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Abstract: Local voltage controllers (LVCs) are important components of a modern distribution
system for regulating the voltage within permissible limits. This manuscript presents a sensitivity-
based three-phase weather-dependent power flow algorithm for distribution networks with LVCs.
More specifically, the proposed algorithm has four distinct characteristics: (a) it considers the three-
phase unbalanced nature of distribution systems, (b) the operating state of LVCs is calculated using
sensitivity parameters having accelerated convergence, (c) it considers the precise switching sequence
of LVCs based on their reaction time delays, and (d) the nonlinear influence of weather variations in
the power flow is also taken into consideration. Simulations and validation results presented indicate
that the proposed approach outperforms other existing algorithms with respect to the accuracy
and speed of convergence, thus making it a promising power flow tool for accurate distribution
system analysis.

Keywords: distributed generators; local voltage controllers; power flow; switching delays; weather
and magnetic effects

1. Introduction

Local voltage controllers (LVCs) are important components in modern distribution
networks. These are physical apparatus such as on-load tap changer transformer (OLTC),
step voltage regulator (SVR), switched capacitor, distributed generator (DG), which regulate
the voltage of a specific bus within permissible limits [1-3].

For safe, reliable, and efficient operation, distribution management systems (DMS)
regularly carry out state estimation and optimization functions such as Volt/Var control
(VVC) and optimal feeder reconfiguration (OFR). These functions require the online exe-
cution of power flow, by generating what-if scenarios. As soon as an assessment of the
network’s state is estimated via distribution system state estimation [4], DMS optimization
functions calculate new switching states for the local controllers to optimize the network
operation. The real-time power flow constitutes an integral part of VVC and OFR functions.
More specifically, it is applied to estimate how the switching actions of LVCs affect the
performance of the network, and accordingly, it is sent (or not) for execution via SCADA [2].
As a result, precise and fast computation of power flow in networks with LVCs is cru-
cial for the effective execution of DMS optimization functions and state estimation of
distribution networks.

1.1. Challenges of Incorporating LVCs in Power Flow Computation

Although several power flow methods have been presented in the literature for simu-
lating the steady state of distribution networks, the overwhelming majority of them has
not considered the exact operation of LVCs e.g., SVRs, OLTCs, switched capacitors [5-9].
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For the incorporation of LVCs into the power flow, there are two common approaches:
the error-feedback adjustment method and the automatic adjustment method [1,2,10]. In the
error feedback methods, the control variables e.g., taps of SVR/OLTCs, states of capacitors
and reactive power of DGs are updated after each iteration of power flow, based on the
deviation of the regulated voltage from its target value. For instance, after the execution of
each power flow iteration, the deviation of the voltage value of each LVC is computed and
the respective tap or switching state is updated accordingly. The error feedback methods
result in high oscillations of the power system states if the interactions between the LVCs
are strong [2,3].

On the other hand, in automatic adjustment methods, the control variables are in-
corporated into the power flow equations and are solved simultaneously. This method is
usually applied in the Newton—-Raphson (NR) approach, in which the control variables
are incorporated into the Jacobian matrix. Although the interactions between the control
variables are considered in automatic adjustment methods and the oscillations are avoided,
the discreteness of control variables is ignored, e.g., taps of transformers. The variables are
discretized to the nearest discrete value after the power flow has converged, resulting in
final voltage solutions, which may lie outside the permissible limits [2].

Another important challenge when incorporating LVCs into the power flow compu-
tation is the existence of multiple power flow solutions resulting from the different ways
that a system state is reached. More specifically, LVCs are usually switched with different
switching delays [1]. For example, an SVR placed near the substation may react faster in a
voltage violation than an SVR placed at a farther distance. Furthermore, LVCs are set with
different voltage bandwidths, inside which the state of LVC is unvaried. Due to the different
reaction sequence of LVCs, the power flow could yield multiple steady state solutions, with
all of them satisfying the voltage constraints. As a result, the actual switching sequence
of LVCs should be considered according to their time delays and bandwidths, in order to
compute the most probable power flow solution [1,2].

Another important challenge is the variety of operational modes of DGs. They may
operate in constant voltage mode (modeled as PV nodes) [3] or in droop Q(V) mode ac-
cording to the newly developed standard IEEE Std 1547-2018 from March 2018 [11-18]. In
both cases, they interact with the other LVCs. Finally, the DGs may operate in different
configurations e.g., 3-wire or 4-wire and may generate different voltage profiles e.g., bal-
anced voltage or balanced current, which significantly affects the power flow results [14].
Therefore, precise modeling of the DGs is also required, which should simulate the actual
operational characteristics of the DGs as well as the interactions with the other LVCs.

1.2. Literature Review

Two NR-based automatic adjustment methods are proposed in [15,16] by incorporating
the LVCs into the Jacobian matrix. Another automatic adjustment method is proposed
in [17], where the authors incorporate the LVC variables into the admittance matrix of the
system forming a hybrid model, in which the LVC variables are solved simultaneously
with the power flow.

An error-feedback method is proposed in [10], by adjusting the LVC variables after each
iteration of power flow. However, a possible hunting oscillation may be observed between
different adjustments due to the interaction of LVCs. To overcome the hunting, authors in [3]
adopted sensitivity parameters that consider the interactions between the LVCs in single-
phase formulation. In this way, the oscillations between consecutive power flow iterations
are reduced, and the speed and robustness of the power flow solution are enhanced. All the
aforementioned works ignore the time delays of LVCs, thus the actual switching sequence
of the LVCs is not represented. As a result, the aforementioned power flow approaches do
not yield the most probable power flow solution but rather a random one.

The time delays of LVCs were introduced for the first time into the power flow studies
in [1]. The authors divided the LVCs into different delay groups. The LVCs with the
fastest reaction belong to the first group, while the slowest ones belong to the last group.
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A similar division of LVCs into delay groups is applied in [18]. The method of [1] was
improved in [2] by introducing sensitivity parameters to accelerate the convergence of the
power flow. Authors in [2] claim that the power flow methods of [1,2] calculate precisely
the power flow by estimating the most probable switching states of LVCs. However, it
will be shown through dynamic simulations in Section 7 of this paper that none of the
above-mentioned references calculate precisely the power flow since they ignore the actual
switching sequence of LVCs. Furthermore, all methods described above (except [16,18])
neglect the network unbalances and the variety of DG operational modes investigating
only single-phase networks.

1.3. Technical Contribution of This Paper

A lot of effort has been put so far by the researchers to study the optimal operation of
LVCs in distribution networks e.g., [11,13,19-26]. However, power flow computation in
distribution networks with LVCs has not been extensively studied, and scope to improve
remains. This manuscript contributes by proposing an error-feedback power flow method
with the following distinct characteristics:

e In contrast to the existing literature, the proposed method is a three-phase algorithm,
which considers the network’s unbalances. Moreover, the proposed power flow
method accurately simulates various DG operational modes.

e It calculates the actual switching sequence of LVCs based on their time delays. It is
shown through dynamic simulation in Simulink that the proposed power flow method
produces more accurate results than the methods of [1-3] which are considered the
state of the art in the steady-state modeling of LVCs.

e  Three-phase self- and mutual-sensitivity parameters are derived relating the control
variables (e.g., taps of OLTC and SVRs, capacitors, reactive power of DGs) with the
regulated voltages of the network. The sensitivity parameters are then applied in
the proposed algorithm to accelerate the convergence of the power flow, reducing
significantly the computation time. This property is very important since power flow
computation with LVCs is widely applied in real-time DMS applications, in which
time is a crucial factor.

e  Unlike existing approaches, the proposed approach considers the weather and mag-
netic effects, which have a great influence on the impedance of overhead conduc-
tors [27,28], thus significantly affecting the power flow results and the switching state
of LVCs.

