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Abstract—Time-domain simulation of variable power 

consumption is a challenging task. Most common strategies for 

modelling variable loads are inaccurate and fail to represent a 

real load profile. Additionally, the use of purely sinusoidal 

current sources can lead to non-linear behaviour if the source 

voltages are non-sinusoidal. Hence, this paper proposes a 

programmable load model that enables the simulation of 

variable power consumption in linear, non-linear, and 

unbalanced loads using data obtained from power quality 

meters. The proposed model uses the current decomposition 

defined by the Conservative Power Theory (CPT) to generate 

reference signals for controllable current sources. The 

application cases show the efficacy of the proposed 

programmable load in simulating typical load profiles from 

CIGRÉ benchmark microgrid. This model can serves as a useful 

tool for a variety of studies that require analysis of time-domain 

simulations. 

Keywords—Load Modelling, Conservative Power Theory, 

Programmable Load, Time-domain Simulation.  

I. INTRODUCTION  

Time-domain variable load profiles are essential in 
planning and analysis in the energy sector. These profiles 
represent the energy use by distinct types of consumers, such 
as residential, commercial, and industrial, thus being a 
valuable dataset for billing models, infrastructure planning 
and power flow optimization [1], [2]. In addition, a detailed 
analysis of load profiles allows for accurate estimation of the 
grid expansion, improving grid design and mid-/long-term 
planning studies [3]. 

Even though load modelling strategies have been a 
relevant topic in the literature [4], it is essential to continue 
studying and updating existing models to incorporate power 
flow characteristics of modern power grids. This is 
particularly relevant in light of the emergence of technologies 
and concepts, such as distributed generators (DGs), electric 
vehicles (EVs), energy storage systems (EMSs), smart meters 
(SMs), demand-side management (DSM), and behind-the-
meter applications, which are already in operation. In this 
scenario, the complexity of load modelling is influenced by 
the diversity of modern loads, behind-the-meter generators, 
and EMSs, as well as by uncertainties imposed by climate 
change, and the lack of load-side measurements. 

The main goal of load modelling is to define simplified 
mathematical models that approximate load behaviour with 
low computational costs [4]. This process involves two main 
steps: firstly, the definition of the model architecture, and 
subsequently the identification of model parameters, which 
can be obtained from component specifications or 
experimental measurements.  

The component-based approach for load modelling 
presented in [5], [6] uses detailed knowledgebase of physical 
phenomena related to load operation and their mathematical 
modelling. However, the implementation of this approach is 
not always feasible due to its inherent complexity and lack of 
load specifications. 

On the other hand, the measurement-based approach 
reported in [7], [8] has been considered an efficient 
alternative. By using data measured in real loads, this 
approach results in a more precise representation of load 
operation. Research related to this approach has adopted 
Artificial Neural Networks (ANNs) to obtain the load model 
from measured data [9]. However, this approach requires large 
amounts of data, which may result in high computational cost. 
In addition, the resulting load model cannot be generalized to 
other loads with similar characteristics without re-training the 
ANNs. 

Approaches based on power theories such as p-q theory 
have been applied to dynamic load modelling [10], [11]. 
Nevertheless, p-q theory does not describe adequately some 
physical phenomena related to loads operating under non-
sinusoidal and/or unbalanced voltages [12]-[14]. Regarding 
simulation software, some sort of built-in models for load are 
available. However, these models are very restrictive when 
modelling loads change dynamically during the simulation 
process. Alternatively, current source-based built-in models, 
such as the Three-Phase Dynamic Load from 
MATLAB/Simulink [15] can emulate variable active/reactive 
power consumption along the simulation without load 
changes (load dynamics). However, his model only emulates 
balanced and sinusoidal currents, which may result in non-
linear behaviour when the source voltages are unbalanced 
and/or have harmonic distortion. 

