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Abstract—This paper proposes a comprehensive load 

flow algorithm for balanced and unbalanced distribution 

systems considering the effect of a multi-grounded 

neutral conductor. The method is based on the implicit 

ZBUS method presenting fast convergence and robustness 

regardless of the R/X ratio of the lines. Its distinct feature 

is its ability to handle all network configurations, 

including highly meshed distribution systems that 

operate in either islanded or grid-connected mode. 

Furthermore, an algorithm is proposed for overcoming 

the limitation of implicit ZBUS method to treat PV nodes. 

Additionally, the concept of virtual impedance is 

incorporated into the proposed algorithm to accurately 

simulate the behavior of distributed generators (DGs) 

during the islanded operation. Numerical simulations are 

conducted in 33-Bus and 38-Bus balanced networks as 

well as in 25-Bus and 30-Bus unbalanced networks to 

verify the validity of the proposed load flow algorithm. 

Index Terms—Load flow, meshed distribution systems, 

multi-grounded systems, implicit ZBUS method, islanded 

microgrids, PV nodes, virtual impedance 

NOMENCLATURE 

ILir       Load current of node i at phase r={a, b, c} 

Viy      Voltage of node i at conductor y={a, b, c, n, g} 

Zgri      Grounding impedance at node i  

Yij
pz

   Self or mutual line admittance between nodes i-j 

      and conductors {p, z}={a, b, c, n, g}     

Virn  Phase-to-neutral voltage of phase r={a ,b, c} at 

      node i     

Pir       Active power of phase r={a, b, c} at node i 

Qir       Reactive power of phase r={a, b, c} at node i 

θirn       Angle of phase-to-neutral voltage of phase  

      r={a, b, c} at node i. 
f  Frequency of the network 

f0i  Nominal frequency applied to the droop equation 

V0i   Nominal voltage applied to the droop equation 

KQi   Voltage droop gain 

KPi   Frequency droop gain 

PGi Active power of DG i determined by the droop  

      equation 

QGi Reactive power of DG i determined by the droop  

      equation 

VGi  Terminal voltage of DG i 

Pslack   Active power flowing through the virtual slack bus 

Ipos,i Positive sequence current of synchronous generator 

      (SG) i 

Ineg,i Negative sequence current of SG i
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Izero,i Zero sequence current of SG i

Vpos,i  Positive sequence voltage of SG i

Vneg,i Negative sequence voltage of SG i

Vzero,i Zero sequence voltage of SG i 

Yneg,i Negative sequence internal admittance of SG i

Yzero,i Zero sequence internal admittance of SG i

Vy(vir) Virtual slack bus voltage at conductor  

       y={a, b, c, n, g} 

Zy(vir) Impedance of virtual slack bus at conductor 

       y={a, b, c, n, g}  

Vvirtual,i Virtual voltage of DG i 

Zvi Virtual impedance of DG i 

IGi Feedback current of DG i 

I. INTRODUCTION 

    Due to the high penetration of distributed generators 

(DGs) in medium- (MV) and low-voltage (LV) networks, 

several technical problems have emerged such as 

overvoltage, unbalance, harmonics, and overloading of the 

existing equipment [1]. In reality, loads are never perfectly 

balanced and the grounding resistances of LV networks vary 

practically from 1 Ohm to several tens of Ohms [2], 

resulting in significant neutral-to-ground voltages and 

imbalance between the phases. The problem was 

exacerbated over the last decades by the connection of 

single-phase DGs into the LV network. As a result, the 

assumption of balanced LV networks, which has been 

commonly adopted by many studies in literature, may not be 

realistic. Therefore, to accurately estimate the operation of 

LV networks, load flow models should explicitly consider 

the neutral conductor as well as the multiple grounding of 

the neutral conductors. The significance of neutral and 

grounding conductors towards the load flow analysis of four-

wire networks is extensively analyzed in [3] and [4].    

    Several studies have been carried out in the past to 

calculate the load flow in grid-connected systems. In [5], a 

method based on the implicit ZBUS is proposed. However, it 

does not explicitly consider the neutral conductor and 

grounding resistances. Furthermore, it can be applied only in 

networks with PQ buses due to its inherent difficulty to 

handle PV nodes [6]. The authors in [7] and [8] consider the 

neutral conductor and ground using the Backward-Forward 

Sweep (BFS) method. However, the BFS method can only 

be applied in radial configurations. A Newton–Raphson 

(NR)-based method is proposed in [9], which includes into 

calculations the neutral conductor. Nonetheless, it often fails 

to converge for highly unbalanced LV networks with high 

R/X ratio [10], while the convergence is vulnerable to the 

initial selected voltage values, as usually occurs with all NR-

based methods. 
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    Conventional load flow methods are inapplicable in 

islanded microgrids (MGs) for two main reasons. First, there 

is no such a large DG unit to undertake the role of a slack 

bus to keep the voltage and frequency of the MG constant. 

Secondly, the DGs are not represented as PV/PQ nodes but 

their operation is usually determined from their droop 

equations. To calculate the load flow in islanded MGs, 

authors in [11], [12] and [13] propose three methods based 

on BFS. However, they can be applied to networks with only 

a radial configuration. In [14] and [15], the classic NR 

method is modified to accommodate the particular properties 

of islanded MGs. In [16], the Gauss-Seidel (GS) method is 

adjusted to solve the load flow problem (LFP) in islanded 

MGs. Finally, the authors in [17] propose a matrix-

inversion-free method based on particle swarm optimization 

with fast computation time and robust implementation, while 

in [18], a new methodology is proposed according to which 

the voltage of the slack bus and the frequency are iteratively 

adjusted to nullify the apparent power flowing through the 

slack bus. However, all the above-mentioned methods 

assume a balanced network limiting their applicability in 

asymmetrical networks. 

     Some other approaches have been presented in literature 

to simulate the operation of islanded MGs by including the 

network asymmetries. More specifically, a load flow 

approach based on the distributed slack bus model is 

proposed in [19]. However, the concept of distributed slack 

bus does not reflect the real behavior of a droop-controlled 

islanded microgrid [15]. In [20], a three-phase load flow 

approach is proposed to simulate the transient phenomenon 

of synchronous generators in islanded MGs considering a 

slack bus relaxation. Nevertheless, it cannot be applied in 

real-time applications, where the main interest is the steady-

state condition of the network, due to its long execution 

time. Finally, the authors in [21] propose a solution based on 

the Newton-trust region method for unbalanced MGs. 

However, the neutral and grounding conductors are 

neglected, while the time complexity is equal to O(n
3
) 

limiting its applicability in real time applications. 