2. Weather and Magnetic Dependent Power Flow

In this section, the weather and magnetic dependent power flow solver applied in this
manuscript is briefly described. The algorithm utilizes the nonlinear thermal equations of
IEEE Std 738-2012 for calculating the conductor temperature and the nonlinear impedance-
temperature-current relation proposed in [27] for calculating the conductor impedance. The
power flow is solved using the implicit Zgys method [27] and matrix decomposition [29].

2.1. Thermal Modeling of Overhead Conductors

The temperature of an overhead conductor can be calculated from the nonlinear
heat-balance equation of IEEE Std 738-2012 [30]. The nonlinear heat-balance equation is
as follows:

Qc+Qr:Qs+Qj @

where Q. is the convective heat loss, Q, is the radiative heat loss, Q; is the heat gain due to
solar radiation, and Q; is the heat gain due to joule heating.

The nonlinear heat-balance Equation (1) is solved with Newton’s method to obtain
the conductor temperature (T;), for any amount of current flow under any given weather
condition experienced by the conductor (more details are given in [27,30]).
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2.2. Modeling of the Magnetic Effects

IEEE Std 738-2012 [30] assumes a simplified linear resistance-temperature relationship
that ignores the nonlinearities arising from the magnetic effects in the core of the conductors.
Practically, both ACSR (aluminum conductor steel reinforced) and AAC (all-aluminum
conductor) overhead conductors consist of many aluminum wires stranded helically around
a central core. Thus, the current flowing through these wires follows a helical path resulting
in an additional longitudinal magnetic field in the core of the conductor, and thus, increasing
the losses and impedance of conductor [27]. This effect is most pronounced in single-layer
ACSR conductors (e.g., below 400 A [31]).

An algorithm to accurately calculate the impedance of overhead conductors based on
the conductor temperature (calculated by Equation (1) in Section 2.1) and current (calculated
by the power flow in Section 2.3) is described in [27].

2.3. Power Flow Solver Using Matrix Decomposition

The equation of implicit Z-Bus power flow is described by (2) below:

k+1 ~1 k
(k1) Yiu - Yim I Y10

: = o : - |V 2
Vm le Ymm Im Ym()

\ %1

where k is the iteration number, V; and I; are the vectors including the three-phase complex
voltages and currents of bus i. Yj; is the self- or mutual-admittance matrix between bus i
and j. V) is the voltage of the slack bus. Equation (2) is iteratively solved until convergence.
More details are provided in [27].

In order to avoid time-consuming repetitive factorizations of the Zgys matrix of
Equation (2), as a result of the impedance variation, the matrix decomposition technique is
applied on the Zpys matrix, as follows:

-1

Yiu - Yim Zunn 0 0
ST =K'| o . o |K 3)
le e Ymm 0 0 Z#m

where the branch-path incidence matrix K is given in [29]. Zy; fori € {1, ..., m} includes
the 3 x 3 impedance matrix of each three-phase line section. More details are provided
in [29].

3. Modeling of Local Voltage Controllers

The modeling and operational modes of LVCs are briefly described below.

3.1. Switched Capacitors

Switched capacitors in distribution networks usually operate in voltage or reactive
power control. In voltage control mode, the controller switches the capacitor ON when the
measured voltage is less than a minimum value and OFF when it is more than a maximum
value [32]. In reactive power mode, the state of capacitor depends on the reactive power
flowing through the controlled line.

3.2. Step Voltage Regulators

A three-phase SVR model is proposed in [33], the equivalent of which is depicted
in Figure 1. It is a 3-bus equivalent that simulates the taps as current sources, enabling
the construction of sensitivity parameters relating the tap variables with the voltages, as
explained in the next section.
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Figure 1. A simplified network including a three-phase SVR, capacitor, DG, OLTC. All control
variables are included in the current sources.

Igbc_ Igbi Ig{:r

3.3. On-Load Tap Changing Transformers

A three-phase OLTC transformer model is presented in [34] and its 2-bus equivalent
circuit is shown in Figure 1. The taps are simulated as current sources in a similar sense as
in SVRs.

3.4. Distributed Generators

The steady state modeling of DGs is usually categorized depending on the generated
voltage/current profile as well as the power profile, as follows:

1. Voltage and current profile: Electronically coupled DGs can generate balanced phase-
to-phase voltage, balanced phase-to-neutral voltage, or balanced current. On the
opposite, synchronous generators present nonzero finite negative- and zero-sequence
admittances, and therefore, they generate unbalanced voltages and currents [14].

2. Power profile: DGs can operate in constant PQ, constant PV (conventional PV bus
modeling), or constant P-Q(V) mode [12,13]. The first case does not pose any challenge
to the power flow computation since the DG is simply modeled as a negative constant
power load. However, DGs with controllable reactive power may interact with
the other LVCs increasing the number of power flow iterations or even leading
to divergence.

4. An Algorithm for Estimating the Actual Switching Sequence of LVCs
4.1. Time Delays of LVCs

LVCs in a network are regulated to react with pre-defined time delays. This occurs
in order to coordinate the operation of LVCs and to avoid unnecessary switchings, due to
temporary voltage violations.

Switching capacitors, for example, are set intentionally with a time delay such that the
capacitor switching is activated after a pre-defined time delay from the instant of voltage (or
reactive power) violation. In the following, the delay of capacitor i is denoted as Tzlaelloa e

y(1)

Similarly, SVR and OLTC step the voltage up or down when a voltage violation occurs
beyond a pre-defined bandwidth, considering a pre-specified time delay. For instance, once
a voltage violation at the supervised bus is noticed, the counter of LVC starts counting. The
first step-up/down switching action is executed as soon as the counter reaches the inten-
tional time delay. If the voltage remains outside the bandwidth, additional step-up/down
actions are executed with a mechanical delay. The intentional and mechanical delays of
SVR i and OLTC i are denoted here as Til‘giay_int(i)’ Til‘giay_mech(i)’ Tgletlcay_int(i)’ Tgletlcay_mech(i) :
DGs are assumed to react instantaneously to any load/generation variation [11,20,22,23].

Switching capacitors, SVRs, and OLTCs can operate in two different ways: (a) their
three phases are independently controlled, namely every phase has its own LVC, or (b) The
three phases are controlled simultaneously by the same LVC [35-37].

4.2. Presentation of the Proposed Algorithm

Let us firstly assume a network with N local controllers, which control the switching
capacitors, SVRs and OLTCs. Let us further assume that Ngyr of them control an SVR (one
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or more phases depending on whether the three phases are independently or simultane-
ously controlled), Noptc of them control an OLTC, while Ncap of them control a capacitor
so that Ngyr € N, Norte € N and Ncap € N as well as Ngyr + Nortc + Neap = N.

INITIALIZATION: Initialize the taps of SVRs and OLTCs as well as the capacitor states,

and set Ty, (1) — 0 Vi € N. Specify the voltage bandwidth (BW;), the time delays Tzl?fay(i),
1t Lt i
Tzlxglayfint(i)’ Tzlxglayfmech(i)’ Tgelcayfint(i)’ Tgelcayfmech(i) Vie N.

STEP 1: Compute the power flow considering the DGs. In this step, the power flow is
executed until convergence considering the operational mode of DGs (refer to Section 3.4).
STEP 2: Calculate Ty (j) for each controller i € N as follows:

Tprior(i)
min T;:l}jzy(i) Tprior(i)) if 1Vi= Veer(iy| > B and i € Neap

_ ) min{Tn iy Toriorty ) 1 (Vi Vear(iy | > B and i € Nsyr 4)
min nggy_int(i)’Tprior(i) if |Vi— Vser(iy| > Blz/vj and i € Norrc

00 otherwise

The function min(x,y) in Equation (4) returns the lowest value between x and y. V;
and Vi,(;) are the calculated (from step 1) and desired voltage magnitude of local controller
i, respectively.

