the storage units and the conversion
losses of the power electronic devices are considered by the quadratic functions in the dynamic
of units. Then, to mitigate the effect of errors in the storage units’ state of charge prediction, the
conversion loss functions are reformulated by the mixed-integer linear inequality functions and
included in the proposed scheme. Finally, the effectiveness of the proposed certainty MPC is verified
by a numerical case study.

Keywords: microgrid; operation control; model predictive control

1. Introduction

Electric power systems have played a pivotal role in technological advances, infrastruc-
ture development, and economic growth since their invention [1]. However, conventional
power systems typically use fossil fuels (for example, coal, natural gas, or oil) and nuclear
and hydropower plants [2]. Unfortunately, the performance of most of them leads to
a significant increase in greenhouse gas emissions. Hence, in recent years, researchers
have been encouraged to reduce greenhouse gas emissions and fossil fuel consumption in
power systems. One of the most effective ways to reduce greenhouse gas emissions is by
replacing conventional generators with Renewable Energy Sources (RES) [3]—for example,
Photo-Voltaic (PV) power plants or Wind Turbines (WT). Furthermore, to facilitate the inte-
gration of a sizeable number of renewable Distributed Generation (DG) units, the concept
of microgrids (MGs) has become increasingly popular [4,5].

A microgrid is a small-scale power system, generally consisting of conventional
generators, RESs, Energy Storage Sources (ESSs), and loads interconnected by transmission
lines [6–8]. In general, MGs can be typically operated in grid-connected or island mode.
Recently, the MG control system has been standardized into three layers [7]. The inner
loop is called Primary Control (PC), and it provides the references for the DG’s DC-AC
power converters. The PC is decentralized to establish the desired sharing of power among
DGs while preserving the MG stability by employing a droop control term. This layer
typically operates on a fast timescale (in the range of tens of milliseconds to seconds). Then,
because inverter-based DGs have no inertia, a Secondary Control (SC) layer is needed to
compensate for the frequency and voltage deviations introduced by the PC’s droop control
terms and generally operates on a timescale from seconds to minutes. Finally, the operation
control is designed to optimize the operation of the MGs by providing power setpoints
to the lower control layers. The operation control typically operates on a timescale from
minutes to fractions of hours. For this task, model predictive control (MPC) approaches
are considered a good choice as they allow us to include constraints on the units explicitly
and evaluate the system dynamics. This work mainly focuses on the optimal operation of
microgrids with a high share of renewable sources.
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1.1. Literature Review

Several control schemes have been reported for the operation of islanded MGs. Accord-
ing to how they handle uncertainties, these approaches can be categorized as: (i) certainty
equivalence, wherein a forecast in the form of the mean value is fully reliable; (ii) worst-case,
where no possibility information is presumed; (iii) risk-neutral stochastic, where a forecast
probability distribution is thoroughly reliable, and (iv) risk-averse, where uncertainties in
the forecast probability distribution are considered.

In this context, a two-stage operation control algorithm is recorded in [9], which in-
cludes a schedule and a dispatch layer. To dispatch generators of islanded MGs, an energy
management approach is proposed in [10] by adapting the power setpoints and droop
gains of the units. Furthermore, a method is provided in [11] to schedule islanded MGs.
However, refs. [9–11] do not allow us to limit infeed from RES. By using genetic algorithms,
a day-ahead schedule for MGs is also designed in [12]. Additionally, ref. [13] proposes an
operation controller based on a rolling horizon strategy. Another operation control is intro-
duced in [14] to address an energy management problem for deterministic forecasts of load
and renewable generation. The authors in [15] formulated a multi-objective optimization
problem based on model predictive control with the goals of minimizing fuel costs and
changes in the power output of diesel generators, minimizing costs associated with the low
battery life of energy storage. However, losses and line power flow limits are not consid-
ered. Using MPC, a centralized energy management system for isolated microgrids without
considering power losses is designed in [16], allowing the proper dispatch of the energy
storage units. However, refs. [13–16] disregard the power flow over the transmission lines.
The model predictive operation control of microgrids in islanded operation mode is studied
in [17]. Although there is a limit to the RES infeed, the conversion losses of storage units are
ignored. A novel day-ahead EMS based on EV considering non-integer-hour energy flow
is subsequently presented in [18] for pelagic island microgrid groups. The authors in [19]
propose a real-time-driven primary regulation that mainly depends on the optimized P-f
droop coefficient. This regulator reduces the power loss in all the operating conditions
in an islanded microgrid. An MPC-based energy scheduling system is designed in [20]
for an autonomous islanded microgrid with PV, a dispatchable generator, and hybrid ESS.
The approach in [20] suffers from the fact that it is only applicable to grid-connected MGs
where the transmission network acts as a slack node. In [21], a convex EMS is formulated
for an islanded MG that optimizes its operating and emission costs. In addition, in [22,23],
stochastic scenario-based MPC approaches for the operation of islanded MGs are reported.
Furthermore, distributed conditional cooperation model predictive control approaches can
be found in [24,25]. For the approaches pursued by [22–25], all their results rely on the
assumption that there are no conversion losses in the storage units.

In brief, although all the mentioned strategies are promising, most models are hindered
by one of the following limitations: (i) they do not consider a possible limitation of infeed
from RES [9–11,14–16]; (ii) the dynamics of the storage units are not modeled [10]; (iii) the
formulations do not include storage dynamics with power conversion losses [9–25]; (iv) it
is not assumed that conventional units can be turned on and off [9,10]; (v) they do not
explicitly model the power flow over a transmission network [9–11,13–16,21]. Additionally,
the authors in [10,17,22,23] only take into account the power-sharing of grid-forming units.

1.2. Statement of Contributions

Thus motivated, we extend the works in [22,23] by including the conversion losses
in the dynamics of storage units and in the proposed controller to reduce the prediction
error in the storage units. We assume the nominal forecast of load and available renewable
infeed in the proposed controller, while the uncertain RES and load are considered in the
MG model. The closed-loop setup of the proposed certainty equivalence MPC scheme for
the operation of an islanded MG is shown in Figure 1.
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Figure 1. Certainty equivalence MPC scheme for operation of islanded MG at time instant k and
∀j = 0, . . . , J − 1.

In brief, the contributions of this work are as follows:

(i) We derive the model of an islanded MG with uncertain renewable generation and
loads with a very high share of RES. This model, motivated by [22], considers a
possible limitation of renewable infeed, while limitations on transmission lines are
approximately accounted for using DC power flow approximations.

(ii) We model storage devices as grid-forming units, and, to make the MG model more
realistic, we consider the conversion losses of the storage units, the losses of the power
electronic devices when converting Alternating Current (AC) to Direct Current (DC)
(and vice versa), as well as ohmic losses in the batteries as the quadratic functions in
the dynamics of storage units.

(iii) We take into account power-sharing with the active conventional units. Therefore,
the load fluctuations and renewable units influence all units’ power and the storage
units’ state of charge. In this way, the model can also work where only RES and
storage units are active, and no conventional unit is required.

(iv) We propose a novel MPC approach for the optimal operation of an islanded MG with
a very high share of renewable energy sources. To solve the optimization problem and
mitigate the effect of errors in the storage units’ state of charge prediction, we refor-
mulate the conversion loss functions as the mixed-integer linear inequality functions
and include them in the proposed scheme.

(v) We confirm the properties of the proposed operation control scheme via realistic
simulations with a high renewable share.

1.3. Paper Organization

This paper is organized as follows. In Section 2, we introduce the model of an islanded
MG. Then, we formulate the certainty equivalence MPC problem in Section 3. In Section 4,
we introduce the operating costs of the MG. In Section 5, we demonstrate the effectiveness of
the resulting MPC in a numerical case study. Lastly, in Section 6, we provide the concluding
remarks and possible directions for future research.

1.4. Mathematical Notation

The sets of complex, real, strictly positive, and negative real numbers are denoted
by C, R, R<0, and R>0, respectively. Moreover, the set of non-positive real numbers is
R≤0 and the set of positive real numbers including 0 is R≥0. The set of natural numbers
is N, and the set of non-negative integers is N0. Furthermore, the set of Boolean numbers
is B = {0, 1}. For d ∈ N and a column vector of x ∈ Rd, let x′ be its transpose. Given a
matrix A, its transpose is denoted by A′, while its hermitian (complex conjugate) transpose
is AH . The matrix A is also non-negative (psd), denoted by A � 0, if A is Hermitian
and zH Az � 0 for all z ∈ Cn. Given a complex number z, its real part is denoted by
Re(z), while the imaginary part of a complex number z is denoted by Im(z). Additionally,

115



Electricity 2022, 3

given a scalar a, its absolute value is defined by |a|. Finally, In denotes the n-dimensional
identity matrix, and by 1n and 0n, respectively, all 1 and all 0 n-dimensional column vectors
are represented.

2. Microgrid Model

We consider an MG that includes a grouping of conventional generators, renewable
energy storage units, and loads connected by transmission lines. Figure 2 depicts a basic MG
consisting of all these components. The electrical connection among units and loads due
to power lines can be modeled by a di-graph Ge

N(V , E e), where V = {1, . . . , N} represents
the set of agents and E e ⊆ {V × V} is the set of edges (transmission lines) between two
distinct agents. In this manuscript, we consider that the set of agents includes four subsets
VT , VS, VR, and VL, wherein these letters denote, respectively, the sets of conventional,
energy storage, renewable units, and loads. We also denote by Yij = Gik + ı · Bij ∈ C

the admittance line between the i-th agent and j-th agent, wherein Gij and Bij show the
line conductance and susceptance between the i-th agent and j-th agent. If no connection
between the i-th agent and j-th agent exists, Gij = Bij = 0.

Figure 2. MG used for operation control as a running example.

With the variables summarized in Table 1, the behavior of the MG is modeled by:

x(k + 1) = x(k)− Ts ·
{

B · q̄(k) + F(k)
}

, (1a)

h1 ≥ H1 · x(k + 1), (1b)

h2 ≥ H2 ·
[
v(k)′ q̄(k)′ w(k)′

]′, (1c)

g = G · [v(k)′ q̄(k)′ w(k)′
]′, (1d)

where k ∈ N0 is the time index, x(k) ∈ RS
≥0 with S ∈ N is the state vector with initial value

x0 ∈ RS
≥0. In fact, this vector is inclusive of entries xi(k) that represent the stored energy of

unit i ∈ N[1,S]. q̄(k) ∈ RQ is referred to as a vector of Q ∈ N auxiliary variables. F(k) is a
vector of S ∈ N in which each of its elements represent the function of the conversion losses.
v(k) = [u(k)′ δt(k)′]′ is also the vector of control inputs, wherein u(k) ∈ RU is denoted as
the vector of the real-valued control inputs of all U ∈ N units and δt(k) ∈ {0, 1}T is defined
to be the vector of T ∈ N Boolean inputs. The uncertain external input is also collected
in the vector w(k) = [wr(k)′ wt(k)′]′, where wr(k) is the maximum infeed under weather
conditions of all renewable units and wt(k) includes all loads, W ∈ N. Let B ∈ RS×Q

in (1a) and H1, h1 in (1b) be appropriate dimensions. Furthermore, we consider in (1c),
H2 and h2, respectively, as a matrix and a vector of appropriate dimensions that reflect
inequality constraints. Likewise, in (1d), G is a matrix and g a vector of appropriate
dimensions that reflect equality constraints. In more detail, the real-valued control inputs
are the power setpoints of the units u(k) = [ut(k)′ us(k)′ ur(k)′]′, where ut(k)′ ∈ RT≥0 is
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related to the conventional units, us(k)′ ∈ RS to the storage units, and ur(k) ∈ RR≥0 to the
renewable units, such as wind turbines and PV power plants. Regarding the storage and
conventional generators, us(k) and ut(k) represent desired power values. For RES, ur(k)
represents an upper limit on the weather-dependent power infeed. Hence, ur(k) is their
maximum admissible value.

Table 1. Model-specific variables.

Symbol Explanation Unit Size

x Energy of storage units (state) pu h S

ut Setpoint inputs of conventional units pu T
us Setpoint inputs of storage units pu S
ur Setpoint inputs of renewable units pu R
u Setpoint inputs of all units pu U
δt Boolean inputs of conventional units - T
v Vector of all control inputs - Q

wr Uncertain available renewable power pu R
wd Uncertain load pu D
w Vector of all uncertain inputs pu W

pt Active power of conventional units pu T
ps Active power of storage units pu S
pr Active power of renewable units pu R
p Active power of all units pu U
pe Power over transmission lines pu E
δr Boolean auxiliary variables - R
ρ Real-valued auxiliary variable - 1
q̄ Vector of all auxiliary variables - Q

Furthermore, for each conventional generator, a Boolean control input δt,i(k) ∈ {0, 1}
is considered. This input shows whether generator i ∈ N[1,T] is active (δt,i(k) = 1) or
inactive (δt,i(k) = 0). The Boolean variables of all conventional generators are gathered in
the vector δt.

In what follows, we will derive a control-oriented MG model of the form (1). We start
by posing some assumptions.

Assumption 1 (Lower control layers). The lower control layers, i.e., primary and secondary
control, are considered to compensate for the frequency and voltage deviations by providing setpoints
to the units, as well as establishing the power-sharing (see, e.g., [6,26,27]) among the grid-forming
units. Notice that the MG can run autonomously in these layers for several minutes.

Assumption 2 (Conventional units). In terms of time, conventional units have shorter start-up
and shutdown times than the sampling time of (MPC), meaning that switching actions are supposed
to be instantaneous. Furthermore, changes in power are instantaneous, i.e., no climb rates need to
be considered.

Assumption 3 (RES units and loads). It is assumed that the uncertain input follows the nominal
forecast of load and available renewable infeed.

Assumption 4 (Transmission lines). It is assumed that the resistance of the electrical coupling
among units and loads of MG as well as reactive power flow is negligible. Since the voltage
amplitudes in the network are constant, and the phase angle differences small, the DC power flow
approximations [28] can be employed.
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3. Certainty Equivalence Model Predictive Control

3.1. Plant Model Interface

The power setpoints of the units u(k) = [ut(k)′ us(k)′ ur(k)′]′ ∈ RU , called the real-
valued manipulated variables containing ut(k)′ ∈ RT≥0 as setpoints of the T conventional
units, us(k)′ ∈ RS the setpoints of the S storage units and ur(k) ∈ RR≥0 the setpoints
of the R (RES). To show that conventional units are enabled or disabled, we consider
a Boolean input for each conventional unit and we collect all Boolean inputs in a vec-
tor δt(k) ∈ {0, 1}T . Moreover, the stored energies of the storage units are gathered in
the state vector x(k) ∈ RS

≥0. The uncertain external input of the model is expressed by
w(k) = [wr(k)′ wd(k)′]′, where wr(k) ∈ RR≥0 shows the maximum available power of the
renewable units under given weather conditions and wd(k) ∈ RD≥0 the load.

3.2. Power of Units

We consider p(k) = [pt(k)′ ps(k)′ pr(k)′]′ as the vector of power values, which con-
sists of the power of conventional units, pt(k) ∈ RT≥0, storage units, ps ∈ RS, and RES,
pr(k) ∈ RR≥0. It is worth noting that, in islanded mode, since production, consumption,
and storage power must be balanced in the presence of uncertain load and renewable
infeed, the power of the units p(k) ∈ RU is not necessarily equal to the setpoints u(k).

3.2.1. Active Power at RES Units

Let the active power of renewable units, pr(k), as well as the corresponding setpoints,
ur(k), be bounded by:

pmin
r ≤ pr(k) ≤ pmax

r , (2a)

pmin
r ≤ ur(k) ≤ pmax

r . (2b)

Furthermore, we consider that the power infeed pr,i(k) ∈ R≥0 of any renewable unit
i ∈ N[1,R] can be constrained by the power setpoint ur,i(k) ∈ R≥0. Notice that the power
tracks the setpoint when the maximum possible infeed under current weather conditions
wr,i(k) ∈ R≥0 is greater than or equal to ur,i(k). This can be characterized by using the
element-wise min operator as follows:

pr(k) = min(ur(k), wr(k)). (3)

To solve the optimization problem, the authors in [22] reformulated (3) to a set of
linear inequalities including integer variables as follows:

pr(k) ≤ ur(k), (4a)

pr(k) ≥ ur(k) + (diag(wr(k))− Mr IR)δr(k), (4b)

pr(k) ≤ wr(k), (4c)

pr(k) ≥ wr(k)− (diag(wr(k))− mr IR)(1R − δr(k)). (4d)

where δr(k) ∈ {0, 1}R represents the free variable and mr ∈ R, mr < min(pmin
r ) and

Mr ∈ R≥0, Mr > max(pmax
r ) are the constant coefficients, which are computed offline.

3.2.2. Active Power at Conventional Units

We consider whether the conventional unit i ∈ N[1,T] is enabled, i.e., if δt,i(k) = 1,
then its active power is bounded by pmin

t,i ∈ R≥0 and pmax
t,i ∈ R≥0. If the unit is disabled,

i.e., δt,i(k) = 0, then, naturally, pt,i(k) = 0. The active power of conventional units with
pmin

t ∈ RT≥0, pmax
t ∈ RT≥0 can be written in vector form as [22]:

diag
(

pmin
t

)
δt(k) ≤ pt(k) ≤ diag(pmax

t )δt(k), (5a)
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The same holds for the active power setpoints, i.e.,

diag
(

pmin
t

)
δt(k) ≤ ut(k) ≤ diag(pmax

t )δt(k). (5b)

3.2.3. Active Power at Storage Units

Since we assume that all storage units are always enabled, all their active power
setpoints and active power values are bounded as:

pmin
s ≤ ps(k) ≤ pmax

s , (6a)

pmin
s ≤ us(k) ≤ pmax

s . (6b)

where pmin
s ∈ RS

≤0 and pmax
s ∈ RS

≥0 represent the known lower and upper power limits.

3.3. Power Sharing of Grid-Forming Units

Note that the power of all units does not necessarily equal the power setpoints that
are assigned to the system due to variations in load and renewable infeed. Therefore, we
assume that the secondary and primary control layers control all units to share the changes
in load and renewable infeed in a desired proportional manner. The aforementioned so-
called proportional power-sharing (see, e.g., [27,29]) depends on the design parameter
χi ∈ R>0 for all grid-forming units. A practical option for χi is, e.g., proportional to the
nominal power of the corresponding units.

Power sharing can be described by (7), where two units i ∈ N[1,T+S] and j ∈ N[1,T+S],
i �= j share their active power proportionally according to χi ∈ R>0 and χj ∈ R>0, if the
next relation holds:

pi(k)− ui(k)
χi

=
pj(k)− uj(k)

χj
(7)

By using a new auxiliary free variable ρ(k) ∈ R and considering that only enabled
units, namely units i with δt,i(k) = 1, can participate in power-sharing, (7) can be recast for

all grid-forming units with Kt = diag
(
[ 1

χ1
· · · 1

χT
]′
)

and Ks = diag
(
[ 1

χ(T+1)
· · · 1

χ(T+S)
]′
)

as [22]:

Kt(pt(k)− ut(k)) = ρ(k)δt(k) and (8a)

Ks(ps(k)− us(k)) = ρ(k)1S. (8b)

For the formulation of the optimisation problem, ref. [22] transforms (8a) into the
following set of linear inequalities with integer variables:

Kt(pt(k)− ut(k)) ≤ Mtδt(k), (9a)

Kt(pt(k)− ut(k)) ≥ mtδt(k), (9b)

Kt(pt(k)− ut(k)) ≤ 1Tρ(k)− mt(1T − δt(k)), (9c)

Kt(pt(k)− ut(k)) ≥ 1Tρ(k)− Mt(1T − δt(k)). (9d)

where Mt ∈ R can be calculated offline and its value should be greater than the largest
possible value of ρ(k). Hence, with the largest possible value for the storage units,
ρmax

s = max(Ks(pmax
s − pmin

s )), and for the conventional units, ρmax
t = max(Kt(pmax

t − pmin
t )),

Mt has to be chosen such that max
(
ρmax

s , ρmax
t

)
< Mt. Moreover, mt = −Mt.

3.4. Dynamics of Storage Units

The dynamics of all storage units can be formulated as:

x(k + 1) = x(k)− Ts ps(k)− TsF
(

ps(k)
)
, (10)

119



Electricity 2022, 3

where Ts ∈ R>0 is the sampling time and x(k) represents the stored energy with initial
state x(0) = x0. The constraint of the stored energy is given by:

xmin ≤ x(k + 1) ≤ xmax, (11)

with xmin = 0S and xmax ∈ RS
≥0. In particular, F

(
ps(k)

)
= [ f1

(
ps,1(k)

)
, . . . , fS

(
ps,S(k)

)
]′ is

a vector of S ∈ N, where each of its elements represents the conversion loss terms, including
the conversion losses of the storage units, the losses of the power electronic devices when
converting AC to DC (and vice versa), as well as ohmic losses in the batteries, considered
to be a convex quadratic function as follows:

fi
(

ps,i(k)
)
= aps,i(k)2 + bps,i(k) + c, a, b, c ∈ R (12)

where ps,i(k) is assumed to be limited as:

ps,i(k) ∈ Di =
{

ps,i(k)|pmin
s,i ≤ ps,i(k) ≤ pmax

s,i
}

(13)

Note that the polynomial function, fi
(

ps,i(k)
)
, is an example and it could be replaced

by some other complex functions for different storage technology. Moreover, the coefficients
are found offline by looking at the storage units and analyzing measurements.

To solve the optimization problem, it is useful to reformulate the function f
(

ps,i(k)
)

as piecewise affine functions (see, e.g., [30]), i.e.,

fi
(
ps,i(k)

)
=

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
A1,i ps,i(k) + B1,i, ps,i(k) ∈ D1,i,

A2,i ps, i(k) + B2,i, ps,i(k) ∈ D2,i,
...

Ar,i ps,i(k) + Br,i, ps,i(k) ∈ Dr,i.

(14)

in which Ay,i, By,i ∈ R and the following holds:⋃
1≤y≤r

Dy,i = Di (15a)

⋂
1≤y≤r

Dy,i = 0 (15b)

and, on the borders of sequential Dy, the linear segments are connected, which means that
fi
(

ps,i(k)
)

is continuous.
The condition ps,i(k) at each partition Dy,i can be associated with a binary variable

δy,i(k) ∈ {0, 1}, ∀y = 1, 2, . . . , r, satisfying the exclusive-or condition:

r⊕
y=1

[δy,i(k) = 1]. (16)

such that:
[δy,i(k) = 1] ←→ ps,i(k) ∈ Dy,i (17)

From (16), there exists some δy,i(k) = 1, which implies ps,i(k) ∈ Dy,i, a contradiction
by (15b). Therefore, (15)–(17) are equivalent to:

J
T
y,i ps,i(k)−H

T
y,i ≤ M

�
i [1 − δy,i(k)] (18a)

r

∑
y=1

δy,i(k) = 1 (18b)
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with Jy,i =
[
1 −1

]
for y = {1, . . . , r} and i = {1, . . . , S}, and Hy,i represents a vector of 2,

where the first row of Hy,i is equal to the lower bound of the Dy,i with a minus sign, while
its second row is the upper bound. M�

i in (18a) can be computed as:

M
�
i
∼= max

ps,i(k)∈Di

J
T
y,i ps,i(k)−H

T
y,i (19)

By using this binary variable, we can recast (14) as follows (see, e.g., [30]):

fi
(

ps,i(k)
)
=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

A1,i ps,i(k) + B1,i, if δ1,i(k) = 1,

A2,i ps,i(k) + B2,i, if δ2,i(k) = 1,
...

Ar,i ps,i(k) + Br,i, if δr,i(k) = 1.