    In droop-controlled LV islanded MGs, virtual impedance 

loops are often adopted in combination with the 

conventional droop equations of DG units. Virtual 

impedances are applied to DGs for two main reasons: first, 

to decouple real and reactive power in LV networks with 

high R/X ratio, and second, to improve the accuracy of 

reactive power-sharing between the DGs in islanded MGs. 

None of the above-referred papers dealing with the LFP in 

islanded MGs has taken the concept of virtual impedance 

into consideration. The influence of virtual impedance on the 

LFP calculations is studied for the first time in [22] and [23], 

where it is concluded that the neglect of virtual impedance 

from the LFP leads to misleading results. Nevertheless, a 

balanced distribution system is assumed, neglecting the 

network asymmetries. 

    This paper has two main objectives. The first one is to 

develop a comprehensive load flow approach for islanded 

and grid-connected MGs, considering explicitly the neutral 

and grounding. The proposed approach can be applied in all 

kinds of configurations, including highly meshed MGs, 

regardless of the R/X ratio of the lines. It presents fast 

convergence, low computation time, high accuracy, and 

robustness. The second objective is to integrate into the load 

flow model the concept of virtual impedance, which is often 

adopted by the controllers of droop-controlled DGs in 

islanded MGs.  

     The rest of the paper is organized as follows. The 

proposed load flow approach for grid-connected networks is 

analyzed in Section II. In the same section, a procedure is 

proposed to enable the implicit ZBUS method to handle 

networks with an unlimited number of PV nodes. In Section 

III, an algorithm is presented to solve the LFP in balanced 

and unbalanced droop-controlled islanded MGs. The concept 

of virtual impedance in both balanced and unbalanced 

islanded MGs is studied in Section IV. Finally, the 

numerical validation of the algorithm and an investigation 

study are provided in Sections V and VI, respectively, while 

Section VII concludes the paper.   

II. PROPOSED METHOD FOR GRID-CONNECTED NETWORKS 

     In this section, the implementation of the proposed 

approach in grid-connected unbalanced networks is 

described. Initially, the implicit ZBUS method of [5] is 

modified to incorporate the neutral and grounding of LV 

networks. Subsequently, a method is developed to overcome 

the inherent difficulty of implicit ZBUS-based methods to 

model PV nodes [6]. Thus, the section is divided into two 

separate parts. In the first part, the proposed load flow 

approach considering the neutral and grounding is 

introduced in a network with PQ nodes. In the second part, 

the method for modeling PV nodes is analytically described. 

A. Networks with only PQ Nodes 

    The full configuration of an unbalanced LV network is 

presented in Fig. 1a, including the neutral conductor and the 

grounding resistance. Let us define the current and voltage 

vectors of node i as follows: 
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where      and     denote the load current and voltage (in 

complex form) of node i at phase r={a, b, c} and conductor 

y={a, b, c, n, g}, respectively. For a network with m nodes, 

the load vectors can be expressed as a function of the voltage 

vectors according to (3). 



 

 

 
Fig. 1.  From Top to Bottom: a) Equivalent circuit of a grid-connected 

network, consisting of the slack node (Node 0) and two load nodes. b) 

Equivalent circuit of an islanded MG, consisting of the virtual slack node 

with the virtual slack impedances and two load nodes. 
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Here, each non-diagonal element of the admittance matrix in 

(3), e.g. Yij for i≠j, is defined by (4), which includes the self- 

and mutual admittances of each line sector between the 

nodes i and j. The diagonal elements of (3) are defined as: 
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    To formulate the final equations that are subject to the 

iterative process of the LFP solution, the first four rows of 

(3) are completely eliminated and (5) is obtained. 
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This elimination occurs because the first four rows of I0 are 

dependent on the currents injected from the slack bus, 

namely IL0a, IL0b, and IL0c, which are all unknown, in contrast 

to the elements of the other current vectors, which can be 

iteratively calculated depending on the type of load and the 

phase voltages of the previous iteration. The size of Y'ij is 

1x5 and includes the self- and mutual admittance of the 

ground conductor, i.e., the last row of (4). The next step is to 

move the voltage variables of the current vectors, as 

expressed in (1), to the right side of (5) as follows: 

 
new new

I Y V                                (6) 

where V is the vector [V0, V1,…, Vm]
T
 consisting of network 

voltages, while Ynew is the modified admittance matrix. Inew 

contains only the load current variables defined in (1). 

    As a last step, we define the final matrices Y'fin and Yfin. 

The first one consists of the first four columns of Ynew, while 

the second one consists of the remaining columns so that 

Ynew = [Y'fin Yfin.]. Equation (7) is derived from (6) by 

removing the product Y'fin · [V0a, V0b, V0c, V0n]
T
 from both 

equation sides. Using (7), we finally derive (8), which is 

iteratively solved until a certain preset tolerance is reached. 
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    According to (8), all the unknown voltages of the network 

are iteratively calculated. The variable k is the iteration 

number. The vector [V0a, V0b, V0c, V0n]
T
 expresses the slack 

bus, which is a constant reference point, while Y'fin and Yfin 

consist of constant values. Thus, contrary to NR-based 

methods, no recalculation of these matrices is needed in each 

iteration, saving significant calculation time. Finally, the 

values of single-phase load currents are calculated in each 

iteration according to [8, Table I] based on the type of load, 

e.g. constant power, impedance or current.       

B. Modeling of PV nodes 

    Implicit ZBUS method has comparable convergence 

properties with the NR method, when the only voltage-

specified node of the network is the slack bus. However, it is 

not applicable to networks with at least one PV node since it 

suffers from divergence issues [6]. To make the implicit 

ZBUS method also applicable in networks with unlimited 

number of PV nodes, a method is proposed that estimates in 

every iteration the required power produced by each phase 

of PV nodes. 



 

 

    Firstly, the complex power equation of phase r of PV 

node i is calculated as follows: 

* *
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           (9) 

Sir is the complex apparent power of PV node i of phase r. 

Viy is the complex voltage of node i of conductor y, while 

Y
*

ij
pz

 is the conjugate complex admittance of the line 

between the nodes i and j and conductors p and z ({p, z} = { 

a, b, c, n, g }).    is the total number of network nodes. 