If the voltage V; is outside the limits, the priority indicator Tpo(;) is updated taking
the lowest value between the intentional delay of the local controller i and the current value

of Tprior(i)- If the voltage is inside limits, Tpor(j) is set to infinite.

STEP 3: Find the controller j with the minimum priority indicator such that Ty0:(5) < Tprior(i)
Vi € N. Then, for each controller i € N, set Tyrior(iy = Tprior(i) = Tprior(j)- As shown, the
priority indicator with the lowest value is subtracted from the other priority indicators.
Consequently, controller j with the minimum T, ) becomes 0 and it will undergo
switching action. It should be noted that if one or more controllers have the same priority
indicator value with controller j, their priority indicator also becomes 0 in this step, and

hence, they will also undergo switching actions simultaneously.

This step prioritizes the switching actions based on their time settings. A zero Tp o)
value means that the counter of LVC j has reached its time delay, and therefore, a switching
action should be undertaken from jth LVC.

STEP 4: In this step, controller j with the minimum T;.,(j, value, undergoes switching
action according to Algorithm 1.

Algorithm 1. Switching Logic 1

If j € Ngyrorj € Norrc then
{
Tapj +1if Vi < Vi(j) — @ and Tap; < Tapmax
Tap; = Tapj —1if Vi > Vi) + % and Tapy, < Tap;
Tap; otherwise

}
If] € Ncap then

{
ON if Vj < V() — o2 and Cap; = OFF
Capj = OFFif V; > Vi + 3" and Cap; = ON
Capj otherwise

)

In Algorithm 1, for instance, if the LVC j is an SVR or OLTC and its regulated voltage

is below bandwidth (Vj < Ve (j) — @) as well as its tap setting is below the maximum
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value (Ta pj < Tapmayx), then the tap is increased by one (Ta pj+ 1) in order for the voltage
to move toward the bandwidth.

If the LVC j is a capacitor, and its regulated voltage is below bandwidth as well as the
capacitor is OFF (Cap; = OFF), then the capacitor is turned ON to increase the voltage of
the regulated bus toward the bandwidth.

STEP 5: In this step, T of controller j is updated based on its mechanical delay,

prior()
as follows:
nglruyfmech(j) if j € Nsvr
TP”"”U) = Tgéfgy_mech(j) if j € Norrc ®)
© if j€ Ncap

In this step, the time setting of LVC j is set equal to its mechanical delay. This step
represents the real operation of LVCs, based on which, after the intentional delay of the
first switching action, the LVC is subsequently switched with a mechanical delay.

STEP 6: If at least one switching action took place in STEP 4, go to STEP 1 and run the
power flow. If no switching action was executed, go to STEP 2. The algorithm terminates
when no further switching actions are required and error tolerance is met.

5. Three-Phase Sensitivity Parameters of LVCs

The algorithm presented in the previous section is accurate but requires a very large
number of power flow iterations since it executes the power flow after each individual
switching action of capacitors, SVRs, and OLTCs. To accelerate the convergence, a novel
sensitivity-based algorithm is proposed here.

To derive the three-phase sensitivity parameters of LVCs, let us first assume the
network of Figure 1. It includes an OLTC connected between the buses h-w [34], three
single-phase capacitors connected to the three phases of bus g, and a DG connected to bus g.
Furthermore, an SVR is also connected through the 3-bus equivalent circuit of [33].

Figure 1 describes the positive sequence current that is injected by the DG at the
three phases. Similarly, Iggc and Iglz’c describe the zero- and negative-sequence currents
injected into the three phases. It is pointed out that the OLTC model of [34], represents an
OLTC transformer that connects a 3-wire MV and a 4-wire multi-grounded LV network.
Nevertheless, in this paper, we investigate distribution MV networks, which are usually
3-wire. Therefore, in Figure 1, the model of [34] is simplified and the current sources of
neutral and grounding conductors are ignored.

Let us define the vector of LVC control variables (xryc) and voltages Vyyc as:

T
xLVC:[ Xoltc Xdgl Xdg02 Xsvr  Xcap ] (6)

T
Vive :[ Voite Vdgl Vdgoz Vsor Vcap } (7)

where:
o xoe = [ Tap?,. Tapgltc Taps,,. ]T includes the tap variables of each phase
of the OLTC transformer. The vector x,j directly regulates the vector
T

Volte = { A } that includes the magnitude of the three-phase volt-

ages of bus w.
T
*  Xjg = [ngl} includes the positive-sequence reactive power of the DG. The vector

x4q1 regulates the vector Ve = val |] T that includes the magnitude of positive-
sequence voltage of bus g.

. . T
* Xy = [ Ig’l I3 I;%‘” Lo } includes the real and imaginary components
of the negative- and zero-sequence current of the DG. The vector x440, regulates the
, . T
vector Vgepr = [ Vgri”’ Ver Vg’S”’ Voo } that includes the real and imaginary
components of negative- and zero-sequence voltages of bus g.
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o Xgr = [ Tap%, Tapl, TapS, ]T includes the tap variables of each phase of the

T
Vb |VSC|} that includes

SVR. The vector xsp, regulates the vector Vs, = [ A
the three-phase voltage magnitudes of bus s.

®  Xep = [ C, C C. ]T includes the capacitors of each phase of bus q. The vector

T
’qu‘ ‘Vq‘: } that includes the three-phase

Xcap regulates the vector Vigp = { ‘Vq”
voltage magnitudes of bus 4.

The variation of the vector Vyyc is related to the variation of the xpyc through a
sensitivity matrix (Sy, ), as shown in Equation (8).

dVive = Svx-dxrye 8)

dVoltc dVolts dVoltc anltc dVoltc
dXoite  Axg4g1 dxgg0r dxsor dXcap
Vo1 Vg1 AVigr AVigr dViy
dXoltc dxdgl dxdgoz dxspr dXcap
dVngZ dVdg(JZ dVngZ dVngZ dVdg()Z (9)
dXo11c dxdgl dxdg()z dxspr dxcap
AVspr AVsyr AVspr dVsyr AVsyr
dXoltc dxdgl dxngZ dxspr dxcap
AVeay AVeap AVeay AVeap AVeap

dXoitc dxdgl dxngZ dXsor dxcap

SV,x =

In Equation (9), the sensitivity matrix Sy, is of dimension 14 x 14 corresponding to
the schematic presented in Figure 1. The sensitivity matrix Sy, relates the variations of the
control variables to the voltage’s variations. This relationship is utilized in the proposed
novel power flow algorithm to accelerate the convergence, as presented in the following
section. Due to space constraint, a detailed derivation of the sensitivity parameters in
Equation (9) is presented in a supplementary document in [38]. It is important to clarify that
the elements of Sy, matrix are derived, assuming that the control variables X,¢c, Xsor, Xcap
are continuous. However, this assumption does not affect the accuracy of the results since
the distinct nature of the x4, Xsor, Xcap is accurately considered in the sensitivity-based
algorithm of Section 6 and the discrete variables are updated in a discrete manner.

6. A Novel Sensitivity-Based Algorithm with Accelerated Convergence

The sensitivity parameters, which are presented in the previous section, are utilized
here to derive a novel sensitivity-based three-phase weather-dependent power flow algo-
rithm for distribution networks with LVCs. The algorithm has accelerated convergence
due to the utilization of the sensitivity parameters. It is shown through simulation results
that the sensitivity-based algorithm presents identical results with the generic algorithm of
Section 4, while the iterations and computational effort are significantly reduced.

The algorithm consists of the following steps:

INITIALIZATION: Similar to the initialization in Section 4.

STEP 1: Similar to STEP 1 of Section 4.

STEP 2: Similar to STEP 2 of Section 4.

STEP 3: Similar to STEP 3 of Section 4.