(20)

Therefore, (20) can be rewritten as:

fi
(

ps,i(k)
)
=

r

∑
y=1

[Ay,i ps,i(k) + By,i]δy,i(k). (21)

Unfortunately, (21) is nonlinear since it involves products between logical variables
and inputs. Therefore, we transform it into equivalent mixed-integer linear inequalities.
This can be done using a similar strategy as proposed in [30]. To this aim, we set:

fi
(

ps,i(k)
)
=

r

∑
y=1

zy,i(k) (22a)

zy,i(k) ∼= [Ay,i ps,i(k) + By,i]δy,i(k). (22b)

Then, (22b) is equivalent to:

zy,i(k) ≤ M̃iδy,i(k),

zy,i(k) ≥ m̃iδy,i(k),

zy,i(k) ≤ Ay,i ps,i(k) + By,i − m̃i(1 − δy,i(k)), (23)

zy,i(k) ≥ Ay,i ps,i(k) + By,i − M̃i(1 − δy,i(k)). (24)

being

M̃i
∼= max

y=1,...,r

{
max

ps,i(k)∈Di

Ai,y ps,i(k) + Bi,y

}
. (25a)

m̃i
∼= min

y=1,...,r

{
max

ps,i(k)∈Di

Ai,y ps,i(k) + Bi,y

}
. (25b)

Remark 1. Notice that, in [22], the dynamics of all storage units are considered without piecewise
affine losses terms, namely,

x(k + 1) = x(k)− Ts ps(k), (26)

with
xmin ≤ x(k + 1) ≤ xmax, (27)

3.5. Transmission Network

Following [24], the DC power flow approximations can be employed to extract the
power of transmission lines, pe(k) = [pe,1(k) . . . pe,E(k)]′. Hence, the power on lines can
be formulated from the power of units and load using the following linear equation:

pe(k) =F · [p(k)′ wd(k)′]′, (28a)
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where F ∈ RE×(U+D) represents a matrix that links the power flowing over the lines with
the power produced or consumed by the units and loads. More details about the derivation
of F are provided in [31]. It is assumed that pe(k) is bounded by:

pmin
e ≤ pe(k) ≤ pmax

e (28b)

with pmin
e ∈ RE≤0 and pmax

e ∈ RE≥0. This assumption is reasonable due to the physical
limitation in the transmission capability of the lines. Moreover, the produced power must
be equal to the consumed power at all times [24], e.g.,

1′T pt(k) + 1′S ps(k) + 1′R pr(k) = 1′Dwd(k). (28c)

3.6. Overall Model

In accordance with the equations considered for the different parts of an islanded MG,
the overall model can be formulated as follows. The constraints on power and setpoint
originate from (2), (5) and (6), namely,⎡⎣diag(pmax

t )δt(k)
pmax

s
pmax

r

⎤⎦ ≤ u(k) ≤
⎡⎣diag

(
pmin

t
)
δt(k)

pmin
s

pmin
r

⎤⎦ (29a)

and ⎡⎣diag(pmax
t )δt(k)

pmax
s

pmax
r

⎤⎦ ≤ p(k) ≤
⎡⎣diag

(
pmin

t
)
δt(k)

pmin
s

pmin
r

⎤⎦ (29b)

By referring to (10), the dynamics of the storage unit are described by:

x(k + 1) = x(k)− Ts ps(k)− Ts[ f1
(

ps,1(k)
)
, . . . , fS

(
ps,S(k)

)
]′, (29c)

with constraint functions
xmin ≤ x(k + 1) ≤ xmax, (29d)

fi
(

ps,i(k)
)
=

r

∑
y=1

zy,i(k) (29e)

zy,i(k) ≤ M̃iδy,i(k),

zy,i(k) ≥ m̃iδy,i(k),

zy,i(k) ≤ Ay,i ps,i(k) + By,i − m̃i(1 − δy,i(k)),

zy,i(k) ≥ Ay,i ps,i(k) + By,i − M̃i(1 − δy,i(k)). (29f)

The renewable infeed, which is a function of the setpoint and the available power
under weather conditions, is given by (4) as:

pr(k) ≤ ur(k), (29g)

pr(k) ≥ ur(k) + (diag(wr(k))− Mr IR)δr(k), (29h)

pr(k) ≤ wr(k), (29i)

pr(k) ≥ wr(k)− (diag(wr(k))− mr IR)(1R − δr(k)). (29j)

Power-sharing of the grid-forming units is described by (8), which, using (9), can be
recast into:
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Kt(pt(k)− ut(k)) ≤ Mtδt(k), (29k)

Kt(pt(k)− ut(k)) ≥ mtδt(k), (29l)

Kt(pt(k)− ut(k)) ≤ 1Tρ(k)− mt(1T − δt(k)), (29m)

Kt(pt(k)− ut(k)) ≥ 1Tρ(k)− Mt(1T − δt(k)). (29n)

Lastly, the power limit of the transmission lines is introduced by (28), i.e.,

pmin
e ≤ F · [pt(k)′ ′ps(k)′ ′pr(k)′ wd(k)′]′ ≤ pmax

e (29o)

1′T pt(k) + 1′S ps(k) + 1′R pr(k) = 1′Dwd(k). (29p)

Now, let us compute a compact form of (29). From (29c) and by denoting q̄(k) =
[p(k)′ δr(k)′ ρ(k)]′ and B = [0S×T IS 0S×2R+1], we can obtain Equation (1a), namely,

x(k + 1) = x(k)− Ts ·
{

B · q̄(k) + F(k)
}

, (30a)

By following (29d), we have

H1 · x(k + 1) ≤ h1, (30b)

with H1 = diag([1′S − 1′S]
′) and h1 = [(xmax)′ (−xmin)′]′.

Finally, according to (29a) and (29b) and (29n)–(29p), the next equations can be
yielded as

H2 ·
[
v(k)′ q̄(k)′ w(k)′

]′ ≤ h2, (30c)

G · [v(k)′ q̄(k)′ w(k)′
]′
= g, (30d)

where H2 and h2 in (1c) are formed such that they reflect (2), (4)–(6), (9) and (28b). Addition-
ally, G and g in (1d) are formed such that they reflect (8b), (28a) and (28).This completes the
introduction of the control-oriented MG model. The control scheme of the certainty equiva-
lence MPC under the conversion loss functions is shown in Figure 3. Based on this section,
we will now formulate a cost function for an islanded MG with a high renewable share.

Figure 3. Control scheme of certainty equivalence MPC under the conversion loss functions.

123



Electricity 2022, 3

4. Operating Costs

Motivated by [22], here, we extract an operating cost function for the MG. It consists of
two parts. The first part is marked by �o(v(k− 1), v(k), q̄(k+ 1)) ∈ R≥0 and is economically
motivated. The second part is denoted by �s(q̄(k)) ∈ R≥0 and is related to the desired
region of operation of the state of charge and the conversion losses. Thus, the cost function
at time instant k, i.e., the stage cost, is:

�(v(k − 1), v(k), q̄(k + 1)) = �o(v(k − 1), v(k), q̄(k + 1)) + �s(q̄(k)) (31)

The economically motivated costs comprise (i) the fuel costs of conventional units,
�rt

t (v(k), q̄(k + 1)) ∈ R≥0; (ii) costs caused by switching conventional units on or off,
�sw

t (v(k − 1), v(k)) ∈ R≥0, and (iii) costs incurred by low utilization of renewable sources,
�r(q̄(k + 1)) ∈ R≥0, i.e.,

�o(v(k − 1), v(k), q̄(k + 1)) = �rt
t (v(k), q̄(k + 1)) + �sw

t (v(k − 1), v(k))

+ �r(q̄(k + 1)). (32)

The cost of a conventional generator is generally described by four curves: fuel cost,
heat rate, input/output (I/O), and incremental cost. Generator curves are typically repre-
sented as cubic or quadratic functions and piecewise linear functions. The conventional
power plants use a quadratic fuel cost function such as the Fuel Cost Curve. Thus, by
following [22,32], the fuel costs of conventional units are formulated as:

�rt
t (v(k), q̄(k + 1) = c′tδt(k) + c̃′t pt(k) + pt(k)′ diag(ĉt)pt(k), (33)

with weights ct ∈ RT
>0, c̃t ∈ RT

>0, and ĉt ∈ RT
>0.

In the islanded MGs with a high share of RES, grid-forming conventional units are
usually regarded as backup generators in times of low renewable infeed and empty storage
units. Moreover, conventional units are often turned off during periods of high renewable
infeed or if the storage units can meet the load demand. Therefore, the decision to enable
or disable them should be made by the operation control, taking into account their running
costs and the cost associated with enabling or disabling them. Enabling or disabling a
conventional generator entails costs. Hence, it is desirable to enable or disable conventional
generators as little as possible. The switching cost of a conventional generator can be
described by considering that it was disabled at the time instant k − 1 and is enabled at
time instant k, or was enabled at time instant k − 1 and is disabled at time instant k, i.e,

�sw
t (v(k), v(k − 1)) = (δt(k − 1)− δt(k))′ diag(csw

t )(δt(k − 1)− δt(k)) (34)

with weight csw
t ∈ RT

>0.
Renewable sources, such as PV power plants or WTs, are usually associated with

a very high initial investment and small operation costs after installation. Hence, RES
heirs wish to keep the units’ infeed as high as possible under given weather conditions.
Restricting a renewable unit can be considered a financial loss as the available infeed is not
sold to customers. Thus, the renewable unit costs can be adjusted by considering a penalty
for using less than the maximal power pmax

r , i.e.,

�r(v(k), q̄(k + 1)) = (pmax
r − pr(k + 1))′ diag(ĉr)(pmax

r − pr(k + 1)) + c̃′rur(k) (35)

with weight c̃r ∈ RR
>0, ĉr ∈ RR

>0. Note that ur(k) is added to ensure that the setpoint does
not exceed the maximum available power wr(k + 1).
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Very large or very low values of the state of charge, x(k), can increase the ageing
mechanism in storage units [33]. Hence, it is useful to keep the state of charge within a
specific desired interval [x̃min, x̃max]. It should be pointed out that the desired interval,
[x̃min, x̃max], depends on the battery technology. In addition, storing energy usually causes
conversion losses. Thus, the cost of storage units is modeled by:

�s(q̄(k)) = c̄s + ps(k)′ diag(c̃s)ps(k) + c′x(max(x̃min − x(k), 0s) + max(x(k)− x̃max, 0s)) (36)

with c̃s ∈ RS
>0, ĉs ∈ RS

>0,cx ∈ RS
>0, and x̃min ∈ RS

>0, x̃max ∈ RS
>0.

Remark 2. It should be noted that if Assumption 1 is not fulfilled, then we cannot have the optimal
operation control. In general, we have to be sure that the lower control layers (primary and secondary
layers) perform well; otherwise, it does not make sense to have optimal economic operation. Moreover,
if Assumption 3 is not met, the charge’s state may differ from what we expect. Thus, in this case, we
need to use complex models of uncertain inputs, e.g., scenario trees (see [22]), to forecast load and
renewable units. However, the main scope of this paper is to show a realistic model of the storage
units considering the conversion losses.

5. Case Study

In this section, we intend to verify the properties of the certainty equivalence model
predictive control strategy proposed in Section 3. The microgrid structure depicted in
Figure 2 is used for the simulations. It consists of a storage component and a conventional
and renewable unit. The detailed parameters of the microgrid are summarized in Table 2.

Table 2. Parameters of the microgrid test system.

Parameter Value Weight Value[
pmin

t , pmin
r , pmin

s
] [

0.4, 0,−1
]

pu ct 0.1178[
pmax

t , pmax
r , pmax

s
] [

1, 2, 1
]

pu ĉt 0.0048 1/pu[
xmin, xmax] [

0, 7
]

pu h c̃t 0.751 1/pu[
x̃min, x̃max] [

0.5, 6.5
]

pu h c̃r 0.0001

x0 3 pu h ĉr 1 1/pu[
Kt, Ks

] [
1, 1

]
c̃s 0.09

M̃i 0.1 ĉs 0.01

m̃i −0.17 csw
t 0.1

We considered the susceptance and conductance of the transmission lines between
the units and the load equal to bij = −20 pu and gij = 0 pu, respectively. According to
Equation (28a), the relation between the power of the units and the load and the power of
the transmission is obtained as follows:⎡⎢⎢⎣

pe,1(k)
pe,2(k)
pe,3(k)
pe,4(k)

⎤⎥⎥⎦ =

⎡⎢⎢⎣
1 0 0 0
0 −1/3 1/3 0
0 2/3 1/3 0
0 1/3 2/3 0

⎤⎥⎥⎦
⎡⎢⎢⎣

pt,1(k)
ps,1(k)
pr,1(k)
wd,1(k)

⎤⎥⎥⎦ (37)

It is assumed that the transmission power of each line is between −1.3 pu and 1.3 pu.
Simulations were performed using MATLAB 2018b with a sampling time of Ts = 30 min. It
should be noted that this sampling time is chosen by the size of the storage unit, and the
operation control typically operates on a timescale from minutes to fractions of hours.
The results of the closed-loop simulations cover a simulation horizon of 7 d, i.e., 336 sim-
ulation steps. Note that the storage unit has a relatively high capacity compared to the
rated power, which shows in xmax = 7 pu. The conversion losses are also considered by
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a quadratic function as f1
(

ps,1(k)
)
= 0.09ps,1(k)2 + 0.01. Moreover, we reformulate the

function f1
(

ps,1(k)
)

as the following linear cases:

f1
(

ps,1(k)
)
=

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
−0.135ps,1(k)− 0.035, −1 ≤ ps,1(k) ≤ −0.5,

−0.045ps,1(k) + 0.01, −0.5 ≤ ps,1(k) ≤ 0,

0.045ps,1(k) + 0.01, 0 ≤ ps,1(k) ≤ 0.5,

0.135ps,1(k)− 0.035, 0.5 ≤ ps,1(k) ≤ 1.

(38)

In accordance with Equations (25a), (25b) and (38), we chose M̃i = 0.1 and m̃i = −0.17.
We formulated the MPC problems in MATLAB using the YALMIP toolbox and solved them
numerically with Gurobi. Here, we first compare the prediction error of the state of charge
in the cases considering the dynamic storage with piecewise affine loss model (10)–(25) and
the dynamic storage without piecewise affine loss model (26)–(29d) in the MPC problem.
We formulated this error as e(k) = x(k)− x̃(k), wherein x(k) is the actual state of charge of
the nonlinear loss model given the same power values, whereas x̃(k) is the forecast of the
state of charge. An analysis was carried out for both cases to compare the two cases. In the
analysis, closed-loop simulations were performed over 366 simulation steps. For each
simulation step, the state of charge prediction of the controllers (over 12 prediction steps)
was compared to a prediction performed with the nonlinear plant model for the same
storage power values. Then, at each prediction step, the probability distribution of the
prediction errors was visualized in the form of box plots (see Figure 4). The circle of each
box marks the median value of prediction errors of 336 data points in each prediction step.
The box around the median values contains all data from the 25th to the 75th percentile.
The downwards dash of each box represents the lowest occurring value of prediction error
in each step, whereas the upwards dash marks the highest occurring value.

1 2 3 4 5 6 7 8 9 10 11 12
10-4

10-3

10-2

10-1

100

1 2 3 4 5 6 7 8 9 10 11 12
10-4

10-3

10-2

10-1

100

Figure 4. The prediction error of the state of charge (Up) with the dynamic storage without piecewise
affine loss model (26)–(29d) in the controller; (Down) with the dynamic storage with piecewise affine
loss model (10)–(25) in the controller.

It can be seen in Figure 4 that, including the conversion losses in the proposed model
predictive controller, the prediction error is reduced. For example, at N = 1, when the
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conversion loss model is not employed in the controller, the median value is 5 × 10−3.
By adding the conversion loss model in the controller, this value is decreased 3 times to
1.5 × 10−3. It is worth noting that this ratio increases as the prediction horizon rises. As can
be observed from the last step of Figure 4, the median value of the error is equal to 9 × 10−2

when the conversion loss model is not included in the controller, whereas this value is
reduced to 2× 10−2 when the conversion loss model is added to MPC problem formulation.
Therefore, the obtained results from Figure 4 illustrate that when we consider the dynamic
storage with piecewise affine loss functions in the MPC problem, the actual state of charge
x(k) with much less error can be predicted by the controller.

The closed-loop simulation results of the power of units and load, as well as the
stored energy and line power of the MG, are depicted in Figure 5. It can be noted that,
at the beginning of the period, since the available power of the renewable unit is low,
the storage unit is discharging. When the battery is empty, the conventional generator is
enabled to provide power to the load. As soon as the available power of the renewable
unit is sufficient to provide power to the load, the conventional unit is disabled, and the
storage unit is charged. When the stored energy reaches the upper end of the desired state
of charge, the setpoint of the wind turbine is set such that the wind power only covers
the load. Thus, the stored energy approximately remains at xmax = 6.5 pu h. At some
point, the available renewable unit power cannot entirely cover the load, and the storage is
discharged. When the renewable unit reaches the minimum value xmin = 0.5 pu h. and
the storage unit is totally discharged, the conventional unit is activated again to provide
power to the load. At the end of the simulation, the available power of the renewable unit
increases again such that the storage unit can be charged with the available renewable
unit power. These results indicate that the conventional units can be enabled and disabled
during the simulation. Thus, the model is also able to work when RES and storage units
are enabled. However, if the storage unit is discharged and the available power of the
renewable unit is low, the conventional unit is repeatedly enabled to provide power to
the loads and charge the storage units. Then, after increasing the available power of the
renewable unit, the conventional unit is turned off. Hence, it results that by choosing
this proposed operation control strategy, the share of power from RES can be significantly
increased. Finally, it is clear from Figure 5 that the line power in the lower plot was within
the given bounds of ±1.3 pu at all times.
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Figure 5. Cont.
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Figure 5. Power of units and load.

6. Conclusions

In this work, we designed a novel certainty model predictive control approach for the
operation of an islanded MG with a very high share of renewable energy sources. To this
aim, a mathematical model of an islanded MG was derived by considering the conversion
losses as quadratic functions to realistically model the scenario. In the model, we included
(i) grid-forming storage units; (ii) renewable energy sources, where the power infeed can
be limited, e.g., if storage units are fully charged; and (iii) conventional generators that
can be disabled, e.g., in times of high available renewable infeed. Moreover, the model
allowed us to approximately include the power flow over the transmission lines and a
limitation thereof, as well as power-sharing of grid-forming units. In order to reduce the
state of charge prediction error, we reformulated the conversion losses of storage units as
piecewise affine functions and included them in the proposed controller. The obtained
results confirmed that when considering the piecewise affine conversion loss functions
in the proposed MPC, the prediction error of the state of charge decreased. Moreover,
it is shown that the proposed scheme leads to a very high share of renewable energy
sources in closed-loop simulations. Future works will investigate AC optimal power flow
(OPF) problems, which are more realistic than the widely used linearized DC power flow
approximations. To solve the AC OPF problems, we intend to employ a convex relaxation
of the original problem, which leads to a second-order cone program (SOCP) that can be
solved by available commercial software.
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Abstract: The calculation of electrical loads is the first and most significant stage in the design of the
power supply system. It is essential to make the right choice when choosing the power electrical
equipment: transformers, power lines, and switching devices. Underestimation or overestimation
of the calculated values can lead to large losses and an increase in capital costs. Therefore, the
reliability of the results plays a key role. The use of energy-saving technologies and energy-efficient
electrical equipment leads to a change in the nature and level of power consumption, which must be
taken into account when determining the electrical loads. The existing methods leave out dynamic
characteristics of electrical load curves, so the calculated values are overestimated by up to 40%. This
study shows a load calculation method with the normalized correlation functions and its parameters
at the level of the individual and group electricity consumers. As a result, the difference between the
calculated and experimental values does not exceed 5%.

Keywords: calculation of electrical loads; utilization factor; normalized correlation function;
probabilistic method; individual load curves; group load curves; energy-saving measures

1. Introduction

The existing high energy utilization rates in the energy sector mean that the required
improvements must be made in terms of returns on capital investments and material costs.
Currently, the consumption of electricity by industrial enterprises in certain regions of
Russia can reach about 44% (in the Nenets Autonomous Area). For example, the Ural
Federal District is one of the richest mineral regions in Russia, with a share of electricity
consumption by industrial enterprises constituting about 30% and with the likelihood
of such consumption increasing due to the active development of this region and the
construction of new industrial enterprises [1]. The construction and further operation
of any industrial enterprise is preceded by the design stage, involving the definition of
the key characteristics of each system and the design of the power supply system (PSS).
The efficiency of the PSS is determined by the reliable evaluation of the characteristics of
electrical loads, with the calculated results then shown in graphs [2]. This is due to the
fact that the calculated characteristics electrical loads provide information to inform the
solutions for most of the technical and economic issues in the design stage.

It should also be noted that the issues regarding energy efficiency and energy savings
are very acute, and the measures taken to achieve certain goals are widely implemented in
all production cycles, meaning that it is important to take these changes into consideration
when calculating electrical loads by using probabilistic calculation methods [3].

Reference [4] reviewed how the need for efficient electrical energy consumption has
greatly expanded in the process industries. The article dealt with industrial enterprises for
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the recognition of electricity consumption in a two-echelon supply model with a stochastic
lead-time demand and imperfect production, while considering the distribution-free ap-
proach. Reference [5] discussed the impact of electric energy on production cost recovery,
transport discounts and process quality improvement in two algorithms are developed us-
ing an analytical approach to obtain the optimal solution. With the increase in the varieties
products and the increasing uncertainty about product demand, the production preparation
time is a significant factor in addressing these issues. The basic calculation methods applied
today, such as the method of ordered diagrams (MOD) [6] and the modified statistical
method (MSM) [7], lead to significant errors in estimating the design loads, as shown in Ref-
erences [7,8]. This is due to the fact that the applied methods are static modeling methods
that involve uninformative mathematical model, while the indicated design characteristics
can solve only a very limited range of technical and economic issues; as a consequence,
the efficiency of the PSS is reduced. As such, increasing the energy efficiency of mineral
resource enterprises by improving the methods for calculating electrical loads is an urgent
task, as these initial datasets are used in design stage.

The methods for calculating electrical loads used currently in our country and abroad
refer to probabilistic methods based on a mathematical model of the “random variable” [9,10].
It should be noted that we are talking about methods of raising mining enterprises and not
about load forecasting based on an analysis of the current situation, and, for example, by
using neural networks to predict both long-term and short-term load electrical curves [11].
The basis for all further research in the field of calculating electrical loads and, in fact,
the first method based on the principles of the probability of a random process, is the
statistical method; there is no need to dwell separately on the shortcomings, because they
have already been repeatedly described in Reference [8].

The statistical method was replaced by the MOD [6], which made it possible to reduce
errors in the estimation of electrical loads by creating a database of initial data of individual
load schedules, but still remained insufficiently reliable; this is due to several shortcomings,
especially the following: discrepancy between the design technological modes and the
actual operating modes [12].

Today, all mining enterprises are designed by using an MSM [7]. Developed more than
25 years ago, these methods are the basis of approved methods for calculation of electrical
loads [13]. Such a long break in research can be explained by the sufficient reliability of the
MSM, combined with the simplicity of performing engineering calculations, but the last
few years have been practically associated with a revolution in the mining and processing
industry, increasing the automation of technological processes through the use of modern
energy-efficient equipment [14,15]. Moreover, the effect of such changes must be taken into
account, including in the calculation methods [16].

Separately, it is worth mentioning the alternative calculation methods considered in
the works of Stepanova [17]; the main advantage of the method under consideration is the
consideration of correlation dependencies both at the level of individual and group loads,
as well as additional calculation of dynamic characteristics [18]. At the same time, the
disadvantages include a small base of initial data on consumers, which, in turn, does not allow
a reliable analysis of this method applied to consumers at mining enterprises, as well as the
lack of accounting from the introduction of modern means to improve energy efficiency [19].

Table 1 presents the contributions to this paper.
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Table 1. Contributions of authors.

Author(s)
Probabilistic

Method

Large Accumulated
Database Containing the

Source Data

Simplicity of Performing
Engineering Calculations

Correlation between
Ordinates

Account the Modern
Means to Improve
Energy Efficiency

Sinchuk, O.N.
Guzov, E.S. [6]

√ √ √

Zhokhov, B.D. [7]
√ √ √

Ali Hassan [9]
√ √ √

Stepanov, V.P [17]
√ √ √

This paper
√ √ √ √ √ √ √ √ √ √

2. Problem Definition, Notation, and Assumptions

2.1. Problem Definition

An analysis of the MSM and MOD showed differences in the reference and actual
values of the utilization factors in determining the calculated electrical loads of a conveyor
unit with and without the use of a variable-frequency drive (VFD) (Tables 2 and 3).

Table 2. Average values of consumed active power (Pav ), in kW, for the test period.

Consumer Type Without a VFD With a VFD

Conveyor 174.8 138.9
Hydrocyclone feed pump 44.3 30.3

Blower 217.5 159.5
Overhead crane 14.0 9.0

Table 3. Utilization factors.

Consumer Type ku. Reference Value ku Actual Value without VFD ku Actual Value with VFD

Conveyor 0.75 0.70 0.5
Hydrocyclone feed pump 0.80 0.78 0.55

Blower 0.75 0.72 0.56
Overhead crane 0.45 0.40 0.25

The discrepancy between the reference values and the actual value of the utilization
factor (ku) is about 35%, which goes beyond the range of permissible values. It should
be noted that the existing database of coefficients does not take into account the usage of
equipment with VFD [6,20].

Studies on the methods used for calculating electrical loads abroad have shown their
similarities with the method of ordered diagrams and the statistical method. First of all,
this is shown by the utilization factor, ku; the demand factor, kd; and the peak coincidence
factor, kM [8,21]. Unfortunately, this approach to determining the key parameters of a
power supply system (PSS) has proven its inefficiency due to overestimating the calculated
values [22]. When examining the indicators of power consumption of operating enterprises,
the obtained calculated maximum loads, according to foreign methods, exceed the actual
values by 40–60%. The same values were obtained by using the method of ordered diagrams.
The situation is better with the use of the modified statistical method, the description of
which is presented at the beginning of this section, whereby the obtained calculated values
exceed the actual values by 20–40% [15].

The overestimation of the calculated values is associated with disadvantages that are
inherent in all of the methods under study. The detailed analysis carried out revealed the
main disadvantages, which are shown in Table 4.
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Table 4. Advantages and disadvantages of existing load calculation methods used for calculating
electrical loads.

Load Calculation Method Disadvantages Advantages

1. Method of ordered diagrams;
2. Statistical method
3. Modified statistical method.

- The use of approximate formulae according to
which the thirty-minute maximum load
is recalculated;

- Correlation and inter-correlation between
ordinates are not taken into account, both at
the level of individual and group electrical
load curves of an electric drive;

- The average load is assessed based on the
upper limits of the probabilistic values;

- Overestimation of the average value of the load
factors to assess the calculated heating load;

- Discrepancy between the design technological
modes and the actual operating modes.

- Large accumulated database
containing the source data;

- Simplicity of performing
engineering calculations.

2.2. Notation

Therefore, just a revision of the estimated coefficients of existing methods is not enough
to increase the reliability of the calculated values [6]. This is due to the fact that the applied
methods are static modeling methods that involve uninformative mathematical model,
while the indicated design characteristics can solve only a very limited range of technical
issues. Moreover, an increase in the number and accuracy of the calculated characteristics
is possible through the additional calculation of dynamic characteristics [16].

It should be noted that forecasting of electrical loads based on any type of probabilistic
forecasting, for example, the use of neural networks, is best suited for the operation of the
electrical complex of an enterprise; however, it is completely unsuitable for design [23].

2.3. Assumptions

The purpose of this paper is to increase the reliability of the calculated values through
the applied method, which differs from classical methods. Such a calculation will help
to make a right choice of power and switching electrical equipment for distribution and
protection, which will reduce material inputs.

In summary, the significant contributions of this paper are as follows:

1. Determination of dynamic characteristics for predicting electrical load curves of
mining enterprises and expanding the database containing the source data, as well
as determining the difference in the characteristics of the same type of curves, using
means to improve energy efficiency and without (Section 3).

2. Development of a methodology for the transition from individual load schedules
to group ones and presentation of a calculation algorithm, taking into account the
consideration of two laws of probability distribution (Section 4).

3. Carrying out a comparative analysis of existing classical calculation methods and the
presenting a new method that makes it possible to take into account equipment, using
means to improve energy efficiency (Section 5).

3. Dynamic Characteristics of Electrical Load Curves

As such, when determining the calculated loads, it is also necessary to take into
account dynamic characteristics, such as peaks and valleys, surges and load dips, and load
fluctuations, which will contribute to forecasting calculations of electrical loads with a
higher confidence probability. It becomes possible by using a dynamic modeling method,
such as the hierarchical–structural method (HSM) [24].