Subsequently, all the phase voltages of PV nodes in (9) need 

to be written as a function of the phase-to-neutral voltage as 

follows: 

ir irn inV V V                               (10) 

where      is the voltage between the phase r and the neutral 

at the node i. This modification is necessary because the 

following sensitivity matrix is constructed with all voltages 

expressed with respect to the neutral conductor and not to 

the reference point, i.e., the neutral point of slack bus. After 

the modification, (9) is subsequently separated into real and 

imaginary parts and takes the form shown in (11). 

ia ia iaS P Q j                                 (11a) 
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ic ic icS P Q j                                 (11c) 

    The deviation of the voltage magnitudes, e.g. |Vian|, and 

angles of each PV node i from their specified values ( [·]
sp 

) 

at each iteration k are calculated by (12a). The voltage angle 

difference between the three phases of each PV node was 

selected to be 120
o
 to represent the case of PV nodes with 

symmetrical voltage, namely equal magnitudes and angles 

shifted by 120
o
 from each other. The calculated deviations of 

(12a) are applied in (12b) so that the required variation of 

the reactive power of phases (a, b, c) and the active power of 

phases (b, c) are calculated. It is worth noticing that the 

derivatives of the square matrix of (12b) are derived from 

(11). The sparse matrix of (12b) results from the strong 

coupling between P-V and Q-θ due to the high R/X ratio of 

LV systems. Its structure could be modified for different 

R/X ratios. 
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     The estimated values of reactive power of phases (a, b, c) 

and active power of phases (b, c) are calculated for the next 

iteration (k+1) from (12c) using the results of (12b). The 

estimated active power of phase a is calculated by (12d), so 

that the constraint of specified three-phase power (  
  

) is 

fulfilled. Coefficient λ is introduced in (12c) to improve the 

stability of the iterative process. Low values of λ result in 

slower convergence characteristics but the algorithm 

becomes more stable and the convergence is highly 

guaranteed [24]. On the other hand, very high values of the 

coefficient can even lead to calculation divergence. A 

flowchart of the proposed method is shown in Fig. 2, where 

the voltage of every conductor of all the nodes is calculated 

from (8) using the estimated PV node power values of (12). 

The algorithm terminates if the difference of all voltage 

values between two subsequent iterations is smaller than a 

pre-defined tolerance (ε).  

III. PROPOSED METHOD FOR DROOP-CONTROLLED 

ISLANDED MICROGRIDS  

    In this section, we propose a new approach based on the 

virtual slack node concept that enables the method presented 

in Section II to be applicable in islanded MGs. The proposed 

method can be applied in both balanced and unbalanced 

islanded MGs. 

    In the next subsections, the theoretical background of the 

islanded MG operation is initially presented. Afterward, the 

virtual slack node concept is described. Finally, the last two 

subsections are devoted to the balanced and unbalanced 

operation of the islanded MG. 

A.   Theoretical Background of Islanded MGs 

    During the islanded operation of MG, DGs operate in a 

droop control mode to proportionally share the active and 

reactive power demand. The generated active and reactive 

powers of DGs are determined by the well-known P-f and Q-

V droop curves [21] expressed by:  
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where f, f0i, Kpi, PGi, VGi, V0i, KQi and QGi are the output 

frequency, nominal frequency, frequency droop gain, active 

power output, output voltage magnitude, nominal voltage, 

voltage droop gain and reactive power output of DG i, 

respectively. 



 

 

 
Fig. 2. Flowchart of the proposed algorithm for grid-connected and droop 

controlled islanded MGs 

B. The Concept of Virtual Slack Node for Solving the Load 

Flow in Balanced and Unbalanced Islanded MGs 

    Firstly, we assume that the islanded MG has a virtual 

slack node (consisting of virtual slack sources e.g., Va(vir) in 

Fig. 1b), which is connected in a random node of the 

network through a freely selected impedance (e.g., Za(vir) in 

Fig. 1b). In fact, we add one more node in a random place of 

the network acting as a slack bus in the mathematical 

calculations. The active power flowing through the slack 

node (Pslack
k
) is calculated in every iteration k from (14): 
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(14) 

According to the proposed method, Pslack
k
 is allocated in 

every iteration k to DGs of the network based on the 

characteristics of the corresponding droop curves. Thus, 

after a number of iterations, the active power of virtual slack 

node is forced to zero.  

    Furthermore, the voltage of the virtual slack node is 

equalized at the beginning of each new iteration (k+1) with 

the voltage of its adjacent node, as it was calculated in the 

last iteration k as expressed by (15): 
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After the algorithm has converged, the slack node and the 

directly connected adjacent node have acquired the same 

voltage. Thus, the current flowing through the impedances 

Zy(vir) is forced to zero, resulting in zero active and reactive 

power at the virtual slack bus. In this way, the virtual slack 

node does not influence the network and it is as if it does not 

exist. It is pointed out that (14) and (15) are referred to an 

unbalanced network but they can be easily applied also in 

balanced networks of one phase by using only the first 

elements of the matrices in (14) and (15). With the concept 

of virtual slack bus, the mathematical formulations of load 

flow problem in islanded MGs are the same as in grid-

connected networks since the virtual slack node is treated 

mathematically as a real slack node. Thus, the same concept 

can also be applied in other load flow solvers, e.g., NR, GS, 

BFS. 

C. Balanced Islanded Microgrids 

    In balanced networks, we consider only the one phase 

since the voltage of the neutral conductor is zero. First, we 

define a virtual slack bus as explained in the previous 

subsection. Subsequently, the MG frequency is updated 

based on the active power flowing through the virtual slack 

node, which is calculated by (14), as follows:  

1

1dr

k
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where mdr is the total number of droop-controlled DGs. An 

acceleration factor in (16b) can further improve the 

convergence speed of the algorithm as explained in 

Appendix A. With the new updated MG frequency, we 

calculate the generated active power of each DG using (13a). 

In this way, the active power flowing through the slack node 

is nullified after a number of iterations since it is distributed 

among the DGs. Additionally, Y'fin and Yfin are recalculated 

at every iteration based on the new MG frequency. 

    The reactive power of each DG for the next iteration is 

determined from (13b), depending on the voltage of the 

respective node as calculated at the last iteration. From the 

author’s experience, the convergence and stability of the 

algorithm can be improved if we also consider the reactive 

power of DG of the previous iteration as shown in (A2) of 

Appendix A. In this way, we can avoid large voltage 

oscillations arising from the large variation of DG-reactive 

powers. 

D. Unbalanced Islanded Microgrids 

    Similar to the balanced systems, the MG frequency at 

every new iteration is calculated from (16), where Pslack
k
 is 

calculated according to (14). The positive sequence active 

power of DGs is calculated at every iteration from (13a) 

based on the frequency value of (16). The positive sequence 

reactive power of DGs is calculated from (13b). Please note 



 

 

that in (13b) the positive sequence component of the 

unbalanced DG voltage (VGi) is applied [25]. 

    Depending on the control strategy adopted, the current 

and voltage of each DG in an unbalanced MG can be 

simulated according to the following operation modes [26]: 

a) The DG-generated current is balanced (only positive 

sequence), while the generated voltage is unbalanced. 

b) Both the DG-generated current and voltage are 

unbalanced.  

c) The DG-generated voltage is balanced [21], [25], [27], 

while its current is unbalanced.  