STEP 4: In this step, the change in voltage of the LVCs is predicted based on the operation
of the DG utilizing the sensitivity relationship. As the DGs in the network react instanta-
neously, we firstly estimate the variation of the positive sequence reactive power (x441) as
well as the negative- and zero-sequence currents (x4402) of DGs based on Equation (10). In
Equation (10), Vg1 and dV e, are the deviation of Veq and Vo from their set reference
voltages, respectively. The notation X denotes an estimate value.

o dVdgl dVdgl
dfg]g _ dxge  dxge02 . AP (10)
dnggz dVdSOZ dVdgoz dVngZ

dxd 1 dxd
g 502
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Due to the coupling of LVCs, the variations dx¢1 and dx g, calculated in (10) cause
voltage variations at the other LVC buses. By utilizing the sensitivity parameters and the
results of Equation (10), the predicted voltage variations (dVsc, dVsor, dVeap) of the LVCs
are calculated, as shown in Equation (11)

qultc dVolts

d V\;t/ dxger  dxgeon _
_2%e _ AVsor AVsyr dxdgl 11
d Vsor - dx, dx, : o ( )
Vsvr dg1 dg02 dx, 202
d Vcap AVeap  AVeap

dxdgl dngoz

The new predicted voltages Vﬁ;:f, Vg;id, Vf,;‘;,d of LVCs are then calculated in
Equation (12):

d —_—~—
Voltc pre Vo Itc pree d‘ia\lﬁc
Vsor = Vsor + d stf (12)
Vcap Vcap d chp

where V77°¢, VB2, V’C”ar;,v denote the voltages of OLTC, SVRs and capacitors, respectively, as

oltc’
calculated in the previous iteration.
STEP 5: In this step, based on the predicted voltages (from STEP 4), we perform switching

action at the LVC with the minimum Ty, (;), as presented in Algorithm 2.

Algorithm 2. Switching Logic 2

If j € NsyR or j € Norrc then
{
Tap; +1if Vjpmd < Veer(j) — 5 and Tapj < Tapmax
Tap; = Tap; — 1 if ‘/jpred > Vset(j) + @ and Tap iy < Tap;
Tapj otherwise

}
If j € Ncap then

{
ON if V™™ < V) — “3 and Capj = OFF
Capj = OFFif V"™ > Vo) + 25 and Cap; = ON
Capj otherwise

)

It should be noted that the Algorithm 2 is similar to Algorithm 1 of Section 4. However,
Algorithm 1 uses the voltage value of controller j (V}), as calculated from the power flow.
Therefore, a large number of iterations are required since the power flow is executed after
each individual switching action. On the other hand, Algorithm 2 uses the predicted voltage
value of controller j (V].p md), which is calculated from Equation (12), without requiring the
execution of a power flow.

STEP 6: If a switching action took place in STEP 5, it would make the DG voltages deviate
from their reference values. Therefore, further DG action is required to maintain DG
reference voltages. This is achieved by correcting again the DG control variables x;¢1 and
X402, as follows in Equation (13). Note that Equation (13) is derived from Equation (A1)
presented in the Appendix A.

dVdgl dVdgl

dxdgl _ dxdgl dxdgoz
d % - d Vdg02 d VngZ
dxdgl dxdgoz (1 3)
d Vg1 d Vg d Vg d Xoltc
d Vdgl | 9xoite Axsor AxXeap dx
vy 902 AVagor  dVagor  dVignr sor

dXoitc dxspr dxcup dxcap
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Finally, the DG control variables are updated as shown in Equation (14), using the

result of (13). -
-z )]
Xdg02 Xdg02 dxdgoz

In case the positive-sequence reactive power (x;4¢1) of DG exceeds its upper or lower
limit, it is set equal to the respective limit, so that the limits are not exceeded. The negative-
and zero-sequence currents (¥g402) are not restricted since they are a small fraction of the
positive sequence current, and therefore, the current of DG is mainly determined by the
positive-sequence component.

STEP 7: Similar to STEP 5 in Section 4.

STEP 8: Execute one iteration (only) of the power flow with the updated LVC state from
Algorithm 2 and the updated x 441, x4502 from Equation (14). Go to Step 2 until no further
switching actions take place. A flowchart of the proposed method is depicted in Figure 2.

currents. Initialize also the LVCs states and set

Initialize voltages, conductor temperatures and
]
the time delays and bandwidihs of LVCs.

A
[ Solve the power flow of section 2.3 ]

A
Apply, consecutively, the 2™ up to 7™ step of
section 6.

A
[Execute only one power flow iteration, as statedJ

in step 8 of section 6.

ave all voltage
converged?

Compute the conductor temperatures through
equation (1) of section 2.1

\

A
s ™y

From the conductor current of block 4 and
@ conductor temperatures of block 5, update the

conductor impedances, as stated in section 2.2
AN ~

Figure 2. Flowchart of the proposed sensitivity-based power flow method.

With the proposed sensitivity-based approach, a full power flow is required to be
executed only at the initialization step and not after each individual switching action as
in Section 4. Therefore, the total number of iterations in the proposed sensitivity-based
algorithm has been significantly reduced. The distinct features of the proposed algorithm
are further highlighted via simulation and validation in the following sections.

Finally, it is pointed out that in this paper, we have considered a temperature-dependent
power flow algorithm for distribution networks with bare overhead conductors, using
the IEEE Std 738-2012 [30]. However, the proposed approach can be also applied in dis-
tribution networks with underground cables. In this case, the model that was recently
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proposed in [39] can be applied, instead of the IEEE Std 738-2012, for the estimation of
conductor temperatures.

7. Validation and Performance of the Proposed Sensitivity-Based Algorithm

First and foremost, the proposed algorithm is validated against dynamic simulation in
MATLAB® Simulink using an 8-bus balanced and a 7-bus unbalanced network. In addition,
the proposed approach is compared against the power flow methods of [1,3], with respect to
result accuracy and convergence speed. It is noted that the method proposed in [2] presents
almost identical results with the method of [1]. Therefore, the method of [2] is not simulated
in this paper due to its strong similarity with [1] with respect to the produced results.

All algorithms were coded and implemented in MATLAB®. It should be noted that for
the purpose of validation against the dynamic simulation, the weather-dependent impacts
were neglected in this section as traditional algorithms and Simulink do not consider
weather-dependent modeling.

(A) 8-Bus Balanced Network

Figure 3 depicts the 8-Bus network consisting of 3 SVRs and 1 DG operating in Q(V)
droop control mode. The Q(V') droop equation is given by (15) [12,13]:

Vi = Vier(i) — Ky(i) Qi (15)

where Q;, Vi, ¢(i), Ky(i), Vi are the positive sequence reactive power, the reference voltage,
the droop gain, and the positive sequence voltage of DG i, respectively. The topology of the
network is similar to the one investigated in [21]. Data about the network, the controllers
of SVRs, and the DG are provided in Table 1.

Bus 2 Bus 3 Bus 4 Bus 5 Bus 6 Bus 7 Bus 8

Figure 3. 8-Bus network consisting of 3 SVRs and 1 DG.

Table 1. Parameters of 8-Bus Network.

Length of the lines 10 km
Voltage of slack bus 7200 V
Frequency of the network 50 Hz
Resistance of lines 0.4 O/km
Self-reactance of the lines 0.3 Q/km
Mutual-reactance of the lines 0.1 Q/km
Reference voltage of SVRs 7500 V
Bandwidth of SVRs 70V
Intentional delay of SVR1 10s
Mechanical delay of SVR1 2s
Intentional delay of SVR2 20s
Mechanical delay of SVR2 3s
Intentional delay of SVR3 30s

Mechanical delay of SVR3 4s
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Table 1. Cont.