Hence, this paper proposes a novel programmable load 

model based on Conservative Power Theory (CPT), enabling 
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accurate simulation of load dynamics with respect to power 

consumption. This model provides a precise representation of 

physical phenomena, such as load imbalance and harmonic 

distortion, even under non-sinusoidal source voltages. In 

addition, the proposed model enables load modelling through 

the utilisation of information derived from load specifications 

or measurements, such as nominal single-phase and three-

phase power and harmonic content. The following sections 

briefly describes the CPT quantities for three-phase systems; 

the proposed programmable load model; and simulation case 

studies using three distinct load profiles from CIGRÉ low-

voltage distribution network benchmarks [16]. 

II. CONSERVATIVE POWER THEORY 

The Conservative Power Theory (CPT) consists of a 
mathematical formulation to characterize physical phenomena 
observed in polyphase electrical circuits with non-sinusoidal 
source voltages [17]. Since it defines orthogonal 
decompositions for electrical current and power, the CPT is 
suitable for modelling either linear or non-linear loads [18]. 

The main quantities defined by the CPT are the 
instantaneous active power 𝑝(𝑡)  and the instantaneous 
reactive energy 𝑤(𝑡) presented in (1) and (2), respectively, for 
a three-phase system of phases 𝑚 =  {𝑎, 𝑏, 𝑐}: 

𝑝(𝑡) = ∑ 𝑣𝑚𝑖𝑚

 

𝑚={𝑎,𝑏,𝑐}

= 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐 (1) 

𝑤(𝑡) = ∑ 𝑣̂𝑚𝑖𝑚

 

𝑚={𝑎,𝑏,𝑐}

= 𝑣̂𝑎𝑖𝑎 + 𝑣̂𝑏𝑖𝑏 + 𝑣̂𝑐𝑖𝑐 (2) 

on which 𝑣𝑚 and 𝑖𝑚 are the instantaneous voltage and current 

of the 𝑚𝑡ℎ  phase and 𝑣̂𝑚  is the unbiased integral of 𝑣𝑚 
defined by (3) [17]. 

𝑣̂𝑚 = ∫ 𝑣𝑚(𝜏)𝑑𝜏
𝑡

0

−
1

𝑇
∫ [∫ 𝑣𝑚(𝜏)𝑑𝜏

𝑡

0

]
𝑇

0

𝑑𝑡 (3) 

The average values of the three-phase active power (𝑃) 
and the three-phase reactive energy (𝑊) are presented in (4) 
and (5), respectively. 

𝑃 =
1

𝑇
∫ 𝑝(𝑡)𝑑𝑡

𝑇

0

 (4) 

𝑊 =
1

𝑇
∫ 𝑤(𝑡)𝑑𝑡

𝑇

0

 (5) 

The current of each phase 𝑚 of the three-phase system can 
be decomposed into five orthogonal components, defined as 
follows: 

i. Balanced active currents (𝑖𝑎
𝑏)  corresponds to the 

current amount that transfers three-phase active 
power to the load; 

ii. Balanced reactive currents (𝑖𝑟
𝑏) corresponds to the 

current amount related to the three-phase reactive 
energy flow in each phase of the system; 

iii. Unbalance currents (𝑖𝑢), which can be decomposed 

into active (𝑖𝑎
𝑢) and reactive (𝑖𝑟

𝑢) components. These 

currents represent the differences between the 
current amounts that transfer active power and the 
related reactive energy flow in each phase and the 

corresponding balanced current components 
responsible for transferring three-phase active power 
and three-phase reactive energy; 

iv. Void current (𝑖𝑣) is the current amount that neither 

transfers active power nor is related to reactive 
energy flow in each phase, thus corresponding to the 
non-linearity between voltage and current. 

The sum of the instantaneous currents vectors results in 
𝑖𝑚, as shown in (6). 

𝑖𝑚 = 𝑖𝑎
𝑏 + 𝑖𝑟

𝑏 + 𝑖𝑎
𝑢 + 𝑖𝑟

𝑢 + 𝑖𝑣 = 𝑖𝑎
𝑏 + 𝑖𝑟

𝑏 + 𝑖𝑢 + 𝑖𝑣 (6) 

By defining the collective value operation as 𝑿 =

√∑ 𝑋𝑚
2

𝑚={𝑎,𝑏,𝑐} , in which 𝑋𝑚  is the RMS value of phase 

voltages or currents, a three-phase power component can be 
associated to each current component by the product between 
the collective RMS value of the current component and the 
collective RMS value of the phase voltages (𝑽), as shows in 
(7) – (10). 