    In the first two operation modes, the phase currents are 

simply calculated by the composition of the sequence 

components and are subsequently introduced in (8). More 

specifically, the positive sequence current component is 

usually determined from (17a) using the powers of (13). The 

negative and zero sequence current components are 

dependent on the adopted control strategy. As an example, 

the authors in [25] adopt a control strategy, according to 

which the negative and zero sequence current of the DGs are 

linearly related to their negative and zero sequence voltage, 

respectively. The same relation between negative and zero 

sequence current and voltage occurs in synchronous 

generators as well due to their internal negative and zero 

sequence admittances (Yneg,i, Yzero,i) [26]. In that case, the 

negative and zero sequence current components are specified 

from the voltage sequence components, as calculated in the 

previous iteration, according to (17b) and (17c).    
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    In the third operation mode, the phase-to-neutral voltage 

magnitude of phases b and c should track at each iteration k 

the magnitude of phase a, while the angle deviation of phase 

b and c from phase a must track -120
o
 and 120

o
, 

respectively. The estimated active and reactive power 

deviation of phase b and c are expressed by (18b) using the 

voltage and angle deviation values of (18a). The square 

matrix of (18b) has been simplified because of the weak 

coupling between P-θ and Q-V, resulting from the high R/X 

ratio of LV grids. The reactive and active powers of phase b 

and c are updated at each iteration for DG i according to 

(18c). Finally, the reactive and active powers of phase a are 

calculated from (18d) so that the total three-phase power 

produced from DG i at iteration k+1 is equal to the specified 

values (Qi
sp

, Pi
sp

) resulting from droop equations (13). 
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    Knowing the powers (from (18)) or directly the currents 

(from (17)) of each DG, we can calculate the voltages from 

(8). A flowchart of the proposed method is illustrated in Fig. 

2. The voltage sources of the virtual slack bus are equalized 

at the beginning of each new iteration with them of the 

adjacent node according to (15).  

IV. THE CONCEPT OF VIRTUAL IMPEDANCE IN DROOP-

CONTROLLED ISLANDED MICROGRIDS 

    To decouple real and reactive power, to increase the 

stability margin, and to improve the reactive power sharing 

between DGs, virtual impedance loops are often adopted in 

combination with the conventional droop control. The 

majority of existing studies in literature completely ignore 

the virtual impedance from the load flow calculations, 

resulting in inaccurate results [22], [23]. In this section, the 

concept of virtual impedance and its integration in the 

proposed steady-state load flow method is presented for 

balanced and unbalanced systems. 

A. Balanced Islanded Microgrids 

    By considering the virtual impedance at the control of DG 

unit, the operation of DG unit is described by (19), where 

Vvirtual,i is the virtual voltage of DG unit i and Zvi the virtual 

impedance, IGi and VGi are the feedback current and the 

generated voltage, respectively, of the DG unit i. A more 

detailed analysis about the concept of virtual impedance is 

out of the scope of this paper since in this work we are 

interested only in the integration of the virtual impedance 

into the steady-state load flow model.  

0, i Qi Givirtual i
V V K Q                     (19a) 

, viGi Givirtual i
V V I Z                      (19b) 

    To consider the virtual impedance of DG unit i into the 

load flow calculations, we add into the system an additional 

node, which is connected to the DG node i through the 

virtual impedance (Zvi). Let us assume that the network 

consists of a set of N nodes, where NVIR of them represent 

nodes with DG units that are controlled with virtual 

impedances, such that NVIR ⊆ N. At any node i   NVIR, an 

additional node j   NADD is connected through an impedance 

Zv(ij) (its value equals to the virtual one), where NADD is the 



 

 

set of all additional nodes connected into the network. 

Obviously, the number of nodes belonging to NADD is equal 

to that of NVIR, as every additional node corresponds with a 

virtual impedance-controlled DG. Afterwards, the load flow 

equation system is reconstructed to include N+Nadd nodes.  

   The following steps are subsequently applied to solve the 

LFP, taking into consideration the virtual impedance control 

of DG units: 

 

Step 1: Calculate the load flow for N+Nadd nodes and take the 

voltage values. 

Step 2: The reactive power of node i   NVIR is calculated by (13b), 

from the voltage of the node j   NADD, which is connected through 

the impedance Zv(ij). The active power of node i   NVIR is calculated 

by (13a) from the system frequency.  

Step 3: Calculate the currents of all the nodes n   N from their 

apparent powers Sn and voltages Vn.                                

Step 4: Set Ij=Ii and Ii=0 for every set of Nodes i, j   NVIR, NADD. 

Step 5: Go to step 1 and repeat until the final convergence of the 

algorithm. 

B. Unbalanced Islanded Microgrids 

    In case of an unbalanced MG, droop equations (see (13)) 

can be used but only for the positive sequence components 

[25]. The negative and zero sequence current components 

are dependent on the control strategy adopted, as explained 

in Section III-D. The process of solving the LFP in 

unbalanced networks considering the virtual impedance of 

DGs is similar than that of balanced systems, with the 

exception that the negative and zero sequence current 

components need to be considered. Again, an additional 

node j   NADD needs to be connected to any node i   NVIR 

through an impedance that is equal to the value of the virtual 

one. The following steps describe the algorithm:    

Step 1: Calculate the load flow for N+Nadd nodes and take the 

voltage values. 

Step 2: The positive sequence reactive power of node i   NVIR is 

calculated by (13b), from the positive sequence voltage of the node 

j   NADD, which is connected through the impedance Zv(ij) with. The 

positive sequence active power is calculated by (13a) from the 

system frequency.  

Step 3: Calculate the positive sequence current of each node i   

NVIR from its positive sequence apparent power (calculated at step 

2) and voltage (calculated at step 1). 

Step 4: Calculate the negative and zero sequence current of each 

node i   NVIR, depending on the adopted control strategy of each 

DG and the voltage values of step 1. 

Step 5: Compose the current of each node i   NVIR based on the 

sequence components of the two previous steps. 

Step 6: Calculate the currents of all the other nodes n   N \ NVIR of 

the network from their apparent power Sn (specified for PQ nodes) 

and the voltage Vn (calculated at step 1).  

Step 7: Set Ij=Ii and Ii=0 for every set of Nodes (i, j)   (NVIR, NADD).  

Step 8: Go to step 1 and repeat until the final convergence of the 

algorithm. 