The method is realized for load curves of general-purpose industrial and special in-
dustrial consumers, and the base of the method is an extended database containing the
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source data with additional characteristics (Table 5), such as the normalized correlation
function (NCF) and its parameters presented in the Table 5. The necessity of using addi-
tional characteristics is connected to a fundamental change of the initial information about
the individual load curves of the consumers. Physically, the NCF describes the probabilistic
causation for the sequence of ordinates of the random process of changing the load, and
due to the fact that the technological processes in mining enterprises have a steady-state
mode of operation, the load curves are stationary [25].

Table 5. Database with additional characteristics.

Effective number of power consumers n
Rated power pnom
Utilization factor ku
Power factor tgϕ
Normalized correlation function K(τ)
Parameter characterizes the attenuation of
correlations between the ordinates of the initial
ELC

α

The natural frequency of oscillations of the CF,
due to the repeatability of technological
operations

ω0

Our analysis of the literary sources [8,16,26] showed that the correlation functions (CF)
for all general-purpose industrial and special industrial consumers can be approximated
by using the following analytical expressions:

K(τ) = Dpexp(−α|τ|); (1)

K(τ) = Dpexp(−α|τ|)Cosω0τ; (2)

K(τ) = Dpexp(−α|τ|)(Cosω0τ − α

ω0
sinω0|τ|); (3)

K(τ) = Dpexp(−α|τ|)(Cosω0τ +
α

ω0
sinω0|τ|); (4)

where Dpexp is the variance of an individual electrical load curve (ELC), the parameter α
characterizes the attenuation of correlations between the ordinates of the initial ELC, and
ω0 is the natural frequency of oscillations of the CF, due to the repeatability of technological
operations. The main idea of this study is to identify differences in the NCF and its parameters
for the same consumers, both with and without using means to improve energy efficiency.

Experimental studies aimed at determining the NCF and its parameters of the electrical
load curves were carried out in operating mining enterprises, the main consumers of which
are general-purpose industrial consumers. The load curves were compared with and
without using energy-efficiency means—in this case, with and without the use of a variable-
frequency drive. The initial curves and step-wise determination of the type and parameters
of the NCF for a conveyor unit with power motor of pnom = 250 kW are given by way
of example. Earlier, in Reference [24], the authors described a detailed algorithm for
determining the NCF, so this article presents only the main points.

1. Determination of the average load value (Table 6).
2. The given time values, namely the correlation time (TC), the sampling interval (Δt),

and the recording time (Tr) (Table 8), were determined according to the initial load
curve (Figures 3 and 4). Then, using the MATLAB software package, the experimental
NCF was calculated.

3. Using the least-squares method, we determined the parameters of a theoretical NCF,
as shown in Table 7, and identified its type (Figures 1 and 2).
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Table 6. Approximate average power values.

Without a VFD With a VFD

Pav = 175 kW Pav = 139 kW

Table 7. Theoretical NCFs.

Theoretical NCF without a VFD Theoretical NCF with a VFD

K(τ) = exp(−1.723|τ|) cos(2.26τ) K(τ) = exp(−3.37|τ|) cos(10.23τ)
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Figure 1. Theoretical NCF curve without a VFD.
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Figure 2. Theoretical NCF curve with a VFD.

Table 8. The time values.

Correlation Time, Tc Sampling Interval, Δt Recording Time, Tr

Without a VFD With a VFD Without a VFD With a VFD Without a VFD With a VFD
69.5 s 14.5 s 0.695 s 0.145 s 5560 s 1160 s

136



Electricity 2022, 3

 

Figure 3. Fragment of the curve of active power consumption without a VFD.

 

Figure 4. Fragment of the curve of active power consumption with a VFD.
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The conducted studies showed that general-purpose industrial electric drives belong
to the same type of NCF with and without the use of a variable-frequency drive, although
the difference in the NCF parameters determines the calculated values of the entire power
supply system. As a result, there is a need to supplement the new information database.

An additional series of loads were also studied, and the NCF and parameters were
determined (Figures 5–8 and Table 9).

  

Figure 5. Fragment of the curve of active power consumption hydrocyclone feed pump with a VFD
and his NCF.

  

Figure 6. Fragment of the curve of active power consumption crushers with a VFD and his NCF.

  

Figure 7. Fragment of the curve of active power consumption overhead crane with a VFD and his NCF.
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Figure 8. Fragment of the curve of active power consumption pneumatic–mechanical flotation tank
cells without a VFD and his NCF.

Table 9. Parameters of the various types of NCFs, with and without the use of a frequency converter.

Electric Drive Name

Without a VFD With a VFD

Type of the
NCF

Parameters of the NCF Type of the
NCF

Parameters of the NCF

α, s−1 ω0, rad/s α, s−1 ω0, rad/s

Conveyor 2 1.723 2.26 2 3.37 10.23
Hydrocyclone feed pump 1 0.70 1.18 1 1.95 3.04

Blower 1 0.29 0.73 1 0.87 1.08
Crushers - - - 1 1.07 2.01

Pneumatic–mechanical
flotation tank cells 2 0.98 1.34 - - -

Overhead crane 4 0.45 1.05 4 0.9 2.25
Fans 1 0.015 - - - -

Cylindrical grinding machine 2 0.078 0.268 - - -

4. Group Load Curve Forecasting Using a Probabilistic Calculation Method

The above operations are also valid for group curves; however, due to the variations in
PSS by structure and functionality, it is necessary to perform electrical load curve forecasting
by summing individual curves in order to obtain equivalent parameters of the NCF [13]. To do
this, at the level of the group curves, it is necessary to use the following analytical expression:

K(τ) = DPexp(−αe|τ|); (5)

where DP is the variance of the active load curve, and αэ is the equivalent factor character-
izing the attenuation of the correlation between the ordinates of the summed ELCs [27].

The group load curve P(t), which is formed according to the individual curves, p(t),
gives the following definitions for αe:

αe =
DP

∑m
i=1

DPi
αi

+ ∑l
i=1

DPiαi
α2

i +ω2
0i

+ ∑r
i=1

2DPiαi
α2

i +ω2
0i

; (6)

In the formula, the numbers of curves with NCF types 1, 2, 3, and 4, respectively, are
taken for m, l, and r.

Taking into account the differences in the type and parameters of the NCF for individ-
ual consumers, in Formula (6), we determine the variance of DPθ θ peaks and θ valleys of
the ELCs in the averaging interval θ:

DPθ =
2DP

(αeθ)2 [exp(−αeθ) + αeθ − 1]; (7)
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Methodology for Calculating Load Estimation Parameters

The characteristics of electrical load curves, such as θ peaks and θ valleys, make it
possible to determine the following main parameters:

- Determination of the conductor section according to the condition of heating and
economic density;

- Determination of minimum and maximum power losses;
- Determination of voltage deviation.

The expression for determining the definition of θ peaks is as follows:

Ppθ = Pav + β1
√

DPθ ; (8)

and for θ valleys, it is as follows:

Pvθ = Pav + β2
√

DPθ ; (9)

Similar to other methods of calculation of electrical loads, the HS method has its own
clear sequence of actions that must be performed to obtain a result, so the task is to simplify
as much as possible and create an algorithm that would not require using other sources to
search information. It makes the database for the individual consumers important. Such an
algorithm was developed and is presented in Figure 9.

 

Figure 9. Algorithm for calculating the parameters of electrical load curves.

Following each block of the algorithm, it is necessary to consider what actions take
place in the system:

1. It is necessary to indicate complete information on the design object, as well as
information on the designer performing the calculation;
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2. The value corresponding to the boundary probability (Ex), the required intervals of
averaging (θ), and discretization (Δt);

3. Using the dataset, select the necessary equipment from the list, with the specified
characteristics. Next, a group of consumers is formed, and the calculation is carried
out according to the group schedule;

4. There is a calculation of the average active and reactive power, according to the
following formulas:

Pav =
m

∑
i=0

pnomikui; (10)

Qav =
m

∑
i=0

pnomikuitgϕ; (11)

Moreover, the calculation of the standard deviation of the active load curve is as follows:

σi =

√
m

∑
i=1

p2
nomikui(kloadi − kui) ; (12)

5. From this block, the transition to the group graph is implemented through an equiva-
lent correlation function, and for this, as described above, it is necessary to determine
the parameter αэ of the active load according to the following formula:

αэ =
DP

∑m
i=1

DPi
αi

+ ∑l
i=1

DPiαi
α2

i +ω2
0i

+ ∑r
i=1

2DPiαi
α2

i +ω2
0i

; (13)

Moreover, the variance of the load group graph is calculated as follows:

DPθ =
2DP

(αэθ)2 [exp(−αэθ) + αэθ − 1]; (14)

6. In block 6, the coefficients of asymmetry (skewness) sk and kurtosis (k) are calculated, and
for cases when the values of these coefficients are not equal to zero, it is necessary to use a
law other than normal, for example, the Gram–Charlier type A distribution law [16]:

sk =
∑m

i=1 p3
nomikui(kloadi − kui)(kloadi − 2kui)

σ3 ; (15)

k =
∑m

i=1 p4
nomikui(kloadi − kui)

[
(kloadi − kui)(kloadi − 2kui) + k2

ui
]
+ 6 ∑i<j σ2

i σ2
j

σ4 − 3; (16)

7. From block 7, we see that the algorithm for estimating the characteristics of group
curve begins, taking into account the limitations of the limits of its change; thus, it is
necessary to calculate additional characteristics for individual consumers, such as the
following: the value of the average power during switch-on time ton,

pon = pnomkload; (17)

the value of the switch-on factor as the probability of the “on” mode,

kon =
ku

kload
; (18)

and the value of the switch-off factor as the probability of the “off” mode,

ko f f = 1 − kon. (19)
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8. Searching through the combinations of the ith modes “on” and the jth modes “off”, we
see that the possible ordinates for the ELCs are determined, and using the theorem of
the product of probabilities, we obtain the probability of a single combination [28,29]:

eij =
m

∏
i=0

koni

n−m

∏
j=0

ko f f j; (20)

In Formula (11), the value m denotes the consumers operating in the “on” mode and
with the corresponding koni, while the value n-m denotes the consumers operating in the
“off” mode and with the corresponding ko f f j.

The electrical load values correspond to the probabilities, eij:

Pij =
m

∑
i=0

poni; (21)

If the same load arises as a result of different combinations of different options for the
work of consumers, there is a general probability of the occurrence of a given load arising
in a given complex situation of probabilities [30]. As a result, a statistical series is formed,
according to which the step function of the probability distribution of the ordinates ELC F(P)
is constructed. To determine the actual lower (valley) Pv and upper (peak) Pp values of the
limits of variation of the ordinates of the ELC, the principle of practical confidence of the
theory of probabilities is used [17]. According to this principle, practically impossible values
of electrical loads are excluded from the obtained possible range of electrical load values from
0 to ∑m

i=1 poni, which have a lower probability than the boundary probability, Ex = 0.05.

9. Furthermore, according to Expressions (8) and (9) above, θ peaks and θ valleys are
determined.

10. From the theory of electrical loads, it is known that the calculated values of the load
curve are limited by the upper limit, which is obtained by summing all individual
consumers, as well as the lower limit, which corresponds to the complete absence of
load. In real industrial conditions, the upper design limits are always higher than
the real maximum values, while for the lower limit, the load is usually greater than
zero. Consequently, due to the disagreement between the real and theoretical limits,
an error occurs in the calculations of the peaks, Ppθ , and the valleys, PpBθ . For this, in
addition to the normal distribution law, it is also necessary to consider the “truncated”
normal distribution law, and for this, it is necessary to determine the values of the
normalized upper and lower limits:

Πpθ =

(
Pp − Pav

)
σθ

; (22)

Πvθ =
(Pv − Pav)

σθ
; (23)

11. Furthermore, according to the results obtained in block 10, the values are checked
according to the normalized limits according to the following conditions:

- For Πpθ > 3 and Πvθ < −3, the calculation is performed for blocks 12 and 13
by using the normal distribution law;

- For Πpθ < 3 and Πvθ > − 3, the calculation is performed in blocks 14–17, using
the “truncated” normal distribution law.

12. Calculation of statistical coefficients and calculation of power peaks and valleys.

142



Electricity 2022, 3

13. The use of the “truncated” normal distribution law is possible by introducing the
truncation coefficient, Ctr, into probabilistic models and form factor, K f .dθ [16,31]:

Ctr =

∫ +∞
−∞ f (Pθ)dPθ∫ Ppθ

Pvθ
ftr(Pθ)dPθ

; (24)

After a series of mathematical transformations, the truncation coefficient, Ctr, ex-
pressed through the normalized function, Φ∗, of the normal distribution law, is defined by
the following formula [32,33]:

Ctr =
[
Φ∗(Πpθ

)− Φ∗(Πvθ)
]
; (25)

K f .dθ =

√
1 +

DPθ

P2
av

; (26)

14. Furthermore, taking into account the limits on the maximum and minimum values,
the value of the average power and the standard deviation are determined as follows:

Pav(tr) = Pav ± σθCtr =
[
ϕ∗
(
Πpθ

)− ϕ∗(Πvθ)
]
; (27)

where ϕ∗
(
Πp,vθ

)
is the density of the standard normal distribution [34]. The standard

deviation of the load is as follows:

σθ(tr) = σθ

√{
1 + Ctr

[
Πvθ ϕ∗(Πvθ)− Πpθ ϕ∗

(
Πpθ

)]− C2
tr
[
ϕ∗(Πvθ)− ϕ∗

(
Πpθ

)]2
}

; (28)

15. In block 16, the statistical coefficients β1(tr) and β2(tr) are as follows:

1 − Ex =
Ctr√
2πσθ

Ppθ(tr)∫
Pvθ

exp (− (Pθ − Pav)
2

2σ2
θ

)dPθ ; (29)

Ex =
Ctr√
2πσθ

Ppθ(tr)∫
Pvθ

exp (− (Pθ − Pav)
2

2σ2
θ

)dPθ ; (30)

16. Next θ—peaks Pp(tr), and θ—valleys Pv(tr) are calculated through the average power
and statistical coefficients, taking into account truncation:

Ppθ(tr) = Pav(tr) + σθ(tr)β1(tr); (31)

Pvθ(tr) = Pav(tr) − σθ(tr)β2(tr); (32)

5. Discussion

Below are the results of the studies carried out according to the above-described
methodology on the example of group curves of the load of conveyor units. A feature of
this method is the determination of the actual consumption of active power, both with and
without the use of variable-frequency drives. For this purpose, measurements of power
consumption were taken at the facility during one of the most loaded shifts, with a duration
of Tr = 8 h and with a sampling interval Δta = 1 min. [17,32] Such parameters allow for
sufficient reliability when assessing the range of voltage deviations in electrical networks
at the lower stages of the PSS (Table 10).
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Table 10. Reference information for an ED.

Without Frequency Control

Unit Name Quantity, pcs. Pnom kW ku kload kon
Parameters of the NCF

Type α, s−1 ω0, rad/s

Main
conveyer 5 250 0.7 0.83 0.84 (2) 1.723 2.26

With frequency control
Main

conveyer 5 250 0.5 0.61 0.82 (2) 3 11

The parameters of the NCF and the recalculated utilization factor (ku) were defined by
other authors earlier, with a detailed overview of the scientific research [4,26].

Furthermore, using the calculation formulae, we determined the probabilistic charac-
teristics of the group ELC (Table 11).

Table 11. Calculation formulae for the probabilistic characteristics of individual and group ELCs.

Characteristics of Individual ELCs Characteristics of Group ELCs

Unit Name pavi kW σi kW σ Pav αe σθ=1
Without frequency control

Main conveyer 5ЮЗ 175 171 171 875 4.69 165
With frequency control

Main conveyer 5ЮЗ 125 250 131 625 8.33 125

Furthermore, it is necessary to calculate the switch-on and -off factors according to (9)
and (10), respectively, and also to calculate power consumption during the switch-on time
according to (8). The data are summarized in Table 12.

Table 12. Probabilistic design characteristics for the group ELC.

Unit Name pon kW kon koff

Without frequency control
Main conveyer 466 0.84 0.16

With frequency control
Main conveyer 5 432 0.82 0.18

Using (11) and (12), we can determine the probabilities, eij, of the occurrence of an
electric load (Pij), according to which we can build two static series, which are summarized
in Tables 13 and 14 and shown in graphical form in Figures 10 and 11 for a group curve,
both without the use of and with the use of frequency control, respectively.

Table 13. Static series of the probability distribution of ordinates of the initial group ELC without
using frequency control.

Pij, kW eij, rel.un. F(Pij), rel.un.

0 0.0001 0.0001
233 0.0028 0.0029
466 0.0289 0.0317
699 0.1517 0.1835
932 0.3983 0.5818

1165 0.4182 1.0000
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Table 14. Static series of the probability distribution of ordinates of the initial group ELC with the use
of frequency control.

Pij, kW eij, rel.un. F(Pij), rel.un.

0 0.0002 0.0002
216 0.0043 0.0045
432 0.0392 0.0437
648 0.1786 0.2224
864 0.4069 0.6293

1080 0.3707 1.0000

Figure 10. Step function of the probability distribution of the ordinates of the initial group ELC with
the use of frequency control.

Figure 11. Step function of the probability distribution of the ordinates of the initial group ELC with
the use of frequency control.
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Having analyzed the obtained static series of the probability distribution of the group
curve without using frequency control, we can now select the lowest Pv = 466 kW and the
highest Pp = 1165 kW, and then with the use of frequency control, the lowest Pv = 432 kW
and the highest Pp = 1080 kW.

Furthermore, using the specified averaging interval equal to 1 min, the upper and
lower limits of change of θ-ordinates are calculated according to (13) and (14). The calcula-
tion results for the normalized limits are summarized in Table 15.

Table 15. Calculated values of the limits of change of the ordinates.

θ, min Pv, kW Pp, kW Pav, kW σθ, kW Πvθ Πpθ

Without frequency control
1 466 1165 875 165 −2.48 1.76

With frequency control
1 432 1080 625 125 −1.54 2.99

The results of intermediate studies proved the significant limitations in magnitude;
therefore, further assessment of the calculated values of the peaks and valleys of conveyor
units in order to compare the two distribution laws described above must be carried out
by using these limitations, taking into account the truncation factor, Ctr [32,35]. Using
Equations (24)–(32), we obtained the values which are summarized in Table 16.

Table 16. Calculated values of the limits of change of ordinates, taking into account the truncation by
the upper and lower limits.

θ, min Πvθ Πpθ Ctr kf.dθ Pav(tr) kW
σ

θ(tr),
kW

β2(tr) β2(tr) Pvθ(tr) kW Ppθ(tr) kW

Without frequency control
1 −2.48 1.76 1.044 1.1 863.5 146.7 1.587 1.725 610 1096

With frequency control
1 −1.54 2.99 1.073 1.02 609 110.4 1.737 1.532 440 801

The resulting errors in the assessment of the calculated values of peaks and valleys
relative to the two laws of distribution of the normal law and the truncated normal law are
calculated by using the following expression [8]:

δp,vθ =

∣∣∣Pp,vθ(tr) − Pp,vθ

∣∣∣
Pp,vθ(tr)

∗ 100%; (33)

The error is no more than 6%, which does not go beyond the limits of permissible
values of ±10% [36]; however, the use of a variable frequency drive is not considered,
where the error is as follows:

δPvθ = 44%

δPpθ = 38%

This clearly goes beyond the limits of permissible values, causing us to consider a
variable frequency drive as a separate load that has its own parameters.

Foreign methods, as well as the method of ordered diagrams and the modified statistical
method (Table 17), do not allow the effects from using a variable-frequency drive to be
assessed, and all attempts to do this by adjusting the utilization factor failed [37,38]. Figure 12
shows the values of the average calculated loads defined by using various methods.
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Table 17. Errors in determining the average value of power, Pav , with various methods using a VFD
relative to the hierarchical–structural method according to the truncated normal law.

Methods for Assessing Calculated Loads Pav, kW δPav, %

Experimental values 615 -
The modified statistical method 966 37

The method of ordered diagrams 1181 48
Foreign method 1000 39

Hierarchical–structural method 625 1,4
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Figure 12. Actual values for the electrical load curves and the calculated values for the average
load power.

6. Conclusions

In this study, a method was developed for determining the design calculated electrical
loads of mining enterprises that also takes into account the dynamic characteristics of load
changes, such as peaks and troughs, surges and load dips, and load fluctuations, which
will solve the problems of performing electrical load calculations with a higher confidence
probability. These load characteristics were not taken into account in previous studies.
This has been shown to have a significant impact on the resulting design power. As a
result of increasing the reliability of determining the calculated values of electrical loads, it
became possible to make the right choice of power and switching electrical equipment for
distribution and protection, which will lead to a reduction in material costs.

The experimental and theoretical studies were carried out personally at the mining
facilities, while the gathering of initial data took about 2 years. The initial obtained data
made it possible to expand the information base for various consumers, thereby increasing
interest in using this calculation method, which ultimately will allow us to design high-
quality power supply systems.

The technique proposed in this article can be extended in several aspects by including
the technologies of neural networks and machine learning in the calculation.
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Nomenclature

p(t) Individual curves (kW)
P(t) Group load curve (kW)
Pav Average power (kW)
Ph Heating power (kW)
Tc Correlation time (s)
Δt Sampling interval (s)
Tr Recording time (s)
Pp Peak of the actual values of the ELC (kW)
Pv Valley of the actual values of the ELC (kW)
pon Average power during switch-on time (kW)
pnom Rated power (kW)
Pij Electrical load values corresponding to the probabilities eij (kW)
Dp Variance of an individual electrical load curve (kW2)
DP Variance of group electrical load curve (kW2)
Θ Averaging interval (min.)
DPθ Variance of group electrical load curve on the averaging interval θ (kW2)
σθ Standard deviation of the load on the averaging interval θ (kW)

α
Parameter characterizes the attenuation of

(1/s)
correlations between the ordinates of the initial ELC

ω0
The natural frequency of oscillations of the CF, due to

(1/s)
the repeatability of technological operations

αэ
Equivalent factor characterizing the attenuation of correlation

(1/s)
between the ordinates of the summed ELCs

eij Probability of a single combination (rel.un.)
F(P) Probability distribution function of the ELC (rel.un.)
Ex Boundary probability (1)
Πpθ Normalized upper limit (rel.un.)
Πvθ Normalized lower limit (rel.un.)
β1,2 Statistical coefficient (rel.un.)
Φ∗ Normalized function of the normal distribution law (rel.un.)
ϕ∗ Density of the normal distribution law (rel.un.)

δp,vθ
Resulting errors in the assessment of the calculated values

(%)
of peaks and valleys

ku Utilization factor
kd Demand factor
kM Peak coincidence factor
K(τ) Normalized correlation function
kload Load factor
kon Switch-on factor
ko f f Switch-off factor
Ctr Truncation coefficient
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Abbreviations
SM Statistical method
MOD Method of ordered diagrams
MSM Modified statistical method
HSM Hierarchical–structural method
VFD Variable-frequency drive
PSS Power supply system
CF Correlation functions
NCF Normalized correlation function
ELC Electrical load curve
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Abstract: Cables are the largest assets by volume on power distribution networks and the assets with
the least health information routinely gathered. Projections over the next 8 years suggest increased
penetration of low-carbon technology (LCT) at the distribution level with higher loads resulting
from electric vehicle (EV) and heat pump uptake. Over this period, increased cable loading will
directly influence their lifetimes and may mean that existing asset management practices need to be
revised to understand the specific impact on end-of-life assessment. Accordingly, this paper uses
a physics-based thermal lifetime model based on projected uptake trends for LCTs to evaluate the
impact on distribution cable lifetime. Two case studies are presented considering portions of network
and the ultimate impact on asset life over the next decade. Two commonly used cables are considered
to quantify the lifetime reduction caused by LCT for asset fleets. The paper shows that the projected
uptake of EVs and heat pumps will have a detrimental effect on cable life with a 30% reduction in
cable lifetime possible.

Keywords: electric vehicle; heat pump; cable; lifetime assessment; asset management

1. Introduction

As government and international bodies focus more on the impact of climate change,
low-carbon technologies (LCTs) will become more prominent on power networks. How-
ever, as LCT penetration increases, the cable loading regimes will change significantly.
For example, in the My Electric Avenue project [1], the British utility SSEN found that
approximately one-third of LV networks in the UK need to be upgraded, when 40–70%
customers have an EV, and this level of uptake is expected to occur by 2030. These upgrades
would result in significant capital expenditure [2] and customer connection disruptions
to enable reinforcement works and possible delays in the connection of LCTs. The UK
government also endeavors to meet the target of net zero emissions across the economy by
2050 [1]. A key element of this will be switching over 20,000 homes per week from 2025
to 2050 to a low-carbon heat source [3]. Currently, 85% of UK households use natural gas
to heat their homes [3]; this is one of the main contributors of the UK’s carbon emissions.
Heat pumps are one of the most promising solutions, and there is likely to be a targeted
replacement strategy for households that are not on the gas network. In addition to the
UK, other countries have also set up net-zero targets; for example, the European Union
has agreed make climate neutral by 2050 [4]. To date, studies have focused on deferring
reinforcement of the power network infrastructure [1,5–7] and the influence of LCT on the
power flow [8,9]. No studies have discussed the influence of LCTs on the life of installed
power cables, despite this being critical to both.

The lifetime estimation for power cables is important, as they are not visible and
represent a large proportion of installed assets for network operators. A Remaining Useful
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Life (RUL) predictor for assets can be classified into two potential approaches: data-
driven and model-based. The data-driven approach normally applies machine learning
algorithms on archived data, such as historical failure data, voltage, and current, to predict
RUL. Common models are the Weibull model [10], inverse power law model [11], and
Crow–AMSAA model [10]. The data-driven method is focused on the overall trends
for a type of cable rather than an individual unit. The availability of run-to-failure and
diagnostic data is sometimes limited in this case. Model-based prediction has also been
widely investigated to date. Work in Reference [12] used the temperature, humidity, and
voltage to calculate the material stress via a cable insulation model, and then the predicted
lifetime was estimated on the stress value. Elsewhere, Reference [13] used load, ambient
temperature, environmental parameters, and a thermal model of degradation to estimate
cable lifetime. In addition to this, recent research has started to combine statistical analysis
into model-based predictions. Work in Reference [14] develops a model-based case which
used a state-space lifetime equation and a statistical uncertainty model to predict the RUL
of cables by using thermal and load data.