Active power of DG 1MW
Reference voltage of DG (V,ef> 7500 V
Droop gain of DG (Kq(i) fori= {1}) 0.5 x 107*V/Var

The delays of the controllers are set based on their distance from the substation. The
slack bus in Figure 3 is assumed to be a substation. The SVR near the substation has
the fastest reaction time and as the distance from the substation increases, the reaction
time increases [23,40]. All SVRs and OLTCs of the paper are considered to have, in total,
33 distinct taps (e.g., —16, ... 0,... +16) and can boost or reduce the voltage by £10%. So,
each tap variation changes the voltage by +-0.0625%. All SVRs are in wye configuration
and are initialized to the 0 position for the purposes of simulations. Each phase of an SVR
is modeled with its own local controller, which is independently controlled. The DG at
bus 8 operates in Q(V) mode and generates balanced phase-to-neutral voltages [14]. The
network supplies four balanced three-phase loads. All the loads are modeled as constant
impedance loads, as shown in Table 2.

Table 2. Loads of 8-Bus Network.

Zr; — R =500 Q in parallel with X = j2000 Q)
Load of Buses 3, 5, 8 Z1p, — R =500 Q) in parallel with X = j2000 Q2
Z1c — R =500 Q in parallel with X = j2000 Q)

Z1, — R =300 Q in parallel with X = j1200 Q
Load Bus 7 Zip — R =300 Q) in parallel with X = j1200 Q)
Z1c — R =300 Q in parallel with X = j1200 ()

The output phase-to-neutral voltages of the three SVRs as well as the reactive power
of DG are depicted in Figure 4. It should be noted that since all the loads are balanced, the
three phases of the SVRs have equal voltages and undergo similar tap changes. Initially,
all the voltages are below their bandwidths, and therefore, the SVRs undertake step-up
actions with the intentional and mechanical delay. Initially, due to the low voltage at bus
8, the DG generates reactive power. As long as the SVRs boost their voltage, the reactive
power of DG is reduced based on the droop curve (Equation (15)). The voltage of all SVRs
is stabilized inside the bandwidth after 30 s. After the stabilization of SVRs, an overvoltage
occurs in bus 8 due to the active power generation of DG, and thus, the DG consumes
reactive power according to Equation (15).

LUBSEL I L B S S S B S B s e -750
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time (s)

(=}
N -
~
o -
o -

Figure 4. Phase to neutral voltage at the outputs of SVRs (left vertical axis) and reactive power of DG
(right vertical axis).

The tap positions and switching sequence for all SVRs of the 8-bus network obtained
via the dynamic simulation of Simulink are presented in Figure 5. SVR 1 executes the first
switching action after an intentional time delay (10 s), followed by subsequent switching
actions with a mechanical time delay (2 s), until the voltage lies within the bandwidth.
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Similarly, for SVR 2 and 3. Since SVR 1 has the lowest intentional and mechanical delay;, it
undergoes the highest number of tap changes. The final tap positions obtained via dynamic
simulation for SVR 1, SVR 2 and SVR 3 is 11, 3, and 1, respectively.

12
114 ——S8VR 1 (Phase a, b, c)
10 - SVR 2 (Phase a, b, ¢)
9' SVR 3 (Phase a, b, c)
88
g2
= 59
" 44
£ 34
D5
1_
0,
-1

0 2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time (s)
Figure 5. Switching sequence of SVRs in the 8-Bus network versus time as calculated by
MATLAB® Simulink.

In Figures 6-9, the results of the SVR tap change versus iteration number are presented
for the proposed algorithm as well as for the algorithms of [1,3]. Figure 6 presents the
tap change profile of all the SVRs versus the iteration number for the proposed algorithm
without consideration of sensitivity parameters (refer to Section 4). In Figure 7, the tap
change profile versus iteration number is presented for the proposed algorithm with the
consideration of the sensitivity parameters (refer to Section 6). The proposed algorithm,
for both with and without sensitivity parameter, considers the actual reaction delays of
LVCs. However, as observed in Figure 7, the consideration of sensitivity parameters yields
accelerated convergence. It is reminded that the proposed algorithm, both with and without
sensitivity parameters, considers the same switching algorithm, thus, it presents identical
results in both cases. Their main difference is that the usage of sensitivity parameters makes
the execution of a complete power flow after each switching action unnecessary, reducing
the total iteration number required for the final power flow solution.

:f_—SVRHPhase a, b, c)

10_-—S\IR2(Phase a, b, c)

SVR 3 (Phase a, b, ¢)
5 9
€ 81
2 71
g1
[
- 44
© 34
& 21
14
0_
-1

30 40 50 60 70 80 90 100
Iteration

o
=
N
o

Figure 6. Switching sequence of the three SVRs for the 8-Bus network versus iteration number, as
calculated by the proposed method without sensitivity.
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= g ~——SVR 2 (Phase a, b, ¢)
3 SVR 3 (Phase a, b, ¢)
551
271
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54
- 44
@ 34
% 21
14
01
-1
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Figure 7. Switching sequence of the three SVRs for the 8-Bus network versus iteration number, as
calculated by the proposed method with sensitivity.
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Figure 8. Switching sequence of the three SVRs for the 8-Bus network versus iteration number, as
calculated by the algorithm of reference [1].
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Figure 9. Switching sequence of the three SVRs for the 8-Bus network versus iteration number, as
calculated by the algorithm of reference [3].

It is observed that the proposed power flow algorithm yields correct final tap positions
when compared to the dynamic simulation, both with and without sensitivities. This is due
to the consideration of the actual switching sequence of LVCs, as presented in Section 4.
On the other hand, the LVC’s states estimated by the power flow algorithms of [1,3] do not
conform to the dynamic simulation, as shown in Figures 8 and 9.

Algorithm [1] is only able to correctly estimate the final tap position of SVR 2 as shown
in Figure 8. It is reminded that the authors in [1] divide the LVCs into delay groups based
on their reaction delays. In this example, SVR 1, SVR 2 and SVR 3 belong to the first, second
and third delay group, respectively. Initially, the SVR of the first delay group reacts, by
varying its taps until its voltage lies inside the bandwidth. Subsequently, the SVR of the
second delay group undertakes switching actions, and so on until all SVR voltages lie
inside their bandwidths. However, this process does not outline exactly the actual sequence
of switching of LVCs, because in real distribution networks, the LVCs are not separated
into delay groups and their reaction is not executed in the way that the algorithm of [1]
describes. For instance, in the examined 8-bus network, the actual switching sequence is
depicted in Figure 5 using the dynamic simulation of Simulink, which is quite different
than the switching sequence predicted in [1].

The algorithm of [3] reaches final tap position in only a few iterations (Figure 9),
because the algorithm updates all the LVC states simultaneously, and thus, reduces the total
power flow iterations. It is reminded that algorithm [3] neglects completely the switching
delays of LVCs, and updates the control variables of LVCs (e.g., taps of SVRs/OLTCs and
reactive power of DGs) simultaneously, using sensitivity parameters. Due to the discrete
nature of taps, after the convergence of the power flow, algorithm [1] rounds the taps to the
nearest tap position.

The final voltages of the network for the investigated methods and Simulink are
provided in Table 3 at the end of the paper. The proposed approach with and without
sensitivities present almost identical results with those of Simulink, in contrast to the
methods of [1,3] that show significant deviations.
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Table 3. Voltage profile of the investigated methods for the 8-Bus balanced network.

Node 2a (V) Node 3a (V) Node 4a (V) Node 5a (V) Node 6a (V) Node 7a (V) Node 8a (V)
Simulink 6988.3309 7468.7787 7340.1399 7477.7693 7421.3890 7467.8162 7527.2533
Without

A 6988.3417 7468.7902 7340.1411 7477.7687 7421.3933 7467.7770 7527.1493
sensitivity

W‘t.h. 6988.3417 7468.7902 7340.1411 7477.7687 7421.3933 7467.7770 7527.1493
sensitivity

Algorithm [1] 6963.9601 7486.2571 7337.4348 7475.0117 7400.0861 7492.5872 7535.7599

Algorithm [3] 6951.5222 7472.8864 7313.0733 7495.9002 7412.0259 7504.6762 7539.9454

In Figure 10, the total three-phase reactive power of the DG connected at bus 8 is
presented. It operates in inductive mode according to droop Equation (15), to mitigate the
voltage rise caused by the high amount of generated active power [14]. It is observed that
the proposed algorithm indicates a consumption of 542 kVar, which is exactly the same as
in the dynamic simulation. References [1,3] yield different results. The deviation of the
reactive power in algorithms [1,3] is caused due to the inaccurate state estimation of SVRs,
which inevitably leads to an imprecise reactive power calculation.