V. ALGORITHM VALIDATION 

    In this section, the proposed LFP approach in both 

balanced and unbalanced networks is tested. More 

specifically, in the case of balanced networks, we compare 

the proposed method with several existing load flow 

methods in a 38-Bus and 33-Bus network. In the case of 

unbalanced networks, we compare the proposed method 

against the method of [21] and the NR method of OpenDSS 

in a 25-Bus network. 

A. 38-Bus Balanced Network 

    Firstly, the proposed method is validated in a balanced 

islanded 38-Bus radial network, as presented in [14, Fig. 3]. 

Details about the lines, loads, and DG droop parameters are 

provided in [14]. The results of the proposed method are in 

full agreement with them of [14] since the maximum 

deviation of voltage magnitudes and angles between the two 

methods was less than 10
-4 

pu.  

    Table I presents some comparison results between the 

proposed method and some popular LFP methods that exist 

in literature for both islanded and grid-connected networks. 

More specifically, the NR, the BFS, the modified Newton-

Raphson (MNR) [14], and the method of [18] are compared 

against the proposed approach, with respect to computation 

time and iteration number for a tolerance of 10
-5 

pu. It is 

noted that the results for NR, BFS and MNR methods are 

presented in [14, Table IX]. All the simulations were 

executed in a 64-bit laptop with processor Intel Core i5-

6300HQ, 3.2GHz, 8GB RAM.  

    In balanced grid-connected networks, the method referred 

to as proposed in Table I corresponds to the implicit ZBUS 

method in its original form [5]. It is confirmed that it 

presents fast convergence combined with low computation 

time per iteration since it needs only 6 iterations and 0.001s 

to converge with an accuracy of 10
-5 

pu. In islanded MG, the 

proposed method needs 0.03s and 31 iterations to converge. 

Another important thing to note is that the computation time 

per iteration of the proposed method in the islanded form has 

been increased compared to the grid-connected mode due to 

the iterative update of admittance matrix based on the new 

frequency. However, it remains significantly lower than the 

MNR as a result of the sparse form of the admittance matrix 

and the low number of variables (only the frequency) that 

needs to be updated. Finally, the proposed method is much 

faster than the method proposed in [18] for islanded MGs.   

TABLE Ι 
PERFORMANCE OF VARIOUS LOAD FLOW METHODS (38-BUS BALANCED 

NETWORK) [14] 

Method Mode Calc. Time (s) Iteration No. 

NR method Grid-connected 0.150 4 

Islanded Not Applicable Not Applicable 

BFS method Grid-connected 0.055 4 

Islanded Not Applicable Not Applicable 

MNR method 
[14] 

Grid-connected Not Applicable Not Applicable 

Islanded 0.450 8 

Ref. [18] Grid-connected Not Applicable Not Applicable 

Islanded 13.41 330 

Proposed 

method 

Grid-connected 0.001 6 

Islanded 0.030 31 

 



 

 

B. 33-Bus Balanced Network 

    To further investigate the performance of the proposed 

algorithm, a comparison with the methods proposed in [12], 

[13] and [16] is carried out in the 33-Bus balanced network 

of [13, Fig. 2]. Information about the loads and lines are 

provided in [13], while simulations are executed for three 

different sets of droop gains, as referred to in [13]. The 

results are again in full agreement with those of [13] for all 

the droop sets although they are not depicted here due to 

space limitation. As shown in Table II, the proposed method 

presents by far the best computation performance for all the 

droop sets. Furthermore, in contrast to other methods, the 

proposed method remains unaffected by the variation of 

droop gains. 
TABLE II 

COMPUTATION TIME FOR VARIOUS LOAD FLOW METHODS (33-BUS 

BALANCED ISLANDED MG) [13] 

Set of Droop 

Parameters 

MBFS 

[13] 

DBFS 

[12] 

MGS 

[16] 

Proposed 

Method 

Droop Set 1 1.33 sec 0.82 sec 7.22 sec 0.02 sec 

Droop Set 2 1.15 sec 1.08 sec 9.18 sec 0.02 sec 

Droop Set 3 0.92 sec 0.44 sec 4.13 sec 0.02 sec 

C. 25-Bus Unbalanced Network 

    To investigate the accuracy of the proposed method in 

unbalanced networks, we compare the proposed algorithm 

with the Newton-Trust Region (NTR) method [21] in the 

unbalanced, islanded 25-Bus network of [21, Fig. 8]. Data 

about the lines, loads and the droop gains of DGs are 

provided in [21]. All DGs are assumed to generate balanced 

voltages. The results of the proposed method are all in close 

agreement with those of [21], as shown in Table III. The 

proposed method spends 180 ms in order to converge with 

an accuracy of 10
-5

 pu. This execution time is significantly 

lower than the computation time of NTR. As mentioned in 

[11], [12], the computation time of NTR is in the range of 

several seconds since it involves a constrained minimization 

of a quadratic function, subject to a nonlinear constraint. The 

solution to such problems is not trivial and the computation 

complexity is much higher than that of the other methods. 

    Furthermore, we compare the proposed method with the 

NR method implemented in the OpenDSS software in the 

25-Bus unbalanced network. A comparison is quoted in 

Table ΙV with respect to iteration number for several 

operation modes. As shown, when considering that DGs 

operate in constant PV mode, the proposed method presents 

faster convergence than OpenDSS, confirming the good 

performance of the algorithm developed in Section II-B for 

treating PV nodes with implicit ZBUS method.  

TABLE IΙΙ 
RESULTS OF THE PROPOSED METHOD (BOLD NUMBERS) AND METHOD IN  

[21] (NORMAL NUMBERS) FOR THE 25-BUS UNBALANCED ISLANDED MG 

Bus 

No. 

