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Abstract. Low-voltage (LV) distribution networks increasingly face voltage regulation challenges due to 

high photovoltaic (PV) penetration and sparse measurement infrastructure. This paper presents a simple, 

graph-based distribution system state estimation method tailored for radial LV feeders with high resistance-

to-reactance ratios. Exploiting the radial topology, the feeder is partitioned into measurement-bounded 

sections, and section-level net power imbalances are inferred from sparse boundary power-flow 

measurements. Internal nodal injections are estimated using a uniform allocation rule, and voltage 

magnitudes are reconstructed through an iterative power flow calculation assuming constant-power loads. 

The method is validated on a real LV overhead-line feeder in Hungary under a summer daytime scenario 

with high PV production. Using a full power flow solution as ground truth and assuming ideal sensors, the 

proposed approach achieves a voltage magnitude root mean square error of approximately 0.46% of nominal 

voltage. A sensor placement study further shows that branch-level measurements provide the largest 

improvement in estimation accuracy, with diminishing returns from additional end-of-line sensing.

1 Introduction 

Low-voltage (LV) distribution networks are undergoing 

rapid structural changes due to the increasing 

penetration of distributed energy resources, most 

notably rooftop photovoltaic (PV) systems. These 

developments amplify the operational challenge of 

maintaining voltage quality within limits under 

increasingly variable and potentially bidirectional 

power flows. In practice, LV networks often remain 

sparsely instrumented, and therefore DSOs require 

methods that can infer the voltage profile of a feeder 

from limited measurements and incomplete load 

information—typically by combining physical models 

with pseudo-measurements or simplified assumptions 

[1], [2]. 

This paper targets radial LV overhead-line feeders, 

where the topology is typically loop-free, and high R/X 

ratios make voltage magnitude behaviour strongly 

influenced by resistive drops. These properties motivate 

a voltage-magnitude-focused DSSE formulation that is 

simpler than general-purpose AC state estimation, yet 

sufficiently accurate for the primary operational 

objective in LV monitoring: identifying voltage 

excursions along the feeder. 

This paper presents a new, simple distribution 

system state estimation (DSSE) method tailored 

specifically for LV radial feeders. Rather than proposing 

a generic state estimator, we introduce a topology-

aware, physics-informed, simplified state estimation 

method designed for LV radial feeders with high R/X 

ratios, using sparse power-flow measurements. The 

 
* Corresponding author: girgasz.peter@kvk.uni-obuda.hu 

method is graph-based: the feeder is modeled as a rooted 

tree, and sensors partition the network into bounded 

subgraphs (sections), enabling a transparent section-

wise estimation of internal net consumption/production 

and the corresponding voltage profile. 

The method is validated using simulation-based 

ground truth obtained from iterative power flow 

calculations with constant-power loads, which is a 

standard and practically relevant modeling choice for 

LV studies. The estimator then reconstructs voltage 

magnitudes using only sparse boundary measurements 

and a physically interpretable allocation rule within each 

section. 

The main contributions of this paper are: 

• a graph-based DSSE method that partitions 

radial LV feeders into measurement-bounded 

sections and estimates section net injections 

from boundary power-flow measurements; 

• validation against ground-truth simulations 

with constant-power loads and iterative power 

flow, focusing on voltage magnitude accuracy; 

• an experimental evaluation of practical sensor 

placement strategies, emphasizing actionable 

trends rather than global optimality. 

2 Related work 

Distribution system state estimation (DSSE) has been 

widely studied using model-based and data-driven 

approaches. Recent surveys emphasize persistent 

challenges in observability and measurement scarcity in 
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distribution grids, often addressed via pseudo-

measurements, smart meter data, and uncertainty-aware 

formulations [1], [2]. In LV networks, several works 

investigate pseudo-measurement generation and 

integration under sparse instrumentation [3], [4], while 

others focus on improving topology and impedance 

knowledge using smart-meter data [5]. Sensor 

placement strategies have also been studied to enhance 

DSSE performance [6], [7], and recent methods 

incorporate forecast information and communication 

constraints [8]. In contrast to general DSSE 

formulations, this work proposes a graph-based, section-

partitioned method specialized to radial LV overhead-

line feeders with high R/X ratios, targeting voltage 

magnitude reconstruction using sparse boundary 

measurements. 