𝑃 = 𝑽 𝑰𝑎
𝑏

 (7) 

𝑄 = 𝑽 𝑰𝑎
𝑏

 (8) 

𝑁 = 𝑽 𝑰𝑢
 (9) 

𝐷 = 𝑽 𝑰𝑣 (10) 

on which 𝑃  is active power, 𝑄  is reactive power, 𝑁  is 
unbalanced power and 𝐷 distortion power. The relationship 
between the collective RMS values of the current components 
and the collective RMS value of the phase currents is 
presented in (11). When multiplying every term of (11) by 𝑽, 
the relationship between the three-phase power components 
and the three-phase apparent power is obtained (12). Finally, 
the power factor (𝜆) is defined as the relationship between 
active power and apparent power as shown in (13). 

𝑰2 = 𝑰𝑎
𝑏2

+ 𝑰𝑟
𝑏2

+ 𝑰𝑢2
+ 𝑰𝑣

2 (11) 

𝐴2 = 𝑃2 + 𝑄2 + 𝑁2 + 𝐷2 (12) 

𝜆 = 𝑃 𝐴⁄  (13) 

Thus, by defining proper values for three-phase and active 
and reactive power components (𝑃  and 𝑄 ), as well as for 
active and reactive powers (𝑃𝑎 , 𝑃𝑏 , 𝑃𝑐 , 𝑄𝑎 , 𝑄𝑏  and 𝑄𝑐 ) and 
void current in each phase, a programmable load model for 
linear or non-linear loads can be obtained, as described in 
Section III. 

For a more comprehensive discussion and detailed 
analysis of the current and power components within the CPT 
framework, refer to [17], [18], [21], [22]. 

III. THE PROPOSED PROGRAMMABLE LOAD MODEL 

Fig. 1 presents the architecture of the proposed 

programmable load. The current source-based approach is 

adopted, on which the current components from the CPT are 

used as reference signals for the current sources. The inputs 

for the CPT current decomposition in this model are:  

i. The instantaneous voltages measured on a RC branch 

connected to each current source, for which small 

DOI: 10.5224/00.2025.4873602 2



 

XVI CONFERÊNCIA BRASILEIRA SOBRE QUALIDADE DA ENERGIA ELÉTRICA – CBQEE 2025 3 

 

values of capacitance and resistance are adopted (R 

= 100 µΩ and C = 5 µF); 

ii. Three-phase active and reactive power values; 

iii. Active and reactive power values for each phase, if 

the modelled load is unbalanced; 

iv. Information about harmonic components, if the 

modelled load is non-linear (e.g., power electronics 

converters). 

Power and harmonic input can be obtained from measured 

data from a real load or its specifications. If the power 

consumed by the modelled load changes during simulation, 

the power inputs can be modelled as time series vectors (i.e., 

one vector for the power data and one vector for the time 

instants when the power value changes). Fig. 2 presents a 

flowchart to calculate the reference signals during a 

simulation process. 

 

Fig. 2. Flowchart to calculate reference signals during 
simulation. 

At every simulation time step, the measured voltages, 

their corresponding unbiased integrals, and the input 

information about the load (power components and harmonic 

content) are used to calculate the current components of the 

CPT. These are then summed up to calculate the reference 

signals for the current sources. If any of the input information 

is constant, it is directly applied in the current decomposition. 

Else, if any of the inputs is a time series vector, the Algorithm 

1 presented in Fig. 3 is used to adjust the counter that is used 

as index for the time series vectors.  