The relevant literature indicates that the lifetime of power cables would be significantly
affected by the presence of emerging LCTs. A lifetime prediction model is required to help
asset managers target which cables need to be reinforced. This approach will mitigate
failures, rather than invoke blanket replacement programs, which would represent a signif-
icant cost saving. To assess how the lifetime of power cables is affected by the increasing
LCTs, the Arrhenius Inverse Power Model (IPM) [14] is employed to develop different
scenarios of interest to estimate the average lifetime of the cable under investigation. The
models and key parameters are based on the available literature/past studies [14–17]. The
contribution of this paper is to combine modeling techniques with the projected loading to
quantify the impact of LCTs on the lifetime of different cables. The model can be used in
future studies for specific cable circuits or topologies of concern. The case studies in this
paper consider an 11 kV distribution cable and 400 V mains’ cable in a realistic network
arrangement to assess the impact of prominent LCTs. The model results can be used to
support utilities in determining the reinforcement and inspection/maintenance plans based
on the projected lifetime of key cable types.

2. Low-Carbon Technology Adoption

There is increased focus in business and government internationally on climate change.
More consumers and third parties are looking to make use of alternative technologies which
are connected to the power system. This brings further challenges to the distribution utility
providers around network operation, as power flows are more difficult to predict. These
changes could affect cable life through increasing the loading in that portion of the network,
and this may shorten life. Based on current trends, the immediate challenge is posed by
electric vehicles (EVs) and heat pumps (HPs). To explore the impact on cable life, the
relative uptake of these two technologies was investigated in the following subsections.

2.1. EV

With the cost of batteries falling rapidly and increased government incentives, it is
anticipated that the stock of EVs would increase exponentially. Based on the prediction from
the Global EV outlook 2021 [18], the global EV stock can grow by 13.8 times above 2020’s
level in 2028 and the global electricity demand from EVs would reach at least 525 TWh in
2030 (2% of global electricity total final consumption). Therefore, EVs would significantly
impact power delivery and the life of assets on the distribution network. More consumers
are making the switch to EVs as an environmentally friendly and cost-effective means of
transport. EVs that need to be recharged can be classified as two types: plug-in hybrid
electric vehicles (PHEVs) and battery electric vehicles (BEVs). A PHEV can be powered by
both petrol and electricity and BEV is a pure electric vehicle. The battery of PHEVs has a
lower capacity than BEVs and a reduced electric only range. A BEV normally has a DC
charging port (used for rapid charging) and an AC charging port (used for destination
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charging). In contrast, PHEVs normally have an AC charging port for destination charging.
In the UK, in 2020, 108k BEVs were sold and 66k PHEV were sold [19]; this was 10% of
the 2020 UK market share. The battery capacity of current BEVs range from 17.6 kWh in
the Smart EQ ForTwo with a range of 93.3 km up to 100 kWh in the Tesla Model S and
Model X, which have over 482.8 km range [20]. EV charging activity can be classified into
four different typical arrangements: home, work, destination, and fast/rapid charging
station. The chargers at home are typically slow (supplies 3 to 11 kW AC to the vehicle [21]),
and 87% of charging activity is performed at consumers’ homes [21]. Workplace charging
is typically 3–11 kW AC, but charging is more likely to happen during daytime hours
(approximately 9 a.m.–5 p.m.). The destination type denotes charging at shops and car
parks; the chargers are generally higher power than household level but lower than rapid
chargers (normally capable of supplying 7 to 22 kW) [21]. The final type is rapid chargers
(can supply 22 to 120 kW—a 50 kW rapid charger could have the same impact on the
network as 25 homes [21]). This enables the EV to be topped up in minutes to hours;
however, such a large load interacting with the distribution network might be a challenge
to manage at a large scale. DC charging speed is seen as a critical factor in the future, and
charging speeds of 350 kW [22,23] will become more common as new vehicles accept this
speed of charging. AC charging speed is not likely to increase much beyond the current
capabilities, as there is no clear trend for increasing the rating of the on-board chargers on
EVs (AC to DC converters) beyond the 7–22 kW range. This paper considers the impact of
AC EV charging infrastructure at household and industrial customers.

In general, an increase in the number of EVs charging on the network would bring a
higher burden for cables in distribution networks. To avoid heavy reinforcement work, an
interesting option is to use a smart charging control system or incentivized energy tariffs
to shift the peak of demand to off-peak periods. However, there is still a long way to go
before smart charging solutions are fully implemented, and the EV stock is increasing
exponentially. It can therefore be predicted that some cable runs may experience a sharp
increase in the number of EVs based on local hotspots of EV uptake. This may occur
before smart charging schemes are fully implemented, which may result in a significant
reduction in cable life in this interim period. Even if smart charging solutions were to be
fully implemented, this would not completely eliminate the impact of increased load on
cables caused by EV charging. Therefore, cable life could be reduced in this period, as an
increasing number of EVs are connected to the power network. As cables are the least
monitored asset, modeling tools can support network operators over this interim period
and beyond as further data are made available [14].

2.2. Heat Pump

Currently, 85% of UK households use fossil-fuel-based natural gas to heat their homes [3],
making it one of the main contributors of the UK’s carbon emissions. Utility providers,
government, and policymakers have already conducted a range of projects [3,24,25]. The
analysis [24] shows that the yearly installation rate of HP would sharply increase over
the next 10 years. As an example, the yearly installation rate in 2030 would be more than
28 times the installation rate in 2020.

If conventional fossil-fuel-based natural gas boilers are replaced by HP, the electricity
consumption would increase significantly. HPs come as air-source and ground-source
units. The two technology types suit different installation conditions. An air-source heat
pump (ASHP) is better suited to an urban environment. The ASHP absorbs heat from
the air via a fluid, the fluid passes through a compressor, and this, in turn, increases the
temperature of the fluid. A heat exchanger is used to transfer the heat from the fluid to the
hot-water circuits of the home. A ground-source heat pump (GSHP) is more suited to a
rural environment, as significant civil works are required during installation. A GSHP is
more efficient, as it extracts heat from the round via buried pipework; this is termed the
ground loop and has a water/antifreeze fluid inside. The system uses the same operating
principal to elevate the temperature of the fluid and transfer the heat to the hot-water
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circuits of the home [26]. According to References [27,28], the average power consumption
ranges from 1.2 to 1.7 kW per unit, and a peak value of 4 kW was noted when one dwelling
was considered. Although the demand of a single ASHP is less than a single EV, the
operating time is longer, and customers are unlikely to wait until a certain time to heat
their home. The flexibility options that are apparent for EV charging do not exist for ASHP,
given the lack of energy storage in the power network.

An ASHP needs electricity to run, but for every 1 kWh of electricity, an ASHP can
produce 3 kWh of heat [29]. The average annual thermal demand for most homes in the
UK is at 12,000 kWh [29]. Therefore, this paper assumes that the average annual power
consumption of the ASHP is 4000 kWh. This represents a significant increase in the average
household usage (3781 kWh [30]).

3. Cable Lifetime Assessment Method

The previous section introduced a range of potential challenges for the most prominent
LCTs. The impact will ultimately be reflected in the cables’ operating temperature based on
the applied load regime. This study employs a thermal aging model to estimate the cable
lifetime based on the cable loading. The end-to-end workflow is given in Figure 1.

 

Figure 1. Thermal aging model for cable lifetime estimation.

As Figure 1 shows, the cable loading will increase the temperature of the conductor
via the conductor losses. The conductor losses were calculated by using the conductor
resistance at the rated operating temperature of the cable and the applied current due to
the specified loading regime. The conductor temperature can be estimated based on the
ambient temperature and the predicted temperature difference from the thermal ladder
calculation. This was used as a sense check to confirm that the cable under investigation
was not operating beyond the thermal capabilities of the insulation system. Finally, the
Arrhenius Inverse Power Model (IPM) is used to project the lifetime with the cable tem-
perature. To estimate the aging of a cable, the cable temperature is required. In this paper,
all the heating of the cable system is assumed to come from the ambient temperature and
power loss of the cable. All models were implemented in MATLAB for this study.

3.1. Thermal Ladder Evaluation

In this study, the transient temperature was ignored. Therefore, the cable temperature
can be given as follows:

θcable = θam + θloss (1)

where θam was assumed to be 30 ◦C within this study. The temperature rise due to power
losses can be simplified to a thermal ladder, which is given in Figure 2.

As Figure 2 shows, the θloss is related to Ra, Rb, and Wc; and Ra and Rb can be
further decomposed into TA, TB, QA, and QB. Among them, TA and TB are the thermal
resistance, QA and QB are thermal capacitances, and Wc is the conductor loss. According
to Reference [14], the θloss of the XLPE cable can also be written as follows:

θloss = Wc

(
Ra
(
1 − e−at)+ Rb(1 − e−bt)

)
(2)
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Figure 2. The two-loop equivalent thermal ladder representation [31].

This investigation aims to consider the average impact; therefore, θloss is assumed to
be a constant value, and t is assumed to be infinite. Thus, the representation of θloss can be
simplified as follows:

θloss = Wc(Ra + Rb) (3)

where the variables are represented by the following [14]:

Ra =
1

a − b

(
1

QA
− b(TA + TB)

)
(4)

Rb = TA + TB − Ra (5)

where a and b are the scale parameters derived from the two-loop equivalent diagram; TA,
TB, QA, and QB can be further decomposed into T1, T2, T3, Q1, Q2, and Q3; and the calcu-
lation details can be found in Reference [14]. The thermal resistance (T1, T2, and T3) and
capacitance (Q1, Q2, and Q3) can be calculated by using IEC 60287-2-1 [32]. Additionally,
Wc is the conductor loss, which can be calculated by using the following equation:

Wc =I2R ∗ p f (6)

where I is current on the cable, R is conductor resistance, and p f is the power factor, which
is assumed to be 1 in the study. The power factor is the ratio of active power to apparent
power; hence, a power factor of 1 could indicate the worst-case conductor loss.

The thermal ladder approximation for the two cable topologies is derived in the
following sections; the two topologies require specific equations from the standard [32] in
the derivation of T1, T2, T3, TA, TB, QA, QB, and Wc.

3.1.1. The 11 kV Distribution Cable

This section details the derivation of the thermal ladder model for the 400 mm2 3 core
11 kV XLPE cable. The key dimensions and previous modeling data were available in a
past publication [33]. The specification [15] of the 400 mm2 XLPE cable is given in Table 1,
and the dimension is given in Figure 3.
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Table 1. Specification of the 400 mm2 11 kV XLPE cable.

Parameter Value Parameter Value Parameter Value Parameter Value

Voltage Level (kV) 11 Conductor Screen
Thickness (mm ) 0.7 Sheath Diameter (mm ) - Armor Diameter (mm ) 87.5

Rated Current (Amp) 522 Insulation Diameter
(mm ) 31.8 Sheath Thickness (mm ) - Armor Thickness (mm ) 3.15

Conductor Area(
mm2 ) 400 Insulation Thickness

(mm ) 3.4 Concentric Neutral
Diameter (mm ) 35.3 Jacket Diameter (mm ) 95.5

Conductor Diameter
(mm ) 23.6 Insulation Screen

Diameter (mm ) 33.6 Concentric Neutral
Thickness (mm ) 0.85 Jacket Thickness (mm ) 4

Conductor Screen
Diameter (mm ) 25 Insulation Screen

Thickness (mm ) 0.9 Armor Bedding
Diameter (mm ) 81.2

Figure 3. Layout of the 11 kV distribution cable.

According to IEC 60287-2-1 [32], thermal resistance, T1, is the resistivity between the
conductor and metallic sheath/screen; T2 is the resistivity between metallic sheath and
armor; T3 is between armour and surroundings; and T4 represents the surroundings. T1 is
defined below.

T1 =
ρins
2π

G + 0.031
(

ρ f − ρins

)
e0.67 t1

dc (7)

where ρins and ρ f are the thermal resistivity of the insulation and the filler material respec-
tively; t1 is the thickness of the material between the conductors and outer covering; dc
is the diameter of conductor; and G is geometric factor, which also depends on the ratios
t1
dc

and can be obtained from the geometric factor curve in Reference [32]. Looking up the
curve, G ≈ 0.8 can be used for the 11 kV XLPE cable in this study.

T2 and T3 are given by the following relationships:

T2 =
1

2π
ρins In

(
1 +

2t2

Ds

)
c (8)

T3 =
1

2π
ρins In

(
1 +

2t3

D′
a

)
(9)

where t2 is the thickness of the bedding (in mm); Ds is the external diameter of the sheath
(in mm); t3 is thickness of outer covering; and D′

a is the external diameter of sheath, screen,
and bedding.
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The thermal capacitance (Q1, Q2, Q3, and Q4) can be calculated by using the following:

Q =
π

4

(
Dext

2 − Dint
2
)

C (10)

where C is volumetric specific heat [33]. Based on the dimensional properties of the
11 kV XLPE cable [15], the steady-state thermal resistances and capacitors are as follows:
TA = 0.3366 K/W, 0.3366 K/W, TB = 0.5197 K/W, QA = 1935 J/K, QB = 573 J/K, and
Wc = 18.25 W/m.

3.1.2. Mains’ Cable

This section details the derivation of the thermal ladder model for the 3 core 300 mm2

XLPE waveform cable. The waveform cable has sectorial shaped solid aluminium conduc-
tors. The specification and layout of the 300 mm2 waveform cable are shown in Table 2 and
Figure 4.

Table 2. Specification of the 300 mm2 waveform cable [16].

Parameter Value Parameter Value

Voltage Rating (V) 1000 Insulation Thickness (mm ) 1.8
Rated Current (Amp) 435 Earth Wires (mm ) 1.85

Conductor Area
(
mm2 ) 300 Sheath Thickness (mm ) 2.8

Conductor Diameter (mm ) 36.8 Overall Diameter (mm ) 55.1
Rubber Bedding Layer (mm ) 0.9 Rated Operating Temperature (◦C) 80

Figure 4. Layout of the 300 mm2 waveform cable.

According to IEC 60287-2-1 [32], the waveform cable model also employed Equation (7)
to calculate T1. However, the geometric factor, G, is calculated in a different way, as outlined in
Equation (12), and F2 is a coefficient for the belted cable, given by the following relationships:

G = 3F2 In
(

da

2r1

)
(11)

F2 = 1 +
3t

2π(dx + t)− t
(12)
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where da is the external diameter of the belt insulation (in mm), r1 is the radius of the
circle circumscribing the conductor, dx is the diameter of a circular conductor, and t is the
insulation thickness between conductors. T2 and T3 are given by the following relationships:

T2 = 0 (13)

T3 =
1

2π
ρins In

(
1 +

2t3

D′
a

)
(14)

where t3 is thickness of outer covering, and D′
a is the external diameter of sheath, screen,

and bedding.
The thermal capacitance (Q1, Q2, Q3, and Q4) can be calculated by using Equation (10).

Using the equations above, the steady-state thermal resistances and capacitances are as
follows: TA = 0.1798 K/W, TB = 0.4840 K/W, QA = 3744.1 J/K, QB = 357.9 J/K, and
Wc = 23.84 W/m. The AC resistance of the 11 kV XLPE cable is 0.0645 Ω/km [34]. The AC
resistance of the waveform cable is 0.126 Ω/km [16].

3.2. Lifetime Assessment with IPM

The hypothesis of cable aging is based around the IPM. The model [14] assessed
how the two LCTs influenced the cable life under different scenarios. The IPM model is
given below:

TTF = TTF0
E
E0

−(η0−b( 1
θ0
− 1

θcable
))

exp
(
−B

(
1
θ0

− 1
θcable

))
(15)

θcable = (θam + εam) + (θloss + ε loss) (16)

where E is electric field (kV/mm); θcable is the cable temperature in Kelvin, and it can
be further decomposed into the ambient temperature (θam + εam) and the joule heating
in the cable conductor (θloss + ε loss); and εam and ε loss represent the temperature errors.
The temperature error could occur as a measurement or calculation error rather than a
dynamic demand variation. This paper therefore explores the impact of ±5% temperature
error on the cable lifetime [14]. Moreover, θ0 is a reference temperature, η0 is the voltage
endurance coefficient at θcable = θ0, E0 is a value of electric field below which electrical
aging is deemed as negligible (kV/mm), TTF0 is time-to-failure at θcable = θ0, and E = E0.
B is the ratio of ΔW/k (ΔW is the activation energy of the main thermal degradation
reaction and k is the Boltzman constant), and b is a parameter that models the synergism
between electrical and thermal stresses (K.mm/kV). The thermal rating of XLPE and PILC
are at 90 ◦C (363.15 Kelvin) and 70 ◦C (343.15 Kelvin), respectively. The lifetime estimation
parameters are given in Table 3.

Table 3. The general parameters for IPM lifetime estimation [14].

Parameter Value Parameter Value

TTF0 (h) 1 × 106 E0 (kV/mm) 5
b (K mm/kV) 4420 E (kV/mm) 7.2

η0 (non-dimensional) 15 B (K) 12,430

4. Case Study

This section will provide two case studies to analyze the demand impact on typical
distribution network cables. Two representative cable types (11 kV XLPE cable and 400 V
waveform cable) are considered in this study and are introduced in the following sections.

4.1. 11 kV Distribution Network

For the 11 kV distribution cable, the example network has 24 distribution transformers
which step down to 400 V, and there are a total of 5032 customers [17]. Among these
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customers, approximately 5.3% are commercial and the remainder are domestic. According
to a 2018 report from the Department for Business, Energy, and Industry Strategy [30], the
mean annual domestic electricity consumption per meter in GB in 2016 was 3781 kWh.
The mean annual industrial/commercial electricity consumption in 2016 was 68,460 kWh.
The example network has an average loading of 4.14 MW. By employing the workflow
presented in Figure 1, the lifetime projections for different loading regimes can be derived,
and the impact of temperature error is also considered. The variation of cable lifetime with
applied current is outlined in Figure 5.

 

Figure 5. The lifetime curve for applied current and loading for the 11 kV XLPE cable.

As Figure 5 shows, if the rated current (for 10 MW rated power) is applied throughout
the cable operation, a lifetime of 31.7 years is projected with the deterministic model. A 5%
ambient temperature error could result in a ~15% variation lifetime, and a 5% conductor
temperature error could incur an 8% variation on lifetime estimate. Ambient temperature
error had a more significant impact on the cable lifetime estimation when the cable loading
was low. Based on the analysis above, the 5% error in ambient temperature has a larger
impact on the lifetime prediction. Generally, heavier cable loading would exceed the
operating temperature of the cable and, thus, would significantly reduce the cable life
or cause premature failure. The lifetime of the cable with a constant load of 4.14 MW is
projected as 129 years ± 22 years. The use of mean cable loading does not account for the
peak-times in the load profile. Therefore, this could lead to an underestimate of lifetime.
Based on this example, the 11 kV cable is operating at 50% of its rated capacity in the
normal baseline scenario. This will not be the case for all portions of the network, and
the ability to pinpoint these issues before they occur will be paramount to future network
operation. Some variations are presented based on the impact of EVs and ASHPs in the
following sections.

4.2. Mains’ Cable Network

The mains’ cable is assumed to supply 200 domestic customers from the local distribu-
tion transformer. The example network has an average loading of 86.32 kW. This level of
loading, on average, would equate to a lifetime of 65 years. The following sections discuss
the impact of EVs and ASHPs on cable lifetime. The following calculations assume that the
operating voltage for the cable is 400 V. The impacts of applied current and loading on the
lifetime are given in Figure 6.
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Figure 6. The lifetime curve for applied current and loading for the 300 mm2 waveform cable.

As Figure 6 shows, the loading will determine the lifetime of the mains’ cable, and
when operating at the rated current, the lifetime drops significantly to 12.8 years (deter-
ministic model value). The conductor temperature and ambient temperature error result
in ±8% and ±15% lifetime variation, respectively. To investigate how the technologies
influence the cable life, investigations were based on an example network.

4.3. EV Impact

This section investigates the impact of EV charging on the example networks intro-
duced above. According to the background review in Section 2.1, each domestic charger
consumes around 3 to 7 kW, and an industrial/commercial charger could be from 7 to
22 kW. This investigation assumes that each household has 6 h for charging every day; this
may be an over estimation in itself. The EV loading is assumed to be an additional load at
each domestic/non-domestic property.

The new average cable loading, Lnew, can be calculated with the following equation:

Lnew = L + (pd × rd × nd + pi × ri × ni)× w (17)

where L is the conventional cable loading; pd and pi are the average power consumption
of domestic and industrial customers, respectively; rd and ri are the usage rate of the LCT
technologies for domestic and industrial customers, respectively; nd and ni are the number
of domestic and industrial customers on the operational cable, respectively; and w is the
adoption rate of EVs.

4.3.1. The 11 kV Distribution Cable

The EV loading on the 11 kV distribution cable was considered first. The best (lowest
possible average consumption increase), median, and worst scenarios (largest increase) are
given in Table 4.

In all scenarios, the introduction of EVs would increase the loading of the cable. This
would significantly reduce the lifetime of the cable. With an adoption rate of 100% in
the best-case scenario, the cable lifetime would drop down to 54 years. In the worst-case
scenario, the cable would fail in 7.3 years if the rated conditions of the cable were ignored.
In reality, the adoption rate would not be 100% in the near future. Figure 7 outlines the
effect on penetration rate for the three scenarios.
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Table 4. Three different scenarios for EV consumption at 11 kV.

Scenario
Average Consumption Increase

Demand at 100% Adoption Rate
Household Customer Industrial Customer

Best-Case Scenario 3 kW 7 kW 8.18 MW
Median Scenario 7 kW 11 kW 13.21 MW

Worst-Case Scenario 7 kW 22 kW 13.94 MW

 

Figure 7. The lifetime of the distribution cable with EV adoption rate.

4.3.2. Mains’ Cable

Two scenarios are used to analyze the EV impact on the LV mains’ cable; only domestic
customers are considered in this case. If each household has an EV, the cable loading would
be given by two different assumed load levels (3 and 7 kW). In this case, the new load
equation is expressed as follows:

Lnew = L + (pd × rd × nd)× w (18)

As Figure 8 shows, the presence of EVs can significantly reduce the lifetime of a mains’
cable. For the worst-case scenario, the lifetime can be reduced to approximately 2.5 years if
the rated conditions are exceeded. An EV adoption rate of 60% in the worst-case scenario
represents the threshold at which the rated conditions of the cable have been exceeded.

 
Figure 8. The lifetime of the mains’ cable with EV adoption rate.
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4.4. Heat-Pump Impact

As discussed in Section 2.2, the average power consumption of an ASHP is assumed
as 4000 kWh per year. Based on government incentives/goals, the adoption rate of ASHP
is expected to rise, and the load on distribution cables will rise sharply. This work assumes
that the domestic consumption for a single household is the same as that of an industrial
customer. The impact on cable life with ASHP adoption is shown in Figure 9.

 
Figure 9. Impact of adoption rate of ASHP on the life of the mains’ cable.

If every household on the example distribution network installed an ASHP (adoption
rate of 1), the total demand would be 6.44 MW, and the cable life would be reduced to
approximately 84 years from a base case of 127 years with no ASHP penetration. The
lifetime of the distribution cable generally drops faster than the mains’ cable.

The mains’ cable is assumed to have only domestic customers. In the example network,
when conventional boilers are replaced with ASHPs, the lifetime estimation for the mains’
cable decreases sharply. Based on the 200-customer example network, when the adoption
rate reaches 100% (cable loading is 177.6 kW), life would decrease to around 40 years. In
the example network, this level of penetration could be permitted without exceeding (on
average and with ASHPs the only contributor to a customer load increase) the rating of the
mains’ cable.

5. Impact of Mixed LCT

As discussed in the previous section, the growth of EVs and ASHPs could have a
significant impact on the life of cables in the near future. This section uses the projections
for EV and ASHP uptake combined with the IPM model to estimate how LCT loading
could impact the end-life of cables. This analysis will employ the network examples in
Section 4. According to Reference [33], the number of households in the UK is around
27.8 million. The adoption rate (RateLCT) of EVs and ASHPs are considered separately and
employs the following relation:

RateLCT =
SLCT

NH × (1 + gr)
n (19)

where SLCT is the stock of the LCT, NH is the number of households under consideration,
gr is the growth rate, and n is the number of years under consideration. Additionally, this
analysis assumes that the number of UK households will grow by 0.9% every year [35] and
that the EV stock growth rate follows the global estimate. Based on Reference [36], in the
UK, there were approximately 450,000 EVs in 2020. Therefore, the EV adoption rate in 2020
was calculated as 1.6%. The global EV stock was 10.2 million in 2020 and is projected to be
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141.1 million in 2028 [18]. Based on this projection, the UK EV adoption rate in 2028 would
be 20.66%

According to Reference [24], the UK HP installation rate in 2020 was projected as 36,000,
and the UK HP installation rate in 2028 is projected at 714,000. According to Reference [37],
the installed capacity of HPs was 238,823 by 2019. This analysis also assumes that the
household size in 2019 was 27.8 million and the growth rate is constant at 0.9%. Therefore,
the HP adoption rate in 2020 was calculated as 0.98%, and the adoption rate in 2028 was
calculated as 9.52%.

This study assumes that the mean cable lifetime is based on the loading regime
projected by the best/worst-case scenarios. The combined effect from EVs and HPs is
based on the anticipated adoption rates discussed above. The projected values are given in
Tables 5–8. Based on Figure 5, the largest change in the lifetime prediction was observed
for variations in ambient temperature. Only the effect of ambient temperature error is
considered in Table 8.

Table 5. Adoption rate of EVs and HPs in 2020 and 2028.

2020 2028

RateEV RateHP RateEV RateHP

1.6% 0.98% 20.66% 9.52%

Table 6. Distribution cable loading for 2020 and 2028.

Property
2020 2028

EV HP EV HP

Rate 1.6% 0.98% 20.66% 9.52%

Consumption
Best case 64.5 kW

21.1 kW
0.8333 MW

0.2187 MW
Worst case 156.6 kW 2.022 MW

Total
Consumption

Best case 85.6 kW 1.052 MW
Worst case 177.7 kW 2.241 MW

Table 7. Mains’ cable loading for 2020 and 2028.