3 Proposed graph-based state 
estimation method for LV radial feeders 

3.1 Scope and modeling assumptions 

This section presents a new, simple distribution system 

state estimation (DSSE) method tailored specifically for 

low-voltage (LV) radial feeders. Rather than proposing 

a generic state estimator, we introduce a topology-

aware, physics-informed, simplified state estimation 

method designed for LV radial feeders with high R/X 

ratios, using sparse power-flow measurements. 

The proposed method explicitly targets LV feeders 

composed primarily of overhead lines, which are 

typically radial and exhibit voltage behavior dominated 

by resistive effects. In such feeders, voltage magnitude 

variations are the primary operational concern, while 

voltage angles play a negligible role. These 

characteristics allow the estimation problem to be 

formulated using simplified physical models without 

sacrificing accuracy for voltage monitoring purposes. 

The method assumes constant-power load and 

generation models, which are standard in LV power 

flow studies. As a result, the estimation of the system 

state requires iterative power flow calculations to 

account for the nonlinear dependency between nodal 

voltages and injected powers. The estimator itself 

remains simple and structured, while the iterative 

process ensures physical consistency with the assumed 

load model. 

The proposed approach is not intended for medium-

voltage or high-voltage networks, nor for cable-based 

LV networks such as apartment-complex feeders, which 

typically have lower R/X ratios, negligible photovoltaic 

(PV) penetration, and fundamentally different voltage 

characteristics. 

3.2 Graph representation of the LV feeder 

The LV feeder is modeled as a rooted tree graph: 

 

                                 𝐺 = (𝑉, 𝐸),                                   (1) 

 

where the set of nodes (V) represents electrical 

connection points (transformer secondary, branching 

points, household connection nodes), and the set of 

edges (E) represents line segments characterized by 

their electrical resistance. 

The root node corresponds to the LV transformer 

busbar. Due to the radial topology, each node has 

exactly one upstream path to the root, and power flows 

are uniquely directed along the graph. This structure 

enables a clear definition of upstream and downstream 

relationships and allows power balances to be evaluated 

locally on subgraphs of the feeder. 

The proposed DSSE method is inherently graph-

based: all estimation steps are formulated directly on the 

feeder graph, explicitly exploiting its radial structure 

and directional power flow characteristics. 

3.3 Partitioning the feeder into estimation 
sections 

The central concept of the proposed method is the 

partitioning of the feeder graph into estimation sections 

based on the locations of available sensors. 

Definition (Estimation Section): A section is a 

connected subgraph of the feeder bounded by 

measurement points (sensors), such that all power 

entering and leaving the section is measured. 

Each section is therefore characterized by: 

• one upstream incoming line (except for the 

root section), and 

• zero, one, or multiple downstream outgoing 

lines. 

Within a section, internal nodal power injections are 

not directly measured. Instead, the section is treated as 

an aggregated domain whose net power behaviour can 

be inferred from boundary measurements. Figure 1 

illustrates an example feeder partitioned into multiple 

estimation sections. 

 

 

Fig. 1. Partitioning of a feeder. 
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Section 4

Section 5

Section 1
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This partitioning transforms the original feeder-wide 

estimation problem into a set of smaller, loosely coupled 

subproblems, each associated with a section of the 

feeder graph. 

3.4  Section-level power imbalance calculation 

For each estimation section, the measured active power 

imbalance is computed as 

 

                        ∆𝑃 = 𝑃𝑖𝑛 −  ∑ 𝑃𝑜𝑢𝑡,𝑖𝑖 ,                       (2) 

 

where Pin is the measured incoming active power at 

the upstream boundary of the section, and Pout,i are the 

measured outgoing active powers at downstream 

boundaries. 

The resulting power imbalance (ΔP) is interpreted as 

follows: 

• If ΔP ≈ 0, the section may represent near-

through-flow conditions or a situation where 

local consumption and production are 

approximately balanced. 

• If ΔP > 0, the section exhibits net consumption. 

• If ΔP < 0, the section exhibits net generation, 

typically due to high PV penetration. 

Importantly, a near-zero imbalance does not imply 

the absence of internal activity; it may equally indicate 

that consumption and generation within the section are 

approximately equal. 

3.5 Allocation of power within sections 

Let an estimation section contain N household 

connection nodes. The estimated net power imbalance 

ΔP is distributed uniformly among these nodes as 

 

                 𝑃𝑘 =  
∆𝑃

𝑁
, 𝑘 = 1, … , 𝑁.                            (3) 

 

This assumption does not aim to reconstruct 

individual loads, but to obtain an accurate voltage 

profile, which is the primary objective for LV operation 

and monitoring. Due to the predominantly resistive 

nature of LV overhead-line feeders and the spatial 

smoothing effect of voltage drops, this simplified 

allocation provides sufficiently accurate voltage 

magnitude estimates even under heterogeneous 

household behaviour. 