In Algorithm 1, the vector flagcounter() is set to 1 so that 

the variable counter is incremented just once at every time 

interval between two time instants defined by vector 

time_instants(). In addition, since the counter is used as an 

index for the vectors, it is limited to the size of vector 

time_instants(). Variable tsimu corresponds to the simulation 

time, which may be a built-in variable of the simulation 

software or be generated in the simulation code.  

 

 
Fig. 3. Pseudo-code of Algorithm 1. 

IV. APPLICATION CASES 

The proposed programmable load model was applied to 

simulate the daily load curves of European low-voltage 

distribution network benchmark defined by CIGRÉ [16]. Fig. 

4 shows these curves reproduced through a MATLAB script 

by modelling the Power 𝑥  time inflection points from the 

original figure [16]. 

Algorithm 1: Counter for time series 

Start 

    If 𝒕𝒔𝒊𝒎𝒖 >= time_instants(counter) Then 

        If flagcounter(counter) == 0 Then 

            flagcounter(counter) = 1 

            counter = counter + 1 

            If counter > size(time_instants) Then 

                counter = size (time_instants) 

            End 

        End 

    End 

End 

Output: counter 

 

 

Fig. 1. Architecture of the proposed programmable load model. 
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The load curves were modelled as 241 element-time series 
vectors by applying linear interpolation to the points obtained 
from the original curves (16 points for the commercial load 
curve, 22 points for the industrial load curve, and 19 points for 
the residential load curve). Since the power values were 
expressed in the 0 – 100% range, it has been defined that they 
correspond to three-phase active power values in the range 0 
– 100 kW. The voltage source parameters were 13.8 kV (line-
line, RMS), 60 Hz. The CPT was also used to analyse the 
current synthesized by the programmable load. The 
simulations were set as Discrete with fixed step equal to 
1/600k s. Total simulation time was 2.4 s, thus the 
time_instant() vector elements were normalized from 0 – 24 h 
to 0 – 2.4s. The simulation results for each load curve are 
presented in the following. 

 
Fig. 4. Daily load curves reproduced from [16]. 

A. Residential load curve 

Figs. 5, 6, and 7 present the source voltages, load currents 
and three-phase active power calculated during the simulation. 
Since the source voltages were purely sinusoidal and the line 
impedances were neglected, their profile did not change along 
with the simulation. Moreover, as the voltages had that same 
behaviour in all the analysed simulations, their results will be 
omitted in the next cases. On the other hand, the amplitude of 
the currents synthesized by the programmable load follows the 
three-phase active power profile modelled as time series input. 
A peak in power consumption can be observed from tsimu ≈ 
1.8 s (~18 h) to tsimu = 2.4 s (24 h), which is a typical 
characteristic of residential consumers (see Fig. 4). 

 

Fig. 5. Three-phase voltages during simulation of the 
residential load curve. 

B. Commercial load curve 

 Figs. 8 and 9 present the current and active power 
calculated along with the simulation. It can be observed that 
the highest power consumption occurs between tsimu = 0.8 s (8 
h) and tsimu = 1.8 s (18 h), which corresponds to the typical 
operational period of operation of commercial consumers (see 
Fig. 4). Additionally, [16] points out that the power 
consumption may increase in the afternoon due to an 
increasing use of air conditioning systems and lighting. 

 

Fig. 6. Three-phase currents during simulation of the 
residential load curve. 

 
Fig. 7. Three-phase active power measured during simulation 
of the residential load curve. 

 

Fig. 8. Three-phase currents during simulation of the 
commercial load curve. 
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Fig. 9. Three-phase active power during simulation of the 
residential load curve. 

C. Industrial load curve 

Figs. 10 and 11 present the current and active power 
calculated along with the simulation. Similarly to the 
commercial load, the highest power consumption occurs 
between tsimu = 0.8 s (8 h) and tsimu = 1.8 s (18 h), with a slightly 
decrease around noon, tsimu = 1.2 s (see Fig. 4). However, the 
industrial power profile can vary considerably depending on 
industry’s activities and daily working cycles. Consequently, 
the maximum power can be much higher than the 100 kW 
adopted in this application case. 