Property
2020 2028

EV HP EV HP

Rate 1.6% 0.98% 20.66% 9.52%

Consumption
Best case 2.4 kW

0.895 kW
30.99 kW

8.69 kW
Worst case 5.6 kW 72.31 kW

Total
Consumption

Best case 3.295 kW 39.68 kW
Worst case 6.495 kW 81 kW

Table 8. Lifetime prediction changes (years) for 2020 and 2028, considering ±5% ambient
temperature error.

Property

Projected Lifetime (Years)

Distribution Cable Mains’ Cable

Best Case Worst Case Best Case Worst Case

2020 127 ± 20 125 ± 20 64 ± 10 63 ± 10
2028 108 ± 18 85 ± 13 54 ± 9 42 ± 7

Difference −19 −40 −10 −21

The scenarios in 2020 have a limited impact on the cable lifetime for both distribution
and mains’ cables. As the adoption rate increases, as projected in 2028, the impact becomes
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more significant. When compared to the 2020 best-case scenario, the average lifetime of
both distribution and mains’ cable could reduce by up to 30% (it could be up to 67% out
if the worst-case error is considered) for the projected worst-case scenario in 2028. This
estimation is based on the average load; the actual lifetime may reduce more significantly
if the peak loading is considered. Generally, the rapid uptake of both electric vehicle and
heat pump adoption in the next eight years will have a significant impact on cable life,
and a large number of cables would need to be upgraded. The proposed model with more
specific network data can be used to strategically target replacement and reinforcement,
which will significantly save costs for utilities, whilst still maintaining standards of service.

6. Conclusions

The targets for net zero around the world have placed further emphasis on the adop-
tion of LCTs in domestic and industrial electricity customers. This increased adoption of
LCT can bring further loading for the power network as a whole. The demand of both cus-
tomer profiles is projected to increase, and this presents a challenge for network operators
to ensure that the network will cope with this changing need. The widespread deployment
of sensors and measurement systems is not practical or cost effective on the LV distribution
network. This paper has demonstrated a temperature-based end-of-life estimation model
to derive a relation between cable loading and lifetime. Two representative cable topologies
and associated example networks were employed to explore the challenge. The study
found that EVs and HPs are most likely to be the prominent technologies adopted in the
short-to-longer term. Both technologies increase the cable loading and could reduce the
cable life by up to 30% by 2028, based on the projected uptake rate of EVs and HPs.

In general, EVs would have a significant impact on the customer demand and cable
lifetime. The scenarios mentioned above are very simplified; however, this can be devel-
oped further to be more realistic for specific network scenarios. An additional complication
may be the development of vehicle-to-grid chargers; trials are ongoing in this area, so EVs
may become a source, as well as a load. A network of EVs working as sources could be a
potential future mitigation method to reduce the overall power imported to portions of
network if constraints exist.

HPs alone might not cause cable overload problems, but the combination of this load
increase along with other LCTs may pose challenges to the power system. It is anticipated
that the initial uptake of HPs will be highly dependent on the prior source of heating to
the customer. It is likely that government incentives will target the most polluting heating
systems first. Furthermore, some customers will not be on the gas mains network and will
be reliant on oil heating systems. This initial uptake may lead to localized pressures on
the distribution network in areas where no gas mains are laid/available for customers to
be connected.

The calculations within this paper are based on the average load increase at the two
customer types, and this may present an underestimate of the challenge facing network
operators. This work represents an initial step in the use of modeling tools to support
the end-of-life assessment of cables, whilst further monitoring tools are deployed on the
power network. Advantages of this approach center on the ability to perform long-term
assessments for installed cable assets. This can enable the study of a range of possible
future scenarios and varied installation conditions. The disadvantages of the approach
may involve the quality of models or input data, with any errors at these stages impacting
the accuracy of the lifetime prediction. Future work will consider the temperature impact
on the AC conductor resistance, additional cable topologies, time-based behavior of the
identified loads/sources, and potentially the uptake of DC EV chargers. The ultimate aim
is to provide a tool for asset managers to make informed investment decisions and reduce
the reliance of reactive maintenance/replacement schemes.
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Abstract: Microgrids (MGs) are capable of playing an important role in the future of intelligent energy
systems. This can be achieved by allowing the effective and seamless integration of distributed energy
resources (DERs) loads, besides energy-storage systems (ESS) in the local area, so they are gaining
attraction worldwide. In this regard, a DC MG is an economical, flexible, and dependable solution
requiring a trustworthy control structure such as a hierarchical control strategy to be appropriately
coordinated and used to electrify remote areas. Two control layers are involved in the hierarchy
control strategy, including local- and global-control levels. However, this research focuses mainly on
the issues of DC MG’s local control layer under various load interruptions and power-production
fluctuations, including inaccurate power-sharing among sources and unregulated DC-bus voltage of
the microgrid, along with a high ripple of battery current. Therefore, this work suggests developing
local control levels for the DC MG based on the hybrid particle swarm optimization/grey wolf
optimizer (HPSO–GWO) algorithm to address these problems. The key results of the simulation
studies reveal that the proposed control scheme has achieved significant improvement in terms
of voltage adjustment and power distribution between photovoltaic (PV) and battery technologies
accompanied by a supercapacitor, in comparison to the existing control scheme. Moreover, the
settling time and overshoot/undershoot are minimized despite the tremendous load and generation
variations, which proves the proposed method’s efficiency.

Keywords: DC microgrid; voltage regulation; power sharing (PS); local control layers; GWO;
hybrid PSO–GWO

1. Introduction

Electrical energy is deemed as the fuel for today’s computerized world, and in the
not-too-distant future, electricity scarcity will be a serious issue for many countries, es-
pecially in remote areas [1]. The distance from the central electrical grid system or the
high cost of installing the grid line to such a distance are the primary reasons for the lack
of electrification for the population in these areas [2]. Moreover, load demand is much
lower in rural locations than in more populated ones. Therefore, using grid electricity is
not the ideal option because of the transmission and regular maintenance expenditures.
Furthermore, power outages, grid shutdowns, CO2 emissions, degradation of the ozone
layer, biomass fuel reliance, and global warming, as summarized in Figure 1, have all con-
tributed to a greater awareness of the need for safe, renewable, environmentally friendly,
and clean energies. The direct integration of available renewable energy sources, involving
photovoltaic (PV) and wind turbine generation (WTG), into the utility grid, is not easy
due to their sporadic nature [3]. In this regard, the standalone MGs power system can
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combine such resources in one place as an excellent choice for isolated locations where
grid power is unavailable [4]. In the literature, several categories of MGs, comprising
AC, DC, and hybrid AC/DC MGs, have been employed to coordinate both renewable
energy resources and energy storage systems to cater to required demand [5]. However,
DC MGs are expanding more rapidly as compared to conventional AC MGs [6]. There
are no harmonics or frequency conflicts, no synchronization is needed in the islanded
mode, and no concerns about reactive power regulation exist [7,8]. In order to gain the full
utilization of this type of microgrid, there are a few obstacles that need to be considered,
including a seamless transition from islanded mode to on-grid mode operation, along with
compatibility with AC loads [9]. Furthermore, microgrid protection is a problematic issue
owing to the unavailability of zero-crossing current in addition to grounding [10,11]. The
stability of the DC microgrid is a significant problem during fault circumstances, because
of the resistive impedance characteristic of DC microgrid schemes and the absence of
physical inertia [12]. Standardization seems to be another obstacle to the adoption of DC
MGs [13]. Regardless of the abovementioned issues, DC MGs have a bright future owing
to their improved compatibility with distributed renewable energy sources (DRES), better
efficiency, and increased reliability [4]. It is essential to mention that power electronics
converters are commonly employed as interfaces in each MG, to link each source to the
shared bus [14].

Figure 1. The main issues of the existing grids and microgrids.

Power electronics technology improvements have allowed DC electric grid schemes
to achieve the criteria cost-effectively and smoothly [15]. With the advent of the DC MG
approach, DC loads were widely used throughout different industries, including telecom
facilities and data centers [16]. DC voltage rates are required for the operation of most
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modern electronic devices, including LED bulbs, phones/laptops chargers, and televisions.
Therefore, DC MGs may address the rising demand in remote and tiny towns worldwide
because of these qualities [17]. It is worth mentioning that the control of DC-bus voltage,
besides power-sharing in the DC MGs, is a crucial aspect that scholars always need to be
focused on [6]. Providing voltage support and efficient power distribution are the main
challenges in a multi-source DC MG. In the literature, the conventional droop control
approach of DC MGs has been used because it has simplicity in implementation due to the
non-existence of a communication link [18]. This control strategy, nevertheless, results in
inappropriate current distribution, voltage fluctuations, and circulating current regulation
because of droop and line resistance amongst converters in an MG [4]. These converters
must be properly managed to achieve an MG’s desired performance. In this regard, the DC
MG has employed a hierarchical control method consisting of local and global control lay-
ers. In the first control layer of the MG, the primary control goals are determined to achieve
adequate power and bus voltage stabilization within allowable constraints. Numerous
control strategies have been put forth at the local control levels [14–25] to achieve these
objectives. For realizing such objectives, there are various extensive studies on solving con-
trol issues in the local layers, especially droop control methods, including voltage/current,
current/voltage, or voltage/power, which are often used to coordinate autonomously dis-
tributed units and manage the flow of power between load demand and generation [19–21].
The droop control approach is a popular decentralized approach for distributing power
based on using virtual resistance. It is important to mention that power-sharing accuracy
and voltage stability are intimately related to the droop coefficient of the system [22]. More
specifically, as the droop coefficient increases, current sharing accuracy improves with an in-
crease in voltage variations and vice versa [23]. This confirms that the selection of the droop
coefficient value is the controller’s intrinsic trade-off. Although the key benefit of the droop
control approach is that it eradicates the need for crucial communication links between
parallel-connected converters since there are no communication links between parallel-
connected converters, there is a lot of flexibility and reliability [24]. In contrast, there are
several drawbacks to the conventional droop strategy: sluggish transient response, the
intrinsic trade-off between voltage control and load sharing, line-impedance misalignment
between parallel converters that impact active power-sharing, and unsatisfactory perfor-
mance renewable resource [22,25]. Therefore, droop control is the subject of many related
studies in the literature to enhance its performance. In [12], an adaptive droop method has
been suggested to adjust the virtual resistance to follow the load current’s fluctuation across
parallel-linked DC–DC converters. Owing to the sporadic nature of renewable resources
(PV and WTG), energy storage systems (ESSs) consisting of batteries, supercapacitors (SCs),
and ultracapacitors need to be included to overcome any load-generation mismatch that re-
quires reliable control approaches to work effectively. Many control techniques to regulate
power-sharing between supercapacitors and batteries have been discussed in the literature.
In [26], state-of-charge feedback control is employed to ensure the battery’s charging level
is within its allowable threshold, whereas the scheme of battery-energy storage (BES) is
utilized to smooth out a wind farm’s production fluctuations. Combining the two into a
hybrid electrical system is important because batteries have a higher power density and
SCs have a high-power density. The batteries supply the main source of energy, and the
SCs handle momentary load interruptions and power peaks during unforeseen circum-
stances [27–29]. Various control strategies have been proposed to enhance the performance,
to keep the new hybridization system operating more efficiently. In [30], a novel control
method has been presented based on the disconnection of low- and high-frequency power
components of the hybrid battery/SCr energy supplier. The proposed technique leverages
the battery current error component to control the SC. This method offers the advantages
of faster voltage control and less battery-current stress. In [31], a new control approach is
given to regulate power-sharing between batteries and SC and, therefore, keep MG voltage
stability even with large energy-generation fluctuations. The authors of [32] concentrated
on MG control schemes that involved PV, WTG, batteries, and SCs with hybrid AC/DC
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buses. The approach proposed a basic control technique for managing power between
renewable resources and storage systems. It is noticed that the control methods used in
local layers suffer from some issues under load disruptions and fluctuations of power
generation because of dependency on classical proportional–integral (PI) controllers [33,34].
Under such conditions, these controllers do not provide satisfactory performance. Con-
verters, on the other hand, are non-linear and time-variable systems [35]. Therefore, some
attempts have been made to overcome such issues by replacing classical PI controllers with
non-linear and advanced controllers. For instance, the authors in [27] adopted a proper
control approach to reject the transient disturbance that results from the load current and
limit the oscillations of the battery current. A new disturbance-rejection control approach
based on a sole DC/DC converter has been devised for a hybrid battery/SCs system. The
suggested control approach uses a super-twisting (STC) and PI controller in the internal
and external voltage control loops. Furthermore, a Pulse Wave Modulator (PWM)-based
sliding-mode control method is presented in [35] to adjust the voltage of the DC–DC boost
converter. Although this method confirms its effectiveness in controlling the DC voltage,
power-sharing has not been considered. In order to coordinate the power-sharing among
renewable resources, battery packs, and load, the authors [36] developed a multilayered
feed-forward artificial neural network (ANN)-based power management system (PMS). To
realize the farthest utilization of the energy resources, while also controlling the voltage
and power-sharing amongst hybrid renewable resources, a hybrid-modified Bat search
algorithm/ANN control approach has been presented in [37]. The main issues with these
methods are that hybrid energy storage systems have not been taken into account, so they
may not be applied to experience high energy variations. Furthermore, ANN-based DC
MG power management with a hybrid battery–SC energy system was proposed in [38,39]
to accomplish a better voltage regulation besides well-organized power-sharing under
various operating conditions, and the results were compared to the traditional control
technique to confirm the superiority of the proposed approach. However, the proposed
control strategy in [38,39] has not been examined simultaneously under extreme load
changes and PV power fluctuations, to assess its effectiveness in such critical conditions in
a real-life scenario. Moreover, the improvement of the droop control of the PV system and
hybrid battery/SC control sides has not been explored. Furthermore, the authors of the
aforementioned articles have not addressed the additional battery power provided to the
simulated MG, which might possibly reduce its efficiency, especially in [38,39]. It has been
discovered that there is a lack of focus on using meta-heuristic optimization approaches,
which are featured because of their capability in addressing complex problems and opti-
mizing controller parameters [34] to tackle the major challenges in the local control layer of
DC MGs that have been discovered in earlier studies. These problems can be addressed
using a variety of metaheuristic algorithms. A few examples of these algorithms are the ant
lion algorithm, the PSO method, and the gravitational search algorithm. It is important
to note that no single optimization algorithm can guarantee optimal system performance
due to inherent strengths and drawbacks. As an illustration, PSO is characterized by its
uncomplicated concept, relative resilience to control parameters, and computing efficiency;
on the other hand, PSO’s restricted local/global search functionality causes it to get stuck in
a local minimum when dealing with situations that are both highly constricted and highly
robust [40]. Another example is the GWO algorithm, which has been demonstrated to
outperform all the above mentioned algorithms [41]. Although GWO is featured by its
speedy convergence, simplicity of implementation, and higher performance in uncertain
and challenging search spaces, particularly in engineering applications [42], its delayed
late-stage convergence and proneness to local optimality are major disadvantages [43,44].
There is no doubt that each of the two algorithms has a special search strategy. Their
updating strategies guided by two or three agents leads to a reduction in variety, early
convergence, or collapsing into the local optimum [45]. In order to address such issues,
hybridization among algorithms has been proposed in previous studies to achieve a proper
performance of the system. Hybrid PSO–GWO can be adopted to utilize the strengths
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of GWO and PSO. The primary goal of this hybridization is to enhance the capability
of exploitation in PSO with the power of exploration in GWO [46]. As a result of this,
this paper is focused on solving all of the problems depicted in Figure 1 using the hybrid
PSO–GWO algorithm, which is characterized by its simplicity and ease of use as a tool to
be used in successful execution, as well as completive performance, in comparison to those
other optimization algorithms [47]. Using this algorithm to locate the global-best solution
to an optimization problem has been shown to be effective [48], and this can boost the
simulated MG’s local control layer’s performance. It is important to mention that improved
power-sharing across paralleled DC–DC converters, improved MG voltage regulation
within the specified level of 5%, reduced battery power losses, minimized settling time, and
less overshoot/undershoot under diverse operating situations are significant contributions
of the suggested technique. It is worth noting that this study is an extension of [49], with the
new proposed approach achieving more consistent performance than [49]. For this study, a
standard DC MG comprises several distributed energy resources (DERs), including a PV
system and hybrid battery/supercapacitor, which are connected to a DC-bus by using boost
and buck-boost converters, respectively, to support DC load in the system, as illustrated in
Figure 2. It is important to mention that this microgrid is explained in detail in Section 2.

 

Figure 2. DC MG configuration.

The structure of this article is as follows. DC MG control techniques, including tradi-
tional and new ones, are discussed in Section 2. In Section 3, HPSO–GWO is reviewed and
formulated in order to address the problem under consideration. The graphic comparison
of the significant outcomes of the traditional technique and the new control approach is
shown in Section 4. A summary of what has been accomplished is provided in Section 5.

2. Modeling of the Local Control Layer in DCMG

2.1. DC MG Control

A typical MG incorporates several forms of distributed energy resources such as PV,
WTG, and fuel cells accompanied by ESSs to deal with the intermittent nature of such
sources [3,50]. Most of these resources provide inherently DC electric power to the system,
and it is possible that WTGs that provide AC power may be connected to the DC MG if
they have been rectified [33]. To optimally coordinate distributed renewable energies, a DC
MG necessitates an optimum control approach to accomplish appropriate power-sharing
amongst all coupled sources in the system, while also managing the voltage within the
IEEE standard limit of 5%. In this respect, hierarchical control mechanisms involving local
and global control stages have been proposed to fulfill the above control objectives [23,51].
The three control layers of a hierarchical control technique are the primary or local control
layer, which is followed by a secondary level, and the third level of control, classified as a
global control layer. In detail, the goal of the local layer is to facilitate the transfer of power
among these DGs. The secondary level is intended to compensate for voltage variations.
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The objective of the tertiary stage is to govern power transfer between MGs and the electric
grid [33].

2.2. PV Side Control Strategy

PV system is the dominant source in DC MG due to availability and inherently
producing DC power, so it is not vital for it to be converted to another form of power.
However, it cannot be directly coupled to a common DC-link without adopting DC–DC
converters because both voltage and power of PV systems are uncontrollable and are
not always compatible with the system specifications [10]. These converters need to be
efficiently controlled to stabilize a DC-bus under different operating conditions. In this
regard, two operating modes, as illustrated in Equation (1), droop and maximum power
point tracking (MPPT) modes are adopted to control the DC–DC converter [52]. The first
mode is activated in case a low-load demand is required or a fully charged battery reaches,
so this mode matches the altering load to retain the voltage of the DC-bus [53]. Otherwise,
MPPT mode needs to be initiated for compensating the power and the DC-link voltage
destabilization, if not addressed. PV systems commonly work in this mode to wholly
exploit renewable energy sources [53,54].

The output voltage of the droop-controlled converter is presented as Equation (1).

D

{
(Iref − IL)·(Kppv +

Kipv
s ) soc ≥ SOCmax

Dmppt soc < SOCmin
(1)

where IL—converter output current, Iref—the reference value of output current, SOC—state of
charge along with its minimum value SOCmin and maximum value SOCmax, and Dmppt—duty
cycle in the case of the MPPT mode. Furthermore, the parameters of the current controller
are signified by Kppv and Kipv, as revealed in Figure 3.

Figure 3. Proposed control method.
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It can be noted from Equation (1) that voltage stabilization can be controlled effectively
under different operation conditions, based on the threshold value of the SOC of the battery.

2.3. Hybrid Battery/SC Side Control Strategy

The intermittent nature of RESs such as PV and WTG makes it challenging to cater to
load demand without ESSs. Power balance and voltage adjustment are essential functions
of a battery storage system. The droop control approach is utilized in this paper to sustain
the steadiness of the DC-bus voltage and the battery’s automatic charge and discharge
process [55]. Since the batteries feature a lower power density with a high energy density,
which minimizes discharge/charge speed, SCs, which have a high power density, could
be unified with batteries to realize the efficient operation of the ESSs in the system [38,39].
By adopting this hybridization, the batteries are exploited to generate the major energy
supply, whereas the SCs are adopted to address the momentary fluctuations of the localized
load in the MG and tackle power peaks during unpredicted circumstances [27]. In this
article, hybrid ESS (HESS) is used to boost the efficacy of the MG under various loads and
PV-generation scenarios. In order to reduce the stress on the dynamo battery and maintain
a suitable DC bus voltage, the SC is offered to collect the high-frequency component. In
addition, it prevents the batteries from overcharging and deep discharging, preserving their
lifespan [52]. The hybrid battery/SC energy system is illustrated in Equations (2) and (3),
as follows:

δb = (Ibref − Ib)·(Kpbat +
Kibat

s
) (2)

δsc = (Iscref − Isc)·(Kpsc +
Kisc

s
) (3)

where, Ibref and Ib refer to a reference value of battery current and real value of battery
current, respectively, along with Kpbat and Kibat, which indicate the parameters of the
battery controller, as illustrated in Figure 3. While the SC current with its reference is
denoted by Isc and Iscref, respectively, in addition to Kpsc and Kisc, which indicate the
parameters of the supercapacitor controller, as illustrated in Figure 3. The difference
between battery currents Ibref and Ib and supercapacitor currents Isc and Iscref passes to the
battery controller and the supercapacitor controller, as illustrated in Figure 3, to produce
duty ratios δb and δsc, which are sent to pulse-width modulation (PWM) generators to
generate switching pulses (SWb1 and SWb2) for the bidirectional converter of the battery
and (SWsc1 and SWsc2) for the bidirectional converter of the supercapacitor.

3. Design Considerations of the DC–DC Power Converters

The DCMG, which is shown in Figure 2, has been simulated in the MATLAB environ-
ment. In this step, the specifications of PV arrays and hybrid batteries/SCs are necessary to
be determined based on MGs requirements at the normal operating conditions. Moreover,
directional DC–DC converters and bidirectional converters need to be designed based on
the RESs, ESSs, and general system requirements. Therefore, in the following subsections,
the design considerations of such converters are included to provide a clear idea about
designing converters for other MGs.

3.1. Boost Converter

These converters are more prevalent in industrial applications because of their straight-
forward construction, ruggedness, ease of use, and relative inexpensiveness, so they are
widely used in MGs [56]. These converters not only improve the output voltage of the
PV system to the required limit but also accomplish MPPT control. In order to achieve an
appropriate performance of this converter in the studied MG, its components, including
the inductor Lboost and capacitance Cboost, need to be appropriately calculated based on
the following, Equations (4) and (5) [56,57]:

Lboost =
VoD(1 − D)

2ΔIl × Fs
(4)
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Cboost =
ViD(1 − D)

8 × ΔVo × Fs2 × Lboost
(5)

Vo = Vi/(1 − D) (6)

Io =
PL

Vo
(7)

where, Io and ΔIl refer to the output current and inductor current ripple, respectively.
While the output power, switching frequency, input voltage, duty cycle, and output voltage
with its ripple are denoted by PL, Fs, Vi, D, Vo, and ΔVo, respectively. It is important to
mention that ΔVo is selected to be 5% out of output voltage, which can be calculated based
on Equation (6), and ΔIl is required to be rated within 20% − 30% of the output current that
is determined by using Equation (7). All these equations are essential to be considered in
designing a boost converter, to obtain the proper DC-bus voltage of the system.

3.2. Buck-Boost Converter

A solar power system would be incomplete without some form of energy stor-
age. A standard bidirectional DC/DC converter is used to coordinate the battery charg-
ing/discharging process in the MGs based on the system situation. In order to make this
converter operate efficiently, the inductor Lbat and capacitor Cbat need to be calculated
accurately based on the following Equations (8)–(10) [56,57].

Lbat =
Vi × Dbt
ΔIl × Fs

(8)

Cbat =
Io × D

ΔVo × Fs
(9)

Vo = Vi D/(1 − D) (10)

where Vi and Dbt refer to the battery voltage and duty cycle at boost operation mode of the
converter, respectively. Moreover, switching frequency and duty cycle are signified by Fs
and D, which can be calculated by Equation (10), respectively. It should be noted that ΔVo
is chosen to be 5% of the output voltage (Vo) that can be determined by Equation (10), and
ΔIl has to be within 20%–30% of the output current (Io). These formulas must be taken into
account for designing a buck-boost converter.

4. Proposed Control Method

Metaheuristic optimization approaches such as GWO, explained in [49], and HPSO–
GWO [46] are investigated in this study as an alternate strategy to realize optimal PI
parameters, as illustrated in Figure 3. This figure includes boost converter with its control
strategy, as explained in Section 2.2, and bi-directional converters with their control ap-
proaches, as illustrated in Section 2.3, to achieve reliable and stable operation of the PV
system, battery, and supercapacitor, respectively. In this study, the accumulated errors
between the nominal values of voltages/currents and their real values are used as a fitness
function, with PI controllers’ constraints to be applied in the hybrid PSO–GWO MATLAB
code, which is explained in [46], to determine the best values of parameters of PI controllers
employed in the local layer that can improve the performance of DC microgrids.

4.1. HPSO–GWO Algorithm

The HPSO–GWO is a novel type of swarm-based metaheuristic that has numerous
benefits, including easy implementation and minimal memory usage [46]. The fundamental
concept is to bring together PSO’s exploitation ability with GWO’s exploration ability to
create both variations’ strength and memory consumption. Therefore, it is coevolutionary
since both variants do not utilize one after other. In other ways, they run in parallel. Instead
of utilizing traditional mathematical formulae, the exploitation and exploration of the
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first three agents’ sites in the search space are updated in HPSO–GWO. The mathematical
expressions are shown in Equations (11)–(17).