(B)  7-Bus Unbalanced Network

900
S 800 4
©
715
< 700
=
@ 600 -
3
£ 500
2 400
§3oo-
o 200 -]
16}
& 100
04

798

T T
dynamic without with sensitivity  Algorithm [1] Algorithm [3]
simulation sensitivity
(simulink)

Figure 10. Total reactive power consumption of the DG at bus 8.

An unbalanced 7-bus network consisting of an OLTC, a voltage-controlled capacitor,
an SVR, and a DG is considered for further simulation and validation, as shown in Figure 11.
This network was selected for simulation since it includes all kinds of LVCs (OLTC, SVR,
Capacitor, DG), it is unbalanced and also its simple topology facilitates the comparison and
interpretation of the simulation results. Moreover, its small size allows the execution of
simulations in the time domain environment of MATLAB® Simulink.

Slack
Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6 Bus 7
' - = 7
° (-
OLTC 1 | K/ SVR 1

CAP1]

1_

Figure 11. 7-Bus unbalanced network consisting of one OLTC, one SVR, one three-phase capacitor
and one DG.

The DG operates in Q(V) droop control mode (see Equation (15)). Data about the
network, the controller of OLTC, SVR, capacitors and DG are presented in Table 4. The
SVR is connected in wye configuration, while OLTC in Y¢-Y, connection [41]. Each phase
of OLTC, SVR, and capacitor has its own local controller and is independently controlled.
The DG generates balanced phase-to-neutral voltages [14]. The network supplies three
balanced and one unbalanced three-phase constant impedance load, as shown in Table 5.
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Table 4. Parameters of 7-Bus network.

Length of the lines 10 km
Voltage of slack bus 7200 V
Frequency of the network 50 Hz
Resistance of lines 0.4 O /km
Self-reactance of the lines 0.3 Q2/km
Mutual-reactance of the lines 0.1Q/km
Reference voltage of SVR and OLTC 7500 V
Bandwidth of SVR and OLTC 70V
Reference voltage of CAP 7500 V
Capacitance of each phase 5x107°F
Bandwidth of Capacitors 350 V
Intentional delay of OLTC 10s
Mechanical delay of OLTC 2s
Intentional delay of CAP 20s
Intentional delay of SVR 30s
Mechanical delay of SVR 4s
Active power of DG 1MW
Reference voltage of DG 7500 V
Droop gain of DG (K fori = {1}) 0.5 x 1074 V/Var

Table 5. Loads of 7-Bus network.

Zr; — R =500 Q in parallel with X = j2000 Q)
Load of Buses 3, 6, 7 Zip = R =500 Q) in parallel with X = j2000 Q)
Z1c = R =500 Q in parallel with X = j2000 Q)

Zr; — R =500 Q in parallel with X = j2000 Q)
Load Bus 4 Z1p = R =250 Q) in parallel with X = j1000 Q)
Z1c = R =500 Q in parallel with X = j2000 Q)

Table 6 summarizes the calculated LVC states of each phase in the 7-Bus network using
dynamic simulation, the proposed algorithm without and with sensitivity parameters, as
well as the methods of [1,3]. It is observed that the proposed algorithm presents identical
results with those of Simulink, confirming its accuracy. On the other hand, the calculated
states of the approaches in [1,3] deviate from those of Simulink. Moreover, Table 7 at the
end of the manuscript depicts indicatively the voltages of each phase for the last three
buses of the network for the investigated approaches. As shown, the proposed method
with and without sensitivity parameter yields near identical results with those of Simulink,
while the other investigated power flow methods present significant deviations.

Finally, the number of iterations required by the algorithms to converge with an
accuracy of 10~* pu are presented in Tables 8 and 9, for the 8-Bus and 7-Bus networks,
respectively. As shown, the algorithm of [3] presents the fastest convergence since it
calculates all LVC’s state simultaneously ignoring their reaction delays. The proposed
algorithm without the sensitivity parameters has the slowest convergence due to the
successive power flow executions after each switching action. The proposed method with
sensitivity parameters combines the high accuracy with the fast convergence, as no other
power flow method so far.
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Table 6. LVC's states calculated by the investigated approaches for the 7-Bus network.

OLTC 1 Taps CAP1 SVR 1 Taps DG Reactive
(Phase a, b, ¢) (Phase a, b, c) (Phase a, b, c) Power
Simulink (10, 12, 10) (ON, ON, OFF) 2,4,3) (iigdoulz:i?;)
Without 690 kvar
sensitivity (10,12, 10) (ON, ON, OFF) (2,4,3) (inductive)
. e s 690 kvar
With sensitivity (10, 12, 10) (ON, ON, OFF) (2,4,3) (inductive)
Algorithm [1] (11, 10, 10) (OFF, ON, OFF) (3,2,2) (iﬁéﬁ%
Algorithm [3] (11,11, 10) (OFF, ON, OFF) 3,3,2) (iffful:;’iiz)

Table 7. Voltage profile (of the last three buses) of the investigated methods for the 7-Bus unbalanced

network.
N"(C\‘f) 53 Node5b(V) Node5c(V) Node6a(V) Node6b(V) Node6c(V) Node7a(V)  Node 7b (V) N"(‘;'f) 7e
Simulink 7391.8685 7311.9286 7350.1776 7484.2669 7494.7264 7488.0011 7534.5769 7534.5769 7534.5769
S::’I‘stl}t‘l‘:::y 7391.8480 7311.9139 7350.2046 7484.2461 74947117 7488.0209 75345095 75345095 75345095
sen‘;‘;‘t‘i“‘lity 7391.8480 7311.9139 7350.2046 7484.2461 7494.7117 7488.0209 7534.5095 7534.5095 7534.5095
Algorithm [1] 73409089 7412.7342 7381.0320 74785510 7505.3934 7473.2949 7533.3146 7533.3146 7533.3146
Algorithm [3]  7348.0466 7337.2315 7385.8412 7485.8225 7474.8046 7478.1643 7531.2463 7531.2463 7531.2463

Table 8. Required iterations for the investigated approaches in the 8-Bus network.

Without . e . .
Sensitivity With Sensitivity Algorithm [1] Algorithm [3]
Required 74 27 61 9
iterations

Table 9. Required iterations for the investigated approaches in the 7-Bus network.

Without . e . .
Sensitivity With Sensitivity Algorithm [1] Algorithm [3]
Required 9 29 76 8
iterations

8. Influence of Weather on the LVC States and Power Flow

We conduct a case study on the large IEEE 8500-Node [42] network to compare
the proposed weather-dependent algorithms (with and without sensitivities) against the
conventional methods of [1,3]. Moreover, the accuracy of the proposed sensitivity-based
algorithm in a large-scale network is investigated.

(A) Network description

Figure 12 depicts the IEEE 8500-Node Network, which has been modified by in-
cluding 4 DGs operating in several modes. The network originally includes 4 SVRs and
4 capacitors [42], as shown in Figure 12.
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Figure 12. IEEE 8500-Node network consisting of 4 SVRs and 4 three-phase capacitors [42].

The 4 additional DGs are connected to the buses 100, 350, 835, 1600. Data about the
power profile and voltage/current profile of DGs are provided in Table 10, while data about
the reference voltages, the droop gains, the active powers, etc. are given in Table 11. For
DG 1, which is a synchronous generator (SG), the negative- and zero-sequence impedance
are Zp = Zy = 0.2+ j0.2. DG 1 and DG 4 operate in constant voltage mode (treated as PV
buses) and generate constant active power and positive-sequence voltage. DG 2 and DG 3
operate in droop control mode generating balanced currents (refer to Section 3.4 for more
details about the operational modes of DGs).