 
Fig. 10. Three-phase currents during simulation of the 
industrial load curve. 

 
Fig. 11. Three-phase active power during simulation of the 
industrial load curve. 

D. Discussion 

In the results presented previously, the currents 
synthesized by the programmable load correspond to the 

balanced active currents (𝑖𝑎
𝑏), since the only power input was 

the three-phase active power. However, reactive power, load 
imbalance and harmonic distortion are relevant characteristics 
to be assessed in the residential, commercial and industrial 
consumers to define demand management and power quality 
improvement strategies. Thus, Fig. 12 shows the power 
components of CPT calculated during a simulation of the 
residential load profile with a three-phase reactive power time 
series input. The same vectors from the active power were 
used to generate the reactive power time series. The peak 
value of reactive power was calculated considering power 
factor 𝜆  equal to 0.85 (inductive) and 𝑃 = 100 kW, which 
results in 𝐴  = 117 kVA from (11). Then, considering 𝑁 =
𝐷 = 0, and isolating 𝑄 in (12), 𝑄 = 62 kvar is obtained.  

In this case, the reference signals for the current sources 

were composed by (𝑖𝑎
𝑏 + 𝑖𝑟

𝑏)  components in each phase, 

which result in load currents with phase displacement in 
relation to the source voltages, as shown in Fig. 13 for voltage 
and current of phase a. 

 

Fig. 12. Three-phase power components of CPT during 
simulation of residential load with active and reactive power 
profile. 

 

Fig. 13. Voltage and current of phase a during simulation of 
residential load with active and reactive power profile from 
Fig. 12. 

DOI: 10.5224/00.2025.4873602 5



 

XVI CONFERÊNCIA BRASILEIRA SOBRE QUALIDADE DA ENERGIA ELÉTRICA – CBQEE 2025 6 

 

To represent a group of residences with different single-
phase and electronic loads, a new operating condition was 
established, in which the reference current is defined as the 

sum of all CPT current components (𝑖𝑎
𝑏 + 𝑖𝑟

𝑏 + 𝑖𝑎
𝑢 + 𝑖𝑟

𝑢 + 𝑖𝑣), 

thus resulting in the power components as shown in Fig. 14. 
The loads were configured with peak active power per phase 
of 𝑃𝑎 = 50 𝑘𝑊 , 𝑃𝑏 = 30 𝑘𝑊  and 𝑃𝑐 = 20 𝑘𝑊 , while the 
peak reactive power per phase was set to 𝑄𝑎 = 30 𝑘𝑣𝑎𝑟 , 
𝑄𝑏 = 20 𝑘𝑣𝑎𝑟 and 𝑄𝑐 = 12 𝑘𝑣𝑎𝑟 . Regarding harmonic 
distortion, a fifth-order harmonic current with an RMS value 
of 1 A was considered, which resulted in non-sinusoidal and 
unbalanced load currents, as shown in Fig. 15. 

 

Fig. 14. Three-phase power components of CPT during 
simulation of residential load with active, reactive, unbalance 
and harmonics profile. 

 

Fig. 15. Currents during simulation of residential load with 
active, reactive unbalanced and distortion powers profile from 
Fig. 14. 

V. CONCLUSION 

From the application cases presented in the previous 
section, it is possible to conclude that the programmable load 
model proposed allows simulating the load behaviour with 
dynamic variations. Moreover, the use of current components 
defined by the Conservative Power Theory CPT allows for 
modelling the most common steady-state characteristics of 
linear and non-linear loads, such as active and reactive power, 
load imbalance and harmonic distortion in the current. 
Additionally, the proposed model uses as inputs the 
information available in load specifications or measurements, 

such as nominal single-phase and three-phase power values 
and harmonic content, thus being a flexible tool for load 
modelling in a variety of applications including power flow 
analysis, parametric simulations, and studies on microgrid 
operation and renewable energy integration [19], [20]. 