→
Dα =

∣∣∣∣→C1·
→

Xα − w ∗ →
X
∣∣∣∣ (11)

→
Dβ =

∣∣∣∣→C2·
→

Xβ − w ∗ →
X
∣∣∣∣ (12)

→
Dδ =

∣∣∣∣→C3 ·
→
Xδ − w ∗ →

X
∣∣∣∣ (13)

→
X1 =

→
Xα − →

A1·
→

Dα (14)
→
X2 =

→
Xβ − →

A2·
→

Dβ (15)
→
X3 =

→
Xδ −

→
A3·

→
Dδ (16)

X → (t + 1) =

→
X1 +

→
X2 +

→
X3

3
(17)

where it is important to mention that
→
C1,

→
C1, and

→
C1 along with

→
A1,

→
A2, and

→
A3 denote

coefficient vectors of the best three wolves while
→

Xα,
→

Xβ, and
→
Xδ refer to the places of

the best three wolves with respect to the respective prey in the search space, and the

location of the current solution is represented by
→
X. Moreover, the inertia constant (w) is

used to regulate the exploration and exploitation of the grey wolf in the search space. All
the previous information can be used to calculate the exact distances between the current
allocation of the best grey wolves and the respective prey in the space, which are represented

as (
→

Dα,
→
Dβ, and

→
Dδ), based on Equations (11)–(13). Furthermore,

→
X1,

→
X2, and

→
X3 indicate

that the final position of such wolves can be calculated by adopting Equations (14)–(16). It
is worth mentioning that the calculated parameters in Equations (14)–(16) are applied in
Equation (17) to determine the estimated position of the prey. The velocities and positions
of the wolves, which are signified by vi

k and xi
k, can be updated by using the PSO approach

as follows (Equations (18) and (19)):

vi
k+1 = w∗((vi

k + r1c1(x1 − xi
k.) + r2c2(x2 − xi

k.) + r3c3(x3 − xi
k)) (18)

xi
k+1 = xi

k + vi
k+1 (19)

where vi
k+1 and xi

k+1 refer to the updated values of velocity and position of the best three
grey wolves, while w represents the inertia, constantly generated randomly in [0, 1]; besides,
r1, r2, and r3 are random values in [0, 1]. Moreover, x1, x2, and x3 indicate the position
of the best three wolves, which are obtained by using Equations (14)–(16). Furthermore,
c1, c2, and c3 refer to optimization parameters, which are selected to be 0.5, whereas the
current position of the particle is signified by xi

k.

4.2. Problem Formulation

This paper aims to optimize the parameters of PI controllers employed in the local
control level of the studied MG. Consequently, proper voltage adjustment and precise
power transfer can be realized, which may enhance the performance of the simulated MG.
The proposed control approach optimizes PI controllers’ parameters based on the objective
function in Equation (20). In the literature, there are many types of objective functions that
have been used to tune PI controllers, including the integral time absolute error (ITAE), the
integral time square error (ITSE), the integral absolute error (IAE), and the integral square
error (ISE). The objective function of ITAE has been considered in this article, as it gives
shorter settling time, overshoots, and rising time than the other objective functions used in
the literature [58], with the constraints stated in Equation (27).
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ITAE =
∑N

Er
∫ ∞

0 t|Er(t)|dt
N

(20)

Subject to:
Er1= (Vref − Rd ∗ IL)− Vdc (21)

Er2 = Iref − IL (22)

Er3= Vref − Vdc (23)

Er4 = Ibref − Ib (24)

Er5 = Isref − Isc (25)

Er = Er1 + Er2 + Er3 + Er4 + Er5 (26)

where ITAE—integral of time-weighted absolute error; Er(t)—disparity between starting
points and variables to be managed—the simulated time; Rd—virtual droop resistance,
which can be determined by dividing the maximum voltage deviation (5% of Vdc) by the
output current (IL); Vref—the reference voltage of the DC microgrid, which is set to be 48 V;
and Vdc—the output voltage of the DC microgrid. N indicates the number of the obtained
errors from PI controllers. It can be noticed that errors resulting from differences between
the reference and actual values of voltages and currents in the microgrid, including the
output voltage (Vdc), with its reference value (Vref) and virtual droop voltage (Rd ∗ IL);
the output current (IL), with its reference value (Iref); battery current (Ib), with its refer-
ence value (Ibref); and the SC current (Isc), with its reference value (Iscref), as shown in
Equations (21)–(26) and Figure 3, are substituted in Equation (20) to determine the optimal
values of the PI controllers parameters that achieve minimum error in the system. It is
essential to mention that the parameters of the local control layer have been set by using
the hybrid PSO–GWO, as shown in Figure 3. The maximum and minimum values of PI
parameters have been included in the HPSO–GWO Matlab code, to determine the best
values based on the system requirements, as illustrated in Equation (27):{

Kpmin ≤ Kp ≤ Kpmax
Kimin ≤ Ki ≤ Kimax

(27)

where Kpmin and Kpmax, along with Kimin and Kimax, refer to the minimum and maximum
values of PI controllers’ parameters used in the local control of the DC microgrid, as
illustrated in Figure 3. The main objective of limiting such values is to enable the hybrid
PSO–GWO algorithm to search for proper values of Kp and Ki, within a certain range based
on the system requirements.

To get the best values of Kp and Ki in the local control layer for this investigation, a
number of steps have been used, including:

1. Initialize the grey wolf’s populations, X1, X2, X3, etc., which indicates that each wolf
(X) represents Kp and Ki.

2. Initialize parameters
→
A,

→
C, and

→
a , as their capabilities for exploration and develop-

ment may be leveraged to achieve a better balance in the GWO algorithm.
3. Compute the fitness value of each agent (grey wolf) to determine the best three wolves.
4. The placements of the best three wolves regarding targeted prey can be determined,

based on Equations (11)–(17).
5. The locations and velocities of the best wolves are updated, based on

Equations (18) and (19), respectively.
6. In case the current iteration is less than the maximum iterations limit, based on step 3,

all other wolves (ω) will update the positions. Otherwise, the optimal values of X
agents (Kp and Ki) will be obtained to be applied in the system.

7. Based on the first condition in step 4,
→
A,

→
C, and

→
a will be updated accordingly. Then,

the value of each search agent (wolf) is recalculated.
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8. Based on the previous updates, the best position is updated. This process continues
until the best values of Kp and Ki are obtained.

9. Figure 4 depicts all these steps.

Figure 4. HPSO–GWO flowchart.

It is worth mentioning that the list of PI control parameters obtained by hybrid PSO–
GWO is presented in Table 1.

Table 1. Optimal values of PI controllers.

Controller Kp Ki

PI controller 1 10 200
Battery controller 50 166.4

SC controller 80 350
Voltage controller (PV) 4.2956 0.6284
Current controller (PV) 100 250

Figure 4 explains the process of selecting PI controller parameters using the hybrid
PSO–GWO algorithm. In this regard, a number of populations with the GWO and HPSO
parameters are initialized to assign the initial Kp and Ki of the system. These initial values
of PI controllers are applied in the local control layer to assess the microgrid’s performance.
In case its performance is not acceptable, which means less-accurate power sharing among
sources in the microgrid and unregulated DC voltage, along with a high ripple of the battery
current, are realized, the errors that result from the difference between the actual values of
voltages and currents in the microgrid are substituted in the fitness function (Equation (20)),
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to be used in the hybrid PSO–GWO code to recalculate the new values of Kp and Ki for the
local control layer. The main objective is to achieve minimum error, which may boost the
performance of the local control level in the studied MG. It is worth mentioning that this
process continues until the best performance of the microgrid is achieved.

5. Results and Discussion

In this study, the rating of the components of DC MG, which comprise of a PV array
(6 panels, 120.7 W each) to provide 724.6 W, 14 Ah, and 24 V battery with 50% as a state of
charge (SOC), 32 V, 29 F SC, and 48 V, 300 W load are taken from [39]. In order to validate
the effectiveness of the proposed strategy in improving the performance of the local control
layer, compared to that of the existing techniques in [38,39], different scenarios, including
PV-generation variations and load fluctuations, are adopted in this study. It is important to
mention that the durability of the suggested method has been evaluated using the rate of
overshooting/undershooting in the voltage of MG, power sharing, battery current tracking,
and system responsiveness. These scenarios have been tested, first with the conventional
control approach, as depicted in Figure 5a–e. In this case, load changes by the rate of 50%,
38%, and 32%, and the fluctuations of solar irradiance simultaneously occur at 2 s, 3.5 s, and
4 s, respectively. The PV system can only generate 471 W at 0 s; therefore, most of this power
is used to cater to demand, which is set to 300 W, while the remaining power is exploited
to charge the battery to increase its SOC to an allowable threshold. This amount of PV-
generated power remains 470 W until 2 s, so there is no extra power that can be employed
to charge the battery at the time interval (1 s–2 s), due to the load demand going up to
500 W. Thus, the DC-link voltage drops sharply at 1 s, as shown in Figure 5a. It can also be
noticed that PV generation increases to 580 W at 2 s, which leads to an increase in DC-link
voltage up to 50.25 V. As previously mentioned, load demand increases by dissimilar rates
at 1 s, 3 s, and 4 s, and this causes the bus voltage to diverge unacceptably from the standard
limit of 5% at these time intervals. Based on the obtained results, this strategy is ineffective
in facing critical operating conditions such as load-generation uncertainty. It is also worth
noting that, even though the battery current is closely tracked in its reference value, some
unwanted ripples are still involved. Furthermore, one of the most critical aspects to note
is the system’s poor responsiveness in rejecting imposed interruptions, implying that the
system would be neither stable nor trustworthy.

 
(a) (b) 

Figure 5. Cont.
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(c) (d) 

 
(e) 

Figure 5. Results with the conventional PI method: (a) DC-link voltage; (b) power exchange;
(c) battery current; (d) SOC of battery; (e) SOC of supercapacitor.

In order to tackle the main issues of the conventional control approach, GWO algo-
rithms are adopted to enhance the microgrid’s performance under such critical operating
situations. The simulation results reveal that although the same critical operating condi-
tions are applied with the proposed control scheme, the DC-bus voltage is preserved within
the standard limit, and proper power-sharing of the studied DC MG is realized. To be
more specific, by employing GWO, the voltage of the simulated MG rises from 43.66 V to
47.016 V, with a 50% increase in load demand at 1 s as well as a voltage-overshoot decrease
from 50.25 V to 48.7 V at 2 s, as seen in Figure 6a.

 
(a) (b) 

Figure 6. Cont.
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(c) (d) 

 
(e) 

Figure 6. Results with the GWO: (a) DC-link voltage; (b) power exchange; (c) battery current; (d) SOC
of battery; (e) SOC of supercapacitor.

From the previous discussion, it is found that the microgrid’s performance needs
to be further improved, especially the system’s responsiveness in rejecting disturbances,
power sharing, and battery current tracking, to be more proper for real-life implementation.
Thus, the proposed hybrid PSO–GWO is utilized in this article to improve the traditional
control method and the GWO employed in the simulated DC MG. The obtained results
in Figure 7 demonstrate that although the studied MG has been subjected to the same
critical operating conditions of both load and power-generation variations simultaneously,
several advantages in the local control layer, including maintaining the bus voltage at the
acceptable level (1.67%), optimal power sharing, and optimal battery current tracking with
its reference value are achieved, as shown in Figure 7a–c. It is also noted that the response
of the respective system in rebuffing the imposed disruptions is very quick, making the
system more dependable and stable with no additional battery power delivered to support
the system under such fluctuations, as illustrated in Figure 7a,b, respectively, which are
better than [30,38,39]. This confirms that the proposed control method is more robust than
the abovementioned studies under most operating conditions, implying that MG becomes
more reliable and steadier in providing uninterrupted power to consumers under crucial
operating conditions. It is also seen that the proposed control method achieves fewer
overshoots/undershoots in the DC bus voltage, fewer current/voltage ripples, and less
settling time in comparison with the conventional control approach used in the local control
layer of the DC microgrid, as shown in Figure 7a, which enhances the reliability of the
microgrid. In summary, it is clear that the proposed HPSO–GWO achieves a better voltage
regulation, power-sharing, and settling time than the conventional control approach and
GWO, as illustrated in Figures 7a–e and 8.
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(a) (b) 

 

(c) (d) 

 
(e) 

Figure 7. Results with the hybrid PSO–GWO: (a) DC-link voltage; (b) power exchange; (c) battery
current; (d) SOC of battery; (e) SOC of supercapacitor.
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Figure 8. Summary of the main results of the proposed control technique.

Figure 8 illustrates that the large disturbances, including an increase in the load
demand (300–825 W) along with the PV-generation fluctuations (470–680 W), are minimized
by adopting the HPSO–GWO and GWO optimization approaches. Based on the obtained
results, this control method may be suitable for being implemented in real-life scenarios,
because the issues noted in previous articles, including transient stability issues, DC-bus
voltage destabilization, power losses, and unregulated power sharing among participating
sources in the microgrid, are solved in this article. Thus, this article may contribute to
increasing the dependency on microgrids to generate reliable and uninterrupted power for
consumers under crucial operating circumstances.

6. Conclusions

This study focuses on adopting HPSO–GWO to boost the performance of the local
control layer. It is examined under different load and PV-generation scenarios. Although
the load changes by 50%, 38%, and 32% at different time intervals, accompanied by PV-
generation fluctuations, precise power transfer among DGs and voltage regulation are
realized. Furthermore, the battery current can keep a consistent relationship with its
reference value. Additionally, system responsiveness is effectively improved to resist
any perturbation that may arise without causing any power dissipation. It is noticed
that the proposed technique achieves fast voltage recovery with less settling time, over-
shoot/undershoot, and rising time, so the system operation becomes more reliable and
stable under the abovementioned critical operating conditions, and this ensures the robust-
ness of this control technique.
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Abstract: With the evolution of electromobility and heat pumps in urban areas, distribution system
operators find themselves facing new challenges in reinforcing their grids. With this evolution, the
power demand is developing rapidly and grid reinforcement is urgently needed. The electromobility
and heat pump loads are introduced by giving the assumed development scenarios in Germany and
their corresponding nominal power assumptions. Furthermore, a method for load modeling in grid
planning is explained. Subsequently, several grid planning approaches are presented while dividing
them into conventional and innovative planning strategies. Among the investigated innovative
planning strategies are three variants of load management that regulate different load types. By
analyzing several urban medium voltage grids, this contribution deduces a solid basis for distribution
system operators in the form of planning guidelines. The implemented grid planning method leading
to the planning guidelines is presented in detail along the contribution.

Keywords: electromobility; heat pumps; medium voltage; planning guidelines; strategic grid planning

1. Introduction

Climate change is currently the main challenge facing governments, industries, and
individuals alike. Even though there is already progress made to curb the expected climate
changes, there is still a long way to go to transform the emission-intensive sectors such as
transportation and heating into low-emission sectors [1]. A solution for that is to transform
the energy source for transportation heating from the combustion of fossil fuels to electricity.
On one hand, the electrification of these sectors can greatly reduce emissions, but on the
other hand, it proposes an additional load on the power grids [2,3].

This contribution focuses on the impact of the electrification of the transportation sector—
using charging infrastructure for electromobility—and the electrification of the household
heating sector—using heat pumps (HPs)—on the electric medium voltage (MV) grids in terms
of electric load development and the corresponding required reinforcement measures.

The electrification of the above-mentioned two sectors represents an unprecedented
challenge for distribution system operators (DSOs) as they find themselves dealing with
new load types, for which no large-scale measurement or historical data are available.
Without historical data, the determination of the expected load development due to the
charging infrastructure and HPs becomes complex. Furthermore, the penetration of these
new loads into the grids in terms of location and number of units is unknown. Based on
the government plans for a country-wide adoption of electromobility and HPs, the DSOs
face the complexity of identifying the actual expected number of electric vehicles (EVs) and
HPs in the specific grids.

The current grids are historically not designed to take on the load of the charging
infrastructure and HPs. Therefore, the DSOs will have to reinforce their grids to ensure a
reliable grid operation. Even though the so far applied conventional planning measures
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have proven their reliability and effectiveness, newly developed innovative technologies
such as load management (LM) systems can offer an economically efficient alternative
planning measure.

Even with the availability of historical data for the charging infrastructure and the HPs,
their corresponding penetration levels and further evaluation of LM, performing grid planning
for a complete urban grid area is an elaborate time-consuming task. Instead of that, DSOs tend
to rely on planning guidelines (PGs) in reinforcing and expanding their grids.

Hence, this contribution aims to serve as a complete reference for grid planning under
the consideration of these new loads. It displays scientifically backed load assumptions to
overcome the challenge of the lack of historical data for the new loads. Furthermore, this
contribution proposes a novel methodology to regionalize the country-wide development
scenarios on specific grid areas in the MV level. Moreover, innovative planning technologies
are considered such as LM, reactive power management (RPM) and energy storage (ES).
The considered planning strategies then result in different planning variants, that are then
assessed using an economic model as well as an alternative model. The newly proposed
alternative model considers four extra assessment criteria in addition to the costs. Finally,
the contribution derives seven PGs that can be directly applied by DSOs in their specific
grid areas.

Although these new loads are mainly going to be connected to the low voltage (LV)
level, the MV level must be investigated to successfully accommodate the accumulated load
increase in the LV grids. On the MV level, two factors work in opposition to one another.
The first factor is the fact that a MV grid supplies several LV grids and hence needs to adopt
an accumulated large number of new loads. The second opposing factor is the decreasing
demand factors with an increasing number of loads (explained in Section 2.4). Taking these
two factors into consideration constitutes an added challenge to MV grid planning.

Since the density of the transportation and the heating sector in urban areas is much
higher than in rural areas, this contribution focuses on the development of urban grids. In
the context of this contribution, MV grids from six major German cities are utilized. The
variance between the six cities helps to deduce PGs that are valid for any German urban
MV grid or any urban MV grid having a grid topology similar to the investigated MV grids.

1.1. Related Work and the State of the Art

Strategic grid planning is as old as electric grids are. It constitutes an ongoing activity
at DSOs since the electric grids are in a constant state of development. There are several
publications discussing grid planning to a great extent [4–7]. Since this contribution focuses
on the MV grid, references such as [8] are considered to determine the MV grid topology.
Even though these references discuss strategic grid planning in detail, the impact of the
charging infrastructure and HPs on the grids still needs to be investigated.

The evolution of electromobility has been addressed in terms of state of the art tech-
nologies either for EVs or charging methods in [9–11] including an overview of the wireless
charging technologies in [12]. Especially relevant for the grids are the scenarios, load
development, load demand, and load profiles that are discussed in several publications
including [13,14]. Other publications, such as [15–17] discuss the impact of electromobility
on the grid parameters concerning equipment loading and voltage profile for a specific
grid as well as for a complete country. In addition, the effect of these new load types on
the electric grid was investigated in emerging pilot projects such as [17]. Although these
studies demonstrate the expected grid violations, they do not elaborate on the planning
measures needed to remedy them. Besides the charging infrastructure, the impact of HPs
on grids must also be analyzed.

The published work investigates the impact of HPs on the grid in different methods.
Refs. [18,19] model the impact by generating load profiles of HPs in Germany and Great
Britain and overlaps these profiles with load and generation profiles. Thus, the collective
impact on the grids is analyzed for the total power demand in Great Britain in [18] and
for an urban grid and a suburban grid in [19]. The collective impact of electromobility
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and HPs has also been investigated in [20–23]. Furthermore, several control strategies are
proposed in [24–26] to reduce the grid violations caused by the integration of HPs into the
grids. Although the above references have addressed the issue of HPs and electromobility,
the impact of their integration on the MV level has not yet been studied.

Moreover, technological solutions for electromobility in terms of LM are introduced
in different ways and methods in the literature [27]. Hence, the potential of LM to reduce
grid reinforcements required due to electromobility has been investigated. For individual
exemplary grids in [28,29]. Contributions such as [30] focus on managing the portfolio of
the charging infrastructure to reduce their impact on the electric grids. In [31–33], different
control strategies are proposed to curb the impact of the charging infrastructure on the grids.
These publications, however, do not discuss the required grid reinforcement measures to
absorb the increase in the load demand after the application of LM. Moreover, they do not
consider the simultaneous regulation of charging infrastructure and HPs. In addition, the
potential of regulating private charging points compared to regulating public charging
points is still not investigated.

As for ES, Ref. [34] provides an overview of the ES system and its ability in reducing the
grid violations. Its economic potential in comparison to LM or the conventional planning
measure is yet not investigated.

Despite the extensive published and performed work, they lack concrete PGs for DSOs
that recommend solid measures to be performed in the grid reinforcement. Publications
such as [35–37] provide PGs with the consideration of distributed generation on an abstract
level. These, however, do not take into account electromobility and HPs neither they are
targeted for urban MV grids.

To sum up, although numerous publications have investigated the individual topics
discussed in this contribution either solely or combined, no single publication can yet be
found that considers these topics combined to the extent presented here and with a focus
on urban MV grids.

Unlike the published work, this study investigates grids accumulated from several
DSOs not only one. This guarantees that the final results can be considered generally
valid for all urban MV grids as long as the grid has similar characteristics such as the
voltage level, the topology, and the load density. Furthermore, a unified planning method
is performed to reach generally valid results independent of the specific characteristics of
the individual grids. In addition, more than one variant for the planning is investigated,
such as a combination of several charging powers, the consideration of two development
scenarios for each load type, three HP systems and three LM variants with six LM layouts
(the variants stand for the regulated load and the layout expresses the configuration of the
system) in addition to two ES capacities. Finally, seven tangible PGs for the MV level and
three PGs for across voltage planning are deduced to simplify the grid planning process for
the DSOs.

1.2. Objective and Structure of the Work

This contribution aims to provide a coherent instrument for strategic planning of
urban MV grids while integrating electromobility and HPs. The goal here is to summarize
all necessary knowledge to perform MV grid planning, including a set of PGs that guides
DSOs while planning their grids while completing the given state of the literature. This
contribution provides the following new findings:

1- Consideration of several charging powers for the charging infrastructure;
2- Differentiation in the charging infrastructure between private and public charging points;
3- Integration of charging hubs and charging points at customer substations;
4- Application of demand factors for different charging powers up to 500 charging points;
5- Analysis of three HP models different in the power rating;
6- Modeling and application of innovative technologies:

i. LM system with three different regulation variants and six system layouts;
ii. RPM systems;
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iii. ES with two independent storage capacities.

7- Consideration of two separate load development scenarios for each load type;
8- Application of grid planning to representative MV grid models from six major German cities;
9- Deduction of generally valid PGs:

i. Introduction of concrete power values for the new load types for the two planning
perspectives (feeder and substation);

ii. Recommendation of standard equipment dimensions.

10- Establishment of a decision path for urban MV strategic grid planning;
11- Application of an alternative assessment model for the planning variants.

The contribution follows the steps performed during grid planning. It starts in
Section 2 by explaining the technical preparation required in terms of the expected number
of new loads, their localization in the grids and their assumed nominal power. Since there
are no available large-scale measurement data for the new load types, the contribution
proposes analytical methods to estimate the expected load development. It then contin-
ues in Section 3 with identifying the permissible limit to ensure a reliable operation of
the grid. Section 3 also provides an overview of the so far applied planning measures
labeled as the conventional planning strategy. As an extension to the conventional planning
strategy, innovative planning technologies (LM, RPM and ES) are presented. After the
technical preparation is complete, the contribution continues in Section 4 with a technical
and economic assessment of the different planning variants. As a result of the assessment,
seven PGs for the MV are derived and elaborately explained. Building on the MV PGs,
a decision path for MV grid planning is presented. Furthermore, Section 4 introduces
three across voltage PGs and ends with an alternative assessment analysis to concretize the
recommended PGs for MV grids.

2. Integration of Electromobility and Heat Pumps

This section discusses the fundamental background required for analyzing the inte-
gration of electromobility and HPs. The main factors for precisely planning new loads are
the determination of the number of loads, their localization in the grid and their expected
power demand. In this context, the section starts with an overview of the assumed devel-
opment scenarios for electromobility and HPs in Germany. Afterward, the methodology
for the regionalization of country-wide scenarios down to street level is shortly explained
to determine the number and the location of new loads in the MV grids. Furthermore, the
load assumptions for electromobility and HPs are presented.

Electromobility represents an unpredicted new load type in the grids and is coupled
with a big uncertainty regarding grid planning [9]. In the context of this contribution,
electromobility will refer to the EVs used in private transportation apart from electrified
public transport (such as electric buses). The aforementioned EVs are mainly charged at
either private charging points (PrCPs) or public charging points (PuCPs). A charging point
(CP) in the context of this contribution is defined as an outlet at which only one EV can
be charged. PrCPs are meant to be privately owned and operated CPs that can only be
accessed by a specific user (for example a CP in a private garage). Whereas, PuCPs are the
unrestricted publicly accessed CPs typically found on the street side. The standards for
charging infrastructure can be found in [10]. In addition, other charging concepts such as
inductive charging [12] are not considered in this contribution because they do not change
the power demand and therefore have no effect on grid planning.

As for HPs, the task of grid planning becomes much more complex. At a first glance,
the development of HPs seems simple as they are solely integrated into households and—in
a few cases—into commercial buildings (unlike CPs that can be found on the streetside).
However, as the buildings differ in size, year of construction, thermal insulation, and
correspondingly the heat demand, it becomes more and more difficult to precisely foresee
the development of HPs. Therefore, this contribution focuses on individual HPs that
are installed in standalone households, whereas high-power HPs used in industrial or
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commercial buildings are not investigated here, as they are considered to be individual
planning cases.

2.1. Development Scenarios

The scenarios for electromobility and HPs differ greatly regarding the expected de-
velopment over the upcoming years. Each published study [38–40] assumes different
boundary conditions such as the progression of climate change regulations, consumer
acceptance, technological progress, etc. Accordingly, the anticipated course of development
varies from one study to another. Hence, two development scenarios are chosen per load
type. A “progressive” scenario (referred to later on as prog.) is adopted that assumes an
accelerated spread penetration of electromobility and HPs. In addition, a “conservative”
scenario (referred to later on as cons.) is taken on which assumes a rather moderate limited
penetration of new loads [41]. Figure 1 shows the scenarios considered in this contribution,
which are chosen based on thorough literature research and are selected to be moderate
scenarios among others.
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Figure 1. The applied progressive and conservative development scenarios for electromobility and
heat pumps in Germany based on [41].

2.2. Regionalization

After determining the development scenarios, it becomes important to identify the
number of new loads expected in an analyzed grid area. Therefore, a regionalization
method is developed to calculate the number of new loads ending up in a grid area.

The regionalization methodology goes through five steps; starting at the country level,
then down to the state level, after that to the city level, and afterward to the district level
ending at the grid level. At each step, different regionalization factors are considered. For
instance, for the step from the country level to the state level, the following regionalization
factors are considered for electromobility for the respective state in comparison with other
states in the country using a weighting term per regionalization factor: population, number
of EVs, number of vehicles (combustion and electric), number of car owners (a single owner
can own several cars), research budget for electromobility, and number of buildings. As
for the same step for HPs, the number of existing HPs in the state is considered to be the
regionalization factor [42].