Table 10. DG parameters for the modified IEEE 8500-Node network.

DG # Power Profile Connecting Bus Voltage/Current Profile
1 Constant PV 100 SG (Unbalanced voltage and current)
2 Droop Q(V) 350 Balanced Current
3 Droop Q(V) 835 Balanced Current
4 Constant PV 1600 Balanced Voltage

Data of the LVCs are provided in Table 11. Each phase of the LVCs is independently
controlled. The capacitors are voltage controlled and the SVRs are in wye configuration.
The time delays of SVRs and capacitors are set based on their distance from the substa-
tion [23,40], while DGs react instantaneously. LVCs near substation have faster reaction
times as shown in Table 11. Each controller regulates the voltage of the connection point of
LVC and no line drop compensator or any other remote voltage control is applied.

Finally, all the lines of the network were replaced with the Penguin ACSR [43]. Itis a
single-layer conductor with a cross-sectional area 125.1 mm? composed of a 6 Aluminum
and 1 steel wire. Penguin is the largest single-layer ACSR conductor and can successfully
withstand the full load of the network in both investigated environmental conditions,
without thermal violation. This modification was necessary in order to simulate the
influence of weather and magnetic effects into the power flow results. With the original
lines of IEEE 8500-node network, this would not be possible since all lines consist of
constant impedances with unknown conductor-specific details.

In Figures 13 and 14, the resistance and self-reactance of Penguin ACSR conductor
are presented, respectively, as a function of conductor temperature and current. The
methodology to calculate the resistance and self-reactance of Figures 13 and 14 is presented
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in [27]. It is observed that the resistance of Penguin ACSR is strongly related to both current
and conductor temperature (conductor temperature is a function of both current and
weather conditions [27]). Nevertheless, the impact of weather is significant as demonstrated
in the following subsection.
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Figure 13. Resistance of Penguin ACSR conductor, as a function of conductor temperature and
current, considering weather and magnetic impacts.
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Figure 14. Self-Reactance of Penguin ACSR conductor, as a function of conductor temperature and
current, considering weather and magnetic impacts.

The case study involves the simulation of two scenarios with two different weather
conditions (summer and winter), as presented in Table 12. The first one represents a typical
summer day in Thessaloniki, Greece, while the second represents a typical winter night in
the same region [44]. The directions of the lines were considered exactly as they are given
in Figure 12, while the wind direction was considered parallel to the x-axis of Figure 12.
The original network loads were considered for all buses [45].

Table 11. Parameters of the modified IEEE 8500-Node network.

Length of the lines Given in [45]
Loads Given in [45]
Voltage of slack bus 7200 V
Frequency of the network 50 Hz
All lines are Penguin ACSR [43]. The mutual
Line type and data impedance between all the lines was consider
0.1j Q/km.
Reference voltage of SVRs 7500 V
Bandwidth of SVRs 70V
Intentional delay of SVR 1 15s
Intentional delay of SVR 2 60 s
Intentional delay of SVR 3 60s

Intentional delay of SVR 4 90 s
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Table 11. Cont.
Mechanical delay of SVRs 2s
Intentional delay of CAP 1 30s
Intentional delay of CAP 2 45s
Intentional delay of CAP 3 75s
Intentional delay of CAP 4 75s
Reference voltage of CAPs 7600 V
Bandwidth of CAPs 300 V
Capacitance of each phase 2x107°F
Active power of DGs 2 MW
Reference voltage of DGs <Vref> 7500 V
Droop gain of DGs 2 & 3 (K;) 10~4 V/var
Table 12. Summer and winter weather conditions.
Ambient Solar Irradiance g5 Wind Speed Vyy
Temperature T, (°C) (W/m?) (km/h)
Summer 36.3 847 4.8
Winter 7.3 0 14.5

(B) Comparison between the investigated algorithms

Simulations were executed in a generic PC with an Intel Core i7, 3.4 GHz CPU and 16
GB DDR3 RAM. As mentioned before, all investigated algorithms were coded in MATLAB®.
More specifically, the following algorithms are compared:

Proposed weather-dependent power flow algorithm without sensitivities.
Proposed weather-dependent power flow algorithm with sensitivities.
Algorithm [1] with fixed impedances.

Algorithm [3] with fixed impedances.

Usually, utilities apply traditional power flow algorithms assuming line impedances
of fixed values, which are seasonally updated e.g., summer, winter to account for the
weather variations. In this study, we assume fixed-line impedances for algorithm [1,3],
with different values in summer and winter period, as follows:

e In Summer: Z;;,, = 0.370 + 0.295j (2/k, which corresponds to a conductor current
and temperature of 300 A and 60 °C, respectively, based on Figures 13 and 14.

e In Winter: Zj;,, = 0.315 + 0.295j (3/km, which corresponds to a conductor current
and temperature of 300 A and 30 °C, respectively, based on Figures 13 and 14.

Due to the large size of the network, modelling and dynamic simulations in Simulink
are not possible here. In all approaches, tap position 2 was assumed as initial for all SVRs,
while all the capacitors are initially considered OFF.

The tap positions and switching sequence for SVR 3 in the modified IEEE 8500-node
network are presented in Figure 15. Figure 15 presents indicatively the tap positions
and switching sequence for SVR 3 (all phases) obtained via the proposed algorithm, with
and without the sensitivity parameters, for the summer scenario. As observed, the final
tap positions are in agreement for the proposed algorithm with and without the use of
sensitivity parameters. This is because both cases use similar algorithms to estimate the
exact switching sequence of SVRs and capacitors (see Section 4 and Section 6). It is also
observed that the use of sensitivity parameters yields a much faster solution.
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Figure 15. Switching sequence of SVR 3 in the modified IEEE 8500-node network for summer
obtained via the proposed algorithm.

A summary of the final tap positions of LVCs, for all examined algorithms, in winter
and summer conditions, is presented in Table 13, while the reactive power of DGs is quoted
in Table 14. As observed, for the same loading conditions, algorithms [1,3] derive different
power flow results compared with the proposed approach, due to the neglect of weather
and magnetic impacts as well as the actual switching sequence of LVCs. It should be noted
that the proposed algorithm produces the same power flow results for the two cases, with
and without sensitivity parameters. The difference observed between the two cases was in
the convergence characteristics and the evolution of the solution states.

Table 13. LVC's states calculated by the investigated approaches for the modified IEEE 8500-Node.

SVR1 SVR 2 SVR 3 SVR 4 CAP1 CAP 2 CAP3 CAP4
(Phasea, (Phasea, (Phasea, (Phasea, (Phase a, (Phase a, (Phase a, (Phase a,
b, o) b, ) b, c) b, 0 b, o) b, ) b, c) b, 0
Proposed-Summer (6,6,6) (1,2,2) (7,6,5) (3,2,2) (OIE)FI':FO)FF’ (OSN?N’ (OI:)FI’JSFF’ (Ogi\]?N,
Proposed-Winter (6,6,6) (1,2,2) (6,5,4) 2,2,2) (OFOFI’:FO)FF’ (OSN?N’ (OFOFI’JSFF’ (OSN?N'
Algorithm [1-Winter  (6,6,6) (1,22 (655 (3,22 (%ﬁgmi @ggN (%ﬁgni @gﬁm
Algorithm [3]-Winter (6,6,6) (1,2,2) (6,5,4) (3,2,2) (OI(\)]N?N’ (OgNC))N’ (OFOFI'JSFF’ (OSN?N'

Table 14. DG reactive power for the investigated approaches applied in the modified IEEE
8500-Node network.