The uniform allocation also ensures that the 

estimation method remains transparent, computationally 

lightweight, and robust against missing detailed 

consumption data. 

3.6 Iterative voltage estimation with constant-
power loads 

Once section-level power injections are assigned to 

individual nodes, voltage magnitudes are calculated 

using an iterative power flow procedure consistent with 

constant-power load modeling. Starting from known 

boundary voltages at sensor locations (e.g., transformer 

voltage or measured node voltages), currents and 

voltage drops along each line segment are updated 

iteratively until convergence is achieved. 

The iterative process accounts for the nonlinear 

dependency between nodal voltages and injected powers 

inherent to constant-power models, while the high R/X 

ratio of LV overhead-line feeders allows voltage 

magnitude estimation to remain accurate without 

explicit angle estimation. 

This approach avoids the need for global nonlinear 

optimization or weighted least squares formulations, 

while still ensuring physical consistency between 

estimated loads, power flows, and voltage magnitudes. 

3.7 Summary of the proposed method 

The proposed DSSE method consists of the following 

steps: 

1. Model the LV feeder as a radial graph. 

2. Partition the feeder into estimation sections 

based on sensor locations. 

3. Compute section-level power imbalances 

from boundary measurements. 

4. Distribute net power uniformly among 

nodes within each section. 

5. Perform an iterative voltage calculation 

assuming constant-power loads. 

The resulting method is simple, graph-based, and 

physically interpretable, providing accurate voltage 

magnitude estimates for LV radial overhead-line feeders 

using sparse measurement data. 

4 Simulation setup and ground-truth 
validation 

This section presents a simulation-based validation of 

the proposed graph-based state estimation method. The 

objective is to verify that the method can accurately 

reconstruct voltage magnitude profiles in LV radial 

feeders when compared against a full power-flow 

solution serving as ground truth. 

4.1 Test feeder description 

The validation is performed on a real low-voltage radial 

feeder operated in Hungary, representing a typical 

overhead-line LV distribution network. The feeder 

topology is radial and loop-free, consisting of a 

transformer secondary busbar supplying multiple 

downstream branches and residential household 

connection nodes. 

The inspected operating point corresponds to a 

summer daytime scenario with high photovoltaic (PV) 

production, which represents one of the most 

challenging conditions for LV voltage regulation. Under 

such conditions, reverse power flows and local voltage 

rise are common, making accurate voltage profile 

estimation particularly important. 

Line segments are modeled using their physical 

resistance values, consistent with overhead LV 

conductors. The feeder structure, loading, and 
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generation characteristics reflect real operational 

conditions encountered by distribution system 

operators. 

4.2 Ground-truth power flow model 

To obtain a reference system state, a full power-flow 

calculation is performed assuming constant-power load 

and generation models at each node. Active power 

consumption and PV generation values are specified for 

all household nodes based on the selected operating 

scenario. 

Voltage magnitudes are calculated using an iterative 

power flow algorithm until convergence is achieved. 

This iterative solution accounts for the nonlinear 

relationship between nodal voltages and injected powers 

inherent to constant-power models. The resulting 

voltage magnitudes at all nodes are treated as the ground 

truth against which the proposed estimation method is 

evaluated. 

4.3 Estimation scenario and available 
measurements 

For the estimation scenario, full nodal load and 

generation information is assumed to be unavailable. 

Instead, only sparse measurements at selected locations 

are provided to the estimator. These measurements 

include active power flows at section boundaries and 

known voltage magnitudes at specific nodes, such as the 

transformer busbar or selected measurement points. 

In this validation, ideal sensors are assumed, 

meaning that measurement noise and sensor 

inaccuracies are neglected. Consequently, all boundary 

measurements are considered exact. This assumption 

allows the evaluation to focus exclusively on the 

intrinsic estimation error of the proposed method, 

independent of measurement uncertainty. 

Based on the available sensors, the feeder is 

partitioned into estimation sections as described in 

Section III. Within each section, internal nodal 

injections are not measured directly. The estimator 

computes section-level power imbalances from 

boundary measurements and distributes the resulting net 

power uniformly among the household nodes within 

each section. Voltage magnitudes are then estimated 

using an iterative power flow procedure consistent with 

the constant-power load model. 