By applying the regionalization methodology, the number of EVs and HPs are deter-
mined per MV grid. For validation, the regionalized numbers are cross-checked with the
DSO-specific development plans. As further validation, these numbers are compared with
the development of electromobility and HPs in specific grids. The expected number of EVs
and HPs per grid are listed in Appendix A, Table A1.
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2.3. Nominal Power Assumptions

As for the charging infrastructure, the available CPs on the market differ greatly
in terms of their nominal charging power, which makes it difficult to assume a certain
charging power for the complete charging infrastructure. By analyzing the public charging
infrastructure register from the German federal network agency [43] the development of
charging powers over the past years is deduced. It becomes clear that the charging powers
for PrCPs are within the range of 3.7 kW to 11 kW, whereas the charging powers for PuCPs
go up to 150 kW or even up to 350 kW. Since an exact spread of the charging powers for
the next 30 years is feasibly not possible, as a first approach to the distribution of charging
powers, the following ratios in Table 1 are assumed. The assumed distribution of private
and public charging powers has been agreed upon with the six major DSOs in Germany. A
perfect power factor of one is assumed for the charging infrastructure.

Table 1. The assumed distribution of charging powers for private and public charging infrastructure
based on [41].

Charging Power
Private Charging Infrastructure Public Charging Infrastructure
2030 2040 2050 2030 2040 2050

3.7 kW 10% 0% 0% 0% 0% 0%
11 kW 60% 65% 65% 5% 5% 5%
22 kW 30% 35% 35% 75% 20% 20%
50 kW 0% 0% 0% 15% 50% 50%

150 kW 0% 0% 0% 5% 25% 25%

As for the HPs, the approach to finding reasonable power assumptions is different,
since, as mentioned previously, the heat demand varies greatly depending on each house-
hold and use case. The following steps are carried out to reach reasonable, generally valid
power assumptions.

Firstly, the available HPs on the market are analyzed in terms of nominal power to
find the widely spread power classes. Secondly, the average heat demand of standalone
houses is analyzed to determine which power class can fulfill the required heat demand.
This approach gives a first approximation of the required nominal power, which is 3 kW for
the living space heating. Furthermore, an additional electric heating element for purposes
such as warm water supply is analyzed, resulting in a big spectrum of nominal powers.
Therefore, an average power assumption is adopted, giving an extra 6 kW for the electric
heating element. This yields an HP with a total power of 9 kW (HP system + electric
heating element) [44]. Since it is not clear whether all HPs are going to be installed with an
extra heating element or not, the power assumptions are expanded to a hybrid system of
6.5 kW representing a distribution of the previous two HP systems. In summary, the three
HP systems are as follows:

1- 3.0 kW (basic HP system);
2- 6.5 kW (hybrid distribution of HP systems 1 and 3);
3- 9.0 kW (basic HP system + electric heating element).

2.4. Load Modeling

The first step for representing the future grids is to convert the scenarios into power
demand to be integrated into the grid model. The existing loads such as household,
commercial or industrial loads are summarized here with the term “conventional loads”
and are discussed at the beginning. Subsequently, the modeling for the new load types,
namely the electromobility and HPs, follows.

To determine the development of the conventional household loads, a load demand
model is developed [41]. The model performs a two steps process to determine the future
load demand of household loads. Firstly, a statistical model is fed with the grid data (such
as MV/LV distribution stations, energy consumption per building connection, standard

191



Electricity 2022, 3

load profiles, etc.) as well as socio-economic data [45] to estimate the future development
of household loads. Subsequently, a deterministic model scales the corresponding standard
load profile for the specified load type and year. As for the conventional industrial loads
(customer stations in the MV level), the load development is not identified, due to the
heterogeneity of the loads and their distinction from one MV grid to the other. Hence, the
industrial loads are kept constant over the investigated period of time (the year 2022 until
the year 2050).

In contrast to conventional loads, electromobility has little to no historical data that
can be used for load modeling. Therefore, a statistical analytical method is implemented to
model electromobility as a load in the grid.

For calculating the demand power of electromobility several approaches can be found
in the literature. In [46], the coincidence factors for domestic CPs are calculated based on
the driving and plug-in behaviors recorded. Depending on these recorded data sources, a
model was developed to calculate the demand power for the domestic charging powers.
Even though this model is well thought out, it does not tackle the public infrastructure
that is not used by a single household. Therefore, in this contribution, the demand power
is calculated depending on the tool developed in [47]. This tool simulates daily driving
profiles by utilizing the collected driving data from [48]. These driving profiles are then
converted to charging profiles for CPs. By simulating the seven days of the week, a weekly
charging profile can be generated for a specific charging power. The weekly charging profile
is then simulated for several weeks for different charging powers using an incrementally
increasing number of CPs. Then, these profiles are accumulated to generate the peak
power demand for a certain number of CPs for a certain charging power. Simultaneously,
the demand factors for each number of CPs for the chosen dominant charging powers
(3.7, 11, 22, 50 and 150 kW) are calculated. The demand factor is defined to be: “the
ratio, expressed as a numerical value or as a percentage, of the maximum demand of an
installation or a group of installations within a specified period, to the corresponding total
installed load of the installation(s)” [49]. The integration of different shares of the charging
powers can result in a mean effective charging power that varies from the simulated chosen
charging powers. Therefore, a curve-fitting algorithm is applied to deduce the demand
factor per kW increments between 3.7 kW and 150 kW [50]. Using these demand factors
(shown in Figure 2) and the nominal power assumptions in Table 1, the demand power for
electromobility is calculated according to the method in [42] and integrated into the grids.
The demand factors per kW increments have been faded out to enhance the visibility of the
figure.

As for HPs, grid planning is performed for each of the HP models resulting in an
individual planning variant. Since a combination of the HP models in the same grid is not
considered, the HP load modeling considers simply multiplies the nominal power with
the demand factor for the corresponding number of HPs in the grid/feeder. The demand
factor curve of the HPs is shown in Figure 3.
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3. Methodology of Strategic Grid Planning

Grid planning depends on two main pillars. It starts with modeling the expected
load and/or generation depending on the relevant operation point. Grid planning then
continues with the implementation of strategic planning measure(s) in case limit violations
are identified.

3.1. Identification of Grid Limits

In addition to the regionalization of new loads into the grids and their power assump-
tions, the identification of permissible grid limits constitutes a crucial step in strategic grid
planning. Surpassing the grid limits leads to a hazardous operation of the equipment and
may even lead to human losses. In the context of this contribution, the word equipment
refers to current carrying operating equipment, i.e., lines—including overhead transmission
lines and cables—and transformers. Apart from the DSO-specific grid limits, in the context
of this contribution, the electric standards are taken as a reference to ensure universally
applicable results.
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3.1.1. Equipment Loading Limits

The general rule of thumb regarding the loading of equipment is not to exceed the
thermal admissible current (Ith). This gives the maximum loading of (I/Ith) ≤ 100% in
normal operation (n-0) [52–54], where “n” corresponds to the total number of equipment
in the grid. Since MV grids require an (n-1) level of reliability to ensure the supply of all
connected loads in case equipment goes out of operation, the loading of equipment in (n-1)
operation is the decisive factor for dimensioning MV equipment. The permissible loading
limit used in the planning is I/Ith ≤ 120% during (n-1) operation of the grid. Hence, it
is assumed that for parallel transformers of equal capacity, a loading of I/Ith ≤ 60% per
transformer is allowed in (n-0) operation. Similarly, it is also assumed that for grids with
an open ring structure, a maximum line loading of I/Ith ≤ 60% is allowed per main feeder.

3.1.2. Permissible Voltage Range

Maintaining a constant node voltage V over a complete grid is extremely challenging.
Therefore a voltage range is typically set per voltage level in order to ensure an admissible
V at all grid nodes. According to [55], the admissible V ranges between ± 10% of the
nominal voltage Vn over the entire grid. In this contribution, the voltage range is divided
between the MV level and the downstream LV grids, resulting in a maximum admissible
voltage drop ΔV = 4% Vn. in the MV level. The following Figure 4 shows the applied
division of voltage range between MV and LV grids.
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Figure 4. Assumed division of voltage range between medium voltage and low voltage grids.

3.2. Planning Strategies

After identifying the grid limit violations, the DSOs need to perform planning mea-
sures to remedy the violations and restore the grid within the recommended limits of
operation. Traditionally, the DSOs can perform one of the approaches that have been
established in the grid planning for years already such as cable reinforcement or trans-
former replacement. The approach of applying traditional measures is referred to as a
“conventional planning strategy”. However, with the emergence of new load types, innova-
tive technologies have been developed to take advantage of the flexibility of these loads
to reduce the required grid reinforcement(s). This approach is referred to later on as an
“innovative planning strategy”.

Depending on the identified grid violation, various planning measures can be im-
plemented. The following Table 2 shows an overview of the use cases of the planning
measures, which are explained later on. Starting with the two measures implemented
within the conventional planning strategy, the cable and substation transformer measures
remedy the grid violation locally without affecting other identified grid limit violations.
For instance, when the substation transformer is overloaded in addition to several cable
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sections, the application of substation transformer measures remedies the local loading
violation without having a significant impact on the overloaded cable sections. On the
other side, the measures within the innovative planning strategy can have a grid-wide
impact on limit violations. The measures are explained in detail in the upcoming section.

Table 2. Overview of the use cases for conventional and innovative planning strategies.

Measure Application in Voltage Level
Use Case of the Measure

I/Ith > 120% * V/Vn < 96% V/Vn > 106%

Conventional Planning Strategy

Cable MV � � �
Substation

transformer MV � - -

Innovative Planning Strategy

Load management LV � � -
Reactive power

management LV � � �
Energy storage MV � � �

* loading in (n-1) operation. �: means the measure is having an influence on the grid violation.

3.2.1. Conventional Planning Strategy

This approach represents the traditional planning measures performed by DSOs and
that have been established as standard planning options. These include the installation
of new equipment such as cable or transformer or the application of a grid operational
measure. These options are discussed in the following sections.

1. Cable measures

Cable measures are considered to be one of the main tools of grid planning. These
cannot only remedy overloads in the grid but can also remedy voltage violations at certain
nodes in the grid. Cable measures can generally be classified into two main categories; grid
reinforcement and grid expansion.

As for grid reinforcement, the grid topology is maintained and the cable measures are
performed at the already existing cable routes. In case the overloaded cable is identified to
have a cable cross-section area smaller than the DSO’s standard cable cross-section area or
when the cable insulation type is considered to be old (e.g., NKBA), a cable replacement is
performed. In this case, the new cable replaces the existing overloaded cable. However,
if the overloaded cable has a cross-section area corresponding to the current standard
cross-section area and has a relatively new insulation type (e.g., N2XS2Y), the cable is
reinforced with a second new cable. In both cases, the newly constructed cable is laid in the
same route as the overloaded cable.

As for grid expansion, the grid topology is changed by constructing a new cable route
directly connecting the grid nodes. For instance, when the load significantly increases at a
substation feeder, some of the load can be shifted to a newly constructed feeder. On one
hand, this measure can drastically reduce the load on the existing feeder. However, on the
other hand, the space for constructing new feeders may not be always available, especially
at jammed substations in highly dense areas.

In the context of this contribution, only grid reinforcement measures are applied, since
the investigated grids are collected from six different DSOs where the spatial boundaries
of the individual substations differ remarkably. Furthermore, unified cable measures are
performed for all grids, so that generally valid results can be deduced.

The applied cable type is NA2XS2Y with the cross-section areas (150 mm2, 185 mm2,
240 mm2 and 300 mm2). The wide range of applied cross-section areas helps, later on,
to identify the most suitable cable cross-section for future planning measures. To ensure
minimum costs, the planning tries to remedy the grid violation using the smallest cable
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cross-section area. When the violation persists, the next bigger cable cross-section is
employed. When the violation persists after applying the biggest cable cross-section area
(300 mm2), two 150 mm2 cables are laid. Furthermore, each cable measure is checked
whether it will need to be re-planned in the following years up to the year 2050. If the same
cable section becomes overloaded in one of the following supportive years, a bigger cable
cross-section is laid in advance, so that the cable trench does not need to be dug frequently.
Since the cables are not fully loaded and the modeled loading corresponds to the peak
demand operating point, cable reduction factors are not considered.

2. Substation transformer measures

In contrast to the grid-wide cable measures, substation transformer measures are
central. These measures are strictly constrained since a certain redundancy is required for
substation transformers. The most common substation construction is a double power
transformer of the same nominal power. The double transformer constellation ensures the
supply of loads, in case one of the transformers breaks down. If the substation transformer
is overloaded, the following three options can be performed.

• Transformer reinforcement

The main condition for this option is the space availability in the substation to construct
a new transformer. The existing transformers can be reinforced with an extra transformer
having the same nominal power as the existing transformers. As a result, several feeders
can be shifted to the new transformer. Otherwise, the existing transformers can be loaded
to higher levels while considering the newly added transformer as a reserve.

• Transformer replacement

For this option, the existing transformers are replaced with two (or more) identical
transformers of a higher nominal power.

• Boosting the transformer loading

As the decisive criterion for loading the transformers is the temperature, their loading
can be boosted by externally cooling them. The possible cooling concepts differ according
to the power class of the transformer and its insulation type.

After the transformer measures are completed, the short-circuit currents in the sub-
station must be calculated. Accordingly, the switchgear rating needs to be adjusted. Fur-
thermore, all the transformers in the substation need to have the same nominal power and
impedance to avoid rotating currents during parallel operation.

Since the existing transformer types and the space availability differ from one sub-
station to another and from one DSO to another, “Transformer replacement” is the only
considered transformer measure.

3.2.2. Innovative Planning Strategy

The innovative planning strategy aims to deploy new technologies that can reduce
the required grid reinforcement measures or completely replace them. Since the new loads
offer a degree of flexibility, the developed innovative technologies utilize this flexibility
to either reduce or eliminate grid violations. In addition, the innovative technologies
utilize the mentioned flexibility without compromising the comfort of the customers.
Since this contribution focuses on increasing loads in the MV grids, several innovative
technologies that are mentioned in the literature (e.g., active regulating transformer or
feed-in management) are not mentioned here.

1. Decentralized automation systems

Decentralized automation systems (DASs) have been developed over the past few
years to monitor and determine critical grid states as soon as they occur. In addition, a DAS
can purposely regulate the grid state using regulators at the equipment to be controlled.
According to the targeted application, DAS can serve as a prerequisite for the applied
technology.
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A DAS composes of a remote terminal unit, a communication link, sensors, and
regulators. Regulators are assembled at the equipment to regulate their drawn active
and reactive power. Sensors are installed at certain grid nodes to measure the current
flowing at this node and the corresponding voltage. The communication link connects all
DAS components to enable data transfer between them. The remote terminal unit process
the measurements performed by the sensors and generates the command, by which the
regulators control the equipment. The remote terminal unit generates the commands based
on certain functionality. This functionality ranges from avoiding grid limit violations using
load or generation management to optimizing the energy price by managing energy storage
units [56].

In addition, this contribution assumes that the communication link occurs using the
cellular phone network since the phone network is stable in urban grids that are solely
analyzed here. The costs for SIM cards used for utilizing the cellular phone network are
negligible and thus can be ignored. As for determining the gird state, sensors do not have
to be mounted at each grid node. The determination of grid state using a few sensors
mounted at specific grid nodes has already between discussed in the literature [57]. Using
the developed techniques, the sensors are allocated in the grids. Finally, this contribution uses
the presented DAS as a requirement for applying LM and reactive power management (RPM).

2. Load management

LM is growing in importance with the increased integration of flexible loads into the
grids. This contribution considers LM, which regulates the power of CPs and HPs according
to the grid state in regards to the voltage level and the loading. The regulation aims to
reduce the grid limit violations or completely eliminate them. An energy market-oriented
regulation is not considered here.

A crucial aspect of applying LM is a discrimination-free application. The regulation
of the specified loads occurs independently of the load location and the load power. On
one hand, the power of the CPs is regulated to a minimum of 3.7 kW, since a complete
shut-off is not recommended. On the other hand, the HPs are shut off completely for certain
time slots. In contrast to CPs, HPs can store heat that can be used during shut-off times.
Table 3 shows the three LM variants considered in this contribution. The consideration of
different LM variants helps to identify the advantage of each load regulation in terms of
grid planning measures [58].

Table 3. Overview of the regulated load for each of the three load management variants
(“�”: regulated, “-”: not regulated).

Regulated Load LM Variant 1 LM Variant 2 LM Variant 3

Heat Pumps � - -
Private Charging Points � � -
Public Charging Points - - �

If a grid limit violation emerges at a single feeder, LM regulates the loads (according to
the LM variant) connected to the feeder until the violation is remedied or the minimum load
power is reached. However, if a substation transformer is overloaded, the LM regulates all
corresponding loads in the grid to reduce the transformer loading. This regulation benefits
the feeder loading but requires considerably more load regulation and the corresponding
DAS components. Figure 5 shows a flowchart explaining the installation of DAS compo-
nents according to the grid violation. It starts with checking whether a grid limit violation
occurs. In this case, a second check for the extent of the grid violation is performed. The
goal here is to install the DAS components solely at the required positions to reduce the
installation costs. If the grid limit violation is restricted to particular feeders and does not
cover the complete MV grid (including the transformer), the DAS components are to be
installed at the violated feeders. Otherwise, a grid-wide installation of DAS components is
necessary.
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Figure 5. Flowchart for the installation of the components of the decentralized automation system
for applying load management based on [59].

Since LM basically regulates loads connected to the downstream LV grids, the DAS
needs to be installed at both voltage levels. The DAS in the MV level analyzes the grid
state and sends signals to the DAS in the LV level to regulate their loads accordingly. With
the ongoing roll-out of DASs, six LM layouts (shown in Table 4) are developed to analyze
the effect of the layout costs on grid planning. The layouts differ in terms of the required
measuring, information and communication technology (MICT) to operate LM. These
layouts start with the assumption that neither the LV grids nor the MV grids are equipped
with MICT. In this case, the MV level takes over the costs for complete MICT roll-out in
both voltage levels. The layouts then end with the assumption that LM is already installed
in the grid and can be used for no further costs. Figure 6 illustrates the differences between
the six LM layouts for a single feeder. The shown number of sensors is then projected for a
complete MV grid in case the transformer(s) and/or more than one feeder are overloaded.

Table 4. Specification of the six load management layouts based on [59].

Load Management Layout Specifications

Total costs (MV + LV) MICT is needed in the MV grid as well as all the LV grids
Half the costs (MV + 50% LV) MICT is needed in the MV grid and half of the LV grids as the other half is already equipped
MV costs (MV) MICT is needed in the MV grid, whereas the LV grids are already equipped with MICT
Reduced MV costs (Red. MV) MICT is needed in a reduced coverage in the MV grid since it is already partially equipped with MICT
Base costs (B) A remote terminal unit is needed to operate LM since MICT is fully constructed in the MV grid
No costs (0) All the LM components are already constructed
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Figure 6. Illustration of the six load management layouts for one medium voltage ring based on [59].

Several challenges arise in implementing LM in the MV grids [60]. Since MV grids can
span for several kilometers, a communication delay between the components may occur,
thus leading to prolonged grid limit violations [61]. Several other challenges such as data
privacy, measurement uncertainty, and the defense against cyber-attacks should also be
considered before implementation.

1. Reactive power management

Basically, there are two application concepts of RPM. The first concept enforces a static
RPM, which regulates the reactive power of loads on a predefined set point. The second
concept applies a dynamic reactive power regulation according to the grid state. Obviously,
the second principle requires a DAS to identify the grid state and establish the necessary
RPM accordingly. The loads regulated by RPM are CPs since they offer the necessary
flexibility for RPM.

By changing the angle between the voltage and the current drawn by the load, the
reactive power drawn by the load can be adjusted. Changing the current to lagging or
leading alters the direction of the current flow and can either increase or decrease the
voltage at the node. This flexibility helps maintain the voltage level in its allowed range
in case of an increase in load. The following Figure 7 displays the effect of lagging and
leading currents on the node voltage.
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Figure 7. The principal operation of reactive power management based on [59].

In this contribution, RPM has proven to be ineffective in terms of grid planning due
to two main reasons. The first reason is that with the integration of new loads, MV grids
rarely suffer from voltage limit violations. In fact, it is recommended that the voltage limit
distribution between LV and MV grids be reinvestigated for the grid planning (see PG 7 in
Section 4.3). The second reason is that since RPM works on improving the voltage level
by increasing the reactive power drawn (increasing the loading) and since the integration
of new loads increases the equipment loading in the first place, applying the RPM merely
increases the loading further. Thus, the RPM contributes to further equipment overloads
rather than easing them and therefore, this technology is not investigated further.

2. Electrical Energy Storage

In this contribution, electrical ESs refer to an equipment that saves a certain amount
of electrical energy to be used later on. An ES draws electric current from the grid, saves
it using a chemical process and injects current afterward. Hence, the ES indicates in this
context battery storage. Other ES devices such as flywheel energy storage or pumped
hydro energy storage are not considered.

Technically, ESs can have two main purposes. On the one hand, it can be market-
oriented. In this mode of operation, ES stores energy when the market signal indicates a low
energy price. Afterward, the ES can inject current when the energy price increases. On the
other hand, the ES can also be grid-oriented, in which it stores the current at off-peak times.
Later on, the ES can inject the current at peak demand times to reduce the transformer and
cable loading. In the context of this contribution, only the second purpose is considered.

Generally, ESs can be used to overcome overloads in the grid for various periods of
time. Hence, the cost of ESs depends on the injected peak power in kilowatts and the
period of injection in hours. The injected peak power is regulated by an inverter or a power
conversion module, which is negligible in costs in comparison to the battery modules.
Therefore, the cost of ESs significantly depends on the amount of energy saved or in other
words the period of time in which an ES can inject its peak power. This contribution studies
the costs for two ES; with one having a capacity to deliver peak power for 2 h and the other
for 4 h.

4. Derivation of Strategic Planning Guidelines

After finishing the strategic planning for 11 MV grids, the results are consolidated in
order to deduce generally valid PGs for all MV grids. A classification of the investigated
MV grids is given in Appendix A, Table 2. The deduction of the PGs needs to find a balance
between being specific enough to offer solid recommendations to the DSOs, but also broad
enough to apply to the vast majority of MV grids. This chapter aims to find the exact
balance between these two boundaries.
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As a first step, the load development is calculated for the 11 analyzed MV grids in order
to illustrate the expected load demand. Figure 8 shows the load development for 11 MV
grids for the different load types. Base conventional loads (household and small commercial
loads) are represented by distribution substations and the industrial loads are represented
by customer stations. In contrast, the new loads are represented by charging infrastructure
combining both private and public charging infrastructure and HPs with the different
HP load assumptions. It can be seen that the conventional loads have a nearly constant
load over the considered period of time. Since the penetration of charging infrastructure
correlates strongly to the number of households in a grid (represented explicitly by the
distribution substations), a high load development of charging infrastructure is noticed in
the MV grids with a high load of distribution substations (e.g., G01 and G02). Furthermore,
the same correlation is observed between the load development of HPs and the load of
distribution substations (e.g., G08 and G11). On the contrary, a modest load development
of charging infrastructure and HPs is expected in MV grids with a high industrial load
taking G04 for instance. The corresponding grid parameters for the 11 MV grids are listed
in the Appendix A, Table A1.

After modeling the load development for the analyzed MV grids, the grid value
violations are identified. Accordingly, planning measures are performed and displayed
in a consolidated form in Figure 9. The figure shows that the cable measures for the
conventional planning are more than the cable measures for any of the LM variants. With a
focus on the cable measures performed in the year 2030 (purple), it can be deduced that the
cable measures remain constant irrespective of the applied planning strategy. This confirms
that the short-term cable measures need to be performed regardless of the DSO’s chosen
strategy. These stand for the small dimensioned cable sections in the MV grids. As for
LM-V1, there is no difference in the cable measures between the three HP models since the
HPs are turned off in this LM variant. Figure 9 shows that the LM variants, LM-V1, LM-V2,
and LM-V3, can reduce the cable measures and/or postpone them but cannot completely
replace them. The same applies also to planning with the ES.
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Figure 9. Consolidated cable measures for the medium voltage grids with different planning strategies
over the investigated years for the two development scenarios and the three heat pump systems.

4.1. Technical and Economic Assessment

After planning, the costs for the planning measures are calculated to evaluate the
different planning strategies. The net present value method is chosen for the cost calculation
to contain all the investment and operating costs of the planning measures for the period
under consideration. The advantage of this method is that it retraces the total spending
back to the present, depending on the year in which the spending takes place. Hence, the
comparability of the different planning strategies becomes easier. The presented costs are
calculated according to the net present method using the assumed costs of the equipment
presented in Appendix A, Table 3 [62].

The following Figure 10 shows the consolidated cable measures for the conventional
planning, the three LM variants with the LM layout (MV) and the planning with two-hours
and four-hour ESs. The costs constitute of capital expenditures (CapEx) and operational
expenditures (OpEx). The residual value of the measures at the end of the considered
timeframe is then deducted from the CapEx and the OpEx, thus giving the resulting costs of
the planning. Figure 10 shows that the LM-V1 (MV) is cheaper than conventional planning.
Whereas, LM-V2 (MV) costs nearly the same as conventional planning and the costs for
LM-V3 (MV) slightly exceed the costs for conventional planning. The cost-efficiency of
the different LM variants and layouts is discussed in detail in the fourth PG. The costs for
the two ESs exceed the costs for conventional planning by far. Thus showing the previous
unattractiveness of this technology.
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With an overview of the total costs, the savings potential of the planning strategies
in comparison to the conventional planning is analyzed per planning variant and shown
in Figure 11. It becomes clear that none of the planning variants with ESs is cheaper than
conventional planning. In addition, a difference in the saving potentials of the three LM
variants is clear. For instance, the planning variant “LM-V1 (MV)” is in 97% of all analyzed
planning variants more economical than the conventional planning. Detailed usability of
the different LM versions and layouts is investigated in the fourth PG.
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Figure 11. The savings potential for innovative planning strategies in comparison to conventional
planning per planning variant.

4.2. Medium Voltage Strategic Planning Guidelines

Based on the results obtained from the MV grid planning, seven PGs are derived. The
PGs serve as the main principles for the planning of MV grids. They, however, cannot
replace the DSO-specific PGs.