Phase A Phase B Phase C 

Mag. Angle Mag. Angle Mag. Angle 

1 0.9792 

0.9791 
0 

0 
0.9736 

0.9733 
-119.92 

-119.93 
0.9707 

0.9707 
119.92 

119.91 

2 0.9792 

0.9791 
0 

0 
0.9736 

0.9733 
-119.92 

-119.93 
0.9707 

 0.9707 
119.92 

199.91 

3 0.9800 

0.9800 
0.05 

0.05 
0.9749 

0.9746 
-119.85 

-119.88 
0.9720 

0.9720 
120.01 

120.09 

4 0.9812 

0.9812 
0.14 

0.14 
0.9765 

0.9762 
-119.82 

-119.81 
0.9737 

0.9737 
120.11 

120.10 

5 0.9804 

 0.9804 
0.14 

0.14 
0.9754 

0.9752 
-119.81 

-119.81 
0.9725 

0.9725 
120.10 

120.09 

6 0.9771 

0.9770 
-0.07 

-0.07 
0.9706 

0.9704 
-119.99 

-119.98 
0.9673 

0.9674 
119.84 

119.83 

7 0.9766 

0.9765 
-0.14 

-0.14 
0.9702 

0.9704 
-120.05 

-120.04 
0.9661 

0.9662 
119.78 

119.75 

8 0.9755 

0.9754 
-0.07 

-0.06 
0.9685 

0.9683 
-119.97 

-119.97 
0.9650 

0.9650 
119.85 

119.82 

9 0.9813 

0.9812 
-0.21 

-0.21 
0.9763 

0.9761 
-120.15 

-120.14 
0.9732 

0.9732 
119.75 

119.71 

10 0.9872 

0.9871 
-0.29 

-0.29 
0.9840 

0.9838 
-120.27 

-120.26 
0.9817 

0.9816 
119.69 

119.67 

11 0.9911 

0.9910 
-0.34 

-0.34 
0.9892 

0.9890 
-120.32 

-120.33 
0.9875 

0.9874 
119.64 

119.65 

12 0.9904 

0.9903 
-0.34 

-0.34 
0.9881 

0.9879 
-120.33 

-120.33 
0.9864 

0.9863 
119.67 

119.66 

13 0.9975 

 0.9974 
-0.42 

-0.42 
0.9975 

0.9974 
-120.42 

-120.42 
0.9975 

0.9974 
119.58 

119.58 

14 0.9722 

 0.9722 
-0.13 

-0.13 
0.9641 

0.9639 
-119.97 

-119.99 
0.9591 

0.9591 
119.75 

119.73 

15 0.9706 

0.9706 
-0.13 

-0.13 
0.9620 

0.9617 
-119.97 

-119.98 
0.9567 

0.9568 
119.74 

199.72 

16 0.9758 

0.9757 
-0.13 

-0.13 
0.9689 

0.9687 
-120.04 

-120.03 
0.9650 

0.9650 
119.77 

119.75 

17 0.9713 

0.9713 
-0.13 

-0.13 
0.9630 

0.9628 
-120.01 

-119.99 
0.9574 

0.9575 
119.75 

119.73 

18 0.9797 

0.9797 
0.02 

0.02 
0.9752 

0.9750 
-119.94 

-119.93 
0.9726 

0.9726 
119.95 

119.97 

19 0.9865 

 0.9864 
-0.09 

-0.09 
0.9865 

0.9864 

-120.09 

-120.09 
0.9865 

0.9864 

119.91 

119.91 

20 0.9820 

0.9819 
-0.02 

-0.02 
0.9792 

0.9790 
-120.00 

-120.00 
0.9772 

0.9771 
119.97 

119.96 

21 0.9771 

0.9770 
 0.02 

 0.02 
0.9715 

0.9713 
-119.92 

-119.92 
0.9681 

0.9681 
119.99 

119.98 

22 0.9756 

0.9755 
0.03 

0.03 
0.9692 

0.9689 
-119.91 

-119.91 
0.9657 

0.9657 
119.99 

119.99 

23 0.9851 

 0.9851 
0.22 

0.22 
0.9814 

0.9812 
-119.74 

-119.75 
0.9789 

0.9789 
120.19 

120.19 

24 0.9900 

0.9900 

0.29 

0.29 

0.9874 

0.9873 

-119.70 

-119.70 

0.9853 

0.9853 

120.29 

120.28 

25 1.0003 

1.0003 
0.41 

0.41 
1.0003 

1.0003 
-119.59 

-119.59 
1.0003 

1.0003 
120.41 

120.41 

System frequency: f=0.9980 pu / f=0.9980 pu 

 
TABLE ΙV 

ITERATION NUMBER (25-BUS UNBALANCED NETWORK) 

                                                  Method    
Mode 

Proposed 
method 

NR method of 
OpenDSS 

Grid-Connected.  Only PQ nodes 5 3 

Grid-Connected. DGs in constant PV 

mode 

16 23 

Islanded. DGs in droop control 80 Not Applicable 

 

VI. CASE STUDY INVESTIGATION 

    The main objective of the next case study is to investigate 

the robustness of the proposed algorithm in highly 

unbalanced and meshed islanded MGs, considering 4 

different scenarios. For this purpose, the MG of Fig. 3 is 

considered unbalanced and the corresponding parameters are 

presented in Tables V and VI of Appendix B. The network 

consists of 24 nodes with unbalanced loads as well as 5 DGs 

that are uniformly distributed inside the network and operate 

in different operation modes.  

A. Network description 

    One of the distinct features of the proposed LFP algorithm 

is its ability to handle meshed networks in contrast to BFS-

based methods. The network topology of Fig. 3 is selected 

due to the highly meshed structure [28]. The line and load 



 

 

parameters of the topology are adapted to represent the 

typical parameters of an LV network as depicted in 

Appendix B. The impedance values of cables and overhead 

lines are taken from [29] and [1], respectively. The size of 

the cables was selected based on the current limit of [30] so 

that none of the cables is overloaded although some of them 

operate close to their thermal limit.  

    The DGs of the investigated network have the following 

characteristics: 

 Node 23 connects a 4-wire SG-based DG. The voltage of 

SG unit is not purely balanced due to the internal negative 

and zero sequence impedances that an SG unit inherently 

presents [26].               

 Nodes 13 and 27 connect 4-wire EC-DGs generating 

balanced voltage with respect to neutral. Please note that in 

contrast to SG units, EC-DGs can suppress the negative and 

zero sequence voltage components, thus generating purely 

balanced voltage [25],[27].     

 Nodes 2 and 22 connect 3-wire EC-DGs injecting 

balanced current. This case represents DGs equipped with 

dq-current controllers [26]. 

    From all the above, we can conclude that the investigated 

30-Bus network is a suitable test network for testing meshed 

LV islanded and grid-connected MGs for the following 

reasons: 1) It has a highly meshed structure, which usually 

poses extra difficulties to the solution of LFP. 2) The cables 

and lines present a high R/X ratio (see Appendix B), which is 

usually the case in LV networks. 3) The DGs include both 

SGs and EC-DGs. 4) Τhe network is highly unbalanced, as 

shown in Appendix B. The imbalance has been further 

increased by connecting 3 single-phase photovoltaic units of 

5KW (maximum allowable power for single-phase DGs) in 

phase C of nodes 17, 21 and 25. Single-phase generators are 

treated as negative constant power loads since they are 

considered to generate specified amount of power. 

 
Fig. 3. 30-Bus Network operating in either grid-connected or islanded 

mode, with 5 DG units and 24 load nodes [28] 

B. Investigated scenarios 

    In our analysis, we consider the following four operational 

scenarios:  

 Scenario 1: Grid-connected mode. All DGs operate in 

constant PQ mode with their nominal three-phase power as 

shown in Table VI of Appendix B.  