4.4 Error metrics 

The accuracy of the proposed estimation method is 

evaluated by comparing estimated voltage magnitudes 

against the ground-truth values obtained from the full 

power-flow calculation. The primary performance 

metric is the root mean square error (RMSE) of voltage 

magnitude across all nodes, defined as 

 

             𝑅𝑀𝑆𝐸 =  √
1

𝑁
∑ (𝑉𝑖

𝑒𝑠𝑡 − 𝑉𝑖
𝑡𝑟𝑢𝑒)2𝑁

𝑖=1 ,          (4) 

 

where 𝑉𝑖
𝑒𝑠𝑡 and 𝑉𝑖

𝑡𝑟𝑢𝑒 denote the estimated and 

ground-truth voltage magnitudes at node i, respectively, 

and N is the total number of nodes. 

For interpretability, the RMSE is also expressed as a 

percentage of the nominal voltage. In addition, the 

maximum absolute voltage deviation is reported to 

highlight worst-case estimation errors along the feeder. 

4.5 Validation results 

The proposed estimation method is evaluated under the 

described simulation setup. The resulting voltage 

magnitude estimates closely follow the ground-truth 

voltage profiles obtained from the full power-flow 

calculation, even under the challenging high-PV 

operating conditions. 

Across all nodes, the voltage magnitude RMSE is 

approximately 0.46% of the nominal voltage, indicating 

a high level of estimation accuracy. Since ideal sensors 

are assumed, this error reflects only the approximation 

inherent to the estimation method, including section-

based power aggregation and uniform internal 

allocation, and is not influenced by measurement noise 

or sensor inaccuracies. 

 

 

Fig. 2. Voltage magnitude along the selected feeder path. 

 

                 

Fig. 3. Feeder topology with the selected path. 

Figure 2 presents the voltage magnitude along a 

selected feeder path as a function of distance from the 

transformer. The corresponding path is highlighted on 

the feeder topology shown in Figure 3. The comparison 

between ground-truth and estimated voltages 

demonstrates that the proposed estimator accurately 
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captures both the overall voltage rise caused by high 

photovoltaic generation and the local voltage variations 

along the feeder. 

Table 1 summarizes the numerical accuracy metrics, 

including RMSE and maximum voltage deviation, for 

the evaluated scenario. The reported errors remain well 

within acceptable bounds for LV voltage monitoring 

and operational assessment. 

5 Impact of sensor placement on 
estimation accuracy 

This section evaluates how different practical sensor 

placement strategies affect the voltage estimation 

accuracy. The objective is not to identify a globally 

optimal sensor configuration, but to highlight clear 

trends and provide actionable guidance for sensor 

deployment in low-voltage (LV) radial feeders. 

Table 1. Voltage magnitude estimation accuracy 

for the validation scenario. 

Metric Value 

Number of nodes 74 

Number of estimation sections 3 

Number of measurement points 3 

Mean voltage RMSE (%) 0.46 

Mean voltage RMSE (V) 1.07 

Maximum voltage deviation (V) 2.57 

Maximum voltage deviation 

(% of nominal) 
1.11 

 

All simulations are performed on the same real LV 

feeder and operating point described in Section IV, 

corresponding to a summer daytime scenario with high 

photovoltaic (PV) production. The same feeder path is 

used for voltage profile evaluation in all cases, ensuring 

a fair comparison across sensor placement scenarios. 

5.1 Sensor placement scenarios 

Three sensor placement scenarios are investigated, 

reflecting increasing levels of measurement availability: 

Case 1 – Transformer measurement only: 

Only the transformer voltage (and associated power 

measurement) is available. No branch-level or end-of-

line measurements are provided. 

Case 2 – Transformer and branch measurements: 

In addition to the transformer measurement, power-

flow measurements are available at the start of each 

feeder branch. These measurements partition the feeder 

into multiple estimation sections. 

Case 3 – Transformer, branch, and end-of-line 

voltage measurements: 

In addition to transformer and branch measurements, 

voltage measurements are available at the end of each 

branch, providing additional boundary constraints for 

the estimation. 

Table 2. Voltage estimation accuracy for different sensor 

placement scenarios. 

Scenario 
RMSE 

(V) 

RMSE 

(%) 

Max 

Error (V) 

Max 

Error (%) 

Case 1 3.39 1.47 7.95 3.46 

Case 2 0.84 0.37 2.15 0.93 

Case 3 0.42 0.18 1.86 0.81 

 

In all cases, ideal sensors are assumed, and therefore 

the reported errors reflect only the intrinsic estimation 

error of the method. 