ACKNOWLEDGMENTS 

This work was supported by the São Paulo Research 

Foundation (FAPESP) under grants 2022/15423-3, by the 

National Council for Scientific and Technological 

Development (CNPq) under grant 309297/2021-4 and 

141095/2024-5, and by the Coordination for the Improvement 

of Higher Education Personnel (CAPES) financing code 001. 

REFERENCES 

[1] J. F. M. Pessanha, J. L. C. Huang, L. A. C Pereira, R. Passos Junior and 
V. L. O. Castellani, “Metodologia e sistema computacional para 
cálculo das tarifas de uso dos sistemas de distribuição,” in XXXVI 
Simpósio Brasileiro De Pesquisa Operacional, São João del-Rei. 2004. 
Disponível em: 
<http://www.din.uem.br/sbpo/sbpo2004/pdf/arq0065.pdf>. 

[2] E. C. Guardia, A. R. Queiroz and J. W. M. Lima, "Estimation of 
electricity elasticity for demand rates and load curve in Brazil," in IEEE 
PES General Meeting, Minneapolis, MN, USA, 2010, pp. 1-7, doi: 
10.1109/PES.2010.5588101.  

[3] J. F. M. Pessanha, V. L. O. Castellani and A. L. A. Araújo, “Uma nova 
ferramenta computacional para construção de tipologias de curvas de 
carga,” in X Simpósio De Especialistas Em Planejamento Da Operação 
E Expansão Elétrica, Florianópolis. 2006. 

[4] A. Arif, Z. Wang, J. Wang, B. Mather, H. Bashualdo and D. Zhao, 
"Load Modeling—A Review," in IEEE Transactions on Smart Grid, 
vol. 9, no. 6, pp. 5986-5999, Nov. 2018, doi: 
10.1109/TSG.2017.2700436. 

[5] I. Dzafic, M. Glavic, and S. Tesnjak, “A component-based power 
system model-driven architecture,” in IEEE Transaction on Power 
Systems, vol. 19, no. 4, pp. 2109–2110, Nov. 2004. doi: 
10.1109/TPWRS.2004.836178. 

[6] D. Kosterev et al., “Load modeling in power system studies: WECC 
progress update,” in IEEE PES General Meeting, Pittsburgh, PA, USA, 
2008, pp. 1–8. doi: 10.1109/PES.2008.4596557. 

[7] I. F. Visconti, D. A. Lima, J. M. C. D. S. Costa, and N. R. D. B. C. 
Sobrinho, “Measurement-based load modeling using transfer functions 
for dynamic simulations,” in IEEE Transaction on Power Systems, vol. 
29, no. 1, pp. 111–120, Jan. 2014. doi: 
10.1109/TPWRS.2013.2279759. 

[8] D. Han, J. Ma, R.-M. He, and Z.-Y. Dong, “A real application of 
measurement-based load modeling in large-scale power grids and its 
validation,” in IEEE Transaction on Power Systems, vol. 24, no. 4, pp. 
1756–1764, Nov. 2009. doi: 10.1109/TPWRS.2009.2030298. 

[9] G. W. Chang, C.-I. Chen, and Y.-J. Liu, “A neural-network-based 
method of modeling electric arc furnace load for power engineering 
study,” in IEEE Transaction on Power Systems, vol. 25, no. 1, pp. 138–
146, Feb. 2010. doi: 10.1109/TPWRS.2009.2036711. 

[10] K. Rajashekaraiah, C. Iurlaro, S. Bruno and G. De Carne, "Modelling 
of 3-Phase p-q Theory-Based Dynamic Load for Real-Time 
Simulation," in IEEE Open Access Journal of Power and Energy, vol. 
10, pp. 654-664, 2023, doi: 10.1109/OAJPE.2023.3340299. 

[11] K. Rajashekaraiah, G. De Carne, C. Iurlaro, M. Semeraro and S. Bruno, 
"P-Q Theory-based Dynamic Load Modelling in Short-Circuit 
Analysis," 2023 8th IEEE Workshop on the Electronic Grid (eGRID), 
Karlsruhe, Germany, 2023, pp. 1-5, doi: 
10.1109/eGrid58358.2023.10380853. 