 Scenario 2: Islanded mode without virtual impedance. The 

droop gains of the DGs are given in Table V of Appendix B. 

 Scenario 3: Islanded mode with virtual impedance. The 

values of virtual impedances of DGs are suitably selected so 

that the reactive power deficit due to the disconnection from 

the main grid is equally distributed among the DGs. More 

specifically, virtual impedances are selected as follows: [Zv2, 

Zv13, Zv22, Zv23, Zv27]=[0.045j, 0.013j, 0.022j, 0.002j, 0]. 

 Scenario 4: Islanded mode with isochronous operation 

[31]. In this mode, the largest DG units (DGs 13, 23, 27) 

undertake the role of keeping the network frequency and 

their terminal voltage to pre-specified values. The other two 

DGs operate in constant power mode as in grid-connected 

scenario. The isochronous DGs generate the same amount of 

active power and the target frequency is set to 50 Hz. 

Isochronous operation is simulated using the proposed LFP 

approach by setting the droop gains of isochronous DGs 

close to zero so that the network frequency and voltage of 

DGs are set to the pre-specified values.  

C. Results about DGs 

    Fig. 4 shows the active power generated by DGs for every 

scenario examined. The DGs in scenario 1 operate in 

constant PQ mode, producing a pre-specified amount of 

active power. After the disconnection from the main grid, all 

the five DGs in scenario 2 and 3 equally share the active 

power deficit since they have the same frequency droop 

gains (see Kpi in Appendix B). Considering scenario 4, the 

active power deficit is equally covered by the DGs 

participating in isochronous control (DGs 13, 23, 27). 

    Fig. 5 illustrates the reactive power variation of all DGs 

for scenarios 2 and 3, compared with the first grid-

connected scenario. It can be observed that virtual 

impedances have a large influence on the reactive power of 

DGs, thus leading to misleading results when neglected. 

Furthermore, suitably selected virtual impedance values like 

those of Fig. 5 result in more uniform sharing of reactive 

power between the DGs after the disconnection from the 

main grid.    

    Finally, Fig. 6 depicts the phase-to-neutral voltage of 

each node for two cases: with grounding resistances 25Ω 

and with a perfectly grounded neutral (Zgri=0 for all i 

according to Fig. 1).  As shown, in both cases the DGs at 

nodes 13 and 27 generate a completely balanced phase 

voltage, validating the effectiveness of balancing equation 

(18). The DGs at nodes 2 and 22 are regulated to generate a 

balanced current resulting in a highly unbalanced voltage in 

these nodes due to highly unbalanced loads.  

 



 

 

 
Fig. 4. Active power injection of each DG for the 4 scenarios 

 

 
Fig. 5. Reactive power variation of each DG for scenarios 2 and 3 with 

respect to the first scenario 

 

 

 
Fig. 6. Phase-to-neutral node voltages for scenario 2. From top to bottom: a) 

Grounding resistances equal to 25 Ω. b) Grounding resistances equal to 0 Ω.  

 

D. Results αbout the virtual slack node concept 

    Fig. 7 depicts the active and reactive power of each virtual 

slack source (according to Fig. 1b) during the iterative 

process, from the 1
st
 up to 100

th
 iteration. As shown, after 

some iteration, both active and reactive powers of all phase 

sources are forced to zero. Thus, it is validated that the 

virtual slack node does not influence the operation of the 

network since no power is flowing through it.    

 

 
Fig. 7. Power of virtual slack sources for scenario 2 throughout the iterative 

process. From top to bottom: a) Active Power. b) Reactive power.  

E. Results about the neutral and grounding effects 

    The effect of the neutral conductor and grounding 

resistances in a multigrounded LV network is highlighted in 

the following paragraphs using the proposed LFP approach. 

Two different operational conditions of the network are 

investigated: 1) steady-state analysis in normal operation, 2) 

steady-state analysis with an open neutral conductor. 

Regarding the operational mode of the network and DGs, 

scenario 2 is adopted for all cases. 

1) Steady-state analysis in normal operation 

    The perfectly grounded neutral is an approximate 

assumption that is adopted by many papers, e.g., [11]-[18], 

leading to misleading results in unbalanced LV networks. Αs 

shown in Fig. 6, the calculated imbalance of the network is 

significantly reduced when the neutral conductor is assumed 

to have a zero voltage along the network. In reality, the 

return current causes a voltage drop in the neutral conductor, 

affecting the phase-to-neutral voltage of all phases. It also 

increases the losses of the network. Thus, in unbalanced LV 

networks, the explicit representation of neutral and 

grounding conductors is necessary.    

    Fig. 8 depicts the neutral-to-earth voltages of each node, 

considering different grounding resistances. As shown, for 

higher values of grounding resistances, the common mode 

noise limit for sensitive electronic equipment [4] [32] is 

exceeded in some nodes. On the other hand, low values of 

grounding resistances increase the earth leakage currents, 

which can be harmful for underground metal facilities such 

as pipes and steelwork of buildings [3].     

   

 
Fig. 8. Neutral-to-earth node voltages for scenario 2 considering different 

grounding resistances 

2) Steady-state analysis with an open neutral conductor 

    In the next example, we investigate the adverse effect of 

an open neutral conductor in four-wire LV networks. The 

open neutral condition, while not frequent, can cause 

significant damage to a customer’s electrical equipment and 

endanger the customer’s safety. It is because the return 

currents flow through the high grounding impedance instead 

of neutral conductor, causing a significant neutral-to-earth 

shifting [33]. 

     In our example, we considered an open neutral conductor 

between nodes 9 and 11 with grounding resistance Zgr=3 Ω. 

Fig. 9 depicts the phase-to-neutral as well as the neutral-to-

earth voltage of each node. Two adverse effects are observed 

in node 11. First, there is a neutral-to-earth rise (Vn-g) to 

around 37V. Second, the phase-to-neutral voltage of the 

most loading phase (Va-n) falls to around 178V, while the 

less loading phase (Vc-n) rises to around 262V. For higher 

grounding resistances, the problem could be worse. Open 

neutral effects are usually not detected by the overcurrent 

relays, and the network can operate in this condition for a 

long time.  