The PGs are arranged in the same steps that a grid planner executes to complete grid
planning. The PGs start with the power assumptions for the different load types mentioned
previously in Section 2.4. They continue with the standard dimensioning of the equipment
used in the planning. Furthermore, different digitization levels of the grid in the context of
LM are investigated. The PGs proceed with characteristics of the different grid structures,
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voltage levels, and locations. They end with a prospect for a new voltage distribution
between MV and LV grids.

4.2.1. First Medium Voltage Planning Guideline

A mean effective charging power of PPrCP,SS = [0.3; 2.4] kW for private charging points, of
PPuCP,SS = [0.05; 0.8] kW for public charging points, an electric power of PHP,SS = [0.1; 0.5] kW
for 3.0 kW heat pumps and of Pconv,SS = 2 kW for conventional household loads are
recommended per building connection for the dimensioning of substation transformer.

A mean effective charging power of PPrCP,F = [0.8; 2.7] kW for private charging points,
of PPuCP,F = [0.1; 0.9] kW for public charging points, an electric power of PHP,F = [0.1; 0.5] kW
for 3.0 kW heat pumps and of Pconv,F = 2.4 kW for conventional household loads are
recommended per building connection for the dimensioning of substation outgoing feeders.

The first step in performing grid planning is to model the grid with the proper load
prognoses. In this regard, the power value assumptions play an essential role in the grid
reinforcement measurements and the final planning. Since the demand factors differ
between the two planning perspectives for dimensioning the substation transformers and
the outgoing feeders, the power value assumption should be determined for the two
perspectives separately.

The following Figure 12 shows the mean effective power value per building connection
for the 3.0 kW HPs and the PrCPs and PuCPs for the two scenarios over the years up to
the year 2050. The values are given for the two planning perspectives, namely substation
transformer and outgoing feeder.
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Figure 12. Mean effective power per building connection for dimensioning the substation transformer
and outgoing feeders for private and public charging infrastructure and 3.0 kW heat pumps.

Since the number of CPs increase drastically up to the year 2050, the demand factor
for CPs falls to a saturation value that nearly stays constant for an increasing number of
CPs. This leads that the power assumptions for the progressive scenario in the year 2050
are nearly constant for the two planning perspectives (2.5 kW and 2.7 kW, respectively).
Whereas, the power values for the conservative scenario in the year 2030 nearly triple
depending on the planning perspective (0.3 kW and 0.8 kW, respectively).

In addition, Figure 12 shows that the mean effective power for PrCPs is always higher
than the corresponding value for PuCPs, even though the charging power distribution in
Table 1 assumes higher charging powers for the PuCPs than the PrCPs. The reason here lies
in the higher number of PrCPs compared to PuCPs, since the number of PrCPs is expected
to strongly exceed the number of PuCPs in the respective grids. Therefore, the effective
power per building connection for PrCPs exceeds the corresponding value for PuCPs.

It is established that HPs exhibit a nearly constant demand factor. Even though the
number of HPs out of the perspective of the substation transformer is greater than the
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number of HPs per outgoing feeder, the power values do not differ much between the two
dimensioning perspectives for the respective year and scenario. A similar effect can be seen
for PrCPs in the year 2050 for the progressive scenario. For the planning with the 6.5 kW or
the 9.0 kW HPs, a factor of 2.2 or 3.0 is to be applied, respectively.

Apart from the power value assumptions for a complete MV grid, the power values
per CP are needed when the number of CPs in a certain MV grid is available. The following
Figure 13 shows the median values, as well as the arithmetic mean power values per CP for
PrCPs and PuCPs for the two development scenarios until the year 2050. The figure shows
that the charging power per CP decreases over the years for PrCPs. Since a nearly constant
distribution of the charging powers is assumed over the years but with an increasing
number of PrCPs, the demand factor decreases, and subsequently the charging power per
PrCP. As for the PuCPs, their number also increases, but the distribution of charging powers
suddenly jumps to higher charging power classes in the year 2030 to 2040 (see Table 1).
Hence, a sudden increase in the charging power per CP is seen for the PuCPs from the year
2030 to 2040, which, in turn, then decreases—as expected—from the year 2040 to 2050.
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Figure 13. Effective charging power per charging point for private and public charging points for
dimensioning the outgoing feeders for the different years and the two scenarios.

A summary of the power assumptions is summarized in Table 5 for the different load
types. The given values represent the arithmetic mean for each given parameter over the
considered time period and two scenarios. In addition to the aforementioned power values
for PrCPs, PuCPs, and HPs, the power values for household loads are given. The power
values for households do not differentiate between the different household buildings, such
as one- or two-family houses and multi-family houses, since this level of granularity is
no longer needed in the MV level. No power value assumptions for MV customer load
stations are given since their power values differ greatly from one customer type to another.
Hence, generally valid power assumptions cannot be deduced.
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Table 5. Summary of the power value assumptions for the different load types and dimensioning
views based on [59].

Load Type

Substation Transformer Outgoing Feeder

kW
per Building Connection

kW
per Charging Point

kW
per Building Connection

kW
per Charging Point

Private charging points [0.3 1; 2.4 2] 1.0 [0.8 1; 2.7 2] [3.3 1; 1.3 2]
Public charging points [0.05 1; 0.8 2] 0.3 [0.1 1; 0.9 2] [4.5 1; 3.7 2]
Households 2.0 - 2.4 -
3.0 kW heat pumps [0.1 1; 0.5 2]
6.5 and 9.0 kW heat pumps Factor: 2.2 and 3, respectively

1 Conservative scenario for the year 2030. 2 Progressive scenario for the year 2050.

4.2.2. Second Medium Voltage Planning Guideline

For 10 kV grids, the present standard cable cross-sections of c = 150 mm2 or c = 185 mm2 (Al)
can be maintained. An upgrade with a further standard cable cross-section of c = 300 mm2

is recommended.
After modeling the loads with the given power assumptions, the second step in the

grid planning is performing reinforcement measures wherever necessary according to the
available standard resources.

In the context of this contribution, two planning strategies are applied for planning
overloaded cables. In addition, four cable cross-section areas starting from 150 mm2 up
to 300 mm2 of the type NA2XS2Y are considered for the cable measures. The goal is to
apply as many possible combinations of cable planning strategies and cable cross-sections
as possible to deduce the most suitable standard cable cross-section.

The two planning strategies and the share of each cable cross-section to the total
applied cable measures are shown in Figure 14. The first planning strategy (the outer ring
in Figure 14) performs a cable replacement when the existing cable insulation material is
considered old (such as NAKBA or NKBA) or the cable cross-section area is smaller than
120 mm2. This is under the assumption that these aforementioned cable section(s) has
a low economic residual value and can be replaced. Otherwise, a cable reinforcement is
performed, in which a second cable is laid in parallel to the existing overloaded cable in the
same cable trench.

As for the second planning strategy (inner ring in Figure 14), the overloaded cable is
directly replaced, disregarding the existing cable insulation type or cross-section area. This
strategy simulates the grid planning not only in terms of grid reinforcement but also in
terms of grid expansion and strengthening.

Figure 14 shows that the most used cable cross-section for the first planning tech-
nique is 150 mm2. However, the so far applied standard cable cross-section of 150 mm2

(or 185 mm2) is not sufficient for all the cable measures, and laying larger cable cross-
sections is required. In addition, by applying the second cable technique, the share of
the cable measures with the so far standard cable cross-sections (150 mm2 and 185 mm2)
decrease, and larger cable cross-sections become necessary.

Therefore, with the planning strategy of cable reinforcement for the existing cable,
the current standard cable cross-sections (be it 150 mm2 or 185 mm2) can still be applied.
Furthermore, it is recommended to extend the standard cable cross-sections with a larger
cross-section, namely 300 mm2.
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Figure 14. Share of cable measures for different cable cross-sections in relation to total cable measures
for two planning techniques in the 10 kV grids.

4.2.3. Third Medium Voltage Planning Guideline

The dimensioning of substation transformers is to follow the load assumptions from
the first planning guideline, as a standard transformer size cannot be deduced due to the
heterogeneous load development per substation grid area.

The next step for grid planning is to reinforce the substation transformer(s) if necessary.
Firstly, the total load in the MV level is to be determined. The following Figure 15 shows
the load development for nine MV grids. It must be pointed out that the two MV grids,
G06 and G07, are excluded from this analysis, as both of them represent a single MV ring
and not a complete grid area. Figure 15 demonstrates that the load development varies
significantly from one grid to another depending on the specific grid parameters. For
instance, the load development for G01 exceeds 200% at the progressive scenario for the
year 2050 whereas the load development for G05 does not exceed 50% for the same year.
This reflects the heterogeneous nature of MV grids since they can vary greatly in terms of
connected loads and grid parameters.

Furthermore, Figure 16 displays the loading of the substation transformers for the
considered nine MV grids for the year 2050. Firstly, it can be seen that the installed
transformers have different sizes depending on the grid area. The substation installed
capacity ranges from 2 × 12.5 MVA to 3 × 40 MVA, thus making it unfeasible to deduce a
current standard transformer size.

Therefore, it is recommended to analyze each MV grid individually. Using the power
value assumptions supplied in the first PG, the expected load development can be calcu-
lated. Afterward, the required transformer size can be determined.
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Figure 16. Loading of substation transformers for 9 medium voltage grids in the year 2050 for the
two development scenarios.

4.2.4. Fourth Medium Voltage Planning Guideline

When the measurement, information, and communication technology in the medium
voltage and the low voltage grids must be fully constructed, the conventional grid expan-
sion is, in most cases, less expensive than a load management system and is recommended.
If the measurement, information, and communication technology is available and can
be used by the load management system, then the load management system becomes
significantly cost-efficient and is recommended.

Since the electromobility and the HP loads are more flexible in terms of turn-on and
shut-off times with a minimum impact on consumer comfort, LM has a big potential in
the upcoming years to successfully integrate these new loads into the grids. As already
shown in Figure 9, LM can either reduce or postpone the required cable measures over the
years. However, contrary to the expectations, the usage of LM is not economical in all the
investigated cases. As mentioned in Section 3.2.2, the application of LM requires a MICT to
monitor the grid state and regulate the loads accordingly. Since MICT is still not integrated
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into most of the MV grids, the total cost of planning with MICT is strongly dependent on
the costs required to implement MICT into the grids.

The costs for the six LM layouts are calculated for the three LM variants and demon-
strated in Figure 17. The figure shows the costs for the conventional planning strategy
along with the costs for the LM with the six layouts and the three LM variants. It can be
seen that for LM-V1 (0) and LM-V2 (0), the total cost for planning is significantly lower
than the costs for conventional planning. Whereas, when the costs for MICT need to be
considered in the cases of LM-V1 (MV+LV), LM-V2 (MV+LV), and LM-V3 (MV+LV), the
conventional planning becomes more economical than the LM.
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Figure 17. Consolidated costs over eleven medium voltage grids for conventional planning strategy
and three load management variants with six layouts based on [59].

For analyzing the results per planning variant, Figure 18 shows the saving potential of
the three LM variants with the six LM layouts in comparison to the conventional planning
represented by the 0% line. Since each of the LM layouts assumes a certain degree of spread
of MICT, the figure demonstrates the effect of these various degrees in terms of savings
potential. It shows that when the MICT already exists in the grids and that the LM can
use this existing infrastructure with no additional costs (represented by the layout “(0)”),
then the planning strategy with LM becomes cost-efficient in comparison to conventional
planning. However, for the MICT layout (MV+LV), the potential savings drops rapidly so
that, in most cases, it becomes economical to apply a conventional planning strategy.

Moreover, Figure 18 demonstrates the effectiveness of the different LM regulation prin-
ciples. It becomes clear that the regulation of PrCPs is more beneficial than the regulation
of PuCPs. In addition, the HPs should be regulated if it is possible, as this can significantly
reduce the necessary grid planning measures.
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4.2.5. Fifth Medium Voltage Planning Guideline

Using conventional planning measures for 10 kV grids, a cable reinforcement of around
20% in suburban grids, 10% in semi-dense urban grids, and less than 10% in downtown
grids is expected in relation to the total cable length of the grid.

With the rapid development of electromobility and HPs, the DSOs face a growing
fear that the complete grid area will need to be reinforced. As the reinforcement of the
complete grid area is very costly and exhausting, it is important to determine the required
grid measures in advance so that the available capital is properly allocated.

The following Figure 19 shows the required share of cable measures in relation to the
total grid cable length for the two development scenarios and the three HP models. The
figure shows that the share of cable measures in suburban regions is around 20% which is
represented by the grids G01 and G02. This share decreases for semi-dense urban grids
down to around 10%, represented by the grids G09, G10, and G11. As for downtown grids,
the expected share of cable measures drops to less than 10%, as shown in the grids G03,
G05, and G08. The decline of expected cable measures from the outskirts going toward the
city center relies on the fact that the integration of electromobility and HPs occurs mainly
in suburban areas. Furthermore, it is important to consider the current cable loading, as
the share of cable measures depends strongly on it. It is to be noted that the grids G04,
G06, and G07 are excluded from this PG. The grid G04 is a 20 kV grid, for which the
above-mentioned share of cable measures does not apply. The two grids, G06 and G07, are
MV rings that do not represent a complete grid area and therefore are also excluded from
this PG.
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Figure 19. Share of the length of required cable measures in comparison to the total cable length in
the grid for the two development scenarios over three years until 2050 based on [59].

4.2.6. Sixth Medium Voltage Planning Guideline

Grid reinforcements are hardly expected in 20 kV grids, as they are significantly steady
for the integration of new loads in comparison to 10 kV grids.

As seen in the previous analysis and what is concretely shown in Figure 20, is that no
cable overloads happen in the 20 kV grids, while there is a significant share of overloaded
cables in the 10 kV grids.
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Figure 20. Share of the length of overloaded cable sections to the total cable length in the grid for the
two development scenarios over three years until 2050 based on [59].

This becomes especially clear in the grids G08, G10, and G11, as these grids have both
voltage levels (10 kV and 20 kV) in the same grid area. The three winding transformers
of these three grids transform the voltage from 110 kV to 20 kV and from 110 kV to 10 kV.
Thus, two separate grids with these two voltage levels (20 kV and 10 kV) supply the
same city area. As the spread of electromobility and HPs is strongly dependent on the
socio-economical structure and the building structure of the city area, it can be determined
that the development of CPs and HPs in these three grids is identical. Furthermore, the
current cable loading for the two voltage levels in these grids is nearly equal. By integrating
the CPs and HPs in these grids, it is seen that overloads occur in the 10 kV in contrast to
the 20 kV, where no overloads occur.

Obviously, while supplying the same load, the current decreases with increasing the
voltage level. Thus, 20 kV grids can easily take up new loads into the grid without risking
an overload.
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4.2.7. Seventh Medium Voltage Planning Guideline

The allowed voltage range in the medium voltage grids is not fully utilized in most
cases. Therefore, it is recommended to check the voltage range division between medium
and low voltage grids in the grid planning and to modify it, if necessary.

Considering the voltage range division in Section 3.1.2 and the recommendations for
cross-voltage level planning, the actual required voltage level in the MV level is investigated.
Figure 21 displays the actual required voltage in the analyzed MV grids for the two
scenarios, the three HP models, and the three planning years. The figure shows the
maximum voltage drop calculated as the difference between V at the slack node and the
minimum node voltage in the grid. On the other hand, the maximum voltage saving is
shown, which represents the voltage range that can be shifted for the LV grid planning.
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Figure 21. Maximum voltage drop and maximum voltage saving consolidated over eleven MV grids
for the two development scenarios over three years until 2050 based on [59].

Figure 21 shows that the complete voltage range (4% V/Vn) is not utilized in any of
the cases. In the year 2030, approximately half of the voltage range is needed. In the years
afterward, the required voltage in the MV level increases gradually. This proves that the
initially set voltage range between MV and LV grids is actually not needed at the MV level.
Depending on the planning criteria in the LV level, a new voltage division between the two
voltage levels is beneficial to avoid over-dimensioning the equipment in expectation of a
voltage level violation that does not occur.

4.3. Decision Path for Medium Voltage Grid Planning

To summarize the aforementioned PGs, a flowchart for planning MV grids is shown
in Figure 22. The process starts with checking the loading of the equipment before it checks
the node voltages since voltage violations are not to be expected. If the overloaded element
is simply a bottleneck meaning a short cable section and not grid-wide, conventional
measures are recommended. However, if the overloaded cables are grid-wide or the
substation transformer is overloaded, a further check for MICT should be performed. The
fourth PG proves that in case the MICT is available, the LM is cheaper than conventional
planning. However, if the MICT is not already available, conventional measures are directly
recommended. When the overloads are remedied, the node voltages are checked. In case
a voltage violation occurs, the nominal voltage value at the substation busbar is adjusted
using voltage regulation at the substation transformer (abbreviated as VRS). If the voltage
violation persists, conventional measures are recommended until the violation is remedied.

212



Electricity 2022, 3

VI

I

V

Figure 22. Flowchart for planning medium voltage grids.

4.4. Across Voltage Level Planning Guidelines

In extension to the aforementioned MV PGs, across voltage PGs are deduced with the
help of results for the LV and high voltage levels. The across voltage PGs take into consid-
eration that synergy effects between the voltage levels reduce the collectively required grid
reinforcements irrespective of the corresponding voltage level [59].

4.4.1. First across Voltage Planning Guideline

Across voltage planning of the high, medium, and low voltage levels should be performed.
As shown in the seventh MV PG in Section 4.2.7, the originally set voltage range for the

MV level is not fully utilized and a re-investigation of the voltage range is recommended.
Furthermore, since the penetration of new loads primarily takes place at the LV level, the
proposed LM and RPM for the MV level operate by accessing these loads at the LV level. By
implementing such innovative technologies to benefit the MV level, a beneficial secondary
effect can be aimed for, which is the reduction in the required reinforcement measures not
only at the LV level but also at the high voltage level. Additional synergy effects can be
aimed for while performing across voltage planning.
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4.4.2. Second across Voltage Planning Guideline

Contrary to the voltage limit violations, the equipment overload is the main reason for
grid reinforcement measures.

The results shown in this contribution demonstrate that the integration of the new
loads leads to more severe equipment overloads rather than voltage limit violations. This
is displayed for the MV level in Figure 21 and for the LV level in [63]. Thus, it is recom-
mended that DSOs work on increasing the ampacity of their existing equipment. The newly
installed equipment should have a higher nominal power than the so far used equipment to
accommodate the increasing load demand. Moreover, the investments in voltage regulation
measures (such as voltage controllers) can be reduced.

4.4.3. Third across Voltage Planning Guideline

Innovative planning strategies represent an economical solution in specific grids. For
the remaining grids, conventional planning strategies are recommended.

Referring to the fourth MV PG in Section 4.2.4 and the previous across voltage level
PG, it becomes clear that the challenges facing the MV grids are load-oriented. The three
proposed LM variants have proven to be effective in remedying the expected equipment
overloads, however, they cannot remedy all equipment overloads so cable measures are
still needed. In addition, the economic efficiency of these LM variants depends strongly on
the extent of the needed MICT infrastructure. These two factors combined conclude that
innovative technologies such as LM are effective both technically and economically under
specific conditions and for certain MV grids. For the remaining collectivity of MV grids,
the conventional planning strategy has proven to still be an efficient grid planning strategy.

4.5. Results for the Application of an Alternative Assessment Model

In addition to the performed cost calculation to determine the attractiveness of the
different planning variants, an alternative model is developed to assess the planning
variants. The model considers not only the costs of the planning measures but also four
further technical and non-technical criteria. The four further criteria and their method of
calculation are as follows:

• Losses of the power grid: This criterion calculates the yearly energy losses in the
power grid, hence representing energy costs that are paid by the DSO;

• Frequency of faults: This criterion calculates the frequency of equipment faults in
the grid. Thus, it roughly depicts the amount of maintenance work that needs to be
performed by the DSO;

• Stability of voltage: This criterion calculates the difference between the slack node
voltage and the minimum node voltage in the grid. It shows how much voltage drop
occurs in the grid and in turn how stable is the voltage level against unexpected
voltage drops;

• Effort of construction: Since the performance of construction works constitutes an
inconvenience for the residents and the users of the grid, this criterion is based on the
required cable construction works per planning variant [62].

Figure 23 shows the consolidated ranking for the six planning variants over all investi-
gated MV grids for each of the aforementioned assessment criteria. The LM results shown
here are for the layout (MV). It becomes clear that by assessing different grid planning
criteria, the planning variants can have different attractiveness. For instance, according
to the “Cost of measures”, the planning variant ES (4) has the worst ranking followed
by ES (2 h). However, when the “Losses of the power grid” or “Frequency of faults” are
considered, these planning variants increase in ranking.
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Figure 23. Ranking of the six planning variants for each assessment criterion.

Moreover, five weighting alternatives are developed to investigate the combination of
the five aforementioned assessment criteria. The proposed weighting alternatives are: equal
weighting, economically oriented, grid resilience, technically oriented and conservation of
resources. These represent the different planning goals that can be aimed for by the DSO so
as not to focus on only one of the assessment criteria but to consider the five assessment
criteria collectively. According to the importance of each of the assessment criteria, the
DSO can give a criterion a different weighting in the total score. The assumed individual
specific weights for the weighting alternatives are listed in Table 6 [62].

Table 6. An overview of the weighting alternatives and their specific weights based on [59].

Assessment
Criterion

Equal
Weighting

Economically
Oriented

Grid Resilience
Technically

Oriented
Conservation of

Resources

Cost of measures 20% 60% 10% 5% 10%
Losses of the power grid 20% 10% 10% 30% 35%
Frequency of breakdown 20% 10% 35% 30% 10%

Stability of voltage 20% 10% 35% 30% 10%
Effort of construction 20% 10% 10% 5% 35%

Figure 24 shows the results for the five weighting alternatives for the investigated
MV grids. It is to be mentioned that in continuance with the previously shown results in
Figure 23, the LM results here are for the layout (MV). The planning variants, here again,
differ in attractiveness according to the applied weighting alternative. For instance, if a
DSO is economically oriented in the context of the grid planning, then they would tend to
the variant LM-V1. However, if the DSO considers the grid resilience as a decisive factor
for grid planning, they may move toward applying LM-V2.
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Figure 24. Ranking of the six planning variants according to the weighting alternatives.

5. Conclusions

This contribution provides a detailed explanation for the consideration of electromobil-
ity and HPs in the planning of urban MV grids. It started with an overview of their expected
development scenarios and their regionalization into the specific grids. Subsequently, the
contribution discussed their expected nominal power and their calculated actual power
demand. In addition, the methodology of the performed grid planning was briefly stated.
The methodology presented the identified grid limits and the applied planning strategies.
Based on the planning, a technical and economic assessment of the resulting planning
variants was performed. As a result, seven PGs were deduced, which recommend measures
to be performed by the DSO. The complete planning process was finally summarized in a
presented decision path.

The PGs represent a handy toolbox for the DSOs while planning their grids. They start
with the power assumptions for the different loads, continue with standard dimensions for
the equipment and show the feasibility of LM. The last three PGs give general expectations
in regard to planning urban MV grids.

The results show that there is no way around conventional grid reinforcement such as
cable reinforcement. The application of innovative technologies cannot solely resolve all the
anticipated grid limit violations. A further main factor in successfully integrating the new
loads into the grid is the construction of MICT. In most cases in which MICT is available in
the grids, the deployment of LM in combination with cable measures is economical more
than solely laying cables.

By proposing additional assessment criteria to the cost of equipment, the planning
variants vary strongly in the final assessment. As the different assessment criteria focus on
different aspects of grid planning, it becomes difficult to deduce a single optimum planning
strategy. The consideration of five varying weighting alternatives widens the range of
decisions even more. The combination of the five assessment criteria with the five proposed
weighting alternatives offers the DSO a wide range of options for grid planning.

A study of the integration of photovoltaics in urban grids is recommended. As
the grid reinforcement can be driven not only by the increasing load but also by the
increasing decentralized generation, the opposing effect of increasing generation needs to
be investigated in further work.
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cons Conservative
CP Charging point
DAS Decentralized automation system
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ES Energy storage
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LM Load management
LV Low voltage
MICT Measuring, information, and communication technology
MV Medium voltage
OpEx Operational Expenditures
PG Planning guideline
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Table 2. Classification of the investigated grids in terms of the building and urban structure
(X = high share, O = low share, - = negligible or not present).

Structure G01 G02 G03 G04 G05 G06 G07 G08 G09 G10 G11

One/Two-
family houses X X - X - - X - - - -

Multi-family
houses O X X O X X - X X X X

Industrial - O O X O - - X O O O
Suburban X X X X

Semi-dense urban X X X X
Downtown X X X

Table 3. Assumed costs for the applied medium voltage equipment.

Equipment Parameter Value Unit

3-phase NA2XS2Y Cable 10/20 kV Service life 45 [a]
Operational costs 2.5 [% CapEx/a]

Price increase 0.5 [%/a]
150 mm2 single Cable cost + installation 225,000 [Euro/km]

150 mm2 parallel Cable cost + installation +50,000 [Euro/km]
185 mm2 single Cable cost + installation 237,500 [Euro/km]

185 mm2 parallel Cable cost + installation +65,000 [Euro/km]
240 mm2 single Cable cost + installation 250,000 [Euro/km]

240 mm2 parallel Cable cost + installation +80,000 [Euro/km]
300 mm2 single Cable cost + installation 275,000 [Euro/km]

300 mm2 parallel Cable cost + installation +95,000 [Euro/km]
Energy storage Service life 16 [a]

Operational costs 2.5 [% CapEx/a]
Basic cost 46,000 [Euro/unit]

Power cost for 2 h capacity 550 [Euro/kW]
Decentralized automation Service life 15 [a]

Operational costs 2.5 [% CapEx/a]
Basic cost 15,000 [Euro/unit]

MV-sensor 8000 [Euro/unit]
LV-sensor 3500 [Euro/unit]

HV/MV substation components Service life 40 [a]
Operational costs 2.5 [% CapEx/a]
New construction 1,500,000 [Euro/unit]

GIS switchgear 70,000 [Euro/unit]
AIS switchgear 60,000 [Euro/unit]
Disconnector 4500 [Euro/unit]

Transformer
31.5 MVA Transformer cost + installation 450,000 [Euro/unit]
40.0 MVA Transformer cost + installation 500,000 [Euro/unit]
63.5 MVA Transformer cost + installation 650,000 [Euro/unit]
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