DG 1 DG 2 DG 3 DG4
ilrogr(i)tsl?:l 3262 kvar 570 kvar 520 kvar 1780 kvar
(Stgxmmer) (capacitive) (capacitive) (inductive) (capacitive)
ilrogr(i)tsl?:l 2884 kvar 499 kvar 506 kvar 1542 kvar

> (capacitive) (capacitive) (inductive) (capacitive)

(Winter)
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Table 14. Cont.

DG 1 DG 2 DG 3 DG 4

Algorithm [1] 3274 kvar 628 kvar 563 kvar 1921 kvar
(summer) (capacitive) (capacitive) (inductive) (capacitive)

Algorithm [1] 2744 kvar 538 kvar 537 kvar 1946 kvar
(winter) (capacitive) (capacitive) (inductive) (capacitive)

Algorithm [3] 3055 kvar 619 kvar 569 kvar 1904 kvar
(summer) (capacitive) (capacitive) (inductive) (capacitive)

Algorithm [3] 2423 kvar 517 kvar 552 kvar 2121 kvar
(winter) (capacitive) (capacitive) (inductive) (capacitive)

The numbers of iterations and the total computation time required by the algorithms
to converge with an accuracy of 10~ pu are presented in Table 15, for the modified
IEEE 8500-node network. As shown, the proposed algorithm with the usage of sensitivity
parameters appears to be the best power flow tool for networks with LCVs, since it combines
high accuracy with fast convergence and low computation time. Although algorithm [3] is
by far the fastest, the results are not accurate for the aforementioned reasons.

Table 15. Required iterations for the investigated approaches applied in the modified IEEE

8500-Node.
Required Iterations Com(psttletca(:ilo‘;;l“ ime

Proposed-without sensitivity (summer) 553 331
Proposed-with sensitivity (summer) 79 47
Proposed-without sensitivity (winter) 261 156
Proposed-with sensitivity (winter) 49 29
Algorithm [1] (summer) 97 57
Algorithm [1] (winter) 69 40
Algorithm [3] (summer) 20 12
Algorithm [3] (winter) 14 9

(C) Accuracy of the Sensitivity-Based Algorithm

In this sub-section, we investigate how accurate the proposed sensitivity-based algo-
rithm is, compared with the proposed algorithm without sensitivities, when applied in the
large IEEE 8500-node network. Six scenarios were simulated for this purpose in the IEEE
8500-node network, explained below. In all scenarios, the winter condition was assumed
for calculating the line impedances.

Scenario 1: The loads of the network are reduced to 70% of their nominal value.
Scenario 2: The loads of the network are increased to 120% of their nominal value.
Scenario 3: The generated active power of each DG is increased to 3 MW.

Scenario 4: The reference voltage of all SVRs, capacitors, and DGs is set to 7200 V.
Scenario 5: The initial tap position for all the SVRs is set to tap number 8.

Scenario 6: Kq(i) fori = {1, 2, 3, 4} is set to 1. It practically means that the DGs
generate almost zero reactive power.

The results of LVC'’s state are presented in Table 16 for the proposed method without
and with the use of sensitivity. As shown, the algorithms produce identical results in the
first four and 6th scenarios. In most of the simulations presented in this manuscript, there
has been full agreement between the proposed algorithm without and with sensitivities.
However, a slight difference is observed in the state estimation of SVR 4 of scenario 5
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(highlighted in bold in Table 16), where the two algorithms output (3, 2, 0) and (3, 1, 1),
respectively. This difference is attributed to the fact that the usage of sensitivities involves
predictor and corrector steps, which are approximations. Nevertheless, this difference is
negligible in comparison to the major reduction in the number of iterations required to
obtain the power flow solution, when sensitivities are adopted, as observed in the last
column of Table 16.

Table 16. LVC’s states calculated by the proposed method with and without sensitivities for the
six Scenarios.

SVR1 SVR 2 SVR 3 SVR 4 CAP1 CAP2 CAP3 CAP4
(Phase a, (Phase a, (Phase a, (Phase a, (Phase a, (Phase a, (Phase a, (Phase a, Iterations
b, 0) b, 0 b, 0 b, ¢ b, ©) b, 0) b, 0 b, 0
Seenatio s;:ﬂfxty 66  OLDH @33 222 OF(FO, 1(;)}:151:) OF(lg I(:)1:151:) OF(IS,) I(J)FIL“F) (Ogi\r?N' 143
! senv:iittil:IiW 666 0L @33 222 OF(}(T,) I(:)I;F) OF(FO, I(:)I;F) OF(}? I;)FﬁF) (OgN())N/ 34
o ety 07D 0321399 63D oiom o) omom on) TP
Scenatio sglstﬂf‘:ﬁy ©606 00D 43 222 OF(}(?,) I(JDI;;F) OF(}(?,) 12)1:151:) OF(S ISFISF) (Ogi\r())N' 175
? senv:iitti};ity 666 (001 (43 (222 OF(S E)F*EF) OF(IE“,) FoFéF) OF(;,) FoFf:F) (Ogi\r())N' 39
! sen‘giitti}:/ity ©o0  Lz2 @549  &22) 01:(1(:,) FOFI,JF) 01:(1(:,) 1(:)1:151:) OF(IS,) }C:)FIQF) (Og[?l?)FE 38
Seenatio s;:ﬂfxty @77 4Lh - G42 G20 OF(FO, E)FﬁF) (OgN())N' 01:(15,) FOFISF) (OgN?N' 871
’ senv:iittilzfity e ann e 61D oPo OOY oo Cony 16
Seomaric s;‘:ﬂfﬁ:y 666 (233 (987 (322 (OgN?N’ (Ogi\f))N’ OF(S f)FﬁF) (OSN?N' 379

(D) Weather Data Acquisition

The real-time measurement of local weather parameters is feasible today since the
number of automatic weather stations (AWSs) has been considerably increased world-
wide [44]. For instance, in Greece, National Observatory of Athens (NOA) has installed,
over the last 15 years, more than 430 automatic weather stations over Greece (see Figure 16).
All weather stations record (every 10 min) the 10-min average values of wind speed, wind
direction, ambient temperature and solar radiation, namely all the weather parameters
required by the proposed approach. The data are provided in a real-time manner to po-
tential users, through web-based platforms [44], and therefore, they are currently very
easily accessible.
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Figure 16. Geographical distribution of the network of automatic weather stations over Greece [44].
The red points indicate the position of weather stations.

9. Conclusions

This paper presents a sensitivity-based three-phase weather-dependent power flow
algorithm for simulating distribution networks with LVCs. The proposed algorithm has
four distinct characteristics: (a) it considers the three-phase unbalanced nature of distri-
bution systems, (b) the operating state of LVCs is calculated using sensitivity parameters
accelerating the convergence speed of the algorithm, (c) it considers the exact switching
sequence of LVCs based on their reaction time delays, and (d) the influence of weather vari-
ations on the power flow is also taken into consideration. The proposed algorithm has high
accuracy and low computational complexity and is therefore can constitute an important
tool in offline and real-time applications of distribution systems. The proposed approach
was compared against some state-of-the-art power flow methods using a 7-bus, an 8-bus
and the IEEE 8500-node network. The results indicate that the existing algorithms can
produce inaccurate power flow results and LVC'’s states, due to the imprecise consideration
of LVC’s switching sequence. Finally, it was deduced through simulations, that for a more
precise estimation of LVC’s states and power flow results, the weather variations should be
considered in the power flow.
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Appendix A
From Equation (8), we take Equation (A1l):
dXoltc
d Vdgl d Vdgl d Vdgl d Vdgl d Vdgl d. x dg 1
dVdgl — dXoite dxdgl dxdgoz dxsor dxcap . dx (Al)
dVngZ dVngZ dVngZ dVngZ dVngZ dVngZ dgoz
dxoltc dx g dx g0z dXsor dxcap dxsor
dXcap

Equation (13) is directly derived from (A1), by making some simple algebraic manipu-

lations.
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