    With the existing load flow methods for islanded MGs so 

far, all the above-mentioned effects (open neutral, common 

mode noise and leakage currents, safety issues, etc) remain 

unexplored since the neutral and grounding are either 

neglected or hidden through Kron’s reduction. This research 

gap is addressed with the proposed load flow approach.   
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Fig. 9. Phase-to-neutral and neutral-to-earth node voltages for scenario 2 

during an open neutral conductor between the nodes 9 and 11 

VII. CONCLUSION 

    This paper presented an exact algorithm for solving the 

unbalanced LFP in grid-connected LV networks. The 

algorithm is based on the implicit ZBUS method and has low 

computation time and high robustness. The method was 

subsequently modified to solve the LFP in islanded balanced 

and unbalanced MGs, considering different operation modes 

of DGs. An additional algorithm was also proposed for 

integrating the virtual impedance control concept of DGs 

into the LFP.   

    A summary of the main contributions of the proposed load 

flow algorithm is as follows. 

 It can be readily applied in highly mesh and highly 

unbalanced networks with high R/X ratios. 

 It presents a low computation burden since it does not 

need any Jacobian matrix inversion. 

 It overcomes the limitation of conventional implicit ZBUS 

methods to handle networks with PV nodes. 

 It proposes a method to solve the LFP in balanced 

islanded MGs. The method is also applicable with other LFP 

solvers (e.g NR, BFS, GS). 

 To the author’s knowledge, this is the first time the LFP 

of an islanded MG is solved in such a precise way by 

explicitly considering all the five conductors, including 

neutral and grounding, and mutual line impedances. Thus, 

the analysis of several power quality and safety issues (e.g., 

open neutral effect, ground fault and leakage currents, 

ground potential rise, sensitivity of ground fault relays, etc.) 

is enabled.   

 The virtual impedance control concept, which is usually 

ignored, was also considered for more precise results.     

  APPENDIX A 

Α1.   Acceleration Factor of Frequency: 

Using a multiplication factor in (16b), (A1) is derived and 

the convergence of the algorithm can become faster: 
1k k kf f acc1 df                         (A1) 

where acc1 is an acceleration factor with typical values 

between 0.5 and 1. 

Α2.   Acceleration Factor of Reactive Power: 

Equation (A2) estimates the reactive power of DG i at the 

next iteration k+1 also considering the reactive power of the 

previous iteration k. Through a suitable selection of the 

acceleration factor acc2, the convergence of the algorithm 

can be improved. Typical values for acc2 are between 0.2 

and 1. It is reminded that      in the right side of (A2) is 

calculated from (13b), from the voltage values of the last 

iteration.  

k+1 k k

Gi Gi Gi GiQ = Q +acc2 (Q -Q )                      (A2) 

 

APPENDIX B 

TABLE V 

PARAMETERS OF UNBALANCED NETWORK OF FIG. 3 

Self Impedance of the lines See Table VI of Appendix B 

Mutual-Reactance of the lines 0.1 mH/km 

Line lengths See Table VI of Appendix B 

Loads of PQ nodes (PA,PB, PC) See Table VI of Appendix B 

KPi (i=2, 13, 22, 23, 27) 5·10-7 (Hz/W) 

KQi (i=2, 13, 22, 23, 27) 2·10-4 (V/VAR) 

Ground resistances 25 Ohm (unless otherwise stated) 

 
TABLE VI 

LINE AND LOAD PARAMETERS OF UNBALANCED NETWORK OF FIG. 3 

Bus 

No. 

To 

Bus 

Type of 

line  

Size 

(mm2) 
Length 

(m) 

R + X∙j 

(in Ohm/km at 

50Hz) 

Phase Load 

(KW)* 

A B C 
1 

 

2 Cable 35 100 0.668+0.091∙j - - - 

3 Cable 35 50 0.668+0.091∙j 

 
2 

 

4 Cable 35 50 0.668+0.091∙j  
60kW, 40kVAR 5 Cable 35 100 0.668+0.091∙j 

6 Cable 35 150 0.668+0.091∙j 

3 4 Cable 35 50 0.668+0.091∙j 7 6 5 

4 

 

6 Cable 35 100 0.668+0.091∙j 7 6 5 

12 Cable 35 100 0.668+0.091∙j 

5 7 Cable 16 50 1.47+0.0993∙j 7 6 5 

 
 

6 

 
 

7 Cable 16 50 1.47+0.0993∙j  
 

7 

 
 

6 

 
 

5 
8 Cable 35 50 0.668+0.091∙j 

9 Cable 35 50 0.668+0.091∙j 

10 Cable 35 100 0.668+0.091∙j 

28 Overhead 35 500 0.576+0.397∙j 

7 - - - - - 7 6 5 

8 28 Overhead 35 500 0.576+0.397∙j 7 6 5 

9 

 

10 Cable 35 50 0.668+0.091∙j 7 6 5 

11 Cable 6 50 3.93+0.113∙j 

 

10 
 

 

17 Cable 35 50 0.668+0.091∙j  

7 

 

6 

 

5 20 Cable 35 100 0.668+0.091∙j 

21 Cable 35 100 0.668+0.091∙j 

22 Cable 35 50 0.668+0.091∙j 

11 - - - - - 7 6 5 

 

12 

 
 

13 Cable 95 50 0.247+0.0833∙j  

7 

 

6 

 

5 14 Cable 35 50 0.668+0.091∙j 

15 Cable 35 150 0.668+0.091∙j 

16 Cable 35 50 0.668+0.091∙j 

13 - - - - - 90kW, 70kVAR 

14 15 Cable 35 100 0.668+0.091∙j 7 6 5 

15 

 

18 Cable 16 50 1.47+0.0993∙j 7 6 5 

23 Cable 35 100 0.668+0.091∙j 

16 17 Cable 35 50 0.668+0.091∙j 7 6 5 

17 - - -  - 7 6 5** 

18 19 Cable 35 50 0.668+0.091∙j 7 6 5 

19 20 Cable 35 50 0.668+0.091∙j 7 6 5 

20 - - - - - 7 6 5 

21 22 Cable 35 50 0.668+0.091∙j 7 6 5** 

22 24 Cable 35 150 0.668+0.091∙j 60kW, 40kVAR 

23 24 Cable 35 100 0.668+0.091∙j 90kW, 70kVAR 

24 25 Cable 35 100 0.668+0.091∙j 7 6 5 

25 

 

26 Cable 6 50 3.93+0.113∙j 7 6 5** 

27 Cable 35 50 0.668+0.091∙j 

26 - - -  - 7 6 5 

 
27 

 

28 Overhead 35 100 0.576+0.397∙j  
90kW, 70kVAR 29 Cable 35 150 0.668+0.091∙j 

30 Cable 35 150 0.668+0.091∙j 

28 - - - - - 7 6 5 

29 30 Cable 35 50 0.668+0.091∙j 7 6 5 

30 - - - - - 7 6 5 

*All loads operate with cosφ=0.8.   **A single-phase photovoltaic of 5KW 

is connected in phase C of node 17, 21, 25 and is not included in the Table.  
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