[12] H. K. M. Paredes, F. P. Marafao and L. C. P. da Silva, "A comparative 
analysis of FBD, PQ and CPT current decompositions — Part I: Three-
phase, three-wire systems," 2009 IEEE Bucharest PowerTech, 
Bucharest, 2009, pp. 1-8, doi: 10.1109/PTC.2009.5282173. 

[13] L. S. Czarnecki, "On Some Misinterpretations of the Instantaneous 
Reactive Power p-q Theory," in IEEE Transaction on Power 
Electronics, vol. 19, no. 3, pp. 828–836, May 2004.  doi: 
10.1109/TPEL.2004.826500. 

DOI: 10.5224/00.2025.4873602 6



 

XVI CONFERÊNCIA BRASILEIRA SOBRE QUALIDADE DA ENERGIA ELÉTRICA – CBQEE 2025 7 

 

[14] L. S. Czarnecki, "Instantaneous Reactive Power p-q Theory and Power 
Properties of Three Phase Systems," in IEEE Transaction on Power 
Delivery, vol. 21, no. 1, pp. 362–367, January 2006. doi: 
10.1109/TPWRD.2005.852348. 

[15] MathWorks. " Three-Phase Dynamic Load", MathWorks. [Online]. 
Disponível em: 
https://www.mathworks.com/help/sps/powersys/ref/threephasedynami
cload.html. Acesso em: 14 jan. 2025. 

[16] CIGRÉ Task Force C6. 04.02, “Benchmark Systems for Network 
Integration of Renewable and Distributed Energy Resources,” 
International Council on Large Electric Systems: Paris, France, April. 
2014. 

[17] P. Tenti, H. K. M. Paredes, and P. Mattavelli, “Conservative Power 
Theory, a Framework to Approach Control and Accountability Issues 
in Smart Microgrids,” in IEEE Transaction on Power Electronics, vol. 
26, no. 3, pp. 664–673, Mar. 2011, doi: 10.1109/TPEL.2010.2093153. 

[18] P. Tenti, A. Costabeber, P. Mattavelli, F. P. Marafão and H. K. M. 
Paredes, "Load Characterization and Revenue Metering Under Non-
Sinusoidal and Asymmetrical Operation," in IEEE Transactions on 
Instrumentation and Measurement, vol. 63, no. 2, pp. 422-431, Feb. 
2014, doi: 10.1109/TIM.2013.2280480. 

[19] J. S. Castellanos A., D. P. Guevara, C. A. Correa-Florez and G. 
Ordóñez-Plata, "Assessment of Harmonic Distortion Associated with 
PV Penetration in a Low Voltage Distribution Network," 2020 IEEE 
PES Transmission & Distribution Conference and Exhibition - Latin 
America (T&D LA), Montevideo, Uruguay, 2020, pp. 1-6. 

[20] J. Castellanos, D. Patino, C. A. Correa-Florez and G. Ordónez-Plata, 
"Evaluation of Harmonic Distortion in the CIGRE Residential Low 
Voltage Network with Photovoltaic Penetration," 2020 IEEE Industry 
Applications Society Annual Meeting, Detroit, MI, USA, 2020, pp. 1-
6. 

[21] A. C. Moreira, W. A. de Souza, B. R. P. Conrado, H. K. Morales 
Paredes, “Disturbing Load Classification Based on the Grey Relational 
Analysis Method and Load Performance Index,” Journal Control, 
Automation and Electrical Systems vol. 31, pp. 141–152, 2020. 
https://doi.org/10.1007/s40313-019-00511-9 

[22] F. P. Marafão, W. A. Souza, E. V. Liberado, L. C. P. da Silva and H. 
K. Morales Paredes, “Load Analyser using Conservative Power 
Theory” in Przeglad Elektrotechniczny, vol. 89, pp. 1-6, 2013. 
http://pe.org.pl/articles/2013/12/1.pdf 

 

 

 

 

DOI: 10.5224/00.2025.4873602 7