5.2 Quantitative results 

Table 2 summarizes the voltage estimation accuracy 

metrics obtained for the three sensor placement 

scenarios. Both root mean square error (RMSE) and 

maximum absolute voltage deviation are reported in 

volts and as a percentage of the nominal voltage. 

Figure 4 presents the voltage magnitude along the 

selected feeder path as a function of distance from the 

transformer for the three scenarios, comparing estimated 

and ground-truth values. 

5.3 Discussion 

The results clearly demonstrate the strong dependence 

of voltage estimation accuracy on sensor placement. 

In Case 1, where only transformer-level 

measurements are available, the internal power 

distribution of the feeder cannot be inferred. As a result, 

the estimation problem is fundamentally 

underdetermined, and large voltage estimation errors are 

unavoidable. The observed RMSE of approximately 

1.47% and maximum deviation exceeding 3% of 

nominal voltage reflect this inherent lack of information 

and are not specific to the proposed estimation method. 

Any voltage estimation approach operating under the 

same measurement constraints would face similar 

limitations. 

 

 

Fig. 4. Voltage magnitudes along the selected feeder path in 

the three different cases. 
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In Case 2, the addition of branch-level 

measurements leads to a substantial reduction in 

estimation error. By partitioning the feeder into multiple 

sections, the proposed method can accurately infer 

section-level power imbalances, resulting in an RMSE 

of approximately 0.37% and a maximum deviation 

below 1% of nominal voltage. This scenario highlights 

that branch-level measurements provide the most 

significant improvement in voltage estimation accuracy 

relative to the number of sensors deployed. 

In Case 3, the inclusion of end-of-line voltage 

measurements yields further improvements, reducing 

the RMSE to approximately 0.18%. However, the 

reduction in maximum voltage deviation is 

comparatively modest. This indicates diminishing 

returns from additional measurements once the primary 

feeder sections are already well constrained by branch-

level sensing. 

Overall, the results demonstrate that strategically 

placed branch measurements are the most effective 

means of improving voltage estimation accuracy in LV 

radial feeders, while end-of-line voltage measurements 

serve as a secondary refinement. 

5.4 Summary 

This section demonstrates that the proposed graph-based 

estimation method exhibits a clear and interpretable 

relationship between sensor placement and estimation 

accuracy. While transformer-only measurements are 

insufficient for accurate voltage reconstruction, the 

addition of branch-level measurements enables high-

accuracy voltage estimation under challenging high-PV 

operating conditions. Further measurements at branch 

ends provide incremental improvements but are not 

strictly necessary for achieving acceptable accuracy. 

These findings provide practical guidance for sensor 

deployment in LV radial feeders and confirm that 

accurate voltage monitoring can be achieved using 

sparse, strategically placed measurements rather than 

dense instrumentation. 

6 Conclusion 

This paper presented a graph-based, physics-informed 

distribution system state estimation method tailored 

specifically for low-voltage radial feeders with high R/X 

ratios. By exploiting the radial topology of LV 

overhead-line networks and partitioning the feeder into 

measurement-bounded sections, the proposed method 

enables accurate voltage magnitude estimation using 

sparse power-flow measurements. 

The method was validated on a real LV feeder 

operated in Hungary under a challenging summer 

daytime scenario with high photovoltaic production. 

Ground-truth voltage profiles were obtained using 

iterative power flow calculations with constant-power 

load and generation models. Assuming ideal sensors, the 

validation isolated the intrinsic estimation performance 

of the proposed approach and demonstrated that voltage 

magnitude profiles can be reconstructed with a root 

mean square error of approximately 0.46% of nominal 

voltage. 

A systematic evaluation of practical sensor 

placement strategies further showed that estimation 

accuracy is strongly influenced by the availability and 

location of measurements. While transformer-level 

measurements alone are insufficient for reliable voltage 

reconstruction, the addition of branch-level 

measurements enables a substantial reduction in 

estimation error. Additional end-of-line voltage 

measurements provide further refinement but yield 

diminishing returns. These results highlight that 

strategically placed branch measurements offer the most 

effective improvement in voltage estimation accuracy 

relative to sensor count. 

The proposed approach does not aim to reconstruct 

individual household loads or achieve global optimality 

in sensor placement. Instead, it provides a simple, 

transparent, and computationally lightweight method for 

voltage monitoring in LV radial feeders, aligning with 

the practical constraints faced by distribution system 

operators. Future work will consider the impact of 

realistic measurement noise, time-varying operating 

conditions, and automated sensor placement strategies 

to further extend the applicability of the method. 
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